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Introduction: Mercury is believed to have had a 

magma ocean in its early evolution whose solidification 

dynamics contributed to the planet’s present day surface 

composition. The surface is characterized by two main 

geological provinces; the Northern Smooth Plains 

(NSP), and the Heavily Cratered Terrain (HCT) and In-

tercratered Terrian (IcT). These provinces are defined 

by the differences in morphology, composition, and age. 

The NSP are located in the northern hemisphere and 

have low Mg/Si, Ca/Si, and S/Si ratios and high Al/Si 

ratios [1], and are compositionally analogous to a mag-

nesian alkali basalt [2]. The HCT/IcT cover the majority 

of the planet and are older than the NSP, and are char-

acterized by high Mg/Si, Ca/Si, and S/Si ratios and low 

Al/Si ratios [1]. The dichotomy in surface composition 

motivates the study into the structure of the mantle as a 

product of magma ocean solidification.  

Two important and interrelated parameters that de-

termine the efficiency of crystal fractionation during 

magma ocean solidification are convection vigor and 

viscosity of the magma ocean. Crystal suspension in a 

cooling magma ocean could be efficient or inefficient 

which suggests two endmember possibilities for magma 

ocean solidification. The first is the formation of a com-

positionally stratified mantle reflecting a cumulate se-

quence produced along a fractional liquid line of de-

scent [3]. The second is the formation of a well-mixed, 

batch crystallized mantle by high viscosity and/or vig-

orously convecting magma ocean [4,5]. Determining 

which of these endmembers, or where on the spectrum 

between them is most relevant to Mercury’s magma 

ocean can be experimentally constrained through high 

P-T falling-sphere viscometry experiments.  

Methods:  Falling-sphere viscometry experiments 

were conducted to study the chemical and physical 

properties of the Mercurian magma ocean using the VX-

3 Paris Edinburgh press at beamline 16-BM-B, High 

Pressure Collaborative Access Team (HPCAT) located 

at the Advanced Photon Source, Argonne National La-

boratory. The experimental composition used is detailed 

in [6]. Two aliquots were prepared to test the effect of 

sulfur on the magma ocean: one sulfur-free and the other 

with 3 wt% added sulfur. The sulfur-free composition 

was conditioned to IW-1; the sulfur-bearing  to IW-5, 

where IW refers to the iron-wüstite buffer. To improve 

over methods utilized in [6], the compositions were 

fused in a furnace and the resulting glasses were ground 

into powders before conditioning in a gas mixing fur-

nace. This was done to ensure homogeneity of the mix-

ture. Otherwise, the compositions and preparation were 

identical to the non-fused compositions tested previ-

ously in [6]. In the experiments, the path of the falling 

sphere is imaged by X-ray radiography using a high-

speed camera behind the P-E press [7]. 

The viscosity of the experimental liquids was cal-

culated using the terminal velocity of the falling sphere 

with a Stokes’ law formulation with wall and end ef-

fect corrections (e.g., [7]), 

 η=(gd2 (ρₛ-ρₗ)F)/18VE     
where g is gravitational acceleration (9.8 m/s2), d is the 

diameter of the sphere, ρₛ is the density of the sphere, ρₗ 
is the density of the liquid, V is the terminal velocity, 

and F and E are the wall and end effect coefficients, re-

spectively. 

 
Figure 1. Results of the falling sphere viscometry experiments 

for the S-free (squares) and S-bearing compositions (circles). 

The pressure uncertainty is ±0.5 GPa and temperature uncer-

tainty is ±5% of the target condition in °C.   

Results:  Experimental results for the S-free and S-

bearing experiments are shown in Figure 1. The range 

of viscosities for the S-free experiments was 0.6-10.9 

Pa·s at pressures of 2.6-6.2 GPa. The S-bearing experi-

ments have a viscosity range of 0.6-3.9 Pa·s at pressures 

of 1.4-4.5 GPa. The tested temperature range for both 
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sets of experiments was 1600-2000°C. The source of 

scatter in both datasets is attributable to the experi-

mental temperature and pressure uncertainty (±5% of T 

in °C, and ±0.5 GPa).  

Discussion: The experimental results suggest that 

the addition of sulfur lowers the viscosity of the melt. 

At a given P-T condition, the S-bearing composition has 

a viscosity about a factor of two lower than the S-free 

composition. The experimental observations were used 

to develop models to extrapolate the viscosity of the 

melts beyond experimental conditions. We parameter-

ized pressure and temperature sensitive Arrhenius rela-

tions for both the S-free and the S-bearing compositions. 

These models are compared to predictive models for 

other silicate liquids in Figure 2. Both the S-free and the 

S-bearing compositions appear to have viscosities com-

parable to andesite.  

 

 
Figure 2. Viscosity model predictions for the S-free and S-

bearing compositions compared to the viscosity models for an-

desite [8], and peridotite liquids [9] at 100 MPa.   

Implications: The new predictive models enable us 

to consider crystal suspension or settling in the con-

vecting Mercurian magma ocean. Because heat flux 

controls the convection vigor and solidification of the 

magma ocean, it is important to consider scenarios with 

and without a flotation crust. The timescale for magma 

ocean solidification is on the order of hundreds of years 

without a flotation crust and hundreds of thousands of 

years with a flotation crust. Using these timescales, we 

calculated how the critical grain size for suspension 

evolves with viscosity over the given time period [4]. In 

graphite or plagioclase flotation crust scenarios, the 

crystallization would be primarily fractional, forming a 

compositionally stratified mantle. Crystals with higher 

densities (e.g. garnet, olivine, clinopyroxene, orthopy-

roxene) settle out while low density minerals (e.g. pla-

gioclase, graphite) float to contribute to the flotation 

crust. In the scenario without a flotation crust, early 

crystallization would be fractional, but as the solid frac-

tion increases, the system could evolve into a scenario 

where olivine and pyroxene remain entrained in the con-

vecting  liquid. This would yield a more composition-

ally homogeneous lherzolitic mantle with olivine and 

pyroxene ± plagioclase and graphite.  

The HCT/IcT mantle source is thought to be 

harzburgitic, while the NSP source is thought to be lher-

zolitic [10]. If Mercury did not have a flotation crust, the 

NSP could have formed from partial melting of a homo-

geneous lherzolitic mantle with orthopyroxene, clinopy-

roxene, and olivine (Figure 3). If Mercury had a flota-

tion crust, the mantle source for the NSP could not have 

been a direct product of magma ocean solidification 

(Figure 3), requiring subsequent mantle mixing by con-

vection, cumulate mantle overturn, or perhaps assimila-

tion of clinopyroxene during melt transport.  

Lastly we point out that our experimental composi-

tions make good analogues for the NSP. Because the ex-

perimental liquids are relatively low viscosity, we infer 

that the NSP could have formed via effusive volcanism.  

 
Figure 3. Hypothesized cumulate piles produced in scenarios 

with and without a flotation crust. 
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