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PREFACE 
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in preparation for publication in peer-reviewed scientific journals. I am the primary author 

for all these published or in review manuscripts. I outline below my contributions and the 

contributions of my co-authors to each of these manuscripts. 

A version of Chapter 2 is published in Icarus (Morrison, A. A., Zanetti, M., Hamilton, 

C. W., Lev, E., Neish, C. D., & Whittington, A. G. (2019). Rheological investigation of 

lunar highland and mare impact melt simulants. Icarus, 317, 307-323.) I am responsible 

for all sample processing, synthesis, characterization and analysis, as well as all viscosity 

experiments and other laboratory measurements. I performed all data analysis and prepared 

all tables and figures. Co-authors Dr. Michael Zanetti and Dr. Christopher Hamilton 

provided bulk samples. Dr. Alan Whittington provided extensive guidance and training for 

viscosity measurements, experimental planning, and manuscript draft development. All co-

authors provided feedback to draft manuscripts that greatly improved the quality of the 

paper, specifically the introduction and discussion sections. 

A version of Chapter 3 is in preparation to be submitted to Geochimica et 

Cosmochimica Acta (Morrison, A. A., Whittington, A. G., Zhong, F., Mitchell, K. L., & 

Carey, E. M. Modeling the viscosity of potential cryovolcanic liquids). I am responsible 

for all sample synthesis, characterization and viscosity measurements. I conducted all data 

collection and analysis and prepared all tables and figures. Dr. Alan Whittington provided 

guidance for experimental planning and provided extensive feedback on all manuscript 

drafts. Dr. Karl Mitchell provided extensive feedback about model verification and 



 

validation, as well as model applications. All co-authors provided feedback to draft 

manuscripts that greatly improved the quality of the paper. 

A version of Chapter 4 is in preparation to be submitted to Journal of Geophysical 

Research: Planets (Morrison, A. A., Whittington, A. G., & Mitchell, K. L., A re-evaluation 

of cryolava flow evolution: Assumptions, physical properties, and conceptualization). I 

conducted all modeling efforts, data analysis, and prepared all tables and figures. Dr. Alan 

Whittington provided guidance for modeling focus and provided extensive feedback on all 

manuscript drafts. Dr. Karl Mitchell provided extensive feedback about model verification 

and validation, as well as model applications. All co-authors provided feedback to draft 

manuscripts that greatly improved the quality of the paper.
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ATYPICAL PLANETARY LAVAS: RHEOLOGICAL EVOLUTION OF COOLING 

AND CRYSTALLIZING FLOWS FROM LUNAR IMPACT MELTS AND 

CRYOVOLCANIC PROCESSES 

Abstract 

Volcanism is common to many of the solid planets and moons throughout the solar 

system. On Earth, volcanic research is mainly targeted at hazard assessment and prediction 

but volcanism on other worlds helps us understand how planetary bodies evolve and what 

that evolution means for the Earth and its future. Understanding the volcanic process on our 

world and others yields information about heat and mass transport processes, and about 

interior and surface evolution. 

One way of furthering our understanding of the volcanic process is by investigating 

the erupted products. Lavas in particular make up a large portion of planetary surfaces, 

however, some lavas in the solar system are very different to what we expect on Earth. Both 

impact events and ice volcanism (cryovolcanism) in the outer solar system can create molten 

material of very different compositions to the silicate volcanism on Earth, at very different 

conditions (e.g., temperature and pressure). Despite this, many planetary features share 

common morphologies with terrestrial volcanism, suggesting similar physical processes 

driving emplacement. In this work, I draw comparisons between composition and formation 

mechanism for impact melts, cryovolcanism, and silicate volcanism by investigating their 

rheology – the flow behavior that links material properties to morphology. 

I measured the rheology of lunar simulants for both highland and mare compositions 

to investigate how lunar impact melts evolve as they flow. Crystallization happens rapidly 
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upon crossing the liquidus for highland compositions but mare compositions require 

undercooling before rapid crystallization occurs. This leads to shorter, thicker flows in the 

highlands and longer, thinner flows in the mare. This pattern may explain why more highland 

impact melt sheets are observed, because the thinner impact melts in the mare are more 

readily erased by impact gardening resulting in a preservation bias in the rock record. 

I also synthesized a wide range of aqueous solutions as analog cryolavas to measure 

their viscosity. I developed a new viscosity model, based on the Vogel-Fulcher-Tammann 

(VFT) equation commonly used in silicate rheology, to predict viscosity of aqueous solutions 

a function of both temperature and concentration for binary systems. This model provides 

better extrapolation down to cryogenic temperatures than previous models and can be scaled 

up to more complicated multicomponent systems. 

I then developed a new model for cryovolcanic flow evolution to investigate 

emplacement. This model simultaneously tracks the physical, chemical, and thermal state of 

the flow and allows entrainment of the solid fraction rather than surface accumulation. These 

are all improvements over several previous models. I found that the heat loss from 

vaporization of the flow in the low-pressure environment of many icy worlds was the 

dominant heat flux and that aspect ratios predicted match well with observed features. 
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1 Introduction 

Lava flows typically evoke ideations of volcanoes and hot, molten rock bubbling 

and cascading like a river through Hawaiian communities (e.g., 2018 eruption of Kilauea). 

However, across the solar system, the expulsion or extrusion of molten material onto the 

surface can occur under very different conditions, with very different compositions, and 

even without the need of a volcano. Two specific examples are cryovolcanism and impact 

melt flows. Cryovolcanism may occur on the icy bodies in the outer solar system, where 

the “molten lava” takes the form of aqueous solutions/brines erupted onto a surface 

hundreds of degrees below ambient Earth conditions. Alternatively, impacts from asteroids 

or comets can produce large quantities of molten surface material (rock or ice) without the 

need for volcanic or tectonic processes. Both are vastly different from the silicate 

volcanism we are used to observing here on Earth, but result in similar morphologies, 

suggesting similar physical processes and emplacement mechanisms may exist. 

Understanding these processes is important in both contexts for differing reasons. Impact 

melts, specifically on the Moon, are an important surface deposit and natural material that 

needs to be understood for industrial infrastructure applications (in situ resource 

utilization). Cryovolcanism, on the other hand, represents a prime astrobiological target, as 

these potential features may be the best link to the subsurface oceans where potential life 

may exist. The physical properties of both cryolavas and impact melts are poorly 

constrained, particularly in terms of rheology, which controls flow morphology. In this 

dissertation, I focus on the viscosity of liquids relevant to cryovolcanism and impact melts, 

to investigate the similarities in emplacement with silicate lavas erupted at volcanoes on 

Earth. 
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1.1 Observations of impact melts 

Impact melt is found on nearly every planetary body. It is created during impact 

events as material is rapidly excavated and the sudden decompression of the previously 

subsurface rocks results in melting (Melosh, 1989; O’Keefe and Ahrens, 1994; Osinski and 

Pierazzo, 2013). Most of this melt is contained within the resulting crater, however, if the 

impact event is sufficiently large, at oblique angles, or the transient crater rim has a 

topographic low, the impact melt can escape the crater in large enough quantities to form 

lava-flow-like features (Anderson et al., 2004; Neish et al., 2017b; Pierazzo and Melosh, 

2000). Figure 1.1 shows this comparison as the impact melt flow from Tycho crater is 

juxtaposed to terrestrial lava flows. Similar morphological features arise such as 

channelized flow, pressure-ridges, and a lobate flow front.  

While impact events are capable of producing large quantities of molten material, 

key differences distinguish them from igneous or volcanic features. Impact events tend to 

superheat the molten material to well above their liquidus temperatures, with mineralogical 

evidence for impact melt temperatures in excess of 2370°C on Earth (Timms et al., 2017). 

Abundant shocked minerals and inclusions will exist with additional clastic material 

incorporated into the flow (Vaughan et al., 2013). Lava flows on Earth typically erupt at or 

below their liquidus suggesting crystallization may begin sooner, aided further by the more 

efficient convective cooling present on bodies with an atmosphere (Keszthelyi and 

Denlinger, 1996). 
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Figure 1.1. (a) Impact melt flow from Tycho crater on the Moon demonstrating similar 

morphologies to terrestrial lava flows: (b) channelization, (c) pahoehoe ropes akin to 

pressure-ridges, (d) lobate flow front. The impact melt flow was imaged by the Lunar 

Reconnaissance Orbiter Narrow Angle Camera (M181222542LR, 

NASA/GSFC/Arizona State University). Channelized flows are from the 2018 eruption 

of Kilauea (HVO/USGS). Photo of pahoehoe ropes by Lee Siebert, 1978 (Smithsonian 

Institution). Lobate flow photograph (ISS020-E-33530) provided by the ISS Crew Earth 

Observations experiment and Image Science & Analysis Laboratory, Johnson Space 

Center.  

Another difference is that impact melts are compositionally agnostic. Terrestrial 

igneous rocks are typically restricted in composition to silicates, and particularly to 

compositions that can evolve from partial melting of ultramafic mantle rocks or more silicic 

crustal rocks. Impact melts are formed from whatever composition the target rock is made 

of, which can yield molten flows of non-igneous compositions that would not otherwise be 
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possible. For example, the lunar highlands are dominantly composed of anorthosite 

(Wieczorek and Zuber, 2001), a composition that would not be found erupting from 

volcanoes today. In fact, the lunar highlands represent primitive crust that formed from the 

buoyant flotation of phases crystallizing from the lunar magma ocean and was never a 

liquid composition on its own (Warren, 1985; Xu et al., 2020). However, flows of this 

composition can readily be observed on the Moon as a result of these impact events. 

1.2 Observations of cryovolcanism across the solar system 

Cryovolcanism lies uniquely at the intersection of volcanology and hydrology. It is 

defined as the “eruption of liquid or vapor phases (with or without entrained solids) of 

water or other volatiles that would be frozen solid at the normal temperature of an icy 

satellite’s surface” (Geissler, 2015). Voyager 2 provided the first evidence of this 

phenomenon when nitrogen geysers were discovered on Neptune’s moon Triton. 

Successive missions since then (e.g., Galileo, Cassini, Dawn, New Horizons) provided 

images where cryovolcanism was invoked to explain the existence/formation of features 

on many outer solar system bodies (Figure 1.2), including Jupiter’s moon Europa, Saturn’s 

moons Enceladus and Titan, and Neptune’s moon Triton. Other bodies including Ceres, 

Ganymede, Dione, Tethys, Iapetus, Miranda, Ariel, Pluto and Charon, have also been 

suggested to have either ongoing or past cryovolcanic activity (e.g. Kargel, 1995; 

Showman et al., 2004; Cruikshank et al., 2015; Ruesch et al., 2016). Smooth terrains 

observed on these bodies are thought to indicate resurfacing, and cryovolcanism is perhaps 

the most likely mechanism to achieve this (Showman et al., 2004; Mitri et al., 2008). Other 

features observed on the surfaces of these bodies, such as domes or shields, fissures, lobate 

flow features analogous to terrestrial lava flows, and pits or depressions similar to 
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terrestrial calderas are also interpreted to be of cryovolcanic origin (Kargel and Strom, 

1990; Lopes et al., 2007, 2013; Quick et al., 2017). 

 

Figure 1.2. Possible cryovolcanic features on various outer solar system bodies. (top 

left) Cryolava dome (Murias Chaos ~100 x 77 km across, 230m/pixel) on Europa imaged 

by Galileo (observation E15REGMAP02, ASU ipf 1242). (top right) Geysers (South 

Polar Plume) on Enceladus imaged by Cassini. (bottom left) Flow features (Sputnik 

Planum) on Pluto imaged by New Horizons. (bottom right) Possible cryovolcanic 

construct/edifice (Ahuna Mons ~20 km across, 35m/pixel) on Ceres imaged by Dawn. 

Image credits: NASA/JHUAPL/SwRI; NASA/JPL/University of Arizona; 

NASA/JPL/Space Science Institute; NASA/JPL-Caltech/UCLA/MPS/DLR/ IDA/PSI. 

On the surface of bodies orbiting beyond the snow-line, water exists mainly in the 

form of ice (the snow-line being the orbital distance where diminished insolation prevents 

surficial liquid water from existing). Other volatile compounds like ammonia (NH3), 

methane (CH4), and methanol (CH3OH) may also be incorporated into these ices. Beyond 

the Saturnian system, where reactions lacked the energy to proceed to equilibrium, more 

oxidized compounds like CO2, N2, and CO may also exist in the solid phase. These phases 

have been identified by spectral analysis from the various probes that have encountered 
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these outer solar system bodies. Other components that may be incorporated into these 

planetary compositions include various salts, sulfates, hydrocarbons, and tholins (complex 

organic compounds resulting from dissociation and recombination of any of the 

aforementioned compounds; e.g., acetylene, formaldehyde, chloroform) (Hendrix et al., 

2010; Lopes et al., 2013; Geissler, 2015). Thus, many of these outer worlds have a solid 

ice layer (a cryosphere, in place of the terrestrial planets’ lithosphere), and several are 

thought to erupt cryolava (slurries of water ice and a liquid phase, probably brines or briny 

organic mixtures) onto their surfaces.  

These cryolavas can form lava plains and volcanic constructs analogous to 

terrestrial volcanoes (Figure 1.2), but interpreting how they formed from remotely sensed 

imagery requires accounting for two significant differences: they form under much lower 

gravity (more like our Moon than our Earth) and from a very different material, with 

different phase equilibria and potentially different rheological behavior. There are few 

previous studies of the rheology of relevant brines and slurries (Kargel, 1991; Kargel et al., 

1991; Zhong et al., 2009), but they show that these cryogenic materials can span a viscosity 

range similar to that of basaltic silicate lavas, and extend to much lower viscosities (Figure 

1.3). 

Previous studies that attempt rheological investigations of icy bodies have been 

mostly based on observation and assumptions/inferences rather than experimental data 

(Barr and McKinnon, 2007; Lopes et al., 2007; Quick et al., 2017; Quick and Marsh, 2016). 

Experimental studies of the rheology of these cryogenic substances have also been limited 

to simple ammonia-methanol-water liquids and slushes (Kargel et al., 1991; Zhong et al. 

2009) and solid-state rheology measurements of ices: N2, CH4 (Eluszkiewicz and 
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Stevenson, 1990; Yamashita et al., 2010; Kirichek et al., 2012); clathrates (Durham et al., 

2003); and high pressure water ice (Durham et al., 1983, 1993, 1997, 2001, 2010). 

Rheology has been considered theoretically for some of these bodies (e.g., Quick et al., 

2017; Quick and Marsh, 2016), but the equations used do not take into account crystal 

shape or the effect of minor components. 

 

Figure 1.3. Viscosity diagram showing the range of viscosity for different materials. 

Silicate lava compositions span over twelve orders of magnitude depending on 

composition. Potential cryolava compositions can span a similar range in viscosity to 

mafic lavas and range over six orders of magnitude. Ovals represent generalized ranges 

for each material. Viscosity data are plotted for air in white circles (Williams, 1926), 

water in light blue circles (Kestin et al., 1978), brines in green squares (Ozbek et al., 

1977; Zhang et al., 1997), various ammonia-methanol-water solutions in gray, blue, and 

purple circles (Kargel et al., 1991; Zhong et al., 2009), carbonatite in brown triangles 

(Norton and Pinkerton, 1997), East African Rift basalts in orange triangles (Morrison et 
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al., 2020), Hawaiian basalt in yellow triangles (Sehlke et al., 2014), Mono Craters 

rhyolite in red triangles (Romine and Whittington, 2015) and ice Ih at 1 atm in dark gray 

circles (Jacka and Budd, 1989).  

 

1.3 Possible cryovolcanic compositional range 

In the Jovian system, all three of the icy Galilean moons (Ganymede, Callisto, and 

Europa) have been suggested to exhibit cryovolcanism and/or evidence for a subsurface 

ocean (Nimmo and Pappalardo, 2016; Quick et al., 2017). Europa, as the most likely 

candidate, has been the target of many recent studies and will be the primary focus of the 

upcoming NASA Clipper and ESA JUICE missions. The composition of Europa’s surface 

has been spectrally determined to be overwhelmingly water ice (Table 1.1). Minor 

components include hydrated salts, carbonates, and sulfur compounds (Lane et al., 1981; 

McCord, 1998; McCord et al., 2010). The dominating water-ice signature may also obscure 

some other minor and trace component signatures. Surface temperatures of Europa range 

from 105 K equatorially to 50 K at the poles (McKinnon, 1999). Surprisingly few studies 

have addressed cryovolcanic activity on Europa. Fagents (2003) considered the possibility 

of effusive eruptions on the icy body based on data from the Galileo space probe. She 

concluded that compelling evidence for cryolava flows was lacking at that time, perhaps 

because imagery taken at sufficient resolution covered only a fraction of the body, but two 

potential cryovolcanic features were identified. Cryolava domes may be formed by 

extrusion of high-viscosity briny material, and some smooth, low-albedo surfaces have 

been interpreted as low-viscosity flooding. These two types of features can also be 

explained by other non-volcanic processes. For example, relaxation of diapirs near the 

surface could resulting in dome-like structures or mass wasting could fill in low topography 
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resulting in smooth, low albedo features. Higher resolution data are needed to test these 

alternatives (Fagents, 2003, and references therein).  

In the Saturnian system, several bodies have been proposed to have cryovolcanic 

features. Enceladus is indisputably cryovolcanically active, and its south polar plume is 

directly responsible for the ejection of material that forms Saturn’s E-ring. This plume 

emanates from four large fractures in the ice shell, informally referred to as the tiger stripes. 

Like Europa, Enceladus is another body with a possible subsurface ocean. Various spectral 

analyses from Voyager, Cassini, and the Hubble Space Telescope (HST) agree that water 

ice is the main surficial constituent (Clark et al., 1984; Cruikshank, 1980; Fink et al., 1976; 

Hendrix et al., 2010; McCord et al., 1971; Morrison et al., 1976). Ammonia and ammonium 

hydrate (Table 1.1) have also been suggested from spectral features (Emery et al., 2005; 

Verbiscer et al., 2006). Ammonia is volatile at the surface temperatures of Enceladus (50-

75 K, rising to 140-180 at the tiger stripes (Spencer et al., 2006; Hodyss et al., 2008)) and 

is thus considered unstable due to preferential vaporization and loss from micro-impacts, 

sublimation, and photolysis (Consolmagno and Lewis, 1978; Hendrix et al., 2010; 

Lanzerotti et al., 1984; Lebofsky, 1975). However, ammonia could be more stable at 

surface conditions as a hydrate or complexed with other compounds. Brown et al. (2006) 

places upper limits on Enceladus’ surficial NH3 ice at ~1-3 wt.% but also reports small 

global amounts of free CO2 and a larger portion of trapped or complexed CO2 in the tiger 

stripes. Hendrix et al. (2010) used spectral analyses and mixing models to assert that CO2 

and tholins are minor to trace components of Enceladus’ surface. Cassini’s Ion and Neutral 

Mass Spectrometer (INMS) was able to sample the gases of the south polar plume in situ 

on one of the flybys of Enceladus and found 91 ± 3% H2O, 3.2 ± 0.6% CO2, 4 ± 1% N2, 
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and 1.6 ± 0.4% CH4 (Waite et al., 2006; Hodyss et al., 2008). Fortes (2007) suggested that 

perhaps cryovolcanism does take place in the south polar region and methane clathrates are 

entrained in the cryomagma as xenoliths that devolatilize during ascent and decompression.  

Titan is the other satellite of cryovolcanic interest in the Saturnian system, and has 

also been hypothesized to have a subsurface ocean. Titan is the largest moon of Saturn and 

second largest in the solar system behind only Jupiter’s moon Ganymede (McCord et al., 

2006). Surface brightness temperatures (90-95 K) correspond closely to actual surface 

temperatures which vary only a few degrees from poles to equator (Jennings et al., 2009). 

Titan has a significant atmosphere (1.5 bars) composed mainly of nitrogen (N2) and 

methane (CH4) (Flasar et al., 2005; Fulchignoni et al., 2005; Lodders and Fegley, 1998). 

Solar UV photolysis of the methane is suggested to cause organic/hydrocarbon 

precipitation onto the surface, thus requiring a source to replenish this atmospheric 

component. Methane release through cryovolcanic processes is one likely explanation for 

how this replenishment occurs, although other non-cryovolcanic processes have been 

proposed (Loveday et al., 2001; Choukroun et al., 2010). Cassini-Huygens spectral data is 

slightly less useful in determining a surface composition because the CH4-rich atmosphere 

only allows for surface measurements through certain wavelength bands or “windows” 

(Soderblom et al., 2007; Lopes et al., 2007, 2013). Even with the spectroscopic restrictions, 

it is clear that water-ice is still the dominant constituent of Titan’s surface (Table 1.1), 

which is supported by Titan’s low bulk density (Soderblom et al., 2007). Interior models 

suggest an icy crust, with high pressure ice phases and possibly methane clathrates at depth, 

overlying a mantle that may be liquid (water) if ammonia is present, followed by more 

high-pressure ice, and a rocky core (Lorenz and Lunine, 2005; Stevenson, 1992; Tobie et 
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al., 2006). Other possible components include methane (liquid or trapped in clathrates), 

various other hydrocarbons expected to be liquid at Titan conditions (ethane, propane, 

acetylene), methanol, and possible salt solutions (Lopes et al., 2013, 2007). Ammonia, 

thought to be an important component for an interior liquid mantle (Soderblom et al., 

2007), has not been observed on the surface but has been proposed to occur as frost or fog 

caused by cryovolcanic activity that dissociates to N2, replenishing the atmosphere (Nelson 

et al., 2009).  

The main target in the Neptunian system is Triton, which, like Enceladus, has 

observable cryovolcanic geysers (nitrogen gas). In this distal region of the solar system, 

energy from the Sun that drives chemical reactions is greatly diminished. Thus, reaction 

kinetics are slower (i.e., low temperature) and metastable substances may persist that 

typically react or breakdown from radiolysis to form other substances closer to the Sun. 

For instance, the surface ice on Triton is composed mainly of N2 and CH4 ices (Table 1.1), 

but also solid CO and CO2 (Cruikshank et al., 1984; Cruikshank and Apt, 1984; 

Cruikshank, 2000; Yamashita et al., 2010; Trafton, 2015). Aside from its nitrogen geysers, 

Triton is also well known for its characteristic cantaloupe terrain (Smith et al., 1989; 

Yamashita et al., 2010). This leads to questions about the strength of these surface ices 

since the relaxation time for impact craters is relatively short yet there is sufficient strength 

to support this unique, undulating terrain (Yamashita et al., 2010). This prompted the 

speculation by Yamashita et al. (2010) of water ice in the subsurface: a stronger material 

capable of supporting the cantaloupe terrain. Triton’s smooth-floored depressions, low-

relief dome structures, extensive flow features, apparent lava tube-like collapse features, 
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possible calderas, and fissures with lobate flows emanating from them are all observable 

morphological features supporting cryovolcanic activity (Kargel and Strom, 1990).  

Cryovolcanism has also been suspected for some smaller bodies including Pluto 

and its moon Charon, as well as the main-belt asteroid Ceres. With new data from Dawn 

(Ceres) and New Horizons (Pluto and Charon), some newly discovered features on these 

bodies are being inferred to be cryovolcanic in origin (Desch and Neveu, 2016; Krohn et 

al., 2016; Moore et al., 2016; Ruesch et al., 2016). Thermal models of dwarf planet Ceres 

suggest it has at least partially differentiated (Castillo-Rogez and McCord, 2010; McCord 

et al., 2011) with an outer shell of an ice-rock mixture (Table 1.1), potentially including 

ammoniated phyllosilicates (De Sanctis et al., 2015). Several flow features have been 

identified on the dwarf planet but it is unclear whether they exist as cryovolcanic products 

or as impact melts (Krohn et al., 2016). Some flow features occur in the center of craters 

(e.g., Occator Crater) and apparently move upslope before ponding, suggesting subsequent 

deflation of a bulging source (Krohn et al., 2016). Other features (e.g., flows and smooth 

plains within Haulani Crater) lack characteristic indications of impact/ejecta deposits, 

suggesting a cryovolcanic origin instead (Neveu and Desch, 2015). Overpressurization 

caused by a freezing subsurface ocean may cause extrusion of a “muddy” suspension onto 

the surface, which ultimately leaves a muddy lag deposit. Water-ice sublimates at the 

surface of Ceres (~160 K; Ruesch et al., 2016) leaving behind aqueously altered minerals 

and salts (Neveu and Desch, 2015). 

In summary, firm evidence exists for active cryovolcanism on some bodies 

(Enceladus and Triton), and abundant evidence that cryovolcanic activity may have 

occurred on several more. Not all cryolavas are the same: just as terrestrial planets can emit 
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thick, viscous rhyolitic lavas or thin, fluid basaltic lavas, the effective viscosity and yield 

strength of cryolava will depend strongly on its composition, temperature and crystal 

fraction (Figure 1.3). The likely range of temperature and composition is summarized in 

Table 1.1. In the next section I review the rheology of two-phase slurries as a primer for 

the following chapters where I outline a series of experiments aimed at (i) developing a 

model for the viscosity of a wide range of cryo-liquids, and (ii) measuring the rheological 

evolution of lunar impact melt analogs. The results of these experiments will be linked to 

emplacement and compared with our current understanding of silicate lava flow 

emplacement. 

Table 1.1. Summary of pertinent information for possible cryovolcanic bodies: surface 

temperature and major/minor components of crustal material (as inferred 

spectroscopically). 

System Body Surface Temp. Major Surface Comp Minor Surface Comp 

Asteroid 

Belt 

Ceres 160 K (Ca,Mg)CO3, 

XCl∙H2O, 

phyllosilicates, 

aqueously altered 

minerals 

H2O 

Jupiter Europa 105 K  

(50 K at poles) 

H2O XCl, (Ca,Mg)CO3, 

XSO4, H2SO4 

Saturn Enceladus 70-120 K  

(140-180 K at 

south pole) 

H2O, NH3, tholin? CO2, CH4, CH3OH 

Titan 90-95 K H2O, CH4 (clathrates) CO2, CH3OH, N2, 

NH3, C2H6, C3H8, 

C2H2, salts? 

Neptune Triton 38 K N2, CH4, CO, CO2 

ices 

H2O 

Kuiper 

Belt 

Pluto 42 K N2, CH4, CO ices H2O 
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1.4 Rheology 

 Rheology is the study of how a bulk material responds to an applied stress typically 

resulting in some form of deformation or flow. In the context of lavas (both silicate and 

aqueous), the rheology is fundamental in determining flow rate (both pre-eruptive ascent 

and post-eruptive emplacement), the structures and morphologies the flow may create, and, 

importantly, the distance/runout a flow can travel. This means that rheology plays a 

prominent role in modeling any volcanic flow and potential hazard assessments.  

 Several constitutive equations are commonly used to define rheology quantitatively 

(see Figure 1.4). The simplest rheology is for the Newtonian fluid. In this case, the fluid 

will flow as a direct response to the stress applied. This results in a straight line through 

the origin in stress vs. strain rate space. The slope of this line is a constant value that defines 

the viscosity, which itself is defined as the resistance to flow of a fluid. Bingham(ian) 

behavior is when flow is initiated only after a certain stress is exceeded. This results in a 

y-intercept on the graph which is called the yield stress (or yield strength). The slope of the 

line is then the Bingham viscosity. Alternatively, the response to the applied stress may 

have a dependence on the rate at which it is applied. This results in shear-thinning 

(pseudoplastic) or shear-thickening (dilatant) behavior where the slope of the flow curve 

decreases with higher strain rate or increases with higher strain rate respectively. The slope 

in this case is not constant and thus, no longer represents true viscosity but is instead 

referred to as consistency, which has units of (Pas)n. Lastly, Herschel-Bulkley behavior is 

the general form permitting both shear-thinning (or thickening) behavior and a yield stress. 

Equations for these constitutive laws are presented in Figure 1.4 and further detail is given 

in the next chapter. 
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These non-Newtonian behaviors in single-phase fluids typically arise from the 

interactions of molecules or the bonds between them, for example organic polymeric 

liquids. However, they can also develop in two-phase systems where the fluid becomes a 

suspension. Alignment of high aspect ratio crystals (e.g., plagioclase) or accommodation 

of strain by breaking of framework structures formed by the crystals can produce non-

linear flow curves. In the context of lavas (both silicate and aqueous), the rheology needs 

to be considered for both pure liquids and suspensions (liquid + crystals) to evaluate the 

rheological behavior as the flow evolves. Both silicate melts and aqueous solutions behave 

as Newtonian fluids, thus, viscosity is the primary rheological factor.  

  
Figure 1.4. Cartoon depicting idealized flow curves for Newtonian (N), Binghamian (B), 

shear-thinning & shear thickening occasionally referred to as power-law (PL), and 

Hershel-Bulkley-type (HB) behaviors. Green curves are shear-thickening and blue 

curves are shear-thinning. 

 

Liquid viscosity is mainly controlled by both composition and temperature. 

However, these parameters are not always readily obtained for features on other planetary 

bodies. Morphology is almost always available and thus, morphometric analysis has been 
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commonly used throughout the planetary literature to infer rheological parameters (Hulme, 

1974; Jeffreys, 1925). Such methods are acceptable for generalizations but it has been 

shown that inferences of composition from morphology are not always accurate (Morrison 

et al., 2020). For example, the most recently erupted lavas at Nyiragongo volcano (D. R. 

Congo) do not reflect the bulk composition of lava throughout its eruptive history. Looking 

only at the morphology of the volcanic construct would suggest higher viscosity material, 

when, in fact, it is erupting some of the lowest viscosity, naturally occurring lava (Morrison 

et al., 2020).  Experimental measurements are always preferred, which will be the main 

focus of successive chapters. 

1.5 Measurement methods 

 Rheological measurements were conducted using three different instruments and 

methods: concentric cylinder, uniaxial parallel plate, and rotational cone and plate (Figure 

1.5). The specifics of each experimental technique employed is detailed in each successive 

chapter and therefore will only be briefly outlined here. 

 Concentric cylinder viscometry was used to measure the viscosity of silicate liquids 

and suspensions (subliquidus, supersolidus) at high temperatures (1100°C – 1600°C). This 

method requires two cylinders: a cup to hold the molten sample, and a smaller diameter 

spindle or rod that rotates within the sample. The rotation rate of the spindle can be defined 

by the user and the angular velocity can be converted to a strain rate by a geometrical 

factor. The spindle is attached to a spring and the resultant torque imparted onto that spring 

is measured by displacement of that spring as the spindle rotates. This torque can be 

converted to a stress by a geometrical factor. The ratio of stress to strain rate then allows 

for Newtonian viscosity to be calculated. 
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 The uniaxial parallel plate was used to measure viscosity of supercooled silicate 

liquids near the glass transition temperatures (500°C – 800°C). This method works simply 

by placing a sample of precisely known geometry (e.g., cylindrical cores) into a furnace 

and measuring the rate at which the sample height changes under a defined load. The stress 

is provided by a 1 kg weight placed atop the sample with known cross-sectional area. The 

change in height over time then provides the strain rate. Viscosity can then be calculated 

from the ratio of these two parameters.  
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Figure 1.5. Pictures of the concentric cylinder (left), parallel plate (middle), and cone 

and plate (right) viscometer instruments used in this work with cartoons of each 

geometry setup beneath.  

 

Rotational cone and plate viscometry was used to measure the very low viscosity 

aqueous liquids as hypothetical cryolavas (-20°C – +30°C). This method uses the same 

principles as the concentric cylinder but is better for lower viscosity materials. The liquid 

sample is placed on a plate and a shallow-angled (0.5°) cone is lowered down onto the 

sample. The cone has a truncated apex so as to not be in contact with the bottom plate, 

which leaves a gap of 50 microns. As the cone rotates, both stress and strain rate are 

calculated similarly to the concentric cylinder method, allowing viscosity determination. 

1.6 Dissertation structure 

This dissertation is comprised of one chapter on experimental measurements of 

rheology of lunar impact melts analogs (Chapter 2), one chapter on viscosity measurements 

of potential cryovolcanic material (Chapter 3), and one chapter on modeling the 

emplacement of cryolavas flows (Chapter 4). Chapter 2 serves as a primer for silicate 

rheology and the current state of the art for measuring the rheology of crystallizing lavas. 

This chapter is published in Icarus (Morrison et al., 2019) where I measured the viscosity 

of three lunar simulants: Stillwater anorthosite and norite (highlands analog), and JSC-1a 
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(mare analog). The experimental results were used to help explain why impact melt flows 

are much more commonly observed in the highlands than the mare. Chapter 3 is where I 

start to apply the techniques used to measure/evaluate silicate rheology to a cryovolcanic 

context. In this chapter, I measure the liquid viscosities for a wide variety of aqueous 

solutions that may be relevant to cryovolcanic processes on various icy satellites. I 

produced a model to predict the viscosity of aqueous solutions as a function of both 

temperature and composition, which worked better than the available previous models. 

Understanding how the liquid phase evolves is required prior to investigating the effect of 

crystallization on viscosity. In chapter 4, I begin to look at the emplacement of hypothetical 

lava flows on icy bodies. I produced a model that tracks the combined physical, chemical, 

and thermal state of the flow (an improvement over previous models) as it evolves from 

turbulent to laminar. This model was then used to infer possible lengths and aspect ratios 

of flows and compare them to observable flow features (cryo- and silicate). The final 

chapter (Chapter 5) summarizes the main finding of each section and suggests possible 

future research directions.  
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2 Rheological investigation of lunar highland and mare simulants 

2.1 Introduction 

Impact cratering events release enough energy to rapidly heat silicate rocks to 

superliquidus temperatures, creating gravity-driven melt flows that behave, ostensibly, like 

lava flows on Earth. These features are commonly observed on the surface of terrestrial 

bodies in relation to a wide variety of crater sizes (Denevi et al., 2012; Hawke and Head, 

1977; Neish et al., 2014; Osinski et al., 2011; Stopar et al., 2014; Tornabene et al., 2012). 

The amount of melt material generated is dependent upon several factors including 

composition of the target and impactor, velocity and angle of the collision, and the size of 

the respective bodies (Cintala and Grieve, 1998). Most melt stays inside the crater, but 

central rebound and other processes can push the melt up and over the crater walls to 

produce flows (Howard and Wilshire, 1973; Melosh, 1989; Neish et al., 2017b; Osinski et 

al., 2011; Osinski and Pierazzo, 2013). The impact cratering process can produce melt that 

is superheated well above the melting temperature of typical silicate rocks (Timms et al., 

2017), which may result in these impact melt flows displaying different rheological 

behaviors and morphologies to terrestrial lava flows emitted from volcanic vents. The total 

melting of target material may also produce melts with compositions ranging beyond the 

typical products of partial melting and fractional crystallization. Understanding how these 

flows move and evolve may therefore provide insight into the physical properties and 

composition of the melt, development of surficial textures, and the cratering process as a 

whole. However, impact melt emplacement has not been directly observed, and so we rely 

on morphological studies of previously emplaced melt deposits. Understanding their 
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rheological behavior as a function of composition and temperature is required to make any 

inferences about emplacement conditions from morphological observations.  

Values for rheological parameters such as yield strength or viscosity have been 

estimated for lunar impact melt flows based on morphology (Bray et al., 2010; Denevi et 

al., 2012; Plescia, 2017; Plescia and Baloga, 2016), but corroboration from experimental 

studies is currently lacking. We conducted a thorough laboratory investigation to 

experimentally determine the rheological characteristics of three lunar simulant materials. 

Using a combination of calorimetry, viscometry, electron probe microanalysis (EPMA), 

scanning electron microscopy (SEM), and wet chemistry we address firstly, the 

temperature dependent viscosity of the pure bulk liquid, and secondly, the physical and 

chemical effects of crystallization on the viscosity of the cooling materials at subliquidus 

temperatures. By characterizing the rheology of the lunar analog materials, we aim to 

determine how impact melts on the Moon may flow, how those flows may change with 

temperature and crystal content, and how closely impact melt flow behavior resembles that 

of terrestrial lava flows. 

2.1.1 Observations 

Impact melt deposits are widely observed around both simple and complex craters 

on planetary bodies. During the cratering process, decompression following the high shock 

pressures melts the target material lining the transient cavity (Melosh, 1989), which may 

be fully constrained within the crater (emplaced as pools on the crater floor), draped over 

the crater rim (accumulated in perched depressions of fault terraces), or be fully ejected 

from the crater (to form late-stage flows and/or veneers) (Neish et al., 2017b, 2017a, 2014; 

Plescia and Cintala, 2012). Impact melt generation is influenced by a number of factors: 
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composition of the target and the projectile, velocity of the projectile, and its angle of 

impact (Grieve et al., 1977; Osinski et al., 2011; Osinski and Pierazzo, 2013). However, a 

recent survey of lunar impact melts by Neish et al. (2014) found that crater size was not a 

major controlling factor in producing impact melt flows, as was previously thought (Hawke 

and Head, 1977). Indeed, small craters (< 20 km diameter) were found to have the longest 

melt flows relative to their size. Neish et al. (2014) also found that the mechanism of 

emplacement for complex and simple craters on the Moon may vary. For instance, complex 

craters impart an outward momentum to the melt lining the transient crater during the uplift 

of the modification stage, which can push the melt up and over the crater rim. In contrast, 

smaller impacts into varied topography may create simple craters with breached rims that 

can facilitate the escape of melt to form exterior flows. Recent work suggests that the 

mechanism for emplacement also varies with the size of the planetary body. In contrast to 

the Moon, the emplacement of melt flows around complex craters on Venus appears to be 

controlled by the direction of impact rather than the existing topography (Neish et al., 

2017b). This suggests emplacement during the excavation phase rather than the 

modification phase of crater formation on worlds with higher gravity (Neish et al., 2017b). 

In visible-wavelength images of the lunar surface, many impact melt flows appear 

similar to terrestrial pahoehoe lava flows (Bray et al., 2010), displaying flow lobes, 

concentric pressure ridges, and leveed channels. These are often low-albedo deposits with 

evidence of cooling or tension cracks (Hawke and Head, 1977; Howard and Wilshire, 

1973). Observations at radar wavelengths from the Lunar Reconnaissance Orbiter (LRO) 

and ground-based facilities have also enabled the detection of degraded impact melts not 

easily detectable in optical data (Campbell et al., 2010; Carter et al., 2012; Neish et al., 
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2014).  Radar data also suggests that impact melts are rough at the scale of centimeters to 

decimeters, even though they are smooth at the meter scale, unlike any known terrestrial 

lava flow (Neish et al., 2017a; Neish et al., 2014). This may be due to different cooling 

conditions experienced by lunar impact melts compared to terrestrial lava flows, since 

surface cooling from convection into the atmosphere does not take place on the Moon. This 

hypothesis is supported by radar observations of impact melt flows on Venus, which appear 

smoother at radar wavelengths than those on the Moon (Dong, 2015). Some post-

emplacement processes (e.g., episodic melt injection, inflation, or melt breakout) may also 

make the history of these systems more complicated to unravel (Bray et al., 2010). Such 

post-emplacement modifications, which influence the final surface characteristics, are 

different on the Moon and on Earth: impact gardening is the main erosional force on the 

lunar surface, while aqueous and aeolian weathering processes are prevalent on Earth. 

Impact melts also incorporate clasts as they flow over the lunar surface. Onorato et 

al. (1976) suggest that the entrainment of such clasts may help cool an impact melt flow to 

a uniform temperature over short timescales (~100 seconds). Studies of digestion of these 

entrained clasts suggest emplacement temperatures of well over 1450°C for material with 

a 1310°C liquidus (Denevi et al., 2012; Simonds et al., 1976). Timms et al. (2017) recently 

provided evidence for the transformation of zircon to cubic zirconia and silica in Mistastin 

Lake crater (Canada) impact melt, which requires superheating above 2370°C: the highest 

recorded temperature of a crustal rock on Earth. These high emplacement temperatures are 

a key contrast to terrestrial lavas, which are usually emplaced at, or near, their liquidus. 

The partial pressure of oxygen at the lunar surface is near the iron-wustite buffer (Sato et 

al., 1973; Wieczorek et al., 2006), much lower than for the Earth’s surface which will affect 
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the liquidus temperature and crystallization sequence of otherwise chemically similar 

lavas. 

The Moon is composed mainly of two compositionally distinct materials at the 

surface. The lunar highlands are the bright anorthositic crust (Wieczorek and Zuber, 2001; 

Wood et al., 1970) and the lunar mare are the darker, more basaltic regions (Strom, 1971; 

Wieczorek and Zuber, 2001). Impact melt deposits are more commonly found in 

association with highland craters than mare craters (Neish et al., 2014; Stopar et al., 2014), 

which may be the result of several different factors. Wünnemann et al. (2008) suggest that 

melt production increases with porosity of the target due to the lower critical shock 

pressures required for melting. This would lead to higher melt production from the mega-

regolith layers of the highlands than from the more consolidated mare regions (Kiefer et 

al., 2012; Wieczorek et al., 2013). Alternatively, the difference may be a direct reflection 

of the more varied topography of the highlands where breached crater rims are more likely 

to form (Neish et al., 2017b; Neish et al., 2014). Nevertheless, lunar impact melts have 

been observed in the highlands, mare, and transitional regions between the two, prompting 

us to investigate analog materials for both end-members and one mixed composition. We 

suggest that rheological differences between highland and mare crust may result in 

differences in extent and preservation of impact melt flows. The present work will address 

this hypothesis by quantifying these rheological differences. 

The most well studied and closest morphological features on the Earth that compare 

to lunar impact melts are lava flows. While there are terrestrial craters with preserved 

impact melt (e.g., Ries Crater, Germany), the weathering and erosional processes on Earth 

usually degrade/alter these materials dramatically over short geological timescales. In 
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general, impact melt would be expected to have a wider compositional range than lava 

flows (as they depend on target material and may not be typical of lava flow compositions 

on Earth); however, the lunar crust is less diverse in composition, which restricts the 

expected compositional range of impact melts for this body. Some lunar impact melts 

display similar morphological features to channelized lava flows. Channelization can occur 

in impact melts by a breached rim which acts like the vent of a volcano (point source rather 

than sheet flow). In the case of channelization, morphological features (e.g., flow thickness 

and levee width) can be used to extract rheological parameters (e.g., Hulme, 1974), 

although this approach may lead to overestimation of viscosity and yield strength if flows 

have undergone inflation (Kolzenburg et al., 2018b). 

2.1.2 Rheology 

Rheology is the key link between observable morphological features and the 

physical processes that produced them. Rheology, and ultimately morphology, are 

controlled in part by composition and crystal content, and therefore, the textures of these 

materials becomes important to consider. Very broadly, basaltic lavas are described as 

pāhoehoe, ʻaʻā, or transitional (for full description and history of terminology see Harris et 

al., 2017). In general terms, pāhoehoe lavas are smooth and ropey, ʻaʻā lavas are much 

rougher and auto-brecciated, and the transitional lava types can be composed of rubbly or 

slabby material that may still be smooth on a clast-sized scale, but rougher on the scale of 

the entire flow (Harris et al., 2017; Neish et al., 2017a). These different textures may 

indicate transitions between rheological regimes. Using radar data, Neish et al. (2017a) 

found that transitional terrestrial lava flows are most analogous to lunar impact melt flows. 

Although no terrestrial lava flow yet studied exactly matches the texture of lunar impact 
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melts, rubbly lavas in the recent (2014) Holuhraun eruption in Iceland are the closest 

documented analog (Neish et al., 2017a).  

The three main contributing factors to the rheology of lava are temperature, 

composition, and crystal and/or bubble fractions (e.g., Bagdassarov and Pinkerton, 2004; 

Diniega et al., 2013; Mader et al., 2013; McBirney and Murase, 1984). The effect of oxygen 

fugacity on melt viscosity is generally minor (Dingwell and Virgo, 1987), but can influence 

both liquidus temperature and crystallizing phase (Chevrel et al., 2014). To quantify 

changes to rheology we look at how rheological parameters (e.g., viscosity and yield 

strength) change as a function of the above listed factors. Concentric cylinder viscometry 

can be used to measure the viscosity of high temperature (superliquidus) materials. At 

much lower temperatures and much higher viscosities, parallel-plate viscometry can be 

used to measure viscosity just above the glass transition. The glass transition (Tg) is the 

temperature below which the material is an amorphous solid, and above which it is a 

supercooled liquid with the ability to flow (Henderson, 2005; Calas et al., 2006). Data from 

these high and low temperature segments can then be fit empirically by the Vogel-Fulcher-

Tammann (VFT) equation (Vogel, 1921), or using configurational entropy modeling 

(Richet, 1984; Mauro et al., 2009) to create a viscosity curve for the bulk liquid. Silicate 

melts behave as Newtonian fluids until they cool below the liquidus and start to crystallize 

(Mader et al., 2013). Extrapolating from collected data indicates that the viscosity of all 

silicate melts converges towards a common value at very high temperatures (Mauro et al., 

2009; Russell et al., 2003). 

Measurement at subliquidus temperatures is also possible with the concentric 

cylinder viscometer, which allows for the quantification of the effect of crystals on flow 
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viscosity as well as the corresponding chemical effect of an evolving composition. As 

crystals nucleate and grow, a crystal framework may develop as they begin interacting with 

each other. This framework may begin to resist flow creating a yield strength (σy), the 

minimum required stress before flow can initiate (Barnes, 1999; Nguyen and Boger, 1992). 

Using EPMA/SEM techniques, subliquidus experiments run at different temperatures can 

be analyzed to observe changes in crystal content and chemistry of the interstitial melt. 

This study is the first to conduct a systematic experimental investigation of the rheological 

characteristics of lunar impact melt analog materials using these techniques. 

2.2 Methods 

Three lunar analogs were studied in this work to represent the main rock types 

found in the lunar highlands and lunar mare. Two samples used as lunar simulants in this 

work come from the Stillwater Complex (Page and Moring, 1990), an Archean layered 

mafic intrusion in southwestern Montana.  A norite sample from a lower member of this 

complex and a high-calcium anorthosite sample from a middle member (Meurer and 

Boudreau, 1996) were used as analogs for lunar highlands material. This anorthosite has 

previously been used as a lunar highland simulant by the NASA Marshall Space Flight 

Center (Rickman et al., 2014). These are hereafter referred to as Stillwater norite (NOR) 

and Stillwater anorthosite (ANOR). Approximately 10 kg of bulk core samples of each unit 

were supplied by the Stillwater Mining Company. The third material used as a lunar mare 

analog was JSC-1a, from NASA’s Johnson Space Center. This material is an 

unconsolidated lunar mare regolith simulant sourced from the Merriam Crater cinder cone 

in the San Francisco volcano field near Flagstaff, Arizona (McKay et al., 1994). 
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2.2.1 Sample preparation 

 Raw core samples of both the norite and anorthosite were cut into smaller pieces 

(~2 cm thick) and melted in a Micropyretics Heaters International Z-series box furnace at 

~1675°C. An iron-saturated Pt90Rh10 crucible was used to avoid any chemical leaching of 

the sample. Samples were left for a two-hour dwell at 1675°C to ensure complete melting, 

then immediately poured onto a copper plate to quench to an anhydrous, bubble-free glass. 

The glass was then ground into smaller pieces, remelted and quenched, in order to ensure 

chemical homogeneity within the melt. The JSC-1a mare regolith simulant has a much 

lower melting temperature (McKay et al., 1994) than the norite or anorthosite highland 

simulants (see section 2.2.2). As a result, this material was gradually added to the crucible 

and allowed to melt until the crucible was full. The material was then held for two hours at 

1600°C before following the same process of quenching and homogenizing as the previous 

samples.  

2.2.2 Differential scanning calorimetry 

 Isobaric heat capacity (Cp) was measured using a Netzsch DSC 404 Pegasus F1 

Differential Scanning Calorimeter (DSC) with a Pt-furnace from 50–1500°C. A 20 ml/min 

N2 gas flow was used to stabilize atmospheric conditions within the instrument, and PtRh 

containers were used to avoid any chemical reaction between sample and container. Each 

Cp measurement consists of three runs: a blank, standard, and sample. The blanks measure 

both empty sample and reference containers. The standard runs measure an empty 

reference container and a sample container with a ~1-mm-thick, pure sapphire (α-Al2O3) 

standard disk weighing 115.95 mg. The sample runs measure an empty reference container 

and a sample container, with between 20 and 40 mg of the lunar bulk glass material. The 
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temperature profile for each run consisted of a 15 minute long isothermal equilibration 

segment at 50°C, a ramp up to 1500°C at 20°C per minute, a 5 minute isothermal 

equilibration segment at 1500°C, an uncontrolled cooling segment where the furnace is 

turned off, and a final 15 minute isothermal equilibration segment at 500°C. The method 

used to calculate heat capacity by the data analysis software requires isothermal segments 

both before and after the measurement in order to establish a baseline. Netzsch software 

subtracts the baseline (blank run) and uses the ratio of unknown heat flow and mass (sample 

run) to the reference heat flow and mass (sapphire standard) to allow for calculation of 

quantitative heat capacity values across the temperature range. 

2.2.3 Viscometry: superliquidus/supercooled liquid 

 Anhydrous, bulk glass was used as the starting material for viscosity measurements. 

Viscosity measurements of each sample were made at both superliquidus and near-glass 

transition conditions using a Theta Industries Rheotronic II Rotational Viscometer and 

Rheotronic III Parallel-Plate Viscometer respectively (Figure 2.1). For superliquidus 

measurements, a Brookfield DV3TRV rheometer head was used with a spring torque (τ) 

calibrated to 7.187 × 10-4 Nm. Calibration using Brookfield standard oils allows for 

accurate measurements (better than 0.06 log units) between 0.1–1000 Pa s (Getson and 

Whittington, 2007). Approximately 100 g of bulk glass material filled an iron-saturated 

Pt90Rh10 crucible (height = 65 mm; internal radius = 16 mm), which was held in the 

viscometer by three alumina rods. The crucible is then lowered into the furnace to melt the 

material before an iron-saturated Pt90Rh10 spindle is immersed ~20 mm into the sample, 

controlled by a micrometer. The actual immersion depth is measured after each experiment 
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by residual melt on the spindle. For viscosity calculations, the torque required to maintain 

a rotation rate is measured so that the shear stress (σ) can be defined as: 

(2.1)  𝜎 =  
𝜏

2𝜋(𝑅𝑏
2𝐿)

 , 

where Rb is the radius of the spindle and L is the immersion depth. Strain rate (�̇�) for a fluid 

can then be calculated from the geometry and angular velocity (ω) as follows: 

(2.2) �̇� =  
2𝜔

𝑛(1−(𝑅𝑏/𝑅𝑐)2/𝑛)
 , 

where Rc is the crucible radius and n is the flow index (Stein and Spera, 1998). The flow 

index is a measure of deviation from Newtonian (n = 1) and is found by the slope of a linear 

regression of ln(τ) and ln(ω). An apparent viscosity (ηapp) can then be simply calculated for 

each measurement using the stress (σ) and flow index corrected strain rate (�̇�) using the 

following relationship: 

(2.3)  𝜂𝑎𝑝𝑝 =
𝜎

�̇�
 . 

At each temperature three different angular velocities were used to verify Newtonian 

behavior of the liquid. The total duration of each experiment was approximately 12 hours. 

 For measuring the viscosities of the supercooled liquid, in the range of 108–1013 Pa 

s, cores (~6 mm diameter, 6–11 mm height) of the bulk glass were placed in the parallel 

plate viscometer. These cores were then heated above the glass transition temperature (Tg) 

and deformed under uniaxial compression of a 1500 g load with the rate of sample collapse 

measured by a linear variable differential transformer (LVDT) at several temperature steps. 

Sample length measured by the LVDT has a precision of 0.1 μm. Viscosity (η) can then be 
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calculated from the applied stress (σ) and longitudinal strain (𝜀̇) by the following (Gent, 

1960):  

(2.4)  𝜂 =  
𝜎

3�̇�
 . 

Accuracy of the measurements was checked against National Institute of Standards and 

Technology (NIST) standards to better than 0.06 log units (Whittington et al., 2009). 

Measurements were taken at alternating high and low temperature steps in an effort to 

identify crystallization occurring during the experiment (causing an anomalous increase 

in viscosity), but none was observed. The duration of each measurement was between 7 

and 10 hours. 

 

Figure 2.1. A schematic depiction of the viscometer geometries. In the concentric 

cylinder viscometer (left), a Pt90Rh10 crucible holds the molten sample while a rotating 

Pt90Rh10 spindle is inserted. By measuring the torque on the spindle at controlled angular 

velocity, stress and strain can be calculated to determine viscosity. In the parallel plate 

viscometer (right) cores are deformed under uniaxial stress at varying temperature steps. 

Viscosity can be determined from the rate of collapse at a given temperature.  

 

2.2.4 Subliquidus viscometry 

 To measure viscosity in the range where crystallization occurs, a measuring head 

with a stronger spring is required. A Brookfield HBDV-III Ultra was used with a spring 
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torque calibrated to 5.7496 × 10-3 Nm with a measurement range up to 105 Pa s. NIST 

standard glasses were used for calibration and data were reproduced to within 0.02 log 

units (Getson and Whittington, 2007). Each subliquidus experiment began by heating to 

superliquidus conditions to ensure complete melting of all crystal phases. Due to the very 

high liquidus temperatures for the norite and anorthosite samples and a maximum furnace 

temperature of ~1600°C, these samples were allowed to dwell longer at higher temperature 

to ensure complete melting (~2–4 hours). While maintaining a constant angular velocity of 

the spindle, the sample was cooled to the liquidus at 10°C per minute, and then at 0.5°C 

per minute from the liquidus down to the target temperature for that experiment. The 

sample was equilibrated at the target temperature for 12–14 hours until a constant torque 

was achieved, implying that the equilibrium crystal fraction had been reached. The angular 

velocity of the spindle was then varied stepwise to the lowest torque possible and then to 

the highest torque possible, with each step lasting between 50 and 60 minutes. At each step 

in angular velocity, we waited at least 30 minutes to achieve a stable torque reading, and 

then averaged the torque reading collected over the next 10–20 minutes. We then returned 

to the initial angular velocity to verify there was no instrument drift or sample hysteresis. 

Upon completion, the crucible was raised quickly out of the furnace and immersed 

immediately (within 5 seconds) in a water bath to quench, preserving the crystal fraction 

of the measured sample. Cooling rate during quenching was not quantified but lack of 

incandescence after ~1 minute indicated initial cooling rates over 400°C/minute. The 

crucible was cool enough to be touched after ~5 minutes indicating an average cooling rate 

of ~250°C/minute. For each isothermal subliquidus experiment, apparent viscosity values 

were calculated with Equation 2.3. Attempts were made to recover intact cores of each 
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experiment (e.g., Chevrel et al., 2015), however, each time the material shattered due to 

the fast cooling rates and low crystal contents. Chips were recovered from different depths 

within the crucible, and 2 – 6 chips from each experiment were used for image analysis.  

2.2.5 Microscopy and Image Analysis 

 Chemical analyses of the bulk glass compositions were conducted using a JEOL 

JXA-8200 electron microprobe with five wavelength dispersive spectrometers (WDS) in 

conjunction with a JEOL (e2v/Gresham) silicon-drift energy-dispersive spectrometer 

(EDS). The instrument was calibrated using oxide and silicate standards with data corrected 

using CITZAF in accordance with Armstrong (1995). Analyses were made using a 20 μm 

spot size, 15 kV accelerating potential, and 25 nA beam current. Chemical analyses of 

subliquidus experiments (crystals and glass) were conducted using a CAMECA SX100 

with five WDSs and a PGT 5000 EDS. The instrument was calibrated using natural and 

synthetic standards for oxides and silicates. Analyses were made using the same conditions 

as above with spot sizes of 5 μm for crystals and 20 μm for interstitial glasses. 

 Backscatter electron (BSE) images were taken of each sample at a minimum of two 

different working distances (2550 and 660 μm). Both vertical and horizontal slices were 

taken from multiple chips of each subliquidus experiment. These images were then 

imported into Adobe Photoshop to estimate crystal fractions. By adjusting the grayscale, 

brightness, contrast, etc., individual phases were isolated, and pixels were counted using 

the histogram function, within an adjustable tolerance of the grayscale value for the phase. 

This process was then repeated using a slightly higher and slightly lower tolerance. The 

reported crystal fractions are the average of these three estimates, for between four and ten 

different images per sample.  
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 Crystal aspect ratios were calculated using the freeware program ImageJ 

(http://imagej.nih.gov/ij/). Images were processed using Adobe Photoshop, isolating 

individual phases whose aspect ratios were then calculated using the ellipse-fitting tool. 

The program fits an ellipse to each crystal in the image, which is subsequently checked for 

accuracy manually. Crystals intersecting the edge of the image are discarded and any 

ellipses not adequately fit to a crystal are discarded and recalculated by hand. The mean 

aspect ratio for a given experiment is calculated using the following relation: 

(2.5)  �̅� =  
∑ 𝑅𝑖𝜑𝑖

𝜑𝑐
 , 

where Ri is the apparent mean aspect ratio of phase i, φi is the crystal area fraction of phase 

i, and φc is the total crystal area fraction. Typically, experiments are unimodal with a single 

phase crystallizing in one generation. Stereological conversions were calculated from the 

distribution of aspect ratios of the fitted ellipses following Higgins (1994). 

2.2.6 Iron Redox   

 The oxidation state of iron was measured for bulk rock, bulk remelt, and quenched 

samples of each subliquidus experiment following the procedures of Wilson (1960) and 

Schuessler et al. (2008). One blank vial and two United States Geological Survey (USGS) 

standards (BIR-1a basalt and W-2a diabase) were used as a control group for the 

measurement. Two vials were created for each sample (except the blank) to verify 

consistency. Approximately 10–20 mg of sample was added to a solution of ammonium-

vanadate and hydrofluoric acid. After the samples dissolved, the mixture was neutralized, 

and complexed with a 2,2’-bipyridine solution that forms a red complex with the ferrous 

iron. See Sehlke et al. (2014) for a full description of the sample preparation procedure. 
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 Colorimetric analysis was used to measure ferrous and total iron concentrations of 

each sample. A Nanodrop1000 Ultraviolet/Visible spectrophotometer was used to measure 

absorption spectra between 420 and 720 nm with a path length of 1 mm. Standard solutions 

were prepared with known iron concentrations ranging from 0–56 ppm. These were used 

to construct a calibration curve, the slope of which (molar absorption coefficient) is 

required to calculate unknown concentrations using the Beer–Lambert law: 

(2.6)  𝐸 =  𝜀𝑐𝑙 , 

where E is the measured absorbance, ε is the molar absorption coefficient (mol-1cm-1), c is 

the concentration (mol/l), and l is the path length. Background absorbance was measured 

at 700 nm which was subtracted from the peak absorbance of the Fe2+-complex at 523 nm 

to determine E. This calculation is made for each sample to determine the concentration of 

ferrous iron. Then, all the iron is reduced to ferric iron by adding ~10 mg of hydroxylamine 

hydrochloride to 10 ml of each solution. Measuring this new solution in the same manner 

results in concentrations of total iron. Ferric iron concentrations can then be calculated as 

the difference between total iron and ferrous iron. Accuracy was checked against the two 

USGS standards (BIR-1a, W-2a) to a 2σ uncertainty of ~0.20 wt.%. 

2.3 Results 

 The bulk compositions and oxidation state of all bulk glass materials are reported 

in Table 2.1. Results from the wet chemistry for the JSC-1a sample indicate that iron 

contents of the starting bulk powder and remelted bulk glass were within error of each 

other. This also indicates that there was no significant leaching of iron into the Pt-crucible. 
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Table 2.1. Chemical analyses for bulk lunar simulants JSC-1a, Stillwater norite and 

Stillwater anorthosite. EPMA data were obtained at Washington University in St. Louis 

and each composition is an average of at least seven individual analyses. Iron oxidation 

was measured using wet chemistry for the ferrous iron (FeO) and total iron (ΣFeO) with 

ferric iron (Fe2O3) being calculated as the difference between the total and ferrous iron. 

In each case, total iron is within error of the total measured by EPMA. Data for 

polymerization and liquidus temperatures/viscosities are also summarized. 

 

2.3.1 Calorimetry 

 Calorimetry was used to obtain glass transition temperatures, liquidus 

temperatures, and Cp of the liquid for each sample. The glass transition temperature was 
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determined as the midpoint of the rapid increase of the heat capacity curve (Cp) between 

the glass and the supercooled liquid (Neuville and Richet, 1991; Richet, 1984; Stebbins et 

al., 1984). The liquidus was taken as the onset of the plateau occurring immediately after 

the final melting peaks of the Cp curve. The DSC curves for each of the three samples are 

presented in Figure 2.2. For JSC-1a, the glass transition temperature is ~665°C and the 

liquidus is ~1325°C. For the norite, the glass transition temperature is ~780°C and the 

liquidus is ~1450°C. The glass transition of the anorthosite is ~840°C and the liquidus is 

above the 1500°C maximum furnace temperature of the calorimeter. Pure anorthite has a 

liquidus of ~1557°C (Richet and Bottinga, 1984), which places an upper limit for the 

liquidus of this sample. The configurational heat capacity (Cp
conf), defined as the difference 

between liquid and glass Cp, was also determined for each sample: 25.86 Jmol-1K-1 for 

JSC-1a, 4.79 Jmol-1K-1 for NOR, and 5.80 Jmol-1K-1 for ANOR. 
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Figure 2.2. Heat capacity curves for bulk glass anorthosite, norite, and JSC-1a samples. 

Glass transition temperatures (Tg) are taken at the first inflection point before the 

crystallization troughs. The liquidi (Tliq) are taken after the melting peaks where heat 

capacity plateaus. In the case of the anorthosite, melting was incomplete due to a liquidus 

above the temperature range of the instrument. The large exothermic crystallization 

trough for the JSC-1a sample extends down to –9 Jg-1K-1 due to the large release of latent 

heat as the sample rapidly crystallizes. 

 

2.3.2 Liquid Viscosity 

 Figure 2.3 shows the viscosity data for each of the crystal-free, bulk simulants with 

the data reported in Tables 2.2, 2.3, and 2.4. All three lunar simulant materials show a 

strongly non-Arrhenian temperature dependence on viscosity. The highest viscosity 

material is the Stillwater anorthosite, followed by the Stillwater norite, and JSC-1a has the 

lowest viscosity (Figure 2.3). This trend is consistent with the most polymerized sample 

(i.e., the anorthosite with the highest NBO/T, or non-bridging oxygen per tetrahedral 
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cations, see Mysen (1988)) having the highest viscosity (Table 2.1). Many supercooled 

liquids have a strong tendency to crystallize above the glass transition temperature. 

Therefore, if crystallization does occur while measuring near this temperature, any 

successive measurements are no longer of bulk liquid, but a more evolved composition 

with a solid phase contributing to a higher viscosity. Crystallization occurred during the 

measurement of the JSC-1a sample, thus several measurements (see Table 2.2 footnote) 

were excluded from data fitting.  

 Once data from both instruments are collected, a viscosity curve can be fitted using 

a VFT equation (Vogel, 1921) in the form of: 

(2.7)  log 𝜂 =  𝐴 +
𝐵

𝑇−𝐶
  , 

where η is viscosity in Pa s, T is temperature in Kelvin, and A, B, and C are adjustable 

fitting parameters. A least squares regression was used to determine the best value for the 

fitting parameters. These values are reported in Tables 2.2 – 2.4. Data are plotted on an 

Arrhenian diagram along with the viscosity curves in Figure 2.3. These curves allow for 

interpolation and extrapolation to higher temperatures that are experimentally inaccessible. 
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Figure 2.3. Arrhenian graph of log viscosity vs. inverse temperature for bulk, crystal 

free JSC-1a (green diamonds), Stillwater anorthosite (red circles), and Stillwater norite 

(blue squares). Data points are measured viscosities from concentric cylinder and parallel 

plate viscometers and the solid curves are the best-fit VFT equations to the data. Labeled 

temperatures indicate the experimental temperature ranges. Experimental uncertainties 

in temperature and viscosity are smaller than symbol size. 

 

Table 2.2. Crystal-free, bulk liquid viscosities for JSC-1a at high temperature 

(concentric cylinder) and near the glass transition (parallel plate) with VFT-fit 

parameters and RMSD. Two cores were measured in the parallel plate and liquid 

viscosities were measured twice. Data listed with an asterisk were excluded from the 

fitting due to crystallization. 
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Table 2.3. Crystal-free liquid viscosities for ANOR at high temperature (concentric 

cylinder) and near the glass transition (parallel plate) with VFT fit parameters and 

RMSD. 

 

 



42 
 

 

Table 2.4. Crystal-free liquid viscosities for NOR at high temperature (concentric 

cylinder) and near the glass transition (parallel plate) with VFT fit parameters and 

RMSD. 

 

2.3.3 Subliquidus viscosity 

 Nine isothermal subliquidus measurements were successfully conducted on JSC-

1a between 1320 and 1200°C, spanning a viscosity range of approximately three orders of 

magnitude. Temperature variations throughout these experiments are within ±2°C. Several 

experiments with greater temperature instability were discarded as a constant crystal 

fraction would not have been achieved within the sample, while others were unsuccessful 

due to a surficial crust that formed from oxidation at the melt/air interface. Experiments at 

lower temperatures were unsuccessful due to crystallization, which exceeded the torque 

capacity of the spring in the measuring head. 
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 We used two different methods to estimate the crystal fraction of each subliquidus 

experiment. Crystal contents were quantified directly through analysis of images collected 

using SEM, and indirectly by mass balance calculations, using the bulk glass composition 

(Table 2.1) and the compositions of each phase (including interstitial glass) for each 

experiment (Tables 2.5 and 2.6). The two methods always produced results that agreed 

within analytical uncertainty, but the uncertainties on SEM images were relatively large at 

the higher crystal fractions, suggesting crystal distributions may be nonuniform throughout 

the sample. Consequently, we prefer to use the crystal fractions obtained through mass 

balance calculation for analysis of changes in rheology as a function of crystal content. 

Table 2.5. Crystallinity, mineralogy, and rheological parameters of the JSC-1a 

subliquidus experiments. Crystal and glass fractions are calculated by mass balance 

(MB) and from the BSE images using a pixel counting method (SEM). The uncertainty 

from the BSE image method is the 2σ of several images of 2 – 4 different chips from 

different depths within the crucible Yield strengths listed in italics were calculated as 

physically meaningless (negative) numbers and should instead be considered zero. 

Bolded RMSD values are the lowest of the four models, and consequently the best fit for 

that experiment. Flow laws are discussed in section 2.3.5. N refers to parameters 

calculated using a Newtonian model, B refers to parameters calculated using a Bingham 

model, PL refers to parameters calculated using a power law model, and HB refers to 

parameters calculated using a Herschel–Bulkley model. 
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Table 2.6. Compositional analyses of JSC-1a subliquidus experiment interstitial glasses. 

The evolved JSC-1a sample was synthesized to match the interstitial glass of the 1200°C 

experiment to within uncertainties. Oxidation of the bulk material (crystals + melt) from 

each experiment is also summarized. 
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No crystals were seen in experiments at 1320 or 1302°C, and the flow indices were 

within error of 1.00 (Newtonian). The first experiment in which crystals were detected 

using microscopy was at 1291°C, where a single spinel crystal was observed. The fraction 

of spinel increased at lower temperatures, although its composition and aspect ratio 

remained almost the same (Table 2.5). The flow index becomes just less than 1 (at 2 

uncertainty) at 1249°C, with a crystal fraction of 0.03, reaching a flow index of 0.96 and a 

crystal fraction of 0.04 at 1212°C. The lowest temperature experiment, at 1200°C, has a 

much higher crystal fraction of 0.09 and a lower flow index of 0.88, with olivine and 

plagioclase joining the crystal assemblage (Figure 2.4). It should be noted that no flow 

alignment or fabric was observed in any image (c.f. Chevrel et al., 2015). 

 

Figure 2.4. Backscatter electron images for each JSC-1a subliquidus experiment where 

crystallization was observed (a–l). Horizontal and vertical views were taken from chips 

of each experiment and are indicated by an ‘h’ or ‘v’ respectively. Each chip was taken 

from roughly the middle of the crucible. Exact locations were impossible to determine 

due to shattering of samples when drilled. Oxides are the only phase until the lowest 
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temperature experiment (k) shows three phases forming: spinel (sp), plagioclase (pl), and 

olivine (ol). 

 

Since oxidizing conditions of the experiments tend to suppress olivine in favor of 

spinel/oxides, the presence of nanolites should be considered. Nanolites are submicron 

crystals (typically oxides) that have been found in basaltic andesite to andesite lavas at 

Shinmoedake, Japan (Mujin et al., 2017). It should be noted that nanolites were not 

investigated in this study, however, no strong evidence would suggest nanolites influence 

our results. Hypothetically, if all iron from the bulk JSC-1a material (~11 wt.%, Table 2.1) 

is assumed to partition into the spinel phase (Table 2.5), having roughly a density of ~4500 

kgm-3, with a melt density of ~2800 kgm-3 (Table 2.1), then a maximum of ~7 vol.% oxide 

can be produced. The amount of spinel accounted for visually in SEM images (5 vol.%, 

Figure 2.4), coupled with the residual iron measured in the interstitial melt (Table 2.6), 

suggests that nanolites do not make up a significant portion of the crystallizing phase. 

Subliquidus experiments were also attempted for the Stillwater norite and 

anorthosite samples. Crystallization occurred over too narrow a temperature range for any 

successful anorthosite experiments to be made. Figure 5 shows the crystallization path as 

predicted by the rhyolite-MELTS model (Ghiorso and Sack, 1995; Gualda et al., 2012). 

One successful isothermal experiment was completed for the norite at near liquidus 

conditions. Subsequent experiments failed due to the formation of a surficial crust, 

composed mainly of plagioclase, which attaches to the rotating spindle. As more crystals 

attach to the spindle, the effective dimensions of the spindle change making any further 

viscosity measurement unreliable. 
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Figure 2.5. The rhyolite-MELTS model (Gualda et al., 2012; Ghiorso and Sack, 1995) 

was used to predict crystal fraction and expected phases at various temperatures for both 

oxidized (NNO +1.35) and reduced (IW-1) conditions. The plot shows crystallization 

modeled as a function of temperature for JSC-1a (NNO solid green, IW dashed green), 

Stillwater anorthosite (NNO solid red, IW dashed red), and Stillwater norite (NNO solid 

blue, IW dashed blue). Experimental crystal fractions for basaltic Hawaiian lavas (gray 

triangles) are included for context (Sehlke et al., 2014). Experimental data using JSC-1a 

samples from this work (black diamonds) follows similar patterns to both the modeled 

JSC-1a and the previously measured Hawaiian samples. 

 

2.3.4 Melt Chemistry Evolution 

Over the ~120°C temperature range of subliquidus experiments, crystal fraction 

increased, melt fraction decreased, and interstitial melt evolved to a slightly more silicic 

composition (Figure 2.6; Table 2.6). As temperature was decreased, a slight increase in 

silica, calcium, and alkali content was observed with decreases in magnesium and iron, 

consistent with crystallization of spinel. The redox analysis also revealed that the JSC-1a 

sample became more oxidized as temperature decreased. This may be a reflection of the 

longer duration of the lower temperature experiments. The larger error bars for the lowest 
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temperature experiment are due to inhomogeneity in the measured glass compositions. All 

six pieces of glass recovered from the experiment contained spinel, with a single piece 

additionally containing plagioclase and olivine. This could be the result of very low crystal 

fractions or heterogeneous distribution of these other phases.  

 

Figure 2.6. Major oxide composition (wt.%) of the interstitial liquid of subliquidus JSC-

1a experiments. Error for most points are smaller than the data symbol. 

 

2.3.5 Rheological parameters of the two-phase suspension 

The calculated stress and strain rate values for each subliquidus experiment are 

plotted in Figure 2.7. As temperature decreases, the slope of the line steepens. This slope 

represents the apparent viscosity (Eq. 2.3) of the suspension that has a contribution from 

crystals (physical effect), changing composition (chemical effect), and temperature 

(cooling effect). We fit a set of rheological models (Newtonian, Bingham, power-law, 

Herschel–Bulkley) to each experiment, and report fit quality (root mean square deviation: 

RMSD) of each rheological model in Table 2.5. 
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Figure 2.7. Flow curves for each subliquidus JSC-1a experiment. (a) Data were fit using 

a Bingham rheology with yield strengths and RMSD values reported in Table 2.5. 

Bingham viscosities are labeled for each subliquidus experiment. Close-up views of the 

lower strain rates are provided for a (b) Newtonian fit, (c) Bingham fit, (d) power-law 

fit, and (e) Herschel–Bulkley fit. 

 

Flow indices (n) were calculated for each subliquidus experiment (Table 2.5) from 

the slope of a log–log plot of torque (τ) and angular velocity (ω). At superliquidus 

conditions, Newtonian behavior was observed. Once the liquidus was crossed, the sample 

remained near-Newtonian as the flow index did not drop below 0.95 until ~65°C 

undercooled. Once crystal fraction exceeded ~0.03, the flow index began to decrease 

indicating a transition to non-Newtonian (pseudo-plastic) shear-thinning behavior. This 

deviation from Newtonian behavior becomes more pronounced at higher crystal fractions. 

True yield strength (section 2.1.2) determination requires very low strain rates 

which are not achievable in the apparatus used. Therefore, the yield strengths we 

determined can only be viewed as apparent values. Apparent yield strengths were 

estimated from the subliquidus experimental data using two different models (Table 2.5): 

Bingham (σ = σy + η𝜀̇) and Herschel–Bulkley (σ = σy + K𝜀̇n). The Bingham yield strengths 

(Figure 2.8) are estimated as the nonzero intercepts of the extrapolated linear flow curves 

(Figure 2.7c) on the stress axis (Kerr and Lister, 1991). Because pseudo-plastic behavior 

(n ≲ 0.95) is observed in the lower temperature experiments, causing some inflection of 

the flow curve toward the origin, these yield strengths should be considered as maximum 

possible values (Avard and Whittington, 2012). Herschel–Bulkley yield strengths (Figure 

2.8) were calculated by linearizing the data, i.e., plotting stress against strain rate raised to 

the flow index and using a linear regression to determine the intercept (Figure 2.7e). Most 

values calculated using this method result in negative numbers (except for the 1302°C, 
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1291°C, and 1270°C experiments), which are physically meaningless; however, are all 

within uncertainty of zero. Attempts at constraining the yield strengths to non-negative 

values resulted in worse fits to the data. We also calculated yield strengths based on crystal 

fraction following the empirical equation of Dragoni (1989). These values plot between 

our estimates using Bingham and Herschel–Bulkley models and fall within the 

uncertainties for both estimates at all temperatures except the very lowest. An apparent 

yield strength is usually interpreted to arise from crystal–crystal interactions. We do not 

observe many crystal interactions in our experiments (Figure 2.4: a–f) except at the lowest 

temperatures (Figure 2.4: g–l) where crystals are commonly observed in contact with each 

other. 

 

Figure 2.8. Yield strengths for each subliquidus experiment estimated using Bingham 

(open diamonds), Herschel–Bulkley (closed diamonds), and Dragoni (green circles) 

equations. Bingham estimations are considered maximum possible values as observed 

non-Newtonian behavior would result in smaller y-intercepts. Herschel–Bulkley 

estimations are all within uncertainty of zero. Dragoni values plot between Bingham and 
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Herschel–Bulkley values and are within the 2σ error bars of both estimates in all cases 

excepts for the highest crystal fraction. 

 

2.4 Discussion 

2.4.1 Liquid Viscosity 

To better understand the liquid viscosity measurements, viewing the data in the 

context of previous studies is helpful (Figure 2.9a). Other simple compositions were chosen 

to compare to the relatively simple compositions of the highland simulants while other 

basaltic lunar analog materials were chosen to compare to JSC-1a. A pure anorthite (An) 

liquid measured by Hofmeister et al. (2009) is a good comparison for the Stillwater 

anorthosite due to its very high An content (An90). Data for a lunar basalt (KREEP; 

enriched in potassium, rare earth elements, and phosphorus) and a Hawaiian basalt 

(common lunar analog) were used to compare to JSC-1a. The anorthosite sample converges 

with the pure anorthite liquid at higher temperatures, which is expected from the high An 

content of the anorthosite sample. The norite sample has a slightly lower viscosity at the 

higher temperatures, which falls between the pure An liquid and the KREEP basalt. The 

JSC-1a sample is the least viscous of the measured samples and follows closely to the curve 

fit to viscosity measurements for the Hawaiian sample from Mauna Ulu. However, all 

samples have extremely low viscosities at the high temperatures expected for lunar impact 

melts. 

Three different viscosity models (Giordano et al., 2008; Hui and Zhang, 2007; 

Sehlke and Whittington, 2016) were used to reproduce the measured data (Figure 2.9b). Of 

these, Hui and Zhang (2007) and Giordano et al. (2008) were calibrated on a wide range of 

melt compositions, while Sehlke and Whittington (2016) is calibrated on tholeiitic basalts 
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and related compositions relevant to planetary volcanology. The Hui and Zhang (2007) 

model is the best fit to anorthosite and norite data but the worst fit to the JSC-1a data. The 

model of Sehlke and Whittington (2016) is the best fit to the JSC-1a data. RMSD for the 

JSC-1a sample are 0.27, 0.30 and 0.59 for Sehlke and Whittington (2016), Giordano et al. 

(2008), and Hui and Zhang (2007) respectively. If only the high temperature data are fitted 

then the RMSD improves to 0.06, 0.30, and 0.50. For the anorthosite sample, RMSDs are 

1.10, 2.77, and 1.00 using all data and 0.14, 1.50 and 0.05 for high-T only. For the norite 

sample, RMSDs are 0.49, 2.14, and 0.49 using all data and 0.06, 1.41, and 0.14 using only 

high-T data. 

 

Figure 2.9. (a) Comparison of liquid viscosities of Stillwater anorthosite (red), Stillwater 

norite (blue), and JSC-1a (green) to other similar compositions. An liquid data (black) 

from Hofmeister et al. (2009), Hawaii liquid data (gray) from Sehlke et al. (2014), 

KREEP liquid data (brown) from Sehlke and Whittington (2016). (b) Comparison of 

how well viscosity models reproduce the measured data. Models used are Sehlke and 

Whittington (2016) abbreviated SW (dot-dashed), Giordano et al. (2008) abbreviated 

GRD (dashed), and Hui and Zhang (2007) abbreviated HZ (dotted). Color scheme is the 

same as in (a) with the solid black line representing the 1:1 line. 

 

The empirical VFT equation (Eq. 2.7) provides a simple tool for extrapolating from 

the measurable range to higher temperatures. However, the extrapolation to temperatures 

relevant to impact melts  is potentially over 500°C, so we also used configurational entropy 
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modeling, which is based in thermodynamic theory (Richet, 1984). Using the average Cp 

of the liquid phase, and the Cp of the glass at the glass transition (here defined as the 

temperature at which the viscosity of the material is 1012 Pa s), the configurational heat 

capacity (Cp
conf) can be determined as the difference between the two. The following 

equations can then be used to calculate viscosity: 

(2.8)  log 𝜂 = 𝐴 + 
𝐵

𝑇𝑆𝑐𝑜𝑛𝑓 

(2.9)  𝑆𝑐𝑜𝑛𝑓(𝑇) = 𝑆𝑐𝑜𝑛𝑓(𝑇𝑔) +  ∫
𝐶𝑝

𝑐𝑜𝑛𝑓

𝑇

𝑇

𝑇𝑔
𝑑𝑇 

The three adjustable parameters (A, B, and Sconf(Tg)) are then obtained using least squares 

fitting to minimize the RMSD value. The resulting viscosity equations for each sample are 

as follows: 

(2.10)  log 𝜂𝐴𝑁𝑂𝑅 = −3.97 +  
51843

𝑇
[3.00 + (5.80 𝑙𝑛𝑇 − 40.51)]−1 

(2.11)  log 𝜂𝑁𝑂𝑅 = −3.81 +  
42450

𝑇
[2.61 + (4.79 𝑙𝑛𝑇 − 33.22)]−1 

(2.12)  log 𝜂𝐽𝑆𝐶−1𝑎 = −2.87 +  
144431

𝑇
[10.50 + (25.86 𝑙𝑛𝑇 − 176.65)]−1 

Here the three fitting parameters all have thermodynamic meaning: the A term represents 

the limiting value of the viscosity at high temperature, and the B/Sconf term is the effective 

activation energy. This method resulted in RMSD values that were identical to those 

obtained using the VFT equation, within uncertainty. Although the two approaches should 

diverge when extrapolating to very high temperature (Mauro et al., 2009), in this case the 

extrapolated viscosity values for all three liquids were very similar. For example, at 

2000°C, the norite liquid viscosity is predicted to be 0.10 Pa s (VFT) or 0.13 Pa s (Sconf). 
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At 2400°C, it is predicted to be 0.02 Pa s (VFT) or 0.03 Pa s (Sconf). We conclude that the 

VFT equations are sufficiently accurate for use in modeling and have a slight 

computational advantage due to their simplicity. 

2.4.2 Crystallization in subliquidus experiments 

The rhyolite-MELTS model (Gualda et al., 2012) was also used to predict the 

crystallization sequence for each simulant material at both oxidized and reduced 

conditions. The liquidus temperature is well reproduced for JSC-1a at 1325°C (buffered at 

NNO+1) but is much lower at the reduced conditions (1240°C buffered at IW-1). Liquidus 

temperatures are underestimated by approximately 100 and 125°C for the norite and 

anorthosite samples, respectively, irrespective of oxygen fugacity (Figure 2.5). The 

subliquidus experiments for JSC-1a produced FeMg-spinel first, as predicted by the 

MELTS model. Both plagioclase and olivine are predicted to come in 20°C lower (at 

oxidizing conditions) than our lowest temperature subliquidus experiment (1200°C). Both 

additional phases were visually observed in only one of the six chips investigated from this 

experiment (Figure 2.4). The highly oxidizing conditions of our experiments tend to 

suppress olivine crystallization and stabilize oxides, which may contribute to the small 

discrepancies in mineralogy and crystal fraction between our experiments and the 

predictions of MELTS. 

Complete, intact cores from each JSC-1 experiment were impossible to recover 

without shattering. This prevented exact quantification of crystal distributions and sample 

homogeneity through serial sectioning or tomography. However, the observations of 

consistent bulk Fe content between chips for all experiments, and consistent liquid 

compositions for different chips within each experiment (Table 2.6) rule out Fe loss 
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through magnetite settling. Furthermore, there is agreement between both mass balance 

calculations and SEM-derived image analysis of crystal fractions (except for the lowest 

temperature experiment). Crystallization of nanolites (Mujin et al., 2017), too small to be 

detected by SEM and too small to settle on the timescale of experiments, cannot be ruled 

out from our observations, but is unlikely to have been a significant factor. Converting all 

12 wt.% FeO in the composition into the oxide phase yields just under 6 volume percent, 

due to its high density, and we see several volume percent of macroscopic magnetite in 

most experiments.  

While no subliquidus experiments were possible for the norite and anorthosite 

compositions, MELTS modeling was still conducted for both. MELTS predicts rapid rates 

of crystal production (i.e., a high dφ/dT) on cooling below the liquidus for both of these 

samples (Figure 2.5). For both compositions, the crystallization rate and phases were no 

different when modeled at a lower oxygen fugacity. The anorthosite is predicted to mainly 

crystallize a high-calcium plagioclase (An95), which becomes more alkali-rich upon 

cooling. After 100°C of undercooling the predicted plagioclase composition is An88, the 

total crystal fraction is ~0.88, and an FeMg-spinel should appear. The norite is expected to 

crystallize only an anorthitic plagioclase until approximately 30°C undercooled where an 

FeMg-spinel phase begins to co-crystallize. The spinel phase does not crystallize an 

appreciable amount (<1 vol.%) before a forsteritic (Fo91) olivine phase begins crystallizing 

in place of the spinel once the sample is undercooled by 105°C. Consequently, for both 

anorthosite and norite, the crystal content predicted by MELTS implies a rapid viscosity 

increase upon cooling below the liquidus, and such an increase would quickly exceed the 

measurement range of our instrument. 
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2.4.3 Effects of iron redox state 

Iron can fill different sites within a crystal structure depending on the oxidation 

state. Generally, ferrous iron (Fe2+) acts as a network modifier while ferric iron (Fe3+) acts 

as a network former (Mysen and Richet, 2005). Viscosity can be affected by changing 

coordination numbers, so oxidation state could play an important role in the rheology of 

iron-rich melts. Chevrel et al. (2014) investigated the rheology of synthetic Martian basalts, 

which are alkali- and iron-rich (14–21 wt.% as total FeO). Measurements were made 

between ambient and low oxygen fugacity (QFM –3), resulting in a difference in viscosity 

of 0.01–0.02 log units. This suggests that the redox state will not significantly affect our 

liquid viscosity results, especially for the low iron contents of the norite and anorthosite 

samples (Table 2.1). All oxidation state information is summarized in Tables 2.1 and 2.6. 

While oxidation may not have affected the results of our liquid viscosity 

measurements, there may have been an impact on the temperature range over which 

subliquidus experiments were possible (e.g., Kolzenburg et al., 2018a). The formation of a 

surface crust (see section 2.3.3) was most likely due to the oxidation of the surface layer of 

melt which inhibited successful measurements at lower temperatures for JSC-1a. 

Conditions on the Moon would likely be different, yielding a slightly different crystallizing 

assemblage under different (lower) fO2 conditions. We repeated calculations in rhyolite-

MELTS using an oxygen fugacity buffered at IW-1, which is closer to the conditions of 

the lunar surface (Sato et al., 1973; Wieczorek et al., 2006). Changing oxygen fugacity 

makes little difference in the results for either highland simulant but there is an effect on 

the mare simulant. At IW-1, the liquidus temperature decreased ~75°C to ~1240°C, and 
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olivine (Fo83) is on the liquidus instead of spinel. In all three instances, crystallization rate 

(dφ/dT) is unaffected by fO2 (Figure 2.5).  

2.4.4 Flow laws and yield strength 

For the JSC-1a subliquidus experiments, shear-thinning behavior is most 

pronounced in the lowest temperature (1200°C), highest crystal fraction (φ = 0.09 ± 0.01) 

experiments where higher strain rates result in lower apparent viscosities (ηapp = σ/𝜀̇, rather 

than strictly η = dσ/d𝜀̇). This behavior is similar to that observed in previous studies of 

lavas that found pseudo-plastic behavior at crystal fractions of around 0.10 (e.g., Ishibashi 

and Sato, 2007; Sehlke et al., 2014; Sehlke and Whittington, 2015; Soldati et al., 2016). 

However, other studies have also found the onset of this behavior at both higher (>0.15) 

and lower (<0.08) crystal fractions (Ishibashi and Sato, 2007; Morrison, 2016; Ryerson et 

al., 1988; Soldati et al., 2017; Vona et al., 2011). Results from analog experiments by 

Mueller et al. (2010) show larger crystal aspect ratios enhance shear-thinning behavior. In 

comparing these different studies, it appears that the detection of the onset of shear-

thinning behavior can vary as a function of composition, crystal aspect ratio/packing 

arrangement, and range of strain rate. 

Table 2.5 provides a summary of the parameters and fit quality of the Newtonian, 

Bingham, power-law, and Herschel–Bulkley rheological models to our stress/strain rate 

data. Our data would suggest that the best rheological description would be either a 

Bingham or Herschel–Bulkley rheology (depending on the experiment) because one of 

those two always has the lowest RMSD. To better quantify the uncertainties in our results, 

we conducted a Monte Carlo simulation of our data for each subliquidus experiment. 

Following the procedure of Soldati et al. (2017), this approach allows us to create a 
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synthetic dataset. For each temperature, each (stress, strain rate) point was randomly 

sampled from a normal distribution with the mean corresponding to the measured datum 

and the standard deviation corresponding to the cumulative measurement uncertainty. This 

uncertainty included uncertainties in spindle and crucible radius, immersion depth, and 

torque. For each temperature, we ran this simulation 200 times and fitted the resulting 

dataset to produce a distribution for our calculated parameters (n, σy, η, K) for each 

different rheological model. Since the mean value is defined as our experimental dataset, 

we take the median value from the distribution as our measure of central tendency. Table 

2.7 summarizes the median results of each parameter of the Monte Carlo simulation for 

each subliquidus experiment. 

Table 2.7. Calculated variables for each subliquidus experiments. Melt/crystal fractions 

were calculated by mass balance and rheological parameters were resampled from the 

data via Monte Carlo simulation. The simulation was iterated 200 times and the values 

presented are the median for each parameter. Yield strength in italics were calculated as 

physically meaningless (negative) numbers and should instead be considered zero. 

Bolded RMSD values are the lowest of the four models and represents the best fit to that 

experiment. Uncertainties are presented as 2σ. N denotes a parameter applicable to the 

Newtonian model, B to the Bingham model, PL to the power-law model, and HB to the 

Herschel–Bulkley model. 
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Comparing results from the Monte Carlo simulation (Table 2.7) to our experimental 

data, we find it difficult to determine which model is truly the best fit for this composition. 

The power-law fit consistently has the largest median RMSD values of the four models 

(Tables 2.5 and 2.7). To test whether the medians for each model are statistically different 

from each other, we used a Bonferroni-corrected Mann-Whitney U test for medians. In all 

cases, the Bingham and Herschel–Bulkley models were the best, and statistically 

indistinguishable. However, the Herschel–Bulkley model produces negative apparent yield 

strengths, and the power-law model (equivalent to Herschel–Bulkley with no yield strength 

term) always has a larger RMSD (worse fit). Assessing the goodness of fit using the 

standard error, which accounts for the number of adjustable parameters (1, 2, or 3 for the 

models considered here), suggests that Bingham behavior is the best fit at every 

temperature. At low crystal fractions (φ ≤ 0.03) the flow indices are within uncertainty of 

one and calculated apparent yield strengths are within uncertainty of zero, rendering the 

flow behavior approximately Newtonian. By 1200°C, where φ = 0.09, the Bingham 

apparent yield strength is 500 ± 205 Pa.  We emphasize that our results should not be 

extrapolated to higher crystal fractions.  

2.4.5 Effect of crystals on viscosity 

The effects of crystal fraction and the changing viscosity of the melt phase, due to 

changing temperature and interstitial melt composition, are combined in subliquidus 

measurements. (Getson and Whittington, 2007; Sehlke and Whittington, 2015). To derive 

the effect of only the crystals on the rheology, we use a relative viscosity equation: 

(2.13)  ηr = ηs/ηl, 
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where ηs is the apparent viscosity of the suspension (Eq. 2.3) and ηl is the viscosity of the 

interstitial liquid. The interstitial melt viscosity can be estimated from a linear interpolation 

between the viscosity curves for bulk liquid and the most evolved melt composition (Figure 

2.10). This method was established by Getson and Whittington (2007) and verified by 

Sehlke et al. (2014) who synthesized interstitial melts of each subliquidus experiment for 

direct measurement. This approach is more reliable than using liquid viscosity models (e.g., 

Giordano et al., 2008; Hui and Zhang, 2007) which have been found to vary from measured 

values by factors ranging from two to five (Sehlke et al., 2014; Sehlke and Whittington, 

2015). For JSC-1a, we synthesized the most evolved melt, from the 1200°C experiment, 

and measured its viscosity. Thermal, physical, and chemical components contributing to 

the apparent viscosity of the subliquidus experiments can then be estimated (Figure 2.10). 

Over the range of temperature (1320–1200°C) and crystal content (0–0.09) that we were 

able to measure, temperature and crystal content have effects of similar magnitude on the 

evolving viscosity of JSC-1a, with the chemical evolution of the interstitial melt and 

varying strain rate having smaller effects. 
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Figure 2.10. Viscosity curves of bulk (light green) and evolved (dark green) JSC-1a 

compositions. Data points are apparent viscosities of the subliquidus experiments. The 

yellow line is the interpolation of viscosity of the evolving interstitial liquid. Any point 

on that line is then the viscosity of the interstitial liquid of JSC-1a at that temperature. 

The thermal effect on viscosity (A) is represented by the change in the bulk viscosity 

curve from the liquidus viscosity to the temperature of interest. The chemical effect on 

viscosity (B) is represented by the displacement of the evolved viscosity curve from the 

bulk viscosity curve caused by the changing interstitial melt composition as 

crystallization proceeds. The physical effect on viscosity (C) due to crystallization is 

then represented by the displacement of the apparent viscosities from the experiments 

above the evolved viscosity curve. The effect of strain rate on apparent viscosity (D) can 

also be seen as the dispersion of points (apparent viscosities) for each experiment. For 

the 1200°C experiment, the range of strain rates was 0.44-2.66 s-1. 

 

Relative viscosities for the JSC-1a experiments are plotted in Figure 2.11. These 

isolate the physical effect of crystals, after accounting for chemical and thermal changes in 

the melt. Viscosity models of Roscoe (1952), Krieger and Dougherty (1959), Costa et al. 

(2009) and Mader et al. (2013) were also plotted for comparison. We find that our data 

plots above all the other models, indicating a more rapid increase in relative viscosity than 

the models would predict at such low crystal fractions. This is similar to the findings of 

Sehlke et al. (2014), Sehlke and Whittington (2015), and Soldati et al. (2017) who observed 

the same underestimation of the models at low crystal contents for Hawaiian (Mauna Ulu), 
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Mercurian (synthetic Northern Volcanic Plains), and trachybasalt (Cima, California) 

compositions, respectively. At higher crystal fractions, the relative viscosity data from 

Sehlke et al. (2014) and Sehlke and Whittington (2015) eventually merged with the model 

curves. Neither we, nor Soldati et al. (2017), were able to achieve crystal fractions high 

enough to confirm whether or not our data would have done the same. We speculate this 

underestimation may be partly due to the skeletal and acicular crystals formed in these 

experiments (e.g., Figure 2.4e – l). Melt pockets, surrounded by these crystals on three 

sides, are counted as melt during image processing, when they may effectively be trapped 

by the crystal. As they then act to fill out the crystal form, they would create a larger 

effective crystal fraction. 

 

Figure 2.11. Relative viscosity curve for JSC-1a sample. Model curves all underestimate 

the increase in relative viscosity at low crystal fractions. For Roscoe (1952) b = 1.35 

(solid black line), for Krieger and Dougherty (1959) B = 2.5 and φm = 0.4 (dashed blue 

line), for Costa et al. (2009) B = 2.5, φ* = 0.4, γ = 5, δ = 8, and ξ = 10-4 (dashed gray 

line), for Mader et al. (2013) φm = 0.4 (dotted red line). 
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2.4.6 Implications for lunar impact melt flows 

For a given formation temperature, mare impact melts will be less viscous than 

those of the highlands (Figure 2.3). Mare impact melts are consequently expected to form 

thin, widespread veneers due to their very low viscosity during initial emplacement, 

transitioning to more lava-like flows further away from the crater. This may contribute to 

the relative paucity of impact melt flows observed in the lunar mare, because thin veneers 

would be more readily destroyed by micrometeorite bombardment than thicker highlands 

flows. The global distribution of lunar impact melts compiled by Neish et al. (2014) 

includes 66 highland impact melt sheets but only 9 from the mare. However, the lengths of 

impact melt flows from both highlands and mare sources are similar, when normalized to 

crater radius. Assuming that preservation bias effects have a negligible effect on apparent 

flow length, there are at least two possible interpretations of this observation. One is that 

impact melt sheets are volume-limited, and the greater fluidity of mare impact melts is 

offset by a smaller initial melt volume for a given crater size. The higher porosity of the 

highlands may enhance the production of impact melt during the cratering process 

compared to the mare (Wünnemann et al., 2008). The other interpretation is that most 

transport occurs at or above the liquidus temperature, since all three melts have similar 

viscosities at their respective liquidi. In other words, emplacement is almost entirely as a 

low viscosity Newtonian liquid, for both mare and highlands, so the differences in their 

subliquidus behavior do not strongly affect flow length. 

Hawaiian lava flows show well-defined morphological transitions, and are 

commonly used as planetary analogs (Baloga et al., 1995; Garry and Bleacher, 2011; Hon 
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et al., 2003; Peterson and Tilling, 1980). JSC-1a is especially appropriate for this 

comparison with a similar bulk viscosity, rheology, and expected crystallization rate. 

According to Sehlke et al. (2014), Hawaiian lavas begin to exhibit pseudo-plastic behavior 

at crystal fractions as low as 0.08. This agrees well with our observations of the onset of 

pseudo-plastic behavior in the JSC-1a sample between crystal fractions of 0.04 and 0.09. 

With the close rheological similarities between Hawaiian lavas and JSC-1a, any 

morphological differences between Hawaiian lava flows and mare impact melt flows 

should result from other factors. These could include different cooling histories, for 

example Hawaiian lavas often erupt close to their liquidus temperature while impact melts 

may form hundreds of degrees hotter. Different post-emplacement processes may also 

cause differences, for example impact gardening1 on the Moon, and chemical/mechanical 

weathering on Earth.  

2.5 Conclusions 

Viscosity measurements were made for three lunar simulant materials at 

superliquidus temperatures and near the glass transition to determine the bulk viscosity 

curves. All three analogs showed very low Newtonian viscosities (~1 Pa s) at the 

superliquidus temperatures that might be expected in an impact melt. Subliquidus viscosity 

measurements were also conducted for a sample of JSC-1a, representing mare basalts, to 

determine changes in rheological behavior as an impact melt cools and crystallizes. Our 

experiments suggest that crystallization does not occur rapidly upon crossing the liquidus, 

which is supported by thermodynamic modeling. This indicates that the viscosity of 

                                                           
1 Gradual churning and reworking of surface material from continuous micrometeorite impacts 
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basaltic impact melt flows will be controlled mainly by thermal effects, until rapid 

crystallization at much lower, subliquidus temperatures prevents further flow. Similar 

experiments were attempted for anorthosite and norite samples, representing the lunar 

highlands. However, these crystallized very quickly, and their viscosity increased rapidly 

upon crossing their liquidi. Consequently, we predict that most impact melt transport 

occurs at or above liquidus temperatures, where all melt compositions are more fluid than 

Hawaiian lavas on Earth. The relative lack of observed impact melt flows in the lunar mare 

versus the highlands may result from differences in melt production or preservation in these 

two regions. For instance, higher porosity in the highlands require lower critical shock 

pressures to melt, favoring increased melt production (Wünnemann et al., 2008); or the 

exceptionally low viscosity of impact melts derived from the mare may favor the formation 

of thin veneers which would be more readily destroyed by micrometeorite bombardment. 

It is important for future modeling efforts to distinguish clearly between highlands and 

mare compositional types and to explore rheological and thermal controls on emplacement 

history. 



69 
 

 

3 Modeling the viscosity of potential cryovolcanic liquids 

3.1 Introduction 

 Aqueous solutions are of geological importance to icy bodies of the outer solar 

system, where these solutions may be found as erupted products originating from 

subsurface oceans. These solutions cover a broad swath of compositional space depending 

on the body (system/distance from the Sun) and how much processing/reworking of the 

ocean/ice shell has occurred. One key physical property important to understanding the 

evolution of cryovolcanic systems is the viscosity of the material. Many studies that have 

modeled the viscosity of aqueous solutions, electrolyte solutions, brines, or dissolved ionic 

species as a function of composition or temperature. However, the majority of the 

measurements that have been done are at thermal equilibrium and tend to focus on 

extending datasets to higher temperatures and pressures. For the purposes of studying 

cryovolcanism and modeling the evolution of a cryolava flow, it is important to have 

measurements extending to lower temperatures, as well as disequilibrium (cooling), 

metastable conditions. 

Cryovolcanism is one potential transport mechanism that links the interior ocean 

material to the surface where it can be directly measured or remotely sensed. Locations 

where active cryovolcanism is occurring could allow for detection of life trapped in the 

ascending cryomagma and would help inform potential landing site evaluations on these 

icy worlds. Understanding the emplacement dynamics of cryolavas can provide important 

implications for compositional evolution of oceanic material, resurfacing efficiency, and is 

required for accurate modeling of surface features. 
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3.1.1 Observations of composition 

In order to understand how observable features on icy bodies are produced or 

emplaced, the compositions of the material being erupted/extruded must be known. Having 

constraints on the oceanic composition would in turn provide a means of tracing how 

material evolves from the subsurface ocean to the compositions observed on the surface. 

Fluid inclusions inside halite crystals have been found on the Monahans (H5) and Zag (H3-

6) chondrite regolith breccias (Chan et al., 2018; Zolensky et al., 1999) that preserve 

ancient solar system brines and are interpreted as cryovolcanic in nature (Zolensky et al., 

2018, 2015). Chloride-rich brines have been suggested as common components of 

subsurface oceans on cryovolcanically active bodies, like Europa and Enceladus (Brown 

and Hand, 2013; Hand and Carlson, 2015; Postberg et al., 2009; Zolotov, 2007; Zolotov 

and Shock, 2001). Spectral analyses of Europa’s surface composition, while 

overwhelmingly water-ice, suggest minor components may include hydrated salts, 

carbonates, and sulfur compounds (Lane et al., 1981; McCord, 1998; McCord et al., 2010). 

Brown and Hand (2013) also predict that NaCl and KCl are abundant in the subsurface 

ocean and dominate the leading hemisphere non-ice component. Hand and Carlson (2015) 

suggest that the yellow-brown color of Europa’s surface could be the result of the 

discoloration of irradiated alkali chlorides (e.g., NaCl). Chloride salts typically do not have 

diagnostic spectral signatures in the visible or infrared wavelengths, making detection of 

these components difficult using remote sensing instruments on spacecraft that typically 

operate in these wavelength bands (Hand and Carlson, 2015). 

Like Europa, Enceladus is another body with a likely subsurface ocean. Various 

spectral analyses from Voyager, Cassini, and the Hubble Space Telescope (HST) agree that 
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water ice is the main surficial constituent (Clark et al., 1984; Cruikshank, 1980; Fink et al., 

1976; Hendrix et al., 2010; McCord et al., 1971; Morrison et al., 1976). Ammonia and 

ammonium hydrate(s) have also been suggested from spectral features (Emery et al., 2005; 

Verbiscer et al., 2006). Ammonia is volatile at the surface temperatures of Enceladus (50-

75 K, and 140-180 K at the tiger stripes (Spencer et al., 2006; Hodyss et al., 2008)) and is 

thus considered unstable due to preferential vaporization and loss from micro-impacts, 

sublimation, and photolysis (Consolmagno and Lewis, 1978; Hendrix et al., 2010; 

Lanzerotti et al., 1984; Lebofsky, 1975). However, ammonia could be more stable at 

surface conditions as a hydrate or complexed with other compounds. Brown et al. (2006) 

place upper limits on Enceladus’ surficial NH3 ice at ~1-3 wt%.  

Thermal models of dwarf planet Ceres suggest it has at least partially differentiated 

(Castillo-Rogez and McCord, 2010; McCord et al., 2011) with an outer shell of an ice-rock 

mixture  ± ammoniated phyllosilicates (De Sanctis et al., 2015). Several flow features have 

been identified on the dwarf planet but it is unclear whether they exist as cryovolcanic 

products or as impact melts (Krohn et al., 2016). Overpressurization caused by a freezing 

subsurface ocean may cause extrusion of a “muddy” suspension onto the surface, which 

ultimately leaves a muddy lag deposit. Water-ice sublimates at the surface of Ceres (~160 

K; Ruesch et al., 2016) leaving behind aqueously altered minerals and salts (Neveu and 

Desch, 2015). Experimental studies suggest that ammoniated species (e.g., NH4Cl, 

NH4HCO3, etc.) tend to be favored by the fast freezing that occurs when these brines are 

exposed to the surface vacuum (Thomas et al., 2019). 

Other likely eruptible compositions on icy bodies include brines composed of 

various solutes. These compositions would be formed from fractionation and melt 



72 
 

 

segregation, possibly in ammonia-poor environments where all available NH3 is 

sequestered in the solid phase. Sulfur may also play a significant role as it may represent 

up to ~3% by mass of icy satellites (Kargel, 1992). MgSO4 is a likely solute that can result 

from ammonia-water mixtures interacting with a chondritic rocky interior. MgSO4 

participates in reactions that produce minerals affecting the color and surface albedo via 

the following reaction:  MgSO4 + 2NH3 +H2O  (NH4)2SO4 + Mg(OH)2. If these 

(NH4)2SO4 reactions run to completion, sequestering all available NH3, a brine composed 

of water and salts (or other sulfates) results. The low viscosity of the liquid phase readily 

allows melt segregation during fractionation causing a briny solution to be the final erupted 

product. Oxidation state then becomes a key controlling factor and is an ongoing area of 

research. If the interior of the icy satellite is as oxidized as carbonaceous chondrites, then 

the interior should also be saturated with sulfates and thus, so would the cryovolcanic 

products (Kargel, 1992). These surface ices would be dominantly (NH4)2SO4 and MgSO4 

in NH3-rich and NH3-poor settings respectively. Other important solutes may include Na, 

K, Ca salts and Ca-Mg-Fe carbonates. Salts containing Mg and Fe, as well as transition 

metals like Mn and Ni, are not expected to be major components of the highly basic 

ammonia-water melts, but may play more important roles in the ammonia-free brines. 

3.1.2 Previous studies of rheology 

 Rheology is the study of how material responds to applied stress, typically by 

means of deformation that manifests as the flow of liquids, for example. Planetary 

volcanology often uses the physical dimensions and gross morphology of volcanic 

constructs to infer rheological properties (e.g., viscosity, yield strength, etc.), although this 

approach can be overly simplistic (Castruccio et al., 2013; e.g., Hulme, 1974; Morrison et 
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al., 2020; Quick et al., 2019). Rheology is mainly controlled by composition, temperature, 

crystal/bubble content, and strain rate and thus defining the contributions of each to 

rheological evolution requires many different measurements. Cryolavas and cryomagmas 

are also expected to be multiphase suspensions, like silicate lava, albeit with much different 

composition, different crystallizing minerals, and different textures. Yet, the experimental 

data that do exist for cryolava rheology cover a similar range in viscosity as silicate lavas 

and magmas (Figure 3.1). 

The seminal work of Kargel et al. (1991) measured viscosities within the H2O-NH3 

and H2O-NH3-CH3OH systems. Ammonia and methanol have long been considered 

species with the potential to facilitate cryovolcanism. Both components are capable of large 

freezing point depressions to allow liquids (or partial melts) to exist near the surface of 

some icy bodies. Additionally, these constituents help to overcome the density inversion 

of pure water that typically would inhibit cryomagma ascent. Intriguingly, Kargel et al. 

(1991) found that the viscosity range for these species span a similar range to that of 

terrestrial basalts despite the different temperature regime (Figure 3.1). Zhong et al. (2009) 

attempted subliquidus measurements at a single composition in the H2O-CH3OH system. 

These works remain the only subliquidus measurements made for cryovolcanic rheology. 

Previous studies of the viscosity of briny solutions mainly focus on the effect of 

elevated temperature (> ~300 K) for geo- or hydrothermal purposes. Viscosity 

measurements typically do not extend to undercooled/supercooled liquids. Modeling 

ascent and emplacement of effusive cryovolcanic features requires that the physical 

properties of the materials be known, in order to interpret the morphology expressed at the 

surface. Therefore, further measurements of cryovolcanically relevant compositions are 
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required for both liquids at sub-ambient temperatures (< ~300 K), and suspensions at 

subliquidus conditions. We aim to expand the experimental viscosity dataset over a wider 

compositional space to better constrain how the rheological properties of brines relevant to 

cryovolcanism evolve as a function of composition and temperature. 

 
Figure 3.1. Viscosity diagram showing the rheological data that exist for subliquidus 

cryolava compositions. Silicate lava compositions are also plotted for context. Potential 

cryolava compositions span a similar range in viscosity to silicates and range over six 

orders of magnitude. Viscosity data for water (Kestin et al., 1978), brines (Ozbek et al., 

1977; Zhang et al., 1997), ammonia-water (Kargel et al., 1991), methanol-water (Kargel 

et al., 1991; Zhong et al., 2009), ammonia-methanol-water (Kargel et al., 1991), 

carbonatite (Norton and Pinkerton, 1997), East African Rift basalts (Morrison et al., 

2020), Hawaiian basalt (Sehlke et al., 2014). Methanol-water liquidus data were 

collected for 75 wt% and subliquidus data were collected for 40 wt% CH3OH. 
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3.1.3 Aqueous viscosity models 

 Modeling the viscosity of aqueous solutions requires understanding the long-range 

electrostatic behavior, the effect of individual solutes/ions, the effect of ion-ion 

interactions, and how those change with mixed solvents. Theoretically, a model able to 

represent all of these parameters accurately should be applicable to liquids from aqueous 

electrolyte solutions to silicate melts (c.f. Whittington et al., 2009). However, these two 

types of liquids are typically modeled differently. 

 The viscosity of aqueous solutions has been studied for decades with the goal of 

understanding the physical, chemical, and thermodynamic properties that control the 

material behavior. Jones and Dole (1929) produced an early model for liquid viscosity of 

electrolyte solutions: 

(3.1) 𝜂𝑟 =
𝜂

𝜂0
= 1 + 𝐴√𝑋 + 𝐵𝑋 

where ηr is the relative viscosity, η is the dynamic viscosity of the solution, η0 is the 

viscosity of the pure solvent (typically water), X is the concentration, and A and B are 

experimentally derived fitting parameters. The A term is considered to be a measure of the 

long-range electrostatic forces between ions acting to maintain a space lattice. The value 

of this term is typically negative for electrolyte solutions (i.e., ionic species that completely 

dissociates in a polar solvent), which tends to increase the viscosity (Jones and Dole, 1929). 

A is zero for non-electrolytes and that terms falls out of the equation. The B term is a 

measure of ion-solvent interactions. This model was extended by Kaminsky (1957) to 

include a quadratic term and third fitting parameter (C) to improve the quality of fit at 

higher concentrations 
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(3.2) 𝜂𝑟 =
𝜂

𝜂0
= 1 + 𝐴√𝑋 + 𝐵𝑋 + 𝐶𝑋2. 

However, this improvement still cannot represent more than simple binary systems. The 

largest drawback of using this equation is the lack of accepted parameterizations for the 

temperature dependence of each fitting term, requiring the effect of temperature to be 

determined experimentally. Lencka et al. (1998) attempted to improve upon the Jones-Dole 

model by incorporating limiting laws developed by Onsager and Fuoss (1932). This was 

still only applicable to electrolyte solutions in a single solvent. Wang et al. (2004) used the 

methodology developed by Lencka et al. (1998) to create a model for mixed solvent 

electrolyte systems by incorporating improved mixing rules. This model is applicable up 

to 30 molkg-1 and temperatures up to 300°C. However, extrapolating down temperature 

and at disequilibrium has not been examined. 

 Laliberté (2007) complied a comprehensive dataset of experimental viscosities for 

a wide range of aqueous solutions, focusing mainly on ionic salts and electrolytes (74 

solutes). This dataset was then used to formulate an empirical mixing model to calculate 

viscosity for any of the binary aqueous systems. The simple mixing model is as follows: 

(3.3) ln 𝜂𝑚 =  𝑤𝑤 ln 𝜂𝑤 + ∑ 𝑤𝑖 ln 𝜂𝑖  

where ηm is the viscosity in Pas of the mixture, ww is the mass fraction of water, ηw is the 

viscosity in Pas of water, wi is the mass fraction of solute i, and ηi is the viscosity in Pas of 

the molten solute. The temperature dependent viscosity of water is well defined by the 

International Association for the Properties of Water and Steam (International Association 

for the Properties of Water and Steam, 2008; Wagner and Pruß, 2002). However, the 
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calculations to produce these results are cumbersome and difficult to implement into 

further modeling so Laliberté (2007) used the following correlation instead 

(3.4) 𝜂𝑤 =  
𝑇+246

0.05594𝑇2+5.2842𝑇+137.37
, 

where viscosity is in mPas and T is temperature in Celsius. In order for the mixing model 

to work appropriately, the molten solute viscosity must be known. Laliberté (2007) used 

Equation 3.4 and experimental measurements for aqueous solutions for the various solutes 

to calculate the viscosities for the solute endmembers. Solute viscosities were calculated 

as follows: 

(3.5) ln 𝜂𝑖 =  
𝐴𝑖(1−𝑤𝑤)𝐵𝑖+𝐶𝑖

(𝐷𝑖𝑇+1)(𝐸𝑖(1−𝑤𝑤)𝐹𝑖+1)
, 

where Ai – Fi are dimensionless, empirical parameters determined by fitting to the data of 

previous studies (Laliberté 2007 and references therein). With enough solute viscosities 

determined using this approach, viscosities can be calculated for a mixture/solution of 

known composition with an arbitrary number of solutes as function of temperature and/or 

concentration (Equation 3.3). 

In an effort to bridge the gap between aqueous solutions and silicate melts (i.e., 

aqueous geochemistry and volcanology), we will also attempt to model these cryolavas 

following methods more commonly found in the glass science and volcanology literature. 

The viscosity of silicate liquids is often modeled using a Vogel-Fulcher-Tammann (VFT) 

equation (Vogel, 1921) 

(3.6) log 𝜂 = 𝐴 +
𝐵

𝑇−𝐶
, 
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where η is viscosity (Pas), T is temperature (K), and A, B, and C are experimentally 

determined fitting parameters. This equation has been widely used for lava rheology studies 

of individual compositions and temperature-dependent viscosity models (Getson and 

Whittington, 2007; Giordano et al., 2008; Giordano and Dingwell, 2003; e.g., Hess and 

Dingwell, 1996; Morrison et al., 2020, 2019; Sehlke et al., 2014), but Mauro et al. (2009) 

demonstrate that extrapolation down to low temperatures results in viscosity becoming 

infinite at finite temperature (see Kauzmann, 1948). Configurational entropy modeling 

(Adam and Gibbs, 1965) can be used to more accurately represent the viscosity at 

temperature extremes but requires determination of the configurational heat capacity, 

which is only possible in glass-forming systems. 

Not all cryolavas are the same: just as terrestrial planets can emit viscous rhyolitic 

lavas or fluid basaltic lavas, the liquid viscosity of a cryolava will depend strongly on its 

composition and temperature. The chloride and sulfate binaries are already well studied 

above 0˚C but very few data exist at lower temperatures or disequilibrium conditions. We 

measured liquid viscosity for a series of binary aqueous systems relevant to cryovolcanism, 

including NaCl, KCl, NH4Cl, MgSO4, K2SO4, (NH4)2SO4, NH3, and CH3OH (see Kargel 

(1990) for phase diagrams). These measurements focus on the water-rich side of the 

eutectic in each system, and provide a basis for modeling viscosity as a function of both 

temperature and concentration for a given composition. The resulting model allows for 

more accurate calculations of viscosity extending to lower temperatures than previous 

models are calibrated for. We also conduct a preliminary test of how well this model can 

extend to ternary systems. 
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It should be noted that experimental data will not typically be gathered at surface 

conditions (temperature or pressure) for most of the icy bodies. However, at surface 

conditions, most potential cryovolcanic compositions will begin to freeze solid at which 

point, an abundance of data exists on solid-state viscosity and eutectic solidification 

textures (e.g., Durham et al. 1993, 1997, McCarthy et al. 2007, 2011). While this study 

focuses only on viscosity of liquids, these may still exist at the surface within a flow 

beneath a frozen outer rind/carapace, analogous to outer crusts formed by silicate lavas 

(e.g., lava tubes (Dragoni et al., 1995)). The rheological data produced in this study can be 

applied to the emplacement of putative cryovolcanic features observed on icy bodies. By 

using emplacement models that already exist, we can then incorporate temperature-

dependent viscosity (and thermal properties) into these models to see how the timescales 

of emplacement change with the more accurate rheological data. 

3.2 Methods 

3.2.1 Sample preparation 

 Sample solutions were prepared from research grade reagents (Fisher Scientific) in 

250 ml batches at room temperature using doubly distilled, deionized water. Liquid 

reagents (water, ammonia, and methanol) were not de-aerated prior to synthesis. Solutes 

were measured out to the nearest milligram and solvents to the nearest 0.1 milliliter. 

Solutions were synthesized and introduced to the instrument sample holder at room 

temperature and then cooled to cryogenic temperatures in the instrument. 
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3.2.2 Liquid viscometry  

Liquid viscosity measurements were conducted using an Anton Paar MCR302 

rheometer with a cone and plate geometry. A 50 mm diameter cone with a 0.5° angle was 

used that imparts a uniform strain rate across the sample (Figure 3.2). Measurements were 

conducted with a minimum gap between the cone and the bottom plate of 0.05 mm. The 

viscosity of aqueous fluids is calculated by 

(3.7) 𝜂 =
𝜎

�̇�
=

𝐶1𝜏

𝐶2𝜔
=

2𝜏

3𝑟3

𝜃

𝜔
 

where η is the Newtonian viscosity, σ is the shear stress, and 𝜀̇ is the shear rate. The shear 

stress and shear rate can be determined from the torque (τ) and angular velocity (ω) 

respectively through geometrical conversion factors. The radius of the cone (r) is required 

to convert torque to shear stress and the cone angle (θ) is required to convert angular 

velocity to shear rate. With this measuring geometry and instrument setup, viscosity 

measurements are accurate to within 0.1 mPas.  

Two different temperature control devices were used. The PTD200 with hood is a 

Peltier cooling device capable of reaching -20°C (253 K) and includes a microscope 

attachment with 20x objective lens. The microscope is mounted beneath the sample 

(looking upwards) which allows for visualization through a quartz window. Video 

recordings of the cooling experiments were taken to verify sample homogeneity and 

observe crystallization if/when it occurred. These recordings were only able to be taken 

down to -20°C as this is the temperature limit of the Peltier cooling device. At these 

temperatures, condensation of atmospheric moisture on the underside of the sample 

chamber window begins to obscure the view, making further observation difficult. The 
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second temperature control device is the CTD450 clamshell convection oven. This device 

uses an evaporation unit and liquid nitrogen supply to maintain lower temperatures and is 

capable of reaching -70°C (203 K). The microscope attachment is not compatible with the 

convection oven so no video is available for temperatures below -20°C. 

 
Figure 3.2. Schematic of measurement setup. The cone has a 50 mm diameter, a 0.5° 

angle, and a measuring position of 0.05 mm above the bottom plate. Appropriate sample 

loading should have a slight bulge out from the side, as depicted on the right where the 

sample is in blue. 

 

Two types of experiments were conducted: isothermal measurements at variable 

shear rate, and measurements during dynamic cooling at a controlled shear rate. The 

isothermal measurements were conducted at defined temperatures. The PTD200 was used 

for 30, 10, 0, -10, -15, and -20°C.  The CTD450 was used at 5°C intervals from -20°C to -

70°C (253 to 203K). At each temperature step, the shear rate was varied from 1 – 600 s-1. 

This serves as a check to ensure Newtonian behavior is observed and that no crystallization 

has occurred. The shear rate range was chosen to provide the most stable measurements. 

Measurements at shear rates lower than ~1 s-1 tend to result in deviations towards higher 

viscosity values, due to the influence of surface tension. At shear rates greater than ~600 s-

1, effects of turbulence also tend to increase the measured value of viscosity. Viscosity 

measurements were also run during cooling at a constant shear rate of 50 s-1. Stress was 
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measured at a constant rotation rate while controlling the cooling rate of the experiments 

at either 2, 1, or 0.5 Kmin-1. 

3.3 Results 

3.3.1 Chlorides 

 The following binary systems were investigated: H2O-NaCl, H2O-KCl, and H2O-

NH4Cl. The eutectic of each system is -21°C (252 K), -11°C (262 K), and -15°C (258 K) 

respectively, allowing use of the PTD200 temperature control device exclusively. For each 

chemical system, 5, 10, 15, 20 wt%, and eutectic compositions were synthesized from 

reagents. Eutectic compositions for each system are ~23 wt% NaCl, ~20 wt% KCl, and 

~20 wt% NH4Cl. Isothermal viscosity measurements were conducted at defined 

temperature steps. No data is presented if crystallization was observed in the video at a 

given temperature step. Cooling experiments were also conducted from 30°C to -20°C (298 

to 253 K) at three different cooling rates. The results of the isothermal and cooling 

experiments are presented in Table 3.1 and plotted in Figures 3.3 – 3.5. 

Table 3.1. Summary of viscosity (mPas) measurements at isothermal, equilibrium 

conditions for NaCl, KCl, and NH4Cl solutions. Values presented are the Newtonian 

viscosity averaged over no fewer than seven individual measurements at different strain 

rates. Measurement uncertainty is ± 0.1 mPas. 
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Figure 3.3. Results of the NaCl isothermal and cooling experiments. Isothermal data are 

plotted as grayscale points for 5 wt% (white circles), 10 wt% (gray circles), 15 wt% 

(black circles), 20 wt% (white diamonds), and 23 wt% (black diamonds). These “points” 
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are actually clouds of no less than seven individual data points. Cooling data are plotted 

as colored points for 5 wt% (blue), 10 wt% (green), 15 wt% (orange), 20 wt% (yellow), 

and 23 wt% (purple). The dark shaded colors are the 2 Kmin-1 data, the medium shaded 

colors are the 1 Kmin-1 data, and the light shaded colors are the 0.5 Kmin-1 data. The 20 

wt% 1 Kmin-1 curve was constructed by combining five separate experiments and the 

0.5 Kmin-1 curve was constructed from four separate experiments. Similarly, the 23 wt% 

curves were constructed by combining three, seven, and eight experiments for the 2 

Kmin-1, 1 Kmin-1, and 0.5 Kmin-1 curves respectively. 

 

 For the H2O-NaCl system, the isothermal viscosities increase with decreasing 

temperature and increasing concentration. The viscosities measured during cooling follow 

a similar trend to the isothermal data with the greatest deviations occurring at the lowest 

temperatures. The highest concentrations provide the greatest difference between cooling 

rates. Higher concentration solutions, especially eutectic compositions, tend to crystallize 

readily upon cooling, requiring multiple measurements across the temperature range. This 

results in noisier data observed in Figure 3.3. Over the entire temperature and concentration 

range measured, liquid viscosities increased approximately 2.5 – 4 mPas total. For most 

concentrations, the spread in the data due to cooling rate is 0.2 – 0.4 mPas. This spread is 

larger for the 23 wt% data which ranges from ~0.2 mPas at low temperatures to about 1.0 

mPas at the lower temperatures. 
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Figure 3.4. Results of the KCl isothermal and cooling experiments. Isothermal data are 

plotted as grayscale points for 5 wt% (white circles), 10 wt% (gray circles), 15 wt% 

(black circles), and 20 wt% (white diamonds). These “points” are actually clouds of no 

less than seven individual data points. Cooling data are plotted as colored points for 5 

wt% (blue), 10 wt% (green), 15 wt% (orange), and 20 wt% (yellow). The dark shaded 

colors are the 2 Kmin-1 data, the medium shaded colors are the 1 Kmin-1 data, and the 

light shaded colors are the 0.5 Kmin-1 data. The 20 wt% curves were constructed by 

combining three, five, and five experiments for the 2 Kmin-1, 1 Kmin-1, and 0.5 Kmin-1 

respectively. 

 

 For the H2O-KCl system, the isothermal viscosities also increase with decreasing 

temperature. Viscosity does not vary much with concentration. The viscosities measured 

during cooling follow closely the trend of the isothermal data. Over the entire temperature 

range measured, liquid viscosities increased approximately 2.5 mPas. For a given 

concentration, the spread in the data due to cooling rate is about 0.2 mPas at the higher 

temperatures and 0.4 mPas at the lower temperatures. Multiple measurements were 

required to cover a wide temperature range for the highest concentration due to difficulties 
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maintaining a crystal-free sample during cooling. This accounts for some of the 

discontinuities in the 20 wt% curves observed in Figure 3.4. 

 
Figure 3.5. Results of the NH4Cl isothermal and cooling experiments. Isothermal data 

are plotted as grayscale points for 5 wt% (white), 15 wt% (gray), and 20 wt% (black). 

These “points” are actually clouds of no less than seven individual data points. Cooling 

data are plotted as colored points for 5 wt% (blue), 10 wt% (green), 15 wt% (orange), 

and 20 wt% (yellow). The dark shaded colors are the 2 Kmin-1 data, the medium shaded 

colors are the 1 Kmin-1 data, and the light shaded colors are the 0.5 Kmin-1 data. The 20 

wt% curves were constructed by combining four, four, and two experiments for the 2 

Kmin-1, 1 Kmin-1, and 0.5 Kmin-1 respectively. 

 

 For the H2O-NH4Cl system, the isothermal viscosities also increase with decreasing 

temperature, and viscosity decreases slightly with increasing concentration. The viscosities 

measured during cooling follow a similar trend to the isothermal data. Increasing 

temperature tends to collapse the viscosity curves on top of one another, effectively 

removing the trend from concentration. Over the entire temperature range measured, liquid 

viscosities increased approximately 1.5 – 3 mPas total. The spread due to cooling rate 

ranges from ~0.2 mPas at the higher temperatures to ~0.6 mPas at the lower temperatures. 
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Again, multiple measurements were combined to cover a broad temperature range due to 

the difficulties in maintaining a crystal free sample for the 20 wt% solution. This accounts 

for the discontinuities in those data observed in Figure 3.5. 

3.3.2 Sulfates 

 The following binary systems were investigated: H2O-MgSO4, H2O-K2SO4, and 

H2O-(NH4)2SO4. The eutectic of each system is -4°C (269 K), -2°C (271 K), and -18°C 

(255 K) respectively. Since each eutectic temperature is at or above -20°C, the PTD200 

was the only temperature control device required. For H2O-MgSO4 and H2O-(NH4)2SO4, 

solutions were synthesized every 5 wt% up to the eutectic compositions, of ~18 wt% 

MgSO4 and ~40 wt% (NH4)2SO4. The eutectic in the H2O-K2SO4 system is only ~6 wt% 

K2SO4, so solutions were synthesized every 1 wt% up to the eutectic composition. 

Isothermal viscosity measurements were conducted at defined temperature steps. No data 

is presented if crystallization was observed at a given temperature step. Cooling 

experiments were also conducted from 30°C to -20°C (298 to 253 K) at three different 

cooling rates. The results of the isothermal and cooling experiments are presented in Table 

3.2 and plotted in Figures 3.6 – 3.8. 

Table 3.2. Summary of viscosity (mPas) measurements at isothermal, equilibrium 

conditions for MgSO4, K2SO4, and (NH4)2SO4 solutions. Measurement uncertainty is ± 

0.1 mPas. 
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Figure 3.6. Results of the MgSO4 isothermal and cooling experiments. Isothermal data 

are plotted as grayscale points for 5 wt% (white circles), 10 wt% (gray circles), 15 wt% 

(black circles), and 20 wt% (white diamonds). These “points” are actually clouds of no 

less than seven individual data points. Cooling data are plotted as colored points for 5 

wt% (blue), 10 wt% (green), 15 wt% (orange), and 20 wt% (yellow). The dark shaded 

colors are the 2 Kmin-1 data, the medium shaded colors are the 1 Kmin-1 data, and the 

light shaded colors are the 0.5 Kmin-1 data. The 18 wt% curves were constructed by 

combining two, two, and eight experiments for the 2 Kmin-1, 1 Kmin-1, and 0.5 Kmin-1 

respectively. 

 

 For the H2O-MgSO4 system, the isothermal viscosities increase with decreasing 

temperature and with increasing concentration. The viscosities measured during cooling 

follow a similar trend to the isothermal data. Cooling rates develop a wider range in data 

at the higher concentrations. Cooling data plots up to ~0.6 mPas below the isothermal data 

for the lower temperatures of the 5 wt% sample. The isothermal data for 10 wt% plot almost 

perfectly on the 0.5 Kmin-1 curve. The isothermal data for 15 wt% plots on or slightly 

above the 1 Kmin-1 curve. The isothermal data for 18 wt% plots on or slightly above the 2 

Kmin-1 curve. For all concentrations, liquid viscosity increases by 3.8 – 15.8 mPas over the 

temperature range measured. The spread in the data due to cooling rate is stronger at lower 

temperatures and ranges from 0.2 – 1.1 mPas across the range of concentrations. Multiple 

measurements were combined to cover a broad temperature range due to the difficulties in 

maintaining a crystal free sample for the 18 wt% solution. This accounts for the noise and 

discontinuities in those data observed in Figure 3.6.  
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Figure 3.7. Results of the K2SO4 isothermal and cooling experiments. Isothermal data 

are plotted as grayscale points for 2 wt% (white), 5 wt% (gray), and 6 wt% (black). These 

“points” are actually clouds of no less than seven individual data points. Isothermal data 

for 2 wt% are obsured by the other concentrations at 0 and 10°C. Cooling data are plotted 

as colored points for 2 wt% (blue), 5 wt% (green), and 6 wt% (orange). The dark shaded 

colors are the 2 Kmin-1 data, the medium shaded colors are the 1 Kmin-1 data, and the 

light shaded colors are the 0.5 Kmin-1 data. 

 

 For the K2SO4 system, the isothermal viscosities increase with decreasing 

temperature and are insensitive to concentration, varying by only 0.6 mPas across the range 

of temperatures. The viscosities measured during cooling follow closely the trend of the 

isothermal data. Liquid viscosities increase by a total of 1.5 – 2.8 mPas over the measured 

temperature range. The spread observed across different cooling rates ranges from ~0.2 

mPas at the higher temperatures to ~0.7 mPas at the lower temperatures. Because of the 

limited compositional space on the water-rich side of the eutectic, cooling rate experiments 

were not conducted for each concentration listed in Table 3.2 (Figure 3.7). 
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Figure 3.8. Results of the (NH4)2SO4 isothermal and cooling experiments. Isothermal 

data are plotted as grayscale points for 5 wt% (white circles), 10 wt% (gray circles), 15 

wt% (black circles), 20 wt% (white diamonds), 30 wt% (gray diamonds), and 40 wt% 

(black diamonds). These “points” are actually clouds of no less than seven individual 

data points. Cooling data are plotted as colored points for 5 wt% (blue), 10 wt% (green), 

15 wt% (orange), 20 wt% (yellow), 30 wt% (purple), and 40 wt% (red). The dark shaded 

colors are the 2 Kmin-1 data, the medium shaded colors are the 1 Kmin-1 data, and the 

light shaded colors are the 0.5 Kmin-1 data. Curves for 10 wt% are largely obscured by 

the 15 wt% curves. The 40 wt% curves were constructed by combining four, seven, and 

two experiments for the 2 Kmin-1, 1 Kmin-1, and 0.5 Kmin-1 respectively. 

 

 For the (NH4)2SO4 system, the isothermal viscosities increase with decreasing 

temperature and with increasing concentration. The viscosities measured during cooling 

follow the trend of the isothermal data. The slight exception is the 10 and 15 wt% data, 

which plot almost identically for both isothermal and cooling datasets. Liquid viscosities 

increase by a total of 1.0 – 5.1 mPas over the measured temperature range. The spread due 

to cooling rate ranges from ~0.2 mPas at the higher temperatures to ~0.7 mPas at the lower 

temperatures. Multiple measurements were combined to cover a broad temperature range 
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due to the difficulties in maintaining a crystal free sample for the 40 wt% solution. This 

accounts for the noise and discontinuities in those data observed in Figure 3.8. 

3.3.3 Ammonia 

 The H2O-NH3 system has a eutectic temperature of -98°C (175 K) at ~35 wt% NH3. 

There is also a peritectic at -97°C (176 K) and ~32 wt%. Solutions were synthesized every 

2.5 wt% up to 15 wt% NH3. Results are presented in Table 3.3 and plotted in Figure 3.9. 

Table 3.3. Summary of viscosity (mPas) measurements at isothermal, equilibrium 

conditions for NH3 solutions. Measurement uncertainty is ± 0.1 mPas. 

 

 
Figure 3.9. Results of the NH3 isothermal and cooling experiments. Isothermal data are 

plotted as grayscale points for 5 wt% (white), 10 wt% (gray), and 15 wt% (black). These 

“points” are actually clouds of no less than seven individual data points. Cooling data 
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are plotted as colored points for 5 wt% (blue), 10 wt% (green), and 15 wt% (orange). 

The dark shaded colors are the 2 Kmin-1 data, the medium shaded colors are the 1 Kmin-

1 data, and the light shaded colors are the 0.5 Kmin-1 data. 

 

 For the H2O-NH3 system, the isothermal viscosities increase with decreasing 

temperature and with increasing concentration. The viscosities measured during cooling 

follow the trend of the isothermal data. Liquid viscosities increase by a total of 1.4 – 3.8 

mPas over the measured temperature range. The spread due to cooling rate ranges from 

~0.1 mPas at the higher temperatures to ~0.3 mPas at the lower temperatures. 

3.3.4 Methanol 

 The H2O-CH3OH system has a eutectic at a temperature of -116°C (157 K) at ~88 

wt% CH3OH. This system also has a peritectic at -102°C (171 K) and ~70 wt%. 

Measurements beyond the peritectic were not attempted since the liquidus curve was well 

below the temperature capabilities of the instrument. Results from measurements on 

solutions at concentrations up to 60 wt% CH3OH are presented in Table 3.4 and plotted in 

Figure 3.10. 

Table 3.4. Summary of viscosity (mPas) measurements at isothermal, equilibrium 

conditions for CH3OH solutions. Data collected using the different temperature control 

devices are delineated. Measurement uncertainty is ± 0.1 mPas. 
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Figure 3.10. Results of the CH3OH isothermal and cooling experiments. Both legends 

apply to both plots. Isothermal data are plotted as grayscale points for 5 wt% (white 

circles), 10 wt% (gray circles), 15 wt% (black circles), 20 wt% (white diamonds), 30 

wt% (gray diamonds), 40 wt% (black diamonds), 50 wt% (white squares), and 60 wt% 

(gray squares). These “points” are actually clouds of no less than seven individual data 

points. Cooling data are plotted as colored points for 5 wt% (blue), 10 wt% (green), 15 

wt% (orange), 20 wt% (yellow), 30 wt% (purple), 40 wt% (red), 50 wt% (blue), and 60 

wt% (green). The dark shaded colors are the 2 Kmin-1 data, the medium shaded colors 

are the 1 Kmin-1 data, and the light shaded colors are the 0.5 Kmin-1 data. The 30 – 60 
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wt% curves plot on top of each other, obscuring some datasets. The CTD450 was used 

to collect the isothermal data below -20°C. 

 

 For the H2O-CH3OH system, the isothermal viscosities increase with decreasing 

temperature and with increasing concentration. The viscosities measured during cooling 

follow the trend of the isothermal data. Liquid viscosities increase by a total of 3.6 – 14 

mPas over the measured temperature range. The spread due to cooling rate ranges from 

~0.1 mPas at the higher temperatures to ~0.5 mPas at the lower temperatures. Attempts at 

a 70 wt% peritectic concentration resulted in data that plots inconsistently with the rest of 

the dataset. We attribute this to contamination of the reagent used to synthesize this 

solution; thus, these data were discarded. Additionally, data from the cooling experiments 

from the CTD450 (i.e., data below -20°C) were discarded because these long duration 

experiments could not account for potential volume or compositional changes in the sample 

due to vaporization. Due to the short duration of isothermal experiments, these data were 

less likely to be affected by such changes. Despite some of these datasets plotting out of 

the expected order, we found no reason to discard them. 

3.3.5 VFT curve fitting 

 In order to be consistent with volocanological literature, we fit our viscosity data 

using the semiempirical VFT equation (Equation 3.6). Only the isothermal viscosity data 

were used for this fit. The three fitting parameters (A, B, and C) were determined using a 

least-squares approach to minimize the RMSD for each concentration of each composition. 

A 0 wt% curve was also constructed for pure water, fit to the experimental data used to 

formulate the IAPWS 2008 release (Collings and Bajenov, 1983; Hallett, 1963; Hardy and 

Cottington, 1949; Harris and Woolf, 2004; Huber et al., 2009; Kingham et al., 1974; Korosi 
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and Fabuss, 1968; Korson et al., 1969; Moszynski, 1961; Swindells et al., 1952; Whitelaw, 

1960). Only data collected at 40°C or less and at ambient pressure were used for this fit. 

The resulting fits are presented in the supplementary materials. 

 The RMSD for each individual fit is low, indicating that the form of this equation 

is capable of accurately replicating experimental data for brines or potential cryolavas. 

While the RMSDs indicate a good quality fit for each individual concentration, there is no 

clear and consistent evolution of the A, B and C parameters across concentration for any 

composition. This is likely due in part to the limited temperature range over which the data 

were collected. Thus, further constraints are required to allow modeling of viscosity as a 

function of concentration. Since the A term effectively represents a limiting viscosity (i.e., 

y-intercept in viscosity-temperature space), we have decided to use the A value for the fit 

to the IAPWS data for nominally pure water (-4.29) as a constant value maintained across 

all concentrations and compositions. This reduces the degrees of freedom and allows the 

values of water to be recovered when concentration reduces to 0 wt%. The resultant fits 

parameters and their uncertainties are presented in the supplementary materials. 

 To determine the remaining VFT parameters, a global fit to all the data for a given 

composition is used. The B and C terms can be parameterized as a function of concentration 

by either linear or quadratic regression. Four different parameterizations were calculated: 

B and C both fit by a linear expression (LL), B fit by a quadratic and C fit as a line (QL), 

B fit as a line and C fit with a quadratic (LQ), and both B and C fit by a quadratic expression 

(QQ). The linear equation used was 

(3.8) 𝐵𝑖 = 𝐵𝑤(1 − 𝑋𝑖) + 𝑏𝑖𝑋𝑖 
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or 

(3.9) 𝐶𝑖 = 𝐶𝑤(1 − 𝑋𝑖) + 𝑐𝑖𝑋𝑖 

for B and C respectively. Here, Bi and Ci are the calculated VFT terms for species i, Bw and 

Cw are the VFT terms for water, Xi is the mole fraction of species i, and bi and ci are 

parameters allowed to vary. The quadratic equation used was 

(3.10) 𝐵𝑖 = 𝐵𝑤 + 𝑏𝑖𝑋𝑖 + 𝑏𝑖𝑤𝑋𝑖(1 − 𝑋𝑖) 

or 

(3.11) 𝐶𝑖 = 𝐶𝑤 + 𝑐𝑖𝑋𝑖 + 𝑐𝑖𝑤𝑋𝑖(1 − 𝑋𝑖) 

for B and C respectively. Here, biw and ciw are additional interaction terms between species 

i and pure water (w), which are allowed to vary while all other variables are defined the 

same as Equations 3.8 and 3.9. The resultant RMSDs for each parameterization are 

presented in Table 3.5 with the fitting terms presented in the supplementary materials. 

Table 3.5. Summary of the fit quality for each of the four different parameterizations for 

each composition. LL indicates the results from fitting both B and C with a line, QL 

indicated the results for B fit with a quadratic and C fit with a line, LQ indicates results 

for B fit with a line and C fit with a quadratic, and QQ indicates the results from fitting 

both B and C with a quadratic. 
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 All four parameterizations are implemented into the VFT equation (Equations 3.8 

– 3.11) to calculate viscosity. Calculated viscosities are then compared to the measured 

data in Figure 3.11, which shows that the linear parameterization deviates from the other 

three at lower temperatures while all other parameterizations are nearly identical (see also 

Table 3.5). Figure 3.11 depicts only the chloride compositions but the same patterns 

emerge for in each investigated system (see supplementary materials). While 

parameterizing both B and C terms with a quadratic yields the most degrees of freedom, it 

could be argued that this form should be the best fit to the data. However, since the RMSDs 

for the QL, LQ, and QQ parameterizations are effectively indistinguishable, we argue for 

the simpler LQ parameterization based on the semiempirical nature of the B and C terms 

in the VFT equation. Algebraic manipulation (Mauro et al., 2009; see Sipp et al., 2001) 

reveals that the VFT equation is equivalent to the Adam and Gibbs (1965) configurational 
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entropy model. Thus, the B term is effectively an activation energy (or enthalpy) for 

viscous flow. With the C term being a temperature, (B/C) would yield units consistent with 

entropy. As such, we would expect these terms to have mixing behaviors similar to 

enthalpies and entropies, which ideally mix linearly and logarithmically (as XlnX) 

respectively. This corresponds most closely to the LQ parameterization where the quadratic 

mixing approximates the form of XlnX. This ultimately yields a viscosity model as a 

function of both temperature and concentration for defined compositions with the 

following form 

(3.12) log 𝜂 = 𝐴𝑤 +
𝐵𝑖

𝑇−𝐶𝑖
= 𝐴𝑤 +

𝐵𝑤(1−𝑋𝑖)+𝑏𝑖𝑋𝑖

𝑇−(𝐶𝑤+𝑐𝑖𝑋𝑖+𝑐𝑖𝑤𝑋𝑖(1−𝑋𝑖))
. 

Figure 3.11 demonstrates the ability of this model to represent the experimental data and 

accurately interpolate between data points. The three empirical parameters (bi, ci, and ciw) 

are listed in Table 3.6 for each composition investigated. 
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Figure 3.11. Modeled viscosity from the VFT equation for the chlorides showing the 

differences between the four different parameterizations. LL indicates the results from 

fitting both B and C with a line, QL indicated the results for B fit with a quadratic and C 

fit with a line, LQ indicates results for B fit with a line and C fit with a quadratic, and 

QQ indicates the results from fitting both B and C with a quadratic. Circles indicate 

NaCl, diamonds indicate KCl, squares indicate NH4Cl, and color refers to concentration 

as in Figures 3.3, 3.4, and 3.5. Long-dashed lines represents 10% relative uncertainty 

and short-dashed lines represent 5% relative uncertainty. 

 

Table 3.6. Required terms and parameters for implementation of Equation 3.12. 
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3.3.6 Ternary systems 

 To expand the usefulness of this model, we have also collected data in the H2O-

NaCl-MgSO4 and H2O-NH3-CH3OH systems to conduct a preliminary test on how well 

this model can expand into ternary systems. The former is a pseudo-ternary system since 

the two salts form a reciprocal salt pair (NaCl-MgSO4 ↔ MgCl2-Na2SO4). However, this 

should not be a hindrance because we are only modeling the pure liquid phase. This system 

was chosen because the two compounds had a larger concentration control on viscosity 

than the other solutes observed in the binary datasets. The latter system was chosen because 

there is some experimental data in the literature to allow comparisons (Kargel et al., 1991; 

Zhong et al., 2009). 

 Due to the pseudo-ternary nature of the H2O-NaCl-MgSO4 system, phase diagrams 

that are contoured for temperature are difficult to find. Thus, the ternary eutectic 

temperature and composition are unknown, as are the cotectic phase boundaries. This 

means that we cannot guarantee that all concentrations are on the water-rich side of the 

diagram and no data can be collected below -20°C (i.e., only the PTD200 was used) due to 
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the need for in-situ video monitoring to check for crystallization. Concentrations were 

synthesized for 5-5 wt%, 10-5 wt%, 5-10 wt%, and 10-10 wt% NaCl-MgSO4 respectively. 

Results from isothermal and cooling experiments are presented in Table 3.7 and plotted in 

Figure 3.12. 

Table 3.7. Summary of viscosity (mPas) measurements at isothermal, equilibrium 

conditions for the ternary systems H2O-NaCl-MgSO4 and H2O-NH3-CH3OH. 

Concentrations are listed as “wt% NaCl-wt% MgSO4” or “wt% NH3-wt% CH3OH.” 

Values presented are the Newtonian viscosity averaged over no fewer than seven 

individual measurements at different strain rates. Measurement uncertainty is ± 0.1 

mPas. 
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Figure 3.12. Results of the H2O-NaCl-MgSO4 isothermal and cooling experiments. 

Isothermal data are plotted as grayscale points for 5-5 wt% (white circles), 10-5 wt% 

(gray circles), 5-10 wt% (black circles), and 10-10 wt% (white diamonds). These 

“points” are actually clouds of no less than seven individual data points. Cooling data 

are plotted as colored points for 5-5 wt% (blue), 10-5 wt% (green), 5-10 wt% (orange), 

and 10-10 wt% (yellow). The dark shaded colors are the 2 Kmin-1 data, the medium 

shaded colors are the 1 Kmin-1 data, and the light shaded colors are the 0.5 Kmin-1 data.  

 

 Isothermal viscosities increase with decreasing temperature and increasing 

concentration as with the binary systems. The MgSO4 concentration seems to have a larger 

control on viscosity as the 5-10 wt% solution showed greater change from the 5-5 wt% 

solution than the 10-5 wt% solution. Cooling experiments tend to follow the trend of the 

isothermal datasets. Liquid viscosities increase by a total of 2.5 – 10.6 mPas over the 

measured temperature range. The spread due to cooling rate ranges from < 0.1 mPas at the 

higher temperatures to 1.3 mPas at the lower temperatures. 

The phase diagram for the H2O-NH3-CH3OH system has been investigated 

previously by Kargel (1990) and Kargel et al. (1991). This system has a peritectic at 153 
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K (-120°C) at 23 wt% NH3 and 33 wt% CH3OH. Concentrations were synthesized for 5-5 

wt%, 10-5 wt%, 5-10 wt%, and 10-10 wt%, NH3-CH3OH respectively. Results from 

isothermal and cooling experiments are presented in Table 3.7 and plotted in Figure 3.13. 

 
Figure 3.13. Results of the H2O-NH3-CH3OH isothermal and cooling experiments. 

Isothermal data are plotted as grayscale points for 5-5 wt% (white circles), 10-5 wt% 

(gray circles), 5-10 wt% (black circles), and 10-10 wt% (white diamonds). These 

“points” are actually clouds of no less than seven individual data points. Cooling data 

are plotted as colored points for 5-5 wt% (blue), 10-5 wt% (green), 5-10 wt% (orange), 

and 10-10 wt% (yellow). The dark shaded colors are the 2 Kmin-1 data, the medium 

shaded colors are the 1 Kmin-1 data, and the light shaded colors are the 0.5 Kmin-1 data.  

 

 As with every other system, isothermal viscosities increase with decreasing 

temperature and increasing concentration. In contrast to the previous ternary system, NH3 

and CH3OH appear to impart an equal control on viscosity as the 10-5 wt% solution and 

the 5-10 wt% solution have nearly identical isothermal viscosities (Table 3.7) and plot 

nearly on top of each other (Figure 3.13).  Cooling experiments tend to follow the trend of 
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the isothermal datasets. Liquid viscosities increase by a total of 3.4 – 5.4 mPas over the 

measured temperature range. The spread due to cooling rate ranges from < 0.1 mPas at the 

higher temperatures to 0.7 mPas at the lower temperatures. 

3.3.7 Preliminary model extension to ternary systems 

 To model ternary systems, we continued using the VFT equation (Equation 3.6). 

We maintained the constant A term from the fit to pure water to ensure the model will 

collapse to the water curve at 0 wt%. The B and C terms were then re-parameterized as 

functions of two compositional components. Since a linear fit to both the B and C terms 

was the worst parameterization for the binary systems, it was not attempted for the ternary 

datasets. The linear and quadratic parameterization equations (Equations 3.8 & 3.9 and 

3.10 & 3.11) were adjusted as follows: 

(3.13) 𝐵𝑖𝑗 = 𝐵𝑤(1 − 𝑋𝑖 − 𝑋𝑗) + 𝐵𝑖𝑋𝑖 + 𝐵𝑗𝑋𝑗 

or 

(3.14) 𝐶𝑖𝑗 = 𝐶𝑤(1 − 𝑋𝑖 − 𝑋𝑗) + 𝐶𝑖𝑋𝑖 + 𝐶𝑗𝑋𝑗 

and 

(3.15) 𝐵𝑖𝑗 = 𝐵𝑤 + 𝐵𝑖𝑋𝑖 + 𝐵𝑗𝑋𝑗 + 𝑏𝑖𝑗𝑋𝑖𝑋𝑗 + 𝑏𝑖𝑤𝑋𝑖(1 − 𝑋𝑖 − 𝑋𝑗) + 𝑏𝑗𝑤𝑋𝑗(1 − 𝑋𝑖 − 𝑋𝑗) 

or 

(3.16) 𝐶𝑖𝑗 = 𝐶𝑤 + 𝐶𝑖𝑋𝑖 + 𝐶𝑗𝑋𝑗 + 𝑐𝑖𝑗𝑋𝑖𝑋𝑗 + 𝑐𝑖𝑤𝑋𝑖(1 − 𝑋𝑖 − 𝑋𝑗) + 𝑐𝑗𝑤𝑋𝑗(1 − 𝑋𝑖 − 𝑋𝑗). 

Here, Bij and Cij are the VFT terms for the ternary mixture of water and the two non-water 

components i and j. The b and c terms are interaction parameters between components i, j, 
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and w (water endmember), which are allowed to vary. Again, the B and C terms were 

parameterized using a quadratic B & linear C (QL), linear B & quadratic C (LQ), and 

quadratic for both B & C (QQ). Two modes of fitting were employed where (i) only the 

interaction parameters were adjusted while the B and C terms for the i and j components 

were defined from the binary fitting results, or (ii) b & c terms and B & C terms were 

adjusted. These two modes are referred to as fixed and varied respectively. Results from 

these two fitting modes are presented in Table 3.8. 

Table 3.8. Summary of the fit quality for each of the four different parameterizations for 

two fitting modes. Fixed indicates that the terms from the binary modeling were used to 

model the ternary systems and varied indicates that those terms were instead adjustable. 

QL, LQ, and QQ are the same as in Table 3.5. 

 
 

Implementing these three parameterizations into the VFT equation allows us to then 

compare our modeled results to the measured data. We note that only the experimental data 

of the ternary systems were fitted (i.e., the data from the binary endmembers were not 

included). Figure 3.14 demonstrates that QQ is clearly better than the other two 

parameterizations in the fixed mode while all three parameterizations are roughly 

equivalent in the varied mode. The QQ fit has the lowest RMSD for fixed values of B and 

C from the binary modeling. When those B and C terms are allowed to vary as well, the 
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LQ fit has the lowest RMSD. Both fits produce nearly identical RMSDs and standard errors 

suggesting they are also roughly equivalent. Therefore, we suggest that the QQ fit is best 

because there are fewer degrees of freedom (i.e., it is simpler), and using the defined terms 

from the binary modeling provides some internal consistency when extrapolating to more 

complicated systems. Mixing enthalpies in multi-component systems is likely more 

complicated than the linear mixing in binary systems, supporting the increased number of 

degrees of freedom required for the B term. This leads to a more complicated version of 

Equation 3.12, where viscosity is a function of temperature, and concentration of two 

different components 

(3.17) log 𝜂 = 𝐴𝑤 +
𝐵𝑖𝑗

𝑇−𝐶𝑖𝑗
= 𝐴𝑤 +

𝐵𝑤+𝐵𝑖𝑋𝑖+𝐵𝑗𝑋𝑗+𝑏𝑖𝑗𝑋𝑖𝑋𝑗+𝑏𝑖𝑤𝑋𝑖(1−𝑋𝑖−𝑋𝑗)+𝑏𝑗𝑤𝑋𝑗(1−𝑋𝑖−𝑋𝑗)

𝑇−(𝐶𝑤+𝐶𝑖𝑋𝑖+𝐶𝑗𝑋𝑗+𝑐𝑖𝑗𝑋𝑖𝑋𝑗+𝑐𝑖𝑤𝑋𝑖(1−𝑋𝑖−𝑋𝑗)+𝑐𝑗𝑤𝑋𝑗(1−𝑋𝑖−𝑋𝑗)))
. 

Figure 3.14 demonstrates the ability of this model to represent the experimental data and 

accurately interpolate between data points. The six empirical parameters (bij, biw, bjw, cij, 

ciw, and cjw) are listed in Table 3.9 for both systems. 
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Figure 3.14. Modeled viscosity from the VFT equation for ternary systems showing the 

differences between the three different parameterizations (rows) for the two fitting 

modes (columns). QL, LQ, and QQ are the same as in Figure 3.11. Circles indicate NaCl-

MgSO4, squares indicate NH3-CH3OH, and color refers to concentration as in Figures 

3.12 and 3.13. Long-dashed lines represents 10% relative uncertainty and short-dashed 

lines represent 5% relative uncertainty. 
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Table 3.9. Required terms and parameters for implementation of Equation 3.17. 

 
 

3.4 Discussion 

3.4.1 Potential measurement uncertainty 

 While the experimental setup is appropriate for these measurements, there also exist 

some inherent experimental issues that lead to additional uncertainty. Our samples were 

aqueous solutions, which are volatile materials that readily evaporate. The instrument used 

for these measurements uses gas flow to maintain stable temperatures in the measurement 

area. The PTD200 uses airflow and the CTD450 uses a liquid nitrogen evaporation unit. 

Both gases are nominally dry which may result in higher evaporation rates of the sample. 

Sample evaporation was observed in early method testing, especially in long duration 

experiments. This was a particular issue for the lower vapor pressure materials like 

methanol. For the isothermal experiments at equilibrium, a fresh aliquot of synthesized 

material was used for each temperature step to eliminate propagating any volume loss to 
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successive measurements. These experiments are roughly 10 minutes in duration, and we 

therefore do not expect much volume loss to occur for any single measurement.  

For the cooling experiments in thermal disequilibrium, measurement durations 

were much longer (~40, ~60, and ~110 minutes for 2, 1, and 0.5 K/min cooling rates 

respectively) and volume loss more of a concern. Samples were visually observed in the 

measuring position of the instrument before and after measurement. If the sample was still 

visible at the appropriate measuring position, then volume loss was deemed negligible for 

that experiment. For samples where that was not the case (e.g., CH3OH), separate aliquots 

would be measured at different starting temperatures along the same cooling path. Where 

these measurements show deviation from the initial run is the onset of where volume loss 

begins impacting the data. In this case, the full cooling curve must be constructed 

piecewise. 

 While volume loss presents a real source of error by affecting the measurement 

physically, it can also represent a chemical change. In many of these solutions, water may 

be evaporating which results in a more concentrated solution. Since methanol has a lower 

vapor pressure than water, this likely works in reverse with the methanol more readily 

evaporating resulting in a more dilute solution. Synthesized solutions were very precisely 

created; however, compositional determination post-experiment was not possible. Samples 

were often measured until crystallization occurred which likely changes the composition 

unrecoverably. The volume change upon freezing tends to push material out from the 

measurement area, which cannot be reincorporated post-measurement to check for 

consistency. Our efforts to curb the effect of volume loss are the same to curb the effect of 

chemical changes. 
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 Despite our efforts to mitigate these uncertainties, the cooling experiments suffered 

from thermal inertia issues making the collective dataset less useful. Because these 

measurements were conducted for the pure liquid, the cooling rate should make no 

difference to the measured viscosity. The data for each different cooling rate should overlap 

and only be a factor in affecting the degree of undercooling at which crystallization is 

observed (deviation from Newtonian viscosity). Faster cooling rates should result in more 

undercooling and lower temperatures at which crystallization is observed. In nearly all 

cases the faster cooling rates result in lower viscosities than the isothermal measurements. 

This suggests that the instrument changes temperature faster than the sample changes 

temperature. This issue could not be mitigated and thus these data were not used in the 

modeling. 

3.4.2 Comparison to previous works 

3.4.2.1 Laliberté (2007) 

 Laliberté (2007) created an empirical model that allows for the calculation of 

viscosity for aqueous solutions, which include many of the species relevant to potential 

cryolavas. This model works well over the range for which it was calibrated. While this 

calibration range does cover a wider compositional space than our model, it does not 

include much data at sub-ambient temperatures. Despite this, their model does successfully 

extrapolate down-temperature to reproduce our data reasonably well for the K2SO4, 

(NH4)2SO4, and NH3 systems. Figure 3.15 demonstrates that this is not true for several 

other compositions. Both KCl and NH4Cl have singularities in the model curves (Figure 

3.15c,d). Most of the experimental data we have collected falls outside the calibrated range 

of the Laliberté (2007) model (Figure 3.15a).  
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The main drawbacks of the Laliberté (2007) created model for use in application to 

broad cryovolcanic contexts are the notable lack of CH3OH, the empirical nature of the six 

adjustable fitting parameters, and the inability to extrapolate reliably down-temperature to 

appropriate eruptive conditions on various icy bodies. Our model was constructed to 

overcome each of these issues. Experimental data for methanol was collected and fit over 

a wide range of concentrations between pure water and the peritectic (~70 wt% CH3OH). 

The form of our viscosity equation relies on the semiempirical VFT equation (Equation 

3.6) and the parameterizations used to determine the concentration effect only require three 

terms for binary systems (Table 3.6). The VFT equation is also a continuous function that 

allows us to extrapolate beyond the calibrated temperature range with no singularities. We 

also demonstrated the potential for this model to be scaled to more complicated, multi-

component systems. Additional experiments using different instrumentation will be 

required to test and refine the model at lower temperatures higher concentrations. 
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Figure 3.15. (a) Comparison of experimental data to that predicted by the model of 

Laliberté (2007) for NaCl (circles), KCl (diamonds), NH4Cl (squares), MgSO4 (crosses), 

K2SO4 (pluses), (NH4)2SO4 (asterisks), and NH3 (triangles). Filled symbols represent our 

experimental data that falls within the calibrated range of the model. Open symbols 

represent our experimental data that require extrapolation outside the calibrated range of 
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the model. Colors refer to concetration as in Figures 3.3 – 3.9. Modeled viscosity curves 

for NaCl (b), KCl (c), NH4Cl (d), and MgSO4 (e) are plotted individually to demonstrate 

some of the difficultites in extrapoling down temperature beyond the calibrated range for 

the model. The calibration range was 0 – 26 wt% and 5 – 154°C for NaCl, 0 – 31 wt% 

and 5 – 150°C for KCl, 0 – 32 wt% and 10 – 74°C for NH4Cl, and 0 – 30 wt% and 15 – 

150°C for MgSO4. Isothermal data points from the current study are also included for 

context/comparison. 

 

3.4.2.2 Kargel et al. (1991) 

 As one of the few experimental studies investigating cryovolcanic rheology, the 

dataset from Kargel et al. (1991) for the viscosity of ammonia-water liquids is well 

integrated throughout the icy bodies literature. The data from table 1 of Kargel et al. (1991) 

provide viscosity measurements of 12.4 – 57 wt% NH3 solutions between -19.1 and -

101.6°C (254.05 and 171.55 K). This dataset is well above the concentrations we were able 

to achieve in this study and extends further down-temperature as well. Figure 3.16 shows 

the consistency between these data and those collected in the present work at higher 

temperatures and lower concentrations. Using our model, we attempted to extrapolate well 

outside of our calibration range to see if we could reproduce the Kargel et al. (1991) data. 

Using the results from Table 3.6 for NH3, and the data from Kargel et al. (1991) with <3% 

crystals (see supplementary materials), we find that our model grossly overestimates the 

viscosity for the Kargel dataset (RMSD of ~53 mPas). This is likely caused by the limited 

temperature (and concentration) range over which our model was calibrated for the NH3 

system. The equations proposed in Kargel et al. (1991) appear to approximate both datasets 

adequately (RMSD of ~0.35 mPas); however, the kink in the curves results from two 

separate sets of fitting equations for temperatures either above or below -33°C (240 K). 
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Figure 3.16. Plot of our data for H2O-NH3 liquids (circles) with that of Kargel et al. 

(1991) (squares) demonstrating relative consistency between them. Only data with 3% 

or less crystals with measurements at more than one temperature were plotted from 

Kargel. Colors for circles represent concentrations following Figure 3.9. At this scale, 

most of the circles plot on top of one another. For squares, 28.4 wt% NH3 is blue, 29.4 

wt% is green, 33.0 wt% is orange, 35.5 wt% is yellow, 42.0 wt% is purple, 49.1 wt% is 

red, and 57.0 wt% is gray. Extrapolation of our model (Equation 3.12; Table 3.6) are 

shown in the light-colored, solid curves: 5 wt% is blue, 10 wt% is green, 15 wt% is 

orange, 29 wt% is yellow, 35 wt% is purple, and 42 wt% is red. Extrapolation of the 

model presented in Kargel et al. (1991) are shown in the darker shaded, dashed lines with 

colors representing the same concentration. 

 

 We then attempted to re-fit the VFT equation using the combined experimental data 

from this study and Kargel et al. (1991). Again, only data with <3% crystals with 

measurements at more than one temperature were included. The results are plotted in 

Figure 3.17a and yielded a RMSD of 0.07 log Pas. We note that the data from Kargel et al. 

(1991) suggest that viscosity increases with decreasing concentration and our data hints at 

the opposite relation. This is reflected in the model curves where there appears to be a 

cross-over point at -33°C where viscosity is invariant to concentration. This seems 
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unlikely, and the data in Table 3.3 shows that our measurement results are mostly within 

uncertainty of each other. This suggests that the effect of concentration is greatly 

diminished at higher temperatures and perhaps additional adjustments to the model are 

necessary. Because both water and ammonia are solvents, we attempted another fit 

allowing the A term to vary linearly as well (Figure 3.17b). Adding this extra degree of 

freedom slightly improves the fit quality (RMSD 0.05 log Pas) over the constant A fit, and 

also removes the cross-over point. We note that the binary fitting in section 3.3.5 did not 

require a variable A term, however, this may become necessary (especially for solvents) 

when data extends to much lower temperatures or higher concentrations than achieved in 

this study. To this end, achieving measurements of sub-ambient to supercooled aqueous 

solutions would greatly improve model-fitting parameters and should be prioritized in 

future efforts. 

 
Figure 3.17. (a) Re-fitting of our model (Equation 3.12) using both our data and the data 

from Kargel et al. (1991). Only data <3% crystals with measurements at more than one 

temperature were included. Relation of concentration to viscosity for each dataset is the 

inverse of the other resulting in a cross-over at -33°C where viscosity is invariant to 

concentration. (b) Re-fitting of our model allowing the A term to vary linearly which 

removes the cross-over point and maintains a consistent viscosity concentration 

relationship. 
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3.4.3 Applications 

 Viscosity is an important material property that is required for most modeling of 

cryovolcanic processes. This model has implications for magma ascent and cryolava flow 

emplacement where the viscosity of cryolava/cryomagma is required. For example, Davies 

et al. (2016) suggest that the replenishment of Titan’s atmosphere could be a result of 

effusive cryolava flows destabilizing methane clathrates at the surface. Flows (modeled as 

16 wt% ammonia-dihydrate) that are roughly 10 m thick could supply enough heat to 

release enough methane to sustain the atmosphere from only one or two events that cover 

~20 km2. However, no physical modeling of flows was conducted to investigate how likely 

flows of this size would be on Titan. Flow extents/runouts are strongly dependent on 

material viscosity and our model could be useful in evaluating flow evolution. 

 Hammond et al. (2018) investigated the compaction and resulting melt transport in 

ice shells. Liquid viscosity plays an important role in much of this modeling. They use the 

data from Kargel et al. (1991) and fit an exponential to create an empirical equation in an 

attempt to include temperature dependent liquid viscosity. Implementing our model would 

allow calculation of temperature dependent liquid viscosity with the added benefit of 

concentration/composition dependence. This could provide improved ability to model and 

compare melt transport within ice shells on different icy worlds where the melt 

compositions may vary. While our model does not currently extrapolate successfully to 

concentrations beyond the eutectic of the water-ammonia system, liquid viscosity for pure 

endmember ammonia could be used to interpolate on the more concentrated side of the 

eutectic. Further experimental data beyond the eutectic of other chemical systems are 

required to test the quality of model extrapolation. 
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 Showman et al. (2004) modeled potential cryovolcanic activity on Ganymede as a 

means to explain resurfacing that appears restricted to the low-lying topography (grabens). 

They used a modified Darcy’s Law equation to calculate relative rise velocities due to 

pressure gradients in the interior. While Darcy’s Law requires liquid viscosities to be 

known, viscosity was held constant throughout the modeling as realistic modeling was 

beyond the scope of their paper, which was only attempting to demonstrate a potential 

physical mechanism for resurfacing. Implementing our temperature- and concentration-

dependent model could provide more realistic results, likely leading to slower rise 

velocities as temperature decreases and viscosity increases, which may have implications 

for the relative magnitudes of the pressure gradients required to pump the cryomagma to 

the surface. 

3.5 Conclusions 

 We produced experimental viscosity measurements for aqueous chloride, sulfate, 

ammonia, and methanol solutions at sub-ambient conditions. Measurements were 

conducted both at isothermal steps and during controlled cooling rate experiments. We 

found that effect of cooling rate on the viscosity of aqueous solutions is negligible for 0.5, 

1, and 2 K/min rates and would likely require much higher cooling rates to be measured 

experimentally. Using the isothermal datasets, we produced a viscosity model for aqueous 

solutions. We found that the Vogel-Fulcher-Tammann (VFT) equation, commonly used in 

silicate rheology literature, works well to describe the viscosity of water and aqueous 

solutions. While the form of this equation is semiempirical and strictly temperature 

dependent, we parameterized the fitting terms to allow a concentration dependence to be 

included for a given composition. The resulting model reproduced the experimental dataset 
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to within 10% relative uncertainty (typically within 5%) and collapses exactly to the curve 

defined for the IAPWS dataset at 0 wt% solute. The model is capable of extrapolating down 

to sub-ambient temperatures relevant to cryovolcanism without any singularities. This, and 

the coupled temperature and concentration dependence, are the key improvements over 

previous models. Preliminary investigation of ternary systems suggests this model can be 

scaled up to successfully reproduce experimental datasets of more complicated systems 

than just binary systems. 

This model was not intended for use on concentrations on the non-water side of the 

eutectic. As demonstrated in section 3.4.2.2, extrapolations to concentrations on that side 

of the eutectic are not adequately represented. Special caution should be taken when using 

the model for K2SO4. The water-rich side of the phase diagram is so narrow in 

concentration space, resulting in a very narrow range over which the model was calibrated 

for this composition. Additionally, we did not study concentrations as ammonia-rich as the 

eutectic for the H2O-NH3 system, resulting in a narrower calibration range for this 

composition as well. 

Understanding the emplacement dynamics of cryolavas can provide important 

constraints on the compositional evolution of oceanic material, resurfacing efficiency, and 

is required for accurate modeling of surface features. The flow properties (i.e., rheology) 

of solid ices and clathrates have been previously studied (Durham et al., 2010, 2005, 2003, 

2001, 1983; Eluszkiewicz and Stevenson, 1990; McCarthy et al., 2011; Yamashita et al., 

2010), but investigations of suspension rheology in the relevant chemical systems are 

limited (Kargel et al., 1991; Zhong et al., 2009). The rheology of a material may change as 

it crystallizes which is important to consider for modeling cryolava emplacement and 
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potential cryomagma ascent. Constraining the rheology of potentially cryovolcanic 

compositions will facilitate better modeling of the formation of observable morphological 

features and allow comparisons to more familiar silicate systems. Additionally, expanding 

this model to ternary and more complicated systems (e.g., H2O-NaCl-MgSO4) more 

relevant to subsurface oceans would improve model applicability but may also require 

further refinement. Both of these next steps should aid in modeling the rheological 

evolution during emplacement of effusive cryolava flows.  
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4 A re-evaluation of cryolava flow evolution: Assumptions, physical properties, and 

conceptualization 

4.1 Introduction 

 The icy satellites and ocean worlds of the outer solar system display unique 

geologic features that may reflect processes analogous to those observed on the rocky 

bodies, but with a much different composition. Among these processes, cryovolcanism, the 

eruption of materials that would be volatile on Earth, but magma-like in far colder 

environments, has been invoked to explain a number of features. For example 

resurfacing/smooth (at observational scale) terranes (Mitri et al., 2008; Showman et al., 

2004), excess atmospheric volatiles (Choukroun et al., 2010; Quick et al., 2017; Tobie et 

al., 2006), plumes (Cooper et al., 2009; Manga & Wang, 2007; Spencer et al., 2009), 

thermal anomalies (Abramov & Spencer, 2008, 2009), and/or surface constructs/flow 

features (Figueredo et al., 2002; Lopes et al., 2007; Ruesch et al., 2016) observed on many 

icy bodies. Many of these observed features show very similar morphologies to volcanic 

features found on Earth (Figure 4.1) suggesting that similar physics may be involved in 

their formation. 

Lava flow emplacement is well studied for silicate lava. However, translating our 

knowledge of this process to cryogenic regimes in the outer solar system becomes 

complicated by factors that can generally be neglected when studying silicate systems, such 

as vaporization or sublimation of lava. The cryovolcanic phenomenon is an 

interdisciplinary topic that lies at the intersection of volcanology and hydrology. By taking 

aspects of existing models from both disciplines, this study aims to present a new model 

for cryolava flow emplacement. 



122 
 

 

4.1.1 Physical considerations of water ice flows 

 As a dominantly water-rich composition erupts effusively into a low-pressure 

environment, the material (cryolava) will initially extend radially from a point source or 

laterally from a fissure, which typically reduce to one or more point sources over time 

(Wylie et al., 1999). Vaporization/boiling is likely the dominant mode of heat loss. Since 

the latent heat of vaporization for water is about seven times greater than that of fusion, the 

boiling off of a small amount of liquid will result in the formation of a much larger amount 

of ice. The material boils rapidly due to the low vapor pressure, quickly solidifying 

completely at the source if the effusion rate is low. At higher effusion rates, flows may 

begin to channelize and extend further away from the vent.  

Early carapace or roof formation is continuously disrupted by the turbulence, and 

vaporization of the underlying liquid water continues until the carapace becomes thick 

enough to exert sufficient hydrostatic/cryostatic pressure (~600 Pa) to counteract the vapor 

pressure and contain the flow, which is then insulated/isolated from the low-pressure 

environment. This thickness is about 0.5 meters for Europa or Ganymede, assuming pure 

H2O ice crystallization (Allison & Clifford, 1987; Quick et al., 2017). For higher (NaCl) 

brine content, the vapor pressure is lower (Dickson et al., 1965) and a smaller thickness is 

required. Quick et al. (2017) modeled dome emplacement on Europa and estimated that it 

would take ~7.5 days for a 0.5 m carapace to form from a water-dominant composition and 

~2 days for a 0.25 m carapace to form from a 30% NaCl brine. These are much longer 

timescales than the several hours estimated by Allison & Clifford (1987) for flows on 

Ganymede, which has similar surface conditions to Europa, suggesting inconsistency in 

the literature with respect to timescales of potential cryolava flow evolution. 
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Figure 4.1. Morphological comparison between volcanic flows and domes on Earth and 

icy bodies. (a) Murias Chaos, Europa (~100 x 77 km across, 235 m/pixel) imaged by 

Galileo SSI (image credit: NASA/JPL/University of Arizona).  (b) Obsidian Dome, CA 

(1.3 x 1.8 km across, 50 cm/pixel) obtained from ESRI World Imagery (Maxar). (c) 

Doom Mons and Sotra Patera, Titan (~70 km edifice diameter, ~180 km long flow, 

175m/pixel) imaged from Cassini SAR and VIMS (image credit: Lopes et al. (2013)). 

(d) SP Crater, AZ (1 km across, ~7 km long flow, 50 cm/pixel) imaged by EO-1 ALI 
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(image credit: NASA Earth Observatory, Jesse Allen & Robert Simmon). (e) Geologic 

map of the Vulcan Planitia region on Charon demonstrating large scale flood-like 

features in the light brown (Beyer et al., 2019). Refer to figure 2 of Beyer et al. (2019) 

for explanation of other colors. (f) Edge of Oceanus Procellarum in the Marius Hill 

region demonstrating the large flood-like maria in the dark red. Image was produced 

using the Lunar Quickmap with the unified geologic map overlay (Fortezzo et al., 2020). 

Refer to source for explanation of other colors. 

 

The relationship between carapace formation and flow turbulence has not been 

adequately considered in many previous works (see section 4.1.2). This relationship has 

implications for how cryolavas evolve during emplacement. Specifically, many low 

viscosity lavas on terrestrial bodies are tube-fed (Sauro et al., 2020), but the potential for 

tube formation as an emplacement mechanism depends on the ability of a lava flow to 

create a roof or crust. Tube formation in silicate lavas can result from surface cooling of a 

channelized flow (overcrusting), progressive growth from the margins of levees or shelves, 

or by inflation of existing lobes (Peterson et al., 1994). Cryolavas will have an additional 

complication of vaporization, as many of the icy bodies have little to no atmosphere. This 

vaporization will act to inhibit such overcrusting, as the turbulence of the low viscosity 

flow would likely entrain the crystals that form as a result of vaporization-induced cooling. 

Therefore, we establish a working hypothesis of laminar flow being a prerequisite for the 

initiation of roof formation. If this is true, understanding where and when the turbulent to 

laminar transition occurs, and the physical state of the flow at that transition, becomes 

paramount to understanding cryolava flow emplacement. 

We present a new model for the turbulent emplacement of cryovolcanic flows, by 

combining elements from several previous models, and addressing the shortcomings of 

each. The new model tracks the thermal evolution of the flow as well as its physical state. 

By doing so, we aim to predict the distances to which turbulent flows can extend, based on 
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initial starting conditions and determine the physical state of the flow as it transitions to 

laminar behavior. This allows us to estimate aspect ratios (length:thickness) for turbulently 

emplaced cryolavas, in turn helping us to draw comparisons with morphologies of silicate 

flows, allowing further exploration of the silicate volcanism analogy. The working 

hypothesis of laminar flow being a prerequisite for roof formation is then revisited in light 

of the model results (see section 4.5.4). 

4.1.2 Previous models 

 Cryovolcanism, and effusive cryolava flows specifically, occupy a unique position 

at the intersection of volcanology and hydrology. Cryolava flows are volcanic flows in the 

context of icy bodies but composed of very different material to what is typically dealt with 

in the volcanology literature. Cryolava flows are dominated by water or brine, but exist in 

a very different context (pressure, temperature, gravity, etc.) than is typically dealt with in 

the hydrologic literature. We draw on the literature/models from both disciplines to model 

cryolava flow evolution. 

 Williams et al. (2000) reevaluated the role of thermal erosion as a mechanism for 

lunar rille formation by modeling the heat budget and physical properties of a hypothetical 

lunar lava flow. This model is used throughout the planetary literature for examining 

channelized flows (Byrne et al., 2013; Hurwitz et al., 2012; Williams et al., 2001). The 

advantage of this model is the incorporation of a thermal erosion term that allows for 

downcutting into the substrate and assimilation of that material into the flow. However, the 

pitfalls of applying the Williams et al. (2000) model to cryovolcanism arise from the 

differences between silicate and aqueous systems. The heat budget for cryogenic systems 

is very different, due to the low vapor pressures of the cryolavas and the rapid 
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vaporization/crystallization that occurs when these liquids are exposed to the low-pressure 

surface environments of many icy bodies. The Williams et al. (2000) model also assumes 

a priori that the flow is incising a channel i.e., flow temperature is always above the melting 

point (solidus) of the substrate. For silicates, this assumption is valid since these values 

could be hundreds of degrees apart; the liquidus temperature of basalt is typically at least 

200 K hotter than the solidus temperature. In the context of cryovolcanism, these 

temperatures are much closer (tens rather than hundreds of degrees apart), and this 

assumption becomes more tenuous. If the flow cools below the solidus temperature of the 

substrate (unlikely for silicates but expected for cryolavas), the thermal erosion term 

becomes negative and the equation breaks down. 

 Allison & Clifford (1987) modeled ice-covered water volcanism on Ganymede, 

using the thermal budget to assess flow evolution (i.e., thermal properties, ice cover 

thickness as a function of time) (Figure 4.2). This model is also heavily cited in the 

planetary literature when discussing extrusions of cryogenic material on icy bodies 

(Fagents, 2003; Kargel, 1991; Quick et al., 2017, 2019; Wilson et al., 1997). The advantage 

of this model is that it is already cryolava specific, considers heat fluxes neglected in 

silicate systems (e.g., insolation), and incorporates crystallization of a roof or carapace. In 

practice however, we believe two of the simplifying assumptions may omit important 

characteristics of the cryolava flow evolution: (i) the flow is instantaneously emplaced and 

(ii) a priori starts with an extremely thin ice crust that is allowed to thicken at each step. 

This is unreasonable due to the rapid boiling of the low vapor pressure material in the low-

pressure environments that would disrupt initial formation of such a crust (Figure 4.2). 

Allison & Clifford (1987) admit that this assumption results in an underestimation of the 
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early cooling rate, but suggest that the inaccuracy is outweighed by the benefit of reduction 

in complexity of the numerical model. Furthermore, the physical state of the flow (e.g., 

viscosity, Reynolds number, crystal content) is implicit within this model, making it 

difficult to track the physical properties at any given step in time or distance. 

 
Figure 4.2. Schematic of evolution of hypothetical cryolava flow and the heat fluxes as 

defined by Allison & Clifford (1987). This conceptual model incorporated an ice 

covering from the initial emplacement that thickens over time. 

 

 Bargery & Wilson (2011) modeled the erosive potential of large flooding events on 

Mars. The physics of flooding are fundamentally similar to that of an effusive cryolava 

flow. This hydrologic model provides a useful framework for a volcanic model in the 

context of an icy body. It takes into account the rapid boiling in a low-pressure 

environment, fluid dynamic evolution due to both crystallization and eroded substrate 

material (c.f. xenoliths, stream load), and does not rely on the same assumption of a 

thickening crust during turbulent flow (Allison & Clifford, 1987). Instead, Bargery & 

Wilson (2011) modeled Martian flood events (i.e., water flows) in four stages: (i) cooling 

to the liquidus, (ii) onset of crystallization, (iii) transition to bedload sediment transport, 
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and (iv) transition to laminar flow. However, this model has only three heat fluxes: viscous 

heating, heat loss through evaporation, and heat loss to melt/warm eroded substrate (i.e., 

xenoliths, from the cryovolcanic perspective). They modeled cooling as only occurring 

from the surface, so that heat loss to the eroded substrate effectively contributes to surface 

cooling, and thermal gradients in/through the base/substrate can be ignored. This model is 

also only a physical model and chemical changes are not considered. This means that this 

model only applies to pure water flows and that cooling stops at 273 K. Our adaptation of 

this model to briny cryolava is further described in section 4.2. 

4.2 Model overview 

The model presented here will be divided into several stages (Figure 4.3), as 

delineated by Bargery & Wilson (2011). Stage 1 is initial emplacement where the cryolava 

is turbulent, crystal-free, and begins cooling to its liquidus (i.e., saturation temperature) by 

boiling in the low-pressure environment. If the flow temperature is above the melting 

temperature of the substrate, thermomechanical erosion may take place where energy 

would be lost to the (partial) melting and assimilation of icy substrate material. This process 

simultaneously downcuts and adds material to the flow (i.e., increases flow thickness). If 

the flow is not emplaced initially superheated, this stage will be bypassed and stage 2 will 

become the starting point. Stage 2 is the onset of crystallization as the flow cools below 

the liquidus. The turbulence eliminates internal temperature gradients, allowing uniform 

cooling throughout the flow. The solid particles (crystals + eroded substrate fragments) are 

also entrained in suspension as long as turbulence persists and mean crystal diameter 

remains small. Entrained substrate ice is no longer melted but is warmed, adding to the 

total solid content and consequent bulk viscosity increase. Stage 3 begins when the 
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increasing solid content of the flow markedly affects its rheology, i.e., increasing viscosity 

and decreasing Reynolds number leading to reduction of turbulence, and possible 

development of a yield strength. The heat lost via boiling/vaporization continues through 

this stage, a key difference from Bargery & Wilson (2011). This stage is analogous to rivers 

when washload (i.e., particle transport near the free surface) becomes bedload (i.e. particle 

transport near the base) (Bargery & Wilson, 2011). Stage 4 is the transition from turbulent 

to laminar flow that results from the increasing solid fraction. This final stage will be 

modeled separately and functionally represents the end of the model being presented here. 

 
Figure 4.3. Conceptual model used in this work to define the expected behaviors during 

emplacement of a hypothetical turbulent cryolava flow. Each stage introduces new 

behaviors that have not previously been modeled together, tracking thermal, chemical, 

and physical changes simultaneously. 

 

We assumed equilibrium crystallization, so that crystal fractions can be calculated 

from the phase diagram (Figure 4.4), for a given temperature and bulk composition. The 

substrate was assumed to be homogenous, crystalline water ice. Porosity, permeability, 

fracturing, and impurities or heterogeneities within this substrate were all factors that we 

excluded from this model, that may be important in natural systems. Conduit behavior was 
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also not considered here (e.g., pre-eruptive crystallization, volatile degassing, 

fragmentation, etc.). Although a gas phase may be expected in the conduit, and likely to 

escape at or near the vent, we did not include the effect of bubbles in the flow. We suggest 

modeling a single-phase liquid with no bubbles can be considered a reasonable starting 

point. 

We did not attempt to model complex multicomponent compositions, as much of 

the low temperature thermodynamic data needed was not available for every relevant 

component (e.g., hydrates). Additionally, having multiple phases present exponentially 

increases the number of calculations and computation time for model execution. Therefore, 

we restricted this model to the water-rich side of simple binary aqueous systems to make 

implementation as straightforward as possible. Where compositionally specific data inputs 

were required, we used the H2O-NaCl system as it has a well-characterized phase diagram, 

known low-temperature thermodynamic data, and may be an important non-water-ice 

component on Europa’s surface and ocean (Hand & Carlson, 2015; Poston et al., 2017). 
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Figure 4.4. Dilute end of the H2O-NaCl phase diagram used to define the liquidus, track 

crystallization (lever rule), and define the eutectic. Hydrohalite (NaCl•2H2O) is 

abbreviated HH and curves were constructed from previous works (D. L. Hall et al., 

1988; Sterner et al., 1988). 

 

4.3 Model formulation 

4.3.1 System definitions and initial conditions 

This model required several input values, geometrical terms, chemical system 

specific parameters, and physical parameters to be known and explicitly defined. These 

included: starting temperature of the erupted material (T0), ambient surface temperature 

(Ta), substrate melting temperature (Tsub), eutectic temperature of the chemical system 

chosen (Teu), eutectic composition for the chemical system chosen (Xeu), starting 

composition of the initial liquid (X0), substrate density (ρsub), density of the crystallizing 

ice (ρice), density of the eutectic crystallizing phase (ρsalt), diameter of crystallizing particles 

(D), initial flow thickness (h0), ambient surface pressure (Pa, can often be set to zero for 

negligible atmospheres), local ground slope (α), and gravity (g). These values were all 

considered constants within each model run. 

In setting up the model, we assumed cryolavas would be aqueous brines restricted 

to simple binary solutions on the water-rich side of the eutectic. We specifically used the 

H2O-NaCl system to demonstrate this model as it represents relevant constituents for 

extrusions on Europa, with all of the required data being readily available. We defined the 

starting temperature for the model as 273 K as that is the likely temperature of the ocean 

at the base of Europa’s ice shell (Melosh et al., 2004). Sub-ambient thermal properties (e.g., 

heat capacity, latent heat, vapor pressure, etc.) were not available in some other binary 

chemical systems. The model functions by calculating the material properties and thermal 



132 
 

 

budget at each time step, to track flow behavior as it changes in temperature and crystal 

content. The Reynolds number was used to track the flow regime (i.e., turbulent or laminar) 

at each time increment of the model, and the model ends once the laminar flow regime was 

reached. However, flow velocity (u), friction factor (f), and Reynolds number (Re) are 

interdependent values and, therefore, were iteratively solved using the following equations 

(Williams et al., 2000): 

(4.1) 𝑢𝑡𝑢𝑟𝑏 =  √
4𝑔ℎ𝑠𝑖𝑛(𝛼)

𝑓
 

(4.2) 𝑓 =  [0.79 ln(𝑅𝑒) − 1.64]−2 

(4.3) 𝑅𝑒𝑡𝑢𝑟𝑏 =  
4𝜌𝑏𝑢𝑙𝑘ℎ𝑢𝑡𝑢𝑟𝑏

𝜂𝑏𝑢𝑙𝑘
. 

The surface gravity of the body is g (ms-2), the flow thickness is h (m), and ground slope 

is α, taken to be 0.1°, ρbulk is bulk flow density (kgm-3), and ηbulk is bulk flow viscosity 

(Pas). Equation 4.1 was modified from Britter & Linden (1980) and Jarvis (1995). Equation 

4.2 is the friction factor for pipe flow from Kakaç et al. (1987). Equation 4.3 is the general 

form of the Reynolds number equation that assumes the characteristic length is the flow 

thickness (see appendix). The iteration of these equations was done at each time step. 

Additionally, we calculated the laminar velocity and laminar Reynolds number, 

(4.4) 𝑢𝑙𝑎𝑚 =  
𝜌𝑏𝑢𝑙𝑘𝑔ℎ2 𝑠𝑖𝑛 𝛼

3𝜂𝑏𝑢𝑙𝑘
 

(4.5) 𝑅𝑒𝑙𝑎𝑚 =  
4𝜌𝑏𝑢𝑙𝑘ℎ𝑢𝑙𝑎𝑚

𝜂𝑏𝑢𝑙𝑘
. 

The turbulent to laminar transition was then determined by when the laminar Reynolds 

number became less than or equal to the turbulent Reynolds number. The density used in 
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these equations was the bulk density of the flow (ρbulk), which we calculated as a function 

of both temperature and concentration using the following equation: 

(4.6) 𝜌𝑏𝑢𝑙𝑘 = (1 − 𝜑𝑖𝑐𝑒 − 𝜑𝑠𝑎𝑙𝑡)𝜌𝑙𝑖𝑞 + 𝜑𝑖𝑐𝑒𝜌𝑖𝑐𝑒 + 𝜑𝑠𝑎𝑙𝑡𝜌𝑠𝑎𝑙𝑡 

where φice is the weight fraction of crystallized ice (section 4.3.2), φsalt is the weight fraction 

of crystallized salt which only occurs at the eutectic, ρliq is the density of the liquid phase, 

ρice is the density of crystallizing ice (920 kgm-3), and ρsalt is the density of the eutectic 

crystallizing salt phase (hydrohalite: 1610 kgm-3). The temperature dependent liquid 

density was taken from equation 8 of Sharqawy et al. (2010): 

(4.7) 𝜌𝑙𝑖𝑞 = ∑ 𝑏𝑛(𝑇 − 273.15)𝑛−15
𝑛=1 + ∑ 𝑏𝑛𝑋(𝑇 − 273.15)𝑛−19

𝑛=6 + 𝑏10𝑋2(𝑇 −

273.15)2 

where bn coefficients are provided in Table 4.1.  

Table 4.1. Coefficients for liquid density (Eq. 4.7) 

from Sharqawy et al. (2010). 

b1 = 999.9 b6 = 802.0 

b2 = 2.034 × 10-2 b7 = -2.001 

b3 = -6.162 × 10-3 b8 = 1.677 × 10-2 

b4 = 2.261 × 10-5 b9 = -3.060 × 10-5 

b5 = -4.657 × 10-8 b10 = -1.613 × 10-5 

 

The following sections explain how the model handled various parameters. Section 

4.3.2 focuses on the liquidus and crystallization calculations, section 4.3.3 discusses how 

the model incorporated erosion rate, section 4.3.4 explains how the rheological evolution 

of the flow was tracked, section 4.3.5 defines the thermal budget and temperature 
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evolution, and section 4.3.6 explains how model calculations were updated once the 

eutectic was reached. 

4.3.2 Liquidus and crystal fraction 

Crystallization was a key component of the model as it affects both the heat budget 

(latent heat of fusion) and the rheology (viscosity and Reynolds number). In order to know 

when crystallization begins, an accurate liquidus temperature (c.f. saturation temperature, 

solubility curve) was required. For simple chemical systems, like the H2O-NaCl system, 

the liquidus can be determined as a function of temperature and composition from the phase 

diagram and equations of state. For the H2O-NaCl system, these are very well defined 

equations. Hall et al. (1988) presented the following equations of freezing point depression 

(i.e., liquidus, Tliq) for the H2O-NaCl-KCl system: 

(4.8) 𝑇𝑙𝑖𝑞 = 273.15 − [𝐶1(100𝑋0) + 𝐶2(100𝑋0)3] 

(4.9) 𝐶1 = 0.4597 + 0.1440𝑆  

(4.10) 𝐶2 = 2.227 × 10−4 + 1.999 × 10−4𝑆 + 4.633 × 10−5𝑆2 + 1.123 × 10−4𝑆3 

where Tliq is in K, X0 is the weight fraction of the NaCl in the initial liquid (i.e., salinity), 

and C1 and C2 are experimentally determined coefficients where S is the NaCl/(NaCl + 

KCl) ratio. Here we considered only the H2O-NaCl system, so that S remains constant at 

unity, and C1 and C2 become constants of 0.6037 and 5.8123 × 10-4 respectively. 

Knowing the starting composition, the crystal fraction of ice was then calculated 

for any given temperature between the liquidus and eutectic (Teu) using the lever rule. 



135 
 

 

Bodnar (1993) rearranged the equation from Hall et al. (1988) and put it in terms of 

temperature rather than composition  

(4.11) 𝑋(𝑇) = 1.78 × 10−2(273.15𝑇) − 4.42 × 10−4(273.15 − 𝑇)2 + 5.57 ×

10−6(273.15 − 𝑇)3 

where X is the weight fraction of NaCl in the bulk liquid as the flow evolves towards the 

eutectic. Applying the lever rule functionally results in the following equation: 

(4.12) 𝜑𝑖𝑐𝑒 =
𝑋(𝑇)−𝑋0

𝑋(𝑇)
=

(1.78(273.15−𝑇)−0.0442(273.15−𝑇)2+5.57×10−4(273.15−𝑇)3)−100𝑋0

(1.78(273.15−𝑇)−0.0442(273.15−𝑇)2+5.57×10−4(273.15−𝑇)3)
. 

For the rest of the model, it was more useful to track X as a function of ice, so we redefine 

X as follows: 

(4.13) 𝑋(𝜑𝑖𝑐𝑒) =
𝑋0

1−𝜑𝑖𝑐𝑒
. 

The above equations (Eqs. 4.8-4.13) are only valid between the liquidus and eutectic 

temperatures. Once the eutectic is reached, X was buffered at the eutectic composition 

(Xeu), and an additional solid phase (φsalt) begins co-crystallizing. The rate at which 

crystallization proceeds at the eutectic will be discussed in section 4.3.6. 

The crystal weight fractions () can be converted to volume fractions () by the 

following: 

(4.14) 𝑉𝑡𝑜𝑡 =
𝜑𝑖𝑐𝑒

𝜌𝑖𝑐𝑒
+

𝜑𝑠𝑎𝑙𝑡

𝜌𝑠𝑎𝑙𝑡
+

1−𝜑𝑖𝑐𝑒−𝜑𝑠𝑎𝑙𝑡

𝜌𝑙𝑖𝑞
 

(4.15) 𝜙𝑖𝑐𝑒 =
𝜑𝑖𝑐𝑒

𝜌𝑖𝑐𝑒𝑉𝑡𝑜𝑡
 

(4.16) 𝜙𝑠𝑎𝑙𝑡 =
𝜑𝑠𝑎𝑙𝑡

𝜌𝑠𝑎𝑙𝑡𝑉𝑡𝑜𝑡
. 
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The total amount of crystallized solids in the flow was then: 

(4.17) 𝛴𝜑𝑥𝑡𝑎𝑙 = 𝜑𝑖𝑐𝑒 + 𝜑𝑠𝑎𝑙𝑡 

or 

(4.18) 𝛴𝜙𝑥𝑡𝑎𝑙 = 𝜙𝑖𝑐𝑒 + 𝜙𝑠𝑎𝑙𝑡  

for weight fraction or volume fraction respectively. 

4.3.3 Erosion/incision rate 

Erosion (incision) rates of the substrate (bed) was important to consider as it may 

play a role in flow evolution in multiple ways. Substrate erosion can occur by mechanical 

erosion, thermal erosion, and/or thermomechanical erosion. Mechanical erosion occurs by 

the physical removal of substrate material via plucking, abrasion, and/or cavitation 

(Whipple et al., 2000). We incorporated a solid fraction of substrate, assumed pure water 

ice, which was mechanically eroded from the base of the flow (c.f. xenoliths) which was 

included in the ice fraction: 

(4.19) 𝜙𝑒𝑟𝑜𝑑 =
ℎ𝑒𝑟

ℎ
. 

Here, her is the thickness (or depth) of material eroded from the substrate. This equation 

provides the instantaneous volume fraction of substrate material added to the flow for any 

given time step. Thus, we also calculated the cumulative volume fraction of eroded material 

added to the flow as 

(4.20) Σ𝜙𝑒𝑟𝑜𝑑 = ∑ 𝜙𝑒𝑟𝑜𝑑,𝑡
𝑡
𝑡=0 . 

The depth of material eroded (her) was calculated by: 
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(4.21) ℎ𝑒𝑟 = 𝐸𝑚𝑒𝑐ℎ𝛥𝑡 

where Emech is the mechanical erosion rate (ms-1), and Δt is the time step (s). We note that 

the particle size distribution of the eroded material was not strictly defined and unlikely to 

be the same as the suspended, crystallized particles. However, to simplify the calculations, 

we assumed that the eroded material was equivalent to the crystallized material in size in 

order to neglect thermal and/or rheological heterogeneities in the flow. 

Many of the equations and relations for mechanical erosion rates used in previous 

studies tend to be based on observational, empirical, or dimensional parameters that are not 

easily obtained (Hurwitz et al., 2010, 2012; Sklar & Dietrich, 1998, 2001; Whipple, 2004; 

Whipple et al., 2000). Generally accepted relationships for how volume fraction 

concentration or flow dynamics control mechanical erosion rate do not exist (Bargery & 

Wilson, 2011). We thus treated the mechanical erosion rate as follows: 

(4.22) 𝐸𝑚𝑒𝑐ℎ = (
𝑒

𝑌
) ℎ𝑢𝜌𝑏𝑢𝑙𝑘𝑔 sin 𝛼 

where the e is the erodibility of the substrate and Y is the strength of the substrate (Hurwitz 

et al., 2010). The ratio of erodibility to strength of the substrate represents the efficiency of 

incision (Sklar & Dietrich, 1998). This ratio also “aggregates the influence of many factors, 

including channel geometry, hydraulic roughness, the magnitude-frequency relations 

implicit in the assumption of a dominant discharge, and rock resistance to erosion, which 

will vary with incision process, rock type, degree of weathering and tectonic history” (Sklar 

& Dietrich, 1998). Functionally, this means that the values for both e and Y are very 

sensitive to the geologic context and thus poorly constrained for compositions and 

conditions at the surface of icy bodies. Therefore, we opted to use the values in table 1 of 
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Hurwitz et al. (2010) for erodibility and strength of the substrate. These parameters were 

intended for incision of basaltic lava into basaltic substrate on Mars. We would expect the 

erodibility to be higher and strength to be lower for ices than silicates, however, by exactly 

how much is uncertain. Without this information, we maintained the basaltic values as an 

approximation.  

Thermal erosion will only occur when the flow temperature is above the melting 

point (solidus) of the substrate. As potential cryolavas are only likely to be superheated by 

a few degrees at most, if at all (Melosh et al., 2004), thermal erosion is only expected to be 

possible very near to the vent. Therefore, we did not include thermal erosion in this model. 

Thermomechanical erosion is a combination of thermal and mechanical erosion where the 

substrate is partially melted, allowing for more efficient mechanical erosion. Since we 

assume that thermal erosion is not important in the cryovolcanic context, and that the 

substrate is pure water ice instead of an impure mixture, thermomechanical erosion was 

also neglected. 

4.3.4 Rheology 

Many models exist for suspension rheology, i.e., viscosity evolution as a function 

of solid volume fraction (Costa et al., 2009; Krieger & Dougherty, 1959; Roscoe, 1952, 

etc.). The choice of model becomes very important for suspensions at moderate to high 

volume fractions, because changes in viscosity are many orders of magnitude from vent to 

final emplacement. Costa et al. (2009) produced a model for fitting bulk viscosity data of 

suspensions as a function of volume fraction. When plotted on a graph of log viscosity 

against volume fraction, this equation has a sigmoidal form. This represents the evolution 

of a crystallizing material better than other commonly used models, which asymptotically 
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approach infinite viscosity at a critical solid volume fraction much less than 1, often close 

to the maximum packing fraction (Mader et al., 2013). At small volume fractions, bulk 

viscosity is low, and the material is dominated by liquid behavior, so small amounts of 

solids do not influence the bulk material behavior much. At large volume fractions, the 

viscosity is high and the material is dominated by solid behavior, so small amounts of liquid 

do not influence the bulk material behavior much. However, at intermediate volume 

fractions, the bulk viscosity evolves rapidly from liquid-like to solid-like behavior. 

These behaviors can all be captured by an equation with the following form (Costa 

et al., 2009): 

(4.23) 𝜂𝑟 =
1+(

𝜙𝑡𝑜𝑡𝑎𝑙
𝜙∗ )

𝛿

(1−𝐶3)𝐵𝜙∗  

where  

(4.24) 𝐶3 = (1 − 𝜉) erf [
√𝜋

2(1−𝜉)

𝜙𝑡𝑜𝑡𝑎𝑙

𝜙∗ (1 + (
𝜙𝑡𝑜𝑡𝑎𝑙

𝜙∗ )
𝛾

)] 

(4.25) 𝜙𝑡𝑜𝑡𝑎𝑙 = Σ𝜙𝑥𝑡𝑎𝑙 + Σ𝜙𝑒𝑟𝑜𝑑. 

Here, ηr is the relative viscosity, which is the ratio of bulk or apparent viscosity to the 

viscosity of the liquid phase (ηr = ηbulk / ηliq). This convention allows for the comparison of 

the physical effect on viscosity imparted by the total solid volume fraction (ϕtotal) across 

different materials/compositions. ϕ* is the critical volume fraction at the onset of the rapid 

increase in viscosity (not the maximum packing fraction), δ, γ, and ξ (<<1) are empirical 

fitting parameters, and B is the Einstein coefficient with a nominal value of 2.5 for uniform 

spheres. The value of B depends on shape and size distribution of particles but has 

analytical solutions for only limited, simple cases (Brenner, 1974; Haber & Brenner, 1984; 
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Rallison, 1978; Wakiya, 1971). Additionally, γ is a measure of how rapidly the relative 

viscosity increases as ϕtotal approaches ϕ*, while δ controls how fast relative viscosity 

increases as ϕtotal becomes greater than ϕ*.  

For the viscosity of brine (ηliq) we used equation 22 of Sharqawy et al. (2010):  

(4.26) 𝜂𝑙𝑖𝑞 = 𝜂𝑤(1 + 𝐶4𝑋 + 𝐶5𝑋2) 

(4.27) 𝐶4 = 1.541 + 1.998 × 10−2𝑇 − 9.52 × 10−5𝑇2 

(4.28) 𝐶5 = 7.974 − 7.561 × 10−2𝑇 + 4.724 × 10−4𝑇2 

where ηw is the viscosity of pure water, and C4 and C5 are temperature dependent 

polynomials. The equation for water viscosity comes from the IAPWS 2008 (International 

Association for the Properties of Water and Steam, 2008):  

(4.29) 𝜂𝑤 = 4.2844 × 10−5 + (0.157(𝑇 + 64.993)2 − 91.296)−1. 

We recognize that using the relation of Costa et al. (2009) as a predictive model for 

bulk viscosity imparts some uncertainty to our results and requires some assumptions to be 

made. Because of the lack of experimental studies relating B to particle aspect ratio and 

orientation, especially for crystallizing ice, we used the value for uniform spheres. To 

remain consistent, we also use values for uniform spheres for the other empirical fitting 

parameters δ, γ, and ξ (Mader et al., 2013).  

The yield strength of the flow was also tracked during crystallization. We used 

equation 30 of Bargery & Wilson (2011) to calculate yield strength (σy), 

(4.30) 𝜎𝑦 = 0.1341𝑒10.14𝜙𝑡𝑜𝑡𝑎𝑙 . 
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This equation is an empirical fit to the data of Huang & García (1998), Parsons et al. (2001), 

and Bowles et al. (2003). While empirical, it allows for yield strength calculations for 

turbulent flow up to high solid fraction. We additionally note a typographical error in the 

original text, which has the solid fraction term outside of the exponential. 

4.3.5 Thermal budget 

The model functions by calculating the material properties for a given composition 

at a given temperature and then calculating the heat balance to determine the change in 

temperature for the next time step. Figure 4.5 depicts the different heat fluxes considered 

in this model. The thermal budget was defined by the following: 

(4.31) Δ𝑄 = Σ𝑄𝑔𝑎𝑖𝑛 − Σ𝑄𝑙𝑜𝑠𝑠 = [𝑄𝑖𝑛𝑠𝑜𝑙 + 𝑄𝑓𝑟𝑖𝑐] − [𝑄𝑣𝑎𝑝 + 𝑄𝑒𝑟𝑜𝑑 + 𝑄𝑐𝑜𝑛𝑑 + 𝑄𝑟𝑎𝑑] 

where the change in thermal energy (ΔQ) is the difference between sum of the heat gain 

terms and the sum of heat loss terms. Each of the constituent terms will be discussed in 

detail further. Additionally, the treatment of latent heat will be described in Equations 4.53 

and 4.54. 

 
Figure 4.5. Heat fluxes considered for modeling the turbulent regime of a hypothetical 

cryolava extrusion. Orange arrow size represents relative importance of each heat flux. 
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Heat gained by insolation (Qinsol) is a heat flux that is typically ignored in lava flow 

modeling. Due to the much lower surface temperatures of outer solar system bodies, we 

have included it here. We used the equation of Allison & Clifford (1987), 

(4.32) 𝑄𝑖𝑛𝑠𝑜𝑙 = 𝐼(1 − 𝐴), 

where I is the incident insolation and A is the mean albedo. The value for I used here was 

50.04 Wm-2, which is the solar constant for the Jupiter system (Allison & Clifford, 1987). 

Using this value ensures that the insolation heat flux was the maximum possible for all 

calculations. The other heat gain term is frictional heat (Qfric), which is generated by 

converting head loss directly to heat. The equation of Allison & Clifford (1987) was used 

as follows: 

(4.33) 𝑄𝑓𝑟𝑖𝑐 = 𝑢𝑡𝑢𝑟𝑏𝜌𝑏𝑢𝑙𝑘ℎ𝑔𝑠𝑖𝑛(𝛼). 

The justification for the implicit assumptions of both of these heat gain terms will be further 

discussed in section 4.5.2. 

 The heat loss terms dominate the system, resulting in net cooling of the flow. Heat 

flux from radiative cooling was simple to implement, as it is strictly temperature and 

emissivity dependent. Radiative cooling (Qrad) was calculated as 

(4.34) 𝑄𝑟𝑎𝑑 = 𝜎𝜀𝑇4 

where σ is the Stefan-Boltzmann constant and ε is the emissivity, assumed to be 0.98 (Hori 

et al., 2006). 

Heat loss through the base of cryolava flows has previously been implemented in 

three different ways. Allison & Clifford (1987) used a finite difference method to 
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determine the heat flux at the base of the flow. Williams et al. (2000) calculated the heat 

loss at the base of the flow from the product of a convective heat transfer coefficient 

(Huppert & Sparks, 1985; Williams et al., 2000) and the temperature difference between 

the flow and substrate melting temperature. Bargery & Wilson (2011) did not calculate a 

basal heat loss term directly, but argued that eroded substrate material is continually 

incorporated into the flow, so that cooling results from heat transfer to the eroded material 

(xenoliths) rather than to the substrate. Of these three treatments, the finite difference 

method (Allison & Clifford, 1987) is the most rigorous, but can be time consuming and 

dramatically increases computing time when many iterations are required.  

As a compromise, we elected to model the heat flux through the base of the flow 

(Qcond) as follows: 

(4.35) 𝑄𝑐𝑜𝑛𝑑 = 𝑘(𝑇𝑎𝑣𝑔) [
𝑇𝑎𝑣𝑔

𝑧
] 

where k(Tavg) is the thermal conductivity of water ice at the average temperature between 

the flow (T) and the substrate (Ta) over a depth (z) within the substrate (we considered the 

top 0.2 m of the substrate). The exact depth chosen will be shown to be inconsequential in 

section 4.5.1. This equation models the heat flux without the thermal wave propagating 

through the substrate (i.e., the substrate is always at the fixed ambient surface temperature). 

This also means that Qcond is always overestimated except for when the flow makes initial 

contact (see section 4.5.1). The equation for thermal conductivity of ice comes from 

Ratcliffe (1962) 

(4.36) 𝑘𝑖𝑐𝑒 = 12.52 − 6.092 × 10−2𝑇 + 1.15 × 10−4𝑇2. 
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 Because we included mechanical erosion, we also considered the heat lost to 

warming the eroded substrate material (Qerod). Our equation was modified from equation 

23 of Bargery & Wilson (2011): 

(4.37) 𝑄𝑒𝑟𝑜𝑑 =

{
𝜌𝑖𝑐𝑒ℎ𝑒𝑟𝑐𝑖𝑐𝑒(𝑇𝑠𝑢𝑏 − 𝑇𝑎) + 𝜌𝑖𝑐𝑒ℎ𝑒𝑟𝐿𝑓

𝑖𝑐𝑒 + 𝜌𝑤ℎ𝑚𝑒𝑙𝑡𝑐𝑤(𝑇 − 𝑇𝑠𝑢𝑏),   𝑇 > 𝑇𝑠𝑢𝑏

𝜌𝑖𝑐𝑒ℎ𝑒𝑟𝑐𝑖𝑐𝑒(𝑇 − 𝑇𝑎)                                                                      ,    𝑇 < 𝑇𝑠𝑢𝑏

, 

where cice is the specific heat of ice (substrate), Tsub is the melting temperature of the 

substrate material, Lf
ice is the latent heat of fusion of ice, hmelt is the thickness of eroded 

(and melted) substrate material adjusted for the volume difference between ice and water, 

and cw is the specific heat of water. When flow temperature is greater than the melting point 

of the substrate, energy is required to warm the eroded substrate material from the ambient 

surface temperature to its melting temperature, for the phase change itself, and then to 

warm the melted material to the flow temperature. However, if the flow temperature is 

below the melting point of the substrate, energy only goes into warming the eroded 

substrate material from the ambient surface temperature to the flow temperature. 

 The specific heat of ice (cice) was taken from equation 16 of Ellsworth & Schubert 

(1983): 

(4.38) 𝑐𝑖𝑐𝑒 = 7.037𝑇 + 185. 

We note that there is a typo in this paper where the units for this value were described as 

kJkg-1K-1 but are actually Jkg-1K-1. At the eutectic, a second phase will co-crystallize. For 

the H2O-NaCl system, that phase is hydrohalite (NaCl•2H2O) with specific heat adapted 

from equation 9 of Drebushchak & Ogienko (2020) 



145 
 

 

(4.39) 𝑐𝑠𝑎𝑙𝑡 = (8 × 10−5𝑇2 − 0.0285𝑇 + 5.0365)𝑐𝑁𝑎𝐶𝑙 − 0.248𝑐𝑖𝑐𝑒 

where cNaCl is the specific heat of pure NaCl in Jkg-1K-1. The polynomial term is a quadratic 

fit to their measured data in their table 2. The following equation for specific heat of NaCl 

was fit to the data in table 5 of Archer (1997) using a cubic polynomial and divided through 

by the molar mass of NaCl for unit consistency: 

(4.40) 𝑐𝑁𝑎𝐶𝑙 = 2 × 10−8𝑇3 − 2 × 10−5𝑇2 − 6.3 × 10−3𝑇 + 0.1476. 

The equation used for the liquid/brine phase (cliq) was taken from equation 19 of Millero 

et al. (1973): 

(4.41) 𝑐𝑙𝑖𝑞 = 𝑐𝑤 + 𝐶6(1000𝑋) + 𝐶7(1000𝑋)1.5 

(4.42) 𝐶6 = −13.81 + 0.1938(𝑇 − 273.15) − 0.0025(𝑇 − 273.15)2 

(4.43) 𝐶7 = 0.43 − 0.0099(𝑇 − 273.15) + 0.00013(𝑇 − 273.15)2 

where cw is the specific heat of pure water, also taken from Millero et al. (1973): 

(4.44) 𝑐𝑤 = 4217.4 − 3.72(𝑇 − 273.15) + 0.141(𝑇 − 273.15)2 − 2.654 × 10−3(𝑇 −

273.15)3 + 2.093 × 10−5(𝑇 − 273.15)4, 

and C6 and C7 are temperature dependent polynomials. We used these specific heat 

equations for brine and water over more recent equations due to their ability to reasonably 

extrapolate down to lower temperatures beyond the range of calibration of the original 

equations, which was 278 and 308 K and 0 to 2.2 wt% NaCl (Millero et al., 1973). The 

heat capacity for the bulk flow was then calculated from the weight fractions of solid and 

liquid constituents by: 
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(4.45) 𝑐𝑏𝑢𝑙𝑘 = (1 − 𝜑𝑖𝑐𝑒 − 𝜑𝑠𝑎𝑙𝑡)𝑐𝑙𝑖𝑞 + 𝜑𝑖𝑐𝑒𝑐𝑖𝑐𝑒 + 𝜑𝑠𝑎𝑙𝑡𝑐𝑠𝑎𝑙𝑡. 

The final heat flux considered was the vaporization of the liquid material in the 

low-pressure environment. The heat loss from vaporization (Qvap) was calculated following 

equation 22 of Bargery & Wilson (2011): 

(4.46) 𝑄𝑣𝑎𝑝 = 𝐿𝑣
𝑑𝑚

𝑑𝑡
, 

where Lv is the latent heat of vaporization for the liquid phase, and dm/dt is the mass loss 

rate of material in kgm-2s-1. Bargery & Wilson (2011) stated that the latent heat of 

vaporization has a slight temperature dependence, 

(4.47) 𝐿𝑣 = 2.5 × 106 − 2730.1𝑇, 

which we have included. The mass loss rate was calculated from the equation of Kennard 

(1938): 

(4.48) 
𝑑𝑚

𝑑𝑡
= 𝑍(𝑃𝑙𝑖𝑞 − 𝑃𝑎) (

𝑀𝑤

2𝜋𝑅𝑇
)

0.5

 

where Z is the coefficient of evaporation, empirically determined to be 0.94 for water or 

ice (Tschudin, 1946), Pliq is the vapor pressure of the liquid in the flow, Pa is the ambient 

surface pressure (which can be neglected for most icy bodies), Mw is the molecular weight 

of the vaporizing phase (in this case water), and R is the universal gas constant. Vapor 

pressure (in Pa) as a function of temperature and concentration was taken from equation 5 

of Nayar et al. (2016)  

(4.49) 𝑃𝑙𝑖𝑞 = 𝑃𝐻2𝑂 × 𝐸𝑋𝑃(−4.58180 × 10−4(1000𝑋) − 2.04430 × 10−6(1000𝑋)2) 

where vapor pressure of pure water is:  
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(4.50) 𝑃𝐻2𝑂 = 133.3𝐸𝑋𝑃(
−5631.1206

𝑇
+ 18.95304 𝑙𝑜𝑔10 𝑇 − 0.03861574𝑇 + 2.77494 ×

10−5𝑇2 − 15.55896) 

(Allison & Clifford, 1987; Clifford & Hillel, 1983; Lebofsky, 1975; Washburn et al., 1926). 

The mass loss rate of material was converted to a change in thickness by the following: 

(4.51) ℎ𝑣 = 𝐸𝑣Δ𝑡 =
1

𝜌𝑏𝑢𝑙𝑘

𝑑𝑚

𝑑𝑡
 

where Ev is a vaporization rate in ms-1. 

The value for flow thickness for any given time step was then determined as: 

(4.52) ℎ = ℎ𝑡−1 + ℎ𝑒𝑟,𝑡−1 − ℎ𝑣,𝑡−1 = ℎ𝑡−1 + 𝐸𝑟,𝑡−1𝛥𝑡 − 𝐸𝑣,𝑡−1𝛥𝑡, ℎ = ℎ0 𝑎𝑡 𝑡 = 0 

where the thickness from the previous time step gains the amount eroded from the substrate 

during the previous time step and loses the amount vaporized during the previous time step.  

 With each different flux defined, we then calculated the change in temperature of 

the flow for the upcoming time step by: 

(4.53) Δ𝑇 =
Δ𝑄Δ𝑡

𝜌𝑏𝑢𝑙𝑘ℎ(𝑐𝑏𝑢𝑙𝑘+𝜑𝑖𝑐𝑒𝐿𝑓
𝑖𝑐𝑒)

 

This equation allows the change in internal energy of the flow to be partitioned into sensible 

and latent heat components. Thus, the latent heat is included implicitly in this model rather 

than explicitly (e.g., Allison & Clifford, 1987). 

4.3.6 Eutectic crystallization 

Once the eutectic was reached, the temperature of the system was buffered until it 

completely crystallized or the model ended. Additionally, the eutectic introduced a second 
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crystallizing phase, in this case hydrohalite, which needed to be accounted for in the 

crystal/solid fraction. Therefore, we calculated how much total crystallization was 

occurring at each time step, which was then partitioned into the two different crystallizing 

phases. To accomplish this, we used the following equation: 

(4.54) Δ𝜑𝑡𝑜𝑡𝑎𝑙 =
𝛥𝑄

𝜌𝑏𝑢𝑙𝑘ℎ((1−𝑋𝑒𝑢)𝐿𝑓
𝑖𝑐𝑒+𝑋𝑒𝑢𝐿𝑓

𝑠𝑎𝑙𝑡)
=

𝛥𝑄

𝜌𝑏𝑢𝑙𝑘ℎ𝐿𝑓
𝑒𝑢𝑡𝑒𝑐𝑡𝑖𝑐 

where Δφtotal is the total amount of additional crystal fraction added (in weight fraction) at 

the given time step, ΔQ is the heat flux (Wm-2), ρbulk is the bulk density of the flow (in kgm-

3), Xeu is the eutectic composition (in weight fraction), and Lf is the latent heat of fusion for 

ice and hydrohalite respectively (in Jkg-1). We note here that the latent heat of fusion and 

other thermodynamic properties of hydrohalite are difficult to determine experimentally 

due to difficulties crystallizing large quantities. Latent heats of fusion were measured by 

Drebushchak & Ogienko (2020) for hydrohalite, and by Han et al. (2006) for H2O-NaCl 

eutectic solution crystallization. Because of these difficulties and the fact that the eutectic 

composition (typically in terms of anhydrous solute) must be adjusted when considered in 

terms of a hydrated mineral, we have made a substitution in Equation 4.51 for the latent 

heat of the eutectic solution (Lf
eutectic) from Han et al. (2006), rather than trying to adjust 

eutectic compositions. Once the change in total crystal fraction was determined, it was 

partitioned between ice and hydrohalite by the ratio of H2O to NaCl at the eutectic as 

follows: 

(4.55) 𝜑𝑖𝑐𝑒 =  𝜑𝑖𝑐𝑒, 𝑡−1 + (1 − 𝑋𝑒𝑢)𝛥𝜑𝑡𝑜𝑡𝑎𝑙, 𝑡−1 

(4.56) 𝜑𝑠𝑎𝑙𝑡 =  𝜑𝑠𝑎𝑙𝑡, 𝑡−1 + 𝑋𝑒𝑢𝛥𝜑𝑡𝑜𝑡𝑎𝑙, 𝑡−1 
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where the change in total crystal content partitioned by phase from the previous time step 

is added to the crystal content of the previous time step. Due to the complexity of all the 

interdependent parameters, a flowchart of operations has been created to help visualize 

how this process was carried out at each time step (Figure 4.6). 

 
Figure 4.6. Flowchart demonstrating model progression and functionality. Based on 

initial conditions and user input, the physical, chemical, thermal state of the flow is 

calculated. If the temperature of the flow does not equal the eutectic temperature, a ΔT 

is calculated. For the next time step, the temperature is updated and state of the flow 

recalculated. This continues until the eutectic is reached or laminar flow begins. If the 

eutectic is reached prior to laminar flow, the temperature and bulk composition will be 

buffered and crystallization of two phases will allow the flow to continue evolving until 

the transition to laminar flow is reached and the model ends. 

 

4.4 Results 

4.4.1 Establishing turbulence and entrainment 

To demonstrate the relative effect of density and viscosity on the flow behavior, we 

calculated the Reynolds number (Eq. 4.3) for defined thicknesses, densities, and viscosities 

and plotted them in Figure 4.7. Viscosity vastly outweighs density in contributing to the 

down-flow evolution of Reynolds number, because viscosity can change by orders of 

magnitude while density has a much more restricted range for any given cryolava. More 
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importantly, this plot demonstrates that turbulence in cryolavas is likely to persist over an 

increase in viscosity of 2 – 5 orders of magnitude, with the wider range occurring at greater 

flow thicknesses. This suggests that flows may crystallize a significant fraction of material 

prior to reaching the laminar flow regime. 

 
Figure 4.7. Flow regime of potential cryolavas of different thicknesses and viscosities. 

The black dashed lines represent the transition zone between turbulent and laminar flow. 

Color indicates viscosity: 0.001 Pas (purple), 0.01 Pas (blue), 0.1 Pas (green), 1 Pas 

(yellow), 10 Pas (orange), and 100 Pas (red). Densities are indicated by symbol shape: 

900 kgm-3 (circles), 1000 kgm-3 (squares), 1100 kgm-3 (triangles), and 1200 kgm-3 

(diamonds). As a crude contextual comparison, the yellow curves might be analogous to 

komatiitic liquid and the orange curves analogous to basaltic liquid. 

 

The 0.1 m thick flows do not remain turbulent for very long once viscosity begins 

increasing, and are otherwise too small to be resolved based on current observational data 

of icy bodies. For the thicker flows where turbulence persists over a wider range of 

viscosity (i.e., to greater crystal contents), a Stokes number calculation demonstrates the 

particle sizes that are able to be entrained in a flow (Figure 4.8). The Stokes number (St) 

was calculated as: 
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(4.57) 𝑆𝑡 =
(2𝜌𝑖𝑐𝑒+𝜌𝑙𝑖𝑞)𝑢𝑡𝑢𝑟𝑏𝐷2

144𝜂𝑏𝑢𝑙𝑘ℎ
 

where D is the particle diameter (Eaton & Fessler, 1994; Fessler et al., 1994; Zhang et al., 

2016). This effectively represents the responsiveness of a particle to changes in the flow 

field. Particles with low Stokes numbers (St << 1) will follow the flow lines of the carrier 

fluid while particles with high Stokes numbers (St >> 1) will have enough inertia to cross 

flow lines and not be entrained by the turbulence. 

 
Figure 4.8. Stokes number calculation (Eq. 4.57) for ice crystals (ρ = 920 kgm-3) against 

particle diameter. Solid blue lines represent maximum and minimum values for flow 

thicknesses between 0.1 m and 100 m, velocities between 0.1 and 10 ms-1, and bulk 

viscosities between 1 and 100 mPas. The upper solid curve represents a maximum for 

the thinnest, highest velocity, lowest viscosity scenario. The lower solid blue curve 

represents a minimum for the thickest, lowest velocity, highest viscosity scenario. 

Dashed lines between the solid lines represent contours of order of magnitude changes 

of thickness, velocity, and/or viscosity. 

 

4.4.2 Heat fluxes 

Each of the individual heat fluxes described in section 4.3.5 are plotted against 

distance in Figure 4.9. Because distances were so short for the 0.1 m thick flows, they were 
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not plotted. We also note that since these plots are on a log scale, the initial conditions at t 

= 0 cannot be plotted. Thus, the data appear to be starting at a finite distance from the vent 

which is merely the results starting after the first timestep. For each composition and each 

thickness, the Qvap was at least two orders of magnitude larger than any other flux, 

accounting for more than 99% of the total thermal budget. Only the Qfric and Qerod heat 

fluxes vary to a noticeable extent with changes in flow thickness (Figure 4.9). Both Qfric 

and Qerod increased by 1 – 1.5 orders of magnitude with each order of magnitude increase 

in thickness. The other three fluxes (Qcond, Qrad, and Qinsol) maintained the same order of 

magnitude throughout all model runs. 

 Changes in the erodibility term only affected the Qerod flux. As the erodibility term 

was increased by an order of magnitude, Qerod increased by an order of magnitude as well. 

However, the Qvap term was still orders of magnitude larger than the other fluxes, for 

thicknesses less than 100 m and all compositions investigated (Figure 4.9). For the 100 m 

thick flows, Qerod started about an order of magnitude lower than Qvap. For more dilute 

compositions (<10 – 12 wt%), this order of magnitude difference did not change much with 

increasing time or distance. For more concentrated solutions (> 15 wt%), Qvap decreased 

nearly an order of magnitude, while Qerod came within a factor of four. This was the only 

scenario where Qvap was not at least 1.5 orders of magnitude larger than all other fluxes. 

All other heat fluxes remained the same as previous runs. 
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Figure 4.9. Evolution of heat fluxes along cryolava flows (see Figure 4.5) up to the 

turbulent-laminar transition showing that the effect of concentration, substrate 

erodibility, and slope do not change the dominant heat loss mechanism. Starting points 

of each curve is arbitrary due to the choice of time step and inability to plot from zero 

distance in a log scale. (left) Fluxes are plotted for the initial model run with erodibility 

e = 10-3 and slope α = 0.1°. Fluxes are plotted for 1 m thick (solid lines), 10 m thick 

(dashed lines), and 100 m thick (dotted lines) flow. Qvap is plotted in black, Qcond is 
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plotted in purple, Qrad is plotted in green, Qerod is plotted in blue, Qfric is plotted in red, 

and Qinsol is plotted in yellow. (middle) Fluxes are plotted for a model run with e = 10-2 

and α = 0.1°. Qinsol, Qrad, and Qcond have been left off these graphs for clarity. Only the 

fluxes that have been affected by the changes in e or α have been plotted, along with Qvap 

for context. (right) Fluxes are plotted for a model run with e = 10-3 and α = 1°. Qinsol, 

Qrad, and Qcond have been left off these graphs for clarity. Results for a 5 wt% starting 

solution are plotted in the top row and 23 wt% starting solution on the bottom row with 

intermediate compositions in the interstitial rows. 

 

Changes in the ground slope term only impacted the Qfric and Qerod fluxes. Both 

terms were increased by ~1.5 orders of magnitude with an increase in slope from 0.1° to 

1° (Figure 4.9). This increase was only significant for the thickest of flows where the two 

fluxes approach 25-50% of the Qvap term, instead of being <1%. However, since Qfric and 

Qerod were of opposite sign (i.e., the former a heat gain term and the latter a heat loss term) 

and similar scale, they essentially canceled each other out for all compositions and 

thicknesses investigated. All other heat fluxes, again, remained approximately unchanged 

and negligible. Thus, in every scenario, the Qvap flux dominated the thermal budget and 

was the only required heat flux for modeling the turbulent evolution of effusive cryolava 

flows. 

4.4.3 Down-flow evolution 

The model was run for initial thicknesses of 0.1, 1, 10, and 100 m and starting 

compositions between 5 and 23 wt% (H2O-NaCl eutectic, Figure 4.4). We refer to 

individual model runs by initial composition and/or initial thickness. Both composition and 

thickness evolve throughout the model run and the reader should not assume that these 

initial values represent the conditions of the evolving flow at any other point other than t = 

0. The state of the flow at the turbulent to laminar transition for each model run is presented 

in Table 4.2 and plotted in Figure 4.10. 
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For 0.1 m thick flows, it took 12 – 203 s to reach the transition to laminar flow, at 

roughly 3 – 40 m from the vent, depending on concentration. Flow thicknesses decreased 

between 0 and 30%, with the minimum and maximum decrease being for the 5 wt% and 

15 wt% runs respectively. For the 1 m thick flows, the transition was reached after 630 – 

3600 s (10.5 – 60 min), 580 m – 3.3 km from the vent. Thicknesses decreased between 8 

and 45%, with the minimum and maximum decrease being for the 23 wt% and 10 wt% 

runs respectively. The 10 m thick flows reached the transition after 9250 – 37800 s (2.6 – 

10.5 hrs), traveling 33 – 146 km. Thicknesses decreased between 9 and 59%, with the 

minimum and maximum being for the 23 wt% and 10 wt% runs respectively. The 100 m 

thick flows reached 1512 – 5869 km, taking 110,410 – 459,730 s (1.3 – 5.3 days) to do so. 

Flow thicknesses at the transition varied between 35 m for 10 wt% and 91 m for 23 wt%. 

The model was also run for the same compositions and thicknesses but with an 

increased value for the erodibility term. Since this term was very poorly constrained, we 

saw fit to investigate how sensitive the results were to changes in this term. The erodibility 

value used was originally for basaltic compositions but we expect ice to have a larger 

erodibility than basalt. These results are presented in Table 3 and plotted in Figure 10. 

When we increased the erodibility of the substrate by an order of magnitude, the distance 

to the turbulent-laminar transition remained unchanged for the 0.1, 1, and 10 m thick flows. 

For the 100 m thick flows, the distance was reduced for all concentrations, ranging from 

1276 km at 5 wt% to nearly 5000 km at 15 wt%. The timescales for these runouts remained 

unchanged for the 0.1 and 1 m thick flows and were reduced by only 45 – 600 s (0.5 – 2%) 

for the 10 m thick flows. The 100 m thick flows were the only ones with a large change in 

timescale, being reduced by 20,640 – 188,130 s (5.7 hrs – 2.1 days or 22 – 69%). Results 
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for thickness remained unchanged for the 0.1, 1, and 10 m thick flows, while the 100 m 

thick flows were between 2 and 18 m thicker than the model runs with lower substrate 

erodibility. 

Table 4.2. Physical conditions of the flow at the turbulent to laminar transition. The time 

step used was 1 s for 0.1 m thick flows, 5 s for 1 & 10 m thick flows, and 10 s for 100 m 

thick flows. The initial temperature of the solution was 273 K for each run. 

 



157 
 

 

 
Figure 4.10. Plots of results from Tables 4.2 – 4.4 showing model output values of the 

physical conditions of the flow at the turbulent to laminar transition, with interpolated 

curves for 0.1 (green), 1 (blue), 10 (orange), and 100 m (gray) initial flow thicknesses. 

Solid curves are data from Table 4.2, long-dashed curves are higher erodibility data from 

Table 4.3, and short-dashed curves are higher slope data from Table 4.4. Slope has a 

stronger control on the results than does substrate erodibility.  
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Table 4.3. Sensitivity of results to an order of magnitude larger erodibility (10-2), 

showing minor changes from the results in Table 4.2. Physical conditions of the flow at 

the turbulent to laminar transition with a time step of 1, 5, 5, and 10 s respectively for 

0.1, 1, 10, and 100 m thick flows. The initial temperature of the solution was 273 K for 

each run. 

 
 

Another parameter that may have a large impact on the results is the slope (i.e., 

local topography). The initial model retained a constant, near horizontal slope of 0.1°. To 

investigate the sensitivity of the results to this parameter, we have also made similar model 

runs but with a larger slope of 1°. These results are presented in Table 4.4 and plotted in 

Figure 4.10. When the slope was increased from 0.1° to 1°, distance from the vent to the 

transition to laminar flow increased for all concentrations and thicknesses. Distances for 

the 0.1 m thick flow were roughly 4 – 5 times longer, 1 and 10 m thick flows were roughly 

3 times longer, and 100 m thick flows were between 1.5 and 2.5 times longer. The 

emplacement timescales of the 0.1 m thick flows were 15 – 158% longer, the 1 m thick 
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flows were 1 – 26% longer, the 10 m thick flows were 1 – 10% longer, and the 100 m thick 

flows were 26 – 64% shorter. The calculated thickness at the turbulent to laminar transition 

was either thinner or essentially the same as the results from the shallower slope for 0.1, 1, 

and 10 m thick flows, ranging from 1 mm – 30 cm thinner. The 100 m thick flows were 

between 2 and 32 m thicker. 

Table 4.4. Sensitivity of results to a steeper slope (1°), demonstrating a larger change 

between results from Tables 4.2 than is found in Table 4.3. Physical conditions of the 

flow at the turbulent to laminar transition with a time step of 1, 5, 5, and 10 s respectively 

for 0.1, 1, 10, and 100 m thick flows. The initial temperature of the solution was 273 K 

for each run. 

 
 

4.4.4 Turbulent to laminar transition 

For the model runs of 5 and 10 wt%, the temperature of the transition to laminar 

flow was above the eutectic and decreased with increasing thickness (Table 4.2). While the 
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eutectic temperature (252 K, Figure 4) was technically reached by the 10 wt%, 100 m thick 

flow, no salt crystallization actually occurred prior to the end of the model. For these model 

runs, and the 15 wt%, 0.1 m thick run, the bulk compositions evolved towards more 

concentrated solutions as water-ice crystallized, increasing the solid fraction and viscosity 

enough to reach the transition to laminar flow prior to evolving chemically to the eutectic. 

All subsequent model runs reached the eutectic, and thus the transition temperature was 

constant for each of these scenarios (Table 4.2). As crystallization occurred and the 

composition of the liquid evolved, the bulk salinity of the liquid was consistent with the 

transition temperature as well, i.e., when the temperature was buffered at the eutectic, the 

bulk salinity remained at the eutectic composition. The eutectic was reached for all 

investigated thicknesses at compositions > 15 wt%. 

The amount of crystallization that occurred before the transition to laminar flow 

was approximately independent of concentration, but strongly dependent on flow 

thickness. The 0.1 m thick flows achieved 40 ± 11 vol %, the 1 m thick flows achieved 55 

± 3 vol %, the 10 m thick flows achieved 61 ± 2 vol %, and the 100 m thick flows achieved 

65 ± 1 vol % (Table 4.2). The amount of crystallization resulted in bulk viscosity increases 

of approximately an order of magnitude (~0.01 Pas) for 0.1 m thick flows, 3 orders of 

magnitude (~1 Pas) for 1 m thick flows, 4 orders of magnitude (~10 Pas) for 10 m thick 

flows, and 5.5 – 6 orders of magnitude (~300 – 1000 Pas) for 100 m thick flows from an 

initial viscosity of ~1 mPas. At compositions around ~10 wt%, there was a bulk viscosity 

minimum and compositions both more dilute and more concentrated tended to have higher 

bulk viscosities at the transition to laminar flow (Figure 4.10). This minimum became less 

pronounced with decreasing thickness, and was no longer distinguishable at 0.1 m 
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thickness. Flow velocities at the transition mirror the viscosity trends with a minimum at 

10 wt%. The 0.1 m thick flows reached 0.17 ± 0.02 ms-1, the 1 m thick flows reached 0.50 

± 0.12 ms-1, the 10 m thick flows reached 1.5 ± 0.5 ms-1, and the 100 m thick flows reached 

4.7 ± 1.7 ms-1. For each composition, the velocity increased by approximately a factor of 

three for each order of magnitude increase in thickness.  

Changing the erodibility of the substrate did not appear to significantly change the 

results for the 0.1, 1, and 10 m thick scenarios at any composition (Table 4.3). The main 

influence of changing this parameter was observed to dampen the 10 wt% minima observed 

in viscosity, velocity, and thickness for the 100 m thick flow scenario (Figure 4.10). 

Changing the slope from 0.1° to 1° seemed to have a stronger effect on the results. 

The viscosity of the turbulent to laminar transition increased for every composition and 

thickness by roughly half an order of magnitude (Figure 4.10). For 10 wt% and 100 m 

thickness, it was closer to a full order of magnitude increase. The viscosity increase was 

accompanied by a 1 – 3 vol % increase in solid fraction at all thicknesses with the 0.1 m 

thick case being much larger (6 – 14 vol % increase). Despite increasing the erodibility of 

the substrate, it was the increase in slope that had a larger effect on the amount of material 

eroded (Tables 4.3 – 4.4). The eroded material roughly doubled for the increased slope 

over the increased erodibility. For the 15 wt% 100 m thick flow, enough material was 

eroded that the turbulent to laminar transition was achieved even before the eutectic 

temperature was reached. Velocity, in turn, roughly doubled across thicknesses and 

compositions (Table 4.4). Yield strengths also increased by roughly two times for 0.1 m 

thick flows, 1.5 times for 1 m thick flows, and 1.25 times for 10 m thick flows. For the 100 

m thick flows, yield strengths decreased in a non-uniform way, with a larger decrease at 
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the more dilute concentrations (Figure 4.10). The increase in slope tended to decrease the 

thickness for more dilute compositions; however, this effect was dampened with larger 

initial thicknesses. The effect was indistinguishable for the 10 m thick flows and the 

opposite effect was observed in the 100 m thick flows, where the minimum at 10 wt% was 

erased as the thickness was nearly double from the initial result. 

4.5 Discussion 

4.5.1 Thermal budget 

The Qinsol and Qfric fluxes comprised the entirety of the Qgain term, both of which 

account for less than 0.1% of the total thermal budget for any investigated flow thickness. 

The assumption made in section 4.3.5 about the incident insolation being roughly 

equivalent to the solar constant is therefore moot. Weaker insolation for icy bodies at 

greater distance from the Sun, such as Enceladus or Pluto, will be even less important. 

Similarly, the assumption of head loss being completely converted to heat for Qfric is also 

unimportant. The frictional heating term was either many orders of magnitude less than the 

largest heat flux, or canceled out by the Qerod flux.  

Since cryolava flows are cold, it is perhaps unsurprising that the radiative cooling 

term was a minor contribution to the thermal budget, representing less than 0.1% of the 

total thermal budget. Furthermore, the conductive heat loss through the base (Qcond) was a 

fraction of a percent, despite being an overestimation, suggesting that our assumption of a 

0.2 m thick thermal boundary layer is also moot. While all of these fluxes remained in our 

calculations for consistency, and to allow for their use in other scenarios, we suggest that 

they can generally be neglected in order to simplify calculations for future models of 
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cryolava flows of similar composition. Taken together, the thermal budget could be simply 

calculated by 

(4.58) Δ𝑄 = 𝑄𝑣𝑎𝑝(+𝑄𝑒𝑟𝑜𝑑 − 𝑄𝑓𝑟𝑖𝑐) 

where there are no heat gain terms, and cooling is controlled by vaporization. This is 

demonstrated by the relative sizes of the arrows representing the heat fluxes in Figure 4.5. 

For flows thicker than ~10 m, heat loss to eroded substrate (xenoliths) and frictional heat 

gain should also be included (Figure 4.9). These two terms tend to evolve together, but one 

can dominate over the other for certain conditions. Together, the three terms include more 

than 99% of the thermal budget for all concentrations and thicknesses investigated. 

4.5.2 Flow geometry and timescales 

The 5 wt% NaCl liquid always underwent the turbulent to laminar transition at the 

shortest distance from the vent, while the 15 wt% NaCl liquid always transitioned at the 

greatest distance. This pattern also generally holds true for the timescales of transition to 

laminar flow, with the exception of the 100 m thick flow for 23 wt%, which reached the 

transition earlier despite covering a longer distance than the 5 wt%. This is likely due to 

the larger amount of eroded material incorporated into the flow that drives viscosity higher 

earlier in its evolution. At the other end of the spectrum, the 10 wt% 10 m thick and 100 m 

thick flows took the longest time despite being shorter than the 15 wt% flows of the same 

initial thicknesses. This is likely caused by the mass loss rate being higher for the 10 wt% 

flows. These flows reduce in thickness the most and therefore also slow down the most 

from their initial velocity. The 5 and 15 wt% lost the least and most material respectively 

for the 0.1 m thick flows, but for all other thickness the 23 wt% flow lost the least and the 
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10 wt% lost the most. This is likely the cause of the minimum in several parameters 

observed in Figure 4.9 for 10 wt%. 

As material is lost from the system from vaporization in the low-pressure 

environment, the thickness of the flow in each run ultimately decreases as well. If the flow 

reaches the eutectic, then the flow will decrease by a similar percentage for a given 

concentration irrespective of initial thickness. For compositions that do not reach the 

eutectic (i.e., < 12-15 wt%), the thicker flows tend to lose a larger percentage of the initial 

thickness. Again, a minimum thickness (alternatively, a maximum loss) exists at 10 wt% 

where only 55, 41, and 35% of the flow thickness is retained for 1, 10, and 100 m initial 

thicknesses respectively. This minimum is not observed in the 0.1 m thick runs. Both more 

dilute and more concentrated compositions retain larger percentages of the initial thickness. 

The observed minima correspond with the longest timescales of emplacement, i.e., the 

longer the timescale, the more material is lost through vaporization. 

The aspect ratios (length:thickness) can be used as a description of feature 

morphology. Aspect ratios calculated for each model run are presented in Table 4.5. 

Calculating this parameter allows us to begin drawing comparisons to observable features. 

If we find that many flows (flow-like features) have higher aspect ratios than our model 

predicts, this suggests that either the laminar flow regime adds significant length to the 

flow or tube formation may play a role in emplacement.  

Features on Europa interpreted as cryovolcanic in origin tend to be domes (Figure 

4.1a) or low-albedo, smooth deposits. Typical domes on Europa range from 3 – 10 km 

across with 40 – 100 m heights resulting in aspect ratios of ~30 – 100, which are much 

smaller than we have calculated here (Fagents, 2003). However, domes are an 
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inappropriate comparison to the types of flows we modeled, as they do not represent low 

viscosity, turbulent flows. Dome emplacement, as modeled by Quick et al. (2017) require 

starting viscosities at least five orders of magnitude larger than the starting material we 

used, meaning they were certainly never turbulent. The low-albedo, smooth deposits tend 

to occupy low lying terranes, show lobate morphology, and appear to be the result of low-

viscosity flooding (Fagents, 2003). However, the aspect ratios of these features cannot be 

determined because they are topography-limited flows, i.e., they fill basins and depressions 

so any thickness information would not represent a true flow thickness but merely a depth 

of infill. Until higher spatial resolution imagery is available to identify smaller, thinner, 

and/or narrower features on Europa we must look at other bodies for a morphological 

comparison to our model results. 

The next logical location to investigate would be the asteroid Ceres, which may 

also have effusions of chloride-rich brines (Ruesch et al., 2019; Thomas et al., 2019). 

Several flow features are present in craters (e.g., Occator, Haulani) that have been 

considered cryovolcanic as they appear to emanate from a source region and flow direction 

can be against the topographic gradient (Krohn et al., 2016). Lengths of these flows range 

from 0.5 – 20 km but thicknesses are poorly constrained. If we guess that the thickness of 

these flows is between 10 and 100 m, the aspect ratio could range from 5 to as high as 

2000, still slightly lower values than our model predicts. This could be explained by a 

compositional difference (flows on Ceres likely have carbonate and sulfate components) 

or by the flows being volume limited (flow arrests due to loss of mass flux rather than 

freezing in place, resulting in shorter flows). 



166 
 

 

Additionally, we draw another comparison to Mohini Fluctus (Figure 4.1c) on Titan 

as one of the most convincing cryovolcanic flow morphologies described. The length of 

the flow is roughly 140 – 180 km depending on the exact starting and ending points used. 

Flow thickness has been inferred to be tens of meters thick based on age and stratigraphic 

relations to surrounding dunes (Lopes et al., 2013). If we use 10 – 50 m as thickness 

estimates, the aspect ratio ranges from 2800 – 18,000, consistent with the scale of the aspect 

ratios of our 10 m thick model results. We note that our model is inappropriate for flows 

on Titan as they would be different in composition and the presence of an atmosphere 

should reduce evaporative losses and dramatically changes the thermal budget. However, 

the flow feature on Titan is likely the closest morphology to that predicted by our model. 

We also note that final flow dimensions will likely be larger than predicted by this model, 

because it terminates at the turbulent to laminar transition and not at the final flow length. 

Table 4.5. Aspect ratios (length:thickness) for each of the model runs. These aspect 

ratios are that of the turbulent section of the flow and may differ from the final 

morphology that includes the laminar evolution. 

 
 

4.5.3 Turbulent to laminar transition 

Many cryolavas are likely to be aqueous brines, predominantly crystallizing water 

ice upon cooling below the liquidus. Due to the turbulent nature of the low viscosity 

material, the heat loss will distribute evenly throughout the flow resulting in a supercooled 

liquid. Temperature gradients at the top and base of the flow will result in ice crystallization 

locally at each boundary, while the turbulent supercooled liquid also promotes ice 
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nucleation (Makkonen & Tikanmäki, 2018). In turbulent waters, ice forms as fine, 

suspended crystals commonly referred to as frazil (Tsang & Hanley, 1985). These fine 

particles will remain in suspension acting to increase the viscosity of the flow. However, 

in supercooled water, the ice particles have adhesive properties (Tsang, 1982) and will tend 

to flocculate/agglomerate as they collide in the turbulence (Reeks, 2014; Stickler & 

Alfredsen, 2009). Ice flocculates/agglomerates will attach to the substrate forming a layer 

of anchor ice (Stickler & Alfredsen, 2009; Tsang, 1982). This anchor ice formation is 

facilitated by the turbulence, which helps to counteract the buoyancy effects of the less 

dense particles. However, for briny composition (i.e., higher salinity), these adhesive 

properties are diminished (Hanley & Tsang, 1984; Tsang & Hanley, 1985). Our model does 

not account for anchor ice deposition/accumulation, which could be important for pure 

water flows. However, we expect a higher brine content in erupted cryolava, and thus, 

diminished adhesive properties of the crystallizing phase(s). 

Flocculation/agglomeration of particles is also not considered in this model. This 

could be a mechanism that allows formation of a carapace, or even cryolava tubes, in the 

turbulent regime prior to transitioning to laminar flow. If the individual crystals grow in 

size or accumulate together, the particle diameter (or effective diameter) could become 

large enough to no longer be entrained in the flow (i.e., large Stokes number). With such 

large particles (> ~1 cm), fractionation of the solid volume fraction would be possible, 

resulting in rafts of ice on top of the turbulent flow (Figure 4.8). This may result in flow 

insulation/isolation from the low-pressure environment closer to the vent than predicted by 

our model, ultimately leading to longer-lived flows in both distance and time. Efficient 

crystal floatation would also influence the flow viscosity. The physical effect on the bulk 
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viscosity of adding crystals tends to be larger than the effect of changing temperature or 

changing composition from forming crystals. Crystal fractionation would essentially 

remove this physical effect, suggesting that the viscosity of the remaining fluid would 

increase much more slowly, and runout distances may increase. 

Once flows reach the transition to laminar flow, we predict there will be a large 

volume fraction of entrained solids, ~55-67% (Tables 4.2 – 4.4). There are several options 

for flow behavior once this transition is reached. The first option would be for Stokes’ Law 

floatation and fractionation of the solids to occur rapidly, creating an insulating carapace 

atop the flow. This very well may be the mechanism that allows cryolava tubes to form. 

However, at roughly 60 vol% solids at the transition, the size of the tube would likely be 

small. If tubes were to form, the separation of solids would likely lead to re-initiation of 

turbulence in the remaining flowing liquid. Another possibility is that the flow would 

evolve and persist as a slush, advancing much like an ‘a‘a flow until complete 

solidification. Alternatively, it is possible that the flow would be choked by the large solid 

fraction, so that the laminar flow regime would not last very long in time or distance. If the 

crystals form an interlocking framework, increasing the yield strength, the remaining liquid 

phase may be able to drain from the flow. This may manifest in the form of moats or icings 

around the peripheries of the flow front. If draining of the liquid does not occur, inflation 

may dominate until rupture of the crystal framework occurs. These ruptures may heal 

themselves as the exposed liquid rapidly boils away or a breakout lobe may spawn 

perpetuating flow advance. This would be highly dependent on the mass flux being 

maintained at that distance from the vent. 
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4.5.4 Cryolava tube formation? 

The motivation for creating this model was to develop a new model for the turbulent 

emplacement of cryovolcanic flows in low temperature and low-pressure environments, 

that does not assume the flow to be roofed by solid ice from its initiation. The results allow 

us to investigate more closely the feasibility of lava tubes as an emplacement mechanism 

in cryovolcanic contexts. Our results suggest that potential cryolava flows could remain 

turbulent for over 100 km and with crystal contents up to 60-65% (Tables 4.2 – 4.4). Flows 

would then likely have crystallized too much before reaching the point where a stable roof 

could form and tubes initiate. However, this does not preclude the possibility of earlier roof 

formation in the turbulent regime. Flocculation, agglomeration, or even just crystal growth 

(as mentioned in section 4.5.3) could result in particles large enough to no longer be 

entrained, resulting in Stokes’ Law separation (floatation) of those particles and a transition 

to something more like Figure 4.2. The floatation of many large particles could potentially 

form a roof/carapace that begins to resemble something like a lava tube, assuming enough 

particle flotation occurs to create a roof of requisite thickness (0.25 – 0.5 m) to hold up 

against the vapor pressure of the fluid. Such a scenario drastically changes the material 

property evolution from the results of this model. Fractionation of the solids in the flow 

would mean that the rheology no longer evolves as quickly and the vaporization is 

restricted. Maintaining a low viscosity and eliminating the largest heat flux cooling the 

flow suggests it may travel faster and/or farther than modeled here. 

Cryolava tubes would likely require large volumes of erupted material, either to 

form thick enough flows or to allow regular pulses that travel through preferred pathways 
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essentially forming a tube out of multiple flow units (e.g., Gregg, 2017; Roberts & Gregg, 

2019). Because of the difficulties in amassing large quantities of liquid in an ice shell, large 

volumes of cryomagma are not expected (Lesage et al., 2020). Thus, evidence for effusive 

cryovolcanism (let alone large-scale) is expected to be rare. Additionally, residence times 

for features indicative of cryovolcanism are expected to be low. Viscous relaxation is faster 

for material with low viscosity and bodies with high gravity. However, the effect of 

viscosity is much greater than the effect of gravity because viscosity can change over 

several orders of magnitude whereas surface gravity varies by no more than a factor of 5 

across the different icy bodies in the solar system (from Ganymede at ~1.4 ms-2, to Ceres 

and Charon at ~0.3 ms-2). Water ice has a viscosity on the order of ~1013 Pas around 268 

K (Jellinek & Brill, 1956). For context, the Earth’s upper mantle has a viscosity 

approximately 6 – 10 orders of magnitude larger, depending on the precise temperature 

and depth considered (Weertman & Weertman, 1975). This suggests that the relaxation of 

features in the outer solar system, where ices are the dominant constituent of the surface, 

will be fast on a geologic time scale. Therefore, if cryolava tubes exist, the evidence will 

be found in the young, cryovolcanically active terranes and will not likely be preserved in 

older terranes. Conversely, finding evidence of cryolava tubes, or any other cryovolcanic 

features, would also imply the terrane is young and/or active. 

4.5.5 Silicate – cryolava comparisons 

Silicate liquids will not boil in the low-pressure environment, so the crust on top of 

the flow forms mainly by radiative heat loss at the interface. Cryolavas are much colder 

and do not lose significant heat through radiation (Figure 4.9). Instead, they lose heat 

predominantly through vaporization. In both cases, the formation of a roof would act to 
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inhibit or eliminate the largest sources of heat loss from the flow allowing emplacement 

over longer distances and/or durations. Models of silicate lavas suggest that high effusion 

rates (> 10 m3s-1) tend to inhibit crust formation as the shear rates become larger, for a 

constant channel geometry, promoting crustal breakup. For cryolavas, high effusion rates 

are a requirement for roof formation to overcome the loss of material vaporized in the low-

pressure environment.  

The eruptive temperatures of silicate lavas are also much greater than the solidus 

of the substrate (assuming roughly similar composition of substrate and lava). Silicate lavas 

typically have several hundred degrees between the liquidus and solidus temperatures. 

Cryolavas may erupt superheated by several degrees but the temperature gradient between 

the cryolava and the substrate is going to be much smaller. The cryolavas, as defined here, 

do not have as wide of a temperature range over which subliquidus (i.e., partially 

crystallized) conditions exist. Natural cryolavas are likely to have a more complicated 

composition than we model here, lending itself to a wider subliquidus range, however, no 

more than ~150 K difference between solidus and liquidus is likely to exist (e.g., the H2O-

NH3-CH3OH eutectic (Kargel et al., 1991)). In the case of a water-dominated composition 

flowing on a water-ice-dominated substrate, the liquidus of the lava and the melting 

temperature of the substrate are roughly the same. This suggests that cryolavas will have a 

more difficult time downcutting and eroding channels than silicate lavas would. This may 

not be true for more complicated multicomponent systems where the temperature range 

between liquidus and solidus is greater, assuming a substrate of similar bulk composition.  

Turbulence is only expected to exist in silicate flows at very high temperatures 

and/or very near the source, or in the least polymerized compositions (i.e., komatiites and 
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carbonatites). Turbulence will be more prevalent in cryolavas, which have orders of 

magnitude lower liquidus viscosities than silicate liquids. Since cryolavas have lower 

viscosity, turbulence can be achieved in much thinner flows (Figure 4.7). However, thinner 

flow units are smaller thermal masses (per area) and lose heat too quickly to maintain flows 

at the kilometer scale. Likely thicknesses of effusive cryolava flows of the type investigated 

here are probably closer to the order 0.1 – 10 m, as 100 m thick flows of such low viscosity 

material would be difficult to create. However, 10 m thick flows can reach distances of 

over 100 km for even simple compositions, similar to what is observed at Doom Mons 

(Mohini Fluctus) on Titan (Figure 4.1c). This could be a function of composition, where a 

multicomponent system with a greatly depressed eutectic temperature would allow for 

longer runouts. The surface pressure on Titan is large enough to prevent vaporization of 

many aqueous materials, a significant difference to the scenario modeled in this work. With 

aqueous material having such low viscosity, it becomes difficult to create flows of great 

thickness, which also makes it more difficult to channelize and form levees analogous to 

silicate flows. Channelization may be aided by local topography to constrain flows and 

allow thicker flows on the scale that was modeled.  On airless bodies, initial sheet flow 

would be unlikely to occur since the vapor pressure is so low that the liquid would 

immediately boil. A crust or carapace would be required in order in insulate the flow and 

isolate from the low-pressure environment. Thus, on icy bodies with little atmosphere, 

doming and endogenous growth would likely be favored. 

4.5.6 Limitations of the current model and suggestions for future work 

The model presented here represents the first attempt to couple quantitatively the 

thermal, chemical, and physical evolution of an effusive cryolava on an icy body. As such, 
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there are still several inherent limitations. The current version is limited to dilute 

compositions, i.e., the water-rich side of the eutectic. It is probable that eruptible material 

would extend to higher concentrations than we investigated here (McCord et al., 2010; 

Orlando et al., 2005; Vu et al., 2020). Additionally, the current version of the model is only 

set up to handle the H2O-NaCl binary system. In principle, the model can easily be applied 

to other systems and concentration ranges, but the lack of constraints on low-temperature 

thermodynamic data is a practical obstacle. Thermodynamic properties like specific heat, 

latent heat of fusion, vapor pressure, or density of many cryovolcanically relevant 

compositions are very poorly constrained as a function of temperature for either the solid 

or the liquid phases. For example, the specific heat equations for the liquid brine (Equations 

4.41 – 4.44) are extrapolated well outside of the calibration range. Many solutes that form 

these brines also crystallize hydrated minerals that may even undergo transitions to other 

phases or hydration states. These different species often do not have defined temperature-

dependent properties that extend down to the temperatures relevant for this model. Models 

of other compositions will generally require more experimental determinations of 

thermodynamic data.  

Further constraints on other physical properties are also required, such as the 

erodibility of ice. This model uses order of magnitude assumptions for the value of this 

term due to the limited laboratory data that exist to constrain it. Understanding how the 

erodibility is affected by sublimation prior to inundation by the flow would also be useful. 

If sublimation of surface ices changes the texture of the ice or the roughness of the contact 

with the flow, there may be a resultant control on the friction factor or potentially the 

strength of the ice. Extending this work to ices with impurities or clathrates would also 
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broaden the usefulness/applicability of this model by allowing a wider range of scenarios 

to be investigated. Again, further experimental studies are required. 

The subliquidus rheology of aqueous systems also require further laboratory data 

to constrain. The viscosity as a function of solid fraction (Costa et al., 2009) is useful 

because of its ability to calculate across the entire range of solid fraction, where as other 

models asymptotically approach a critical value. However, there are some inherent issues 

with the formulation such that the total, bulk solid volume fraction is essentially treated as 

spheres and fit to data of non-spherical grains. Recent experimental studies (e.g., Cimarelli 

et al., 2011; Mendoza & Santamaría-Holek, 2009; Moitra & Gonnermann, 2015; 

Santamaría-Holek & Mendoza, 2010) have demonstrated strong dependence of effective 

viscosity on size- and shape distributions of suspended particles, particularly for the 

Einstein coefficient (B). Further studies of how size and shape distributions of particles 

control the rheology are required, specifically for the range of sizes and shapes expected 

for brine compositions.  

This model is a 1D representation of flow evolution and does not portray 

radial/lateral evolution, nor does it strictly deal with the flow geometry (e.g., 

channelization). The model, in its current form, was only intended to investigate the 

physical state of the flow at the turbulent to laminar transition, to understand the starting 

conditions for modeling the laminar regime. 

4.6 Conclusions 

A new model for the evolution of effusive cryolava flows has been developed. This 

model improves upon previous efforts by linking the physical, chemical, and thermal 
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evolution of an aqueous extrusion into a low-pressure environment. It does not rely upon 

the same assumptions that previous works used, like assuming laminar flow or an initial 

very thin icy roof. Additionally, the physical, chemical, and thermal parameters are all 

tracked explicitly, and can be determined for any time or distance from the vent. The model 

is only valid for the turbulent flow regime, with laminar flow under an icy roof to be dealt 

with separately in a future model. Understanding the state of the flow at this transition is a 

prerequisite for modeling the laminar regime and understanding how the flow evolves once 

this transition occurs. This model was used to investigate the evolution of hypothetical 

H2O-NaCl brines (5 – 23 wt%, 0.1 – 100 m thick) erupted onto a pure water-ice substrate 

on a Europa-like body. Results suggest that flows reach approximately 60 vol. % solids at 

the transition from turbulent to laminar. Compositions of 12 wt% or greater will reach the 

eutectic temperature for all investigated thicknesses where the temperature is buffered until 

complete solidification. Heat loss due to vaporization of the liquid phase is the largest heat 

flux for this system, accounting for >95% of the thermal budget. For flows thicker than 

~10 m, it may be useful to include frictional heating and heat loss to eroded substrate 

(xenoliths), which would account for an additional 4% of the thermal budget. Our model 

produced broadly consistent aspect ratios for potential cryovolcanic features on Ceres and 

Titan but improved resolution would help identify smaller/thinner feature than may be 

cryovolcanic in origin. 

Notation 

Symbol Value Unit Definition Reference 

A 0.64  Mean albedo (Morrison & Morrison, 

1977) 

B 2.5  Einstein coefficient 

(intrinsic viscosity) 

(Mader et al., 2013; 

Roscoe, 1952) 
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C1 Eq.9  Polynomial substitution for 

liquidus 

(D. L. Hall et al., 1988) 

C2 Eq.10  Polynomial substitution for 

liquidus 

(D. L. Hall et al., 1988) 

C3 Eq.24  Substitution (Costa et al., 2009) 

C4 Eq.27  Polynomial substitution for 

liquid viscosity 

(Sharqawy et al., 2010) 

C5 Eq.28  Polynomial substitution for 

liquid viscosity 

(Sharqawy et al., 2010) 

C6 Eq.42  Polynomial substitution for 

liquid specific heat 

(Millero et al., 1973) 

C7 Eq.43  Polynomial substitution for 

liquid specific heat 

(Millero et al., 1973) 

D 0.001 m Diameter of crystallizing 

particles 

(Makkonen & 

Tikanmäki, 2018) 

(McFarlane et al., 

2017) 

Emech Eq.22 ms-1 Mechanical erosion rate (Hurwitz et al., 2010) 

Ev Eq.51 ms-1 Vaporization rate (Bargery & Wilson, 

2011; Wilson, Bargery, 

et al., 2009) 

I 50.04 Wm-2 Incident insolation (Allison & Clifford, 

1987) 

Lf
eutectic 223000 Jkg-1 Latent heat of fusion for 

crystallizing eutectic 

mixture 

(Han et al., 2006) 

Lf
ice 335000 Jkg-1 Latent heat of fusion for ice (Drebushchak & 

Ogienko, 2020; Han et 

al., 2006) 

Lf
salt 148184 Jkg-1 Latent heat of fusion for 

non-ice eutectic 

crystallizing phase 

(Drebushchak & 

Ogienko, 2020) 

Lv Eq.47 Jkg-1 Latent heat of vaporization (Bargery & Wilson, 

2011) 

Mw 18.02e-3 kgmol-1 Molecular weight of the 

vaporizing phase 

 

Pa 10-7 Pa Ambient surface pressure (D. T. Hall et al., 1995) 

PH2O Eq.50 Pa Vapor pressure of water (Allison & Clifford, 

1987) 

Pliq Eq.49 Pa Vapor pressure of the liquid 

brine 

(Nayar et al., 2016) 

Qcond Eq.35 Wm-2 Heat flux through the base 

of the flow 

(Allison & Clifford, 

1987) 

Qerod Eq.37f Wm-2 Heat flux from warming the 

eroded substrate 

(Bargery & Wilson, 

2011) 
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Qfric Eq.33 Wm-2 Heat flux from frictional 

heating 

(Allison & Clifford, 

1987) 

Qgain Eq.31 Wm-2 Total of heat gain terms  

Qinsol Eq.32 Wm-2 Heat flux from insolation (Allison & Clifford, 

1987) 

Qloss Eq.31 Wm-2 Total of heat loss terms  

Qrad Eq.34 Wm-2 Heat flux from radiative 

cooling 

(Allison & Clifford, 

1987) 

Qvap Eq.46 Wm-2 Heat flux from vaporization (Bargery & Wilson, 

2011) 

ΔQ Eq.31 Wm-2 Total heat flux  

R 8.314 JK-1mol-1 Universal gas constant  

Relam Eq.5  Laminar Reynolds number  

Returb Eq.3  Turbulent Reynolds number  

S 1  NaCl/(NaCl + KCl) ratio (D. L. Hall et al., 1988) 

St Eq.57  Stokes’ number  

T  K Flow temperature  

Ta 100 K Ambient surface 

temperature 

 

Tavg  K Average between the flow 

and substrate temperatures 

 

Teu 252 K Eutectic temperature  

Tliq Eq.8 K Liquidus or saturation 

temperature 

(D. L. Hall et al., 1988) 

Tsub 273 K Substrate melting 

temperature 

 

T0 273 K Starting temperature of 

erupted material 

 

ΔT Eq.53 K Change in temperature to be 

applied in the following 

time step 

 

Vtot Eq.14 m3 Total system volume  

X(T) Eq.11 wt frac Concentration of NaCl in 

the liquid as a function of 

temperature 

(Bodnar, 1993) 

X(ice) Eq.13 wt frac Concentration of NaCl in 

the liquid as a function of 

ice content 

 

Xeu 0.23 wt frac Eutectic composition  

X0  wt frac Starting composition of the 

initial liquid 

 

Y 106 Pa Strength of the substrate (Hurwitz et al., 

2010)(Arvidson et al., 

2004) 

Z 0.94  Coefficient of evaporation (Tschudin, 1946) 
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bn Table 1  Coefficients for liquid 

density 

(Sharqawy et al., 2010) 

cbulk Eq.45 Jkg-1K-1 Specific heat of the flow 

(liquid + crystals) 

 

cice Eq.38 Jkg-1K-1 Specific heat of ice (Ellsworth & Schubert, 

1983) 

cliq Eq.41 Jkg-1K-1 Specific heat of the liquid 

brine 

(Millero et al., 1973) 

csalt Eq.39 Jkg-1K-1 Specific heat of hydrohalite (Drebushchak & 

Ogienko, 2020) 

cNaCl Eq.40 Jkg-1K-1 Specific heat of halite (Archer, 1997) 

cw Eq.44 Jkg-1K-1 Specific heat of water (Millero et al., 1973) 

d  m Distance from the vent  

dmdt-1 Eq.48 kgm-2s-1 Mass loss rate from 

vaporization 

(Kennard, 1938) 

e 0.001, 

0.01 

 Erodibility of the substrate (Hurwitz et al., 

2010)(Zum Gahr, 

1998) 

f Eq.2 -- Friction factor (Darcy-

Weisbach) 

 

g 1.315 ms-2 Gravity  

h Eq.52 m Flow thickness  

her Eq.21 m Thickness of eroded 

substrate material 

 

hmelt  m Thickness of eroded and 

melted substrate material 

 

hv Eq.51 m Thickness of flow lost to 

vaporization 

 

h0  m Initial flow thickness  

kice Eq.36 Wm-1K-1 Thermal conductivity of the 

substrate 

(Ratcliffe, 1962) 

t  s Time  

Δt  s Time step  

ulam Eq.4 ms-1 Laminar velocity of the flow  

uturb Eq.1 ms-1 Turbulent velocity of the 

flow 

 

z  m Depth within the substrate  

α 0.1, 1 degrees Ground slope  

γ 5  Empirical fitting parameter (Mader et al., 2013) 

δ 8  Empirical fitting parameter (Mader et al., 2013) 

ε 0.98  Emissivity  

ηbulk Eq.23 

Eq.26 

Pas Viscosity of the flow (liquid 

+ crystals) 

 

ηliq Eq.26 Pas Viscosity of the carrier 

liquid (brine) 

(Sharqawy et al., 2010) 
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ηr Eq.23  Relative viscosity of the 

flow (liquid + crystals) 

(Costa et al., 2009) 

ηw Eq.29 Pas Viscosity of water (Sharqawy et al., 2010) 

ξ 10-4  Empirical fitting parameter (Mader et al., 2013) 

ρbulk Eq.6 kgm-3 Density of the flow (liquid + 

crystals) 

 

ρice 920 kgm-3 Density of the crystallizing 

ice 

 

ρliq Eq.7 kgm-3 Density of the carrier fluid 

(brine) 

(Sharqawy et al., 2010) 

ρsalt 1610 kgm-3 Density of the non-ice 

eutectic crystallizing phase: 

hydrohalite 

 

ρsub 920 kgm-3 Density of the substrate  

σ 5.67e-8 Wm-2K-4 Stefan-Boltzmann constant  

σy Eq.30 Pa Yield strength (Bargery & Wilson, 

2011) 

ϕ* 0.6 vol frac Critical crystal volume 

fraction 

(Mader et al., 2013) 

ϕerod Eq.19 vol frac Volume fraction of eroded 

solids added at a given time 

 

Σϕerod Eq.20 vol frac Total volume fraction of 

eroded solids 

 

ϕice Eq.15 vol frac Volume fraction of ice 

crystals 

 

ϕsalt Eq.16 vol frac Volume fraction of the non-

ice eutectic crystallizing 

phase: hydrohalite 

 

ϕtotal Eq.25 vol frac Total volume fraction of 

solids (eroded and 

crystallized) 

 

Σϕxtal Eq.18 vol frac Total volume fraction of 

crystallized solids (as 

opposed to eroded solids) 

 

φice Eq.12 

Eq.55 

wt frac Weight fraction of ice 

crystals 

 

φsalt Eq.56 wt frac Weight fraction of the non-

ice eutectic crystallizing 

phase: hydrohalite 

 

φtotal  wt frac Total weight fraction of 

solids (eroded and 

crystallized) 

 

Δφtotal Eq.54 wt frac Change in total crystal 

content when buffered at the 

eutectic 
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Σφxtal Eq.17 wt frac Total weight fraction of 

crystallized solids (as 

opposed to eroded solids) 
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5 Conclusions 

5.1 Summary 

 In Chapter 2, I demonstrated how the measurements of rheological properties of 

molten lunar simulant material could help to infer why more impact melt flows are 

observed in the highlands than in the mare. In this context, we see similar controls on the 

behavior of these flows that are observed in most silicate lavas, except that impact melts 

can be superheated well above the liquidus temperature resulting in very low viscosity 

flows. Once crystallization begins, we see a dramatic difference between flow evolution 

which is dominantly controlled by composition. Highland compositions are nearly 

monomineralic whereas mare compositions are more chemically diverse basalts. This leads 

to highlands flows crystallizing rapidly once their liquidus is crossed, which is typically 

higher than mare compositions to begin with, resulting in shorter runouts and larger 

thicknesses. Crystallization occurs more gradually upon crossing the liquidus in mare flows 

leading to more spreading and longer, thinner flows. This suggests a preservation bias 

towards the thicker highland flows as they can more readily withstand impact gardening 

over longer time periods than the thinner mare flows. 

 In Chapter 3, I developed a model for viscosity of hypothetical cryolavas as a 

function of both temperature and concentration for a given composition. Understanding the 

liquid viscosity evolution is key for any lava (silicate, cryo, or impact derived) because it 

is the phase accommodating the deformation response to the stress allowing flow. Even 

once crystallization begins and the liquid becomes a suspension, the rheological evolution 

of the liquid is required to interpret the contribution of effects (physical, chemical, thermal, 

etc.) or to compare to other suspensions by means of the relative viscosity. Previous models 
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were not calibrated to extend down to the temperature conditions relevant to cryovolcanism 

and thus, unsurprisingly, were unable to successfully replicate our experimental data. Once 

again, composition proves to be a dominating control on viscosity for cryolavas as well as 

silicate lavas. 

 Chapter 4 demonstrates that there are also significant differences between cryo- and 

silicate lava flow behavior. The viscosity of liquid cryolava is several orders of magnitude 

lower than silicate melts. This suggests that cryogenic flows will be much thinner than 

silicate flows, which may result in a lack of long-term preservation akin to mare impact 

melts discussed in Chapter 2. These thin flows, or icings, may be below the spatial 

resolution limit for orbital detection for many instruments flown to the various outer solar 

system bodies, making interpretations difficult. Larger scale flows may be possible with 

constraining topography that prevents flows from spreading as thin. For such flows that 

may be detectable, the low viscosity indicates that turbulent flow will be much more 

prevalent for cryovolcanism than in silicate volcanism. This may result in differing 

morphologies or emplacement mechanisms. 

5.2 Synthesis 

 The work I have done thus far, including my master’s thesis, has focused on low 

viscosity material. Nyiragongo has some of the least viscous, naturally occurring lavas in 

the world, impact melts can be heated hundreds of degrees above their liquidus 

temperatures, and cryolavas are aqueous solutions with much lower viscosities than most 

silicate liquids. Each case has demonstrated the difficulty in studying these types of flows 

by remote sensing or without ground-truth. Low viscosity effusions tend to result in thin 

flow if they are not confined by topography. On Earth’s Moon, impact melt flows in the 
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mare are more readily erased from the rock record due to impact gardening. On icy bodies, 

flows may be so thin that we lack the spatial resolution in available imagery to be able to 

identify them with much confidence. To study either (or both) properly will require some 

form of in situ investigation, be it rover, drones, or human extraterrestrial field work. 

 Artemis, NASA’s next generation lunar program, will go a long way toward 

reaching such a possibility. Part of the Artemis goals will be working toward a sustained 

human presence on the surface of the Moon. Lunar field work will become more 

commonplace and the preservation bias suggested in Chapter 2 could be tested by checking 

for evidence of impact melt sheets or veneers around mare craters. It could be possible that 

they are still preserved but unresolvable from orbit. However, just having a better 

understanding of how the lunar compositions flow will be beneficial for in situ resource 

utilization. Lunar rocks and soils (including impact melts) will need to be used as raw 

materials to build infrastructure on the Moon. Melting these rocks may be required to mass 

produce bricks or other building material, so an understanding of rheology will be helpful 

for industrial applications like 3D printing or casting. 

 Field campaigns on icy bodies are much farther in the future (at least for non-

robots). However, the Europa Clipper mission will launch in the next few years which will 

provide the highest resolution surface imagery of an icy body to date. This spacecraft will 

additionally have a thermal imaging system that will allow identification of “hot spots” and 

active or recently active geologic terranes. Being able to identify these active terranes will 

allow scientists to specifically target areas that are more likely to have features like the 

flows discussed in Chapter 4. If such flows can be found, the model of Chapter 4 can be 
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validated against these new observations to test whether or not our model can reproduce 

the morphology (e.g., aspect ratio). 

 Cryovolcanism and cryovolcanic centers represent prime targets for astrobiology 

and life detection. This process forms a potential link between the surface and the 

subsurface oceans of icy worlds. If life does exist in these oceans, cryovolcanism is going 

to be the most likely way for that life to be brought to the surface where we might be able 

to sample it. Thus, understanding the process will help us better understand where and how 

to check for life on these bodies.  

5.3 Future work 

 Further work is required to make a complete comparison between cryolavas and 

silicate lavas. Chapter 3 provides a model for the evolution of liquids relevant to 

cryovolcanism. Additional experimental data at higher concentrations, lower temperatures, 

and ternary systems would help improve the model parameters. While liquid viscosity is a 

key component of understanding and modeling flow behavior, Chapter 2 demonstrates how 

crystallization can quickly become the dominant control on viscosity. Therefore, 

understanding the effect of crystallization on viscosity of cooling cryolavas should be 

investigated. This has been done for very few compositions (Kargel et al., 1991; Zhong et 

al., 2009) but many more are required to cover the broad compositional space on the icy 

bodies across the solar system. I am working with the same collaborators at JPL to use the 

custom cryogenic viscometer that has the capabilities to accomplish these types of 

measurements. The greatest technical difficulty in making these measurements is not being 

able to reach low enough temperatures, but controlling the temperature gradients. 

Crystallization of aqueous solutions tends to happen quickly and over narrow temperature 
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ranges. Additionally, crystallization tends to occur heterogeneously, forming crystals on 

the measuring device rather than homogenously throughout the sample. 

 Chapter 4 presented a model for effusive cryolava flow emplacement that 

considered the physical, chemical, and thermal evolution of the erupted material. Several 

follow-on projects have spawned from this modeling effort. Firstly, the modeling in 

Chapter 4 only accounts for the turbulent flow regime, so modeling the laminar flow regime 

would provide a better estimation of total lengths and aspect ratios of hypothetical cryolava 

flows. Flow behavior after the turbulent to laminar transition occurs can potentially vary 

widely. Laminar flow may exist over a short time and distance before the flow ceases, the 

solid fraction may be able to fractionate allowing re-initiation of turbulence, the liquid 

phase may drain from the solid network of crystals, or perhaps cryolava tubes may develop. 

By modeling flow evolution through the laminar regime, I plan to determine which (if any) 

of these behaviors is expected. 

 Additionally, I plan on merging the modeling efforts from Chapters 3 and 4. As 

demonstrated throughout this dissertation, composition has a strong control on rheology of 

flows. The flow model of Chapter 4 will benefit from incorporation of the viscosity model 

of Chapter 3 by allowing a broader range of compositions to be applied. This will increase 

usability and allow for its use across different icy bodies throughout the solar system. The 

largest difficulty in doing this will be the lack of certain required thermal properties (or 

temperature dependence thereof) for some chemical systems, especially those that may 

have changes in hydrated phases (e.g., H2O-MgSO4). Some of this low temperature 

thermodynamic data can be collected for compositions used in Chapter 3, such as 

temperature dependent specific heat curves and latent heats of fusion. 
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 The second follow-on project stems from the modeling of viscosity as a function of 

solid fraction. The models used for this in the rheological literature tend to treat the effect 

of crystals/particles/solids as an ambiguous solid volume fraction. This treats all solids as 

idealized spheres, ignoring the control particle shape and size distributions may have on 

the bulk behavior. We have submitted a proposal to allow me to begin addressing this issue. 

The proposed work will allow me to measure rheology for specifically defined particle 

shapes and sizes. We will initially use powders since the size and shape parameters can be 

easily controlled by sieving, and by choosing particles of different aspect ratios (e.g., 

minerals with different crystal habits) respectively. These powders can then be mixed by 

size or shape or both to control the precise distribution. The goal will be to quantify the 

effect size and shape distributions have on the material viscosity and to better constrain the 

Einstein coefficient (B) for a non-spherical volume fractions.  
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