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Abstract

A key discovery of the NASA Phoenix mission of 2008 was of perchlorate salts in the Martian

regolith, which are highly deliquescent, meaning they can adsorb water from the atmosphere and

form liquid solutions. In addition to deliquescence, these solutions can form from straightforward

contact between perchlorate crystals and water ice. Like many saline solutions, perchlorate brine

has a depressed freezing point compared to pure water, and has been shown previously to remain

liquid at Mars environmental conditions for hours at a time. Study of these phenomena is of impor-

tance for characterizing the Martian hydrological cycle, and furthermore, such brine is a potentially

habitable environment for living organisms.

Advancements were made in demonstrating the deliquescence of perchlorate salts in a simulated

cross-section of the Martian surface and subsurface. First, deliquescence was demonstrated on top

of a sample of Mars regolith simulant at Mars-measured surface temperature and pressure, but

with higher water vapour content in the air than on Mars. Subsequently, lessons from a series of

experiments led to the design of a new experimental apparatus for demonstrating deliquescence in

environmental conditions at the surface of Mars, targeting key obstacles like temperature control

and frost deposition. The tests described herein represent progress towards the ultimate demon-

stration of deliquescence on or in regolith and subsequent liquid transport through the subsurface.

Experiments are also presented which explored whether a layer of liquid water forms at the ice table

in the shallow subsurface due to contact between perchlorate and water ice on Mars. Samples of

regolith simulant were mixed with varying concentrations of magnesium perchlorate and deposited

over ice to simulate the ice-regolith interface as was seen on Mars. Over multiple temperature

cycles, the temperatures of melting of the ice and full freezing of the resulting brine were recorded

using an embedded moisture sensing device. Based on temperatures simulated to constrain the

ice table at the Phoenix landing site, a perchlorate concentration of 5% is su�cient for a layer of

liquid water to form which can persist for days a time, while no liquid forms for a Mars-measured

concentration of 0.6%. Other concentrations in between are also explored.
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1 Introduction

Mars has been the subject of signi�cant study spanning several decades. In particular, there is

interest in characterizing the Martian water cycle, since liquid water is essential for our present

understanding of life. A full accounting of the water present on Mars aids in advancing knowledge

of the planet as a whole, and in particular, its prospects for past or present habitability. While

relatively dry and cold compared to Earth, Mars does have a dynamic water cycle, which features

familiar hydrological phenomena such as water ice clouds and precipitation [1], water frost depo-

sition and sublimation [2], and polar ice caps [3]. The presence of large quantities of liquid water,

however, is constrained to the far geological past, including in the form of ancient lake beds, one

of which is currently being explored by the Mars 2020 Perseverance rover [4].

An achievement of the 2008 NASA Phoenix lander mission was the discovery of perchlorate salts

in the Martian regolith in relatively high concentrations, which has implications for the stability

of liquid water [5]. Perchlorates can take up water vapour from the atmosphere in a process called

deliquescence and form liquid solutions with greatly depressed freezing points [6]. These brines can

also form from straightforward contact between perchlorate and subsurface water ice [7]. Past work

from this laboratory demonstrated that a liquid magnesium perchlorate solution formed through

deliquescence would be stable on Mars from -51°C to -67°C over approximately 3 hours in the

evening and through -62°C to -51°C over approximately 2 hours in the morning. Once formed,

brines such as these may be a suitable environments for microbial life [8]. This MSc thesis reports

on work done to advance understanding of the Martian hydrological cycle. The two research goals

are:

1. Demonstrate deliquescence of magnesium perchlorate at environmental conditions equivalent

to those on Mars at the Phoenix landing site in a sample of simulated Martian regolith with

Mars-measured thickness over ice.

2. Determine if a layer of liquid saline water forms at the ice table which was found at the

Phoenix landing site on Mars [2] (primary goal).

Chapter 2 gives a brief summary of the current understanding of the Martian water cycle and
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discusses why liquid water is generally not thought to be detected on the surface. This is fol-

lowed by a discussion of some relevant thermodynamics with respect to water exchange between

reservoirs or surfaces and the surrounding air. This provides technical background for hydrological

phenomena observed on Mars during landed missions such as deposition, sublimation, and precipi-

tation. Perchlorate salts are then introduced, followed by an introduction to the phenomena known

as deliquescence (and the associated inverse process called e�orescence), as well as the freezing

point depression inherent in salty solutions formed through deliquescence or other means. The

implications of this for Mars are then discussed, citing possible evidence for liquid water as a re-

sult of this very process based on direct observational evidence on Mars and laboratory experiments.

Chapter 3 builds on previous experiments which demonstrated the deliquescence of magnesium

perchlorate hexahydrate at Martian environmental conditions [6, 9, 10]; this pertains to the �rst

goal enumerated above. The ideal demonstration involves the detection of deliquescence on or

inside regolith, which itself would be sitting atop a simulated Martian ice table, as was observed

by Phoenix [2]. Transport of liquid within the regolith after deliquescence could then be observed.

The section opens by introducing relevant experimental equipment and techniques, including the

environmental chamber where experiments took place and associated pressure, humidity, and tem-

perature control techniques. These are used to emulate the conditions measured at the Phoenix

landing site on northern Mars in 2008. Then, the phenomenon known as Raman scattering is intro-

duced, since the technique known as Raman spectroscopy (using a laser Raman LIDAR apparatus,

also discussed) is employed for some experiments to detect phase changes of perchlorate from dry

crystals to a salty liquid water solution. An example experiment, which emulates previous work, is

then presented to provide an explicit example of the deliquescence of perchlorate crystals at Mars

conditions and illustrate key principles of using laser Raman LIDAR to detect phase changes of

water. After this, experiments are presented which represent numerous attempts since 2022 to

advance the demonstration shown in the example experiment. In the presented experiments, dif-

ferent conditions are altered, including humidity, air 
ow, and temperature to build up a working

demonstration. Ultimately, the key demonstration has not yet been achieved, for reasons which

will be discussed; the primary challenge involves cooling the regolith (and perchlorate) while still

allowing su�cient moisture to be present in the air, and not depositing moisture onto cold surfaces

2



while cooling the sample and the air around it. In the discussion for this section, future work is

suggested as a result of this progress.

Chapter 4 presents experiments for determining whether a thin layer of liquid brine forms at the

interface between ice and regolith at shallow subsurface depths on Mars. This pertains to the sec-

ond research goal enumerated above, which was considered the primary goal of this MSc research.

First, an overview is given on physical moisture sensing technology, with a subsequent introduction

to the working principles of the instrument chosen for the presented experiments. In these tests,

the same environmental chamber as in Chapter 3 is used, but instead of testing for deliquescence of

perchlorate on top of simulated Martian regolith, perchlorate is mixed into the regolith at varying

concentrations (including in one trial a Mars-measured concentration) and deposited onto ice. This

simulated cross-section of the Martian subsurface is then subjected to temperature cycles which

pass through the expected temperatures on Mars. A moisture detection probe is embedded into

the ice, and indicates points of freezing and melting of a liquid perchlorate solution at the ice

which results from contact between the perchlorate-regolith mixture and the ice. It turns out that

at perchlorate concentrations measured on Mars (0.6%, [5]), melting would not occur at the ice

table during the mid-summer at regolith depths of the Phoenix landing site. However, at the high

concentration of 5%, liquid water would form, and persist for potentially entire seasons at the ice

table based on melting and freezing temperatures.

Chapter 5 concludes discussion for this MSc research by revisiting the research goals and summa-

rizing speci�c progress towards each.
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2 Background

2.1 Past and Contemporary Martian Water

There is evidence for large quantities of past liquid water on the surface of Mars in the form of

ancient shorelines [11, 12], valley networks and channels [13], and past lakes [4, 14], some of which

may have been habitable to primitive life [4, 15]. However, Mars, like all planets, goes through

distinct geological eras, and at present day, there are no such basins and 
ows of liquid water. The

Mars atmosphere is 95% CO2 [16], but unlike Earth, Mars has no signi�cant greenhouse e�ect,

and has an average surface temperature of -60� C [17]. Further, Mars has an atmospheric surface

pressure only around 1% that of Earth's, and though some regions can reach pressures up to 700 or

800 Pa [18] (which is above the 600 Pa pressure at the triple point of water), the low temperatures

at these regions (below 273 K, even in the summer [18,19]) prevent pure liquid water from forming.

Still, there is presently a dynamic hydrological cycle occurring on Mars, and characterizing this cycle

not only advances understanding of the evolution of Mars, but has implications for the possibility

of present day biological life. A key point is that liquid water can exist in the form of salty brines

at conditions unfavourable to pure water, as will be discussed below.

2.2 Water Exchange Principles

The saturation vapour pressure over water (es) is the partial pressure1 of water vapour where the

rate of water molecules condensing from the air onto the surface of a 
at body of water is equal to

the rate of molecules evaporating into the air. It is temperature-dependant;es is greater for warmer

air than for cooler air. Note that for experiments at Mars environmental conditions, saturation

vapour pressure over ice (ei ) is more commonly used than saturation vapour pressure over water.

An important related quantity is relative humidity (RH), commonly expressed in percent, which

is the percent of water vapour in the air relative to how much it would hold if it were saturated.

More explicitly, it is the partial pressure of water over the saturation vapour pressure, converted to

percent ( e
es

� 100%). Below 0� C, which is the freezing point of pure water, relative humidity is often

referred to as relative humidity over ice (RHi), and is instead computed as (eei
� 100%). If the air is

1Partial pressure (of, say, water vapour) is the pressure exerted only by water vapour in a given mixture of gas.
Alternatively, it's the pressure that would be exerted if that much water vapour were the only gas in the mixture.
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2.3 Present-day Mars Water Cycle

cooled such thate = ei , that is said to be 100% RH, and the air is saturated. Ife > ei above a cool

surface of temperature T, the air is supersaturated, and net deposition will be seen on the surface

in the form of frost or ice. The temperature at which e = ei , and thus RH = 100% is called the

frost point temperature (T f , or FPT in some �gures of this report). In other words, at RH = 100%,

T = T f .2 Then, once the inverse condition is ful�lled (e < ei , now that T > T f , say), the rate of

sublimation will surpass the rate of deposition, and net sublimation o� the surface will be observed.

Note : In experiments below, despite being denoted as a \temperature," the reporting of frost point

temperature (T f or FPT) is actually a measure of water vapour content in the air. For instance,

some experiments occurred at Tf = -35 � C, which is more humid than others which occurred at Tf

= -55 � C, the latter of which having been observed on Mars during the Phoenix mission [20].

2.3 Present-day Mars Water Cycle

Various physical phenomena comprise our current understanding of the present-day Mars water

cycle. The 2008 NASA Phoenix lander mission provided direct, ground-based detection of some of

these, including daily cycles of water frost deposition and sublimation (Figure 1a) and water-ice

clouds and precipitation (Figure 1b). A longer-term cycle is evident with respect to the northern

polar ice cap, where water is seasonally sublimated into the air from the ice cap for transport

through the atmosphere to lower latitudes during the summer [3]. Water is then re-deposited back

onto the ice cap as temperatures cool after summer.

2Over liquid water, the frost point is instead called the dew point (T d ), and where e = es (or T = T d ), condensation
of liquid water onto the surface is seen, rather than the deposition of frost.
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2.3 Present-day Mars Water Cycle

(a) Image of frost formation on Mars re-
golith on sol 80 of the Phoenix mission [2].

(b) Clouds and fall streaks indicating precipitation from the Phoenix
LIDAR instrument [1].

Figure 1: Evidence of a dynamic Martian hydrological cycle from the NASA Phoenix mission.

A similar exchange (sublimation and deposition of water, facilitated by di�usion) has been demon-

strated experimentally to occur between the atmosphere and subsurface ground ice, which is not

constrained just to the extreme polar regions [21]. This ground ice, the boundary of which (the

\ice table") is in contact with ice-free regolith, is a reservoir holding a signi�cant quantity of the

total Martian inventory of water. At the Phoenix landing site, evidence for the subsurface water ice

table was provided by camera (Figure 2a and 2b) and by the Phoenix Thermal and Evolved-Gas

Analyzer; the ice table was found to sit between 5 and 18 cm below the top surface [2].

(a) Image of ice table exposed by Phoenix landing thrusters [2]. (b) Subsurface ice table exposed by
Phoenix Robotic Arm [18].

Figure 2: Physical evidence of Mars subsurface ground ice at the Phoenix landing site.
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2.4 Perchlorate Salts

2.4 Perchlorate Salts

In addition to providing ground-based con�rmation of various phenomena pertaining to the Martian

water cycle, a notable outcome of the Phoenix mission was the detection of perchlorate (ClO4� )

in the Martian regolith in concentrations of up to 0.6% (wt%) by the Phoenix Wet Chemistry

Laboratory (WCL) [5], and potentially in small patches of higher concentrations [22]. Perchlorate

has also been detected by the NASA Curiosity rover at Gale Crater in similar concentrations,

suggesting perchlorates are globally distributed [23]. One study, which compared data from an

engineering model of the WCL with the in situ data at the Phoenix landing site, identi�ed the

most likely perchlorate parent salts as Ca(ClO4
� )2 (60%) and Mg(ClO4

� )2 (40%) [24]. Another

study, which used chemical modelling, suggests instead that perchlorate was most abundant in the

form of magnesium perchlorate hexahydrate (Mg(ClO4
� )2�6H2O), followed by sodium perchlorate

dihydrate (NaClO 4
� �2H2O) and potassium perchlorate (KClO4

� ) [25].

2.4.1 Deliquescence and E�orescence

Perchlorate salts have a high a�nity for water vapour, meaning water in the atmosphere will

adsorb onto the perchlorate molecule due to polar attraction between the water molecule and the

perchlorate ions. The amount of adsorption which occurs depends on the ambient relative humidity

(RH). As the local RH increases, so does the amount of adsorbed water, until the ionic bonds of the

salt are broken and the salt dissolves [26]. This process, which results in a salty liquid solution or

brine, is called deliquescence. The critical relative humidity as which the dissolving occurs is called

the deliquescence relative humidity (DRH) and is characteristic to the salt in question, that is,

di�erent perchlorates have di�erent DRHs. Figure 3 shows camera images of this process occurring

in room air at York University (23 � C and 60% relative RH) over the course of one hour as a large

sample of dry magnesium perchlorate hexahydrate crystals form a liquid solution.
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