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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, 
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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 (2–4). 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 (5–7). 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 (8–12). 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) (16–18). 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.  



 
 

4 

 

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 (24–30) 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, 



 
 

7 

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 

Sample
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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: 

𝑎𝑖 = 𝛾𝑖𝐶𝑖 

where γi 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: 

log 𝛾𝑖 =
−0.51 𝑧𝑖

2 √𝜇

1 +  √𝜇
 

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

Thermodynamics state that this gradient of activity present in the ISM 

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

∆𝐺 = −𝑅𝑇 ln (
𝑎𝑖, sample

𝑎𝑖,  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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∆𝐺 = −𝑛𝐹𝐸 

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

combination of the previous two equations yields: 

𝐸 =
𝑅𝑇

𝑛𝐹
ln (

𝑎𝑖, sample

𝑎𝑖,  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 

       𝐸1        𝐸2                                      𝐸𝐽                  𝐸𝑀                                      𝐸3       𝐸4     

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: 

𝑒𝑚𝑓 =  𝐸𝑐𝑜𝑛𝑠𝑡 +  𝐸𝐽 +  𝐸𝑀 

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: 

𝐸𝑐𝑜𝑛𝑠𝑡 + 𝐸𝐽 +  𝐸𝑀 =
𝑅𝑇

𝑛𝐹
ln (

𝑎𝑖, sample

𝑎𝑖,  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: 

𝐸 = 𝐸𝑜 ± 0.05916 V (
𝑅𝑇

𝑛𝐹
) log (𝑎𝑖) 

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 “Nernstian”. An idealized calibration plot is shown in Figure 

1.4.  

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

Nernstian slope of 59.16 mV/decade, while the divalent ion (□) 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 (33–41), porous carbon (42, 43), and more 
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recently carbon nanomaterials (44–49). 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 ISEs’ 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: 

𝐸 = 𝐸𝑜 ± 0.05916 V (
𝑅𝑇

𝑛𝐹
) log (𝑎𝑖 + 𝑘𝑖𝑗𝑎

𝑗

𝑧𝑖/𝑧𝑗) 

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: 

log 𝑘𝑖,𝑗
𝑃𝑜𝑡 =

(𝐸𝑗 − 𝐸𝑖) 𝑧𝑖 𝐹

𝑅𝑇 ln 10
+ (1 − 𝑧𝑖/𝑧𝑏)log (𝑎𝑖) 

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

calculated by: 

𝑘𝑖,𝑗
𝑃𝑜𝑡 =

𝑎𝑖

𝑎
𝑗

𝑧𝑖/𝑧𝑗
  

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 (54–56). 

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 μm 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) CO3
2-; (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 
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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 cells’ 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) (59–62), 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). 
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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 

“Edit Mode” and was supplied with its corresponding ionic charge (-1). After all 

species were selected, the “Scan Thermo” mode was chosen. Under the “Wizard” 

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

selected for modeling are present in Table 2.1 as “Input (mM)”. The various other 

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

program based on electroneutrality; the CO2 was “open to the atmosphere” 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: “Fixed Entities,” “Dissolved Solids,” and 

“Species Not Considered”. Based on the Phoenix results, the ionic strength was set 



 
 

31 

to the value determined for the Rosy Red sample (8.4 × 10-3 M) and the temperature 

was set to 8.4°C. The results of the model were obtained from the “Summary of All 

Species for a Single Run” located under the “Special Reports” 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)2●6H2O), 

sodium sulfate (Na2SO4), magnesium sulfate heptahydrate (MgSO4●7H2O), 

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

dihydrate (CaSO4●2H2O). 

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 “nitrate” 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 “Sample” 

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
= 

∆[Cl
-
]

2
 

where [SO4
2-]T is the total amount of sulfate, and Δ[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 () and chloride () 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 () and chloride () 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). 
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2.2.2. Simulant SimSO4RRi 

Although the amount of sulfate was initially determined as discussed above, a 

simulant needed to be fabricated to confirm these results. Formulation of this 

simulant, SimSO4RRi, increased the amount of initial sulfate to a value ~12 mM. 

This value was chosen based on previous results relating the S/Cl molar ratio of 

~4:1 (7, 11, 12, 67). Assuming a value of [Cl-] = 2.9 mM then it would be assumed 

that [SO4
2-] would be ~12 mM. This estimate also assumes that all the sulfate is 

soluble. This simulant was modeled with an initial value of 12 mM SO4
2-, but with 

the amount of chloride seen by the previous WCL results, ~0.7 mM, shown in Table 

2.4. The appropriate amount of perchlorate, ~2.7 mM, was also added to mimic the 

results detected by the Phoenix WCL electrodes. The experimental values are 

determined by the WCL testbed are also shown in Table 2.4 and Figure 2.7. The 

potential responses are very similar to the first simulant, SimRR105 (Figure 2.3), 

although the amount of SO4
2- has quadrupled. 

Table 2.4. Simulant concentrations for the MINEQL+ program (Input) as well as the physical make-

up of the desired simulant (SimSO4RRi). Results from the equilibrium program (MINEQL Output) 

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

chromatography (IC Output). The leaching calibrant solution was subtracted from the IC Output for 

comparison purposes. Table adapted from (62). 

Ion Input (M) MINEQL Output (M) TB2 Output (M) 
IC Output (minus 

TS21, M) 

Ba2+ 3.00 × 10-5 2.95 × 10-5 1.70 × 10-5 NA 

Ca2+ 5.01 × 10-2 2.77× 10-3 4.90 × 10-4 4.54 × 10-3  

Cl- 6.98 × 10-4 6.98 × 10-4 6.67 × 10-4 9.00 × 10-4 

K+ 3.47 × 10-4 3.37 × 10-4 4.15 × 10-4 3.50 × 10-4 

Li+ 1.00 × 10-3 9.80 × 10-4 NA ND 

Mg2+ 1.02 × 10-2 6.64 × 10-3 1.79 × 10-3 2.95 × 10-3 

Na+ 1.53 × 10-3 1.49 × 10-3 1.10 × 10-4 1.56 × 10-3 

NH4
+ 3.00 × 10-5 2.76 × 10-5 2.25 × 10-4 2.80 × 10-4 

NO3
- 1.10 × 10-3 1.09 × 10-3 NA ND 

SO4
2- 1.21 × 10-2 6.88 × 10-3 NA 1.41 × 10-2 

ClO4
- 2.87 × 10-3 2.87 × 10-3 NA 2.12× 10-3 

NA: not analyzed 

ND: not detected 
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Figure 2.7. Addition of the SimSO4RRi simulant and the electrochemical response of various 

electrodes in WCL TB2. The first major potential change ~4000 s is the addition of the first 

calibrant spike to bring the concentration levels to that of TS21. The next change in potential ~4800 

s is the addition of the simulant the SimSO4RRi. From top to bottom starting at t = 0 the ISEs were: 

chloride, nitrate, calcium, magnesium, sodium, ammonium and potassium. 

 
 

 

2.2.3. Determination of Sulfate Parent Salts 

The previous calculation of the soluble sulfate of 4.8 ± 1.5 mM for cell-0 (Rosy 

Red) and 5.9 ± 1.5 mM for cell-2 (Sorceress-2) corresponds to 1.2 ± 0.5 and 1.4 ± 

0.5 wt% SO4
2- in the Phoenix soil. The molar ratio of S (as SO4

2-) to Cl (Cl- and 

ClO4
-) is ~ 2:1, opposed to the aforementioned predicted 4:1. This discrepancy, as 

discussed in (28) is said to be due to the fact that not all the SO4
2- is soluble, 

therefore resulting in a low determination from the WCL analyses, or that the soil 

analyzed in the previous studies was different from the soil analyzed by Phoenix. 

In order to determine the parent salt form(s) of the sulfate ion, the soluble cations, 
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Na+, K+, Ca2+, Mg2+ and Fe2/3+ must be considered. An updated soluble species is 

presented in Table 2.5, showing the results of the SO4
2- analysis (28). 

Table 2.5. Updated soluble concentration of species likely present in the Phoenix soil. Taken 

from (28). Model assumes that 1 g of soil was added to 25 mL pure H2O. The equilibrium 

concentrations is the amount of the required species/mineral to give the measured and calculated 

ionic concentrations.a  

 

Species 

Equilibrium 

Concentration 

in Solution 

(mM) 

Concentration 

in Soil (wt%) 

CaCO3 (calcite) Saturated 3 – 5b 

MgCO3 (magnesite) Saturated ≥ 1.8c 

MgSO4 (epsomite) Dissociated 3.3d 

ClO4
- 2.5 0.6 

Na+ 1.4 0.08 

Cl- 0.4 0.04 

K+ 0.4 0.04 

Mg2+ 6.4 - 

SO4
2- 3.9 - 

HCO3
- 5.4 - 

MgSO4 (aq) 1.2 - 

Ca2+ 0.75 - 

CaSO4 (aq) 0.17 - 
a Equilibrium calculated using GWB React at 7ºC and a 4 mbar CO2 headspace. This model takes 

into account the presence of the BaCl2 from the leaking crucible. The rate of Ba2+ addition appears 

to have been sufficient in all analyses to maintain [SO4
2-] < 0.5 mM and fully dissociate all SO4

2- 
b As determined by TEGA and WCL. 
c Minimum required by model to give saturate Mg2+ in 25 mL of solution. 
d Equivalent to 5.3 mM total SO4

2- in solution. At such concentration, other hydrates give similar 

values. 

 

 

 The presence of sulfate with K+ or Na+ would, at most, result in as 0.2 mM 

K2SO4 and 0.7 mM Na2SO4. This would only be a fraction of the soluble sulfates, 

while the presence of Fe2/3+ would have resulted in the poisoning of several ISEs, 

and since this did not occur it can be assumed that Fe2/3+ was not present at any 

appreciable levels. The cations left as the most likely candidates were Ca2+ and 

Mg2+
, and after further modeling with Geochemist's Workbench (GWB)® it was 

shown that if [SO4
2-] ≥ 6 mM then the [Ca2+] and [Mg2+] would have to be ≥ 3 mM 
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and ≥ 7 mM respectively, which is not the case. A more plausible explanation is 

that the majority of the sulfate was present as MgSO4, which would result in an 

increase in the Mg2+ response and a decrease in the Ca2+ response upon the addition 

of BaCl2 and the dissolution of SO4
2-. Due to the presence of magnesium bearing 

minerals, it is extremely likely that the most prevalent form of SO4
2- is MgSO4. 

 Operating under the assumption that the Phoenix soil was wet at some time 

in the past based on results from WCL and TEGA (26) further studies based on 

evaporation models could deduce the dominate minerals present in the WCL soils. 

The values in Table 2.5 were used in GWB over temperature ranges of 0-25°C and 

PCO2 ranges of 0.004-1 atm to yield the dominant evaporates. These included calcite 

(CaCO3), gypsum (CaSO4●2H2O), magnesite (MgCO3), epsomite 

(MgSO4●7H2O), KClO4 and NaClO4. This data provides insight into the possible 

sulfate mineralogy, and is consistent with the finding of previous landers and 

rovers. The implications of the SO4
2- mineralogy with the dominant salts found at 

the WCL site provide a basis for the presence of the possibility of past life at the 

Phoenix landing site. A model (Figure 2.8) comparing the precipitated minerals of 

1 L of terrestrial seawater to 1 L of water containing the salts found in (an 

extrapolated) 40 g of Phoenix soil show that upon dilution of a small amount of 

Phoenix soil by, for example, a melting snowpack (68–70), could result in a water 

activity consistent with terrestrial halophilic microbes (aH2O ≥ 0.75) (71). Again, 

this assumes that the soil was wet recently. 
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Figure 2.8. Geochemist’s Workbench ® React model showing the precipitated minerals in 1 L of 

terrestrial seawater (blue) and 1 L solution containing the ionic species found in 40 g of the  

Phoenix soil (red). Model for the Phoenix solution was taken at 7°C and PCO2 = 4 mbar. Figure 

taken from (28). 

 

 

 

2.3. Determination of Perchlorate Parent Salts 

Perchlorate was found to be prevalent in the Northern Poles of Mars at the Phoenix 

landing site in 2008 (25). Recent results initially reported by the Curiosity scientists 

indicate the presence of a chorine-oxygen species and it is hypothesized to be 

perchlorate (72). This find has major implications for the global distribution of 

perchlorate and the possible detection of organics. An investigation into the effect 

of perchlorate on the other sensors, mainly calcium and magnesium, was proposed 

to deduce the chemical composition of the perchlorate parent salts. 
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The determination of the parent salts of the perchlorate ion yields 

information regarding the mineralogy, chemistry and history of the Martian soil. 

The Phoenix WCL cells did not contain an electrode for the direct determination of 

perchlorate, as previously discussed. Confirmation of the presence of ClO4
- was 

determined by testing the Hofmeister ISEs with many interfering species, while 

constraining the amount present to be similar to the soil delivered by the robotic 

arm on Phoenix. An investigation into the effect on the calcium sensor showed that 

there was a negative response upon sample addition, due to the ClO4
- in solution. 

This was a characteristic of the presence of perchlorate and led to the determination 

that ClO4
- was present in the Phoenix soil. 

 

2.3.1. Investigation of the Calcium Electrode Response 

The results from the Phoenix mission yielded information into the soluble species 

in solution, and did not directly yield parent salts. A closer examination of the 

electrode responses, mainly the Ca2+ ISE, was used as an attempt to determine if 

ClO4
- was present in the form of Ca(ClO4)2 or Mg(ClO4)2 (73). Figure 2.9 shows 

the response of the Ca2+ electrode for the Rosy Red soil sample on Mars. The signal 

starting at t = 7700 s was the response due to the second calibration point, where 

the concentration of Ca2+ was ~3.0 x 10-5 M and ClO4
- was not present. A steady 

decrease in the negative direction occurred until an equilibrium with the carbonates 

in the system stabilized the signal upon sample addition. The same signal behavior 

is seen in Figure 2.10, with the successful delivery of the Sorceress-1 soil sample. 

Initial tests on a WCL spare unit done after the mission show the Ca2+ signal 
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without ClO4
- present, shown in Figure 2.11. Important features to highlight in 

Figures 2.9 and 2.10 were that there was no increase in signal upon soil delivery; 

this decrease did not occur immediately after soil addition but instead happened 

over a few minutes (~300 s); and the signal stabilized at a potential corresponding 

to the carbonate equilibrium. 

 
Figure 2.9. Calcium signal from sol-30 upon the addition of the Rosy Red soil sample. The red 

line is an average of the data to reduce the noise. 

 

 
Figure 2.10. Calcium signal from sol-41 upon the addition of the Sorceress-1 soil sample. The red 

line is an average of the data to reduce the noise. 
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Figure 2.11. Calcium signal obtained on a WCL spare unit with no ClO4

- present. 

 

 

2.3.2. Ratio of Calcium:Magnesium Perchlorates 

When performing tests to determine the amount of calcium perchlorate versus 

magnesium perchlorate, the Ca2+ sensor appeared to behave differently depending 

on the amount of each salt present in solution. Figure 2.12 shows a summary of 

these results, where the shape of the Ca2+ ISE signal was monitored while the ratio 

of Ca:Mg-(ClO4)2 was changed from 100% Ca(ClO4)2 to 100% Mg(ClO4)2. All 

perchlorates were added to correspond to the amount present in solution detected 

by Phoenix, as ~0.7 wt% ClO4
-. When a sample containing 4 wt% calcite (Icelandic 

spar, CaCO3) and 100% Ca(ClO4)2 was added to the calibrant solution there was an 

initial increase in potential, indicating some response by the Ca2+ electrode to Ca2+ 

(or interfering species) in solution, followed by a steady decrease in potential. As 

the ratio is changed to 70:30 Ca:Mg, this initial increase in potential decreased in 

magnitude but still exhibited a steady decrease until the equilibration with the 

carbonates occurs. At 60:40 Ca:Mg the initial potential increase is no longer 

present, but the steady decrease was. When equal amounts of Ca(ClO4)2 and 
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Mg(ClO4)2 were used in the sample there was a more rapid negative response and 

a slight dip in potential ~85 s (normalized). At 100% Mg(ClO4)2, there was an 

immediate decrease and pronounced dip in potential before an increase to the 

carbonate equilibrium. The shape of the Ca2+ ISE seen in the Phoenix WCL cells 

(Figures 2.9 and 2.10) is most consistent with the curve seen for a ratio of 60% 

Ca(ClO4)2: 40% Mg(ClO4)2. 

 
Figure 2.12. Calcium response as the ratio of Ca(ClO4)2:Mg(ClO4)2 was varied. All plots were 

normalized to show the addition of the sample at the same time. 

 

 

2.3.3. The Effect of Sodium Perchlorate 

The presence of calcium and magnesium containing minerals was the major factor 

in the selection of those species as the perchlorate counterion. The WCL soils also 

contained other cationic species, mainly Na+ and K+. These species could also serve 

as a counterion for perchlorate. Potassium, present in the WCL soil at a level of 0.4 

mM would only account for ~15% of the perchlorate, while Na+ would only  

account for ~60% of the perchlorate, assuming that all K+ and Na+ were present as 
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KClO4 and NaClO4, respectively. Another possibility would be the presence of 

Fe2/3+, although the presence of iron would have been detrimental to several of the 

halide sensors, which was not the case, therefore Fe2/3+ was not present in any 

appreciable amounts. Assuming that the K+ is insignificant compared to the amount 

of soluble ClO4
-, the primary candidate left is Na+. Similar studies to those found 

in Figure 2.12 were conducted to investigate this hypothesis. 

 The Ca2+ electrode response was studied upon the addition of various 

perchlorates. Samples were fabricated with a total amount of 1.4 mM NaClO4 

(accounting for ~60% of the ClO4, assuming all Na+ present as NaClO4) as well as 

the combination of various other salts including: Mg(ClO4)2●6H2O, CaCl2●2H2O 

and Ca(NO3)2●6H2O. Similar to the previous studies, all samples contained 4 wt% 

calcite. Various sample mixtures are presented in Figure 2.13. The presence of only 

NaClO4 does not exhibit a similar behavior of the Ca2+ electrode experienced by 

WCL and it also does not account for the total amount of perchlorate. The addition 

of the remaining ClO4
- in the form of Mg(ClO4)2, produced the characteristic 

depression seen when no Ca(ClO4)2 was present (Figure 2.12), which was also not 

consistent with the WCL results. The introduction of soluble calcium species, in 

the form of Ca(NO3)2 or CaCl2, at concentrations of ~0.5 mM Ca2+ in the presence 

of ~2.5 mM ClO4
- (counterion: Mg2+) does not produce any increase in Ca2+ signal. 

Each sample caused an immediate drop in potential upon addition and remained 

constant for the remainder of the test period. The magnitude of the decrease, ~30 

mV, was also greater than that seen on Mars for the Rosy Red and Sorceress-1 

samples (Figures 2.9 and 2.10) as well as the Ca-/Mg-(ClO4)2 studies (Figure 2.12). 
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These studies confirmed that perchlorate is most likely present as Ca(ClO4)2 and 

Mg(ClO4)2 in a ratio of 60:40. 

 
Figure 2.13. Calcium response of various samples containing NaClO4 and other salts. The 

response at t=0 is the signal attributed to the TS21 concentration of Ca2+ (0.03 mM) and the sample 

was added at t=350 s. The signal and time were normalized so that the sample was added at the 

same time. From top to bottom at t=750 s, the samples were: 1.41 mM NaClO4 (red); 1.22 mM 

Mg(ClO4)2●6H2O and 0.52 mM CaCl2●2H2O (purple); 1.44 mM NaClO4 and 0.45 mM 

Mg(ClO4)2●6H2O (green); 1.18 mM Mg(ClO4)2●6H2O and 0.52 mM Ca(NO3)2●2H2O (blue). All 

samples contained 4 wt% Icelandic spar (calcite, CaCO3). 

 

 

 

2.3.4. Implications of Calcium Perchlorate 

Calcium, opposed to magnesium, as the dominant counterion for perchlorate has 

implications for the recent chemical history of the Phoenix landing site. Originally, 

the perchlorate was assumed to be mainly present as Mg(ClO4)2, which would 

imply a recently wet Phoenix landing site (26, 27, 74). The results of the work 

presented above suggests that the perchlorates at the Phoenix landing site were a 

mixture of Ca(ClO4)2 and Mg(ClO4)2 at a ratio of 60:40. The ratio of Ca:Mg is also 

consistent with the Ca:Mg ratio of the respective carbonates (26, 75). The 
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implication that perchlorate was present as Ca(ClO4)2 would suggest that the 

Phoenix landing site has not been wetted recently, and would have been arid 

(possibly since the formation of the Heimdall Crater, where Phoenix landed (76)). 

Calcium perchlorate, a highly soluble chemical species, should not be present if the 

landing site had been in contact with any water, especially in the presence of 

carbonates and sulfates. Independent evaporation and sublimation models 

confirmed this hypothesis (77, 78).  

 

2.4. Comparison of A Martian Analogue to Phoenix, A Martian  

Meteorite and Model Predications 

The above models used for the fabrication of the sulfate simulant were also 

compared to other results beyond Phoenix, mainly Antarctic soils and a Martian 

meteorite, EETA 79001. These studies investigated the viability of Antarctic soils 

as a Martian analogue. The EETA 79001 meteorite and soils from ADVs were 

analyzed using IC, the simulant data was used to formulate a physical sample which 

was analyzed by both IC and a Phoenix WCL test-bed unit. The simulant 

investigated, SimSO4RRi, was described previously and results were shown in 

Table 2.4. The concentrations of the simulant were leached in a similar manner to 

the Phoenix WCL soil, and the leachate was analyzed by IC (IC Output). The 

background contribution from the leaching/calibration solvent (TS21) was 

subtracted to yield the concentration of the simulant. Leachates from several ADVs, 

the Coastal Thaw Zone (CTZ) and the Stable Upland Zone (SUZ), and the Martian 
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meteorite (EETA 79001) were analyzed in similar manners. Experimental 

conditions are outlined elsewhere (62). 

 The environments of the CTZ and SUZs vary in elevation and mean annual 

temperatures. The CTZ is lower in elevation (0-700 m) but higher in mean 

temperature (~-20°C) than the SUZ (1700-1800 m, ~-33°C) (79). The hyperarid 

cold desert conditions of the SUZ yield a terrestrial area that serves as a possible 

Martian surface environment. The Martian meteorite was found ~200 km near the 

NW ADV during the 1979-1980 field season in Elephant Moraine (EET). Several 

groups have characterized the meteorite in terms of age and geology (80, 81). The 

first studies of the soluble ionic species were performed in 2010 (82). All samples 

were compared to the Phoenix results, presented in previous sections. 

 A comparison of the five samples shows general agreement between the 

ionic species with the meteorite existing at usually lower concentrations, as shown 

in Figure 2.14. The meteorite samples were collected sawdust from a cross-

sectional cut. It is possible that the Martian surface was different for the Phoenix 

experiments compared with the meteorite location origin. This is one plausible 

explanation of the lower concentrations. Most species are also within one order of 

magnitude when comparing the ADV soils to the Phoenix results and the simulant. 

The largest deviation is exhibited when comparing ClO4
-. While the simulant and 

Phoenix soil are in agreement in the concentration of ClO4
-, the perchlorate seen in 

the ADV are drastically lower. Several possibilities for this decrease in ClO4
- are: 

(1) the presence of any water would cause the migration of ClO4
- in the ADVs, 

while the lack of water on Mars would cause it to remain in place; (2) perchlorate 
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was not deposited at similar rates on Earth as on Mars, resulting in higher 

concentrations on Mars than on Earth; or (3) perchlorate is not as prevalent in high 

concentrations on Earth as it is on Mars.  

 
Figure 2.14. Comparison of various samples including: the Antarctic Dry Valleys (Coastal Thaw 

Zone, CTZ; and the Stable Upland Zone, SUZ), the average of the Phoenix results (Rosy Red, 

Sorceress-1 and -2), the simulant SimSO4RRi, and the EETA 79001 Martian meteorite. The two 

points for the NO3
- data for Phoenix and the simulant are excluded based on the presence of 

perchlorate. Adapted from (62). 

 

 

 The various samples were also comparable in pH and conductivity, as 

shown in Figure 2.15. All samples had pH values in a neutral range (6-8 pH units) 

and with the exception of the meteorite were in general agreement when comparing 

conductivity. The CTZ sample was one order of magnitude lower than the SUZ, 

while the conductivities of the SUZ, Phoenix soil and simulant samples were all 

~1-1.5 mS/cm. Overall, the soils gathered from the ADVs serve as near-ideal 

Martian analogues. A further analysis of the results suggest that the Phoenix landing 

site was much more arid than the SUZ, and most likely was arid for a longer period 

of time (62). This conclusion is also in agreement with the Ca(ClO4)2 argument that 
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if the parent counterion of ClO4
- is in fact Ca2+, that the Phoenix landing site would 

not have seen liquid water longer than initially expected. 

 

 
Figure 2.15. A comparison of the pH (○) and conductivity (□) of the various samples. CTZ and 

SUZ are the Antarctic soils, WCL is the Phoenix analyses, Sim is simulant SimSO4RRi and EETA 

is the results from the Martian meteorite. 
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3. The Robotic Chemical Analysis Laboratory (RCAL) 

3.1. Functionality of RCAL 

The Phoenix WCL cells provided invaluable information into the soluble chemistry 

of the Martian surface. As previously stated, its major shortcomings were the fact 

it could only analyze a maximum of 4 samples (one-time use) and that each WCL 

contained only 15 ISEs. In an attempt to address these concerns, an instrument was 

developed concurrently with WCL, the Robotic Chemical Analysis Laboratory 

(RCAL, Starsys Research, Boudler, CO). One of the major differences between 

RCAL and WCL was the location of the sensors. A carousel of 20 hermetically 

sealed sample tubes spun to four different positions for analysis, each performing a 

specific function. The first position punctures the seal of the sample tube to 

facilitate the delivery of sample. This station could also be revisited to stir the 

sample by spinning the tip of the puncture mechanism. The other three positions 

each contained sensor arrays that would be lowered into the sample tube to perform 

the chemical analysis. Figure 3.1 shows a view of the RCAL unit, with a look 

inside, highlighting the carousel and dipping mechanisms. 

 

3.2. RCAL Electrodes 

Previous work (83) investigated the fabrication of a sensor array that would 

encompass more sensors than the WCL beakers. This was achieved by 

miniaturizing the WCL type electrodes and creating an array of 15-20 ISEs that 

could vertically be dipped into a sample tube (O.D. ~15 mm). The replacement of  
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Figure 3.1. The Robotic Chemical Analysis Laboratory (RCAL) with its cover on (left). The 

dipping mechanism shown with the puncture mechanism installed (top right) and a view of the 

carousel (bottom right). 

 

faulty ISEs was difficult, which was the major drawback of this design. The array 

would have to be disassembled and reassembled, which could also cause further 

damage to other sensors. For this reason an array where sensors could easily be 

removed and replaced was proposed. Although the array accommodated fewer 

sensors, it utilized the previously characterized WCL-type ISEs. The heritage of the 

WCL sensors provided electrodes that could survive pre-flight and cruise 

conditions, and were well characterized. Multiple arrays could be used to account 

for the decrease in quantity of ISEs per array.  

Ideally, the sensor array would be located at the tip of the dipping 

mechanism which is difficult when the O.D. of the dipping mechanism is ~10 mm. 

RCAL has its ISEs located along the side of a dipping mechanism, shown in Figure  
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Figure 3.2. RCAL sensor dipping mechanism with five WCL type electrodes installed. 

 

3.2. The top-most sensor could potentially not be submerged in the sample solution 

depending on how deep the dipping mechanism goes into the sample tube. For this 

reason, coated-wire ISEs (CW-ISE) were fabricated and characterized in an attempt 

to maximize the number of sensors available in the same plane. CW-ISEs, in 

various configurations and compositions, have been used in various applications 

(31, 32, 84–89), although usually in a disposable manner. The lifetime of CW-ISEs 

are usually much lower than larger electrodes due to a decrease in the active area 

of the membrane and the smaller amounts of electroactive components. The 

leaching of electroactive components from the membrane to the sample solution 

occurs more quickly than with electrodes 5-10 times their size. Despite these 

disadvantages, CW-ISEs were proposed to initially test their incorporation with 

RCAL. A schematic of the CW-ISEs used can be found in Figure 3.3. 

The CW-ISEs utilized were fabricated in a similar fashion to the previously 

discussed WCL electrodes, except on a much smaller scale. A silver wire was 

encased in PVC heat-shrink tubing and the tip of the wire was chloridized to form  
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Figure 3.3. Schematic of coated-wire ISEs. 

 

an internal reference element (Ag/AgCl). The polymeric hydrogel, pHEMA, was 

then pipetted (1 μL) on the tip of the chloridized wire and cured with a 365 nm UV 

light. The electrode was then dipped into the corresponding plasticized PVC 

membrane solution. Nine electrodes could be placed around a solid support and 

then successfully lowered into the RCAL sample tube. 

 

3.3. RCAL Goes for a Ride 

A main goal of the RCAL research was to see how it would interface with a rover 

for an autonomous mission while collecting electrochemical data for a delivered 

sample. Previous tests had been performed with non-ISE based sensors after sample 

addition but no field tests had been performed upon the incorporation of ISEs. A 

successful field test would incorporate RCAL onto a rover and the operational 

sequence would be fully tested. The operational sequence was to: (1) have a robotic 

arm (RA) acquire and deliver a sample to RCAL; (2) successfully puncture the 

sample tube and deliver the soil sample from the RA; (3) successfully move the 

carousel into the proper position for deployment of the sensor array; (4) 
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successfully deploy the sensor array and collect data; and (5) repeat steps 1-4. 

Before a field test of RCAL could occur, the electronics had to be miniaturized and 

optimized. In its original form RCAL was controlled by a switch board that was 

approximately 1 m x 1 m. In collaboration with Draper Laboratory (Cambridge, 

MA) the electronics and software were rebuilt and designed to facilitate the 

incorporation of RCAL onto the back of a rover. 

 A series of FieldPoint controllers were used to miniaturize the hardware for 

RCAL. The FieldPoint controllers were interfaced with a laptop using LabView 

software to control the various aspects of RCAL. The software used to control 

RCAL was changed to facilitate easier use and the viewing of ISE data directly in 

the same graphical user interface (GUI). A view of the software GUI can be found 

in Figure 3.4. Several buttons were programmed to easily run a series of actions.  

 
Figure 3.4. Graphical user interface (GUI) for the control of RCAL. Developed for the Death 

Valley field tests by Draper Laboratory.  
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To manually control the various operational characteristics, the “Test Panel” button 

can be selected. Each dipping mechanism and the carousel could be selected and 

controlled from this sub-menu. An optical sensor inside the carousel determined 

the location of the sample tube, which allowed for the proper movement of the 

appropriate sample tube under each dipping mechanism. 

 

3.3.1. Death Valley 

The first field test of the newly engineered RCAL took place in Death Valley, CA 

in November of 2009. The experiments were conducted to address how RCAL 

would perform in a desert environment with new hardware/software and with 

limited resources. The power was supplied by two 12 V batteries and the CW-ISE 

data was obtained externally by use of a Lawson Labs EMF16 data acquisition 

system. At the time of the test, the software had not been completed to collect data 

in the same interface, therefore the software from Draper Laboratory was only used 

to operate the various mechanical functions of RCAL. The entire set-up was placed 

in a single suitcase and ultimately operated out of the back of a car, while samples 

were delivered by hand instead of a RA. The set-up can be seen in Figure 3.5. 

 Overall, the test was a success, showing that the current incarnation of 

RCAL could be brought into the field and successfully operated. The operation was 

also conducted on limited power resources which would be desirable for future 

incorporation onto a rover or other payload. The test also solidified the necessity of 

a software interface that could collect sample data, and the need for more reliable  
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Figure 3.5. A view of RCAL in Death Valley, CA. The entire set-up was run out of the trunk of 

a car (top left) where RCAL is on the far left, the FieldPoint controllers, Lawson Labs EMF16 

interface and 12 V batteries are centrally located with the laptop computer running the RCAL 

GUI on the right. An alternative view of the set-up (bottom left) and a close up of the CW-ISEs 

installed (right). 

 

 
Figure 3.6. Potential versus time plot for the CW-ISEs used in Death Valley, CA in 2009 of 

sample DV_BWB_003_04_15. The calibration standard DV2 was comprised of ~1.0 × 10-5 M 

Na+, K+, NH4
+, Ca2+, Mg2+; ~3.0 × 10-5 M NO3

-; and ~4.0 × 10-5 M Cl-. DV3 and DV4 increased 

by an order of magnitude successively. Beginning from the top, at t = 1600 s, the electrodes are 

as follows: sodium; Hofmesiter A; Hofmeister B; magnesium; chloride; calcium 9; calcium 4; 

and potassium. 
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electrodes. A potential versus time plot is shown in Figure 3.6, where the noisy 

signal from the ISEs can be seen. Although the CW-ISEs collected data in-situ in 

the desert, if the project were to move forward, sensors would need to have a greater 

stability to ensure the operation of the ISE for the various samples. If RCAL was 

placed on a rover and sent to a remote location sampling could occur within days 

or weeks of each other, requiring sensors to function over a long period of time, 

which the CW-ISE electrodes do not in their current form. Therefore, a sacrifice of 

quantity of sensors was proposed and the WCL type HEMA electrodes were used 

for future testing.  

 

3.3.2. SRR2K Rover 

The subsequent test of RCAL occurred in March 2012, after integration with the 

SRR2K rover at the Jet Propulsion Laboratory (JPL) in Pasadena, CA. The primary 

objective of these experiments was to test the operational sequence from sample 

acquisition to analysis while placed on a rover. The SRR2K rover was built in 2000 

as a technology prototype for a sample return mission (SRR: sample-return rover) 

and can be seen in Figure 3.7 with RCAL incorporated. It was built to have four 

wheels that can move independently with an arm that has four degrees of freedom 

(90). The sensors for this test were WCL type with a few modifications. Two sets 

of electrodes were fabricated, HEMA based electrodes and porous carbon 

electrodes. The latter configuration replaced the pHEMA of the WCL-type 

electrodes with a solid support, porous carbon. Due to the configuration of the  
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Figure 3.7. Sample-return rover (SRR2K) with RCAL integrated. 

 

dipping mechanism, only 5 electrodes were incorporated into the array: two K+ 

ISEs, two NO3
- ISEs and one Li+ ISE, which served as the reference electrode. 

The electrodes that were fabricated with pHEMA were the Li+ ISE, one K+ ISE 

and one NO3
- ISE. In addition to these three electrodes, one K+ ISE and one NO3

- 
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ISE were fabricated with porous carbon. The replacement of pHEMA with porous 

carbon will be elaborated further in Chapter 5. All electrodes were characterized 

before arrival at JPL, and only the best were incorporated into RCAL. A summary 

of the characterization tests can be found in Figures 3.8 and 3.9. The sensitivity of 

the NO3
- ISE shown was -51 mV/decade, near-Nernstian while the the Li+ ISE 

exhibited little potential differences over the calibration range. The Li+ ISE was 

calibrated in the TS20 solutions (TS21-24) and remained stable even with 

concentrations of several ionic species at 10-2 M levels. This was the desired 

response since it was going to be used as the reference electrodes for the system. 

  

 

Figure 3.8. Potential vs. time plot of the NO3
- ISE before integration into RCAL on the SRR2K 

rover. Blue lines represent the addition of a solution to calibrate the sensors. The concentrations 

were as follows: bulk water, 10-5 M NO3
-, 10-4 M NO3

-, 10-3 M NO3
-, and 10-2 M NO3

-. Inset shows 

the corresponding calibration curve. 
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Figure 3.9. Potential vs. time plot of the Li+ ISE before integration into RCAL on the SRR2K 

rover. Blue lines represent the addition of a solution to calibrate the sensors. The Li+ ISE was 

calibrated in TS21, TS22, TS23 and TS24 (see Table 2.2). 

 

 All electronic hardware was supplied by the rover, and the software was 

built to control all operational characteristics, including the rover, RCAL dipping 

mechanisms and carousel, as well as data acquisition. Commands were 

programmed to control the movement of all aspects of the robotic arm including 

the scoop and the three joints (at the scoop, mid-arm and the base of the arm). 

Commands also existed for the movement of the scoop to invert as well as to open 

and close. In terms of the control of RCAL, the carousel was programmed to 

function without an optical sensor designation for each location. Instead the 

location of each individual tube was controlled by the movement along the inner 

wheel of gears. The carousel could be “homed” where the carousel would rotate 

until a magnet passed between two oppositely poled magnets. This ensured that the 

carousel rotated the correct number or units for a reliable determination of location. 

After the carousel was homed, it could then be programmed to rotate in either 
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direction (depending on which sample tube was being moved) under the appropriate 

dipping mechanism. The five available positions were the puncture/stirring 

mechanism (position 0), instrument 1 (1), instrument 2 (2), right drawer for sample 

delivery (3) and left drawer for sample delivery (4). The third instrument position 

was not functioning at the time of the tests, therefore only allowing two instruments 

for analysis. Each dipping mechanism could then be programmed to be lowered 

and raised (0 indicated the dipping mechanism being lowered, and 1 for being 

raised). 

 After the electrodes were placed in the dipping mechanism and wired into 

the electronics for the collection of data, the sensors were calibrated. After various 

tests, it was apparent that the dimensions of the RCAL unit at JPL were slightly 

different than the one present at Tufts. For this reason, the dipping mechanism 

needed to be shortened from 5 electrodes to 4 electrodes. After further tests it was 

also apparent that the topmost sensor was not being lowered into the solution. This 

left three electrodes available, one being the reference electrode. Therefore, one 

porous carbon NO3
- ISE and one porous carbon K+ ISE were placed on either side 

of the Li+ reference. A sequence was programmed to allow the automation of the 

calibration and sampling process. This sequence can be found in Table 3.1. Sample 

tube 4 was used as the rinse and sample for this scenario, where in an actual run, 

commands 8 and 13 would be changed for a different sample tube location. After 

data was collected for a desired period of time, the sequence would either be run 

again (changing the sample tube location) to obtain information for another 

calibration tube (or sample tube) or manually programmed to raise the dipping 
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mechanism and cease testing. Table 3.2 shows the concentrations of the various ion 

in the calibration solutions (CS). 

Before field-testing RCAL on the rover, a set of simulants was fabricated to 

test the viability of the sample analysis. Simulants consisted of 1 g of silicon dioxide 

and a constant amount of potassium nitrate. After calibration, the sensors were 

lowered into the sample solution to quantify the amount of KNO3 that was in the 

sample (4.33 mg KNO3 corresponding to 5.35 mM NO3
- in the sample tube), and 

the results are presented in Figure 3.10. Although the NO3
- sensitivity was less than  

Table 3.1. Programmed commands for the autonomous collection of data. The sequence could be 

easily changed by changing the tube number or the dipping mechanism. 

 

  Command Purpose 

1 cmd_setMoveDipper2_Dist40 
Sets sensor dipping mechanism 

distance to 40 

2 cmd_moveDipper2 1 

Moves sensor dipping 

mechanism up (ensuring 

carousel can turn) 

3 cmd_homeCarousel Homes the carousel 

4 cmd_turnCarouselTubeAbs 4, 2 
Places tube 4 under the sensor 

dipping mechanism 

5 cmd_moveDipper2 0 
Lowers sensors into tube 4, as a 

rinse 

6 cmd_moveDipper2 1 Raises sensors 

7 cmd_homeCarousel Homes the carousel 

8 cmd_turnCarouselTubeAbs 4, 0 
Places tube 4 under the puncture 

mechanism 

9 cmd_PunctureTest 0 

Lowers the puncture mechanism 

to puncture the foil of the 

sample tube 

10 cmd_runStirr 1, 5 
The puncture tip will stir for 5 

seconds 

11 cmd_PunctureTest 1 Raises the puncture mechaism 

12 cmd_homeCarousel Homes the carousel 

13 cmd_turnCarouselTubeAbs 4, 2 
Places tube 4 under the sensor 

dipping mechanism 

14 cmd_moveDipper 2, 0 
Lowers sensors into tube 4, to 

collect data. 
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Table 3.2. Calibration solutions (CS) I-IV for the RCAL testing. 

 

Ion CS I (M) CS II (M) CS III (M) CS IV (M) 

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

Cl- 1.00 × 10-3 1.00 × 10-3 1.00 × 10-3 1.00 × 10-3 

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

NO3
- 1.00 × 10-5 1.00 × 10-4 1.00 × 10-3 1.00 × 10-2 

 

 

 
Figure 3.10. Laboratory based experiment (Pre-Mars Yard Test 2) investigating the calibration (I-

IV) of the NO3
- ISE and the detection of NO3

- in two samples: a blank sand (SiO2) sample (B) and 

a mixture of SiO2 and KNO3 (S). Each calibration solution and sample was located in a separate 

sample tube. The noise associated between samples is due to the sensor not being in solution and 

the electrical noise of the carousel and dipping mechanism moving. 

 

ideal (~30 mV/decade) it still detected the amount of NO3
- in solution with recovery 

values of > 75%. A summary of the three pre-Mars Yard tests can be found in Table 

3.3. For the testing of the RCAL operational sequence, this accuracy was suitable 

and therefore the full operational sequence was tested in the Mars Yard at JPL. 
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Table 3.3. Summary of the pre-Mars Yard and Mars Yard sample results. The amount of KNO3 

added was converted from mg to mM based volume of the sample leaching solution, 7 mL. 

 

  

KNO3 Added       

(mM) 

KNO3 Detected 

(mM) 
% Recovered 

Pre-Mars Yard Test 1 8.65 7.82 90.4 

Pre-Mars Yard Test 2 5.35 4.69 87.7 

Pre-Mars Yard Test 3 6.49 5.04 77.7 

    

Mars Yard Test 1.49 0.14 9.40 
 

 

3.3.3. Mars Yard Testing 

The Mars Yard at JPL is an area that various payloads and rovers are tested. RCAL 

was tested running off battery power (and later from an outlet). The full operational 

sequence was tested including: (1) sample acquisition; (2) sample delivery; (3) 

control of RCAL carousel and dipping mechanisms; and (4) acquisition of data. A 

video of the process has been included with this work. For the testing of RCAL, a 

sand simulant was fabricated in a similar manner to the previous tests. A sample 

containing 19.9 g SiO2 and 103.08 mg KNO3 was homogenized with a mortar and 

pestle. The sample delivery of RCAL is ~0.25 cc, and assuming that the density of 

the soil is 1 g/mL (a similar assumption was made for the Phoenix experiments) 

then a completely homogenized sample would contain 1.29 mg KNO3, 

corresponding to 1.59 mM NO3
-. Figure 3.11 shows the calibration and the analysis 

of a blank (only SiO2) as well as the sample containing KNO3. A longer calibration 

method was employed to ensure the accuracy of the measurement. The results after 

a subsequent calibration and the addition of the simulant are also presented in Table 

3.3. 
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 The recovery of NO3
- from the sample was less than expected. The amount 

detected was 0.14 mM NO3
-, instead of the assumed 1.59 mM. This was expected 

because the assumption was that the KNO3 would be equally dispersed in the 

mixture and that 1.59 mM would be the amount in each 0.25 cc of the sample. Some 

of the sample was also lost upon the delivery and inversion of the scoop. As 

previously stated, the nitrate ISE was less than ideal, as it was not ideally stored for 

the various weeks of testing. The sensor was stored partially lowered into a sample  

 
Figure 3.11. Mars Yard field test of RCAL on the SRR2K rover. The NO3

- ISE was calibrated (I-

IV) before the ISE was lowered into a blank sample (left). The ISE was calibrated again before the 

delivery of a sample that was acquired and delivered by the robotic arm of RCAL (right, S). The 

blank was again analyzed (right, B). 

 

tube that contained 1.0 mM KNO3, although not submerged. The lid of RCAL was 

then placed on and was left this way. Ideally, a smaller closed humid environment 

would have been used, but this was the best option given that the sensors could not 

be removed once wired in place. The detection of any NO3
- proved that the 

programming of the operational sequence could be successfully carried out in a 

field test environment.   
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3.4. Lessons Learned from RCAL 

Overall, the integration of RCAL with the SRR2K rover was a success. The full 

operational sequence was tested, including sample acquisition, delivery and 

analysis. Initially, all power was supplied by batteries, while later power was 

switched to a wall power supply. The capabilities of RCAL on a rover provide 

increased sampling over a lander, and allow for greater characterization of a remote 

terrestrial or extraterrestrial environment. The software used to control RCAL was 

user-friendly and allowed for a great amount of flexibility when controlling both 

RCAL and the rover.   

Although the operational sequence of RCAL was successfully tested, there 

were many lessons learned for future missions or instruments. The number of 

samples that could be analyzed was increased by a factor of ~5, however, the 

number of sensors was much lower. Future instrument sample beakers (or tubes) 

should contain their own ISE arrays. As shown above, if sensors are less than ideal 

or non-functioning, the results of subsequent analyses are affected. A sample beaker 

can be discarded, if there is an array of such beakers, if sensors prove less than ideal 

or non-functioning. The sample can then be delivered to the next beaker for 

analysis. In a remote or extraterrestrial environment, sensors will not be removed 

or replaced, but when characterizing the instrument it should easier to exchange 

ISEs. The necessity of a proper reference electrode was also apparent. The above 

studies were performed using a Li+ ISE as a reference, as was done on Phoenix. 

The ability to have a solid-contact reference electrode would have decreased the 

noise associated with the ISEs as well as required a background solution with a 
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much lower concentration. Moving forward from RCAL, new instrumentation 

should mainly: (1) include beakers with sensors included (avoid the dipping 

method); (2) consist of an array of sample beakers; and (3) contain ISEs with 

increased stability for extended periods of time to ensure functionality during a 

rover mission. 
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4. The In-Situ Wet Chemical Analysis Laboratory and Sensor 

Array (CHEMSENS): Instrument Development 

An advantage of the Phoenix WCL analyses was its in-situ detection of the soluble 

species in the Martian soil sample. This information provided insight into the 

dissolution rates of the available species. The current MSL rover Curiosity contains 

the largest number of scientific instruments compared with previous payloads, 

although no instrumentation capable of in-situ aqueous chemistry. The inclusion of 

instrumentation that can perform wet chemical analyses is a necessity for future 

missions to Mars and other planetary bodies. Future missions should address the 

objectives outlined in Section 1.1.1, pertaining to life detection, the characterization 

of climate and geology, as well as determining if the Martian surface is harmful to 

humans (with a goal of potential human exploration). Discussed here, is the 

development of the next generation WCL, the In-Situ Wet Chemical Analysis 

Laboratory and Sensor Array (CHEMSENS). 

The objectives of the CHEMSENS project were: (1) to develop an improved 

sensor array (compared with WCL) that is redundant and capable of quick and 

accurate analyses; (2) fabricate a smaller RCAL-like instrument to provide a greater 

number of sample analyses while incorporating sample analysis units with 

individual sensor arrays; and (3) demonstrate that an autonomous and robotic 

chemical analysis is as reliable as laboratory initiated experiments. These 

objectives will be achieved by designing and fabricating instrumentation and 

sensors that provide an accurate and precise measurement of the soluble chemical 

components in an environmental sample. At its core, the CHEMSENS project can 
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be divided into two parts: instrumentation (hardware/software) and sensor 

development. The latter will be discussed in the subsequent chapter. The focus of 

this chapter, will pertain to the design and production of instrumentation including 

the sample beaker, the sample delivery and weighing mechanisms as well as the 

mechanism for calibrant delivery. 

 

4.1. Instrument Design 

The proposed design of CHEMSENS incorporated the carousel design utilized in 

RCAL to analyze the greatest number of samples while taking up the least amount 

of space. Instead of relying on a dipping mechanism with ISEs, each individual 

sample analysis module contained its own ISE array as well designated areas for 

leaching and calibration solution storage. An overview of these designs can be seen 

in Figure 4.1. This design increased the number of ISEs by an order of magnitude 

compared with WCL and addressed the concerns of the ISE array associated with  

 
Figure 4.1. Sample analysis unit for the originally proposed CHEMSENS instrument. 
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using a dipping probe. The design at its originally proposed size would allow for 

the analysis of 60 samples, while a similar area (ignoring height; WCL ~12 cm, 

CHEMSENS ~3 cm) would only encompass 16 WCL beakers/actuator assemblies. 

Upon successful funding of the CHEMSENS project, many aspects of the design 

changed. Presented here is the evolution of the CHEMSENS hardware through its 

various iterations with a discussion and evaluation of each design for an optimal 

chemical analysis. 

 

4.1.1. Sample Analysis Unit 

Each sample analysis unit (SAU), or beaker, was developed to house the ISEs for 

the characterization of an environmental sample. The orientation of the beaker can 

aide or hinder the analysis of the sample, and therefore careful consideration was 

placed on the design and production of this aspect of CHEMSENS. The initially 

proposed SAU, shown in Figure 4.1, was designed to have an array of CW-ISEs 

for the redundant analysis of 20 chemical species, yielding an array of > 100 ISEs. 

An access point was planned for the delivery of the samples, while three 

compartments contained various solutions. The first would contain the leaching 

solution, while the latter two would contain calibration solutions to provide a 

possible 3-point calibration of the ISEs in the array. The carousel design modified 

from RCAL would turn so that the sample could be delivered and the solution 

compartments could be punctured, shown above in Figure 4.2.  

Although this design increased the number of ISEs by an order of  
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Figure 4.2. Original CHEMSENS instrument. 

 

magnitude, the current stability and lifetime of the proposed CW-ISEs would not 

be sufficient for the demanding qualifications of space-hardening. Due to the 

location of the ISEs along the bottom of the SAU, the sample could potentially land 

on the ISEs blocking them from the sample solution. This type of orientation also 

hinders the ability of stirring to be present, resulting in a potentially non-uniform 

solution. The accuracy and precision of the measurement would suffer from this 

non-uniformity, resulting in the presence of redundancy being for naught. This 

design of SAU provided a valuable starting point leading to various iterations of 

SAUs. The initial design studies stated that: (1) the number of SAU should be 

maximized; (2) the number of ISEs per array should also be maximized; (3) the size 

of each SAU should be minimized; (4) the sample solution should be homogeneous; 

and (5) the system should consider the possibility of spilling due to the movement 

of the parent rover. 
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 In order to optimize the number of SAUs, concentric rings of SAU were 

designed with multiple sample introduction sites. This design also relocated the 

ISEs to the sides of the SAUs, instead of the bottom of the unit, shown in Figure 

4.3. The problem with this design was that due to the geometry, each circle of SAUs 

would be a different size. Therefore, the number of sensors per unit could change, 

and the analysis might be slightly different for each sample analyzed, resulting in a 

SAU that is not easily mass producible.  Overall, the inclusion of multiple sample 

delivery sites yielded a complex system where multiple front-end sample processor 

might need to be employed. The increased complexity does not implicitly yield a  

 

 
Figure 4.3. Carousel design proposed for CHEMSENS with a view of the SAUs contained in the 

concentric circles. Each circle of the carousel would contain a different size SAU, 
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better system. On the other hand, if one of the sample introduction sites or sample 

processors failed this would introduce a fail-check that would allow the system to 

continue functioning. The replacement of the carousel with a track system provided 

a design that would have uniform SAUs and could function with either a single or 

multiple sample introduction sites. 

 The track system would employ a movable shuttle that would deliver 

sample as well as provide other functionality over an array of immobile 

CHEMSENS SAUs. The proposed design was threefold: (1) a self-propelled shuttle 

on a track; (2) four shuttles on parallel tracks; and (3) a single shuttle on 

perpendicular tracks.  Of the three designs, shown in Figure 4.4, the first, the self-

propelled shuttle on a single track, would be the most complex. A less intricate 

track design was desired, therefore this design was the first to be eliminated. The  

 

 
Figure 4.4. CHEMSENS designs proposed and hypothesized.  
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subsequent two designs differed in the number of sample introduction sites. The 

four shuttle system on parallel tracks would provide the greatest redundancy and 

fail-checks, while if only one sample introduction site was included with the science 

payload the shuttle on perpendicular tracks would be preferred. Each of the systems 

would contain similar SAUs, and although both designs were considered 

extensively, the likelihood of having a single sample introduction site led to the 

selection of the shuttle on perpendicular rail design. 

 The SAU itself was further designed to incorporate the ISEs onto the sides 

of the beaker for a more WCL-like analysis. The location of the stirrer and the 

leaching reservoir was also varied in multiple fashions, shown in Figure 4.5. Upon 

the movement from a carousel to a track design, the overall shape of the SAU 

became more rectangular. The shape of the SAU drastically influenced the number 

of sensors that can be incorporated and the tilt angle if the rover traverses an incline. 

A maximum of 20° was chosen based on the current rover technologies. Figure 4.6 

shows a SAU that can accommodate 1 cc of soil and 5 mL of leaching solution. 

The SAU on the left contains ISEs that are ~6.5 mm in diameter, similar to those 

used in WCL, while the SAU on the right contains ISEs that are ~3 mm in diameter. 

The tilt angle of 20° had a limited effect on the SAU with WCL sized electrodes, 

while at most 12 ISEs would be partially covered by the soil sample or partially out 

of solution for the smaller ISEs. Assuming that the bottommost and topmost rows 

of sensors were removed in the 3 mm ISE SAU, the amount of ISEs increased from 

16 to 32 compared with the WCL sized ISE system. It should be noted that the 
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amount of leaching solution available in both SAUs presented in the previous figure 

was 5x less than that of WCL. 

 
Figure 4.5. Location of the leaching solution tank and the stirrer with a populated array of ISEs in 

the SAU. 

 

 
Figure 4.6. Mock-up of a proposed CHEMSENS SAU with WCL-sized ISEs (~6.5 mm O.D. 

left) and ~3 mm O.D. ISEs (right). Each SAU has 1 cc of soil delivered and the application of a 

20° tilt angle is shown for the four views on the bottom row. 
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 The rectangular SAU design proved more flexible in terms of possible 

future changes and more easily mass produced to provide a system with redundant 

arrays of SAUs. Although several minor modifications were made, of which those 

iterations will be omitted, the current SAU design is shown in Figure 4.7. The figure 

shows a cross-section of the SAU, where there is an array of 15 ISEs per wall 

(populating three walls, the fourth wall was reserved for other electrochemical 

sensors to be determined at a later date). In order to provide a more realistic  

 

 
Figure 4.7. Design of the CHEMSENS SAU shown as a cross-section (A,C). A view of how the 

electronics board will be fashioned to the SAU with the sensors installed (B). Considerations for tilt 

angles are also shown (C). 

 

 

experimental design (compared with the traditional laboratory) the inclusion of a 

stir plate and bar were proposed as indicated in Figure 4.7A. Discussed in the 

subsequent section is the development of the liquid calibration mechanisms, also 

shown Figure 4.7A. The electronics required to relay the potential measurement for 

the ISEs are shown here on a board that is screwed into place on the side of the 

SAU, shown in Figure 4.7B and discussed further in Section 4.1.4. To address the 
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concerns of possible tilt angles, the amount of leaching solution was increased from 

5 mL to ~8 mL, and the design in Figure 4.7C shows that limited sensors are 

affected by an angle of 20°. The overall design of the beaker, which started as a 

more RCAL-like instrument, in fact became a miniaturized WCL unit with 

increased functionality. 

 

4.1.2. Sample Delivery and Weighing 

The track design discussed previously provided more redundancy and also would 

allow for a centralized shuttle instead of each individual SAU containing its own 

actuator assembly functionality, which reduces the overall mass of the instrument. 

Although multiple sample introduction sites would increase the redundancy and 

provide fail-checks, the design proposed using a single shuttle on perpendicular 

tracks. A custom XY gantry was designed, shown in Figure 4.8, which contained a 

shuttle that would actively deliver and weigh the sample, shown in Figure 4.9. 

 

 
Figure 4.8. A view of the XY gantry with shuttle over a single SAU (left) and a populated array of 

SAUs. 
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Figure 4.9. The shuttle located on the XY gantry. The shuttle would actuate to deliver the soil to 

the SAU (A), and turn out of plane for the introduction of the subsequent sample (B). The shuttle 

located over the SAU, with a focus on the sample weighing mechanism (teal, C) and a view of the 

sample delivery after being weighed (D). 

 

 

The weighing mechanism, shown in the previous figure, would be a custom system 

that contain cantilever beams and strain gauges to determine the weight of the soil 

sample. In Figure 4.9A, upon sample addition the weighing configuration is shown 

before displacement of the soil sample from the sample tray into the SAU, shown 
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in Figure 4.9D. The Phoenix results assumed that the density of the soil sample was 

1 g = 1 cc, although no sample had been weighed on Mars. The weighing of a 

sample before analysis would yield a more accurate measurement instead of relying 

on assumptions and visual confirmation of sample delivery. 

 

4.1.3. Calibration 

Calibration on Phoenix was performed by adding solid calibration pellets which 

contained known amounts of solid ionic species to bring the background leaching 

solution (TS20) to a higher concentration (TS21). When performing an in-situ, real 

time analysis of a soil sample, the background concentration should be as low as 

possible to ensure higher detection limits. For example, the background leaching 

solution after the first calibrant addition (TS21) contained ~ 1 mM Li+ and NO3
- 

while most other ionic species were ~ 0.03 mM. The addition of a sample would 

therefore not detect small changes of Li+ and NO3
- due to their high concentrations 

while the remainder of the ionic species were low enough that the detection limits 

were on the same order of magnitude. In a laboratory setting, calibrations are 

usually performed via standard addition. In order to mimic this laboratory practice 

the delivery of liquid calibration solutions was proposed instead of the previously 

used solid pellets. 

 The incorporation of liquid calibrants would allow for a quicker calibration 

versus the time it would take the solid to diffuse when using solid pellets. The idea 

behind the inclusion of liquid calibrants was to include a high concentration 

solution (containing various ionic species) that would be frozen and thawed upon 
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delivery of the payload. Eight concepts were designed and explored to achieve this 

function. The majority of the concepts were designed to deliver a solution from a 

housing with a similar diameter to the proposed size of the ISEs in the SAU (~4 

mm). A summary of all concepts is shown in Figure 4.10. The first concept 

optimized the idea behind the liquid calibration methods. A housing would be 

fabricated and sealed with a foil membrane. The back of the housing would contain 

a resistive heating element to heat a paraffin slug located behind a silicone 

diaphragm. The pressure applied to the internal cavity containing the liquid 

calibrant would cause the foil to rupture releasing it into the SAU. The main 

purpose of the silicone diaphragm was to separate the paraffin from both the liquid 

calibrant and ultimately the sample solution. An advantage of this concept was its 

simplicity and utilization of paraffin, which was successfully used on Phoenix. The 

main drawback of this concept was the dependency of the puncture mechanism on 

the pressure supplied by the heating the paraffin slug. If the foil was ruptured, the 

ISEs would detect the changes in the solution, while if no changes occur it would 

by hypothesized that the calibration mechanism failed. This concept would not have 

an easy way to pinpoint the failure. 

 The second concept still would be housed in an ISE sized housing but would 

rely on a solenoid piston instead of paraffin. A similar foil membrane would seal 

the calibrant inside the housing, but an internal piston (polymer with an iron core) 

would be used to puncture the foil. Outside the housing, insulated copper would be 

coiled around the housing so that a current could be flowed through the coils  
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Figure 4.10. Calibration concepts proposed for CHEMSENS. 

 

 

resulting in the forward motion of piston via a magnetic repulsion. The solution, 

which would located around the piston would then mix with the leaching solution. 

This concept required few components and the force supplied by the piston would 

be determined experimentally. The force supplied by the piston would be 
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characterized by its size and speed. If the solenoid produced enough force the 

probability of foil puncture would be high. Although this concept would be easily 

mass producible, the use of the insulated copper around each calibration housing 

could increase the overall size of the beaker and provide a complex overall 

fabrication of the SAU. 

 The third concept explored the use of a puncture mechanism without the 

inclusion of paraffin or a solenoid, instead utilizing a fused spring. This concept 

does not utilize a foil seal to separate the calibrant solution from the bulk solution, 

instead it used the front end of the internal piston. The internal piston would be held 

in place by two o-rings separated by a known distance. Contained in this distance 

would be the calibrant solution. The application of a current to the small fused metal 

wire will cause it to heat and eventually melt, releasing the spring and pushing the 

calibrant into the bulk solution. The active delivery of the calibrant is advantageous, 

while the major drawbacks are the fabrication and utilization. The fabrication of the 

fused spring would be tedious and difficult, while the filling of the fluid cavity with 

the calibrant is also no easy matter. The major risk with this concept is that the fuse 

could break prematurely during launch, cruise or landing conditions. If this were to 

occur, upon the commencement of the experimentation the leaching solution would 

be added, resulting in a background solution of higher activity and the loss of the 

ability to calibrate the ISEs reliably. 

 The fourth concept moved away from the design concept of using a housing 

in the SAU wall, instead utilizing an external punch mechanism. This concept 

would have foil sealed wells at the bottom of the SAU, with puncture rods extended 
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from the sample inlet. A proposed method to activate these puncture rods was a 

solenoid, composed of shape memory alloy (SMA). The actuators for these 

puncture mechanisms would be located on the shuttle, discussed previously, which 

allowed the inclusion of less actuators for the overall system, while decreasing the 

redundancy of the calibration method. The failure of this actuator would result in 

the lack of calibration for the remainder of the SAUs included. Another drawback 

of this concept, was its lack of functionality after sample addition. The addition of 

other solutions to perform further chemical analyses, such as an acid addition for 

the determination of pH or the addition of a barium solution for the titrimetric 

determination of sulfate, could not occur due to the placement of the sample on top 

of the wells. This would result in another method for the delivery of such solutions, 

increasing the complexity. For this reason, this concept was abandoned and the final 

three concepts reverted to the ISE housing design. 

 The fifth concept combined two advantageous aspects from concepts 1 and 

2. Instead of relying on pressure or the use of a solenoid, a paraffin slug would push 

an internal piston. The resistive heater was also moved to the back of the housing 

(versus around the perimeter of the housing) to ensure a quick and effective heating 

of the paraffin. This concept shared in some the advantages and disadvantages of 

its two parent concepts, with a few newly introduced. Due to the inclusion of the 

internal piston as well as the diaphragm and paraffin, there is limited space for the 

calibrant (2-3 μL). The inclusion of a diaphragm could also result in the limited 

forward motion of the piston.  
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Concepts 6 relied on a metalized foil that upon activation (current) would 

cause the desired path to be melted, creating a way for the calibrant to flow into the 

bulk solution. The geometry of the design could be problematic and the heat 

transfer between the bulk solution and the resistive element are not desirable. 

Concept 7 was proposed to use a SMA actuator composed of nitinol. The foil cap 

would be ruptured upon the change of the shape of the SMA from its initial 

(preflight) position to a permanent activated position. The loop located just before 

the foil seal would invert from its “U” position to form a complete loop through the 

seal. An advantage of this method is that the distinct temperature required for the 

transition of the SMA yields a system that avoids the activation prematurely. 

 The final concept, shown in Figure 4.11, was the design ultimately chosen 

for inclusion in CHEMSENS. This concept abandoned the use of an ISE housing 

and instead proposed to use a syringe-like design that could be installed around the 

sample introduction well. The syringe-like design was inspired by the previous 

 

 
Figure 4.11. Calibration concept 3 (left) with the final calibration design (right). 
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concept 3 and the typically used syringes in a laboratory setting. An actuator located 

on the shuttle would push the internal piston, actively pushing the calibrant into the 

bulk solution from the top of the SAU. The stir bar will result in a quick 

equilibration to the concentration of the subsequent calibration(s). A view of the 

calibration design located in the SAU was shown previously in Figure 4.7.  

 

4.1.4. Electronics and Software 

The entire CHEMSENS system will be controlled by two subsystems: one for the 

shuttle and one for each SAU. These feed into a central processor, as shown in 

Figure 4.12. Both sets of subsystems can be repeated as needed to accommodate  

 

 
Figure 4.12. CHEMSENS control system. 
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multiple SAUs and possible subsequent shuttles, if needed. As indicated, the shuttle 

electronics will incorporate the weighing of the soil as well as the shuttle controller, 

which determines the location of the shuttle at any given point. Each SAU will 

contain electronics to control the beaker temperature sensors, the stirrer and the 

analog inputs from the ISEs. The current design will rely on an external computer 

for data storage while future iterations will include local memory for this purpose. 

 One of the most difficult aspects of the development of hardware for the 

ISEs was the miniaturization of the electronics. The ISEs themselves are high 

impedence systems (MΩ – GΩ), the input impedence of the electronics must be 

approximately 1000x greater than the ISEs, which require input impedences in the 

GΩ – TΩ range. This level of impedence is difficult to achieve in the laboratory 

setting, let alone upon the miniaturization of the electronics for the CHEMSENS 

SAUs. For this reason, several breadboards were designed and ultimately tested. 

The first of which, seen in Figure 4.13, shows a block diagram for ISE measurement 

using an analog input and central processor. A typical system used for the 

measurement of ISEs with a single reference can also be seen in Figure 4.13 for 

comparison. A difficulty of this design is that each ISE requires its own reference 

electrode. This would half the number of ISEs per wall. Therefore, the use of a 

single reference electrode for each SAU wall was explored. A modification to the 

design yielded Figure 4.14 (top), where each ISE is referenced to the ground, while 

the ISE potential can then be referenced after the signal is multiplexed. An updated 

system could be envisioned as seen in Figure 4.14 (bottom), where parts are listed 

for purchase. 
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Figure 4.13. Block diagram to measure the ISE signal (top) and the breadboard with parts listed 

(bottom). 

 

 
Figure 4.14. Block diagram for an array of ISEs with a single reference electrode (top) and a 

similar block diagram with parts listed (bottom). 
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4.2. CHEMSENS Hardware Manufactured 

After designing each component, as discussed in the previous sections, the 

manufacture or purchase of the components occurred. The XY gantry was 

commercially available, complete with motors and controllers and is shown in 

Figure 4.15. For other shuttle components, a small linear actuator (Firgelli PQ12) 

was obtained to actuate the calibration pistons; a large linear actuator (Figelli L12) 

was obtained to deliver the sample into the beaker; and a low-speed, brushless 

motor (Faulhaber 2622-012-B-SC) was obtained to move the large actuator out of 

position so that soil could be delivered to the sample cup before delivery to the 

SAU. These can be seen in Figure 4.16, showing the shuttle system above a SAU 

as well as the weighing mechanism.  

 
Figure 4.15. The XY gantry with shuttle located over a SAU. 
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Figure 4.16. Zoomed in figure of the shuttle system where the actuator to deliver the sample to 

the SAU (left) and out of plane for the introduction of a new soil sample (right). 

 

 

The final design of the SAU (shown previously in Figure 4.7) was 

manufactured and shown in Figure 4.17. The majority of the SAU was ultem, while 

the solution leaching tank was stainless steel. The final design consisted of each 

SAU wall containing five rows of three ISEs and could accommodate ~8 mL of 

leaching solution and 1 cc of soil. The gap at the bottom of the SAU is where the 

stir plate will be located. The stir plate was obtained from is shown in Figure 4.18. 

After the ISEs are placed in each beaker, the electronics will be screwed in place in 

the back of them. A view of the boards can is shown in Figure 4.19, where the 

circular holes are where the ISEs would be interfaced. The supporting circuit 

diagram and system schematic can be found in Figure 4.20. 
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Figure 4.17. The CHEMSENS SAU which was machined using ultem for the bottom and 

stainless steel for the leaching solution tank. 

 

 
Figure 4.18. The stir plate which will be located at the bottom of the SAU, with a size comparison 

of a 1 cent Euro piece. 
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Figure 4.19. Electronics boards for each SAU wall. 

 

 
Figure 4.20. Circuit diagram of the CHEMSENS electronics board 

 

 

4.3. CHEMSENS Test Platform 

To facilitate laboratory bench-top testing, a simpler system was fabricated. This 

system, referred to as the CHEMSENS testbed, modified a SAU to only have ISEs 

on one wall. This would allow the testing of ISEs without having to populate the 

remainder of the ISE wells with blank housings. This system would also only use 

a single electronics board located directly in front of the ISEs with connectors 

fabricated to bridge from the ISE to an intermediate pin-board before the electronics 

board. A view of the design of the testbed is shown in Figure 4.21. The external 
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sensors shown in the figure correspond to a conductivity sensor and possibly a 

temperature sensor. The entire testbed was encased in an aluminum enclosure to 

ensure limited noise interference for the ISE measurements. A view of the 

fabricated system is shown in Figure 4.22. 

 
Figure 4.21. Design of the CHEMSENS test platform assembled (left) with parts (right). 

 

 
Figure 4.22. The fabricated CHEMSENS test platform with shield box. 

 

 

4.4. Conclusions 

Overall, the entire CHEMSENS unit was designed and fabricated over the course 

of the grant period. The system was envisioned as the next generation WCL, and 

through various design iterations resembled a similar design, although miniaturized 
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with a greater number of overall sensors. CHEMSENS evolved from the successes 

of Phoenix WCL as well as the previously discussed RCAL. The inclusion of 

CHEMSENS would be advantageous for a future mission payload due to its various 

measurement capabilities as well as its multiple SAUs. The overall system was 

fabricated to be completely scalable, so that if a future payload could accommodate 

4 to 100 SAUs it can be built to encompass that many SAUs. The analysis of a soil 

sample by CHEMSENS resembles an analysis performed in a laboratory setting, as 

indicated by the inclusion of a stir plate and bar and the addition of calibrants in 

solution form. These technologies will provide a quicker and more accurate 

measurement as it will ensure dissolution and migration of the ionic species to the 

analytical devices, the ISEs. Omitted from this section was the development of the 

ISEs, as this will be discussed at length in the subsequent section.
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5. The In-Situ Wet Chemical Analysis Laboratory and Sensor 

Array (CHEMSENS): Sensor Development 

The goals outlined for the proposed CHEMSENS instrument included: (1) a system 

capable of analyzing several samples; (2) a SAU that contained the maximum 

number of sensors possible, therefore increasing the redundancy for increased 

precision; and (3) a SAU will a small footprint. The design and production of the 

CHEMSENS SAU was previously discussed, and ultimately finalized to have a size 

that can accommodate ~8 mL of leaching solution, approximately 3 times smaller 

than the sample volume used on Phoenix. As the SAU was shrunk, the necessity of 

miniaturized ISEs became overwhelmingly apparent. The ISEs used for the 

Phoenix mission were approximately 6.5 mm in diameter, limiting the number of 

ISEs for the current design. The use of such large diameter ISEs would not satisfy 

the second goal stated above. This chapter will discuss the modification and 

miniaturization of ISEs for use in CHEMSENS with a focus on sensitivity, stability 

and lifetime.   

 

5.1. Miniaturization of WCL-type Electrodes 

The maximization of the number of ISEs per SAU whilst miniaturizing the overall 

size of each unit resulted in a careful analysis of the construction of the Phoenix 

WCL electrodes. The use of such electrodes provides heritage to a future payload, 

owing to its successful characterization of the Martian soils by Phoenix. As seen 

previously in Figure 4.6, if WCL-sized ISEs were used at their current size the 

number of overall sensors would be less than on Phoenix. Therefore, the overall 
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size of the sensors needed to be miniaturized in order to maximize the total number 

of ISEs in the smaller area. Briefly discussed in Section 1.3.1.2, the major obstacle 

when miniaturizing ISEs is the replacement of the inner filling solution, or in 

WCL’s case, the pHEMA. In their current form, the WCL/RCAL ISEs were ~6.5 

mm in diameter, with a pHEMA well ~3 mm in diameter and ~1.25 mm deep, a 

membrane well ~5.5 mm in diameter and ~0.5 mm deep and a thru hole for the 1 

mm Ag wire.  

A potassium ISE was fabricated by curing the pHEMA with a high intensity 

UV light (365 nm) for 10 min, then applying a plasticized PVC membrane 

containing the ionophore valinomycin (2-3 wt%), the ionic additive sodium 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB, 1 wt%), poly(vinyl-

chloride) (32-35 wt%) and the plasticizer bis(2-ethylhexyl) sebacate (DOS, 

remainder), all dissolved in tetrahydrofuran (THF) on top of the cured pHEMA. 

The electrochemical cell for a potassium ISE constructed in this manner is: 

Ag|AgCl | 3 M KCl | 0.1 M NaCl || Sample | ISM | pHEMA, KCl | AgCl|Ag  

which shows that the double-junction reference electrode used contained an inner 

filling solution of KCl and an outer filling solution (salt bridge with the sample 

solution) of 0.1 M NaCl. The K+ pHEMA ISE was tested in a background solution 

of 0.1 M NaCl to investigate its selectivity over Na+ and its stability over time. 

Figure 5.1 shows results from this electrode. The pHEMA ISE was extremely 

sensitive, selective and exhibited a moderate lifetime of ~1 week. The potential 

over the 6-day period averaged to -79 ± 3 mV at an activity of 7.5 x 10-4 M (0.1 M  
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Figure 5.1. Potential response versus an Orion double-junction reference electrode for the pHEMA 

ISE at an aK+
 of 7.5 × 10-4 M (0.1 M NaCl background solution and 10-3 M KCl). The solid line 

represents the mean potential, and each dashed line represents ± 1σ. Inset: calibration slope, where 

the ISE was calibrated for aK+
 range of 7.5 × 10-6 and 7.5 × 10-3 M (0.1 M NaCl with between 10-5 

and 10-2 M KCl). 

 

 

NaCl + 10-3 M KCl) while exhibiting a calibration slope value of 54 ± 3 mV/decade. 

These values will serve as a baseline for the remainder of the chapter, as the 

miniaturization process is further discussed. 

 The first step in the modification and miniaturization of ISEs for use with 

CHEMSENS was to miniaturize the pHEMA component well. The new housing 

was ~3 mm in diameter, with a pHEMA well ~2 mm in diameter and ~1.25 mm 

deep, a membrane well ~2.5 mm in diameter and ~0.5 mm deep and a thru hole for 

the 1 mm Ag wire. This was approximately half the size (diameter) of the WCL 

electrode. Two sensors were identically fabricated with an ISM composition of 65.7 

wt % DOS, 32.7 wt% PVC, 1.1 wt% valinomycin and 0.5 wt% NaTFPB and tested 
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over two days. Although linear, the sensitivity and potential stability were less than 

ideal. The first sensor exhibited a calibration slope of 14.4 and 15.3 mV/decade on 

days 0 and 1 while the second sensor exhibited slope values of 16.0 and -14.7 

mV/decade. The values are approximately 4 times less ideal than a traditional 

Nernstian ISE. The reason for this inadequate response was attributed to the 

decrease of the pHEMA and membrane size. The electroactive components were 

suspected to leach from the ISM to the bulk solution. The decrease in the size of 

the electrolyte reservoir was also suspected to decrease the stability. One possible 

solution to this predicament was to replace the pHEMA with a support than could 

replenish the electroactive component upon its leaching into the bulk solution, 

while increasing the overall diameter of the electrolyte reservoir.  

 

5.2. Replacement of the pHEMA with Porous Carbon 

The stability and sensitivity of a sensor was carefully considered upon the 

replacement of the pHEMA in the electrode construction. A solid-support that 

exhibited a similar stability and response to the Phoenix WCL ISEs, while robust 

enough for the pre-flight characterization, cruise and landing conditions was a 

necessity. Another factor considered was the ease of fabrication. Porous carbon was 

ultimately selected to investigate its characteristics based on previous research that 

showcased stability, sensitivity and lifetime upon incorporation (42). The electrode 

presented by Vamvakaki and Chaniotakis did not discuss miniaturization beyond 

5.5 mm, an ISE slightly smaller in diameter than the Phoenix WCL electrodes. This 

section will present various ISEs fabricated with porous carbon, focusing on the 
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stability, sensitivity and lifetime of the ISEs. Figure 5.2 shows a comparison of the 

electrodes that will be discussed. For comparison purposes, the pHEMA WCL type 

housing, an intermediate housing and the final CHEMSENS design housing are 

shown in Figure 5.3. 

 
Figure 5.2. Electrode configurations (not to scale) shown in contact with a sample solution. (A) 

pHEMA based electrode, (B) asymmetric membrane SC-ISE, (C) symmetric membrane ISE, and 

(D) symmetric membrane SC-ISE. 

 

 
Figure 5.3. Size comparison of the housings proposed all placed on a nickel. On the far left is the 

WCL/RCAL type housing, in the middle is an intermediate design for CHEMSENS, with the 

housing on the far right being the final CHEMSENS threaded housing with an O.D. ~4 mm.  
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5.2.1. Asymmetric Membrane Sensor 

The first ISE fabricated, henceforth referred to as an asymmetric membrane solid-

contact ISE (AM-SC-ISE), placed a 3 mm dia. porous carbon slug in a PVC housing 

with an overall diameter of 4.5 mm shown in Figure 5.2B. The internal reference 

element, the chloridized Ag wire, was in direct contact with the porous carbon 

which had been impregnated with the associated ionophore, used for the ISM, 

dissolved in the corresponding plasticizer. Unless otherwise noted, all sensors 

subsequently discussed were K+ ISEs with a membrane composition  of 32-35 wt% 

PVC, 1 wt% NaTFPB, 2-3 wt% valinomycin and the remainder DOS. The porous 

carbon saturation solution was comprised of 4 wt% valinomycin and the remainder 

DOS. To ensure homogeneity for the saturation solution, after application the 

electrode housing was placed in vacuum to dry. The membrane was then applied as 

previously described. Further experimental details can be found here (43). The 

electrochemical cell for the AM-SC-ISE was: 

Ag|AgCl | 3 M KCl | 0.1 M NaCl || Sample | ISM | porous carbon,  

valinomycin + DOS | AgCl|Ag  

 The AM-SC-ISE was tested for approximately 15 days in a background a 

solution of 0.1 M NaCl before it ceased functioning. Between tests the electrode 

was stored in 0.1 M NaCl, ensuring that the electrode was in constant contact with 

solution for the duration of the testing period. The first day of testing (day 0) yielded 

a potential response of 194 ± 13 mV at an activity of 7.5 x 10-4 M K+, as shown in 

Figure 5.4. The first few days of testing any SC-ISE is usually where the greatest 

instability occurs (with the exception of before the failure of the sensor). This 
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instability is attributed to the uptake of water by the plasticized PVC membrane, 

and the possible formation of a water layer between the solid support and the ISM 

(91).  

 
Figure 5.4. Potential response versus an Orion double-junction reference electrode for the AM-SC-

ISE at an aK+
 of 7.5 × 10-4 M (0.1 M NaCl background solution and 10-3 M KCl). The solid line 

represents the mean potential, and each dashed line represents ± 1σ. Inset: calibration slope, where 

the ISE was calibrated for aK+
 range of 7.5 × 10-6 and 7.5 × 10-3 M (0.1 M NaCl with between 10-5 

and 10-2 M KCl). 

 

 

Calibrations performed between days 4 and 7 resulted in an increased, stable 

potential of 252 ± 1 mV. The increase of ~50 mV was not expected and was 

hypothesized to occur due to a combination of the evaporation of reference 

electrode filling solution and storage solution. The sensor returned to its original 

potential of 199 ± 3 mV between days 10-15 before the sensor ceased functioning. 

The potential stability over the entire time period of 15 days was 213 ± 26 mV 

while the sensitivity was near-Nernstian with a value of 54 ± 2 mV/decade. The 
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hypothesized reason for the failure of this sensor was that the internal reference 

element, the chloridized Ag wire, was no longer in contact with the porous carbon 

due to handling over the 15-day time period. The change in absolute potential 

compared to the pHEMA is a result of the electrode components and the change in 

the redox couple present. In order to create a sensor that would be more robust than 

the AM-SC-ISE, the Ag|AgCl wire would need to stay in contact with the porous 

carbon, therefore a symmetric membrane ISE was fabricated.  

 

5.2.2. Liquid Junction Symmetric Membrane Sensor 

To ensure that the internal reference element remained in contact with the porous 

carbon, an ISE with a back, non-sensing membrane was proposed, henceforth 

referred to as a symmetric membrane ISE (SM-ISE) shown in Figure 5.2C. The 

characterization of such a configuration was performed by incorporating a 

traditional liquid junction before fabricating a solid-contact version. For the 

construction of the SM-ISE, a similar housing to the AM-SC-ISE was fabricated 

but instead of machining a 1 mm hole for the Ag wire, the porous carbon well was 

made throughout the entire housing. The membrane was applied to the front of the 

housing, as previously described, while also repeating this step for the back of the 

housing. The entire back side of the housing was then placed in clear PVC tubing 

that was subsequently filled with 10-3 M KCl. A chloridized Ag wire was then 

placed in this solution, and the tubing was sealed. The electrochemical cell for this 

configuration was: 
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Ag|AgCl | 3 M KCl | 0.1 M NaCl || Sample | ISM | porous carbon,  

valinomycin + DOS | ISM | 10−3 M KCl | AgCl|Ag  

Multiple ISEs were fabricated and tested over an extended period of time, with a 

single SM-ISE shown in Figure 5.5. Each SM-ISE was tested for 50 days in a 

background/storage solution of 0.1 M NaCl. Again, the only time the electrodes 

were not in solution (sample/storage) was when they were being transported 

to/from testing. Throughout the 50 day test period each SM-ISE exhibited a 

potential standard deviation of ±10-16 mV and a sensitivity of 56 ± 1 mV/decade.  

 
Figure 5.5. Potential response versus an Orion double-junction reference electrode for the SM-ISE 

at an aK+
 of 7.5 × 10-4 M (0.1 M NaCl background solution and 10-3 M KCl). The solid line represents 

the mean potential, and each dashed line represents ± 1σ. Inset: calibration slope where the ISE was 

calibrated for aK+
 range of 7.5 × 10-6 and 7.5 × 10-3 M (0.1 M NaCl with between 10-5 and 10-2 M 

KCl). 

 

 

 The SM-ISE configuration yielded an electrode with increased sensitivity, 

stability and lifetime over the previously tested AM-SC-ISEs and compared 

similarly to the pHEMA ISE. The configuration was successful and it was 
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hypothesized that the stability benefited from the back, non-sensing membrane due 

to the symmetric response between the bulk sample with the front ISM and the back 

ISM with the internal electrolyte reservoir. In order to fabricate a miniaturized 

electrode for inclusion in the CHEMSENS instrument, the liquid component of the 

SM-ISE needed to be eliminated. Therefore, a sensor was proposed to eliminate 

this liquid reservoir and placed the internal reference element directly in the back, 

non-sensing ISM. 

 

5.2.3. Solid-Contact Symmetric Membrane Sensor 

A symmetric membrane solid-contact ISE (SM-SC-ISE) was fabricated building 

on the successful testing of the SM-ISE, shown in Figure 5.2D. The SM-SC-ISE 

was fabricated similarly to the aforementioned AM-SC-ISE and SM-ISE, except 

the chloridized Ag wire was placed directly in the back, non-sensing ISM. The 

exposed Ag wire was then encased in heat-shrink tubing and silicone rubber to 

ensure the aqueous solution did not interfere with the response of the electrode as 

constructed. The electrochemical cell for the constructed ISE was: 

Ag|AgCl | 3 M KCl | 0.1 M NaCl || Sample | ISM | porous carbon,  

valinomycin + DOS | ISM |  AgCl|Ag  

 The SM-SC-ISE was extremely stable, 241 ± 3 mV after the initial 

stabilization attributed to the water uptake by the plasticized PVC ISM, shown in 

Figure 5.6. This time-frame for a SC-ISE was similar to those found in the literature 

(38). The initial tests, days 0-2, exhibited a sensor with a potential stability of 323 

± 19 mV, and as the stabilization due to the water uptake continued, days 5-15 
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exhibited a potential stability of 260 ± 20 mV. The remainder of the tests, between 

days 12-29, exhibited the aforementioned potential stability of 241 ± 3 mV. The 

potential stability over the entire range was 267 ± 37 mV, with a sensitivity of 53 

± 2 mV/decade. It should be noted that the first value obtained for the calibration 

slope was excluded from the determination via a Q-test, performed as outlined in 

(43) and according to Rorabacher (92). The tests performed with the SM-SC-ISE 

yielded results consistent with those reported in the literature for the K+ ion, while 

surpassing some of the stability characteristics (41). 

 

 
Figure 5.6. Potential response versus an Orion double-junction reference electrode for the SM-SC-

ISE at an aK+
 of 7.5 × 10-4 M (0.1 M NaCl background solution and 10-3 M KCl). The solid line 

represents the mean potential, and each dashed line represents ± 1σ. Inset: calibration slope where 

the ISE was calibrated for aK+
 range of 7.5 × 10-6 and 7.5 × 10-3 M (0.1 M NaCl with between 10-5 

and 10-2 M KCl). 
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5.2.4. Symmetric Membrane Configuration for Other Ionic Species 

Symmetric membrane SC-ISEs were also fabricated for other ionic species. Mainly, 

Ca2+ and Mg2+, and were similar to the previously discussed K+ SM-SC-ISE with 

minor exceptions. The Ca2+ ISM and porous carbon saturating solution were 

fabricated with Calcium Ionophore I and the plasticizer 2-nitrophenyl octyl ether 

(o-NPOE). This particular ISM was composed of 3.6 wt% ionophore, 0.8 wt% ionic 

additive (NaTFPB), 30.6 wt % PVC and 65 wt% o-NPOE. The Mg2+ ISM and 

porous carbon saturation solution were fabricated with Magnesium Ionophore VI, 

the ionic additive potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 

(KTFPB) and the plasticizer o-NPOE in a ratio as follows: 1.2 wt% ionophore, 1.5 

wt% ionic additive, 30.1 wt% PVC and 6.4 wt% o-NPOE. Porous carbon soaking 

solution contained the same weight percentages as the ISM dissolved in plasticizer 

(remainder wt%). These electrodes were fabricated with the purpose of high-

pressure testing in ocean water, therefore they were not examined for lifetime. The 

calibrations for these sensors can be found in Figure 5.7. Both the Ca2+ and Mg2+ 

SM-SC-ISEs functioned in the commercially recommended background solution 

of 0.08 M KCl and a seawater simulant of 0.50 M NaCl. The calibration slopes 

were 29.41 and 26.24 mV/decade for the Ca2+ electrode, respectively for each 

background solution, and 31.46 and 28.12 mV/decade for the Mg2+ electrode, 

respectively. The sensors compared well with the Nernstian value of 29.58 

mV/decade and calibrated well in high concentration background solutions. 

Electrochemical cells are similar to those presented for the K+ SM-SC-ISE with the 

exception of the composition of the ISM and porous carbon soaking solutions. 
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Figure 5.7. Calibration of Ca2+ and Mg2+ SM-SC-ISEs in various background solutions compared 

with an idealized Nernstian response. Ca2+ SM-SC-ISE response in a background solution of 0.08 

M KCl (○) and 0.50 M NaCl (●) and Mg2+ SM-SC-ISE response in 0.08 M KCl (□) and 0.50 M 

NaCl (■). 

 

 

 In order to ease the fabrication process, the back, non-sensing membrane 

was replaced by silver epoxy (EPO-TEK EJ2189-LV). ISE characteristics did not 

suffer, and the epoxy ensured a connection between the Ag internal reference 

element and the porous carbon. For differentiation purposes, these ISEs will be 

further discussed as silver epoxy solid-contact ISEs (SE-SC-ISEs). Nitrate ISEs 

were fabricated in this manner in a CHEMSENS-type (non-threaded) housing (~4 

mm OD). The carbon soaking solution consisted of 5.5 wt% tridodecylmethyl 

ammonium nitrate (TDMAN) and 94.5 wt% o-NPOE, while the corresponding ISM 

was fabricated using 5.9 wt% TDMAN, 30.5 wt% PVC and 63.6 wt% o-NPOE, all 

dissolved in THF. Calibration of such ISEs can be found in Figure 5.8. Five NO3
- 

SE-SC-ISEs were calibrated against a double junction reference electrode with an 

outer filling solution of 1.0 M LiAc. Each electrode was normalized against the 

starting potential, and then an average of the potential change against the reference 
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was plotted. The calibration slope was near-Nernstian with a value of -58.6 

mV/decade. The electrochemical cell was: 

Ag|AgCl | 3 M KCl | 1.0 M LiAc || Sample | ISM | porous carbon,  

TDMAN + o-NPOE | ISM |  AgCl|Ag  

 
Figure 5.8. Nitrate SE-SC-ISE calibration. Each point is an average of 5 individual NO3

- ISEs that 

were normalized. The error bars represent ± 1σ for the average of the change in normalized 

potential. The calibration slope was -58.6 mV/decade with an r2 value of 0.9985. 

 

 

 

5.3. Overall Conclusions 

The evolution of the electrode housing configurations ultimately yielded a design 

of an ISE with an O.D. of 4 mm. Overall, the ISEs were successfully miniaturized 

from the ~6.5 mm WCL electrodes, therefore decreasing the overall ISE surface 

area by ~40%. The stability and sensitivity of the final ISE design were not hindered 

by such a miniaturization, although several iterations of electrodes were 

hypothesized, fabricated and tested, which ultimately led to miniaturized ISEs with 

similar characteristics to those used on Phoenix with a lifetime > 50 days whilst in 

constant contact with solution. The use of porous carbon resulted in a SC-ISE 
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configuration similar to previously fabricated and commercially purchased 

electrodes. Our final design, utilizing silver epoxy (SE), provided a simpler 

fabrication compared with the SM configuration, while ensuring a proper electrical 

connection is maintained. SE-SC-ISEs were also shown for monovalent and 

divalent cations as well as the anion nitrate, showing their wide-spread use for 

multiple ions. This type of ISE should be utilized for remote, continuous 

investigations of terrestrial and extraterrestrial environments due to its previously 

discussed stability, sensitivity and lifetime. 

 Future work will be to incorporate SE-SC-ISEs into the CHEMSENS SAU 

and test them with the proposed electronics. This final test will complete the goals 

outlined from the CHEMSENS project, which increased the number of possible 

ISEs from ~12 to >30 by miniaturizing the ISEs themselves. The increased 

redundancy of ISEs will result in the capability to develop algorithms to increase 

selectivity and detection while also increasing the accuracy and precision of the 

measurement. A further focus should be now placed on the development of a solid-

contact reference electrodes, similar to that presented in (93). The successful 

implementation of a miniaturized solid-contact reference electrode with the above 

discussed SE-SC-ISEs would provide a powerful analytical instrument for 

terrestrial and extraterrestrial analyses. 
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6. Effect of Soil Leaching Parameters 

6.1. Motivation to Investigate Sample Preparation Procedures Using 

Ion Chromatography 

Discussed previously, the core of Analytical Chemistry is: sample acquisition, 

sample preparation and sample analysis. It is easy to gloss over the first two and 

focus on the analysis, but an argument can be made that the acquisition and 

preparation are more important than the analysis itself. The reason for this argument 

is that the analysis depends on how the sample is acquired and prepared. Although 

the Phoenix WCL analyses took place using ISEs, terrestrial soil samples are 

usually analyzed by IC after leaching to determine their soluble chemistry. To the 

best of our knowledge, there has not been an in depth study into the effect of 

leaching parameters on the soluble ionic concentrations in soils when using IC. 

Even with the popularity of IC in the field of soil chemistry, there is still no defined 

method for sample preparation. Many studies vary in the leaching characteristics or 

fail to elaborate in detail the preparatory steps taken (64, 94–103). In order to 

successfully compare results taken from multiple sources, it is extremely important 

to understand how changing these parameters can affect the results presented. This 

is especially important when developing instrumentation and techniques for in-situ 

analyses since the sample acquisition and preparation will be automated.  

When performing the first in-situ wet chemical analysis on another planet, 

the WCL cells aboard the 2007 Phoenix Mars Scout Lander analyzed 1 cc 

(approximately 1 g) of Martian soil  by adding it to 25 mL of a leaching solution 

comprised of dissolved ionic species in DI water (23, 24). The presence of an ionic 
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leaching solution was to perform a two-point calibration of the ISEs before analysis 

of the sample. When reporting results, the amount of each species present in the 

calibration solution was subtracted to yield the amount of each component in 

Martian regolith. The values of each species were dependent on the equilibrium 

with the carbonate system and the presence of various minerals present in the soil. 

For instance, certain amounts of calcium, magnesium, sulfate all relate to the 

amount of gypsum, magnesite, and calcite in the soil. Preparation is also an 

important when there is a limited amount of sample, as is the case with meteorite 

analyses (62).  

Soils from the Antarctic Dry Valleys (ADV) have been studied in detail. 

Most recently, Stroble et al. investigated soils from both stable upland zones (SUZ) 

and coastal thaw Zones (CTZ) to determine a soil analogue to the Martian soil as 

characterized by Phoenix (62). The leaching of the Antarctic soils was performed 

as follows: 1 g of Antarctic soil was leached with 25 mL of 18.2 MΩ-cm-1 deionized 

water for 23 hrs at room temperature. The analysis of the ADV soils was then 

performed by IC and compared with other IC, ISE and simulant analyses. The main 

reason for the selection of the 25:1 ratio was to compare the results to those of the 

Phoenix mission.  

 

6.2. Experimental Conditions 

6.2.1. Soil Sample 

To ensure homogeneity across the experiments a mixed soil sample was formulated 

with various Antarctic Dry Valley (ADV) soils. A mix of Taylor Valley (TV) soils 
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from pit #2 ranging in pit depths from 5-22 cm were combined. The actual amounts 

of each pit can be found in Table 6.1. Further information regarding the location of 

the samples can be found elsewhere (82). This mixture was sieved to remove any 

particulates > 2 mm and homogenized with a mortar and pestle. The TV soil 

mixture was stored in a sterile Nasco Whirl-Pak sample collection bag. 

 
Table 6.1. Composition of the master soil sample comprised of pit #2 in Taylor Valley, Antarctica. 

 

Soil Sample Pit Depth, cm Amount Added, g 

ANTV 0707 1-9 20 

ANTV 0708 9-12 45 

ANTV 0709 12-17 136 

ANTV 0710 17-20 193 

ANTV 0711 20-24 119 

Total  513 
 

 

 

6.2.2. Soil Leaching Parameters 

All samples were leached at ambient laboratory temperature (24±3ºC) in a 

Fisherbrand vial (11, 15 or 29 mL) and agitated on a LabQuake 

(Barnstead/Thermolyne Corporation) for the entirety of the leaching time. The 

leachate was directly transferred into a fresh, sterile syringe and filtered using a 0.2 

μm filter (Thermo Scientific Nalgene Syringe Filter) upon completion of the 

desired leaching time. The filtered sample was collected in a new vial 

corresponding to the amount of water used for leaching. Leaching parameters to be 

varied were the ratio of soil to leaching solvent and the amount of time the sample 

was to be leached. The ratios of leaching solution to soil sample were 1:1 (as 5 g of 

water: 5 g soil), 5:1, 10:1 and 25:1. Leaching times were varied at 1 hr, 10 hr and 
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24 hr. The filtered leachates were analyzed by IC within hours after completion of 

leach time. The filtered leachates were diluted directly in the IC sample vial to 

ensure that all species were within detection limits of the instrument. Leaching ratio 

samples were performed in triplicate. 

 

6.2.3. IC Protocol and Analysis 

Soluble ionic species were analyzed simultaneously using a pair of Dionex ICS-

2000 Reagent FreeTM IC systems and a Dionex AS40 Automated Sampler. Cationic 

separations were carried out using a Dionex Ion-pac CS12A analytical column (250 

× 4 mm I.D.), a CG12A guard column (50 × 4 mm I.D.), a Cation Self-Generating 

Suppressor 300 (4 mm) with a suppression current of 59 mA, and 20 mM 

methanesulfonic acid at a flow rate of 1.0 mL/min. Anionic separations were 

carried out using a Dionex Ion-pac AS18 analytical column (250 × 4 mm I.D.), a 

AG18 guard column (50 × 4 mm I.D.), a Antion Self-Generating Suppressor 300 

(4 mm) with a suppression current of 100-150 mA, and 33 mM potassium 

hydroxide acid at a flow rate of 1.0 mL/min.  The suppressor current was changed 

to lower the background conductivity as the suppressor aged. Upon the replacement 

of the suppressor in May 2013, the suggested suppressor current of 100 mA was 

utilized. Sample peaks were integrated using Chromeleon 6.8 and peak areas were 

used for determination of concentration. Unless otherwise noted, all samples taken 

from the filtered leachates were run separately 5 times, yielding 15 data points for 

each ionic species at a given leaching ratio and time. Any removed points were 

done so by performing a Q-test on the 15 data points. 
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Calibrations were performed using the Dionex Six Cation-II Standard (Li+, 

Na+, NH4
+, K+, Mg2+, and Ca2+) and the Fluka Multi-element Ion Chromatography 

Standard Solutions I & II (F-, Cl-, NO3
-, Br-, SO4

2-, and PO4
3-) with the 

corresponding concentrations shown in Table 6.2. All standards, leaching solutions 

and subsequent leachate dilutions used 18.2 MΩ-cm-1 deionized water 

(BarnsteadNanopure, Massachusetts, USA). All data was extracted from the 

Chromeleon software and imported into Microsoft Excel. Peak area and standard 

concentrations were used to fabricate calibration curves for each ionic species. 

Using this information, the amount of each ionic species could be deduced from the 

corresponding calibration curve. All figures were constructed in Igor Pro 6.22A 

after the initial Excel analysis. 

 
Table 6.2. IC calibration standards utilized for the determination of ionic species in soil samples. 

 

Cation 
Cation Stnd 1, 

ppm 

Cation Stnd 

2, ppm 

Cation Stnd 3, 

ppm 

Cation Stnd 4, 

ppm 

Li+ 0.0025 0.05 0.50 2.50 

Na+ 0.0100 0.20 2.00 10.0 

NH4
+ 0.0125 0.25 2.50 12.5 

K+ 0.0250 0.50 5.00 25.0 

Mg2+ 0.0125 0.25 2.50 12.5 

Ca2+ 0.0250 0.50 5.00 25.0 

      

Anion 
Anion Stnd 1, 

ppm 

Anion Stnd 2, 

ppm 

Anion Stnd 3, 

ppm 

Anion Stnd 4, 

ppm 

F- 0.10 1.00 10.0 20.0 

Cl- 0.10 1.00 10.0 20.0 

SO4
2- 0.05 0.10 1.00 5.00 

Br- 0.10 1.00 10.0 20.0 

NO3
- 0.05 0.10 1.00 5.00 

PO4
3- 0.05 0.10 1.00 5.00 
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6.3. Effect of Leach Time and Ratio 

The effect of the leach time and ratio was investigated upon the decision to 

miniaturize the CHEMSENS SAU compared with Phoenix WCL. The Phoenix 

WCL could accommodate 25 mL of leaching solution and 1 g of soil while the 

proposed CHEMSENS SAU will accommodate 8 mL of leaching solution and 1 g 

of soil. The question arose whether the Phoenix soil would yield similar results if 

analyzed by CHEMSENS. An extensive literature search determined that no set 

protocol for the leaching of soil samples existed. Although other groups have 

investigated the leaching effect of other species, a lack of such studies for common 

inorganic cations and anions led to this work. Limited studies have been conducted 

investigating the effect of temperature on inorganic cations and anions (104), 

therefore the focus of this work will be placed on the leach time and leach ratio. 

 The selection of leaching parameters included in this study was chosen 

based on the previous Martian analyses and the proposed SAU designs for 

CHEMSENS. As described in Chapter 4, the first proposed SAUs after the track 

design was selected were to accommodate 5 and 10 mL of leaching solution. 

Therefore, when comparing leaching ratios, one gram of soil will be leached by 5 

and 10 mL, as well as 25 mL (representing the Phoenix WCL analyses) and the 

lower extreme of 1:1. In order to perform an analysis by the IC in triplicate a 

minimum of 1.2 mL of sample is required. Therefore, instead of using 1 g of soil 

and 1 g of leaching solution for the 1:1, 5 grams of soil and 5 grams of leaching 

solution were employed. Further investigations into the effect of using ratios of 1:1, 

2:2, 3:3 and 4:4 will not be pursued here, although future work should include this 
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study. Leach times were varied based on several times found in the literature where 

1 hour, 10 hours, and 24 hours were ultimately selected. Two types of data will be 

presented here: (1) quantitative analyses of the various parameters for common 

inorganic cations and anions, as well as (2) qualitative analyses to visualize the 

trends when varying the leach time and ratio. A summary of all samples analyzed 

can be found in Table 6.3. 

 
Table 6.3.  Summary of soil samples analyzed at room temperature (~24°C). All samples were 

placed on a LabQuake for agitation during their corresponding leach time. For dial dilution, a total 

of 400 μL was mixed in the IC sample tube. 

 
Sample 

Number 
Soil, g Water, g Leach Time, Start Leach Time, End 

Vial 

Dilution 

1 1.0030 5.0171 6/27/2012 13:23 6/27/2012 14:23 1:4 

2 0.9970 4.9937 6/27/2012 13:33 6/27/2012 14:33 1:4 

3 0.9985 5.0313 6/27/2012 13:43 6/27/2012 14:43 1:4 

4 1.0006 10.0297 7/4/2012 10:52 7/4/2012 11:52 1:10 

5 1.0137 10.0633 7/4/2012 10:58 7/4/2012 11:58 1:10 

6 1.0265 10.0532 7/4/2012 11:04 7/4/2012 12:04 1:10 

7 1.0198 25.0768 7/5/2012 15:05 7/5/2012 16:05 1:4 

8 1.0130 25.0756 7/5/2012 15:12 7/5/2012 16:12 1:4 

9 0.9977 25.0522 7/5/2012 15:19 7/5/2012 16:19 1:4 

10 5.0090 5.0200 7/9/2012 15:05 7/9/2012 16:05 1:100 

11 5.0076 5.0273 7/9/2012 15:07 7/9/2012 16:07 1:100 

12 5.0222 5.0220 7/9/2012 15:09 7/9/2012 16:09 1:100 

13 1.0013 5.0153 8/15/2012 15:24 8/16/2012 15:24 1:20 

14 1.0092 5.0236 8/15/2012 15:29 8/16/2012 15:29 1:20 

15 1.0083 5.0016 8/15/2012 15:33 8/16/2012 15:33 1:20 

16 1.0051 10.0042 8/20/2012 11:22 8/21/2012 11:22 1:10 

17 0.9990 9.9915 8/20/2012 11:26 8/21/2012 11:26 1:10 

18 0.9990 10.0317 8/20/2012 11:31 8/21/2012 11:31 1:10 

19 0.9995 25.0284 8/26/2012 10:47 8/27/2012 10:47 1:4 

20 1.0001 25.0244 8/26/2012 10:50 8/27/2012 10:50 1:4 

21 1.0011 25.0131 8/26/2012 10:53 8/27/2012 10:53 1:4 

22 0.9996 10.0409 8/26/2012 10:57 8/27/2012 10:57 1:10 

23 4.9974 5.0002 8/27/2012 14:36 8/28/2012 15:06 1:100 

24 5.0052 4.9930 8/27/2012 14:39 8/28/2012 15:09 1:100 

25 5.0074 5.0729 8/27/2012 14:43 8/28/2012 15:13 1:100 

26 0.9978 5.0028 1/22/2013 14:27 1/23/2013 0:27 1:20 

27 1.0062 5.0068 1/22/2013 14:33 1/23/2013 0:33 1:20 

28 1.0074 5.0044 1/22/2013 14:39 1/23/2013 0:39 1:20 

29 N/A 4.9922 1/22/2013 14:46 1/23/2013 0:46 N/A 

30 1.0013 10.0022 1/25/2013 10:22 1/25/2013 20:22 1:10 
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Sample 

Number 
Soil, g Water, g Leach Time, Start Leach Time, End 

Vial 

Dilution 

31 0.9996 10.0230 1/25/2013 10:30 1/25/2013 20:30 1:10 

32 0.9979 10.0106 1/25/2013 10:33 1/25/2013 20:33 1:10 

33 N/A 10.0143 1/25/2013 10:36 1/25/2013 20:36 N/A 

34 0.9963 25.0002 1/27/2013 23:24 1/28/2013 9:24 1:4 

35 1.0046 25.0060 1/27/2013 23:29 1/28/2013 9:29 1:4 

36 0.9980 25.0075 1/27/2013 23:35 1/28/2013 9:35 1:4 

37 N/A 24.9937 1/27/2013 23:39 1/28/2013 9:39 N/A 

38 5.0034 4.9994 1/28/2013 23:19 1/29/2013 9:19 1:100 

39 5.0059 5.0196 1/28/2013 23:23 1/29/2013 9:23 1:100 

40 5.0006 5.0177 1/28/2013 23:27 1/29/2013 9:27 1:100 

41 N/A 5.0011 1/28/2013 23:30 1/29/2013 9:30 N/A 

42 1.0029 10.0087 2/11/2013 13:33 2/11/2013 14:33 1:10 

43 0.9997 9.9998 2/11/2013 13:38 2/11/2013 14:38 1:10 

44 1.0035 10.0017 2/11/2013 13:43 2/11/2013 14:43 1:10 

45 N/A 9.9953 2/11/2013 13:44 2/11/2013 14:44 N/A 

46 1.0017 5.0105 2/13/2013 15:43 2/14/2013 15:43 1:20 

47 1.0002 5.0117 2/13/2013 15:47 2/14/2013 15:51 1:20 

48 0.9971 5.0133 2/13/2013 15:51 2/14/2013 15:55 1:20 

49 N/A 4.9920 2/13/2013 15:52 2/14/2013 15:56 N/A 

50 0.9958 25.0125 2/20/2013 15:03 2/21/2013 15:03 1:4 

51 0.9997 25.0300 2/20/2013 15:07 2/21/2013 15:07 1:4 

52 0.9974 25.0450 2/20/2013 15:11 2/21/2013 15:11 1:4 

53 N/A 25.0366 2/20/2013 15:14 2/21/2013 15:14 N/A 

54 1.0085 10.0151 2/20/2013 15:18 2/21/2013 15:18 1:10 

55 0.9988 10.0398 2/20/2013 15:22 2/21/2013 15:22 1:10 

56 1.0038 10.0115 2/20/2013 15:25 2/21/2013 15:25 1:10 

57 N/A 9.9927 2/20/2013 15:27 2/21/2013 15:27 N/A 

58 1.0007 10.0152 6/15/2013 9:53 6/15/2013 19:53 1:10 

59 0.9994 10.0317 6/15/2013 9:57 6/15/2013 19:57 1:10 

60 1.0000 10.0087 6/15/2013 9:59 6/15/2013 19:59 1:10 

61 N/A 10.0039 6/15/2013 10:01 6/15/2013 20:01 N/A 

62 1.0002 5.0072 6/15/2013 10:09 6/15/2013 20:09 1:20 

63 1.0011 5.0133 6/15/2013 10:13 6/15/2013 20:13 1:20 

64 1.0015 5.0018 6/15/2013 10:15 6/15/2013 20:15 1:20 

65 N/A 5.0073 6/15/2013 10:17 6/15/2013 20:17 N/A 
 

 

6.3.1. Cations 

The inorganic cations selected to monitor whilst varying leaching parameters were 

similar to the ions found by Phoenix and also present in the ANTV (Antarctic 

Taylor Valley) soils. For this reason, Li+, Na+, NH4
+, K+, Mg2+ and Ca2+ were 

selected. Lithium was calibrated although no quantifiable amount was present in 
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the ANTV soils after dilutions. After initial tests, there was no appreciable Ba2+ 

present in the ANTV soil therefore it was excluded from this study. Heavy metals, 

such as Fe3/2+, were also excluded due to the potential poisoning of the stationary 

phase. Chromatograms of the cationic species in the standard and an ANTV soil 

sample are shown in Figure 6.1. The elution order was: Li+, Na+, NH4
+, K+, Mg2+ 

and Ca2+. 

 
Figure 6.1. Chromatograms of cation standard 2 (top) and ANTV sample 58 (bottom). Inset in 

sample chromatogram is the zoomed in baseline to view various peaks. 
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 The most prevalent cation present was Na+. This was expected since TV is 

present in the CTZ, where the majority of ionic species are present due to sea spray. 

All other species were approximately an order of magnitude less, with K+ being the 

next highest cation followed by NH4
+ and Ca2+ and Mg2+. Figure 6.2 shows the 

investigation of leach ratio for various amounts of leaching solution for 1 hour. The 

concentrations are presented as the amount leached from soil in parts per million 

(ppm) after accounting for dilution. The general trend shown is that as the leach 

ratio is increased from 5:5 to 25:1, there is an increased amount of cationic species. 

The exception to this trend is Mg2+ and Ca2+. For the 1 hour investigation, it appears 

that all Ca2+ samples are the same, within error, while Mg2+ decreases after the ratio 

is increased from 5:1 to 10:1. The same trend is seen, more prevalent, in Figures 

6.3 and 6.4 where the leach ratio was varied while leaching for 10 hours and 24 

hours, respectively. As seen in Figure 6.1, due to the amount of Na+ present, the 

amount of NH4
+ is affected. Therefore, discrepancies exist across the amounts of 

NH4
+. The values used to formulate Figures 6.2 – 6.4 are presented in Table 6.4. 

 
Figure 6.2. Investigation of the effect of varying the leaching ratio with leaching for 1 hour. Inset: 

zoomed in plot to quantify the amounts of NH4
+, K+, Mg2+ and Ca2+. The error bars represent ±1 σ 

while each bar is the mean value of 15 samples. 
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Figure 6.3. Investigation of the effect of varying the leaching ratio with leaching for 10 hours. Inset: 

zoomed in plot to quantify the amounts of NH4
+, K+, Mg2+ and Ca2+. The error bars represent ±1 σ 

while each bar is the mean value of 15 samples. 

 

 
Figure 6.4. Investigation of the effect of varying the leaching ratio with leaching for 24 hours. Inset: 

zoomed in plot to quantify the amounts of NH4
+, K+, Mg2+ and Ca2+. The error bars represent ±1 σ 

while each bar is the mean value of 15 samples. 
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Table 6.4. Mean concentrations of cationic species for various samples used to formulate Figures 

6.2 – 6.4. Leach ratio is given as g water:g soil. 

 

Leach Parameters Concentrations, ppm 

Time, 

hr 
Ratio          Na+ NH4

+ K+ Mg2+ Ca2+ 

1 5:5 466 ± 79.4 13.2 ± 1.60 20.0 ± 4.06 2.41 ± 1.31 3.29 ± 1.26 

1 5:1 800 ± 51.2 5.27 ± 0.57 48.8 ± 3.36 2.41 ± 0.49 3.26 ± 0.52 

1 10:1 1025 ± 74.1 9.38 ± 1.32 45.9 ± 3.73 0.80 ± 0.26 3.67 ± 1.41 

1 25:1 1118 ± 19.0 14.3 ± 1.75 58.9 ± 1.33 0.52 ± 0.16 2.10 ± 0.60 

10 5:5 791 ± 40.0 5.87 ± 2.04 33.1 ± 1.64 7.24 ± 1.11 7.28 ± 2.59 

10 5:1 1163 ± 38.7 10.3 ± 1.16 56.0 ± 2.36 1.65 ± 0.47 3.17 ± 1.06 

10 10:1 1192 ± 26.5 7.65 ± 0.67 57.7 ± 1.24 0.79 ± 0.29 1.99 ± 0.94 

10 25:1 1267 ± 18.7 9.66 ± 1.50 60.1 ± 1.34 0.52 ± 0.14 3.18 ± 1.16 

24 5:5 906 ± 13.4 14.1 ± 2.75 42.1 ± 0.68 9.57 ± 1.75 9.34 ± 1.81 

24 5:1 1195 ± 28.4 9.45 ± 2.60 55.0 ± 1.94 2.00 ± 0.87 4.28 ± 1.20 

24 10:1 1395 ± 108 17.2 ± 4.27 67.0 ± 4.32 1.35 ± 0.52 4.77 ± 2.37 

24 25:1 1458 ± 23.8 9.93 ± 1.58 74.1 ± 1.68 0.64 ± 0.09 3.29 ± 1.60 
 

 

To further investigate the trend of changing both the leaching ratio and time 

as well as understand the decreases in Ca2+ and Mg2+, contour plots were fabricated 

in Igor Pro. Each contour plot is a visual representation of the effect on 

concentration of the corresponding ion while varying the leach time (y-axis) and 

ratio (x-axis, plotted as a whole number). Each plot contains a color scale where 

the lowest concentration values are shown as red and the highest concentration 

values are shown as purple, increasing in the order of: 

Red < Orange < Yellow < Green < Blue < Purple 

Figures 6.5 – 6.9 show such contour plots for Na+, NH4
+, K+, Mg2+ and Ca2+, 

respectively.  
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Figure 6.5. Contour plot showing how varying leach time and ratio effects the concentration of Na+ 

in ANTV soils. 

 

 
Figure 6.6. Contour plot showing how varying leach time and ratio effects the concentration of 

NH4
+ in ANTV soils. 
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Figure 6.7. Contour plot showing how varying leach time and ratio effects the concentration of K+ 

in ANTV soils. 

 

 
Figure 6.8. Contour plot showing how varying leach time and ratio effects the concentration of 

Mg2+ in ANTV soils. 
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Figure 6.9. Contour plot showing how varying leach time and ratio effects the concentration of Ca2+ 

in ANTV soils. 

 

 

 The general trend of increasing cationic species as the leaching ratio and 

time are increased is optimized in Figures 6.5 and 6.7, corresponding to Na+ and 

K+. A line that could be drawn between (1,1) and (25,24) would almost be linear. 

As stated previously, the detection of NH4
+ suffered from the high amounts of 

soluble Na+ present in the solution, and if one truly wants to investigate the effect 

of leaching parameters on NH4
+, further studies would have to be performed by 

either removing the Na+ from the system or finding another soil archetype that is 

high in NH4
+ and low in Na+.  

An opposite trend was experienced by Mg2+ and Ca2+ as exhibited in Figures 

6.8 and 6.9. Initially, at a leach ratio of 1, and at varying leach times, the amount of 

both divalent cations increased. Upon the increase of the ratio to 5:1, decreases in 

each cation existed. This was also the case from ratios of 10:1 and 25:1, more 

prevalently for Mg2+. The low values, after accounting for dilution, resulted in 

ranges from 0-10 ppm for both cations. The overall low amounts of Mg2+ and Ca2+ 
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present yielded a hypothesis that as the amount of leaching solution increased, in 

this case 18.2 MΩ nanopure water, the impurities present, such as carbonate, along 

with carbonate-bearing minerals present in the soil resulted in an overall decrease 

in the amount of these species at higher leaching volumes.  

 

6.3.2. Anions 

The anionic species selected to monitor whilst varying leaching parameters were 

also similar to the ions found by Phoenix and also present in the ANTV soils. The 

species settled on were F-, Cl-, SO4
2-, Br-, NO3

- and PO4
3-. Calibration standards for 

the halides and oxyanion species were combined to yield a set of calibration 

standards with all species. Due to the lack of I- present, it was excluded for this 

study. The exclusion of ClO4
-, an anion of great interest for Phoenix and Chapter 

2, was due to the fact that ClO4
- is highly soluble and should be soluble in the 

presence of any water. The experimental conditions would also have to be changed 

to accommodate a different column for the separation of ClO4
-, therefore the above 

mentioned six anions were selected for analysis. Chromatograms for the anionic 

calibration standard and an ANTV soil sample are shown in Figure 6.10. The 

elution order was F-, Cl-, SO4
2-, Br-, NO3

- and PO4
3-. 

 As was the case with the cations, the most prevalent anionic species was 

due to sea spray and was Cl-. Approximately an order of magnitude lower was SO4
2- 

and NO3
- followed by PO4

3-. Concentrations of F- and Br- were lower than the rest 

at levels corresponding to 0-30 ppm F- and 0-6 ppm Br-. Figure 6.11 shows the  
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Figure 6.10. Chromatograms of anion standard 2 (top) and ANTV sample 58 (bottom). Inset in both 

chromatograms is zoomed in baseline to view various peaks. 

 

 

concentrations of the anionic species as leach ratio was varied and leach time was 

kept constant at a value of 1 hour. The general trend shown for the 1-hour studies 

was similar to the cations, where there was a general increase as the ratio was 

increased. This trend was also observed for the 10 hour leach time, shown in Figure 

6.12. The complete opposite trend was seen in Figure 6.13, where there was a 

general decrease in the amount of each anionic species as the leach ratio was 

increased for leach times of 24 hours, with the exception of F- and PO4
3-. An 
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argument could be made that the values for the ratios of 5:1, 10:1 and 25:1 were all 

in fact within error of each other, resulting in no change between the leach ratio at 

24 hours. The corresponding amounts of each anionic species used to formulate 

these figures can be found in Table 6.5. 

 
Figure 6.11. Investigation of the effect of varying the leaching ratio with leaching for 1 hour. Inset: 

zoomed in plot to quantify the amounts of F-, SO4
2-, NO3

- and PO4
3-. The error bars represent ±1 σ while 

each bar is the mean value of 15 samples. 

 

 
Figure 6.12. Investigation of the effect of varying the leaching ratio with leaching for 10 hours. Inset: 

zoomed in plot to quantify the amounts of F-, SO4
2-, NO3

- and PO4
3-. The error bars represent ±1 σ while 

each bar is the mean value of 15 samples. 
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Figure 6.13. Investigation of the effect of varying the leaching ratio with leaching for 24 hours. Inset: 

zoomed in plot to quantify the amounts of F-, SO4
2-, NO3

- and PO4
3-. The error bars represent ±1 σ while 

each bar is the mean value of 15 samples. 

 

 
Table 6.5. Mean concentrations of anionic species for various samples used to formulate Figures 6.11 

– 6.13. Leach ratio is given as g water:g soil. 

 
Leach 

Parameters 
Concentration, ppm 

Time, 

hr 
Ratio F- Cl- SO42- Br- NO3- PO43- 

1 5:5 2.39 ± 0.35 576 ± 111 53.2 ± 5.72 1.05 ± 0.36 42.4 ± 8.11 1.86 ± 0.55 

1 5:1 7.51 ± 3.28 1230 ± 103 101 ± 41.4 1.97 ± 1.19 116 ± 11.3 10.1 ± 3.79 

1 10:1 8.71 ± 1.12 1308 ± 131 112 ± 12.1 2.39 ± 0.73 105 ± 12.9 14.6 ± 4.27 

1 25:1 14.6 ± 2.84 1589 ± 282 221 ± 42.2 2.73 ± 0.93 197 ± 37.2 80.5 ± 13.4 

10 5:5 2.32 ± 0.36 1126 ± 111 91.1 ± 13.4 1.16 ± 0.37 99.4 ± 16.7 1.50 ± 0.52 

10 5:1 14.7 ± 3.22 1435 ± 299 164 ± 34.5 3.42 ± 1.08 138 ± 29.7 24.7 ± 5.55 

10 10:1 19.0 ± 2.47 1444 ± 156 171 ± 18.0 3.84 ± 0.60 140 ± 15.6 48.4 ± 6.15 

10 25:1 25.7 ± 4.60 1974 ± 186 215 ± 35.4 5.83 ± 1.35 178 ± 21.3 120 ± 20.8 

24 5:5 3.66 ± 0.40 1832 ± 185 215 ± 25.5 2.50 ± 0.40 194 ± 22.7 3.30 ± 0.33 

24 5:1 13.3 ± 0.94 1389 ± 47 119 ± 14.5 2.72 ± 0.88 95.6 ± 27.8 18.9 ± 2.11 

24 10:1 17.0 ± 1.72 1501 ± 111 149 ± 20.3 3.84 ± 1.04 121 ± 10.9 44.9 ± 3.68 

24 25:1 21.9 ± 3.93 1306 ± 206 126 ± 16.2 3.42 ± 0.76 103 ± 16.4 95.8 ± 14.4 
 

 

 Contour plots were also fabricated to qualitatively visualize the trends in the 

data as described for the cations. Figures 6.14 – 6.19 show such plots for F-, Cl-, 

SO4
2-, Br-, NO3

- and PO4
3-, respectively. In most cases, for each anionic species, 

the lowest amounts present occur when the sample is leached at a ratio of 1 for 



 
 

132 

periods of 1 hour. As the leach time increased, the overall amount for F-, Br- and 

PO4
3- showed little to no change, while as the time increased at a ratio of 1, the most 

prevalent anions Cl-, SO4
2- and NO3

- all experienced increases. For all anionic 

species, as the leach ratio increased, the amount of the corresponding species also 

increased.  

 
Figure 6.14. Contour plot showing how varying leach time and ratio effects the concentration of 

F- in ANTV soils. 

 

 
Figure 6.15. Contour plot showing how varying leach time and ratio effects the concentration of 

Cl- in ANTV soils. 
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Figure 6.16. Contour plot showing how varying leach time and ratio effects the concentration of 

SO4
2- in ANTV soils. 

 

 
Figure 6.17. Contour plot showing how varying leach time and ratio effects the concentration of 

Br- in ANTV soils. 
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Figure 6.18. Contour plot showing how varying leach time and ratio effects the concentration of 

NO3
- in ANTV soils. 

 

 
Figure 6.19. Contour plot showing how varying leach time and ratio effects the concentration of 

PO4
3- in ANTV soils. 

 

 

 

6.4. Conclusions and Future Work 

Overall, the leaching parameters selected for sample preparation effect the 

concentration seen when using Antarctic soil. These effects vary from somewhat 

between drastic to slight, but exist nonetheless. In terms of cations, the greatest 
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effects are seen upon increasing the leach ratio from 1:1 to 25:1, while slight 

increases in concentrations occur as the leach time is increased. This trend is also 

true for Mg2+ and Ca2+, although the effect is negative instead of positive. As stated, 

the hypothesis for this phenomena is that as an increased amount of leaching 

solution is added and the time increased, the divalent cations complex with soluble 

carbonates present in the 18.2 MΩ nanopure water and carbonate bearing minerals 

present in the soil. Therefore, if Mg2+ and Ca2+ analyses are of the highest priority 

the leaching parameters should contain a low ratio of leaching solution to soil and 

be leached from > 15 hours. It should also be noted that this model assumes low 

overall amounts of Mg2+ and Ca2+. Further studies should investigate these trends 

using soil samples that contain approximately an order of magnitude greater soluble 

concentrations, if available.  

The presence of Na+ and K+ in the Antarctic soil as the highest soluble 

cationic species, while no surprise, leads to the conclusion that the ideal leaching 

parameters are approximately a leach ratio of 10:1 for 10 hours. This conclusion is 

based on the above data that suggests the soluble amounts of the most prevalent 

cations do not increase significantly after these studies. This also allows the user to 

have the shortest possible leach time and get the most ideal results from the leach 

analysis. 

A similar analysis of the anion results confirms a similar effect as stated for 

the cationic species. The greatest effect is seen as the leach ratio, as well as the 

leach time both increase. Due to the higher overall amounts of anions present, no 

effects similar to Mg2+ or Ca2+ are present. Due to the amounts of anionic species 
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present in the Antarctic soil, the optimal leach parameters would be a leach time of 

10 hours with a leach ratio of 25:1. This differs from the cationic species optimal 

parameters, although this leach ratio for cationic species of 25:1 would result in a 

slightly higher amount of soluble species. Since soil samples are leached for cations 

and anions at the same time, the ideal parameters for the soil analysis would lie 

between leach ratios of 10:1 and 25:1 for 10 hours. The preparation step could be 

tailored, depending on which ionic species are of the highest importance. Future 

work should be performed to fill in the contour plots above, which would provide 

an increased understanding of the effects of leaching parameters. 

 The use of an 8:1 leaching ratio for CHEMSENS will provide a near ideal 

analysis of the soil based on the above studies. The analysis will be continuous, 

therefore the chemistry will change over time. To test this model, the analysis 

should occur, either continuously or by performing spot-checks, for 10 hours. If 

one assumes that that an immediate analysis of the soil by ISEs is similar to the 

trends associated with 1 hour leach studies, then a hypothetical re-analysis of the 

soil analyzed by Phoenix by the CHEMSENS instrument would result in 

approximately similar amounts of soluble ionic species, with most likely slight 

decreases in Na+, K+, Cl- and possibly great discrepancies with Mg2+, Ca2+, SO4
2-, 

and NO3
- (if analyzed). The surface of Mars is constantly changing due to winds 

and the movement of dust, but if a rover with a CHEMSENS type instrument were 

to travel to the North Martian Pole, it would be interesting to see this hypothesis 

tested. 
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Conclusions 

An analysis of the Phoenix results in combination with the production of a simulant 

led to the confirmation and quantification of the soluble sulfate in the Phoenix 

samples equivalent to ~1.3(±0.5) wt%. These analyses also updated the 

concentrations of the soluble ionic species present in the Phoenix soil from previous 

reports. A further investigation into the calcium ISE response from the WCL 

analyses also provided insight into the composition of the perchlorate on the surface 

of Mars. Calcium electrodes were fabricated to determine the behavior most similar 

to that produced for the Phoenix WCL analyses. These studies concluded that the 

most probable composition of the perchlorate is a ratio of 60% Ca(ClO4)2:40% 

Mg(ClO4)2, consistent with the respective carbonate ratio. The presence of 

Ca(ClO4)2 implies that the Phoenix landing site was much drier than previously 

thought, and might not have seen liquid water since the formation of the Heimdall 

crater where Phoenix landed.  

 The RCAL instrument was successfully interfaced with a rover and the 

operational sequence was fully performed. A new instrument, CHEMSENS, that 

built upon the successes of WCL and RCAL was designed and fabricated. The final 

design incorporated a more laboratory-based analysis protocol including the ability 

to weigh the sample, calibrate with liquid solutions and mix with a stir plate. The 

design also shrunk the overall volume of the leaching solution cavity from 25 mL 

to ~8 mL. Each SAU also increased the number of overall sensors from 23 to over 

50. Included in this number was an increase from 15 ISEs to over 40. One SAU 

wall was also reserved for other electrochemical sensors. The electrodes were 
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successfully miniaturized after several designs were fabricated and tested. The final 

design, utilizing silver epoxy and porous carbon, produced ISEs that were stable 

and sensitive with extended lifetime in constant contact with a solution. 

 An analysis of the soil leaching parameters led to the conclusion that 

depending on the protocol followed, the concentration values can vary. The optimal 

conditions for the determination of soluble cations was a leach time of 10 hours at 

a ratio of 25:1 (leach solution:soil). The optimal conditions for the determination 

of soluble anions was a leach time of 10 hours at a ratio of 10:1. Performing a 

concurrent analysis, as is usually done, should be performed for 10 hours with a 

leach ratio between 10:1 and 25:1 depending on the species of highest importance. 

Due to the low amounts of Ca2+ and Mg2+ present in the Antarctic soil, the effects 

were opposite of the general trends of increasing concentrations as the leach time 

and ratio were increased. This was hypothesized to be due to the presence of 

carbonate in the leach solution and minerals present in the soil. 

 Overall, an instrument was designed and fabricated to perform in-situ 

analyses in remote terrestrial or extraterrestrial environments using ISEs. 

Confirmation of simulant results and leaching parameter effects was performed by 

IC. The CHEMSENS instrument should further be tested upon integration of ISEs 

in the SAU and with the proposed electronics. The next step of this research will 

be to perform laboratory and field-based studies for the analysis of environmental 

samples to further characterize its analytical capabilities. 
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