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Abstract: We measured the ultrasonic properties and microstructure of two-phase binary mixtures
of the ice–ammonia partial melt system, which was selected based on its importance for numerous
planetary bodies. The equilibrium microstructure of ice–ammonia melt was examined using a light
microscope within a cold room. The measured median dihedral angle between the solid and melt
at 256 K is approximately 63◦, with a broad distribution of observed angles between 10◦ and 130◦.
P-wave velocities in the partially molten samples were measured as a function of temperature
(177 < T(K) < 268) and composition (1–6.4 wt % NH3). Vp decreases approximately linearly with
increasing temperature and melt fraction. We compare the results of this study to those of other
potential binary systems by normalizing the datasets using a vertical lever (TL–TE) and articulating
the potential effects on the mechanical behavior and transport capabilities of partially molten ice in
icy satellites.
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1. Introduction

Although the surfaces of icy bodies of the outer solar system are dominated by water ice,
near-infrared spectrometry has identified non-ice phases on many satellites. In particular, hydrated
ammonia has been suggested as a possible component on the surfaces of Enceladus [1–5], Titan [6],
Triton [7], Charon [8,9], Miranda [10], and various Kuiper Belt objects [11]. The seemingly ubiquitous
presence of this impurity phase in proximity to ice, and its probable role in cryovolcanism [12–14]
requires that we consider the effect of ammonia on the microstructural and mechanical properties
of ice.

One of the most interesting properties of ammonia for a planetary context is its profound
anti-freezing effect. As shown in the equilibrium phase diagram (Figure 1), the liquidus on the
H2O–NH3 phase diagram is the temperature-versus-composition curve above which the solution is
entirely liquid. The solidus is, in the case of this simple binary system, the horizontal line, or isotherm,
below which the phases are entirely solid. For this system, at 1 atm, the eutectic melting temperature is
175.4 K (at 35.4 wt % NH3) [after [2]; and references therein], which is relatively “deep” compared
to many other ice + salt systems [15]. There is also a peritectic point at 176.2 K (at 32.16 wt % NH3),
such that melting of the solid phase at this composition (ammonia dihydrate, D in Figure 1) occurs
incongruently to form a more concentrated liquid and some additional water ice [2]. As seen in Figure 1,
there is a broad region of liquid + ice phase space in which, even at very dilute bulk compositions,
a melt phase is thermodynamically stable with ice. This would equate to a significant range of
temperatures/depths of partial melt stability within an icy body’s crust.
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Figure 1. Annotated equilibrium phase diagram for H2O–NH3 at P = 1 atm. Data comes from [2] and 

references therein. Dashed vertical lines represent bulk compositions of samples used for P-wave 

velocity measurements in this study. Horizontal line represents isotherm at which dihedral angle 

was measured in this study. 
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the distribution of melt within the aggregate. For a two-phase system, the position of the melt with 

respect to the grains is described by the wetting angle, also called the dihedral angle, which is the 

angle subtended at the corner of fluid-filled pores. The dihedral angle  is governed by the relative 

surface energies γ of the solid/solid (subscript SS) and solid/liquid (subscript SL) interfaces by a 

simple force balance 

cos(θ(γSS2γSL) (1) 

as illustrated in Figure 2 [16–19]. The dihedral angle for a given system directly translates to the 

mobility of the melt. It is generally considered that when θ < 60 the liquid phase at any melt 

fraction can extend beyond triple junctions into tubes that form an interconnected system of fine 

channels within the solid, but when θ > 60, a minimum melt fraction is required before 

interconnectivity is established and the liquid may become trapped in isolated pockets, or pores [18]. 

 

Figure 2. Schematic diagram of a triple junction containing melt between three ice grains. The 

morphology of the melt phase is characterized by the dihedral angle , which is a function of the 

relative solid–solid and solid–liquid interfacial energies. 

Figure 1. Annotated equilibrium phase diagram for H2O–NH3 at P = 1 atm. Data comes from [2]
and references therein. Dashed vertical lines represent bulk compositions of samples used for P-wave
velocity measurements in this study. Horizontal line represents isotherm at which dihedral angle was
measured in this study.

The mechanical and transport properties of partially molten material are heavily dependent on
the distribution of melt within the aggregate. For a two-phase system, the position of the melt with
respect to the grains is described by the wetting angle, also called the dihedral angle, which is the
angle subtended at the corner of fluid-filled pores. The dihedral angle θ is governed by the relative
surface energies γ of the solid/solid (subscript SS) and solid/liquid (subscript SL) interfaces by a simple
force balance

cos(θ/2) = (γSS/2γSL) (1)

as illustrated in Figure 2 [16–19]. The dihedral angle for a given system directly translates to the
mobility of the melt. It is generally considered that when θ < 60◦ the liquid phase at any melt fraction
can extend beyond triple junctions into tubes that form an interconnected system of fine channels
within the solid, but when θ > 60◦, a minimum melt fraction is required before interconnectivity is
established and the liquid may become trapped in isolated pockets, or pores [18].
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Figure 2. Schematic diagram of a triple junction containing melt between three ice grains.
The morphology of the melt phase is characterized by the dihedral angle θ, which is a function
of the relative solid–solid and solid–liquid interfacial energies.
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The reduction of wave speed velocities and related elastic properties as a result of partial melt
has significance for a variety of Earth and planetary contexts. For instance, seismic studies have
determined a sharp transition in seismic velocities at Earth’s lithosphere–asthenosphere boundary
that has been suggested to be due to the onset of melting [20,21]. Partial melt has also been linked to
observations of low velocities and strong scattering at the core mantle boundary [22] and the inner
core boundary [23,24]. Laboratory studies of shear wave velocities in texturally equilibrated silicate
melt systems indicate significant drops in velocity compared to melt-free systems [25,26]. Theoretical
treatments posit that the magnitude of the drop is a function of the melt fraction and the geometry of
the melt. The olivine + basalt melt system is one of those systems known to have θ < 60◦, making
that geometry the subject of much inquiry. Both theoretical and experimental studies have found that
when θ < 60◦, melt significantly affects not only the elastic properties, but also permeability, electrical
conductivity, and rheology. For instance, it has been observed that even a small amount of melt can
lower viscosity by an order of magnitude or more in silicates [27], organic analog systems [28,29], and
ice [30–33]. In a study of ice doped with only trace amount (1–15 ppm) of sulfuric acid, researchers
found a pronounced reduction in viscosity compared to undoped ice, suggesting that in the case of ice,
the critical melt fraction may be vanishingly small [34]. Even when θ > 60◦, studies have shown that
interconnectivity can occur at high enough melt fractions or in irregular media [35,36].

Since there is no a priori method of estimating a system’s dihedral angle without knowing surface
and grain boundary energies, which are sparse in the literature, it must be measured directly [37,38],
usually by creating and imaging polished sections of partial melt samples that are believed to be
at textural equilibrium and analyzing the 2-D image [39]. Although modern methods involving
3-D X-ray tomography provide exciting means of accurately capturing the interconnectivity of
melt networks [40,41], the 2-D method still provides a reliable characterization of partial melt
samples, particularly if done with a significant number of measurements. Dihedral angles have been
measured by this method for several Earth and planetary systems, including basalt + melt [38,42,43],
silicate + iron alloy [44,45], water ice [46–49], and several ice-rich binary systems [50–52]. Here we
will collate previously published dihedral angles for several systems of significance to icy satellites.
In addition, we have measured the dihedral angle for the ice–ammonia system, which, to the best of
our knowledge has not been published previously.

The mechanical behavior (elasticity, viscosity, and anelasticity) of a partially molten system is
known to depend not only on the dihedral angle, but also on melt fraction, which is controlled by
temperature and/or bulk composition. Viscosity and anelasticity of ice–ammonia is beyond the scope of
this paper, but viscosity of the system has been studied previously [31,32]. In this study, we measured
P-wave speeds within partial melt samples of the H2O–NH3 system. We will compare our measured
P-wave velocities to previous measurements on other partial melt systems and to theoretical treatments.

2. Materials and Methods

2.1. Sample Preparation

In order to characterize the effect of a partial melt phase on the mechanical and microstructural
properties of ice, samples with varying bulk composition were created. The two-phase samples were
fabricated following an adaptation of the “standard ice” method that controls grain size and porosity
in polycrystalline ice samples [53]. The method utilized seed ice made from degassed, distilled water.
The seed ice was ground and sieved to a desired size range (105–250 µm). The grains were pressed into
rectangular molds, the air was evacuated, and, for this study, were flooded with cold liquid solution
at a temperature consistent with the liquidus temperature at the applicable bulk composition (down
arrows in Figure 1). Once flooded completely, samples were directionally frozen within a chest freezer
(~245 K). The liquid solution was made from dilute reagent grade ammonium hydroxide (RICCA
Chemical Company) used either as is or diluted further, depending on the desired final composition
(Table 1). The method created samples with uniform grain size that, with melt present, were relatively
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large (~2 mm). After solidification was complete, samples were removed from the mold by briefly
warming the outside, removing the sample and then immediately returning them to the storage
temperature (256 K). For ultrasonic testing, a 50 mm diameter hole saw was used to core out cylinders
from the rectangular samples. The ends of the cored cylinders were ground flat with 100-grit sandpaper
and lengths were ~50 mm (Table 1). Four samples, each with different bulk composition, were made
for ultrasonic testing and three separate samples were created for microstructural characterization.
Bulk compositions of ultrasonic testing samples (as determined by refractive index, described in the
Appendix A) are denoted by vertical dashed gray lines in Figure 1 and provided in Table 1.

Table 1. Sample characterization for ultrasonic tests.

Sample# Composition
wt % NH3

Composition
Error Length (cm) Average nD Std Deviation

1 2.7 ±1.3 4.42 1.33330 5.77 × 10−5

2 2.0 ±1.1 5.19 1.33320 5.16 × 10−5

3 6.4 ±2.1 5.15 1.33385 5.16 × 10−5

4 1.7 ±1.1 5.68 1.33315 5.77 × 10-5

2.2. Ultrasonic Testing

Acoustic measurements were made by determining the travel time of a compressional pulse
(a P-wave) through a short, cylindrical sample [54]. A double-walled cryostat was fabricated to measure
P-wave velocities under controlled temperature (Figure 3). The cryostat inner-wall creates the sample
chamber and is made of 50 mm ID aluminum tubing with a wall thickness of 6 mm. The outer-wall
was made of 76 mm ID polyvinyl chloride tubing. A circulating fluid chiller pumped a methanol-water
mixture between the two walls. A pair of flow-control baffles placed between the two walls and
at either end of the sample created fluid circulation around the sample chamber. This circulation
and the chamber wall thickness act to minimize temperature variations within the sample chamber.
The cryostat endplates are two-piece, consisting of a 13 mm thick ultra-high-molecular-weight
polyethylene (UHMW) plate for insulation and a 9.5 mm thick aluminum plate for stiffness. The ends
are attached to the double-walls via four external tie-rods and sealed with silicone gaskets. The cryostat
has an additional aluminum plate at the top that acts as a lid. An air–foil insulation jacket encases the
sample chamber assembly. A pair of Type T thermocouples monitored sample surface temperature
during the tests. Samples were placed in the pre-chilled cryostat (< 250 K) and allowed to come to
equilibrium for 1 hour at a minimum, until thermocouple readings were stable. The P-wave velocities
were measured using an ultrasonic measurement system (Pundit PL-200, Proceq SA, Schwerzenbach,
Switzerland), which employs a transducer on either side of a sample and a touchscreen controller.
Vacuum grease was used as a couplant between the sample and transducers to help fill any irregularities
on the ends of the sample and improve the contact. The system transmits a pulse at 54 kHz and
measures the first-arrival times. Velocity VP was then determined by dividing the length of the sample
by the travel time. The method depends on the accuracy of choosing the pulse arrival times, which
is subject to signal noise and is affected by the gain settings, as described below. The measurement
uncertainty is provided in the next section. When a new temperature was set, the system was allowed
to come to equilibrium temperature before new measurements of travel time were taken. A reading was
taken once the sample was at a stable temperature, and the VP calculated based on sample dimensions.
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Figure 3. Schematic of the ultrasonic tester within its cryostat. Transducers are held on either side of the
cylindrical sample and connect to a touchscreen controller. Circulating fluid controls the temperature,
which is monitored by thermocouples.

2.3. Microstructural Characterization

Cross-sectional imaging of samples was accomplished using a light microscope (DM2700 Leica
Microsystems, Wetzlar, Germany) located within a cold room (T = 256 K). Samples were first microtomed
to a mirror finish [55], and imaged in reflected light at ×2.5 magnification and recorded with a digital
camera (Dino-Eye, 5 megapixel, 2592 × 1942). Samples of various water-rich bulk compositions were
imaged and analyzed, as described in Table 2. Samples were stored between 120 and 550 hours to
achieve textural equilibrium and were imaged within the same cold room, so the measurements
represent the equilibrium structure at this temperature.

The 2-D method for measuring dihedral angles in partial melt systems has been utilized for
several decades. Since crystalline anisotropy with respect to surface energy and grain boundary
orientations can influence the wetting angle, it is considered that a single or median dihedral angle
measurement does not adequately describe the system [56]. Rather, a statistically significant number
of images need to be taken of each sample so as to determine the distribution function of the dihedral
angle [57]. Two forms of measuring dihedral angle from the images were used in this study. The
first was to measure all angles digitally using the imaging software ImageJ, in which two lines were
scribed onto the image and the program calculated the angle between them. Additionally, a subset of
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the microstructural images was analyzed by hand from printed images. A significant total number
of angles (approximately 1050) were measured to calculate the mean and median dihedral angle,
distribution of measurements, and 95% confidence intervals, as determined by the nonparametric
technique of [56]. Certain errors are inherent in the measurement of apparent dihedral angles, including
the individual’s interpretation of the angle placement in the case of shadows or irregularly shaped
grains. A distribution of measured angles represents a combination of measurement error and, more
importantly, real differences in anisotropic surface energy and grain orientations, which will be
discussed further in Section 4.

Table 2. Sample characterization for dihedral measurements.

Composition
wt % NH3

Composition
Error

Number
(Digital)

Mean
(Digital) 95% Number

(Hand)
Mean

(Hand) 95% nD

1.4 ±1.0 325 71.5 65–76 50 50.8 40–54 1.3331
2.7 ±1.3 215 71.6 64–76 38 53.1 44–55 1.3333
3.4 ±1.4 347 60.2 53–64 78 49.7 42–53 1.3334

2.4. Calculation of Melt Fraction

Mass fraction of the melt phase can be calculated using the lever rule and the phase diagram
(Figure 1), according to

wl = (ws
− wC)/ws

− wl. (2)

Since there is little to no solid solution in system H2O–NH3, ws is essentially zero, so that the right-hand
side of Equation (2) becomes wC/wl, the bulk composition divided by the composition of the liquidus at
the temperature of interest.

3. Results

3.1. Ultrasonic Measurements

P-wave velocity measurements for ice–ammonia as a function of temperature and bulk composition
are shown in Figure 4. Data from the three samples are compared to that of pure bubble-free ice
from [58]. In all cases, velocities decrease with increasing temperature, by −6.1 m/s per degree
(R2 = 0.761) for sample 1 (2.7 wt % NH3); −4.3 m/s per degree (R2 = 0.586) for sample 2 (2.1 wt % NH3);
−1.1 m/s per degree (R2 = 0.852) for sample 3 (6.8 wt % NH3); and −6.3 m/s per degree (R2 = 0.737) for
sample 4 (1.7 wt % NH3). That these linear fits to the data vary is likely due to the fact that they span
different temperature ranges and that the dV/dT relationship is likely not linear over all temperatures.
There is a significant reduction in the wave speed velocity as wt% NH3 increases in the samples. Error
for P-wave velocity measurements comes from simple theory of error propagation [59]. Since VP = d/t,
where d is distance or length of sample and t is travel time,

∆VP =

√(
δVP

δt
∆t

)2
+

(
δVP

δd
∆d

)2
(3)

or

∆VP =

√(
−d
t2 ∆t

)2

+
(1

t
∆d

)2
(4)

The values of ∆t and ∆d are ±1 × 10−7 and ±2.54 × 10−5, respectively, as determined by the
precision of the ultrasonic tester.
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Figure 4. P-wave velocities (at 54 KHz) in ice containing 1.7–6.4 wt % NH3 as a function of temperature,
compared to pure ice [58].

The effect of gain settings on the ultrasonic measurements is shown in Figure 5. Gain is used to
amplify the wave signal. We observed that at higher melt fractions, a higher gain setting compensated
for the damping of wave energy due to dispersion in the less elastic medium, allowing us to ‘pick’ the
P-wave arrival times. For our samples, we employed 20× and 50× gain to produce a stable reading.
Generally, for a given wave, a higher gain setting (50×) showed a P-wave travel time that was between
10 and 20 m/s faster than the lower gain setting (20×), as determined by the measurement system
selecting an earlier time for the wave break with greater amplification.Geosciences 2019, 9, x FOR PEER REVIEW 8 of 16 
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Figure 5. P-wave velocities (at 54 kHz) at two compositions (2.0 and 2.7 wt%NH3, as in Figure 4),
demonstrating the systematic effect of gain setting on the measurements. The error bars are shown
here and described in Section 3.1.
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3.2. Microstructural Characteristics

Representative microstructures of partially molten ice–ammonia samples are shown in Figure 6.
Although concave, pseudotriangular-shaped melt pockets, or nodes, at junctions of three grains were
the predominant morphology, a variety of melt configurations were observed. In some cases, the melt
tubules connecting between nodes can be seen (arrow in Figure 6c).
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Figure 6. Representative micrograph images from ice–ammonia system at −17 ◦C, showing: (a) dry
boundaries; (b) melt blebs between two grains; (c) melt between three grains, including a channel
connecting the triple junctions; (d) melt between three grains (by far the most common morphology);
(e) four grains; and (f) five grains.

Details for digital and hand analyses of the three samples measured are provided in Table 2.
These are a different set of samples than those used for acoustic measurements described in Section 3.1.
The hand measurements are a subset of the digital measurements and alone are not statistically
significant. Though generally similar, the hand measurements have a smaller mean value than the
digitally measured. This is because, for the former, only clear melt pockets between three or more
grains were chosen. For instance, none of the blebs in Figure 6b were measured by the more selective
hand measurement. Whereas the digital analysis included every possible melt feature. The inclusivity
resulted in a wider distribution and larger mean value. Figure 7a–c are histograms of the measured
results for 1.4 wt%, 2.7 wt% and 3.4 wt% NH3. The average angle for the entire set of 1052 measurements
was 64.5◦. However, measured angles ranged from 10◦ to 130◦. The distribution does not represent
an error in measurement, but rather the distribution of angles related to geometry and orientation.
Since a cross section represents a 2-D sampling of a 3-D feature, grain edge intersections will be at
random orientations to any planar cut through the sample [37]. Following the method put forth
by [56], in which confidence intervals are established as a function of different samples sizes, we
provide, in addition to mean and median values, the 95% confidence values in Table 2. Using the
median value of 63◦ (± 5◦ from 95% confidence) the well-known solid–solid interfacial energy γSS of
ice (65 mJ m−2; [46,60], and Equation (1), we estimate that the solid–liquid interfacial energy γSL for
this system, at 256 K, is 38 ± 1.1 mJ m−2, which is higher than that reported in the literature for pure
H2O in contact with ice (33.0 ± 0.6 mJ m−2 [46]; 34.0 ± 0.07 mJ m−2 [47] and sulfuric acid in contact
with ice (33.4 ± 0.1 and 33.8 ± 0.3 mJ m−2 at T = 238 and T = 218, respectively [52].
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Figure 7. Histograms of dihedral angles measured in the H2O–NH3 partial melt system. Samples with
bulk composition of (a) 1 wt % NH3, (b) 2.7 wt % NH3, and (c) 3.6 wt % NH3 (as determined by refractive
index) were held at T = 256 K for 121–552 h and imaged in a cold room at the same temperature.
Images were analyzed digitally (dark gray) and by hand (light gray) as provided individually in Table 2,
whereas the arrow and results in the right upper corner of each distribution are for the combined total.

Compositions of all samples used in acoustic measurements and microstructural analyses were
determined by refractive index measurement and are plotted on the calibration curve provided in the
Appendix A.

4. Discussion

4.1. Effect of Partial Melt on Microstructure

The equilibrium microstructures of several ice-rich systems have been previously measured
(Table 3). Most reported dihedral angle values are in the range of 20–30◦ [46,47,52]. Although no
systematic study of dihedral angle in the ice–ammonia system has been published, a meeting abstract
noted that in compositions below 1 wt% NH3, dihedral angle was ≤20◦ [61]. That study utilized
a cryo-SEM to image sample structure, which is likely superior to our use of a light microscope;
however, they did not provide a distribution or quantitative analysis of the measurements. That our
median value is higher than previous observation likely reflects several main points. One is that in
imaging samples at suprasolidus conditions (here, the cold room temperature, 256 K) the melt phase is
mobile and can potentially move during transport from microtome to microscope, creating shadows
and voids that make it difficult in some cases to measure the true angle. In a cryo-SEM, the melt is
quenched, usually at liquid nitrogen temperatures (T = 77 K), and thus as a solid, can be imaged
at any angle [50,52]. In future studies, we will evaluate the melt microstructure of this system at
quenched temperatures.

Another potential source for the discrepancy between this study and the previous observation
is temperature. Our study was conducted at 256 K, with samples annealing at this temperature for
very long periods of time. It is not clear what the equilibrium temperature was prior to quenching
in the previous study, but it is likely that it was within the range of mechanical testing (160–220 K),
therefore, significantly lower. Since liquid compositions vary according to temperature (along the
liquidus; Figure 1), it is to be expected that solid–liquid interfacial energies, and thus dihedral angle,
would change as a function of temperature. In a study of dihedral angle in the borneol-diphenylamine
binary system, a linear decrease in θ with increasing temperature was measured [38]. A slight decrease
in θ with increasing temperature was also observed in the ice + sulfuric acid system, albeit over a short
range and only determined by two values [52]. In this study, we have only measured dihedral angles
at one temperature, so we cannot draw conclusions about this system’s temperature dependence.
However, if it bears resemblance to these other studies, then for this system, at lower temperatures
(such as those in [61]), we might expect the median angle to be higher still, not lower, and thus also
have higher γSL.
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Rather, the most likely reason for the discrepancy is in the distribution of angles measured and
number of measurements. As seen in Figure 7, the range of observed dihedral angles in our study
varies from 10◦ to 130◦. If one were to only take one or two images, it would be highly unlikely to
observe the same θ as the median value determined over 1050 measurements. More importantly, the
wide distribution reflects real differences in surface energies for different faces of the ice crystalline
structure. A recent study using a capillary wave method measured the solid–liquid interfacial free
energy of water and various ice Ih surfaces and found a range from γSL = 33 mJ m−2 on the basal

plane up to γSL = 36.9 mJ m−2 for the (11
−

20) surface [62]. These values would translate to a dihedral
angle spread between 20◦ and 56.5◦ for an ice + water system (following Equation (1)). Although it is
beyond the scope of this present study to determine which crystallographic planes might correspond
to the highest (130◦) and lowest (10◦) measured angles, the fact that the spread includes both connected
(θ < 60◦) and trapped (θ > 60◦) angles suggests that both morphologies exist and are determined by
local orientation of grains.

Table 3. Reported dihedral angles for several ice binary systems.

System Dihedral Angle Source

Ice + water 12.5◦ [48]

Ice + water 20 ± 10◦ [46]

Ice + water 33.6 ± 0.7◦ [47]

Ice + KCl 0–60◦ [51]

Ice + saline 8 ± 2.6◦ [50]

Ice + sulfuric acid 26 ± 2◦ [52]

Ice + ammonia ≤ 20◦ [61]

Ice + ammonia 63◦ ± 5◦ This study

4.2. Effect of Partial Melt on P-Wave Velocities

Figures 4 and 5 demonstrate that melt has a large effect on P-wave velocities, which corresponds
to seismic wave velocities and is proportional to elastic moduli. Previous studies on P-wave velocities
in ice + salt and ice + KCl systems demonstrate similar reductions of velocities with increasing solute
concentration [51,63]. Those studies on ice binary systems captured the distinct reduction in velocity
right at the onset of melting, that is, at the eutectic temperature TE. This characteristic drop has also
been seen in a variety of other partial melt systems, including basalt + melt [25,64], and borneol +

diphenylamine [38].

Normalization with Eutectic Temperatures

Considering the similarities in form, we can compare the P-wave velocity vs. temperature plots
of the three ice binary systems (ice–ammonia from this study; ice–salt from Spetzer and Anderson,
1968; and ice–KCl from [51]. However, since each of those three systems has a different TE and thus
a different ‘depth’ of the ice + liquid field (Figure 1), the data need to be normalized accordingly.
Using an adaptation of Equation (2), we normalize the three datasets by a ‘vertical lever’ defined by
TL–TE, the temperature span between the liquidus and the solidus at the bulk composition of interest.
Additionally, studies often vary in their magnitudes of ultrasonic measurements [58]. To remove lab
to lab variations and focus on relative values due to temperature and composition, the measured VP

values are normalized by the VP value taken just before melting, VP
TE, which in [63] and [51] is a VP

value nearly identical to pure ice at that temperature.
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Incorporating both the vertical lever rule for temperatures, and the normalized P-wave velocities,
Figure 8 shows the result of the normalization, according to

VP/VP
TE vs. (TL − T)/(TL − TE) (5)

The right side of the plot is for temperatures below the solidus, where VP values are essentially
the same as pure ice (gray line at VP/VP

TE = 1). The left side of the plot shows the reduction of velocity
with increasing wt% of the secondary phase. Although our study did not capture the subsolidus
values, based on the results of the previous studies (and extrapolation of [58] pure ice data down to
176 K, where VP ≈ 4.146 km/s), we predict VP

TE and normalize our data. As shown in Figure 8, values
for 2.0 wt% from our study are consistent with the 2 wt% data for the ice + NaCl system [63]. This plot
shows the distinct effect that increasing amounts of melt can cause on wave speed velocities, which are
analogous to elastic properties. Although we were not able to measure the S-wave velocities at this
time, future work will focus on this and calculate related moduli.

Geosciences 2019, 9, x FOR PEER REVIEW 11 of 16 

 

characteristic drop has also been seen in a variety of other partial melt systems, including basalt + 

melt [25, 64], and borneol + diphenylamine [38]. 

4.2.1. Normalization with Eutectic Temperatures 

Considering the similarities in form, we can compare the P-wave velocity vs. temperature plots 

of the three ice binary systems (ice–ammonia from this study; ice–salt from Spetzer and Anderson, 

1968; and ice–KCl from [51]. However, since each of those three systems has a different TE and thus a 

different ‘depth’ of the ice + liquid field (Figure 1), the data need to be normalized accordingly. 

Using an adaptation of Equation (2), we normalize the three datasets by a ‘vertical lever’ defined by 

TL–TE, the temperature span between the liquidus and the solidus at the bulk composition of interest. 

Additionally, studies often vary in their magnitudes of ultrasonic measurements [58]. To remove lab 

to lab variations and focus on relative values due to temperature and composition, the measured VP 

values are normalized by the VP value taken just before melting, VPTE, which in [63] and [51] is a VP 

value nearly identical to pure ice at that temperature. 

Incorporating both the vertical lever rule for temperatures, and the normalized P-wave 

velocities, Figure 8 shows the result of the normalization, according to 

VP/VPTE vs. (TL − T)/(TL − TE)  (5) 

The right side of the plot is for temperatures below the solidus, where VP values are essentially 

the same as pure ice (gray line at VP/VPTE = 1). The left side of the plot shows the reduction of velocity 

with increasing wt% of the secondary phase. Although our study did not capture the subsolidus 

values, based on the results of the previous studies (and extrapolation of [58] pure ice data down to 

176 K, where VP ≈ 4.146 km/s), we predict VPTE and normalize our data. As shown in Figure 8, values 

for 2.0 wt% from our study are consistent with the 2 wt% data for the ice + NaCl system [63]. This 

plot shows the distinct effect that increasing amounts of melt can cause on wave speed velocities, 

which are analogous to elastic properties. Although we were not able to measure the S-wave 

velocities at this time, future work will focus on this and calculate related moduli. 

 

Figure 8. Normalized P-wave velocities versus normalized temperature for three different ice binary 

systems. TE for ice + KCl is 262.45 K; TL was estimated at 273, since reductions were only 0.1, 0.2, and 

0.3 of a degree below Tm [51]. TE for the ice + salt system is 251.85 K and TL was estimated as 272 and 

271 at 1 wt % and 2 wt %, respectively [63]. TE for ice–ammonia is 175.4 K; TL was estimated at 272, 

271, 270, and 262, for 1.7 wt %, 2.0 wt %, 2.7 wt %, and 6.4 wt %. 

In their study of P- and S- wave velocities in ice + saline, researchers observed a distinct 

hysteresis in the wave speed singularity depending on whether they were increasing or decreasing 

Figure 8. Normalized P-wave velocities versus normalized temperature for three different ice binary
systems. TE for ice + KCl is 262.45 K; TL was estimated at 273, since reductions were only 0.1, 0.2, and
0.3 of a degree below Tm [51]. TE for the ice + salt system is 251.85 K and TL was estimated as 272 and
271 at 1 wt % and 2 wt %, respectively [63]. TE for ice–ammonia is 175.4 K; TL was estimated at 272,
271, 270, and 262, for 1.7 wt %, 2.0 wt %, 2.7 wt %, and 6.4 wt %.

In their study of P- and S- wave velocities in ice + saline, researchers observed a distinct
hysteresis in the wave speed singularity depending on whether they were increasing or decreasing in
temperature [63]. When warming from subsolidus conditions (colder than the eutectic temperature),
they observed a sharp dip in VP right at the eutectic temperature. However, when cooling from
suprasolidus conditions, there is a delay in the onset of the increased speeds (their Figure 4), such that
the system was able to supercool by 1.5 to 2.5 degrees. This is because there is an energy barrier to
nucleation, but no such barrier to melting. Although not a part of this project, we anticipate that all ice
binary systems would display a similar hysteresis, and this is likely the reason we were not able to
measure subsolidus values in our study (specifically sample 3), which was conducted in a decreasing
temperature excursion.
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4.3. Applications to Icy Satellites

In this study, samples were not strained or pre-deformed. All measurements reflect isotopic ice
grains in samples, as fabricated. When considering application to icy satellites, where significant
accumulated strain may exist, one must consider that a fabric or crystallographic orientation may have
formed. The results from this study suggest that this orientation may limit/enhance the direction of
melt mobility in a partial melt system. Such heterogeneous melt distribution on the microscale could
contribute to macroscopic melt structures [65]. Considering that rheological and transport properties
are greatly affected by melt content and permeability, this suggests that significant mechanical and
compositional localization could occur in an icy shell.

In icy satellite applications, the rate of oxidant supply from surface ice to a global ocean to enable
the redox reactions necessary for life [66] depends critically on the availability and transport capabilities
of a melt phase through ice [67]. The range of dihedral angles reported here indicates a path may
exist for communication between the surface and the deep crust through the mobility of the melt
in the system [68,69]. Such communication would of course depend on the availability of melt at
shallow conditions, which would in turn depend on heat generation and salt/ammonia concentrations.
Localized frictional heating of ice + ammonia, which could occur at tidally loaded fault systems, is
currently being studied in our lab [70].

Based on the growing count of planetary bodies containing some quantity of ammonia in contact
with ice, additional efforts should be devoted to understanding the full range of rheological properties
of the ice–ammonia system. For instance, ammonia at the grain scale could affect fatigue and failure
stress within a relentlessly stressed icy moon [71]. Additional studies to characterize S-wave velocities
and attenuation in this system are recommended.

5. Conclusions

The acoustic and equilibrium microstructure of samples of ice–ammonia solution have been
measured. The median dihedral angle at 256 K is 63◦, with a broad distribution of values reflecting
anisotropic ice surface energies. The P-wave velocities of the partial melt system are significantly lower
than those of pure ice at similar conditions: the velocities decrease with increasing temperature, and
decrease with increasing ammonia content. Results are consistent with other ice binary systems and
can be normalized to create a master plot of VP/VP

TE versus normalized temperature by a vertical lever
rule formulation.
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Appendix A. Refractive Index

Bulk compositions of samples in this study were determined by refractive index. Small sections
of solidified samples were melted and a drop of liquid was used to measure refractive index nD using
a Palm Abbe Digital Refractometer, which has an accuracy of ±0.0001. All measurements were repeated
at least three times for each sample and were found to be reproducible to within ±0.001. Results were
compared to the calibration standard for H2O–NH3 that was made with prepared solutions of known
bulk composition C with the relationship

y = mC + nD0 (A1)
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in which m is the experimental slope (here, 1.53 × 10−4
± 3.3 × 10−5) and nD0 is the infinite dilution (i.e.,

the value for pure water, 1.3329 ± 0.0001). Figure A1 shows the calibration curve as well as the sample
compositions for the three samples used to measure dihedral angles (circles) and the four used to
measure ultrasonic properties (triangles). Composition errors reported in Tables 2 and 3 represent the
error associated with the spread in nD measurements in the calibration curve, which provide the errors
for m and nD0. Since m has a larger error than nD0, this means that the size of error bars in composition
increase with increasing composition.
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