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A B S T R A C T

The search for unequivocal proofs of liquid water on present day Mars is a prominent domain of research with
implications on habitability and future Mars exploration. The HABIT (Habitability: Brines, Irradiation, and
Temperature) instrument that will be on-board the ExoMars 2020 Surface Platform (ESA-IKI Roscosmos) will
investigate the habitability of present day Mars, monitoring temperature, winds, dust conductivity, ultraviolet
radiation and liquid water formation. One of the components of HABIT is the experiment BOTTLE (Brine
Observation Transition To Liquid Experiment). The purposes of BOTTLE are to: (1) quantify the formation of
transient liquid brines; (2) observe their stability over time under non-equilibrium conditions; and (3) serve as an
In-Situ Resource Utilization (ISRU) technology demonstrator for water moisture capture. In this manuscript, we
describe the calibration procedure of BOTTLE with standard concentrations of brines, the calibration function
and the coefficients needed to interpret the observations on Mars.

BOTTLE consists of six containers: four of them are filled with different deliquescent salts that have been
found on Mars (calcium-perchlorate, magnesium-perchlorate, calcium-chloride, and sodium-perchlorate); and
two containers that are open to the air, to collect atmospheric dust. The salts are exposed to the Martian en-
vironment through a high efficiency particulate air (HEPA) filter (to comply with planetary protection proto-
cols). The deliquescence process will be monitored by observing the changes in electrical conductivity (EC) in
each container: dehydrated salts show low EC, hydrated salts show medium EC and, liquid brines show high EC
values. We report and interpret the preliminary test results using the BOTTLE engineering model in re-
presentative conditions; and we discuss how this concept can be adapted to other exploration missions.

Our laboratory observations show that 1.2 g of anhydrous calcium-chloride captures about 3.7 g of liquid
water as brine passing through various possible hydrate forms. This ISRU technology could potentially be the
first attempt to understand the formation of transient liquid water on Mars and to develop self-sustaining in-situ
water harvesting on Mars for future human and robotic missions.
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1. Introduction

1.1. Liquid water on Mars

Finding liquid water on present day Mars has implications on its
habitability [1] and future human exploration [2,3]. Brines have been
postulated to be produced on present day Mars under specific en-
vironmental conditions of temperature (T) and relative humidity (RH),
in a diurnal absorption and evaporation cycle of atmospheric water
vapor supported by the deliquescent chloride (Cl−) and perchlorate
(ClO4

−) salts that exist on the surface of Mars [4].
The presence of these salts was detected by both the Phoenix Lander

in the north polar plains and by the Curiosity rover/Mars Science
Laboratory (MSL) at Gale Crater, on equatorial Mars. The in-situ ana-
lysis by the Phoenix Wet Chemistry Lab at the Phoenix landing site [5]
confirmed the presence of magnesium or sodium-perchlorates and,
calcium-perchlorate [6–8] was observed by the MSL mission at Gale.
Viking data reanalysis suggested the presence of perchlorates in the
shallow subsurface of Mars at its landing site [9]. Furthermore, chlorine
is distributed globally on Mars as detected by the Mars Odyssey's
Thermal Emission Imaging System (THEMIS) [10] and Gamma Ray
Spectrometer (GRS) [11,12]. It has been recently demonstrated that
plasma chemistry occurring during dust storms can actually be a source
of formation for the large amount of perchlorates found on Mars [13].
This would mean that there is a continuous process for perchlorate
formation and that they may be expected everywhere on the planet.

Chloride and perchlorate salts can form stable hydrates and liquid
brines by absorbing atmospheric water vapor through deliquescence
(transition from crystalline solid to aqueous solution) [14–23]. The
local regolith-atmosphere coupling has been postulated to be a possible
candidate for the seasonal occurrence of Recurring Slope Lineae (RSL)
or slope streaks, frequently featured in the southern slopes of the
equatorial Martian surface [24–30]. Other liquid related flow-like fea-
tures like the low latitude slope streaks [31] and the Dust Dune Spots
[32] were also claimed to be because of this water lubricated “wet”
mechanism. Supporting the argument of this mechanism, the MSL
measurements showed that the environmental conditions allowed for
formation of night-time transient liquid brines in the uppermost 5 cm of
the subsurface which then evaporate after sunrise [33]. Martin-Torres
et al. [4] described the hypothetical diurnal water cycle for low latitude
region on Mars representing the atmosphere–regolith water interchange
[34,35]. The presence of liquid water on Mars if confirmed, could have
potential impact on the chemistry and thereby the search for Martian
life [36,37]. The purpose of the Brine Observation Transition To Liquid
Experiment (BOTTLE) of the ExoMars surface platform is to have a
controlled experiment with these salts to monitor their interaction with
the atmosphere, investigating the processes of deliquescence, ef-
florescence, and the formation of liquid brines.

1.2. Deliquescence and efflorescence

Deliquescence is a phase transition from a crystalline solid to an
aqueous solution that occurs at a specific condition, when the relative
humidity (RH) is equal to or greater than the deliquescence relative
humidity (DRH) of a salt and the temperature is within a certain range
that depends on the salt phase diagram [38,39]. Efflorescence is the
opposite; a phase transition from aqueous solution to a crystalline solid
that occurs when the relative humidity (RH) is equal to or lesser than
the efflorescence relative humidity (ERH) of a salt. The DRH and ERH
values of the HABIT salts are summarized in Table 1.

At equilibrium, the water activity (aw) of the brine formed can be
related to the relative humidity as aw=RH%/100 [42]. The deliques-
cence relative humidity (DRH) is thus estimated by the water activity
over a saturated salt solution [43]. DRH and ERH for each salt vary as a
function of temperature [44], with deliquescence occurring at tem-
peratures as low as its eutectic point [42]. DRH increases with

decreasing temperature (salts become less hygroscopic at lower tem-
peratures), primarily because of the change in solubility [43].

Salt solutions tend to supersaturate at RH < DRH when a me-
tastable state is achieved due to kinetic limitations and exhibit hyster-
esis [16,20,38,45]. This hysteresis behaviour may allow liquid brine
solutions to exist at low relative humidity, relevant to the Martian day
[22] and this may explain the prolonged observation of the RSL. The
efflorescence relative humidity (ERH) is lower than the DRH for most
inorganic salts [38,46] because of the kinetic inhibition of salt crys-
tallization in super cooled solutions [42].

1.3. Brine formation process

To illustrate the calibration procedure, we focus here on the brine
formation process of anhydrous calcium-chloride. In equilibrium with
the saturated solution, the solid phase of the CaCl2-H2O system is
formed by ice on the low concentration side (CaCl2 wt%=0), by hy-
drates with 1/3, 1, 2, 4, and 6mol of water per mole of salt as the salt
concentration in the solution increases, and by anhydrous salt at the
highest concentration (CaCl2 wt%=100) [47]. In principle, deliques-
cence will follow the path from anhydrous salt to liquid brine via
transitions between different hydrate forms (one or more) while ef-
florescence follows the opposite path. Both deliquescence and ef-
florescence depend on the temperature and relative humidity of the
environment that the salt is interacting with. The solid-liquid phase
diagram of the CaCl2-H2O system, thus consists of branches corre-
sponding to the particular hydrates separated either by an eutectic
(198.15 K for Ca(ClO4)2, 216.15 K for Mg(ClO4)2, 223.05 K for CaCl2,
236 K for NaClO4) or by a peritectic point (at transition points of dif-
ferent hydrate forms), where two solids are precipitating simulta-
neously [43].

The brine formation process for some Mars-relevant perchlorates
have already been studied detecting the changes in phase or hydration
state of individual salt particles [17,38,42] with Raman microscopy
[16,22,48–50]. Different studies have described the formation of frozen
brine under Mars-relevant conditions [49–51]. The clear demonstration
of the existence of transient liquid water on Mars has been elusive and
is one of the main purposes of BOTTLE/HABIT. While with HABIT we
expect to monitor the brine formation process of the pure hygroscopic
salts contained in the BOTTLE cells, on the surface of Mars, these salts
exist as a mixture with the regolith. But studies have suggested that the
hypothesized phenomenon of liquid brine formation holds true both in
pure salt form and in mixture with regolith grains [50,52].

1.4. Electrical conductivity

Heinz et al. [40], demonstrated that the electrical conductivity is an
excellent parameter to monitor the deliquescence process of salts. The
electrical conductivity measurements correlated well with the deli-
quescence rates of soil-salt mixtures (they used as Martian analogue
soil, a mixture of JSC Mars-1a and perchlorates or chlorides) and pro-
vided an overall characterization in terms of time series of the brine
formation process, which seems more sensitive than either Raman
spectroscopy or estimates based on deliquescence relative humidity
[40]. This technique has been commonly used for detection of liquid or

Table 1
DRH and ERH values of BOTTLE salts. The temperatures mentioned alongside
corresponds to the reported temperature limits at which the deliquescence and
efflorescence values are valid for each salt.

Salt DRH (%) ERH (%) Ref.

Anhydrous Ca(ClO4)2 13 at 273 K 1 at 273 K [20]
Mg(ClO4)2·6H2O 42 at 273 K 19 at 223–273 K [16]
CaCl2·6H2O 29 at 298 K 3.5 at 273 K [18,40,41]
Anhydrous NaClO4 38 at 223–273 K 13 at 223–273 K [16]
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frozen water in soils [53,54].
But the deliquescence and efflorescence behaviour of the salts, and

thus the brine formation process have not yet been quantified in terms
of the different hydrate forms, as a function of electrical conductivity
and for the specific configuration of the BOTTLE instrument.

In this manuscript, we present the calibration procedure of BOTTLE
and interpret the preliminary test results as an analogue to the ob-
servations on Mars and its implications while highlighting some of the
features of the instrument from the operation point of view. In section 2
we describe BOTTLE sample preparation and experimental setup. In
section 3 we focus on establishing a relation between electrical con-
ductivity, water cycle and the brine formation process, with appropriate
relevance to hydrate forms and the transition regions of the system. In
section 4 we demonstrate the validity of the calibration model with
calcium-chloride (CaCl2) as an example. Our future plans are described
in section 5; and we present our conclusions and implications in section
6.

2. Material and methods

2.1. The instrument

BOTTLE is one of the modules of the HABIT/ExoMars 2020 Surface
Platform (ESA-IKI Roscosmos). Fig. 1 shows the engineering model of
HABIT, including BOTTLE.

BOTTLE consists of four containers with deliquescent salts that have
been found on Mars (calcium-perchlorate Ca(ClO4)2, magnesium-per-
chlorate Mg(ClO4)2, calcium-chloride CaCl2 and sodium-perchlorate
NaClO4) and two containers that are open to the air, to collect atmo-
spheric dust. The salts are exposed to the Martian environment through
a High Efficiency Particulate Air (HEPA) filter (to comply with plane-
tary protection protocols). The deliquescence process of salts will be
monitored by observing the changes in electrical conductivity (EC) in
each container with three levels of electrode pairs. It is also equipped
with a PT1000 temperature sensor to provide reference to brine tem-
perature during measurement and a heater to allow recyclability of salts
if required. With BOTTLE, we expect to identify the phase changes from
dry salt to its hydrate forms, to liquid brine or to frozen brine. HABIT
will be set to operate for the first 5 min of every hour at a measuring
frequency of 1000ms accounting for 300 data points per hour.

2.2. Sample preparation

The samples used for this work were derived from anhydrous CaCl2
salt in fine powder form, purchased from Merck KGaA (98% pure, CAS-
No: 10043-52-4). The homogeneous solutions of different CaCl2 wt% of
0% (water only) to 100% (anhydrous salt only) with 10% increments
were prepared by adding appropriate amount of water to anhydrous
CaCl2.

For experiments with CaCl2 wt% of 40%, 50%, 60%, 70%, 80%,
90% and 100%, we used 2 g of anhydrous CaCl2 in each of the six
BOTTLE containers. Salt was weighed on a weighing scale (Pioneer
OHAUS, 0–200 g) and a micropipette (VWR EHP Pipettor, Single
Channel, 60–1000 μl) was used to accurately measure the amount of
water added. The overall volume of the mixture for these experiments
were until mid-electrodes in each cell. The prepared mixture was left
for about 5–10min to reach equilibrium before the experiment. For the
experiments, a set of solutions with CaCl2 wt% of 0%, 10%, 20% and
30%, were previously prepared and added into BOTTLE until the high
electrode.

2.3. Experimental setup

The experiments were conducted in a climatic chamber (Heraeus HT
4010, 233 K–453 K) at Martian equivalent temperatures decreasing
between 298.16 K and 228.16 K at ΔT=2.63 K/min which was the
normal operational sweeping rate of the chamber. The RH of the en-
vironment was pumped from the ambient laboratory conditions and
was measured using a temperature and humidity data logger (Maxim
Integrated DS1923-F5# Hygrochron, T: 253 K–358 K, RH: 0%–100%).
BOTTLE was placed inside the chamber while the Electronics Unit (EU)
was left at ambient laboratory temperature (to avoid any thermal noise,
since the electronics of the engineering model was not representative of
the flight model and is thus not designed for low temperatures). The
cables connecting the EU and BOTTLE pass through the port on the side
of the chamber. We performed experiments on two timescales.

We performed first experiments with variable salt wt%, these were
long and slow experiments to probe the equilibrium or near-equilibrium
processes between salt and water vapor at constant temperature. Here,
the water wt% was gradually decreased with sufficient time between
water additions to allow for equilibrium to be reached between the salt
and the atmosphere. This experiment targeted to observe the

Fig. 1. Image of the HABIT instrument. (a) Container Unit
(CU) hosting BOTTLE and the Air Temperature Sensor
(ATS), (b) Electronic Unit (EU) hosting the Ground
Temperature Sensor (GTS) and the Ultraviolet Sensor (UVS),
(c) Interior of BOTTLE and view of the electrodes, (d)
Details of the electrode configuration showing the geome-
trical dimensions of the low, mid and high electrodes (in
mm) and the distance between the electrode pairs posi-
tioned between the walls of each BOTTLE cell. The dimen-
sions are used for evaluating the geometrical cell constant of
each electrode pair.
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temperature dependence in brine with different salt concentrations. We
then performed experiments with variable temperature conditions,
these were short and fast experiments at constant salt wt%. This second
type of experiment was focussed on evaluating the impact on the in-
strument measurements of kinetic factors of the brine that are asso-
ciated with temperature including the brine freezing.

Gough et al. [42] reported that an equilibrium between the sample
and the atmospheric water vapor was reached in both the short and
long timescale experiments (suggested by the lack of difference in DRH
for short vs long timescale experiments) and that it is not necessary to
closely monitor timescales. To simplify the experimental setup and
shorten the experiment duration, we performed variable temperature
experiments with constant CaCl2 wt% samples. Our calibration ex-
periments used the prepared CaCl2 brine of different concentrations to
monitor their electrical conductivity measurements at different tem-
peratures rather than observing the entire slow deliquescence process.
The block diagram of the experimental setup used is shown in Fig. 2.

2.4. Outdoor experiments

We performed an outdoor operation of the HABIT instrument in the
arctic environmental conditions of Luleå, Sweden, to mimic the op-
eration under naturally varying, uncontrolled, planetary environmental
conditions. For this demonstration, we used samples including different
amounts of calcium-chloride and the two different wt% mixtures of
Mars regolith simulant (MMS-1 Mojave Mars Simulant, Fine Grade, The
Martian Garden) and calcium-chloride. The experiment was monitoring
for the brine formation process in each of the six cells of BOTTLE
containing different samples. Data were collected for the first 5 min of
every hour at a measuring frequency of 1000ms accounting for 300
data points per hour. The experiment was run for 10 days to observe the
liquid brine formation process and to represent the EC method used by
BOTTLE to track the changes in salt hydrate forms unequivocally.

In parallel, we also performed two more outdoor experiments to
obtain an estimate of the amount of water captured and released by
CaCl2 and quantify the brine formation process by weight. For one
experiment, we used a sample of 1.2 g of anhydrous CaCl2 prepared in a
petri dish. For the other experiment, we used a mixture of 1.2 g Mars
regolith simulant (MMS-1 Mojave Mars Simulant, Fine Grade, The
Martian Garden) and 20% anhydrous CaCl2 (0.3 g). These experiments
were exposed to the arctic climatic conditions of Luleå, Sweden for 3
days. Images were taken and the petri dish with samples were weighed
at noon every day. The environmental conditions during these days
varied between 268.16 K and 273.16 K for T, and 68% and 88% for RH.

3. Theory and calculation

3.1. Measurements, data sampling and data treatment

BOTTLE measures the current flow, I and the voltage drop, V across
low, mid and high electrode pairs (see Fig. 1c and d) of each of the six
containers, along with its temperature. Consequently, the conductance,
G in Siemens is calculated with equation (1).

=G I
V

S( ) (1)

Ambient laboratory experiments for evaluating the coefficients of
the calibration function were performed for 100 data points at a fre-
quency of 1000ms. For the experiments of variable temperature with
CaCl2 wt%=40%, 50%, 60%, 70%, 80%, 90% and 100%, the data was
collected during a temperature sweep from 298.16 K to 228.16 K with
the CU in the climatic chamber at a frequency of 1000ms. For ex-
periments with CaCl2 wt%=0%, 10%, 20% and 30%, 100 data points
each were collected at a frequency of 1000ms between temperatures of
298.16 K and 228.16 K while making measurements at every 5 K de-
crements (298.16 K, 293.16 K, 288.16 K …, 228.16 K). The measure-
ment of the zero offset (or dry calibration experiment) was conducted in
the laboratory ambient temperature at the same frequency.

3.2. Calibration model

The primary goals of the BOTTLE calibration procedure were: 1) to
establish a relationship between the electrical conductivity and salt
hydrate, brine or frozen forms and; 2) monitor and detect unequivocally
the liquid brine formation process with special emphasis on phase
transitions. The following factors are considered for the calibration
model.

3.2.1. Zero offset or dry calibration
The zero offset of an instrument is normally used to determine the

null reference of the experimental case. Here, we determine the con-
ductivity of empty containers with just the natural noise frequency of
the instrument electronics. The measured zero offset provides the first
point (dry) of the calibration function.

3.2.2. Geometrical cell constant, Kcell

The measured conductance of the sample is translated to electrical
conductivity by multiplying with the geometrical cell constant of the
electrode pair, Kcell as in equation (2).

= ×
−σ K G μScm( )measured cell

1 (2)

The geometrical cell constant of the electrode pair depends on its
physical dimensions. There are three electrode pairs each in four middle
containers and two electrode pairs each in the two end containers
summing to a total of 16 electrode pairs and consequently 16 geome-
trical cell constants are to be calculated with equation (3).

= =K Distance between electrodes in cm
Surface area of electrodes in cm

d
A

( )
( )cell 2 (3)

where,

d= 2.5 cm
Alow=1.6 cm×0.4 cm=0.64 cm2

Amid= 1.6 cm×0.2 cm=0.32 cm2

Ahigh= 1.6 cm×0.2 cm=0.32 cm2

We assume the symmetrical construction of BOTTLE electrodes and
the distance between each of the electrode pairs are the same.

Therefore, Kcell,low= 2.5 cm/0.64 cm2= 3.9062 cm−1

Kcell,mid= 2.5 cm/0.32 cm2=7.8125 cm−1

Kcell, high= 2.5 cm/0.32 cm2= 7.8125 cm−1

Note: Subscripts low, mid and high denote low, mid and high electrode
pairs.

3.2.3. Calibration function and coefficients
For correcting the inaccuracy in geometrical cell constants of the

electrode pair and cancelling the offset in the instrument electronics, a

Fig. 2. Experimental setup showing different control blocks, the climatic
chamber and the HABIT graphical user interface.
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calibration function was determined with two conductivity standards:
1413 μScm−1 and 5000 μScm−1 respectively, with a least square re-
gression, by fitting a 2nd order polynomial curve as in equation (4). The
two calibration standards were chosen such that their electrical con-
ductivity values allow for an optimal fitting within the full range 0
μScm−1 to 5000 μScm−1, to cover the expected range of conductivities
of HABIT. This procedure is termed as two-point calibration (including
dry point). The specific choice of the calibration standards is chosen
depending on the required accuracy within a certain measurement
range. The flight model of the instrument will be calibrated, following
this same procedure, with several calibration standards of various
electrical conductivity values to allow for better accuracy within var-
ious narrower measurement ranges of particular interest.

= + +
−σ a σ a σ a μScm( )actual measured measured2

2
1 0

1 (4)

The obtained calibration function coefficients are summarized in
Table 2, for each of the six cells and for the three electrodes in each cell
(low, mid and high). The differences in the coefficients between each
electrode and cell may be attributed to the difference in their physical
dimensions (see Fig. 1d) and the asymmetry in the electrode config-
uration.

This way, we have obtained 16 sets of calibration function coeffi-
cients, where each set corresponds to one range of conductivity for one
electrode pair. The two-point calibration is normally sufficient for ac-
curately converting the raw data to actual conductivity measurements.
But, the order of the polynomial can be increased with more con-
ductivity standard points for greater accuracy in specific ranges.

3.2.4. Temperature vs electrical conductivity
Electrical conductivity is dependent on temperature as expressed in

equation (5) and thus usually the measured electrical conductivity at
various temperatures should be reported corresponding to a standard
temperature (298 K) considering an arbitrary constant (assuming a
linear electrical conductivity-temperature relation) for temperature
compensation.

=σ f T( ) (5)

However, when working with brines at Martian temperatures be-
tween 228.16 K and 298.16 K, the electrical conductivity-temperature
relation gets complicated especially below the freezing point of the
brine because of the non-linearity in the electrical conductivity-tem-
perature relation of the frozen brine. Thus, we refer to electrical con-
ductivity only as an indication of the hydrate form for a given salt wt%
(and to determine the DRH) to track the main phase transitions under
Martian conditions rather than to have an absolute reference of EC
comparable with our standard laboratory temperatures. Therefore, we

do not apply the temperature compensation for the measured electrical
conductivity but rather use it directly to determine the hydration state
of the salt while using the temperature reference to provide context for
a better interpretation of the temperature-related fluctuations in the
electrical conductivity and to estimate the point where the brine
freezes.

3.2.5. Electrical conductivity vs hydrate form
The core result of this work is to determine the relation between

electrical conductivity and hydrate form of the brine at different tem-
peratures as expressed in equation (6).

=σ f x T( , ) (6)

The hydrate form of the brine depends on the mole fraction of salt in
the brine and the temperature. Mole fraction (x) and mass fraction
(w=wt%/100) are related as in equation (7).

=

+
−

xCaCl

w
M

w
M

w
M

2 (1 )

CaCl
CaCl

CaCl
CaCl

CaCl
H O

2
2

2
2

2
2 (7)

where,

wCaCl2 – Mass fraction of CaCl2 in the solution
wH2O – Mass fraction of H2O in the solution
MCaCl2 – Molar mass of CaCl2= 110.98 g/mol
MH2O – Molar mass of H2O=18.01528 g/mol

3.2.6. Electrode degradation
With the constant exposure of the electrode material to brine with

an alternating current (AC), the electrodes might corrode through the
operational lifetime of the instrument which is expected to be one Earth
year. We have observed some corrosion in the platinum electrodes of
the BOTTLE engineering model during the laboratory and field-site
operation in the first six months. Although the flight model of BOTTLE
has gold electrodes which are more resistant to corrosion, it is part of
the calibration procedure to be able to interpret the signs of degrada-
tion of the electrodes. The fraction of corroded electrode area will not
contribute as the unperturbed platinum surface to the electrical con-
ductivity measurement. Thus, eventually, an extended corrosion may
affect the measurements. The rate of corrosion of the electrodes can be
characterized with laboratory experiments but for data reliability pur-
poses, in the event of corrosion during the operation of BOTTLE/HABIT
on Mars, we strategize to: 1) reset the instrument hardware by heating
up the salt and allow it to lose any captured water and then; 2) take a
null measurement of the anhydrous salt before proceeding with the
experiment. Our laboratory experiments showed that it took about
7200 s at 328.15 K (see also section 4.4) to dehydrate the saturated
CaCl2 brine at a laboratory ambient RH of ∼20%. As an effort to mi-
tigate the corrosion, the exposure of the current to the electrodes could
be limited which requires a revised scheduling plan for making less
frequent measurements. In the worst case, the data provided will con-
tain an error bar with a specified uncertainty. We have noticed from our
experiments that the corrosion in the electrode induced unstable elec-
trical conductivity measurements that deviates higher or lower than the
mean measurements within a set of data recorded continuously over a
short period. Thus, the uncertainty limits in the measurements will be
estimated from the deviation in the electrical conductivity within each
scheduled measurement of 5min (see section 2.1). We will work on the
corresponding calibration to mitigate the errors due to corrosion in the
future as described in section 5.

3.2.7. Other factors
Salt granularity, salt compactness, brine distribution, salt depth, and

electronic noise also contribute to the measured electrical conductivity
and it is important to base the interpretation considering these factors.
This work gives only the basic information about these aspects, but

Table 2
Coefficients of the polynomial equation (4) for all electrode pairs: dry, 1413
μScm−1 and 5000 μScm−1.

Electrode a2 a1 a0

Cell-1 Low 3.9406e-04 −0.5096 0.028
Cell-2 Low 3.761e-04 −0.4539 1.2855
Cell-3 Low 8.7548e-05 0.5955 −0.2963
Cell-4 Low 9.598e-04 −1.7777 0.2552
Cell-5 Low 2.0289e-04 −0.2291 0.0954
Cell-6 Low 3.3811e-04 −0.5392 0.0132
Cell-1 Mid −2.5e-03 8.9899 1.2948
Cell-2 Mid −4.9485e-04 3.1952 −15.7486
Cell-3 Mid −2.2e-03 8.1604 −3.5737
Cell-4 Mid 1.7e-03 −6.259 1.6429
Cell-5 Mid −2.1e-03 9.6591 −4.4231
Cell-6 Mid −2.4e-03 8.2325 −0.2747
Cell-2 High −6.0406e-04 3.5071 −9.4149
Cell-3 High −2.9e-03 9.2806 −13.9164
Cell-4 High 1.0776e-04 0.2762 −0.1138
Cell-5 High 4.0185e-04 −1.3571 1.4615
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careful consideration is reserved for future work as described in section
5.

4. Results and discussion

4.1. CaCl2 – H2O system phase diagram highlighting EC

The results of the variable temperature experiments with samples of
different salt wt% (corresponding to different salt hydrate forms) are
shown in Fig. 3. We observed the interrelation between electrical

Fig. 3. Calcium-chloride – Water binary system solid-liquid equilibrium phase diagram. Overlaid with EC (in μScm−1) measurements from the variable temperature
experiments with different salt wt%. The three (or two) vertical lines or points with color code at salt wt%=100, 90 … 0 shows the EC ranges for different salt
hydrate forms at three levels of electrodes (of Cell-4 in BOTTLE) denoted by L for Low, M for Mid and H for High electrodes. The corresponding multiplier scaling
factor for each experimental wt% is indicated above (in the box). This factor must be multiplied to the EC values indicated in colour, following the bar on the right.
Each multiplier scaling factor is common to the three electrodes (L, M and H). A different multiplier scaling factor was fixed for each salt wt% experiment to allow for
clear distinction of small EC changes with the phase diagram. This also shows a trend with higher factors at CaCl2 concentration of 30%, which is consistent with the
highest EC values recorded for the brine with salt wt%=30. Since the quantity of initial samples were chosen to only fill until the mid-electrode, only the EC values
corresponding to low and mid electrodes are relevant in terms of comparison of EC range. The curves were calculated from the empirical model developed by Patek
et al. [47], describing the T-x relation from the historical experimental data. Here, the molar fraction (x) was translated to wt% (=w*100) with equation (7). The
regions 1 to 7 indicated with the circled numbers denote the various forms of the CaCl2 – H2O system including ice, solution, hydrates and their mixtures. The error
bars at the eutectic and peritectic points are shown three times larger in magnitude for a better visibility. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 4. Variable temperature calibration experiments in Cell-3 when the temperature is decreased from 298.16 K to 228.16 K. Each graph shows the changes in
electrical conductivity (Y-axis; in μScm−1) as a function of temperature (X-axis; in K) for samples of different salt wt% (=100, 90 … 40). These results were from the
low (red), mid (blue) and high (green) electrodes experimental data of Cell-3 in BOTTLE. The inset plots are provided to better visualize the EC ranges of different
cases. The data from the mid electrode was removed from the plot for experiments with salt wt%=70, 60, 50 and 40 because of corrupted EC values. The relative
humidity (%) during the experiments are indicated in the format: RHmin < RH < RHmax, where the RHmin occurred at higher temperatures and RHmax at lower
temperatures. The black vertical lines indicate the freezing point of the brine. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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conductivity, temperature and salt wt% in terms of three main corre-
lations: i) temperature dependence of electrical conductivity; ii) elec-
trical conductivity ranges of different salt wt% samples; and iii)

behaviour of different salt wt% samples at different temperatures with
emphasis on liquid brine freezing.

Figs. 4 and 5 (different BOTTLE cells) show that, samples with

Fig. 5. Variable temperature calibration experiments in Cell-4 when the temperature is decreased from 298.16 K to 228.16 K. Each graph shows the changes in
electrical conductivity (Y-axis; in μScm−1) as a function of temperature (X-axis; in K) for samples of different salt wt%(=100, 90 … 40). These results were from the
low (red), mid (blue) and high (green) electrodes experimental data of Cell-4 in BOTTLE. The inset plots are provided to better visualize the EC ranges of different
cases. The relative humidity (%) during the experiments are mentioned in the format: RHmin < RH < RHmax, where the RHmin occurred at higher temperatures and
RHmax at lower temperatures. The black vertical lines indicate the freezing point of the brine. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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higher salt wt% (100, 90, 80 and 70) had either no measurable EC or
extremely low EC values. This denotes a negligible or inexistent content
of water in the salt between the electrodes (depending on brine dis-
tribution). Upon water addition, the anhydrous CaCl2 formed hydrates
that have a higher EC than the dehydrated salt (∼0 μScm−1). The
maximum EC value of the first observed stable hydrate corresponds to
the dihydrates of CaCl2 (the first possible hydrates at these experiment
temperatures, ∼1.5e+04 μScm−1 for wt% = 70). Throughout the
experiment, the temperature and EC followed a direct non-linear rela-
tion, mirrored with a decrease in the EC towards zero under colder
temperatures. The EC values of liquid brine solution (∼0.8–1* 5e+07
μScm−1) were obtained already with wt% of 60% and at lower tem-
peratures than predicted by the model. The shape of the theoretical
phase diagram seems to underestimate the region where liquid state
may appear. Also, samples with lower salt wt% (60, 50 and 40), showed
stable and higher EC values until they exhibited an unexpected rise and
fall in the EC (this will be denoted as EC spike in the rest of the paper),
at the temperature that corresponds to the transition to frozen brine.

This change in behaviour is attributed to the temperature at which
liquid brine freezing begins. Quantitatively, the EC spike of ∼1e+09
μScm−1 was registered in the order up to 25 (higher) in magnitude for
low electrode and 4 (higher) in magnitude for mid electrode.
Furthermore, the EC spike for the low electrode occurs at a temperature
colder than that of the mid electrode, explaining that the brine freezing
originates at the upper surface of the brine and propagates downwards.
Following this, the EC decreased towards zero until the completion of
brine freezing.

The highest EC values of CaCl2 brine was registered for samples of
salt wt% = 30, of ∼9e+07 μScm−1 (in close correspondence with the
literature [55,56]) which exponentially reduced with lower salt wt% of
20%, 10% and 0%.

The inconsistency in the results of Cell-3 and Cell-4 for higher salt wt
% samples is due to the inhomogeneity in the water distribution within
the salt. On the contrary, the samples with lower salt wt% were easily
homogenized after a thorough mixing. However, in real application on
Mars, the situation will be similar to the former case and thus brine
distribution (depending on salt granularity and salt compactness) is an
important aspect to consider when understanding these EC measure-
ments.

4.2. Outdoor operation and interpretation

This experiment constitutes the final step of the BOTTLE/HABIT
calibration procedure. The results of the outdoor operation demon-
stration under the arctic environmental conditions of Luleå, Sweden
during December 2017 are shown in Fig. 6.

The deliquescence process of different amount of calcium-chloride
and the two different wt% mixtures of Mars regolith simulant and cal-
cium-chloride were closely monitored with electrical conductivity
measurements. During the experiment the environmental conditions
varied naturally between: 261.46 K < T < 279.9 K and
50% < RH<100%. These conditions were favourable for CaCl2 deli-
quescence and hence all the six containers showed the effect of deli-
quescence with different ranges in EC values. The range of EC values
representing the hydrates and transient brine (maximum of ∼140
μScm−1) during this experiment was lower than the calibration ex-
periments by several orders of magnitude because of the inhomogeneity
in the brine distribution and the freezing temperatures at which the
experiment was conducted. The moisture absorbed by the salt exhibited
an uncontrolled distribution both horizontally and vertically wetting
and dissolving some parts of the salt matrix and creating small voids
that sometimes led to improper electrical contact of the salts with the
electrode pairs. Also, at the very low sustained arctic winter tempera-
tures, the salts rapidly froze into a compact physical structure with the
initial water intake and did not form a free-flowing brine, as opposed to
a loose powder salt structure and the formation of the free-flowing

brine as seen in ambient calibration experiments.
We use the BOTTLE calibration results obtained earlier to account

for a detailed interpretation of the liquid brine formation process in
Cell-5 during the outdoor demonstration. This experiment is a de-
monstration of the BOTTLE nominal operation mode on Mars.

Print Version: Fig. 7 shows the different stages (Start, A, B, C, D, E,
F, G, H) of the brine formation process segmented into transition points
and regions between them.

E-Version: Video 1 shows the time-lapse animation of different
stages (Start, A, B, C, D, E, F, G, H) of the brine formation process
segmented into transition points and regions between them.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.actaastro.2019.06.026.

The Cell-5 was filled with anhydrous CaCl2 in fine powder form
creating a salt matrix until the mid-electrode at the start of the ex-
periment. The region between ‘Start’ and ‘A’ represents the dry anhy-
drous CaCl2 with complete absence of water as marked by no measur-
able EC (∼0 μScm−1). CaCl2 deliquescence began at the upper surface
of the salt since this part was in direct contact with the atmospheric
moisture, thus showing signs of increase in EC at the mid electrode first
at ‘A’ after about 38 h (∼1.6 days) from the start of the experiment (see
Supplementary Fig. 1). Due to the exothermicity nature of this process
which releases heat upon addition of water to the salt, a sudden in-
crement in temperature of up to 5.2 K was also noticed. The water
absorbed by the upper surface of the salt then penetrated downwards
dissolving the salt and passing down the moisture towards the low
electrode which registered an increasing EC at ‘B’ about 2 h (∼1.7 days)
later. The continuous growth in blue and red EC curves attribute to the
continuous absorption of atmospheric moisture forming hydrates in the
upper surface and penetration of the water downwards. The water ac-
cumulated over the hydrates then formed a thin brine pool on the upper
surface that connected the high electrodes showing an EC signal (green
curve) at ‘C’ after about 46 h (∼1.9 days) which was also mirrored by a
further growth (∼80 μScm−1) in the blue curve. The fluctuations in
blue and green curves since then are caused by the continuous water
absorption and varying temperatures, while the red line kept on
growing with more water penetrating deep into the salt matrix and
distributing within.

As the salt matrix absorbed more and more water, the volume of the
salt hydrates formed decreased, up to finally dissolving the salt, low-
ering the level of the upper surface (decrease in height). The gradual
lowering of the level was seen first at the high electrode as indicated by
the fall of the green curve at ‘D’ after about 87 h (∼3.7 days). The
region between ‘A’ and ‘D’ resulted in the formation of the stable di-
hydrate of CaCl2 (the first possible hydrates at these experiment tem-
peratures). Since ‘D’, where the salt level was completely below the
high electrode, the brine formation process continued as highlighted in
the low and mid electrode EC values in the regions between ‘B’ - ‘E’ and
‘A’ - ‘F’ respectively, showing signs of transient brine with EC values as
high as ∼140 μScm−1. Additionally, the associated temperature in-
crease induced an EC change that recovered once the temperature
equilibrium was achieved in the region between ‘E’ and ‘G’. Because of
further shrinkage in volume with formation of subsequent hydrate
forms, the level of brine started to lower further at ‘F’ as indicated by
the fall in blue curve after about 172 h (∼7.2 days).

Now all the brine formed was accumulated only in the low elec-
trode, thus registering near zero EC values at mid and high electrodes.
As the brine freezing temperatures dominated, the transition to frozen
brine occurred at ‘G’ after about 214 h (∼9 days), as indicated by a
sudden EC increase with the EC spike (∼375 μScm−1) at ‘H’ after 237 h
(∼9.9 days) from the start of the experiment. We observed this sudden
rise and fall of EC at the temperature of brine freezing during the ca-
libration experiments, but the EC spike here was comparatively slower
and took about a day because of the low rate of change in temperature
in contrary to a rapid ΔT=2.6 K/min during calibration experiments.
As a result, we don't expect to observe a sharp peak in the BOTTLE
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outdoor experiments to signify the brine freezing but a gradual increase
in EC to a value that is several orders of magnitude higher than the
normal experiment progression during the formation of the brine. The
series of different stages of the experiment is summarized in Table 3.

The exothermic footprint was consistent with a temperature in-
crease of up to 5.2 K at initial water absorption and up to 2.5 K at
subsequent transitions associated with the formation of hydrates and
transient brine as seen in the orange curve. This exothermic behaviour
directly influences the EC values as we have seen from the outdoor
experiment since these two parameters are related. The chemistry of the
deliquescence process affected by the temperature changes and other
factors that influences the long-term deliquescence will be further in-
vestigated in our future work.

A Mars analogous field-site operation of BOTTLE was also per-
formed during the MINAR-5/NASA Spaceward Bound 2017 campaign
at the Boulby mine, U.K, where samples from brine pool was used to
demonstrate the instrument's ability to operate in Mars analogue en-
vironment [57]. During its operation on Mars, BOTTLE might pose
some abnormal initial conditions such as improper salt distribution due
to launch/landing operations or inclination in the platform that would
allow the salts to slide towards the lower side and thus not maintaining
the uniform depth of salts in each cell. These might be the possible
sources that would hinder proper measurements over time at the be-
ginning of the operation on Mars. This may render difficultly to pre-
cisely estimate the time of the first deliquescence as this requires a path
between the electrodes. In case of a significant tilt, only once a suffi-
cient amount of liquid brine is formed this path will be formed. To
interpret the observations, if such a case arises while on Mars, we plan
to make additional calibration with respect to inclination.

4.3. Water yield experiments

These outdoor experiments provided us a quantitative estimation of
the amount of liquid brine that could be formed from a known amount
of CaCl2 and regolith-CaCl2 samples. The sample of 1.2 g of anhydrous
CaCl2 (see Fig. 8) exposed to the arctic climatic conditions during De-
cember 2017, yielding up to 3.7 g of water in 3 days through deli-
quescence in an environment with temperature between 268.16 K and
273.16 K and relative humidity between 68% and 88%. We plan to
carry 2 g of anhydrous CaCl2 to Mars during the ExoMars launch in
2020, that will cover until the middle electrode of the BOTTLE cell. We
chose to fill up the salts to this level based on our experience from
calibration and outdoor experiment results (see section 4.1 and 4.2) to
better characterize the water penetrating the salt during the brine for-
mation process. This configuration also allows to restrict the maximum
volume of brine formed in the most favourable environment conditions
within the cell. This figure also illustrates visually the change in volume
from dry salt matrix to liquid, and the redistribution of the brine.

We also observed a direct deliquescence process (see Fig. 9) in the
other sample with a mixture of 1.2 g Mars regolith and 20% anhydrous
CaCl2 (0.3 g) when exposed to the outdoor climatic conditions. It took
three days of exposure to the atmospheric moisture to enable the salt-
regolith mixture to capture up to 1.025 g of water in an environment
with low temperature (271.16 K) and high relative humidity (88%).
Then we placed the petri dish in a laboratory environment at a tem-
perature of 295.16 K and relative humidity varying from 7% to 22%,
where we observed the sample turning into crystalline solids.

Fig. 6. BOTTLE/HABIT outdoor test in the Arctic region. Demonstration of BOTTLE/HABIT Engineering Model operation outdoors in Luleå, Sweden, showing
deliquescence over time with transitions to hydrate forms and different phases of brine formation process. The legends mentioned on the top right subplot are
common for all the subplots in the figure. Cell-1 contains Mars regolith simulant with 0.5% anhydrous CaCl2 filled to low electrode (2.027 g); Cell-2 and Cell-3
contains 1.2 g of anhydrous CaCl2 filled to low electrode; Cell-4 and Cell-5 contains 2 g of anhydrous CaCl2 filled to mid-electrode; Cell-6 contains Mars regolith
simulant with 1.85% anhydrous CaCl2 filled to low electrode (5.01 g).

M.I. Nazarious, et al. Acta Astronautica 162 (2019) 497–510

506



Fig. 7. Liquid brine formation process. A detailed account of Cell-5 of BOTTLE/HABIT data during the outdoor operation demonstration in Luleå, Sweden. The
circled alphabets from ‘A’ through ‘H’ represent different stages of the observed brine formation process. The temperature (in left Y-axis) and relative humidity (in
right Y-axis) are provided to support the context of the experiment. The temperature information is also provided as a subplot with a better scale.

Table 3
Summary of outdoor experiment progress.

Transition Point Experiment state Time

Start Dry anhydrous CaCl2 until mid-electrode 0
A Deliquescence in the upper surface of the salt detected by mid electrode 38 h–1.6 d
B Penetration of water into the salt detected by low electrode 40 h–1.7 d
C Accumulation of brine pool in upper surface detected by high electrode 46 h–1.9 d
D Brine hydrates shrinkage and lowering below high electrode 87 h–3.7 d
E Brine hydrates lowering below mid electrode detected by low electrode 168 h–7 d
F Brine hydrates lowering below mid electrode 172 h–7.2 d
G Brine freezing detected by low electrode 214 h–9 d
H End of experiment as brine freezing continued 237 h–9.9 d

Fig. 8. Left to Right: Deliquescence process observed in
1.2 g anhydrous CaCl2 from T+0 days to T+3 days. Images
were taken at noon each day.
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4.4. Forced brine dehydration

The BOTTLE/HABIT engineering model has an in-built 5.5W (100%
duty cycle) heater (will be boosted to 12W at 100% duty cycle in the
flight model), for the purpose to: 1) recycle the liquid brine to anhy-
drous salt after the brine formation process, and 2) reset the instrument
for detecting any degradation in the hardware and correct the offsets.

Our laboratory tests performed at ambient temperatures show that
the empty CU could reach a maximum temperature of 333.85 K after
heating for 2508 s and to a maximum temperature of 326.1 K with tap
water in the CU after heating for 5737 s. Furthermore, dehydration of
saturated calcium-chloride brine was performed in aluminium con-
tainers identical to CU, on a hot pot maintained at 328.15 K in the
ambient laboratory environment. We found that it took about 7200 s to
dehydrate the salt to its anhydrous form at Earth pressure. The tem-
perature range for heating the salt was restricted around 328.15 K to
avoid the brine from splashing away and to ensure retaining the ori-
ginal form of the salt to be able to reinitiate the brine formation process.
Future BOTTLE tests will take place in a dedicated Martian simulation
chamber, to determine the required duration of heating to release a
given amount of captured water in the brine at Martian pressures.

This dehydration procedure will be carried out on Mars as a part of
HABIT operation. This will serve to demonstrate the ISRU nature of the
instrument as an in-situ resource utilization instrument to collect water
for the future exploration of Mars.

5. Future plans

The results presented in this paper were implemented to present the
BOTTLE calibration plan. We performed all the experiments described
in this study using calcium-chloride. Future experiments are planned to
study the relation between electrical conductivity, temperature and
hydrate form for the other BOTTLE salts and under Martian conditions
of pressure, temperature and relative humidity, in the Space
Qualification (SpaceQ) chamber of the Luleå University of Technology.
The present design of the HABIT instrument also considers other hy-
groscopic salts present on Mars such as sulphates. The final salt con-
figuration will be chosen depending on the ability of the salt to retain its
natural form after sterilisation procedures and bioburden analysis for
planetary protection purposes. Another limiting factor to choose the
final experimental salts to be stored in BOTTLE will be the long-term
storage in ambient conditions which may allow some salts to absorb
water while stored on Earth. We will run more experiments to char-
acterize the role of the inhomogeneity in the brine distribution that
resulted in the difference in the range of EC values between samples
prepared for calibration experiments and the brine formation process
during the outdoor operation of HABIT. The role of the inclination of
the platform on the operation of HABIT will also be investigated. We
are also planning to perform additional tests to observe the long-term
exposure of the electrodes to the salt or brine as well as the performance
of the products within the BOTTLE containers with respect to thermal
cycling.

The EC measurements acquired on Mars will be used to determine
the phase state of the salt as brine, hydrate, frozen or dehydrated state.
The sudden changes in temperature measurements and EC values will

be used to confirm the moment of phase state changes. However, for the
case of hydrates, a complete assignment of the most dominant hydra-
tion state (i.e. for instance differentiating between tetra and hexahy-
drate) can only be achieved by: 1) comparing the phase diagrams with
the T measurements provided by HABIT and the RH measurements
provided by the environmental package of the IKI Surface Platform and
2) confirming with the Flight Model spare of HABIT in experimental
simulations in the SpaceQ chamber of LTU (a simulation chamber
which can operate at Martian atmospheric conditions, where pressure,
T and RH are monitored and HABIT can provide measurements in real
time), the state of the salts under equivalent pressure, T and RH con-
ditions that lead to the same EC value.

The results expected under Martian conditions are similar to what
has been shown here. Although on Mars the total water vapor present in
the atmosphere is much lower than that on Earth, what is relevant for
the phase state changes of the salts are the ambient T and RH. The
existing water vapor on Mars is enough to hydrate or melt this amount
of salts into liquid. In particular, taking for instance as reference the
water vapor measured at Gale by the Curiosity Rover, there are up to
16 g of water available per night per m2 [33]. Which means that the
four salt containers of HABIT will most probably act as a water sink
absorbing the water within an area of 1m2 around the instrument.
Some previous experiments with salts under Martian simulated condi-
tions have demonstrated these transitions on salts through visual
images and IR spectroscopy [15]. After delivery of the Flight Model for
integration on ExoMars, a dedicated campaign will be devoted to re-
producing the expected operational conditions in the Mars simulation
chamber. These experiments will demonstrate the expected changes of
the EC caused by the simulated diurnal and seasonal changes predicted
for the ExoMars landing site, at Oxia Planum.

6. Conclusions and Martian implications

The calibration procedure of BOTTLE/HABIT can be summarized
into two main steps: i) converting the measured current flow, I and the
voltage drop, V across the total of 16 electrode pairs to actual electrical
conductivity by applying geometrical cell constants and the two-point
calibration function, and ii) providing the context to the electrical
conductivity measurements in terms of temperature and salt hydration
form to determine the phase of brine formed.

This work provides a fresh insight to the world of observing the
brine formation process which were previously studied predominantly
using techniques [16–19,42,58] such as Raman microscope, optical
visual images, particle levitation experiments, which has limitations in
identifying the phase transitions in bulk samples and demand complex
sample preparation techniques, experimental setup and operational
requirements. On the other hand, the EC technique provides substantial
characterization of the liquid brine formation and its phase transitions
while being robust, simple to operate, and adequate to be embedded
into a small mass, power and volume, durable, low cost and main-
tenance instrument such as HABIT.

The clear detection of an EC change in BOTTLE after commissioning
the instrument on Mars would reveal that the deliquescence mechanism
is in effect on Mars. This would have many major implications. First, it
would confirm the possibility of a present day atmosphere-regolith

Fig. 9. Left to Right: Deliquescence process observed for a
mixture of 1.2 g Mars regolith simulant and 0.3 g anhydrous
CaCl2 from T+0 days to T+3 days. All the images were
taken at noon. The mixture at T+0 days was in a dry
granular form which turned into a thick slurry mixture on
T+1 day after absorbing some water from the atmosphere
just enough to wet the regolith. At T+2 days, due to the
excess water intake, the slurry became loose with signs of
the excess water flowing out to the corners of the petri dish.
At T+3 days, more water was absorbed.
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interaction that may lead to the formation of briny mixtures of soil as
those shown in Fig. 9. These briny mixtures with soil, in the case of
deep slopes may be observed from orbit through large-scale features
like RSL. The identification of the transient liquid water and its stability
time scales would open the discussion about the possibility of life in
present day Mars and various other key points linked with the future
human exploration. It is also expected that the demonstration of the
formation of liquid brine would have implications on the definition of
special regions defined for planetary protection purposes. Finally, this
technology will help to demonstrate the possibility of in-situ water
harvesting for future human and robotic missions to Mars.
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Nomenclature

σactual Actual electrical conductivity
G Conductance
I Current
Σ Electrical conductivity
Kcell Geometrical cell constant
W Mass fraction
σmeasured Measured electrical conductivity
μScm−1 Micro siemens per centimetre
x Mole fraction
RH Relative humidity
S Siemens
T Temperature
V Voltage
wt% Weight percent
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