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ABSTRACT: The presence of liquid water on the surface and subsurface of
Mars has been of interest because liquid water is essential for life as we know
it. While pure liquid water is typically not stable on present-day Mars, brines
of hygroscopic salts with low eutectic temperatures could be stable during
certain periods of a Martian sol. Studies on these salts have focused on their
homogeneous phase transitions, but the impact that Martian soil may have
on the brine stability is not well established. Here, using optical levitation,
we examined heterogeneous efflorescence of Mg(ClO4)2 induced by contact
with a crystal of itself, NaCl, (NH4)2SO4, montmorillonite, and Mojave
Mars Simulant (MMS) at room temperature. NaCl and (NH4)2SO4 were
chosen to analyze the effect of crystal lattice on heterogeneous efflorescence.
In addition, contact efflorescence of Ca(ClO4)2 and CaCl2 by montmor-
illonite was studied. The stability of all three brines was unaffected by contact with montmorillonite. An immersed heterogeneous
particle can also induce efflorescence from within a droplet. The effect of immersed montmorillonite was probed for all three brines
plus MgCl2, and the effect of immersed MMS was probed for Mg(ClO4)2. The immersed particles of montmorillonite increased the
efflorescence relative humidity of MgCl2 but did not affect the other brines. The inactivity of montmorillonite as a heterogeneous
nucleus supports the possibility of brine stability on Mars because even salt particles in contact with or coating soil grains may
sustain a brine without interference from the soil.
KEYWORDS: contact efflorescence, immersion efflorescence, Mars, brines, crystal lattice, water

1. INTRODUCTION

Liquid water is currently the only biochemical solvent that is
known to be used by life1 and thus has been a factor in
determining the habitability of planets.1,2 Mars is widely
believed to have had liquid water in its ancient past based on
geomorphological features and the presence of clay miner-
als.3−6 While water ice and water vapor have been observed
and measured, on current Mars, the instability of liquid water
at low Martian pressures has made its detection challenging.
Although pure liquid water may be unstable, it has been
hypothesized that liquid water may be present in the form of a
brine.7−19 Landers on the surface and satellites orbiting Mars
have shown that inorganic salts, such as perchlorates and
chlorides, are present in the Martian regolith and are believed
to be found globally.20−23 Some of these salts are highly
hygroscopic and can deliquesce to form briny solutions at low
relative humidities (RHs). Recently, the Mars Advanced Radar
for Subsurface and Ionosphere Sounding (MARSIS) has
detected a subglacial pond, which could potentially be
composed of brine.24 Additionally, hydrates of salts that
could potentially form brine may have been detected near
recurring slope lineae (RSL) by the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM).8 RSL are geo-
graphic features that are characterized by dark streaks that

slowly grow on steep slopes seasonally. The formation
mechanism has yet to be determined but brines have been
considered as potentially having a role in RSL behavior.8,9,15

To fully understand the role of brines on present-day Mars, it
is essential to detail how salts interact with water under
Martian conditions including the presence of minerals
composing the regolith.
The salt and water stability diagram includes three general

phases: brine ice, liquid brine, and crystalline salt, possibly
hydrated. Here, we focus on the transitions between the liquid
brine and the crystalline phase. The crystalline salt will absorb
water vapor from the surrounding environment and transition
into a brine, i.e., deliquesce, at a specific relative humidity
termed the deliquescence relative humidity (DRH). The
reverse process, efflorescence, usually occurs at a distinctly
lower efflorescence relative humidity (ERH). The hysteresis
between the DRH and the ERH is due to a nucleation barrier
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that kinetically hinders homogeneous efflorescence. The
hysteresis effect allows the brine to exhibit metastable
supersaturation when the RH conditions fall below the
DRH. Laboratory studies on the phase transitions of salts
believed to be on the surface of Mars have been conducted at
Mars-relevant temperatures and RH using a droplet on a plate
technique.10−14,16,17 When the results are compared to
modeled results of temperature and RH at the surface of
Mars, it is concluded that brines could be stable or metastable
during certain times of a Martian year and sol.10−15 In the
subsurface where temperature conditions are more suitable for
brine stability, brines could be present for much longer.13

Additionally, a study on bulk samples of Mars-relevant salts
also showed their supercooling capabilities, further supporting
brine stability on Mars’ surface and subsurface.18,19 However,
on the surface and subsurface, the brines will inevitably interact
with the Martian regolith, where soil particles could act as
heterogeneous nuclei and potentially induce efflorescence of a
brine at a higher humidity than the homogeneous ERH.
In heterogeneous nucleation, the presence of a foreign

nucleus can lower the energy barrier needed for a crystal seed
to form, thus aiding the crystallization process. For
heterogeneous efflorescence, the effect manifests as a decrease
in the metastability of the brine through the increase in the
ERH. Heterogeneous efflorescence occurs via two distinct
pathways, immersion mode and contact mode. During
immersion efflorescence, the heterogeneous nucleus induces
crystallization from within the droplet. Contact efflorescence
occurs when the nucleus interacts with the surface and induces
crystallization from the outside. On Mars, immersion mode
efflorescence could affect all brines that form on the surface or
in the subsurface when salts and minerals are internally mixed.
Contact efflorescence could occur near the surface of Mars
where dust fall is common and at the liquid front of a flowing
brine at the surface or subsurface. Laboratory studies
performed on heterogeneous efflorescence17,25−30 show that
the effect of a heterogeneous nucleus on efflorescence varies
greatly based on the brine and nucleus pair. Some pairs, such
as magnesium perchlorate (Mg(ClO4)2) and montmorillonite,
show minimal to no effect on the brine stability17 when
droplets on a plate are investigated. In contrast, other pairs,
such as sodium chloride (NaCl) and montmorillonite, result in
a significant decrease in brine stability.27 Studies with
immersed particles of heterogeneous nuclei have also shown
that the effect on brine-freezing temperature varies with brine
and nucleus pair.17,18,31 Unfortunately, no comprehensive
model that can explain the various results exists and thus we
must rely on laboratory experiments. An additional observation
that has yet to be explained theoretically is the observation that
the same nucleus can be more effective in contact nucleation
than immersion nucleation.27,32 The higher efficiency of
contact nucleation may disproportionately affect brines near
the Martian surface, making the exposed surface less ideal for
brine metastability than previously believed. Here, we use a
novel optical levitation experiment to probe the effect of
heterogeneous efflorescence on four Mars-relevant salts by a
series of heterogeneous nuclei.

2. BACKGROUND AND CHOICE OF SYSTEM FOR
STUDY

The Martian regolith has been characterized remotely and at
the surface through various techniques such as infrared
spectroscopy, mass spectrometry, gas chromatography, and

X-ray diffraction (XRD).4−6,33−36 The upper layer of the
Martian crust is mostly basaltic rock, composed of various
mineral groups such as olivines, plagioclase feldspar,
orthopyroxenes, and silicate glasses. Depending on the region,
the actual composition of the basaltic crust can vary. For
example, the southern highlands have a higher proportion of
plagioclase, while the northern plains have more silicate
phases.33 In addition to the basaltic species, other secondary
species, such as phyllosilicates or clay minerals, sulfates, and
oxides, have been measured in localized regions. For example,
clay minerals have been observed at Gale Crater where Mars’
earliest terrain has become exposed.5,36 These clay minerals are
believed to have formed early in Mars’ history during which
nonacidic aqueous environments interacted with the basaltic
crust to alter their mineralogy.4,36 In their paper from 2006,
Bibring et al.4 termed it the phyllosian period to indicate the
formation of clay minerals during this time. It is unclear how
these different minerals may impact the stability of brines on
current Mars. To examine the effect of mineral particles on
efflorescence, two mineral samples were chosen as heteroge-
neous nuclei in our experiments: montmorillonite and Mojave
Mars Simulant (MMS). Montmorillonite is a clay mineral,
while MMS is a Mars soil analogue that is collected from
crushing basaltic boulders from the Mojave Desert.37

Montmorillonite belongs to the smectite group, which has
been detected on the surface of Mars,6,36 and MMS has similar
chemical and physical characteristics to Mars dust.37

The stability of brines for four salts that are believed to be
present on the surface and in the subsurface of Mars was
investigated using the optical levitator. The four brines were
Mg(ClO4)2, magnesium chloride (MgCl2), calcium perchlorate
(Ca(ClO4)2), and calcium chloride (CaCl2). These four salts
were chosen due to the actual detection of the salt itself or the
individual ions having been detected in the Martian
soil.8,20,21,38 Perchlorate anion has been found by both the
Wet Chemistry Laboratory aboard the Phoenix lander and the
Sample Analysis at Mars instrument aboard the Curiosity
Rover at Gale Crater.20,21 The Phoenix lander also measured
cations and found magnesium and sodium to be the dominant
species and calcium was detected at lower concentrations.20

The Thermal Emission Imaging System (THEMIS) aboard the
Mars Odyssey orbiter has detected signals that are believed to
be from chloride-bearing materials.38

Contact efflorescence of aqueous Mg(ClO4)2 by crystalline
Mg(ClO4)2, NaCl, and ammonium sulfate ((NH4)2SO4) was
first investigated. As these salts are soluble, immersion
efflorescence was not possible and thus was not investigated.
The crystal of Mg(ClO4)2 was chosen because it should act as
a perfect crystal seed and be highly efficient at inducing
heterogeneous nucleation. Past studies using the optical
levitator have shown that seeded crystal growth will occur at
RH values very near the DRH, effectively shutting down
hysteresis and the potential for supersaturated brines.25,26 On
Mars, the interaction between a brine and crystal of the same
salt could occur if crystals from a dryer region were carried by
wind to an area where its brine had formed. NaCl, which is also
expected to be found on Mars,20,38 was chosen because it
maintains its crystalline structure at higher RH values and has a
different crystal lattice structure and shape. While (NH4)2SO4
is not thought to be a constituent of the Martian surface, it was
chosen because it has a more similar crystalline structure to
Mg(ClO4)2 than does NaCl. The effect of crystal structure on
heterogeneous efflorescence will be analyzed based on the

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://dx.doi.org/10.1021/acsearthspacechem.0c00161
ACS Earth Space Chem. 2020, 4, 1947−1956

1948

http://pubs.acs.org/journal/aesccq?ref=pdf
https://dx.doi.org/10.1021/acsearthspacechem.0c00161?ref=pdf


crystal lattice constants of the heterogeneous nuclei. In
addition to the soluble heterogeneous nuclei, Mg(ClO4)2 was
exposed to montmorillonite and MMS to observe the effect of
the insoluble heterogeneous nuclei in both contact and
immersion efflorescence. For MgCl2, only immersion efflor-
escence by montmorillonite was investigated as the contact
ERH of MgCl2 by montmorillonite has already been examined
and reported in a previous study using the optical levitator.27

Finally, contact and immersion efflorescence of the two
remaining brines of Ca(ClO4)2 and CaCl2 by montmorillonite
were investigated.

3. EXPERIMENTAL SETUP
3.1. Optical Levitation and Flow Cell Arrangement.

The optical levitator used in this study has been described in
detail previously25 and thus will only be briefly discussed here.
Droplets of aqueous salts are trapped by two vertical
counterpropagating laser beams from a 532 nm Nd:YAG
source that has been split in half. The two beams enter a closed
flow cell with multiple windows for observation. The beam
entering the flow cell from below has a Gaussian profile, while
the beam from above has a Bessel profile. The laser beams
exert a scattering force in the direction of the laser propagation.
In addition, a gradient force toward higher intensity moves the
particle toward the center of the beam. The scattering forces
from the two counterpropagating lasers, the force of gravity,
and the drag force from air flowing up through the flow cell
balance out in the vertical direction. The gradient forces of the
lasers stabilize the trap by keeping the trapped particle on axis.
The air flowing through the cell consists of two streams of

pure nitrogen gas controlled with mass flow controllers. The
first stream flows through a bubbler containing HPLC-grade
water to humidify the flow. The second stream flows through a
diffusion drier and is then mixed with the humidified nitrogen
prior to entering the cell. By adjusting the amounts of
humidified and dry flows, the RH inside the flow cell is
controlled. RH and temperature are measured by individual
probes (Vaisala HMP 60) at the inlet and outlet of the cell.
The RH inside the flow cell is calculated as the average of the
two probes (±1 S.D.).
To create heterogeneous nuclei, the dry flow is diverted

toward a nebulizer (Omron NE-U22) filled with 3−4 mL of an
aqueous solution or a suspension of mineral particles in water.
The nebulizer creates a mist that is carried by the nitrogen gas
into the diffusion drier to remove the water, forming
heterogeneous nuclei of salt crystals or mineral particles. The
gas carrying the heterogeneous nuclei mixes with the
humidified flow and enters the flow cell where the nuclei
interact with the trapped droplet. Forming heterogeneous
nuclei of insoluble minerals from a mixture in water and drying
have the potential to change the surface properties of the
mineral particle due to a redistribution of the soluble portion
of the mineral during the wetting.39 However, the effect of any
change in mineral surface properties on the heterogeneous
efflorescence efficiency has not been studied. Further, minerals
on Mars may have experienced such aging processes during
their lifetime as they interact with brines or ice.
To manipulate the heterogeneous nuclei, the flow cell is

attached to a slidable stage with mobility in both horizontal
directions. The movable flow cell allows us to control where
the heterogeneous nuclei flow relative to the position of the
trapped droplet. The optics, such as mirrors and lenses, that
guide the laser into the flow cell are not moved and thus the

trapped droplet does not move. However, by moving the flow
cell, the particle stream of heterogeneous nuclei can be
adjusted to be aligned or misaligned with the lasers. When the
particle stream is misaligned, no collisions between heteroge-
neous nuclei and droplet occur and when aligned collisions
occur.

3.2. Generating Droplets of Aqueous Solution. A
droplet generator (Microfab MJ-APB-20) was used to produce
droplets of aqueous solutions to be trapped. For droplet
generation, solutions of 5 wt % Mg(ClO4)2 (Sigma-Aldrich),
MgCl2 (Mallinckrodt), Ca(ClO4)2 (Sigma-Aldrich), and CaCl2
(Fisher Scientific) were first filtered through a 0.22 μm pore
nylon filter. The droplet generator was then filled with the
solution and inserted into a side port near the top of the flow
cell. The tip of the droplet generator is made of a glass capillary
with a 20 μm orifice. An alternating positive and negative
voltage on a ring made of a piezoelectric material near the tip
of the glass capillary pushes droplets out into the flow cell to be
caught by the lasers. After equilibration, the typical size of the
trapped droplet is 10−15 μm in diameter.

3.3. Generating Contact Nuclei. For generation of
soluble heterogeneous nuclei, aqueous solutions of 10 wt %
Mg(ClO4)2, NaCl (Mallinckrodt), and (NH4)2SO4 (Sigma-
Aldrich) in HPLC-grade water were prepared. For nonsoluble
mineral particles, montmorillonite (SWy-2b) was obtained
from the Clay Mineral Society and MMS was obtained from
the Jet Propulsion Lab. A mixture of the mineral in HPLC-
grade water was stirred with a magnetic stirrer for 30 min to
make a slurry of suspended minerals in water. Because the
nebulizer utilizes vibrating mesh technology, to prevent the
mesh from becoming clogged with mineral particles, the largest
particles were settled out of solution before use. Settling
velocities (w (cm/s)) of mineral particles in water were
calculated based on Stokes’ law

ρ ρ

μ
=

−
w

gr2( )

9
p w

2

Here, ρp and ρw are the bulk densities (g/cm3) of the mineral
particle and water, respectively, g is the acceleration of gravity
(9.8 m/s2), r is the particle radius (cm), and μ is the dynamic
viscosity of water (Pa·s). Densities of 2.2 and 2.9 g/cm3 were
used for montmorillonite and MMS, respectively. Values of
density and viscosity for water at 20 °C were 0.998 g/cm3 and
1.002 Pa·s, respectively. Particles larger than 1 μm in diameter
settle out of a 3 cm column in 13 and 8 h for montmorillonite
and MMS, respectively. The particle size distribution of the
resulting stream of soluble and insoluble heterogeneous nuclei
was measured using a scanning mobility particle sizer (SMPS
TSI model 3010). The average size distributions from three
samples from each of the heterogeneous nuclei types are
shown in Figure S1 of the Supporting Information. The mode
diameters of the heterogeneous nuclei ranged from 200 to 400
nm.

3.4. Imaging Efflorescence and Collisions. To monitor
collisions between the levitated droplet and heterogeneous
nuclei and to detect efflorescence, two charge-coupled device
(CCD) cameras are placed outside the windows of the flow
cell, oriented perpendicular to the laser axis. Far-field scattering
of the trapping laser as well as the bright-field image taken by
adding an LED light source is captured by the cameras. The
two CCDs are controlled with a LabView program that
records, stores, and replays video files. When observed in far

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://dx.doi.org/10.1021/acsearthspacechem.0c00161
ACS Earth Space Chem. 2020, 4, 1947−1956

1949

http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.0c00161/suppl_file/sp0c00161_si_001.pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://dx.doi.org/10.1021/acsearthspacechem.0c00161?ref=pdf


field, the light scattering is used to determine the phase state of
the levitated droplet. As seen in Figure 1, when the levitated

droplet is liquid, a Mie scattering pattern with alternating
bright and dark bands occurs. The relative intensity and
spacing of the bands depend on the size and refractive index of
the droplet and change as RH changes. Larger particles have
closer band spacings than smaller particles. Once the droplet
has effloresced and become crystalline, the alternating bands
disappear, and the scattering pattern becomes mosaic. As
discussed in previous studies with the optical levitator, the loss
of the linear Mie scattering pattern is consistent with
crystallization.25,26 Further, as the trapped crystal constantly
rotates in the trap, the scattering pattern changes with time as
different crystal faces interact with the laser. Bright-field images
of the crystal can also sometimes be used to determine
efflorescence. As seen in Figure 1, the liquid droplet appears
round and homogeneous. In contrast, while the overall shape
of this particular crystalline particle is spherical, inhomogene-
ities due to light passing through the crystal facets are
observed.
The cameras are also used to identify collisions between the

trapped droplet and the incoming heterogeneous nucleus.
While there are several ways to determine whether a collision
occurs in the trap, here we show an example that only uses far-
field imaging. Figure 2 shows an experiment where a droplet of
Mg(ClO4)2 comes into contact with two different heteroge-
neous nuclei, crystalline Mg(ClO4)2 and NaCl, at a similar RH
but with different outcomes. In panel A, crystalline Mg(ClO4)2
comes in from below and collides with the droplet inducing
immediate efflorescence, as indicated by the change in the light
scattering pattern. As the effloresced particle is stabilized in the
trap, it rises in the trap at a higher position as a result of losing
water and thus mass. The rise in the trapping position is also
used as an additional indicator of efflorescence. In panel B, a
crystal of NaCl collides with the droplet of Mg(ClO4)2, but
unlike the previous experiment, it does not cause efflorescence.
The crystal becomes immersed into the droplet and dissolves
away without changing the light scattering or the trapping
position. The diffused light coming from the bottom is the
light scattered off the heterogeneous nucleus. The scattered
light from the heterogeneous nucleus and levitated droplet
appear to be the same size because we are observing in the far
field and the scattered images are cut off by the windows on

the flow cell. The circular windows cut off the scattered light;
thus, all of the far-field images are circular and of the same size
due to the window. However, the small heterogeneous nucleus
has only one apparent band, while the large droplet has a
scattering pattern with many bands.

3.5. Determining Contact and Immersion Heteroge-
neous ERH. Two separate experimental methods were utilized
to determine contact and immersion ERH. For contact
efflorescence, droplets of the brine were trapped at an RH
between the homogeneous ERH and DRH. Each trial
consisted of exposing the trapped droplet to a stream of the
dried heterogeneous nucleus for either 25 s for the soluble salts
or 60 s for the insoluble mineral particles at a constant RH.
The difference in exposure time was due to the difference in
collision rates between insoluble and soluble heterogeneous
nuclei, possibly arising from the different methods used to
create nebulized particles. The soluble heterogeneous nuclei on
average would collide with the trapped droplet every 4.2 ± 1.8
s, while the insoluble mineral particles would collide every 9.5
± 1.6 s. Thus, the trapped droplet would be exposed to
approximately six collisions totally per trial for both insoluble
and soluble heterogeneous nuclei. However, the number of
collisions may be an underestimate as heterogeneous nuclei
scatter less light as their size decreases. Thus, a heterogeneous
nucleus that is too small may not scatter ample light to be
observed on the CCD camera. The droplet was monitored for
whether it effloresced during the exposure period. If the
droplet did not effloresce, then the droplet was ejected from
the trap and a new droplet was trapped for the next trial. The
process was repeated to calculate a probability of efflorescence
(Peff) as the ratio of the observed efflorescence events to the
number trials as a function of RH. Contact ERH was then
reported as the RH, where Peff was equal to 0.5.
For immersion efflorescence, a droplet of the brine at an RH

significantly higher than homogeneous ERH and the contact
ERH was exposed to a stream of heterogeneous nuclei. The
humid conditions ensured that the droplet did not undergo
contact efflorescence during the process of immersing the
mineral particle into the brine. The droplet was monitored
until a collision with a mineral particle was visually observed
and was then isolated from further collisions by adjusting the
slidable mount to direct the particles away from the droplet. A
video recording from the CCDs was reviewed to confirm a

Figure 1. Images of Mg(ClO4)2 liquid droplet and crystal in bright
field and far field. Brightness and contrast of the bright-field images
have been increased to better distinguish the two images.

Figure 2. Sequence of images from a contact efflorescence experiment
of Mg(ClO4)2 by a crystal of (A) Mg(ClO4)2 and (B) NaCl. Both
experiments were conducted at approximately 22% RH. The red solid
line is a reference for the vertical position of the droplet. The red
arrows on the first frames point to the heterogeneous nucleus.
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collision. If multiple collisions were observed, the number of
collisions was kept to a maximum of three. Droplets with more
than three collisions were expelled from the trap and a new
droplet was caught. The RH inside the flow cell was then
lowered at a rate of ≤1% RH/min until efflorescence occurred.
Immersion ERH was reported as the average RH (±1 S.D.) of
all of the RH values where immersion efflorescence was
observed.

4. RESULTS

4.1. Homogeneous Efflorescence of Brines. Examples
of the homogeneous phase transition of all four salts at room
temperature are shown in Figure 3. In Figure 3A, we begin
with a droplet of aqueous Mg(ClO4)2 at a humidity of 49.4%
RH at the top right of the panel along the red curve. As the
humidity is lowered, the droplet slowly loses water but remains
a liquid as seen by the scattering pattern. The change in size
due to loss of water is also seen through the changes to the Mie
scattering peaks. At 12.1% RH, the droplet effloresces, signified
by the abrupt change in scattering pattern shown by two
images taken immediately before and after efflorescence. The
trapped crystal is subsequently humidified (blue line), but the
scattering pattern does not change until 39.7% RH when the
Mie scattering returns, signifying a deliquescence event. The
average homogeneous ERH and DRH values for Mg(ClO4)2
across all experiments conducted were 13.0 ± 0.5 and 39.7 ±
0.7% RH, respectively.
In contrast to Mg(ClO4)2, homogeneous efflorescence of

Ca(ClO4)2 was not observed even when dried down to a
humidity of 3.1% RH. This is shown in Figure 3B where a

droplet of Ca(ClO4)2 begins at a humidity of 28.8% RH and is
dried along the red curve. As RH is lowered, the Ca(ClO4)2
droplet loses water as seen in the changes in Mie scattering,
similar to Mg(ClO4)2. However, as the humidity begins to
reach the low single digits, the linear Mie scattering pattern
remains indicating that the droplet has not effloresced. In all
experiments conducted, dehumidification of Ca(ClO4)2 in our
optical trap did not cause efflorescence. This study cannot rule
out efflorescence occurring below 3.1% RH. However, a
previous study that examined Ca(ClO4)2 showed that the brine
did not homogeneously effloresce at RH <1% at room
temperature.13

The homogeneous phase transition of droplets of MgCl2 and
CaCl2 is shown in Figure 3C,D, respectively. On average,
MgCl2 undergoes efflorescence and deliquescence at 3.7 ± 0.4
and 13.7 ± 0.5% RH, respectively. Similar to Ca(ClO4)2,
CaCl2 does not homogeneously effloresce when dried and thus
the DRH could not be measured. However, at low RH,
interferences in the scattering pattern appear, which could
indicate changes to the morphology of the droplet or localized
changes in the refractive index of the droplet. For our study,
the homogeneous DRH value at room temperature was
estimated to be 15% RH based on a study that utilizes the
droplet on a plate technique coupled with Raman micros-
copy.16

4.2. Heterogeneous Efflorescence of Brines. The
probability of efflorescence for Mg(ClO4)2 in contact with
the various heterogeneous nuclei is shown in Figure 4. The Peff
for each heterogeneous nucleus, with the exception of MMS,
was fit with a sigmoidal curve that was bound between 0 and 1.

Figure 3. Homogeneous hysteresis of (A) Mg(ClO4)2, (B) Ca(ClO4)2, (C) MgCl2, and (D) CaCl2. The red line indicates dehumidification, and
the blue line indicates humidification. Scattering images in the far field are shown for various humidities along hysteresis. The liquid water content
and relative humidity are not to scale.
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From the fitted curves, the half-max value (Peff = 0.5) with a
90% confidence band was reported as the contact ERH.
Heterogeneous nuclei that are efficient at inducing efflor-
escence of Mg(ClO4)2 will have a higher contact ERH closer
to the homogeneous DRH of 39.7% RH; thus, the contact
efflorescence efficiency increases for the curves from left to
right on the figure. From Figure 4, it can be seen that a crystal
of Mg(ClO4)2 is the most effective heterogeneous nucleus.
Because the crystal has an identical lattice structure to the
nucleating material, crystalline Mg(ClO4)2 simply acts as a
seed for further crystallization and thus it is not surprising that
it is the most effective heterogeneous nucleus causing
efflorescence at 37.7 ± 1.2% RH. Since the contact ERH is
close to the homogeneous DRH, a crystal of Mg(ClO4)2 will
prevent any supersaturation of Mg(ClO4)2 brine it contacts.
The next two most effective heterogeneous nuclei were
(NH4)2SO4 and NaCl with a contact ERH of 30.2 ± 0.6
and 19.3 ± 1.8% RH, respectively. The least effective
heterogeneous nuclei were Na-montmorillonite and MMS.
Na-montmorillonite induced contact efflorescence at 14.8 ±
1.0% RH, while MMS never induced efflorescence at the RH
tested. Thus, an upper limit for contact ERH of Mg(ClO4)2 by
MMS was chosen as the average RH (±1 S.D.) of the lowest
set of RH tested at 15.1 ± 0.3% RH. When compared to the
homogeneous ERH of Mg(ClO4)2 at 13.0% RH, neither Na-
montmorillonite nor MMS seems to significantly increase the
ERH of Mg(ClO4)2.
A summary of the results for all heterogeneous efflorescence

experiments for Mg(ClO4)2 is shown in Figure 5. In addition
to the contact ERH values, the immersion efflorescence values
are also included for the nonsoluble heterogeneous nuclei. For
Na-montmorillonite, the immersion ERH was 14.4 ± 1.5%
RH, and for MMS, it was 12.7 ± 0.6% RH. As seen in the
figure, Na-montmorillonite seems to have minimal effect on
the efflorescence of Mg(ClO4)2 with both contact and
immersion ERH not statistically different from the homoge-
neous ERH. Similarly, for MMS, the contact ERH is shown as
an upper limit that is already close to the homogeneous ERH.

Immersion efflorescence of Mg(ClO4)2 by MMS occurs at the
homogeneous ERH within uncertainty. Thus, we conclude that
at room temperature neither of these Mars soil analogues has a
significant effect on the efflorescence of Mg(ClO4)2. The
inactivity of the two insoluble Mars soil analogues as
heterogeneous immersion nuclei for Mg(ClO4)2 was pre-
viously shown in a study performed on droplets on a plate at
lower temperatures.17 The contact and immersion ERH for
Na-montmorillonite with Mg(ClO4)2 were the same, within
error, unlike other studies that have found contact
efflorescence to be more effective than immersion.27 Here,
neither contact nor immersion nucleation was effective.
The results for heterogeneous efflorescence of the remaining

three brines MgCl2, Ca(ClO4)2, and CaCl2 by contact and
immersion with Na-montmorillonite are shown in Figure 6.
The contact ERH of MgCl2 at 10.9 ± 0.6% RH was reported in
a previous study performed in our optical levitator,27 and the
immersion ERH at 7.9 ± 2.7% RH is from the current study.
Unlike Mg(ClO4)2, the efflorescence of MgCl2 is significantly
influenced by the presence of Na-montmorillonite in both
contact and immersion modes. Additionally, contact efflor-
escence of MgCl2 by Na-montmorillonite occurs at a higher
RH than immersion efflorescence. For the two calcium salts,
since homogeneous deliquescence was not observed, the DRH
value shown was taken from the literature.13,16 Contact
efflorescence experimental results for Ca(ClO4)2 and CaCl2
are shown in Figure S2 of the Supporting Information. As seen
in the figure, contact efflorescence of Ca(ClO4)2 and CaCl2 by
Na-montmorillonite was not observed. The lowest average RH
values achieved for Ca(ClO4)2 and CaCl2 were 5.2 ± 0.5 and
4.9 ± 0.6% RH, respectively. Thus, these values also represent
upper limits for contact ERH. Similarly, immersion efflor-
escence was not observed for the two calcium salts by Na-
montmorillonite. The average of the five lowest RH values
reached in immersion experiments for Ca(ClO4)2 and CaCl2
were 3.1 ± 0.9 and 2.7 ± 0.3% RH, respectively. Thus, these
values represent the upper limits for immersion ERH.

Figure 4. Contact efflorescence experiment results for Mg(ClO4)2 in
contact with Mg(ClO4)2 (solid circle), (NH4)2SO4 (solid down
triangle), NaCl (solid up triangle), Na-montmorillonite (solid
diamond), and MMS (solid square). Each was fitted with a sigmoidal
curve. The two solid lines show the homogeneous ERH and DRH
values for Mg(ClO4)2. The two dashed lines around the ERH line
indicate the standard deviation in the homogeneous ERH as observed
in this study.

Figure 5. Summary of results for heterogeneous efflorescence of
Mg(ClO4)2, NaCl, (NH4)2SO4, Na-montmorillonite (Swy-2b), and
MMS. The solid boxes indicate contact ERH, and the hatched boxes
indicate immersion ERH. The two solid lines show the homogeneous
ERH and DRH values for Mg(ClO4)2. The two dashed lines around
the ERH line indicate the standard deviation in the homogeneous
ERH as observed in this study. The *UL indicates that the value
shown is the upper limit as contact efflorescence was never observed.
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However, it is still possible for contact and immersion
efflorescence to occur at RH values below the reported values.

5. DISCUSSION
5.1. Heterogeneous Efflorescence on Mars. Compar-

isons of the homogeneous phase diagrams for the four
magnesium and calcium salts to temperature and humidity
conditions on Mars have shown that some salt brines on Mars
may be stable for certain periods of time during a Martian
sol.10−14 When the homogeneous phase transitions of
Mg(ClO4)2 are compared to modeled surface temperature
and humidity conditions at the Viking Lander 2 site,
Mg(ClO4)2 does not seem to deliquesce for any significant
amount of time.10 However, when the same diurnal trajectory
is compared to the stability phase diagram of Ca(ClO4)2, brine
could be stable or metastable for 3−4 h per sol.13 Additionally,
the temperature and humidity conditions of the shallow
subsurface were modeled at the Phoenix landing site, and when
that trajectory is applied to the stability diagram of Ca(ClO4)2,
it was shown that the stability period could be as long as 17
h.13 The modeled shallow subsurface was significantly warmer
and more humid, never dropping below 8% RH, which allowed
the brine to be stable for a longer time. Since the
homogeneous ERH of Mg(ClO4)2 is above 8% RH,
efflorescence is likely to occur even in the subsurface. In
contrast, MgCl2, Ca(ClO4)2, and CaCl2 have a lower
homogeneous ERH, allowing them to possibly avoid
efflorescence and persist as metastable, supersaturated brines.
These studies did not, however, consider the possibility of
heterogeneous nucleation of the briny droplets by contact or
immersion of Martian regolith materials. Our studies show that

Na-montmorillonite can act as a heterogeneous nucleus for the
efflorescence of MgCl2, increasing the heterogeneous ERH to
10.9 and 7.9% for contact and immersion ERH, respectively.
The presence of montmorillonite could thus cause MgCl2 to
effloresce in the shallow subsurface, cutting into the stability
period of MgCl2 brine. For the two calcium salts, the inactivity
of montmorillonite as a heterogeneous nucleus confirms the
current expectation that their brines are metastable in the
subsurface of Mars as the reported upper limits for
heterogeneous ERH were not above 8%.
While the current study was conducted at room temper-

ature, the average temperature of Mars is 210 K. During the
warmer months on Mars, the temperatures can reach up to 300
K at equatorial regions,7 but those high temperatures are
accompanied by low RH values. Thus, the question arises as to
the relevance of these results for Mars. However, past work has
shown that homogeneous efflorescence is less dependent on
temperature than deliquescence for these salts.10−14 For
example, Gough et al.10 examined the homogeneous
efflorescence of Mg(ClO4)2 and found minimal temperature
dependence over the temperature range of 223−270 K.
Further, a study by Primm et al.17 over a similar temperature
range examined immersion efflorescence of Mg(ClO4)2 by
montmorillonite and MMS and again saw that efflorescence
was independent of temperature. Thus, we expect a minimal
temperature dependence for contact efflorescence as well,
although this has not been proven.

5.2. Crystal Lattice Match. The effectiveness of foreign
nuclei on crystal nucleation is often discussed in terms of the
crystal lattice match between the two solids. It is believed that
when a heterogeneous nucleus has a similar crystal lattice
structure to the nucleating crystal, it will be more effective than
the one that lacks a crystal lattice match.40,41 For efflorescence,
a better crystal match would induce efflorescence at a relative
humidity closer to the homogeneous DRH,26,27 thus
preventing brine supersaturation. To compare the various
heterogeneous nuclei’s crystal lattice to that of the effloresced
crystal from the brine, the crystal lattice mismatch (δ) between
their crystal faces was calculated

δ =
+− −

2

a a

a

a a

a
1,HN 1,Cr

1,Cr

2,HN 2,Cr

2,Cr

Here, a1 and a2 are the two lattice constants that define the
specific crystal face for the heterogeneous nucleus (HN) and
the nucleating crystal (Cr). A crystal lattice mismatch of zero
means a perfect match, as the value for crystal lattice mismatch
increases, the more dissimilar the two crystal systems are. A
crystal lattice was simplified to the three faces: the 100 face is
represented by the b and c lattice constants, the 010 by the c
and a, and the 001 by the a and b lattice constants. Each of
these faces of the brine crystal was compared to that of the
heterogeneous nuclei, resulting in a total of nine calculated
crystal lattice mismatches for each pair. Of the nine calculated
values, the lowest value was determined as the crystal lattice
mismatch. The crystal lattice mismatch between Mg(ClO4)2
and four of the heterogeneous nuclei (Mg(ClO4)2,
(NH4)2SO4, NaCl, and Na-montmorillonite) was calculated
and compared to their respective contact ERH in Figure 7.
MMS was excluded from this analysis because it is a mixture of
minerals. The data was fit with a linear fit, and the resulting R-
squared value is shown. A list of the lattice constants and

Figure 6. Summary of results for heterogeneous efflorescence
experiments of (A) MgCl2, (B) Ca(ClO4)2, and (C) CaCl2 by Na-
montmorillonite. The solid boxes are for contact ERH values, while
the hatched boxes are for immersion ERH values. The solid lines
indicate the homogeneous ERH and DRH values for each salt. DRH
values for Ca(ClO4)2

13 and CaCl2
16 were taken from the literature.

*UL represents an upper limit as heterogeneous efflorescence was
never observed in those experiments.
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crystal systems of the species analyzed are shown in Table S1
of the Supporting Information. There is a mild negative
correlation between contact ERH and lattice mismatch,
implying that a heterogeneous nucleus with a more similar
crystal lattice to the brine tends to be more effective at
inducing contact mode efflorescence. The result is as expected
and is also consistent with previous studies on heterogeneous
efflorescence in the optical trap.26,27 Those studies found that
when the lattice mismatch value was above 0.12, the
heterogeneous nuclei were typically not effective at inducing
contact efflorescence of the nucleating salt.
To predict the global effect of heterogeneous nuclei on brine

stability, the crystal lattice mismatch between Mg(ClO4)2,
MgCl2, Ca(ClO4)2, and CaCl2 and a set of minerals that have
been detected either remotely or in situ were calculated and
are tabulated in Table 1. The mismatch values were then
designated a color based on the predicted effectiveness of the
mineral in inducing efflorescence. Green (δ < 0.06) represents
pairings where the heterogeneous nucleus is likely to impact
brine stability, yellow (0.06 < δ < 0.12) represents minerals
that may or may not impact the brine, and red (0.12 < δ) is

unlikely to have an impact. As shown in the table, most of the
brine and mineral pairings have a lattice mismatch above 0.12.
Many of the clay minerals such as nontronite and
montmorillonite have a lattice mismatch that is between 0.06
and 0.12 for the salts except for CaCl2. Additionally, of the four
salts, MgCl2 has the lowest mismatch value with montmor-
illonite, which could explain why MgCl2 was the only brine
whose stability was significantly decreased by montmorillonite.
There are only four pairings that have a mismatch value below
0.06 with two of them being for contact with Mg(ClO4)2. At
the surface of Mars, Mg(ClO4)2 is already thought to not
undergo deliquescence. However, in the shallow subsurface
where Mg(ClO4)2 may transition into brine for short periods
of time, the presence of hematite and chlorite may limit brine
metastability. Kieserite (MgSO4), which has been detected by
the Opportunity rover and has been theorized to have an
association with groundwater upwelling events,33 has a low
mismatch value for CaCl2. Feldspar contacting MgCl2 is the
final pair to have a mismatch value below 0.06 and is also the
lowest mismatch value calculated from the selected list.
Additionally, feldspar is the only mineral from the selected
list that does not have a mismatch value above 0.12 with the
four brines. As feldspar is believed to be globally distributed on
Mars, its effect on brine stability may have the most impact.

6. CONCLUSIONS
On the surface of Mars, if droplets of a deliquesced salt were to
form, they will likely interact with a heterogeneous nucleus
such as other crystalline salts and mineral particles. Whether
the heterogeneous nucleus will destabilize the brine and induce
efflorescence at a significantly higher humidity than previously
believed is dependent upon the combination of the aqueous
salt and the nucleus. Some combinations, such as a crystalline
Mg(ClO4)2 with a brine of itself or Na-montmorillonite with
MgCl2 brine, can significantly lower the stability of the aqueous
solution and will lower the probability or duration of brines on

Figure 7. Contact ERH of Mg(ClO4)2 compared to lattice mismatch
(δ) with linear fit and R-squared values.

Table 1. Crystal Lattice Mismatch of Select Brines and Mineral Pairs
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Mars. However, other combinations such as MMS with
Mg(ClO4)2 and Na-montmorillonite with Mg(ClO4)2, Ca-
(ClO4)2, and CaCl2 did not impact the efflorescence when
compared to homogeneous efflorescence. For the two calcium
salts studied, the inactivity of montmorillonite as a
heterogeneous nucleus is promising for liquid water on Mars
as these salts are theorized to be in the brine form for extended
periods of time on Mars.13,14 However, to fully understand
efflorescence and deliquescence on Mars’ surface and subsur-
face, a model for heterogeneous efflorescence is necessary as it
is impractical to study every possible combination of brine or
mineral in the laboratory. This work shows that crystal lattice is
one factor that determines how effective a heterogeneous
nucleus will be in inducing efflorescence, but crystal lattice is
one of the many factors believed to drive heterogeneous
nucleation. For example, the number of active sites is also
believed to affect heterogeneous nucleation.28,29,42 Active sites
are regions on a particle’s surface where nucleation is most
likely to begin, believed to be formed from defects to the
mineral’s structure. Studies that have examined the size effect
of immersed metal oxide particles on efflorescence of
(NH4)2SO4 have suggested that by increasing the surface
area, the number of active sites were increased and thus a
higher immersion ERH was observed.28,29 For an accurate
model of heterogeneous efflorescence, additional laboratory
studies that probe and parameterize the many factors of
heterogeneous nucleation will need to be conducted.
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