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Abstract The earliest form of continental crust was produced by tonalite-trondhjemite-granodiorite (TTG)
magmas. Molten albite (NaAlSi;Oy) is representative of TTGs and also a major component of modern crust-
forming magma. The viscosity of the melt controls the magma ascent rate and hence influences the production
of new continental crust. It is well known that the viscosity () of albitic melt exhibits an anomalous pressure (P)
dependence. However, prior results on the melt 7 at high-P differ significantly which limits our ability to predict
the movement of crust-forming magma at depth. In this study, we more tightly constrained the P-effect on 7 in
anhydrous albitic melt via high-P and high-temperature (7') falling sphere experiments. We limited undesirable
drag effects by using small sphere-to-capsule diameter ratios (d/D) such that d/D < 0.12, and evaluated
uncertainties due to such drag using a Monte Carlo approach. Our results show that melt 7 first decreases with P
(i.e., on/oP < 0) and then increases with continued compression (dy/dP > 0) with a well-defined # minimum
(Mmin) at ~6 GPa along a ~2,000 K isotherm. We find that the viscosity of the melt can be described by an
Arrhenius formalism with an activation volume that varies with P and 7. The results indicate that # of
aluminosilicate magmas decrease with depth and temperature in the crust, thereby mobilizing the magmas to
promote rapid volcanic eruptions. The results also suggest that TTG magmas relevant for the early Earth could
pond during ascent due to the anomalous P-effect on 7.

Plain Language Summary The continental crust is produced by silica-rich magma which shows a
similar composition to the mineral albite. Viscosity controls the ascent rate of the magma. High-pressure
experiments have shown that the viscosity of molten albite displays an anomalous pressure dependence. These
are challenging experiments and the results disagree on the exact effect of pressure. In this study, we more
tightly constrain the pressure dependence of the melt viscosity using high-pressure experiments. We resolve
uncertainties in our measurements using a statistical approach. Our results show that the melt viscosity
decreases to a minimum at about 6 GPa and 2,000 K, and then increases with continued compression. The results
indicate that magma becomes less viscous with depth in the modern crust. However, magma originating from
deeper or hotter conditions, such as relevant for the early Earth, may pond due to the anomalous pressure-effect
on the melt viscosity.

1. Introduction

Melt with an albite stoichiometry (NaAlSi;Og) is an analog for aluminosilicate magmas which produce new
continental crust. For instance, tonalite-trondhjemite-granodiorites (TTGs) characterize the continental crust of
the early Earth (Moyen & Martin, 2012). The TTGs are often dominated by quartz and feldspar mineralogy with
high sodium (Na,O) contents which are chemically close to the albite endmember in the albite (NaAlSi;Og)—
anorthite (CaAl,Si,Og)—K-feldspar (KA1Si;Og) ternary system (Laurent et al., 2024). Experiments suggest that
TTG melts could be produced at ~20-150 km depths, that is, ~0.5-4 GPa (Moyen & Martin, 2012). In the
present-day Earth, at conditions relevant to volcanic eruptions, albitic melts have very high viscosities (1), that is,
>1,000 Pa s (Dingwell, 1987; Urbain et al., 1982). The high # is due to a highly connected polymer network
defining the melt structure (Allwardt et al., 2007; Ashley Bajgain & Mookherjee, 2024; Poe et al., 1997). At the
conditions relevant to producing the magma at high pressures, the connectivity of the melt structure is likely to
increase. One may thus expect  to increase with depth. However, high-P experiments showed that the # of albitic
melts decreases with compression up to 2 GPa, that is, ~60 km (Kushiro, 1978). The effect of pressure on the # of
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albite melt contrasts our expectations that polymerization is positively correlated with 7 of melts. Later studies
also found that the pressure effect on 5 reverses with continued compression, that is, the viscosity decreases to a
minimum (7,,;,) and then increases with continued compression. As an ascending crustal magma is likely to
follow a nearly isothermal adiabat (Ashley Bajgain & Mookherjee, 2024), such an anomalous pressure effect on 7
could significantly affect the ascent rate of crust-forming melts. Yet, it remains unclear whether #,,;, of albitic
melt occurs at >5 GPa or <5 GPa (Funakoshi et al., 2002; Mori et al., 2000). Both studies constrained the melt
viscosity using the falling sphere method via Stokes' Law. However, these prior studies relied on significant
corrections to Stokes' Law due to additional drag effects acting on the sphere. Such corrections may significantly
increase the uncertainties in the measured viscosity and hence obscure the observed trends (Ashley, Mookherjee,
et al., 2024).

The anomalous pressure dependence of transport properties has also been observed in the self-diffusion of oxygen
in albitic melts (Poe et al., 1997). The ionic diffusivity can be used to estimate the viscosity via the Eyring
equation to further constrain the pressure of 7,,,;,,. However, the use of the Eyring equation to estimate the viscosity
is limited since the formalism assumes certain ionic diffusing species, such as O, as the principal species affecting
transport and estimates the “hopping distance” of the species, for example, d, o (Tinker et al., 2004). First-
principles molecular dynamics (FPMD) simulations also provide insights into the behavior of albitic melt at
high pressures and predict the pressure of #,,;, changes with temperature (Ashley Bajgain & Mookherjee, 2024;
Bajgain & Mookherjee, 2020). However, the FPMD simulations are often performed at higher temperature
isotherms. Such viscosity results at high temperatures and pressures must be extrapolated to experimental con-
ditions (Ashley Bajgain & Mookherjee, 2024).

The lack of clarity on the effect pressure has on the transport properties of albitic melt prevents us from gaining
fundamental insight into the mobility of aluminosilicate magmas at high pressures. Robust constraints on the
variation in transport properties of magma at crustal and mantle conditions are essential for interpreting
geophysical observations related to magmatism at depth (Ashley, Manthilake, et al., 2025; Ashley, Mookherjee,
etal., 2025; Pommier & Le-Trong, 2011). In this study, we conducted high-pressure falling sphere experiments in
amulti-anvil press to constrain the precise pressure effect on the viscosity of albitic melts. We used white beam X-
ray radiography to ensure robust constraints on the terminal velocities of the spheres (Kanzaki et al., 1987). To
better constrain the effect of pressure on # and more clearly identify #,,;,, we explored higher pressures than
previous experiments, that is, P > 7 GPa. Finally, to constrain the viscosity using the falling sphere method, we
ensured robust measurements by using small sphere-to-capsule diameter ratios (d/D) which minimize undesirable
drag effects (Ashley, Mookherjee, et al., 2024). We also assessed uncertainties in the corrections to Stokes' Law
for such drag effects using a Monte Carlo approach. Our results allow us to examine the fundamental behavior of
aluminosilicate-rich magmas which are crucial for producing continental crust.

2. Methods

We followed the experimental method outlined in a recent study (Ashley, Mookherjee, et al., 2024). The starting
materials consisted of anhydrous, synthetic glasses with an albite stoichiometry (NaAlISi;Og). We synthesized the
glasses by fusing Na,CO;, AI(OH);, and SiO, reagent-grade powders in a 1:2:6 molar ratio at ambient pressure in
22,000 K furnace at the Laboratoire Magmas et Volcans at Université Clermont Auvergne, France. We crushed
and re-melted the resulting glass three times to homogenize the material and remove volatiles. We confirmed that
the starting glass was anhydrous using an Attenuated Total Reflectance module with a Hyperion-1000 Bruker
Fourier Transform Infrared spectrometer at Florida State University (FSU) (Ashley, Mookherjee, et al., 2024). To
remove any adsorbed moisture from the powders, we stored the glass powder in an oven at >373 K for at least
24 hr prior to the experiments.

We used spheres of rhenium less than 200 pm in diameter (Table 1) due to its high melting temperature and
density in silicate melts (Ashley, Mookherjee, et al., 2024). Furthermore, rhenium is often ideal for high-pressure
and -temperature melt experiments due to its relatively inert nature. Previous falling sphere studies only noted
significant reactions between silicate melt and Re spheres when the melts contain high sulfur and/or iron contents,
due to the chalco- and siderophilic affinity of Re (Mouser et al., 2021; Spice et al., 2015). The lack of both Fe and
S in our melt composition limits the potential for such reactions. We did not observe any obvious changes to the
sphere diameter or image contrast (i.e., sphere density and hence density contrast) during the experiments. The
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Table 1
Summary of Experiments

. Ny (Pa s)h

Exp. Load Peak P at peak Post-Exp. range Mean ApatT U, Pre- Post-
no. (tons) T (K)* T(GPa) d(um) D (pm)° (m)°  z@Em)*  (gem™)?  (ums™') Exp.D Exp.D Prop.+lo Cy =% lo
T2824° 100 1,871 13406 127+1 1,130+60 65-132 90 +20 18.98 543 +0.09 25.6 23.6 0.7 6
T2827 120 2,028 25406  94+3 1350+60 >2-1527 70+ 50 18.85 68+0.1 118 11.6 0.6 2
T2861 160 1,945  41+06 172+2 1330+20 31-84 60 +20 18.59 45+2 52 49 0.3 1
T2829 250 1,997  52£05% 101+1 127040 105-151 130 + 30 18.48 27.1+0.3 3.3 32 0.2 0.5
T2859 225 1,999  59+07 145+2 1,640+40 46-104 70 +20 18.38 125+5 1.36 1.37 0.06 0.3
T2828" 263 1916  67+07 102+2 1,090 +40 211-312 260 = 30 18.25 5242 1.74 1.62 0.07 0.3
T2860 275 2077  69+08 1312 1,580£40 107-225 160 + 40 18.27 247 + 0.7 5.8 5.8 0.2 1
T2826 300 2,021 74+08 131+1 130060 26-84 50 %20 18.18 545+0.04 257 24.6 0.4 5

Note. “Exp.” for experiment, P for pressure, T for temperature, d for sphere diameter, D for the inner diameter of the graphite capsules, z for falling distance between
sphere and capsule bottom during terminal velocity, Ap for density contrast between sphere and melt, U, for terminal velocity, # for viscosity, “prop.” indicates
propagated uncertainty by the Monte Carlo method, and Cy, = 1o indicates the uncertainty based on the wall correction scheme (calculated by 7y, X (1 — Cy)). For
clarity, the experiments are organized with increasing pressure downward. *“Uncertainty in measured temperature is estimated to be <10 K. ®We estimate D before
compression (pre-Exp.) to be 1,600 pm with £10% uncertainty. Values for D after the experiment (post-Exp.) were measured from back-scattered electron images. “The
z range shows the minimum and maximum values for z. The mean z gives the average and standard deviation within the range. “Average density contrast from Monte
Carlo simulations. We estimate the uncertainty in the sphere and melt densities to be <1% and <3%, respectively, using Monte Carlo simulations on the equations of state
of rhenium (Ono, 2022) and albitic melt (Ashley, Mookherjee, et al., 2024). “Data previously reported (Ashley, Mookherjee, et al., 2024). "Sphere landing was blocked
from view by anvil. The z value is estimated from the lowest position of the sphere prior to falling behind the anvil and is hence a minimum estimate. *Pressure estimated
from X-ray diffraction pattern collected at the peak temperature. Diffraction patterns collected from other experiments either did not have resolvable peaks corre-
sponding to MgO or yielded unrealistically high pressures. In such cases, the pressures at the peak temperatures were estimated from other data (Figure 1). "The initial
load was 400 tons, but a sudden decrease in the load, that is, a “blowout,” occurred upon heating to the target temperature (Figure S1 in Supporting Information S1). The
temperature and load stabilized prior to the sphere fall.

spheres were produced by flash welding 25 pm thick strips of Re foil submerged under liquid nitrogen (Xie
et al., 2020, 2021). The flash electric arc was applied at 100 V.

We conducted the falling sphere experiments at the GSECARS 13-ID-D beamline at the Advanced Photon Source
(APS), Argonne National Laboratory, using the T-25 Kawai-type module and 1,000-ton multi-anvil press frame
(Tinker et al., 2004; Wang et al., 2009) (Figure 1). The press frame has five degrees of freedom and a positioning
accuracy within 0.01 mm, allowing the sample to be accurately positioned relative to the incident X-ray beam,
which is fixed in space. Two separate operating modes are used for the X-rays in the experiments. The first mode
is a diffraction mode in which energy-dispersive X-ray diffraction (XRD) patterns are collected to measure
pressure and determine the physical state of the samples. In the diffraction mode, a set of entrance slits collimates
the incident X-ray beam to a cross-section 0.1 X 0.1 mm? in area. A collimator and a set of diffraction slits on the
diffraction side, together with the entrance slits, define a diffraction volume with the longest dimension parallel to
the incident beam. The 26 angle was fixed at 6°. The second mode is an imaging mode in which a series of
radiographic images are collected to record the falling motion of the spheres. In the imaging mode, the entrance
slits of ~1.0 X 1.5 mm? are used so that the sample is entirely illuminated by the beam. After the X-ray beam
passes through the sample, the beam is converted to visible light by fluorescence of a 200-pm thick, single-crystal
of Ce-doped lutetium aluminum garnet phosphor on the downstream side of the multi-anvil press. This visible
light is reflected by a 45° mirror into a video camera through an optical lens and a series of separate radiographic
images are recorded (Figure 1). We used exposure times between 0.02 and 0.05 s to record the images.

We used 14/8 multi-anvil assemblies produced by the Consortium for Materials Properties Research in Earth
Sciences (Leinenweber et al., 2012). We tightly packed albitic glass powder into graphite capsules with pre-
compression heights and diameters of 1.8 and 1.6 mm, respectively. We placed one Re sphere into a small
indentation near the top of the glass powder within each capsule and then covered the spheres with glass powder to
prevent contact with the capsule. We compressed the assemblies without heating to the target loads (Table 1).
Compression typically resulted in <30% decrease in the capsule diameters. We heated the assemblies using an
alternating current power supply and measured the temperature using Type-C tungsten-rhenium thermocouples
above the sample. Thermal gradients in the assembly may increase the temperature toward the center of the
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Figure 1. (a) The pressure-temperature space of the experiments in this study. Circles display experiment conditions from this study while squares show previous

experiment conditions (Edwards, 2019). For this study, solid circles show pressures estimated from energy-dispersive X-ray diffraction patterns on the pressure marker.
The hollow circles with “+” symbols show the final estimated pressure for experiments where the pressure could not be measured at the peak temperature (Figure S1 in
Supporting Information S1). The faded arrows provide general guides for the change in pressure of each experiment. Note that only the final pressure of experiment
T2828 is shown due to a blowout during heating (Table 1 and Figure S1 in Supporting Information S1). Error bars show %1 standard deviation of uncertainty and are
omitted for clarity from the previous experiments (Edwards, 2019). Lines show relevant phase boundaries for our experiments, including the anhydrous albite melting
curve (Anovitz & Blencoe, 1999; Boyd & England, 1963; Shimada, 1972; Tenner et al., 2007), phase transition from albite to jadeite (Jd) £ quartz (Qtz) and their

melting relations (Williams & Kennedy, 1970), and the melting curve of rhenium (Re) (Yang et al., 2012). The melting of platinum (Pt) (Anzellini et al., 2019) is also
shown for reference. (b) The top shows a diagram of the experiment assembly. The bottom shows an image of the assembly in the secondary stage anvils on the T-25

module.

assembly by at least 50 K (Hernlund et al., 2006). We do not apply an correction for any such thermal gradients. A
previous study showed that uncertainties in the temperature are largely negligible in Stokes' Law viscosity
measurements (Ashley, Mookherjee, et al., 2024). We heated the assemblies incrementally below the melting
curve of albite to allow thermal equilibration and monitor the pressure (Figure 1). After thermal equilibration, we
began recording images and rapidly increased the temperature to ~2,000 K (Table 1) at a heating rate of several
hundred degrees per minute. This temperature exceeds the melting curve of albite at all the explored pressures
(Figure 1). We note the peak temperatures of four experiments lie below the melting curve for jadeite and quartz,
which may be produced by recrystallization of albite at high pressures (Williams & Kennedy, 1970). However, we
do not find obvious signs of crystallization in the recovered samples, that is, the samples were glassy after
quenching. This indicates that the crystallization of jadeite = quartz was likely too slow to affect the measure-
ment. We allowed the spheres to settle completely, that is, either land at the bottom of the capsule or fall out of
view behind one of the WC anvils, before stopping the radiographic image collection. After collecting diffraction
patterns to estimate the pressure, we quenched the experiments by cutting power to the assembly.

When possible, we measured the pressures of the experiments using XRD patterns of MgO mixed with hexagonal
Boron Nitride (h-BN) in a 3:1 weight ratio and the equation of state (EoS) of MgO (Tange et al., 2009). We placed
compacted disks of the MgO:h-BN pressure markers directly above the sample capsules (Figure 1). We attempted
to measure the pressure at the peak temperature after the spheres settled. However, the peak temperatures of the
experiments promoted rapid recrystallization of the MgO in the pressure markers despite the addition of h-BN.
This MgO recrystallization often obscured or distorted identifiable peaks in the diffraction patterns. Hence, the
pressures could either not be determined from the patterns or were estimated to be unrealistically high. In such

cases, we evaluated the pressure-temperature trends of each experiment (Figure S1 in Supporting
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Information S1). In multi-anvil experiments, thermal relaxation of the assemblies often occurs from heating
beyond ambient temperature, which produces an initial drop in the pressure. Continued heating may then yield a
thermal expansion effect, which may increase and/or stabilize the pressure (Leinenweber et al., 2012). The
complex interplay between the relaxation and expansion effects can yield significant uncertainties in the
extrapolated pressures of our experiments (Figure S1 in Supporting Information S1).

To reduce the uncertainties in our estimated pressures, we combined our data with previous experiments using the
same press and a similar assembly design (Edwards, 2019) to calibrate pressure to temperature and tonnage. The
combined data set is well described by an empirical function given by P ~ 5.3(£0.3) In(/") — 0.6(£0.2) In(T') — 18
(£2), where P is pressure (GPa), I" is the applied load (tons), and T is temperature (K) (Figure 1). The calibration
shows nice agreement with the separate pressure-temperature trends from each experiment (Figure S1 in Sup-
porting Information S1). To note, the minimum uncertainty in our XRD-based measurements is 0.5 GPa. The
calibration alone predicts a smaller uncertainty in the extrapolated pressures. We therefore propagated the
combined uncertainties to capture the additional error due to extrapolation. For most of the experiments, we used
the calibration to calculate the pressure due to the overall lower uncertainties compared to individual trends
(Figure S1 in Supporting Information S1). Experiments T2824 and T2829 are two exceptions. The first (T2824)
was completed at a low load (100 tons), which we note is typically not well captured by the global calibration
(Figure 1 inset). We instead take the average pressure from measurements in T2824, as this value shows better
agreement with its unique pressure-temperature trends (Figure S1 in Supporting Information S1). For the other
experiment, T2829, the final pressure was measured by XRD patterns from the pressure marker. This measured
value is somewhat lower than predicted by the individual trends and global calibration, but the values still agree
within £95% confidence (Figure S1 in Supporting Information S1).

We used a MATLAB code to track the displacement of the spheres through time and determine their velocities
(Ashley, Mookherjee, et al., 2024). We identified the terminal velocities by plateaus in the velocity versus falling
distance profiles of the spheres (Figure 2). All the spheres in our experiments display terminal velocities before
landing. Hence, Stokes' Law is valid and applicable in our experiments (Ashley, Mookherjee, et al., 2024). Stokes'
Law defines the relationship between viscosity () and terminal velocity (U,,) as

_gd’Ap
T 18U,

MR 1

where 7 refers to the “raw” or uncorrected 7, g is the acceleration due to gravity, d is the diameter of the sphere,
and Ap is the density contrast between the sphere and the melt (Table 1). The densities of the rhenium sphere and
the melt are estimated from the thermal equation of states of rhenium (Ono, 2022) and albitic melts (Ashley,
Mookherjee, et al., 2024).

The finite volume of the capsules in high-pressure experiments introduces additional drag effects on the settling
velocities of the spheres which must be corrected. There are multiple corrections available to account for such
undesirable drag acting on the spheres (Brizard et al., 2005). For high pressure experiments, the most appropriate
equation may be the Faxén correction (Ashley, Mookherjee, et al., 2024) which considers drag due to the walls of
the capsules and inertia of the falling spheres (Faxén, 1922). The equation is given by

3 d ,(Re,/4 d dy’ d\’
=ngCyw =ng-|1 ——Re, — = Y] —2.104( =) +2.09(—=] —0.95(—= 2
Nw = NrCw = N [ 16 €n Dj<d/D> <D> (D) (D) ()
where D is the inner diameter of the capsule, Re, is the Reynolds number given by Re, = psU_d/n, pg is the

sphere density, and f (?}ﬁ) is a correction function of Re, which can be solved semi-analytically (Ashley,

Mookherjee, et al., 2024). In all our experiments, we find that Re, << 107> and hence the drag due to inertia is
negligible. A negligible inertia effect collapses Cyy, to yield 7y, = 7z - [1 — 2.104 (d/D) + 2.09 (d/D)* — 0.95
(dID)*]. We use the subscript “W” to distinguish the viscosity calculated by Equation 2 from the uncorrected, raw
viscosity, or g (Table 1).

We also tested other equations for Stokes' Law to evaluate the possible range in 7. Drag effects due to the end of
the capsule may be corrected by (a) nz = nz/Cr = ng/(1 + 9d/16z) (Lorentz, 1907). The z value may be best
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Figure 2. Results from experiment T2859 as an example. (a) Sequential radiographic images of rhenium sphere falling in
anhydrous albitic melt. (b) The measured velocity of the sphere versus sinking distance. The sphere reaches terminal
velocity, that is, U, at the plateau indicated by an arrow and thick black line. The faded green band highlights the range over
which U, occurs. The landing of the sphere is identified by a rapid decrease in the velocity at a constant sinking distance
(vertical line labeled “end of fall”). The z values show the distance between the sphere during U, to the bottom of the
capsule. (c) Histograms and probability distribution functions (PDFs) of 10° randomized Monte Carlo simulations for
calculations of Stokes' Law. Abbreviations are “R” for uncorrected (), “W” for wall-effect corrected (), “E” for end-
effect corrected (), and “WE” for combined wall- and end-effect corrections (#7y,). (d) Overlain PDFs for R, W, and WE.
Colored histograms show Monte Carlo simulations for one randomized variable. Outer black lines indicate the PDFs from
panel (c). Abbreviations d and D are for the sphere and inner capsule diameters, respectively. The recorded mean viscosity is
assumed to be 7, and is indicated by an arrow (Table 1). Dashed lines and the faded gray background show the uncertainty
due to the 7y, The separate end correction results (e) are not shown in panel (d) for clarity.

described by a variable distance between the sphere and capsule end (Ashley, Mookherjee, et al., 2024; Brizard
et al., 2005) (Figure 2). We recorded z as a range across which the sphere fell under terminal velocity (Table 1).
There are other variations of Cj, to account for drag due to the end of the capsule, including (b) C = (1 + 3.3d/2z)
(Ladenburg, 1907), and (¢) Cr = (1 + 9d/16z + (9d/ 162)%) (Maude, 1961). The first two variations of C '» yield
comparable values of 7 while the third variation more strongly corrects the calculated viscosity (Ashley,
Mookherjee, et al., 2024). However, the third C; was also derived considering more than one sphere sinking in the
melt (Maude, 1961) which does not apply to our experiments. For simplicity, we consider only the first variation
of Cg (Lorentz, 1907).

The separate Cy, and Cj; terms have often been combined to correct the viscosity in 7y = g - Cy/Cr. However,
combining these corrections likely overcorrects the calculated viscosity (Brizard et al., 2005). The separate
corrections may instead provide a cross-comparison to ensure an accurate value of viscosity (Ashley, Moo-
kherjee, et al., 2024). Nevertheless, we applied the combined corrections cautiously only to gauge the lowermost
possible values of # for our experiments.
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Figure 3. (a) Probability distribution functions (PDFs) from Monte Carlo results on the viscosity (#) of albitic melts from this study. Lines show the PDFs for simulations
which randomly varied all parameters 10° times. The PDFs are color-coded for correction scheme. The abbreviations follow the description of Figure 2. The end effect
corrections (E and WE) for experiment T2827 are dashed as the landing of the sphere could not be directly observed (Table 1). Numbers above and below the symbol-
sets indicate the approximate d/D of the experiment after compression. (b) The average # of the melts from panel (a). Symbols indicate the type of correction applied to
Stokes' Law. Error bars show +1 standard deviation of uncertainty as estimated from Monte Carlo simulations and are typically smaller than the marker size shown. The
dashed lines show two separate Arrhenian functions to describe the viscosity (fit to #,,) below and above 6 GPa (Table 2). The inset schematic diagram in panel

(b) illustrates changes in the melt structure which help to decrease the viscosity with pressure. Red spheres show oxygen while blue spheres indicate Si and/or Al. The
faded arrow provides a general guide for the effect of pressure on the melt structure and viscosity. (c, d) The average coordination number of network forming species,

that is, TOy, where T = Si and/or Al, as a function of the molar volume of melt (V) normalized by the number of oxygen atoms in the melt per mole. The panels separate
first-principles molecular dynamics (FPMD) results for (c) anhydrous and (d) hydrous albitic melts, respectively (Ashley Bajgain & Mookherjee, 2024). The “LDA” and
“GGA? refer to local density and generalized gradient approximations, respectively, which are types of energy exchange-correlation functionals used for FPMD

simulations. The upper horizontal axes give approximate pressures based on the GGA simulations (Ashley Bajgain & Mookherjee, 2024). The V/(O atoms) >16 and
>12 cm® mol™" for the anhydrous and hydrous melts, respectively, correspond to an extensional regime in which the melts may begin to vapourize (Ashley Bajgain &
Mookherjee, 2024; Kobsch & Caracas, 2020). Smaller values of V/(O atoms) correspond to a compressional regime relevant to the crust and mantle. The shaded gray
areas are guides for changes in trend of the data with compression. Arrows labeled “critical packing limits” highlight inflection points where atoms can no longer be packed
together, and the coordination number of TOy increases in response (Bajgain & Mookherjee, 2020; Bajgain et al., 2019; Wang et al., 2014).

We examined statistical agreement in the variations for Stokes' Law using a Monte Carlo approach (Ashley,
Mookherjee, et al., 2024). We randomly varied all input parameters for Stokes' Law and its corrections 10’ times
(Figure 2). For all parameters, we assumed normal distributions using the measured uncertainties in each
parameter (Table 1). We also examined the control of each parameter on the calculated 7 by randomly varying one
parameter while holding the others constant for 10* simulations. We take the minimum uncertainties in our
measurements as the standard deviation of calculated viscosities from the simulations, that is, the propagated error
by the Monte Carlo method (Table 1). However, we note that these propagated uncertainties from experiment
parameters may underestimate the true uncertainties in viscosities due to the corrections themselves (Ashley,
Mookherjee, et al., 2024). Therefore, we take the maximum possible uncertainty to be the change in calculated
viscosity due to the correction, that is, % uncertainty = 100 - (1 — Cy), where Cy, = ny,/nz (Table 1 and Figure 2).

3. Results

We find that the propagated uncertainties in our values for 7, are relatively small at <10% at one standard de-
viation (Table 1). The sphere diameters, sphere sinking velocities, and capsule diameters most strongly control the
uncertainties in 7y, (Figure 2). For most of our experiments, the values for 7, and 7y, (Equations 1 and 2) typically
agree within +95%-99% confidence based on the Monte Carlo simulations (Figure 3). The good agreement is due
to a small d/D < 0.12 in our experiments (Table 1). As a result, the effect of the correction is minimized. We also
note that compression of the assembly capsules does not significantly affect the calculated viscosities (Table 1).
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Table 2

Parameters for Arrhenian Functions

This study only Exp. and FPMD V,(P, T) based on FPMD® Exp. and FPMD model
Parameters V2 VP, T)° Anhydrous® ~5 wt% H,0° OM/0X 10" adjusted to 5 wt% H,0°
log;¢o(Pa s) -38+02  -10 -82+06 —6.00 % 0.09 —54+02 0.10 + 0.02 -7.7+0.7
E, (kJ mol™") 200 200 410 * 20 265+ 5 200 + 20 -12+4 350 + 20
V, (cm® mol™") —-8+2 31+2 = = = = =
V, (cm® mol™") = = —64 + 8 -30+1 -22+3 1.5+06 —57 £8
V, (x107% cm® mol™ K1) = = 18+4 83+04 7+1 —03£02 17 £ 4
V, (cm® mol™! GPa™) = = —4.7+0.6 09+03 —-0.5 £ 0.1 —0.29 + 0.06 —6.2 0.6
V, (x107% cm® mol™' GPa~' K1) = = 03 £02 —030£0.05  —0.04 + 0.04 0.05 + 0.01 0.6 £0.2
Vs (cm® K mol~' GPa™) = = 12,530.13 £ 0.03 1,000 £ 400  2,328.56 + 0.04 280 + 80 13,950 + 80

“The results for V, describe two separate trends with Equation 3 to capture the anomalous pressure dependence of viscosity in only our results at ~2,000 K. These fit
parameters are based on the viscosity calculated from Equation 2, that is, 7y, "The VP, T) is given by Equation 4 and describes all considered experiment and
simulation results (Figure 5). “Model parameters taken from previous FPMD simulations (Ashley Bajgain & Mookherjee, 2024). “The symbol M indicates the model
parameters in the first column. The Xy, ¢ indicates the concentration of H,O per weight %. The values for 0M/ 0 Xyu,0 are calculated from the parameters based on
previous FPMD simulations (Ashley Bajgain & Mookherjee, 2024), following oM/ 0 Xyw,0 = (M,, — M)/ (4.9 wt% H,0), where M,, and M, indicate the parameter
values for the “wet” (hydrous) and “dry” (anhydrous) melts, respectively. The 4.9 wt% sz is taken from the precise water contents of the hydrous albitic melts in the
previous work (Ashley Bajgain & Mookherjee, 2024). “Model parameters for V,(P, T') based on experiments and simulations, adjusted using the M /0X 4,0 values set to

5 wt% H,0.

The calculated 7, tends to be statistically distinct from #y, and predicts lower values of viscosity (Figure 3).
Combining the corrections for 7y, statistically agrees well with 7. However, the propagated uncertainties for
both 5 and 7y are larger and more skewed than for 7y, (Figure 2). This is due to a strong control of the sinking
distances of the spheres, that is, z values, on the uncertainties for C (Ashley, Mookherjee, et al., 2024). The Cg
may also be unreliable when d/D < 0.125 (Sutterby, 1973), as for the experiments in this study (Table 1). We
further note that the Faxén correction (Equation 2) may already overcorrect Stokes' Law (Kahle et al., 2003).
Therefore, calculated viscosities smaller than #y, may not be realistic (Ashley, Mookherjee, et al., 2024).
Regardless of the correction to Stokes' Law, we find that the melt viscosity decreases by nearly 20-fold from ~1 to
6 GPa (Figure 3). With increasing pressure >6 GPa, the viscosity again increases and becomes comparable to 7 at
~1 GPa (Table 1). We note that the trend and minimum in viscosity is robust regardless of the choice in correction
for Stokes' Law. Furthermore, propagated uncertainties in the calculation do not obscure the trend (Figure 3). The
change in viscosity in our experiments is most likely due to the effect of pressure. We do not anticipate other
influential factors, such as possible changes to the melt H,O contents, due to the timescales needed for H,O
contamination (Text S1 in Supporting Information S1).

The effects of pressure and temperature on melt viscosity may be typically described by an Arrhenian function
given by

3)

E,+PV,
RT

n(P,T) =1y exp (

where n(P,T) is the viscosity at a given pressure and temperature, 7, is the pre-exponential term, E, is the
activation energy, P is the pressure, V, is the activation volume, R is the ideal gas law, and T is the temperature.
Two separate Arrhenian functions are required to describe the observed change in trend with compression
(Figure 3). The change in the pressure dependence corresponds to a change in the sign of the activation volume
from negative to positive (Table 2).

4. Discussion

Our results provide key insights into the fundamental transport properties of aluminosilicate magmas. The
anomalous pressure-dependence in the viscosity of albitic melts may be understood by pressure-induced changes
to the atomistic scale structure of the melt. At low pressures, tetrahedrally coordinated units, that is, [TO,] where
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T = Si and/or Al, are often connected via “bridging” oxygens (O,) to form a polymerized network, that is,
[-OsT — O, — TO; — ], where n describes the number of polymer units in the chain. In contrast, a “non-
bridging” (0,,;) oxygen defines a tetrahedral corner that does not connect to another tetrahedral unit, or
[—O;T — O,,]. Atlow pressures, the polymer network of an aluminosilicate-rich melt dominates the structure of
the melt and hinders the diffusivity of ions, resulting in enhanced viscosity relative to aluminosilicate-poor melts
(Dingwell, 1995). Previous studies have investigated the control of the melt structure on the viscosity of other
aluminosilicate-rich melt compositions. The viscosity of molten jadeite (NaAlSi,Og4) also decreases with
compression at low pressures, based on falling sphere measurements (Suzuki et al., 2011) and FPMD simulations
(Bajgain & Mookherjee, 2021; Bajgain et al., 2019). Subsequent experiments on molten jadeite based on XRD
measurements showed that compression at low pressures decreases the bonding angle between the network
forming polyhedral units («T — O, — T), breaks some of the bridging oxygen bonds, and decreases available
free space within the network (Wang et al., 2014). A decreasing «T — O, — T has been also inferred from
nuclear magnetic resonance (NMR) spectroscopy on aluminosilicate glasses (Kelsey et al., 2009). These struc-
tural changes help to depolymerize the melt structure and thereby decrease the melt viscosity.

With continued compression, a critical packing limit of the atoms may prevent further collapse of free space.
As a result, the coordination number of Si and Al begins to increase such that TO, transitions to TOs5 (Wang
et al., 2014). Previous NMR studies on quenched aluminosilicate melts have shown that compression may
increase the Al coordination more effectively than that of Si (Allwardt, Poe, & Stebbins, 2005; Allwardt,
Stebbins, et al., 2005; Allwardt et al., 2007; Lee et al., 2006, 2011; Malfait et al., 2012). The observation based
on NMR spectroscopy on glasses has also been predicted by molecular dynamics simulations on melts (Ashley
Bajgain & Mookherjee, 2024; Bajgain & Mookherjee, 2020; Bajgain et al., 2019; Karki et al., 2011; Kobsch &
Caracas, 2020; Neilson et al., 2016). The concentration of Al in aluminosilicate melt may also help to increase
the mean coordination of Al and Si together (Kelsey et al., 2009). The TO5 polyhedral unit exchanges oxygen
more readily than TO, which helps to enhance the diffusion of ions and thereby also decrease the melt viscosity
(Schulze & Spiekermann, 2023). Previous FPMD simulations on aluminosilicate melts indicate that at rela-
tively low pressures, where TO, is the dominant species, the lifetime (z) of TO, is significantly greater than that
of TOs and TOg species, that is, 7410, > Tal0, > 7a10, (Bajgain et al., 2019). At pressures where TOs is the
dominant species, the lifetime of TOs is similar to that of TO, and TOg species, that is, Tajo, < Tal0, = Tal0,

(Bajgain et al., 2019). In addition to 7, the £T — O, — T, the fraction of O, in the albitic melt structure also
decreases with compression (Ashley Bajgain & Mookherjee, 2024; Bajgain & Mookherjee, 2020). Constraints
from the previous FPMD show that the coordination of network-forming species begins to increase once atoms
in the melt cannot be packed more tightly, that is, a critical packing limit is reached (Ashley Bajgain &
Mookherjee, 2024; Bajgain & Mookherjee, 2020) (Figure 3). A similar effect is also observed in hydrous albitic
melts. The FPMD simulations predict that continued compression of albitic melt further increases the coor-
dination number of the network-forming species such that TO, — TOs — TOg4 (Ashley Bajgain & Moo-
kherjee, 2024). The increasing abundance of six-fold species may involve edge-sharing of the closely packed
polyhedral units (Wang et al., 2014) that could slow the diffusion of ions. As a result, the melt viscosity in-
creases at high pressures (Figure 3).

An anomalous pressure dependence of transport properties, such as diffusion and #, is not only observed in molten
albite (Bajgain & Mookherjee, 2020; Funakoshi et al., 2002; Mori et al., 2000) and jadeite (Bajgain & Moo-
kherjee, 2021; Bajgain et al., 2019; Suzuki et al., 2011). The phenomenon has also been documented in other
aluminosilicate melts such as molten anorthite (CaAl,Si,Og) (Karki et al., 2011) and in melts with mafic to in-
termediate silica contents, such as basaltic (Bonechi et al., 2022; Sakamaki et al., 2013; Zhou et al., 2024) and
basaltic-andesitic melts (Mouser et al., 2021) (Figure S1 in Supporting Information S1 and Figure 4). Ultramafic
melts such as peridotite liquid do not typically display an obvious #,,,;, along an isotherm but could instead show
Nmin along the liquidus (Xie et al., 2021) and/or along an adiabat (D. Huang et al., 2024). In the more silica-rich
melts, we find that 7,,,;, consistently varies with temperature and silica contents (Figure 4). The presence of #,,,;, in
silicate melts suggests a complex variation in their mobility with depth and a possibility of ponding during ascent
of a magma, which could explain low velocity zones as detected by geophysical surveys. Further, the variable
pressure-effect on 77 with composition could play an important role in large-scale crystallization processes, such as
which formed the mantle from the magma ocean (Deng et al., 2024).
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Figure 4. (a) The viscosity (1) of albitic (this study), jadeitic (Suzuki et al., 2011 and references therein), basaltic-andesitic
(bas.-and.) (Mouser et al., 2021), basaltic (Sakamaki et al., 2013), picro-basaltic (Zhou et al., 2024), and peridotitic (Xie

et al., 2021) melts as a function of pressure and temperature. The solid circles show data from this study using the wall
correction (77y,) and the corresponding error bars indicate +1 standard deviation of uncertainty based on the wall correction
scheme (Table 1). The open symbols highlight the possible positions for 7,,,;, in the other melt compositions. For clarity, data
from previous work is not shown (see Figure S3 in Supporting Information S1). For the jadeitic melts, empirical second-
order polynomial functions are used to describe the data along each isotherm and constrain the position #,,,;, by interpolation.
For the bas.-and., basaltic, and picro-basaltic melts, the 7, ;, are taken directly from the data. The faded solid line shows the n
of peridotite melt along its liquidus as calculated from previous work (Xie et al., 2021). The thin, solid to dashed lines show
the calculated peridotite melt 7 at super- and sub-liquidus conditions, respectively. For these isothermal 7, we applied a
previous Arrhenian model with E, = 116 kJ mol ™" and V,=0.63 cm® mol™! (Xie et al., 2021). We adjusted the previous 1o to
70 pPa s, based on comparison to a dimensionless temperature 7 model which agrees well with the liquidus prediction (Xie
et al., 2021). (b) The pressure of #,,,;, (P(#,;,)) as a function of temperature and color-coded by melt composition for the
basaltic to albitic melts. The dashed lines are linear regressions for the ;... The solid line for albitic melts is calculated using
Equations 3 and 4 (Table 2). (¢) The P (1,,;,) as a function of SiO, contents and color-coded to temperature. The dashed lines
are general guides for the non-linear trends suggested by the data and are calculated by

P(nmin,T,XSiOZ) ~ 0.013X€,lSiOZ — L4Xysi0, + 0.0056T + 32, where Xysio, is the weight % of SiO,. The circles for
albitic melts are again calculated as in panel (b). In panels (b, ¢), the ,,.;, for basaltic and jadeitic melts are taken from panel (a).

Our results help to resolve the disparity in previous studies on the viscosity of albitic melts at high pressures.
Previous work has consistently observed a negative pressure-effect on the melt viscosity at <4 GPa (Funakoshi
et al., 2002; Kushiro, 1978; Mori et al., 2000). We note our data show excellent agreement with other studies at
~2,000 K and these pressures (Figure 5). The most recent study (Funakoshi et al., 2002) also argued for a vis-
cosity minimum at ~4.5 GPa at ~2,000 K, while older experiments at the same temperature did not capture such
Nmin (Mori et al., 2000). Yet, the later data (Funakoshi et al., 2002) are also at <5.2 GPa and hence cannot fully test
the trend of the earlier work at higher pressures (Mori et al., 2000).

Crucially, the older study relied on ex situ determination of the sphere velocity after quenching (Mori et al., 2000).
This ex situ tactic prevents accurate measurement of the terminal velocities, which are essential to ensuring
Stokes' Law is valid (Ashley, Mookherjee, et al., 2024). Our in situ data, based on radiographic videos, show that
the post-quench measurements may indeed underestimate the melt viscosity at >5.2 GPa (Figure 5). Yet, this does
not explain the discrepancy between our observed 7,,;, at ~6 GPa and that of previous in situ work at ~4.5 GPa
(Funakoshi et al., 2002). We note that the previously constrained #,,,;, depends largely on a single data point at
5.2 GPa. Furthermore, the previous work estimated very small uncertainties in their measurements, that is,
<0.001 Pa s or <0.1% error (Funakoshi et al., 2002). More recent consideration of the inherent uncertainties to
falling sphere experiments suggests these previous experiments may instead show <21% uncertainty due to
corrections to Stokes' Law (Ashley, Mookherjee, et al., 2024). Hence, we find that the previous #,,,;, may not be
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Figure 5. The viscosity of albitic melts (1) as a function of pressure and temperature based on experiments (“exp.”) (Brearley & Montana, 1989; Brearley et al., 1986;
Funakoshi et al., 2002; Kushiro, 1978; Mori et al., 2000; Suzuki et al., 2002; Urbain et al., 1982) and first-principles molecular dynamics simulations (Ashley Bajgain &
Mookherjee, 2024; Bajgain & Mookherjee, 2020). Data above 10 GPa are not shown for clarity. Hollow symbols are values from previous work. Solid symbols are data
from this study (see description in Figure 3). The solid lines show models using Equations 3 and 4 (Table 2). The faded gray line highlights 7, for reference. The
stippled line labeled “dry melt curve” displays the # calculated along the liquidus of albite (Boyd & England, 1963; Makhluf et al., 2020; Tenner et al., 2007) (see inset).
Error bars show +1 standard deviation of uncertainty. The uncertainties for previous experiments are estimated from the reported corrections for Stokes' Law (Ashley,
Mookherjee, et al., 2024). All symbols and isothermal models are color-coded by temperature. (b) The # of albitic melt with 0 and 5 wt% H,O as a function of depth and
temperature using Equations 3 and 4 (Table 2). We assume 1 GPa for every 30 km depth. Faded gray lines highlight the predicted #,,;,. The lower depth for producing
modern aluminosilicate magma is ~50 km (Collins et al., 2020; W.-L. Huang & Wyllie, 1975; Skjerlie & Johnston, 1993). The lowermost boundaries for tonalite-
trondhjemite-granodiorite production lie at 100-150 km (Laurent et al., 2024; Moyen & Martin, 2012). (c) The mobility (Ap/n) of the hydrous melts along several
isotherms. We assume the p of solid albite along an Archean geothermal gradient (Figures S1 and S2 in Supporting Information S1).

robustly defined. Our work extends on these previous efforts by providing more in situ data at >5.2 GPa. The
additional data more clearly resolve the effect of pressure on the melt viscosity and hence the pressure of 7,
(Figure 5).

Notably, these experiments are several hundred degrees hotter than temperatures expected for geologically
realistic production or storage of aluminosilicate magmas (Collins et al., 2020; W.-L. Huang & Wyllie, 1975;
Moyen et al., 2021; Skjerlie & Johnston, 1993). We evaluated the melt viscosity across a range of pressures and
temperatures relevant to subduction zones and the deep Earth (Figure 5). We also examined the viscosity at more
extreme conditions (>2,000 K) to better understand the controls of pressure and temperature. Our results agree
well with previous experiments at <2,000 K and FPMD simulations at higher temperatures (Figure 5). We note
that the FPMD simulations predict 7,,,;,, at >6 GPa for >2,500 K. This suggests that the anomalous pressure effect
on viscosity is also dependent on temperature.

We find that all the experiment data (Brearley & Montana, 1989; Brearley et al., 1986; Funakoshi et al., 2002;
Kushiro, 1978; Mori et al., 2000; Suzuki et al., 2002; Urbain et al., 1982; this study) and FPMD predictions
(Ashley Bajgain & Mookherjee, 2024; Bajgain et al., 2022) at <4,000 K are well described by allowing the
activation volume in Equation 3 to vary with pressure and temperature, or V, (P, T') (Figure 5). The function is
given by

1%
V(P T) = (V; + VoT) + P<V3 + VT + 75) 4)
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where V| to V5 are empirical terms to capture the pressure and/or temperature effects on V,, (Table 2). We note that
this model predicts 7,,;, at 6 = 1 GPa and ~2,000 K.

At temperatures below 2,000 K, the model predicts that the pressure of #,,;, shifts by roughly 0.2-0.4 GPa per
100 K (Figures 4 and 5). This suggests that 7,,,;, may occur around 2.5 GPa by 1,000 K. Such pressures are
relevant for incipient melting in subduction zones (Syracuse et al., 2010). However, the necessary temperature for
this pressure of 77,,,;,, is at least a couple hundred degrees cooler than typical for such melting. We also note that the
melting curve for source rocks increases dramatically with compression. For instance, the melting temperature of
anhydrous albite may be ~1,650 K by 2.5 GPa (Boyd & England, 1963; Makhluf et al., 2020; Tenner et al., 2007)
(Figure 1). To better examine the pressure and temperature conditions of #,,;,, we calculated the melt viscosity
(Equations 3 and 4) along the melting curve of albite (Figure 5). The viscosity along the melting curve agrees well
with the values determined at the maximum pressures explored by previous experiments (Brearley & Mon-
tana, 1989; Brearley et al., 1986; Funakoshi et al., 2002; Kushiro, 1978; Mori et al., 2000; Suzuki et al., 2002;
Urbain et al., 1982). Considering the viscosity along an isotherm shows that the pressures required to produce #,,;,,
should typically stabilize solid jadeite + quartz (Figure 5).

Crucially, it is important to recognize that this study constrains the pressure and temperature effects on the
viscosity of anhydrous melts. However, realistic magmas in subduction zones commonly contain several weight
percent H,O. The presence of H,O will significantly lower the melting temperatures of source rocks by several
hundred degrees (Makhluf et al., 2020) (Figure 5) and is well associated with the origin of continental crust
(Campbell & Taylor, 1983). Investigating the combined pressure, temperature, and water effects on the melt
viscosity is technically challenging due to the fast diffusion kinetics of hydrogen (Ashley Bajgain & Moo-
kherjee, 2024) in silicate melts and thus the possibility of rapid escape of hydrogen during the timescale of the
experiments. It is well known that dissolved H,O in the melt dramatically lowers the melt viscosity even at high
pressures (Ardia et al., 2008; Dingwell, 1987; Holtz et al., 1999; Poe et al., 2006; Schulze et al., 1996).
However, these earlier experimental studies on hydrous magmas were conducted at relatively low pressures
(£2.5 GPa) and temperatures (<1,823 K) and did not document 7,,;,. Complementary FPMD simulations have
documented #,,;,, in hydrous aluminosilicate magmas with compression (Ashley Bajgain & Mookherjee, 2024;
Bajgain et al., 2019). The combined effects of pressure, temperature, and water could shift #,,;, to conditions
relevant to subduction zones or the deep crust. To further investigate the effect of water on the » and #,,;, of
aluminosilicate magma at high pressures, we combine experimental results from this study and 95/ d Xy, from
FPMD simulations which investigated albitic melts with ~5 wt% H,O (Ashley Bajgain & Mookherjee, 2024;
Table 2). We find that the melt viscosity should dramatically decrease with H,O at conditions relevant to
magma production (Figure 5). Our models also predict that the conditions which may produce #,,,, move
upward in depth by ~3 km per wt% H,O (Figure 5). Hence, the combined effects of H,O on crustal melting
temperatures and the viscosity of the resulting melts likely enhance the potential for ascending aluminosilicate
magmas to encounter ;.

We further evaluated the potential for ponding of magma via the melt mobility, that is, the contrast in density of a
melt with a host matrix (Ap = p,.ix — Pmerd) 10 the melt viscosity, or Ap/n (Figure 5). For magma ascending in the
early Earth, we used an EoS for crystalline albite (Benusa et al., 2005; Stewart & Limbach, 1967) as a proxy for
the crustal rock matrix. We also assumed that the matrix follows an Archean geothermal gradient (Moyen &
Martin, 2012) (Figure S4 in Supporting Information S1). We note the exact mineralogical composition of the host
rock will influence its density (Figure S5 in Supporting Information S1). We calculate the melt p using the EoS for
anhydrous albitic melts (Ashley, Mookherjee, et al., 2024) with the parameters adjusted to 5 wt% H,O based on
FPMD (Ashley Bajgain & Mookherjee, 2024) (Table S1 in Supporting Information S1). The anhydrous albitic

melt displays a density crossover with the host matrix (p, ) due to the higher compressibility of melt

melt = Pmatrix
compared to its solid counterpart (Bajgain & Mookherjee, 2020; Jing & Karato, 2011; Mookherjee et al., 2016).
The neutral buoyancy would enable ponding of the magma (Figure S5 in Supporting Information S1). However,
adding H,O to the melt significantly lowers the melt density and helps to prevent the density crossover at con-
ditions relevant to the crustal melting (Figure S5 in Supporting Information S1). This yields a positive Ap
(Pmelt < Pmawrix) at lithospheric conditions which promotes the ascent of the magma. Yet, the Ap is also typically
<0.8 g cm™>. In contrast, the change in # with depth can span orders of magnitude along an isotherm and hence
dominates the trend in mobility (Figure 5). The 7., yields a maximum in the calculated mobility. Hence,

ascending melts may accelerate to the depth of the maximum and begin to slow with continued ascent. As 7
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increases with ascent beyond 7,,,;,, the slowing melt may pond or ultimately freeze (Stolper et al., 1981). Notably,
silicate melts in nature are produced by partial melting and modified by reactive transport, both of which will also
influence the host matrix. Corresponding changes to the melt and host rock composition will affect Ap/n but likely
also the conditions of 7,,,;, (Figure 4), which will further influence the depths for potential ponding. Notably, the
diffusion of network-forming ions also often shows opposite pressure-trends to the viscosity (Ashley Bajgain &
Mookherjee, 2024; Poe et al., 1997). The enhanced diffusivity would likely promote crystallization and/or
chemical partitioning (Mollo & Hammer, 2017), which may influence geochemical and petrologic interpretation
of exhumed rock.

Our results highlight the importance of understanding the effect of pressure on the viscosity of aluminosilicate
magma. At the surface, aluminosilicate-rich melt tends to be extremely viscous (>1,000 Pa s) (Dingwell, 1995)
due to the high degree of polymerization in the melt structure by Si and Al. We would expect such high viscosity
to make the magma very sluggish before injection into magma chambers or eruption onto the surface at volcanoes.
Yet very rapid volcanic eruption of aluminosilicate-rich lava, with little forewarning activity, has shown the
opposite case in which the magma is significantly more mobile than expected (Castro & Dingwell, 2009). Pre-
vious FPMD studies, which examined the viscosity of aluminosilicate magma at depth in the crust, found that the
decrease in melt viscosity with depth helps to mobilize the magma in such eruptions (Ashley Bajgain & Moo-
kherjee, 2024). Our experiment results confirm that the effect of pressure on the melt viscosity steepens at cooler
temperatures (Figure 5). The viscosity of magma produced or stored at <50 km depth (~1.7 GPa) and <1,400 K,
as typical for modern magma (Collins et al., 2020; W.-L. Huang & Wyllie, 1975; Skjerlie & Johnston, 1993) and
perhaps ancient TTG melts (Laurent et al., 2024), may be an order of magnitude lower at depth compared to the
surface. Hence, the magma will be significantly more mobile close to its source. Our results also shed insight into
the mobilization of aluminosilicate magma originating from deeper and/or hotter conditions within the Earth, as is
relevant for subduction zones or perhaps TTG magma in the early Earth (Laurent et al., 2024; Moyen & Mar-
tin, 2012). Under such conditions, the changing pressure effect on viscosity could promote slowing or ponding of
ascending magma (Figure 5). Our results indicate it may be crucial to consider the anomalous pressure-
dependence on silicate melt viscosity to fully evaluate magmatic processes at depth.

5. Conclusions

Our study expands on previous efforts to constrain the viscosity of anhydrous albitic melt at high pressures and
temperatures. We resolve disagreements in previous studies by carefully evaluating the inherent uncertainties in
falling sphere experiments and exploring a greater pressure range than previous work. Regardless of the type of
correction for drag acting on falling sphere, we find robust and clear evidence for a changing pressure-effect on the
melt viscosity. Compression acts to first decrease and then increase the viscosity, which yields a viscosity minimum
(Mmin) at ~6 GPa and ~2,000 K. The anomalous pressure effect is most likely due to multiple changes in the
atomistic-scale structure of the melt, including decreasing bond angles, breaking of the network forming bonds, and
increases in the packing and coordination numbers of network-forming species, namely silicon and aluminum. We
find that the viscosity of albitic melt across a wide range of temperatures and pressures can be well described by a
modified Arrhenius function (Equations 3 and 4, Table 2). We further extend this function to explore the effect of
H,O on the melt viscosity using constraints from previous studies. Our results indicate that aluminosilicate-rich
magma in the modern crust will become less viscous, and hence more mobile, with depth. The enhanced
mobility should promote extraction of the melt from its source at depth. However, magma originating from deeper
or hotter conditions, such as may be relevant for crust-forming magmas in the early Earth, may also encounter
viscosity minima during ascent. Such minima may promote ponding and potential freezing of the magma.
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