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How Can Mapping a Trivariate Martian Surface Analysis  

Most Effectively Aid Future Exploration Site Logistics? 

 

Project Description 

Human beings have adapted to live on every continent in many diverse and challenging 

climates. But before these places were settled, they were explored. Mars is the most closely 

observed celestial body in our solar system next to Earth. The National Aeronautics and 

Space Administration (NASA) and the European Space Agency (ESA) operate numerous 

landers, rovers, and satellites that have made the average trip of approx. 225 million km 

(approx. 140 million miles). Just as ancestral humans might have stood on a hill or climbed a 

tree to get a better view of the surrounding land, we now place cameras on landers, rovers, 

and satellites to gain the lay of the martian surface. The ability to see and recognize potential 

hazards and identify promising areas has not lost its value in exploration/settlement between 

antiquity and today. Modern scientists have a much more dynamic and sophisticated toolset 

for observation and dissemination of data. With the wealth of data constantly growing I am 

asking what is the spatial relationship between hydrous minerals (i.e. carbonates and 

sulfates), Recurring Slope Lineae (RSLs), and Solar energy distributions that can be 

organized by degree of overlap to aid in logistical organization of potential human 

habitation/research sites on Mars. 

In order to answer this question I will create a basemap and add several overlay layers 

(one for each of my three variables). The layers will be generated by using raw and processed 

data from various public space agencies. These agencies include, but are not limited to, 



TRIVARIATE MARTIAN SURFACE ANALYSIS 3 
 

NASA and the ESA. With the program ArcGIS I will be able to generate layers using tables 

of data and their respective geospatial locations, then superimpose one layer on top of the 

next. From there, in Adobe Illustrator I can utilize cartographic principles and conventions to 

make an ArcGIS map more easily digested and aesthetically pleasing. In doing so, my hope 

is that the patterns I find can enhance others in the relevant literature and through our 

combined efforts the site with the best potential for human exploration success/survival can 

be decided. 

My intended audience will be an organization dedicated to the development and 

implementation of plans to have humans explore and colonize Mars. The organization is 

NASA’s Mars Exploration Program Analysis Group (MEPAG), and as explained on their 

about us section of the MEPAG webpage it is “a community-based forum designed to 

provide science input from the scientific community to NASA for the planning and 

prioritization of Mars future exploration activities, and to facilitate distribution of NASA 

Mars Program information to its members” (“MEPAG about us,” 2016). The aforementioned 

community is composed of scientists of various backgrounds familiar with geologic and 

remote sensing jargon and current literature. 

Typically any hard science research requires an interdisciplinary approach to generate a 

deeper understanding of the subject in question, in this case, near surface processes. My 

concentration combines physical geology (specifically hydro, sedimentary, and 

geomorphology) with Geography and GeoInformation Sciences (GGS). This project will 

incorporate the scientific analysis and identification of geologic phenomena. 

Uniformitarianism, a core principle of geology itself, is the main method by which to 

remotely study Mars. The principle holds that processes driving today’s geologic events obey 
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the same rules of nature as those in the past. Since Mars is so far away and humans have yet 

to set foot there, data collection is done remotely, even the in-situ (on site) rovers are 

controlled almost entirely by remote (a degree of automation exists) and beam data back to 

Earth. This is where the other part of my concentration comes into play. Many aspects of 

GGS incorporate observation that is distal in nature. I will mine my data from agencies that 

have satellites and rovers in orbit and on the surface, respectively. The creation of my final 

project, a poster with several maps and infographics, will require the use of Geographic 

Information System (GIS) software to relate numerical data to spatial coordinates on the 

surface. Finally principles and conventions in modern mapmaking will help in “smoothing 

out the rough edges” of the maps in order for their information and message to be 

disseminated in a way that is clear, concise, and aesthetically pleasing. 

In creating a series of maps I expect the combination of variables to generate a pattern not 

previously seen. A well put together map can convey so much more information than simply 

where is this thing, or how far is it from that place. The amount and types of variables will 

provide plots of geospatial data that will have overlaps and intersections of varying degrees. 

These overlaps will show locations on Mars that contain three surface phenomena that relate 

to potentially critical requirements of water and energey for human survival on the surface. 

Perhaps the patterns will allow planners to have another perspective through which to view 

existing data and most efficiently and safely plan and execute future manned missions. 
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Background 

Life on Mars 

 The Earth’s surface is roughly 75% covered in water, and human beings are 

roughly 75% water. This was a concept taught to me several times during my grade school 

career. As grossly oversimplified as this is, due to the intended audience of elementary 

students, the message is the same as found in any basic to advanced survival manual: water is 

paramount to human survival.  

In their briefings on requirements for proposing Exploration Zones (EZs) the MEPAG 

(2016) listed the need to “demonstrate the ability to prospect for and extract commodities 

from local materials” first, naming water “highest priority” (Hoffman, p. 12). An overarching 

concept of the briefing is the future explorer’s need to be self-reliant, which in part would be 

facilitated by implementation of solar energy collection. Humans exploring Mars will be far 

from home (on average 225 million km) and therefor will need to use the resources of the EZ 

to sustain their presence on the martian surface. In other words, resupply missions will be 

few and far between. An analogy would be the time between resupply missions launched to 

and docking with the International Space Station (ISS) only on Mars it is months away not 

hours as is the case with the ISS. 

Hydrous Minerals 

Human explorers of Mars will need accessible water resources. Bish, Carey, Vaniman, 

and Chipera (2003) explained that “recent orbital data [of atmospheric hydrogen levels can 

be supported by] the existence of water molecules in hydrous minerals such as clay minerals 
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or zeolites” on the martian surface and near-surface (conclusion, para. 6). Their findings 

showed that certain hydrous minerals can have a strong enough chemical attraction to water 

molecules within their own structure to retain said water even in the low temperature and 

pressure conditions of the surface of Mars. 

 Carbonate minerals and Carbonate rocks (composed of the former) as described by 

Harner and Gilmore (2015) are formed in the presence of water and their existence can 

suggest either water was or is near the location of carbonate rock deposits (para. 1). Given 

the lack of liquid water on present day Mars the presence of carbonate rocks and minerals 

that form in liquid water is a telling indication of surface and atmospheric conditions of the 

past martian climate. Bandfield, Glotch, and Christensen (2003) pointed out that through 

spectral analysis of infrared absorption, globally martian dust contains <6% carbonate 

minerals and is “widely distributed in [said] dust, and there is no indication of a concentrated 

source” (para. 1). From this one can infer that the source of the minerals found widely 

distributed in the dust is likely not an isolated point or area and so the search area for deposits 

can potentially span the entirety of the planet, at the very least a large swath between 

specified latitudes. While there are rovers and landers on the surface that can analyze 

physical samples for the presence of carbonates and other minerals, they are limited in the 

area that they can search. This gives rise to the need for a form of sensing able to cover a 

larger portion of the surface, and thus orbital analysis of spectral reflectance and absorption 

is utilized. As mentioned by Harner and Gilmore (2015) hydrous carbonates can be detected 

in bands of the visible-near infrared (VNIR) electromagnetic spectrum ranging from 0.35-5 

μm. Although “anhydrous carbonates are…the most common carbonates on Earth” detection 
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of hydrous carbonates may be more beneficial due to the presence of water in their molecular 

structure that could later be extracted in situ (abstract; introduction, para. 1). 

Detection is not as simple as analysis of hyperspectral data in the VNIR bands. Cloutis, 

Craig, Kruzelecky, Jamroz, Scott, Hawthorne, and Mertzman (2008) have described the 

“issue [of] whether [hydrous carbonates] are expected to be stable at the martian surface 

[and] how their spectral properties may change upon exposure to Mars surface conditions” 

(introduction, para. 3). Compared to those of Earth, the atmosphere of Mars and its global 

magnetic field are almost nonexistent and so its surface is much more exposed to radiation 

from space. Cloutis, Craig, Kruzelecky, Jamroz, Scott, Hawthorne, and Mertzman’s results 

(2008) show that in general the intensity of “absorption spectra” for the water within several 

hydrous carbonates may diminish slightly when exposed to Mars surface conditions. 

However according to Bishop and Peters (1995) “1.9 μm [water] features [persist] under 

martian surface [conditions]” (as cited in Cloutis, 2008, para. 3.2.2). The general consensus 

in the literature holds that detection of hydrous carbonates is not negated by Mars surface 

conditions and can be accomplished by using the band range of 0.38-4 μm which, noted by 

Harner and Gilmore (2015) is within the ranges detectable by the “Compact Reconnaissance 

Imaging Spectrometer for Mars (CRISM) instrument aboard the Mars Reconnaissance 

Orbiter (MRO)…and Observatoire pour la Minéralogie, l’Eau, les Glaces, et l’Activité 

(OMEGA) aboard Mars Express” (introduction, para. 2). For the purposes of my research 

this means I should have all the data needed from these agencies to generate my maps. Yet, 

as previously mentioned, carbonates in general can prove to be difficult to detect in particular 

abundance through orbital spectral analysis. So in addition to hydrous carbonates, some have 
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suggested, there is a strong presence of potentially hydrous sulfates stable on the surface as 

well.  

Numerous volcanoes and their related outflow features coupled with spectral orbital 

evidence suggest that Mars is dominated by igneous rocks. Bibring et al. (2006) suggests that 

given the initial presence of these igneous rocks certain alterations occurred due to “shifts 

[in] environment [from] wetter…[to]…arid and acidic…[to]…[the present day] extremely 

arid, cold, and oxidative” resulting in formations of “phyllosillicates, sulfates” and iron 

oxides, respectively (as cited in Thollot, 2012, introduction, para. 2). The implication is that 

the current conditions of Mars can support stable existence of silicates on or at the near-

surface of the planet. Theories in the literature speak of ancient lakes that would occupy 

depressions such as volcano and impact craters. As conditions became more arid, the lake 

water would evaporate concentrating precipitates, of particular interest are the sulfate 

formations. Thollot et al. (2012) showed in their study of a particular crater that the lower 

elevation distribution of sulfates supports this formation theory on an individual or small 

regional depression basis (conclusion, para. 2). This is not necessarily unique to a localized 

deposition or formation. Bibring et al. (2005) pointed out that “OMEGA has identified 

hydrated sulfates…in a variety of specific locations” on the surface (para. 16).  

 

Recurring Slope Lineae (RSLs) 

 An ongoing question in the scientific community is how and where, if at all, liquid water 

can exist on or near the surface of Mars. In 2011 McEwen et al. published the first paper 

describing the phenomena of RSLs as “narrow (0.5 to 5 meters), relatively dark markings on 
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steep (25° to 40°) slopes” (abstract). McEwen et al. (2011) stated that these phenomena grow 

seasonally on slopes in several locations, seemingly driven by the temperature variance 

related to Mar’s orbit of the sun (para. 1). As these are relatively young (5 years) findings 

there is not a great deal known in considerable confidence of how or why they form. A 

hypothesis posited by McEwen et al. (2011) is that RSLs are “[definitely associated with] 

temperatures greater than 250 K [and] points to brines as the most relevant volatile” to 

facilitate the downslope movement of materials that leave behind the dark streaks observed 

(para. 9). Brines are the apparent key to this phenomena due to salt’s effect of depressing the 

freezing point of water, allowing them to exist on the low pressure/freezing surface of Mars. 

According to McEwen et al. (2011) “There are 12 other likely RSL sites and 20 candidate 

sites” (para. 1).  

More studies of RSLs will likely allow for these numbers to increase as the understanding 

of the parameters for their occurrence will lead to more focused search methods. I intend to 

base a portion my project off of the aforementioned idea that these are related to hydrous 

salts. Spectral imager observations described by Gendrin et al., (2005); Squyres et al., (2004); 

Wang et al., (2006) listing various salts found on the surface further support the proposed 

RSL-salt brine activity relationship (as cited in Chevrier, section 1, para. 2). Salts have the 

ability to lower the freezing temperature of water. Their presence allows extended dwell time 

of an aqueous solution to react or attach to carbonates and sulfates, and in general create 

wetter areas for explorers to access mission critical water. Currently in the literature it seems 

as though the thought is gravitating towards salts and their related minerals as the origin of 

RSLs given the ability to depress water’s freezing temp. Therefore they are an appropriate 

water related variable for my exploration site analysis and mapping.  
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Cartography & Information Dissemination 

A message is lost if it is not conveyed in a way that can be understood, regardless of 

whether the information is of high quality or not. My project is a fundamentally geospatial 

one, in that it relates geologic processes to specific and unique locations in space 

(specifically space on the surface of Mars). That being said, what I generate in ArcGIS with 

data from the previously mentioned space agencies will need to be further refined in a way 

that is both information rich and aesthetically pleasing.  

Historically the discipline of cartography has been lumped in with other artistic skills. 

According to David Woodward (1987) it wasn’t until the new map making methods and 

techniques of the 18th century that cartography was able to branch out from this label (as 

cited in Cosgrove, 2005, art science and cartography, para. 1). Even in those past instances 

maps were having an effect on exploration of the world. Hunt (2000) described the impact of 

maps in the seventh century on the “[stimulation of] interest in travel and [encouragement] of 

travelers to record their experiences” to contribute to the growing wealth of geographic 

documentation of Asia (p. 6, para. 2). As the tools and technology of mapping have advanced 

so too has the value of this form of displaying information increased. Sipes (2004) stated 

“Mapping is the visual representation of data, and one of the best ways to link information to 

a place” (para. 1). Most of us use mapping almost daily, from following instructions on our 

phones to get somewhere to seeing on T.V. where the rain is going to be. This information 

can be given out in a purely textual format, but I believe few would say that the message 

would be more quickly and completely understood and retained if done so. 

Modern day cartography (the 20th and 21st centuries) has benefitted from several 

innovations, one of the most influential is the ability to take images from aerial and orbital 
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platforms. This data gathering resource in combination with computers has in Hunt’s (2000) 

opinion produced several different uses for digital cartography as well as the ability to do it 

in a timely manner (p. 13, conclusion).  

One of the core concepts in my GGS classes was establishing a difference between 

thematic maps and reference maps. The latter being a map that displays landmarks and their 

relative position and size to each other (i.e. Google maps on one’s smartphone) there are 

several subsets of reference map. My project would fall under the definition of the former, a 

map that incorporates the aforementioned simple spatial data and synthesizes it to convey a 

specific message or idea about said data and their relationships connecting them to an 

abstract concept not necessarily shown visually on the map itself.  

Burchroithner & Fernandez (2011) examined in their paper the role of cartography when 

it relates to sciences and whether it can be considered a science in and of itself. They 

concluded that “…cartography has a prominent scientific status because it uses technologies, 

which are based on solid principles from applied or basic sciences” (conclusions, para. 5). 

Mapping is a versatile discipline that can lend itself to many established hard sciences.  

There are considerations when producing a map that a cartographer must be aware of and 

take into account. Bjorke (1996) stated it well when they said “for successful transmission of 

spatial information, map users need to be able to identify the meaning of the map symbols, 

compare them with a legend, and distinguish them from other symbols” (as cited in 

Brychtova & Coltekin, introduction and background, para. 4). So the cartographer needs to 

be ever conscious of how and why and where symbology is used while creating the map, it is 

a planned and calculated process. Thankfully making fine or coarse adjustments to these 

aspects of maps is a much easier task with modern computer mapping programs. Sipes 
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(2004) examples the ever increasing utilization of digital maps shared online, he explains 

their value in use for collaboration and adjustment in real time by being “interactive”. 

Conversely a disadvantage, which is solved by a physical “paper map”, is a digital map’s 

usual inability to be viewed as a whole (produce maps, para.1 para. 2). In light of these 

inherent factors in mapping, the most appropriate medium for multiple maps and text 

information is a GIS poster. 

  

Methods 

I have been interested in physical science for the entirety of my higher education career. 

One of the most influential geology courses I have taken at George Mason was Planetary 

Geology with my faculty mentor Dr. Jules Goldspiel. The course represents a turning point in 

my development of my BIS concentration. Prior to this course I was planning on combining 

Geology (GEOL) with Computer Science, after Planetary Geology I realized that GEOL and 

GGS makes more sense and aligns better with my interests. In Dr. Goldspiel’s course I 

noticed a recurring theme in how celestial bodies are studied (out of necessity really): remote 

sensing. GGS is essentially a remote sensing discipline, and conveys information that often is 

geospatial in nature. An overarching concept from one of my GGS courses (Intro to ArcGIS) 

was that GIS is an interdisciplinary science as almost all data can have a spatial component. 

The scholarly question I want my research question to address is a “where” question. 

Where is the best location for scientist explorers to deploy to conduct their work on the 

martian surface? This “where” is dependent on a site meeting numerous criteria developed to 

predict as many of the explorer’s needs as is possible. My goal is to add to the list and 
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generate possible areas to zero in on. To that end, I will use geologic studies on Mars surface 

features to establish a base of information to develop my search parameters. To produce a 

rough version of my maps I will use the search parameters and geospatial data provided free 

to the public by NASA and the ESA and analyze it in a mapping program made by ESRI 

called ArcGIS. With the unrefined maps of analyzed raw data I plan on gaining an 

understanding of the most effective conventions and methods of cartography and applying 

those to create final versions that could be presented to my target audience (MEPAG). To 

create these final versions of maps I intend to use a computer drawing program by Adobe 

called Illustrator. 

Technical Description 

I will take all my research and gathered spectral/spatial data and generate a GIS poster. 

The poster will contain at a minimum four maps, one for each variable and a final map with 

all three highlighting overlaps. Accompanying these maps will be supplemental information 

in the form of text. 

To generate the maps I will use ArcGIS which is a software package that can perform 

complex manipulations of data in a spatial context. The interface utilizes several programs to 

accomplish this, and the programs contained can accommodate different file types and 

formats. I will need to make sure that all the data from space agencies is formatted to the 

correct datum on Mars so as to maintain spatial conformity (correct location) of all the data 

that I plot in the several layers I create. From there the layers can be clipped to show only 

overlaps (this is a tool built into the software). After the data has been plotted on a GIS map 

and relationships visually established, I will export it as a file compatible for Adobe 

Illustrator (AI). Once in AI I will have much more control over establishment of figure-
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ground relationships and other visual cues such as label font, size, and orientation as well as 

color schemes that are easily distinguished and not confusing due to inherent connotation 

(i.e. red is bad, green is good, blue is cold etc.). The final product will be decided by the 

amount of maps and supplemental info I wish to include. I estimate a choice between 40” tall 

by 30” wide, or standard tri-fold, to possibly as large as 36” by 48”. 

 

Conclusion 

According to the United States Census Bureau the world population is 7.3 billion and 

growing literally by the second (http://www.census.gov/popclock/). Sherbinin, Carr, Cassels, 

and Jiang (2007) cite statistical predictions that show human population reaching “10.8 

billion and growing rapidly by 2050” (global trends in population and consumption, para. 2). 

At some point in the near future our species’ numbers may outgrow Earth’s capacity to 

sustain us. Earth is an island and it is approaching time for humans to cross the unknown seas 

and discover new lands.  

 Humans are capable of solving the complex problems related to space flight and 

planetary exploration. And in the immortal words of John F. Kennedy we should take up the 

endeavors of exploring and eventually colonizing Mars “not because they are easy, but 

because they are hard.” Exploring Mars will drive innovations that can only benefit 

humanity. But before we can explore and colonize, we will need to solve the aforementioned 

complex problems. One problem in particular that my research aims to help solve is where to 

send the first explorers who will establish the foothold for humanity’s permanent presence on 

Mars. 
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The findings of my research and analysis of locations on the martian surface are similar 

to the kind of work the MEPAG is doing for NASA. It is my hope to use my synthesis of 

geology and GGS mapping techniques to create a GIS poster that will contribute towards 

their goal of choosing the best location for astronauts to be self-sustaining during a 

pioneering first mission to our planet’s red neighbor 225 million km away. 
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