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Abstract 
 

The research presented herein discusses the analysis of Martian soil from the 

Phoenix mission and the development of a new instrument to further our 

understanding of remote terrestrial and extraterrestrial environments. The focus of 

the Phoenix analysis work was placed on the quantification of the soluble sulfate in 

the Phoenix samples and the determination of perchlorate parent salts using 

modelling software, soil simulants, ion-selective electrodes and ion 

chromatography. The implications of these analyses, especially the presence of 

CaClO4, indicate an arid Martian environment at the Phoenix landing site. 

 Building on the successful Phoenix mission, as well as other un-flown 

instruments including the Robotic Chemical Analysis Laboratory, a new instrument 

was conceived, designed, and fabricated. The new instrument, the In-situ Chemical 

Analysis Laboratory and Sensor Array, increased the sampling capabilities 

compared with Phoenix by decreasing the size of the sample analysis unit while 

incorporating an increased number of sensors per unit. The scalable instrument can 

accommodate 4-100 units upon mass fabrication. Each sample analysis unit can 

house a maximum of 42 ion-selective electrodes, 3 reference electrodes, whilst 

reserving one wall for other electrochemical sensors. The increased sensor 

redundancy will allow for a more accurate and precise measurement of the soluble 

species present in the sample. The increased number of sensors was achieved by 

miniaturizing and optimizing the sensor design and materials. The final design, 

which utilized silver epoxy and porous carbon with an ion-selective membrane, 



 
 

iii  

yielded miniaturized sensors with similar sensitivity and stability while also 

increasing the overall lifetime. 

 An investigation into soil leaching parameters was also performed to 

investigate the effects of miniaturizing the sample analysis unit from 

accommodating 25 mL to less than 10 mL leaching solution. Ion chromatography 

showed that the greatest increase on the soluble species present in the leachate 

occurred as the leach ratio (g leach solution:g soil) and leach time increased for 

Antarctic soil samples. The low levels of calcium and magnesium resulted in the 

opposite trend, where the concentration was decreased as the leach ratio and time 

increased, due to the presence of carbonates in the leaching solution and soil 

sample. 
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1. Background and Theory 

1.1. Mars Exploration 1976-2008 

There have been several successful landed missions to Mars prior to the landing of 

the Phoenix Mars Scout lander in 2008. The first missions to land on Mars were the 

Viking 1 & 2 landers in 1976, followed by Pathfinder base station and the Sojourner 

rover in 1997, and the Mars Exploration Rovers (MER) Spirit and Opportunity in 

2004 (1). The scientific goals of the first landers, Viking 1 & 2, were to determine 

if life and organics were present on the Martian surface through a series of 

biological and chemical experiments. The primary analytical instrument on board 

was a gas chromatograph-mass spectrometer (GC-MS).  Results from the GC-MS 

showed that no organics were present on the surface. However, the protocol 

included the pyrolysis of the sample and since a strong oxidizer was detected any 

possible organics were combusted before reaching the MS (2ï4). Twenty years 

later, the primary goal of the Pathfinder mission was to demonstrate the ability to 

deliver a rover, Sojourner, to the Martian surface. The mission was a success and 

over 16,000 images were returned from this mission, resulting in some of our 

current knowledge regarding the geology of the planet (5ï7). Spirit and 

Opportunity (MER) added to our knowledge regarding the geology and atmosphere 

of the planet, including the determination that Gusev crater was mainly basaltic by 

Spirit (8ï12). The MER mission defined four main science objectives that future 

Mars exploration projects would utilize: (1) determine whether life was present on 

Mars; (2) characterize the climate of Mars; (3) characterize the geology of Mars; 

and (4) characterize the surface for potential human exploration (13). These science 
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objectives were at the core of the Phoenix mission, as well as the current Mars 

Science Laboratory (MSL) Curiosity rover. For the purposes of this work, a focus 

will be placed on the Phoenix lander (henceforth referred to as Phoenix), as this 

was the payload that included instrumentation developed here, at Tufts University 

in the Kounaves research group.  

 

1.2. Phoenix Rising (and Landing) 

The Phoenix Mars Scout Lander launched in August of 2007, and landed on Mars 

on 25 May 2008 (14, 15). Onboard Phoenix were several scientific instruments 

focused on defining Mars in terms of the aforementioned science objectives. The 

instruments can be divided into three categories: (1) imaging; (2) characterizing the 

climate; as well as (3) the chemistry/geology. The imaging instrumentation 

included the robotic arm (RA) and camera, the Surface Stereo Imager (SSI), and 

the Mars Decent Imager (MARDI) (16ï18). The instrument to characterize the 

climate of Mars was the Meteorological Station (MET) (19, 20) while the chemical 

and geological instruments were the Thermal and Evolved Gas Analyzer (TEGA) 

(21) and the Microscopy, Electrochemistry, and Conductivity Analyzer (MECA) 

suite of instruments (22, 23). Four Wet Chemistry Laboratory (WCL) units were 

included in the MECA suite of instruments, each WCL being one-time use (23). A 

view of the WCL units as seen by the camera located on the RA can be seen in 

Figure 1.1. Each WCL unit consisted of an actuator assembly and a beaker where 

the electrochemical sensors were housed, shown assembled in Figure 1.2.  
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Figure 1.1. Instrumentation aboard Phoenix, including WCL (square) and TEGA (circle). Image 

taken by camera located on RA. Image credit: NASA/JPL-Caltech/University of Arizone/Texas 

A&M University. 

 

               
Figure 1.2. Views of the WCL units assembled (left) and a mockup of a side view (right) 

showing the beaker lined with sensors. Image credit, left: (23).  
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Each WCL beaker contained 23 electrochemical sensors, including 15 ion-

selective electrodes (ISEs). Each ISE present detected a primary soluble ion, and 

the anions and cations investigated were: Cl-, Br-, I-, NO3
-/ClO4

-, Na+, K+, NH4
+, 

H+ (pH), Li+ (serving as the reference electrode), Mg2+, Ca2+,  and Ba2+ (titrimetric 

determination of SO4
2-). Of the above listed species, ISEs were duplicated for Cl-, 

pH and Li+, yielding the total of 15 ISEs. These electrodes were duplicated because 

of the importance of the determination of the pH of Martian soil as well as the 

reference electrode (Li+/Cl-). The remaining eight electrochemical sensors were 

electrodes for chronopotentiometry (CP), cyclic voltammetry (CV), oxidation-

reduction potential (ORP), anodic stripping voltammetry (ASV), conductivity and 

an iridium oxide electrode for verification of pH. A discussion of the Phoenix 

results can be found in the literature (24ï30) but a brief summary of the major 

results with an expanded discussion of the work performed over the last few years 

will be presented in the subsequent chapter. Before discussing the results from the 

ISEs, the theory and background of these powerful analytical devices will be 

presented. 

 

1.3. Ion-Selective Electrodes 

1.3.1. Theory and Background 

Ion-selective electrodes (ISEs) are powerful analytical devices that quantify the 

amount of various ionic species in a desired sample. The applications of ISEs are 

vast and boundless including environmental monitoring and the analysis of ionic 

species in urine and blood. As stated in the previous section, ISEs can also be used 
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to determine the characteristics of extraterrestrial soils. In general, ISEs are easy to 

fabricate and use, inexpensive (compared to traditional analytical instrumentation), 

provide a non-destructive analysis and are available for a variety of ionic species, 

including: inorganic cations, anions, transition metals, organics, and acids/bases. 

The core of the work presented here is the study of ISEs for future instrument suites 

for remote and autonomous measurements. Therefore, presented below is a 

discussion of the theory and background of ISEs. 

 

1.3.1.1 Potentiometry and Potentiometric Sensors 

In potentiometry a potential is measured between two electrodes, elucidating the 

composition of a sample (31). The current flow between these two electrodes 

should be kept constant (ideally zero). Potentiometry has been used for sample 

determination and characterization for many decades, but the developments 

regarding the most common potentiometric devices, ISEs, have resulted in an 

increase in their use across many fields of science. There are three main 

components that make up a potentiometric measurement: (1) a working electrode 

(an ISE); (2) a reference electrode; and (3) a device capable of measuring potential 

change. These devices can range from the common pH/millivolt meters that are 

prevalent in many labs around the world, to more complex systems that can 

accommodate many ISEs at once (with varying number of required reference 

electrodes). A typical set-up can be seen in Figure 1.3. The purpose of the reference 

electrode, seen on the left, is to exhibit a constant potential regardless of changes 

in the analyte solution. This ensures that any changes in potential are due to the 

detection of (ideally) a specific ionic species by the ISE. A typical (commercial, 
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liquid junction) ISE is composed of an internal reference element (shown above as 

Ag|AgCl) with an internal electrolyte solution of known, constant activity and an 

ion-selective membrane (ISM) all encased in a housing. 

 
Figure 1.3. Typical experimental set-up used for potentiometry. Adapted from (31). 

 

 

 The detection of ionic species occurs by electroactive components that are 

present in an ISM. Membranes are permselective, water insoluble and mechanically 

stable. Commonly, ISMs are polymeric in nature and can be plasticized using 

different organic solvents. The main electroactive species present is an ionophore, 

or other selectively binding material, specific to the binding of the target ion into 

the membrane or facilitating ion exchange into the membrane. Ideally, the 

ionophore only targets the specific ion of interest, ignoring the other species present 

in the background matrix. This usually is not the case as there are other ions that 

can be targeted, and this will be discussed further in Section 1.3.1.4. Commercial 

ISEs contain an internal solution of constant activity present behind the ISM (the 
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back, non-sensing, side of the ISM). This reservoir of constant activity provides a 

stable potential for the internal reference element (depicted here as Ag/AgCl).  

The binding or uptake of an ion causes a gradient of activity within the ISM, 

which translates to a change in potential. This change in potential is quantifiable 

and is measured against a reference electrode, which ideally remains constant 

regardless of the sample and matrix composition. Before expanding on the free 

energy-potential relationship it is important to understand the relationship between 

concentration and activity. The activity of an ion i in a solution (ai), defined as the 

thermodynamic effective concentration, is determined by: 

ὥ ‎ὅ 

where ɔi and Ci are the activity coefficient and concentration of the ion i 

respectively. The activity coefficient is determined by the Debye-Huckel equation 

given below as: 

ÌÏÇ‎
πȢυρ ᾀ Ѝ‘

ρ  Ѝ‘
 

where z is the charge of the target ion i, and ɛ is the ionic strength of the solution. 

Thermodynamics state that this gradient of activity present in the ISM 

produces a gradient of free energy (ȹG), given by the equation: 

ЎὋ ὙὝÌÎ
ὥȟ sample

ὥȟ  int. soln.
 

where R is the universal gas constant (8.314 J K-1 mol-1), T is the temperature (K), 

and ai is the activity of the sample and internal solution for the target species i. The 

potential (E, also referred to as the electromotive force, emf) is related to the 

gradient of free energy by: 
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ЎὋ ὲὊὉ 

where n is the charge of the target ion and F is Faradayôs constant (96,485 J). The 

combination of the previous two equations yields: 

Ὁ
ὙὝ

ὲὊ
ÌÎ
ὥȟ sample

ὥȟ  int. soln.
  

The determination of the activity of the target ion, i, consists of several 

potential contributions. An electrochemical cell, given below: 

Ag|AgCl | Ref. Internal Solution || Sample | ISM | ISE Inner Solution | AgCl|Ag 

       Ὁ        Ὁ                                      Ὁ                  Ὁ                                      Ὁ       Ὁ     

begins to elucidate where potential contributions occur, where EJ is the junction 

potential, EM is the membrane potential and E1-4 are various potential contributions 

that are sample independent. A summary of these contributions is given as: 

ὩάὪ Ὁ  Ὁ  Ὁ  

where all sample independent potential contributions have been summed to form 

the term Econst. As indicated by the electrochemical cell, the junction potential arises 

from migration of ions between the electrolyte and sample solutions due to the 

differences in activity between the two solutions. The magnitude of EJ can be 

minimized by selecting a reference electrolyte of high activity and of similar 

mobility to the target ion. If the value of EJ cannot be kept small and constant, then 

it can be determined by the Henderson equation. 

 The combination of the previous two equations yields an equation for the 

determination of the activity of the ionic species in solution: 

Ὁ  Ὁ  Ὁ
ὙὝ

ὲὊ
ÌÎ
ὥȟ sample

ὥȟ  int. soln.
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This equation can be further simplified by combining the EJ and Econst as well as 

dropping ai, int soln (assuming it remains constant throughout the measurement) 

which yields the Nernst equation: 

Ὁ Ὁ πȢπυωρφ V
ὙὝ

ὲὊ
ÌÏÇ ὥ  

where Eo is the combination of EJ and Econst and the a factor of 2.303 was used to 

calculate 0.05916 V upon the conversion of ln into log.  

A plot of the potential versus the logarithm of activity ideally yields a linear 

relationship with a slope of 59.16/n mV/decade. For every ten-fold change in the 

concentration of ai, there is a 59.16/n mV change in potential (dependent on the 

charge and magnitude of the target ion). An electrode that exhibits this slope 

behavior is said to be ñNernstianò. An idealized calibration plot is shown in Figure 

1.4.  

 
Figure 1.4. Ideal potential response of a Nernstian electrode. The monovalent ion (ƺ) exhibits a 

Nernstian slope of 59.16 mV/decade, while the divalent ion (Ǐ) exhibits a Nernstian slope of 29.58 

mV/decade. 
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1.3.1.2 ISE Fabrication and Characteristics 

As previously mentioned, an ISE is fabricated with three main parts: (1) an internal 

reference element; (2) an internal reference solution (or solid support that replaces 

the aqueous phase); and (3) an ISM. Electrodes can vary in size (diameter and 

length) and have changed drastically in the past few decades. Commercially 

available ISEs, similar to those in Figure 1.3, are typically on the order of lengths 

> 10 cm and diameters > 1 cm. The accommodation of a single ISE and reference 

in a beaker with a sample analyte is easy in the laboratory setting, but the 

introduction of multiple ISEs (and possibly multiple references) poses a challenge, 

especially when using portable instrumentation in the field or when there is a 

limited amount of sample. For this reason, many advances have been achieved in 

the miniaturization of ISEs. Although there are many advantages associated with 

miniaturized ISEs, there are also complications that arise. 

 The replacement of the internal solution upon the miniaturization of ISEs 

poses the largest obstacle during the fabrication process. In most commercially 

available ISEs, the internal solution can be refilled to ensure proper function. Upon 

miniaturization, smaller volumes evaporate quicker and require more frequent 

replacement. A possible remedy to this problem is to replace this solution with a 

solid support, yielding what is known as solid-contact ISEs (SC-ISEs) (32). The 

solid support must function in a similar manner as the internal solution, in that it 

still needs to serve as a reservoir for the internal reference element, which yields a 

stable, constant potential. Many authors have used various supports to solve this 

problem including conducting polymers (33ï41), porous carbon (42, 43), and more 
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recently carbon nanomaterials (44ï49). The replacement of the internal solution 

with a smaller solid support is an important first step into the fabrication of 

miniaturized ISEs, but the process itself poses as a large obstacle in and of itself. 

Smaller housings can provide little room for the adhesion of the ISM, the smaller 

surface area of the ISM can result in a quicker leaching of the electroactive 

components, and also increase the electrical resistance of the measurement. These 

problems manifest themselves by affecting the potential of the ISE (sensor 

sensitivity, stability, selectivity and lifetime).  

 

1.3.1.3 Stability and Detection Limits 

One of the main reasons ISEs are widely used is their ability to detect a target ion 

across a broad range of activities. The detection limit is dependent of each 

individual sensor and is determined as a function of the calibration curve. The ISE 

will have a linear detection range and will eventually approach a lower limit, the 

limit of detection. A representation of this is seen in Figure 1.5, where the 

intersection of the two best fit lines of the linear detection range and the non-linear 

range yields the detection limit of the electrode. 

 Ideally each electrode would also produce a constant and precise 

measurement each time it is used. As this is not the case, the stability of a sensor is 

another important characteristic. Stability is defined as the repeatable response of 

the electrode at a fixed activity of analyte (target ion). For instance, later work will 

investigate the stability of fabricated K+ ISEs, where the values obtained all 

occurred at an activity ~10-3 M K+. The need for a stable sensor is especially 
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important when conducting remote and autonomous measurements, where sensors 

cannot be replaced at-will or recalibrated. A reproducible response to known 

analytes and mixtures will ensure the electrode is properly functioning, for instance, 

on Earth and Mars alike. The ISEsô potential stability is affected by the leaching of 

electroactive components from the ISM, uptake of water by the ISM, and 

development of a water layer between the ISM and solid-contact, among other 

factors. 

 
Figure 1.5. Calibration of an idealized monovalent ion for the determination of the detection limit. 

The electrode response is linear between -8.0 and -6.5, and -6.5 and -1.0. The intersection of these 

lines represents the detection limit, seen her as -6.5 or an activity of 10-6.5 M. 

 

 

1.3.1.4 Selectivity 

Ideally, an ISE should be specific towards the detection of a target ion. In reality, 

each ISE is selective towards a target ion, where the target ion lies on a spectrum 

of selectivity for various ionic species. For instance, a commercially available K+ 

ISE also detects certain amounts of Li+, Na+, Rb+, Cs+, NH4
+, Ca2+ and Mg2+ (50). 
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The Nikolskii-Eisenman equation shows the effect of interfering ions on the 

potential: 

Ὁ Ὁ πȢπυωρφ V
ὙὝ

ὲὊ
ÌÏÇ ὥ Ὧὥ

Ⱦ
 

where kij is the selectivity coefficient versus the interferent j, aj is the activity of the 

interfering ion and z is the charge of the target ion (zi) and interfering ion (zj). 

Selectivity coefficients are usually given in the form of a logarithm, where if k >> 

1 then the electrode is more selective towards the interfering ion, but usually k < 1 

meaning that it is more selective towards the target ion than the interfering species. 

For example, for the K+ electrode discussed above to produce the same response as 

K+, the affinity of the ISM for Na+ would have to be 2,300 times that of K+. The 

technical specifications also list the selectivity coefficients for each species, listed 

in Table 1.1. Therefore, the electrode is much more selective towards potassium 

than sodium.  

Table 1.1. Selectivity coefficients of a commercial potassium ISE from Nico 2000. Adapted from 

(50). 

 

Interfering Species 
Selectivity 

Coefficient, log(kK,j) 

Rb+   0.30 

Cs+ -0.40 

NH4
+ -2.00 

Na+ -3.40 

Ca2+ -3.50 

Mg2+ -3.50 

Li + -4.00 
 

 

 The two most commonly used methods to determine the selectivity of an 

electrode are the separate solutions method (SSM) and the fixed interference 

method (FIM) (51, 52). In the SSM, the selectivity is determined by comparing the 
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response of the electrodes in two solutions: one containing the target ion only, and 

the other the interfering ion only (at the same concentration of the target ion in the 

first solution). The selectivity is then given by: 

ÌÏÇὯȟ
Ὁ Ὁ  ᾀ Ὂ

ὙὝ ÌÎ ρπ
ρ ᾀȾᾀ ÌÏÇ ὥ  

If the responses in both solutions are equal then the selectivity coefficient can be 

calculated by: 

Ὧȟ Ⱦ   

The FIM calibrates the electrode for the target ion in a constant background of an 

interfering ion. After plotting the potential vs. the logarithm of activity for both 

measurements, the detection limit indicates the value of ai to be used above 

equation (Ej = Ei SSM equation). Both methods rely on the Nikolskii-Eisenman 

equation, which serve as an approximation of the selectivity, although both falter, 

especially when the magnitude of charges for the target ion and interfering ion are 

not equal.  

 

1.3.2 Benefit of ISEs for Martian Chemical Analysis 

The availability of various ionophores and complexing agents for a variety of ionic 

species, the broad detection range, detection limits within what was expected to be 

present on Mars, sensitivity, stability, size, and robustness were just some of the 

reasons ISEs were selected as the analytical devices for the WCL. A maximum 

number of analyses is desired for any mission to gather as much information as 

possible about the environment being studied. For this reason, the presence of 15 
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ISEs in each WCL cell (along with various other electrochemical sensors) is a 

valuable selling point of the instrument for inclusion as part of the payload. To 

ensure that the ISEs could function after long pre-flight and cruise periods, the 

sensors underwent vigorous environmental testing (more information can be found 

here (23)). 

The successful use of ISEs on Mars for the Phoenix mission after the pre-

flight, cruise, landing and Martian surface conditions proved their robustness and 

capabilities to function. Compared with other analytical techniques and 

instrumentation, ISEs also provide an in-situ analysis of the sample in real-time. 

This provides valuable information regarding the solubility of the ions in the 

sample, i.e. are certain species immediately soluble or are there are other species 

that become more soluble over time. Upon equilibrium, experiments can be 

performed to further elucidate the chemistry of the sample instead of using a 

destructive method (the pyrolytic sample treatment for GC). For these reasons, ISEs 

were ultimately selected as the main chemical analysis instruments for the WCL 

cells. 

 

1.3.3 Phoenix ISEs 

The electrodes incorporated in each Phoenix WCL cell were a pseudo form of SC-

ISEs, as previously mentioned in Section 1.3.1.2. The major exception was that 

instead of using a conducting polymer or solid support, the Phoenix ISEs utilized a 

polymeric hydrogel. A hydrogel is a polymer network whose main component is 

water but exists as a cured gel. The advantages of a hydrogel over other polymers 
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is the fact that it is comprised of mainly water and can be conditioned in various 

ionic solutions. The use of a hydrogel most closely mimics an aqueous solution 

without having the actual solution. Each membrane-based ISE fabricated contained 

a hydrogel component conditioned in the target ionic species (balanced by a 

counterion, usually Cl- or NO3
-). The hydrogel selected was poly(2-hydroxyethyl 

methacrylate), referred to for the rest of this study as pHEMA. The conditioning of 

each hydrogel provided the constant activity of background ionic species while 

eliminating the internal reference solution. The ISM for each ISE was placed on the 

hydrogel layer as seen in Figure 1.6. The ionophores used for each ISM can be 

found in Table 1.2. Other ISEs, mainly the halide ISEs were fabricated with a solid-

pellet crystals. These ISEs will not be discussed here and further reading can be 

found in (31, 53). 

 

 

 
Figure 1.6. Phoenix WCL membrane-based electrodes. Image taken from (23). 
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Table 1.2. Summary of the ionophores used in the ISMs of the Phoenix membrane-based 

electrodes. Adapted from (24). 

 

ISE Ionophore 

NH4
+ Nonactin 

Ba2+ Ba Ionophore I 

Ca2+ ETH-1001*  

Li + Li Ionophore VI 

Mg2+ ETH-7025*  

NO3
-/ClO4

- Ion exchanger 

pH ETH-2418*  

K+ Valinomycin 

Na+ Na Ionophore VI 
*ETH: Eidgenössische Technische Hochschule, Zürich (Swiss Federal Institute of Technology, 

Zurich) 
 

 Of the 15 ISEs aboard Phoenix there are several that warrant individual 

discussion. First, the ISE originally intended to detect NO3
-, doped with an ionic 

exchanger, in fact detected another ionic species. Due to the lack of selectivity of 

the ionic exchanger, the NO3
- ISE functioned as a Hofmeister electrode. A 

shortened version of the Hofmeister series is present here as: 

ClO4
- > I- > Br- > NO3

- > NO2
- > HCO3

- > Cl- 

where the species to the left of NO3
- would be detected by the ionic exchanger more 

than NO3
- itself (23). Therefore, any appreciable amount of ClO4

- would be detected 

at levels much higher than NO3
-.  This was the case in the Phoenix soil samples, 

where it was determined that perchlorate was present (24, 25). The presence of 

ClO4
- was confirmed by performing similar experiments to those conducted on 

Phoenix here on Earth on spare WCL flight units. Further investigations regarding 

the Phoenix ClO4
- are discussed in Sections 2.1 and 2.3. Next, the Ba2+ ISE 

indirectly measures the amount of soluble SO4
2- via a titrimetric analysis (Section 

2.2). Lastly, the Li+ electrodes served as the reference electrodes for the remainder 

of the ISEs.  
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A lack of solid-state reference electrode technology at the time, still a 

problem in the field today, resulted in the use of an ISE as a reference for the WCL 

analyses. As discussed, the reference electrode should remain constant regardless 

of the sample solution (including changes to the sample solution). Lithium was 

chosen as the ISE for the reference due to the hypothesis that Li+ would not be 

present in the Martian soil at significant levels. To ensure that the Li+ response 

remained constant, the background leaching solution which contained various 

amounts of ionic species (see Table 2.2 in Section 2.2) also with a constant amount 

of Li+ at a level of 1.0 mM. The addition of the sample should produce no change 

in the Li+ levels since the concentration of Li+ in the background is at an elevated 

level. 

 

1.4 Ion Chromatography 

The validation of the results obtained from ISEs was performed by another 

analytical technique, ion chromatography (IC). A form of liquid chromatography, 

IC is a separation technique that relies on the attraction/repulsion of ionic species 

to a charged stationary phase. Since its introduction in 1975, it has grown into a 

major analytical tool for the detection of ionic species at sub-ppm levels (54ï56). 

The detection limits of IC are typically below that of ISEs (Phoenix LODs were on 

the order of 10-5 M), but require larger and more complex instrumentation. A typical 

set-up includes a high-pressure system encompassing: (1) a pump; (2) eluent(s); (3) 

an injection mechanism; (4) a guard and analytical column; (5) a suppressor; (6) a 
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conductivity detector; and (7) a data analysis system. A flow diagram of the 

components is shown in Figure 1.7.   

Eluents are typically a strong acid or base that is compatible with the 

stationary phase of the analytical column, a pellicular microbead with either a 

cation- or an anion-exchange latex coating. Pellicular microbeads are the backbone 

of choice due to their high surface area, porosity and ability to maintain flow. These 

characteristics decrease band broadening allowing for a more precise separation.  

 

 
Figure 1.7. Flow diagram of a commercial IC system. Adapted from Thermo-Scientific. 
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The use of solvents of analytical purity as the mobile phase is of great importance 

to ensure the separation of analytes and to not introduce contaminants into the 

system, especially the analytical column. For this reason, the most common eluent 

systems are not prepared by the user, but instead purchased as a reagent free eluent 

generation cartridge, shown in Figure 1.8. In this case, the user supplies purified 

water that flows through a KOH (eluent) generation chamber. A concentrated 

reservoir of K2HPO4 serves as the source for K+ ions. An externally controlled 

power supply connects an anode in the reservoir and a cathode in the KOH  

 

 
Figure 1.8.  Reagent Free cartridge for use with IC. Image credit: (57). 

 

 

generation chamber. As current is applied, the electrolysis of water oxidizes water 

at the anode and reduces water at the cathode. This reaction causes free K+ to pass 

through a cation-exchange barrier membrane to produce KOH in the generation 
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chamber. The amount of KOH formed is proportional to the current applied and 

inversely proportional to the flow rate. The hydrogen gas generated is removed and 

the resulting eluent is a constant concentration of KOH. 

Several detection platforms are readily available for IC, although a 

conductivity detector is the most common. A challenge of this type of detection is 

the use of the eluents previously described. The use of a strong acid or base will 

result in a high background conductivity, hindering the detection of ionic species 

at low concentrations. The original solution to this problem was to use an ion-

exchange resin packed column with fibrous membranes placed before the detector 

(58). Although this experimental set-up lowered the background conductivity, it 

also required copious amounts of regeneration solution and introduced peak 

broadening and dispersion. Dionex (now a part of Thermo Scientific) introduced a 

self-regenerating suppression mechanism in the early 1990s (58). This suppressor, 

which is still in use today, relies on the hydrolysis of water. The use of water as the 

regeneration solvent is ideal, because it is already supplied by the user for the 

generation of the eluent. The suppressor also contains a set of semi-permeable ion-

exchange membranes that are sandwiched between three sets of ion-exchange 

screens. The result is shown in Figure 1.9. After the analytes are separated in the 

analytical column they are flowed into the suppressor. For example purposes, the 

discussion will focus on the separation of anionic species (X-), where given the 

eluent is KOH. Each anion will be present as KX at the introduction site of the 

suppressor due to the choice of eluent. The suppressor, which contains cation-

exchange membranes, allows the movement of the K+ ion through the membrane 
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and upon the electrolysis of water the analyte is now present as HX before reaching 

the detector (since H+ can also move through the membrane). Meanwhile, the 

eluent, KOH, is being converted to H2O. The conversion of the eluent from KOH 

to H2O decreases the background conductivity, allowing the detection of small 

changes of analyte (X-). 

 The most important component in IC, the stationary phase housed in the 

analytical column, is where the separation occurs. The selection of the analytical 

column can vary based on the desired analyte and eluent composition. As the 

analyte moves through the column it is competing for places on the stationary  

 

 
Figure 1.9. Suppression in IC and the corresponding chromatogram with and without suppression. 

Image credit: (57). 
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phase. The stationary phase is paired with the eluent, therefore if the eluent of 

choice is KOH then a hydroxide selective analytical column will be selected. The 

frequency of the partitioning, the movement of the analyte from the mobile phase 

to the stationary phase, results in the separation of the sample mixture. If the analyte 

does not have affinity for the stationary phase it will pass quickly through the 

column, eluting at the beginning of the chromatogram. A typical chromatogram is 

shown in Figure 1.10. The diameter of the beads used to compose the stationary 

phase are usually < 10 ɛm and can vary based on the application desired.   

 
 

Figure 1.10. A typical anion chromatogram using a Dionex IonPac AS11 column. Peaks are (1) 

quinate; (2) F-; (3) acetate; (4) propanoate; (5) formate; (6) methylsulfonate; (7) pyruvate;  

(8) valerate; (9) chloroacetate; (10) BrO3
-; (11) Cl-; (12) NO2

-; (13) trifluoroacetate; (14) Br-;  

(15) NO3
-; (16) ClO3

-; (17) selenite; (18) CO32-; (19) malonate; (20) maleate; (21) SO4
2-;  

(22) C2O4
2-; (23) tungstate; (24) phthalate; (25) PO4

3-; (26) chromate; (27) citrate;  

(28) tricarballylate; (29) isocitrate; (30) cis-aconitrate; (31) trans-aconitate. Image from Thermo-

Scientific. 

 

1.5 Future Chemical Instrumentation for Mars 

Phoenix provided the first in-situ wet electrochemical analysis of another planet's 

soil. Scientists use the data from the mission in combination with several other 



 
 

25 

mission results to characterize Mars. The Phoenix data is still being analyzed and 

reanalyzed, but recent work has focused on the development of future 

instrumentation. In order to have wet chemistry experiments on Mars, the 

advantages and disadvantages of the Phoenix instrumentation must be considered 

before a future iteration of the WCL can be proposed. Advantages of a WCL type 

analysis include the real time investigation of soil sample. The use of ISEs also 

allows for the simple determination of soluble ionic concentrations simultaneously. 

The WCL type ISEs survived the harsh conditions travelling to and remaining on 

the Martian surface, and also successfully determined the concentration of several 

ionic species.  

 A major improvement that can be made to a potential next generation WCL 

would be the ability to increase sampling. Only four cells were onboard Phoenix, 

limiting the analyses performed owing to each cellsô one-time use capability. The 

ability to analyze a greater number of samples would provide a greater 

characterization of the Martian surface. In a similar vein, the ability for a WCL type 

instrument to be placed on a rover, instead of a lander, would also help achieve this 

goal although in order to maximize the number of analyses performed either the 

WCL must be miniaturized or the overall payload/rover must be much, much larger. 

Accuracy and precision of the measurements can be increased by incorporating 

more ISEs, each WCL beaker had only 15, and by implementing redundancy of the 

ISEs present. These changes allow for greater chemical speciation and the 

production of more reliable measurements. At the current time of flight, there was 

not a viable solid-state reference electrode, therefore the Li+ electrode was used, 
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under the assumption that no lithium would be present on the surface. Although 

this turned out to be the case, a solid-contact reference electrode should be used in 

future analyses that does not rely on a specific ion in the background matrix. An 

active delivery of the soil sample should also be incorporated to ensure that the 

sample is successfully added to the leaching solution.  Lastly, WCL analyses 

assumed that a 1 cc sample of soil was added to each cell, with an approximate 

weight of 1 g. The ability to weigh the sample prior to analysis would greatly 

increase the accuracy and precision of the calculations. 

 The inclusion of an IC on a payload to Mars, or another planetary body, 

would eliminate the stability and selectivity issues that exist with ISEs. An IC in an 

extraterrestrial environment would allow the separation and detection of the various 

ionic species at lower detection limits than ISEs and would also be able to 

differentiate ions in the Hofmeister series, therefore eliminating the perchlorate 

problem when trying to quantify the amount of nitrate. The amount of sulfate could 

also be determined directly, instead of using titrimetric methods. The major 

obstacle of this is the sheer amount of instrumentation required. Although 

advancements are being made for a miniaturized IC system, the requirement of 

eluent and the generation of waste poses the greatest obstacles. In order to 

successfully detect the cations and anions that Phoenix detected three different 

systems would be required, taking up valuable payload real estate. The use of IC in 

an extraterrestrial environment might occur sometime in the future, but the current 

technologies hinder it from being included for several years to come. Currently, the 

most viable method for the detection of soluble ionic species remains ISEs. 
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2. Martian Chemistry 

The core of any analytical technique consists of three steps: (1) sample acquisition, 

(2) sample preparation, and (3) sample analysis. In a laboratory setting, the first two 

can be overlooked and underappreciated. When performing autonomous 

experimentation in a remote location, or on another planet, the sample is usually 

acquired by some form of a robotic arm (RA) and sample preparation is often 

limited. For instance, on Phoenix, the RA delivered the soil sample to the funnel, 

and it was then dropped into the WCL beaker for analysis (23). The TEGA analyses 

involved the heating of the sample in ovens before analysis (21). Complex 

preparatory experiments require too many resources for an instrument payload, 

therefore techniques and instruments are usually selected that can perform a sample 

analysis with limited sample preparation.  

 Ideally, samples would be returned from the various sampling areas for 

analysis here on Earth. Mars sample return, although proposed in several decadal 

surveys, has yet to be accomplished. Scientists and engineers face enough 

challenges and obstacles when planning a one-way mission to Mars, let alone a 

mission that caches samples and then returns to Earth. For this reason, Martian 

analogues are proposed and tested to confirm the various results of the various 

missions and provide further insight for future missions. Currently, several 

terrestrial sites provide similar characteristics to those of Martian soil, such as the 

Antarctic Dry Valleys (ADV) (59ï62), the Atacama desert in Chile (63, 64) as well 

as several other sites (65, 66). These environments contain a combination of similar 

aridity, geological composition, chemical composition or other traits, although no 
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terrestrial analogue is identical to the Martian surface. For this reason, models are 

formed based on equilibrium kinetics. Geochemical and equilibrium models are 

invaluable when a lack of laboratory-based studies have yet to be performed for 

various samples. This chapter will discuss the results of Phoenix as well as the use 

of equilibrium modeling software to confirm the results seen on Phoenix, and 

quantify and characterize the form of sulfates and perchlorates. A brief discussion 

will also compare the results of the models to the Phoenix results, a Martian 

meteorite (EETA 79001) and a Mars analogue (Antarctic soil). 

    

2.1. Phoenix Results 

Four soil samples, designated Rosy Red, Sorceress-1, Sorceress-2 and Golden 

Goose were delivered to the sample funnels of cells 0-2, respectively. The only 

sample that was not successfully delivered for analysis was the Golden Goose 

sample to WCL cell-3. The location of such samples can be found in (25). One of 

the major results of the Phoenix mission was the determination of the pH of the 

soil. Using the two pH ISEs as well as an iridium electrode coated with iridium 

oxide, the pH was determined to be alkaline with a value of 7.7 ± 0.3 (24). The 

Martian soil was buffered by the carbonate system and the presence of CO2 in the 

headspace of the WCL beaker. The dominant anion in solution was determined to 

be perchlorate, ClO4
-, at a level of 2.7 ± 1 mM in solution (corresponding to ~ 0.4-

0.6 wt%) (24, 25). The determination of perchlorate confirmed the Viking results 

that indicated a strong oxidant was present, indicating that the pyrolytic 

pretreatment of the sample should not be performed if one wants to detect organics 
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on Mars. At the very least, without the use of derivatization agents. It should be 

noted that the Phoenix TEGA results were inconclusive for the presence of 

organics, most likely from the heating of the soil sample before analysis. However, 

the presence of a strong oxidant at these levels did not have a drastic impact on the 

oxidation-reduction potential of the sample, with a moderate value of 253 ± 6 mV 

(30). The soluble cation concentrations were initially reported as: [Ca2+] = 0.56 ± 

0.50 mM; [Mg2+] = 2.9 ± 1.5 mM; [Na+] = 1.4 ± 0.6 mM; and [K+] = 0.36 ± 0.30 

mM (24). A discussion of the error associated with this measurement can be found 

in (24). A graphical representation of the Phoenix results can be found in Figure 

2.1, showing a potential versus time plot for numerous ISEs. The response of the 

Hofmeister electrode (NO3
-/ClO4

-) shows the largest response (~200 mV change)  

 

 
Figure 2.1. Phoenix results represented as a plot of potential (versus the Li+ electrode) vs. local 

time. Beginning at time 11:00, the electrodes from top to bottom are: Cl-, NO3
-/ClO4

-, Ca2+, Mg2+, 

NH4
+, Na+, and K+. The orange dotted line just after 11:00 is the addition of the calibration pellet 

and the blue dotted line represents the addition of the Rosy Red sample on sol-30. Image credit: 

(24). 

 

 



 
 

30 

indicating the presence of ClO4
- and not NO3

-. The calcium ISE is the only other 

uncharacteristic signal, in that upon sample addition there was a negative response 

(indicating that the amount of calcium had decreased and/or been eliminated from 

the system). This will be further investigated in Section 2.3.1. 

 

2.2. Equilibrium Modeling with MINEQL+ 

The soluble ionic species outlined above and given in (24) were used to compose a 

simulant of salts (and later minerals) for confirmation of the Phoenix results, and 

determine the amount of sulfate in the Phoenix soil samples. The Rosy Red soil 

sample was initially chosen because the Ba2+ sensor used in the Sorceress-1 sample 

failed. Results were also later compared with the Sorceress-2 sample. 

   Chemical equilibrium software, MINEQL+, was used to model the Phoenix 

results and fabricate a simulant. Each species in Table 2.1 was selected along with 

H2O and H+, which were selected by default. Perchlorate needed to be added via 

ñEdit Modeò and was supplied with its corresponding ionic charge (-1). After all 

species were selected, the ñScan Thermoò mode was chosen. Under the ñWizardò 

menu, the concentrations of the various components were varied. The final values 

selected for modeling are present in Table 2.1 as ñInput (mM)ò. The various other 

parameters were changed and selected as follows: the pH was calculated by the 

program based on electroneutrality; the CO2 was ñopen to the atmosphereò with a 

log(PCO2) value of -2.10 (equal to the value of the WCL headspace); and the solids 

selected included calcite (CaCO3) and magnesite (MgCO3).  No parameters were 

changed for the various menus entitled: ñFixed Entities,ò ñDissolved Solids,ò and 

ñSpecies Not Consideredò. Based on the Phoenix results, the ionic strength was set 
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to the value determined for the Rosy Red sample (8.4 × 10-3 M) and the temperature 

was set to 8.4ÁC. The results of the model were obtained from the ñSummary of All 

Species for a Single Runò located under the ñSpecial Reportsò output type. After 

several models, a simulant was formulated using commercially available salts 

including: ammonium chloride (NH4Cl), sodium chloride (NaCl), potassium 

perchlorate (KClO4), magnesium perchlorate hexahydrate (Mg(ClO4)2ǒ6H2O), 

sodium sulfate (Na2SO4), magnesium sulfate heptahydrate (MgSO4ǒ7H2O), 

calcium carbonate (CaCO3), magnesium carbonate (MgCO3), and calcium sulfate 

dihydrate (CaSO4ǒ2H2O). 

Table 2.1. Simulant concentrations for the MINEQL+ program (Input) as well as the physical 

make-up of the desired simulant (SimRR105). Results from the equilibrium program (MINEQL 

Output) are compared with the soluble species detected by a WCL testbed (TB2 Output).  

 
Ion Input (M)* MINEQL Output (M) TB2 Output (M) 

Ba2+ 3.00 × 10-5 2.92 × 10-5 6.44 × 10-6 

Ca2+ 5.00 × 10-2 8.99 × 10-4 1.93 × 10-6 

Cl- 6.73 × 10-4 6.73 × 10-4 6.39 × 10-4 

K+ 4.92 × 10-4 4.88 × 10-4 4.61 × 10-4 

Li + 1.00 × 10-3 9.94 × 10-4 NA 

Mg2+ 9.96 × 10-3 4.83 × 10-3 9.27 × 10-4 

Na+ 1.55 × 10-3 1.53 × 10-3 4.75 × 10-4 

NH4
+ 3.00 × 10-5 2.78 × 10-5 1.17 × 10-4 

NO3
- 1.09 × 10-3 1.09 × 10-3 NA 

SO4
2- 3.04 × 10-3 2.09 × 10-3 NA 

ClO4
- 2.76 × 10-3 2.76 × 10-3 NA 

*Includes background contribution from TS21 solution 

NA: not analyzed 

 

Experiments were performed on a WCL testbed (TB2) that contained the 

same make-up and orientation of sensors as the WCL onboard Phoenix. The 

electrochemical sensors were calibrated with the leaching solution serving as the 

first calibration point, similar to the procedure performed on Mars. The only 

differences were: (1) the additions were added in aqueous form, opposed to the 

addition of a solid calibration pellet, and (2) a full 5-point calibration was 
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performed before sample addition, compared with a 2-point calibration on Phoenix. 

The addition of calibrants in aqueous form eliminates the time required for the 

dissolution of the solid calibrant, allowing the calibration to occur quickly and 

efficiently. The concentration of the test solutions (TS) are shown in Table 2.2. The 

leaching solution for the Phoenix WCL cells was TS20. Therefore, with the 

 

Table 2.2. Composition of the test solutions (TS) used for the analysis of Martian simulants. 

 
Ion TS20 (M) TS21 (M) TS21M (M) TS22 (M) TS23 (M) TS24 (M) 

Li + 1.00 × 10-3 1.00 × 10-3 1.00 × 10-3 1.00 × 10-3 1.00 × 10-3 1.00 × 10-3 

Na+ 1.00 × 10-5 3.00 × 10-5 3.40 × 10-5 1.10 × 10-4 1.01 × 10-3 1.00 × 10-2 

NH4+ 1.00 × 10-5 3.00 × 10-5 3.40 × 10-5 1.00 × 10-4 1.00 × 10-3 1.00 × 10-2 

K+ 1.00 × 10-5 3.00 × 10-5 3.40 × 10-5 1.00 × 10-4 1.00 × 10-3 1.00 × 10-2 

Ca2+ 1.00 × 10-5 3.00 × 10-5 4.17 × 10-5 1.00 × 10-4 1.00 × 10-3 1.00 × 10-2 

Mg2+ 1.00 × 10-5 3.00 × 10-5 3.47 × 10-5 1.00 × 10-4 1.00 × 10-3 1.00 × 10-2 

Ba2+ 1.00 × 10-5 3.00 × 10-5 3.81 × 10-5 1.00 × 10-4 1.00 × 10-3 1.00 × 10-2 

NO3
- 1.03 × 10-3 1.09 × 10-3 1.10 × 10-3 1.30 × 10-3 4.00 × 10-3 3.10 × 10-2 

Cl- 5.00 × 10-5 1.50 × 10-4 1.94 × 10-4 6.00 × 10-4 6.00 × 10-3 6.00 × 10-2 

HCO3
- 1.00 × 10-5 3.00 × 10-5 3.40 × 10-5 1.00 × 10-5 1.00 × 10-5 1.00 × 10-5 

 

 

exception of the background concentrations of Li+ and NO3
- at ~1 mM, the 

remaining ionic species were present at 10-5 M (10-3 mM). A solid calibration pellet 

with known amounts was then added to bring the concentrations to ~ 3 ×10-5 M, 

therefore TS21 served as the second point in the calibration. The actual 

concentrations of TS21 on Mars were calculated as TS21M. On Mars, the ISEs 

could not be calibrated any further because the background concentrations needed 

to remain relatively low in order to detect small concentration changes of ionic 

species. In the laboratory, WCL test-beds and flight units are calibrated from TS20-

TS24 before performing any analyses. Simulant experiments were carried out in 

the Mars chamber, seen in Figure 2.2, with a controlled solution temperature of 10-
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15ºC and in an atmosphere of ~8000 mbar CO2 (balanced by N2), equal to the 

headspace PCO2 of WCL. The 10-15ºC range corresponded to the temperature of 

WCL during the thawing/analysis process. At the start of each sol (Martian day) 

the beaker was thawed and frozen at the end of the analysis/sol to conserve power 

for the overall payload. A custom lid for the chamber was fabricated to facilitate 

the addition of spike solutions while under the above conditions, therefore the lid 

allowed the chamber to act as a glove box. 

 
Figure 2.2. Mars simulation chamber. Courtesy of S.P. Kounaves.  
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2.1.1. Martian Simulants 

The first simulant fabricated, SimRR105, after equilibrium modeling with 

MINEQL+ compared well with the Rosy Red (RR) soluble concentrations. The 

makeup of the SimRR105 simulant can be found in Table 2.1, along with the 

equilibrium modeling and experimental results. Similar to the Phoenix results, there 

was approximately a 200 mV depression in the ñnitrateò electrode signal upon the 

addition of 2.76 mM ClO4
- and the characteristic negative response seen by the Ca2+ 

electrode as shown in Figure 2.3 (24, 25). With the exception of Ca2+ and Mg2+, the 

modeling software was in agreement with the soluble concentrations. One reason  

 

 
Figure 2.3. Addition of the SimRR105 simulant and the electrochemical response of various 

electrodes in WCL TB2. The first major potential change ~2800 s is the addition of the first calibrant 

spike to bring the concentration levels to that of TS21. The next change in potential ~3600 s is the 

addition of the simulant SimRR105. From top to bottom starting at t = 0 the ISEs were: chloride, 

nitrate, calcium, magnesium, sodium, ammonium and potassium. 
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for this discrepancy could be that the simulant was analyzed for only 2 hours, and 

although it appeared an equilibrium had been reached, various other reactions could 

continue to occur slowly over time (much slower than experimental conditions). 

This was also expected since the ionic species originated from chemical salts 

instead of minerals. The results from the SimRR105 simulant confirmed the 

Phoenix results and presented evidence of the possible parent salts of the species. 

Further simulant analysis looked to elucidate the amount of soluble sulfate 

in the Phoenix soil. To achieve this, the most prevalent ionic species, ClO4
-, was 

removed to ensure no interference with SO4
2-. The formation of simulant 

SimRR105ii replaced all perchlorates with their respective nitrates as seen in Table 

2.3. The simulant SimRR105ii was then run in the Mars chamber in a similar 

fashion to the previous simulant. A comparison of the results seen in Figure 2.4, 

with those of Figure 2.3, shows the behavior of the NO3
- and Ca2+ electrodes with 

no perchlorate present. The nitrate signal, which begins at a background 

concentration of 1.09 mM increases to 4.10 mM with a potential difference of ~30 

mV, opposed to the ~200 mV change when a similar amount of ClO4
- was added. 

This clearly showed the selectivity of the electrode ISM toward perchlorate over 

nitrate. The calcium signal also increased, as was expected due to the amount of 

calcium in the system, although the majority of the calcium remained as CaCO3. 

Similar to the previous simulant, the equilibrium model agrees with the 

experimental results with the exception of Ca2+ and Mg2+. 
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Table 2.3. Simulant concentrations for the MINEQL+ program (Input) as well as the physical 

make-up of the desired simulant (SimRR105ii). Results from the equilibrium program (MINEQL 

Output) are compared with the soluble species detected by a WCL testbed (TB2 Output). 

 
Ion Input (M)* MINEQL Output (M) TB2 Output (M) 

Ba2+ 3.00 × 10-5 2.88 × 10-5 4.67 × 10-6 

Ca2+ 5.01 × 10-2 9.02 × 10-4 8.03 × 10-7 

Cl- 4.92 × 10-4 4.92 × 10-4 6.40 × 10-4 

K+ 5.44 × 10-4 5.39 × 10-4 4.79 × 10-4 

Li + 1.00 × 10-3 9.94 × 10-4 NA 

Mg2+ 9.96 × 10-3 4.85 × 10-3 6.53 × 10-4 

Na+ 1.42 × 10-3 1.40 × 10-3 2.82 × 10-4 

NH4
+ 3.00 × 10-5 2.78 × 10-5 9.21 × 10-5 

NO3
- 4.10 × 10-3 4.09 × 10-3 NA 

SO4
2- 2.99 × 10-3 2.05 × 10-3 NA 

ClO4
- 0.00 0.00 NA 

*Includes background contribution from TS21 solution 

NA: not analyzed 

 

 
Figure 2.4. Addition of the SimRR105ii simulant and the electrochemical response of various 

electrodes in WCL TB2. The first major potential change ~5200 s is the addition of the first 

calibrant spike to bring the concentration levels to that of TS21. The next change in potential ~6000 

s is the addition of the simulant SimRR105ii. From top to bottom starting at t = 0 the ISEs were: 

chloride, nitrate, calcium, magnesium, sodium, ammonium and potassium. 
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2.2. Determination of Sulfate at the Phoenix Landing Site 

2.2.1. Sol-96 and the Golden Goose ñSampleò 

The total amount of soluble SO4
2- was initially determined to be 4.8 ± 1.5 mM for 

cell-0 (Rosy Red) and 5.9 ± 1.5 mM for cell-2 (Sorceress-2). This value was 

estimated by the equation: 

[SO4
2-
]
T
= 
æ[Cl

-
]

2
 

where [SO4
2-]T is the total amount of sulfate, and ȹ[Cl-] is the change in chloride 

concentration from the addition of the sample until there was an increase in the 

barium signal, indicating that all the sulfate had been titrated. Figure 2.5 shows the 

signals of the chloride and barium electrodes from cell-0 and cell-2 used for this 

calculation. In cell-0 the chloride signal increases, but stabilizes by the end of the 

sol, while in cell-2 there is a constant increase in the chloride signal over the two  

 

 
Figure 2.5. Barium (p) and chloride (Â) electrode responses for the analysis of the soluble 

sulfate in cell-0 of the Rosy Red soil sample (left) and cell-2 of the Sorceress-2 soil sample (right). 

Chloride was also independently verified by CP ( )̧. The Rosy Red sample was added on Sol-

30, the sulfate titration experiment was performed on Sol-34 (left) and the Sorceress-2 sample 

was added on Sol-107 with the sulfate titration experiment performed on Sol-116 (right). Figure 

taken from (28). 
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sample time periods. The increase was quantified as ~1.5 x 10-3 mol L-1 h-1. The 

increase in chloride was also confirmed with CP. 

 The increase of the chloride concentration in cells 0 & 2 led to the 

hypothesis that there was a leak present from the BaCl2 crucibles. This was 

confirmed upon the analysis of the sol-96 data. The soil sample, Golden Goose, 

was not successfully delivered, as it got clogged in the funnel and would not drop 

into the drawer. After the soil addition attempt there was an increase in the amount 

of barium and chloride seen by their respective electrodes, shown in Figure 2.6. 

This evidence of a "blank" confirmed that there was in fact a leak of the BaCl2 after 

soil addition (or attempted soil delivery). The increase in concentration of Ba2+ and 

Cl- in cell-3 increased at the predicted ratio of 1:2, while increases were not seen 

for any of the other ionic species. The increase in chloride concentration was also 

confirmed independently with CP. 

 

 
Figure 2.6. Barium (p) and chloride (Â) electrode responses for the analysis of the Golden Goose 

soil sample on Sol-96. Chloride was also independently verified by CP ()̧. The attempted sample 

delivery occurred on Sol-96, although no soil was delivered. The increase of both the barium and 

chloride signals point to a leak of the BaCl2. Figure taken from (28). 

 

 

 












































































































































































































