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Abstract

TITLE: A Compositional Analysis of Artificial and Terrestrial

Analog Martian Regolith Simulants

AUTHOR: Beverly Watson Kemmerer

MAJOR ADVISOR: D. P. Batcheldor, Ph.D.

Over the past 50 years, significant advances in the knowledge of the topogra-

phy, climate, and geology of Mars have taken place. The global Martian regolith

composition is highly basaltic, primarily composed of pyroxene, plagioclase, and

olivine, a mixture of Fe oxides and Fe-Ti oxides, and some alteration minerals, i.e.

sulfates, carbonates, and clays. The particle size distribution of Martian regolith

ranges from 1 µm to 1000 µm, with average Martian soil grain sizes being 250 µm

to 300 µm. These regolith properties, as well as geotechnical properties, all play

a part in the outcome of certain in situ resource utilization (ISRU) results. If the

properties of Martian regolith simulants do not correctly match the properties

of the Martian regolith, the ISRU results will not be reliable for translation to

the Martian surface. Therefore, ensuring the accuracy of the Martian regolith

simulant used for ISRU processes is critical for future human exploration missions

to Mars. Obtaining a wide array of Martian regolith analogs for analysis raises
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the likelihood of obtaining and utilizing the most accurate Martian regolith

simulant. The scope of this work is to gather and analyze a variety of Martian

regolith simulants and regolith samples from various terrestrial analog sites using

X-ray Diffraction and Scanning Electron Microscopy/Energy Dispersive X-ray

Spectroscopy for comparison to the Martian regolith composition. This work

chemically and mineralogically analyzed nine terrestrial analog Martian regolith

simulants, JSC-Mars, MMS-1, MMS2, Mojave #4, Mojave #9, Atacama, Andes,

Canary, and Iceland, and three artificial Martian regolith simulants, MGS-1,

MGS-1S, and JEZ-1. Of the twelve Martian regolith simulants analyzed, it was

discovered that the regolith sample from Iceland was the only simulant consistent

with the average composition of the Martian surface.
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Chapter 1

Introduction

Exploration is defined as the act of travelling to a new territory for adventure

or discovery and the act of investigating, studying, or analyzing. Humans are

undoubtedly driven to discover and explore. Exploring, learning, and adapting

are key components of evolution and survival. Curiosity and its consequence,

exploration, seem to be rooted in both human and animal nature. Some of

the earliest evidence of human exploration dates back to 1500 BCE with the

Phoenicians being the first surveyors of the Mediterranean sea and likely the

first people to sail beyond the Strait of Gibraltar into the Atlantic Ocean

[Duchesne 2012; Gaster 2013]. The European Age of Exploration and Discovery

was a ∼300 year period where Europeans were fascinated with exploring the

unknown (or thought to be unknown) places on Earth. This time period housed

famous explorers like Christopher Columbus and Juan Ponce de Leon who were

the first Europeans to explore the Americas [Kelley 1991; Schuman et al. 2005;

Irving 2007] and Ferdinand Magellan who lead the first circumnavigation of the

entire planet [Fitzpatrick & Callaghan 2008].
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The most recent “age of exploration and discovery” was the Space Age; a

period in which the United States and the Soviet Union were in a race to be the

first country to explore and send humans into space. The Space Age officially

began in 1957 with the successful launch of the first artificial satellite, Sputnik

I, by the Soviet Union [Scott & Leonov 2006; McDougall 2015]. The beginning

of the Space Age housed famous explorers like Yuri Gagarin, who was the first

human to leave the planet and enter the realm of space, and Neil Armstrong,

who was the first human to set foot on the Moon. One could argue whether

or not the Space Age ended with the Apollo missions, ended with the shuttle

program, or is still ongoing today.

In recent decades, humans have turned their sights to Mars as the next target

for human exploration. In particular, Mars has become of particular interest

within the scientific community for future habitation because of its similar

composition, geological features, and planetary formation history to Earth

[Sagan & Mullen 1972; Barlow 2008; Carr & Head 2010]. Furthermore, out of

all of the other planets in the Solar System, Mars is certainly the most likely to

be adequate for human habitability [Tosca et al. 2008; Grotzinger et al. 2014].

Although the latest notion of sending humans to Mars and settling a civilization

on the surface might be a new objective, humans have been fascinated with the

red planet for thousands of years.
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1.1 Historical Exploration of Mars

1.1.1 Naked-Eye Observations

Some of the earliest astronomers in ancient Mesopotamia around 500 BCE,

notice the red planet in the night sky and associated it with bloodshed and

war and, therefore, named it after their god of war and pestilence, Nergal

[Sparrow 2014]. Soon to follow, ancient Greek astronomers, who inherited much

of their astronomy from Mesopotamia, named the red planet after Ares, the Greek

god of war [Sparrow 2014]. This association of the red planet with bloodshed

and war still abounds today, as we call the planet Mars, after the Roman god

of war. Furthermore, large valleys (or vallis) on Mars still carry these ancient

terms for Mars in different languages: Ares Vallis (Ares is the Greek name for

Mars), Augakuh Vallis (Augakuh is the Incan name for Mars), and Nirgal Vallis

(Nirgal is the Babylonian name for Mars) [Barlow 2008].

Careful naked-eye observations of Mars’ motion across the night sky with

respect to the celestial sphere (an imaginary sphere around the Earth that the

stars are projected onto) led early astronomers to deduce a few key astronomical

concepts that are the foundations of modern astronomy. First, early astronomers,

like Polish astronomer Nicolaus Copernicus, found that Mars’ sidereal period

(the time it takes a planet to return to the same position relative to the celestial

sphere) is about 687 Earth days (1.88 Earth years) [Barlow 2008]. Copernicus

also found that Mars’ sidereal period (P) is related to its synodic period (S; the

time it takes a planet to return to the same Earth-Sun-planet configuration) by

Equation 1.1 [Freedman et al. 2011]. In fact, this equation holds true for any

planet in an orbit outside of the Earth’s orbit.
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1

P
= 1 − 1

S
(1.1)

Another significant characteristic of Mars’ orbit that early astronomers

noticed is the large retrograde motion (east to west motion of a planet across

the sky with respect to the celestial sphere) Mars exhibits a few months out

of every sidereal period. This retrograde motion could not be explained easily

using the geocentric (Earth-centered) model of the solar system, which was the

widely accepted model at the time. In the geocentric model of the solar system,

the Earth was stationary while the Sun, planets, and stars orbited around the

Earth. In order to explain retrograde motion using the geocentric model of the

solar system, it required the use of hundreds of small circles (epicycles) upon

larger orbital circles (deferents) [Barlow 2008]. However, Copernicus realized

that the retrograde motion could be explained simply and beautifully if one were

to instead use a heliocentric (Sun-centered) model of the solar system instead of

the accepted geocentric model, which led him to propose this new idea in 1543

[Sparrow 2014]. In the heliocentric model, the Sun is stationary while all of the

planets in the solar system, including the Earth, orbit around it. In this model,

retrograde motion occurs simply when one planet catches up to and overtakes

the other planet during their orbits around the Sun. At the time, however,

the idea of a heliocentric model and an orbiting, rotating Earth was extremely

controversial in both the scientific and religious community and was not widely

accepted for some time [Freedman et al. 2011].

In the late 16th century, a Danish astronomer by the name of Tycho Brahe set

out to chart the motion of Mars in more detail than ever before [Sparrow 2014].

Brahe’s use of state-of-the-art instruments to measure the positions of astronomi-
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cal objects led to measurements with an accuracy of 1 arcminute ( 1
60

of a degree),

which is as accurate as a naked-eye observation can get [Freedman et al. 2011].

From 1576 to 1597, Tycho Brahe used his instruments to compile very accurate

and voluminous observations of Mars’ celestial position, as well as many other

celestial measurements [Freedman et al. 2011]. Brahe, however, still hung on

to a non-heliocentric model of the solar system. So, it wasn’t until he acquired

a German assistant by the name of Johannes Kepler that the truth about the

motion of the planets would be extracted from the reams of data that Brahe

had collected.

At the start of the 17th century, Johannes Kepler took on the task of finding

a simple model of the solar system and planetary motion that completely agreed

with Brahe’s meticulous and extensive measurements of planetary motions. He

found, however, that in order to accomplish this, he had to break free of the

ancient geocentric model of the solar system. Not only did he break free of the

old geocentric model of the solar system, but he also broke free of the ancient

belief that orbits were perfect circles. This belief came from the idea that a

perfect God created the stars and planets and the motion of these objects must

be perfect too [Freedman et al. 2011]. Therefore, breaking from this notion was

interpreted by religious groups as stating that God was not perfect. Nonetheless,

in 1609, Johannes Kepler published his findings, which is now known as Kepler’s

First Law: The orbit of a planet about the Sun is an ellipse with the Sun at

one focus [Freedman et al. 2011]. The motion of Mars, being one of the most

highly eccentric (elliptical) orbits in the solar system, undoubtedly contributed

to Kepler’s discovery of elliptical orbits. Furthermore, Kepler continued to use

this data and published his second law in 1609, which states a line joining a
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planet and the Sun sweeps out equal areas in equal intervals of time, and his

third law in 1618, which states the square of the sidereal period (in years; yr) of a

planet is directly proportional to the cube of the semimajor axis (in Astronomical

Units; AU) of the orbit and is given by Equation 1.2 [Freedman et al. 2011].

P 2[yr] = a3[AU ] (1.2)

Kepler’s Laws of Planetary Motion are still used in modern day astronomy

and their discovery is considered a landmark in the history of physics and

astronomy. Hence, the careful studies of the motion of Mars led to a revolution

in astronomy. Around the same time, in 1610, another revolution was occurring;

the invention and utilization of the telescope for astronomical observations

[Sparrow 2014].

1.1.2 Telescopic Observations

The invention on the telescope by Dutch opticians in the first decade of the

17th century changed astronomy forever [Freedman et al. 2011]. Galileo Galilei

was the first person to point this newly invented telescope at the sky to aid

in observing the planets and other astronomical objects. Beginning in 1610,

he saw sights no one had ever seen before as he discovered mountains on the

moon, sunspots on the Sun, the rings of Saturn, and he was able to decipher

that the Milky Way was not just a featureless band of light, but rather “a mass

of innumerable stars” [Freedman et al. 2011]. Furthermore, his discovery that

Venus exhibited the full range of phases, like the Moon, and that Jupiter had

its own moons orbiting it further aided in providing proof for a heliocentric
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model of the solar system. Finally, he made the first telescopic discovery of

Mars, that the red planet sometimes exhibited a gibbous (50%-99% lit disk)

phase [Barlow 2008], but it was only the beginning of the discoveries of Mars

that would come from the use of a telescope.

The invention of larger telescopes slowly coaxed more information from the

enticing planet, which was discovered to be more and more like the Earth than

any other planet in the solar system. In 1659, the first albedo markings of

the surface were recorded and published by Dutch astronomer and physicist

Christiaan Huygens, whose map showed a dark spot which was likely Syrtis Major

(see Figure 1.1) [Barlow 2008]. A few years later, in 1666, Giovanni Cassini

refined Huygens’ albedo map and determined that the rotation period of Mars,

the equivalent of a Sol, was 24 hours and 39 minutes, just 3 minutes different

from today’s accepted value [Sparrow 2014]. Cassini was also the first to notice

and report, in 1666, on the bright polar caps (see Figure 1.2) [Barlow 2008].

Cassini’s nephew, Giacomo Maraldi, made detailed observations of Mars during

the favorable opposition of 1719, in which he discovered the southern polar cap

was not centered on the rotational pole, the polar caps and equatorial dark areas

displayed temporal variations, and that a dark band occurs appears around a

receding polar cap, which he interpreted as melt water [Barlow 2008].

From 1777 to 1783 Sir William Herschel made numerous new discoveries about

Mars. He was the first to determine that Mars’ rotational axis was tipped ∼30o

from the perpendicular of its orbit [Barlow 2008]. This discovery, along with his

confirmation that the polar caps varied in brightness from year to year, showed

that Mars experiences seasons [Sparrow 2014], similar to the Earth. He also recal-

culated the red planet’s rotation period and found it to be 24 hours, 39 minutes,
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Figure 1.1: Image of the dark spot Syrtis Major from the NASA Image and Video Library
taken by the Mars Global Surveyor orbiter. NASA Image ID: PIA08080

Figure 1.2: Images of the Martian polar caps from the NASA Image and Video Library
taken by the Viking orbiters. Left: NASA Image ID: PIA00193. Right: NASA Imaged ID:
PIA00197.
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and 21.67 seconds [Barlow 2008]. Finally, he deduced the presence of a thin atmo-

sphere after observing changes he saw in the planet and attributing them to clouds.

These clouds were primarily white clouds and are now known to be composed of

ice particles. In 1809, Honoré Flaugergues was the first to report the yellow clouds

[Barlow 2008], which are now known to be clouds of dust or Martian dust storms,

which have been extensively studied since their discovery [Capen & Martin 1971;

Gierasch 1974; Conrath 1975; Toon et al. 1977; Pollack et al. 1979; Zurek 1982;

Haberle et al. 1982; Clancy et al. 2000; Cantor et al. 2001; Cantor 2007]

[Kok et al. 2012; Lemmon et al. 2015; Wang & Richardson 2015].

Breakthroughs in the design of optical instruments coupled with the close

approach of Earth and Mars in 1830 brought major advances in our understand-

ing of Mars. The first attempted complete map of Mars derived from these

observations was published in 1840 (see Figure 1.3) by German astronomers

Wilhelm Beer and Johan von Mädler [Barlow 2008]. This was also the first map

to establish a latitude-longitude system for the planet, with the zero longitude

line defined through a small, very dark spot, now known as Sinus Meridiani

(labelled “a” in Figure 1.3). This “Greenwich of Mars” remains the prime

meridian to this day. Furthermore, Beer & Mädler (1841) redefined the rotation

period of Mars to 24 hours 37 minutes and 22.6 seconds, which is within 0.1

second of the currently accepted value [Barlow 2008].

Another close approach of the Earth and Mars in 1877 resulted in a surge of

new discoveries, among which was the discovery of Mars’ two moons, Phobos

and Deimos, by Asaph Hall [Sparrow 2014]. Another significant observation was

of thin, dark lines crossing the Martian surface by Giovanni Schiaparelli, who

termed these lines “canali.” The word “canali” means channel, which is a generic
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Figure 1.3: Image of the first complete map of Mars by Beer & Mädler in 1840. Image from
[Beer & Mädler 1841].

term for a natural feature which can be formed by flowing liquid/ice, wind, or

tectonics [Barlow 2008]. This word, however, was mistranslated into the world

“canal,” which indicates an artificial waterway made by intelligent beings. This

idea of canals on Mars amplified and propagated the notion of life on Mars, a

concept that is still significantly investigated today. Schiaparelli mapped these

“canali” (see Figure 1.4) and created a nomenclature system for the Martian

features he saw, on which our current nomenclature system is currently based

off [Schiaparelli 1878].

The notion of canals on Mars, the discovery of Martian seasons, and the

revelation of an atmosphere and polar caps on Mars all fuelled the idea that life

existed on Mars. Furthermore, intriguing observations of seasonal darkening and

lightening of the northern and southern hemispheres as the polar caps changed

also fuelled these ideas. As one hemisphere’s polar cap began to recede, the

area immediately surrounding the polar cap would become noticeably darker.

10



Figure 1.4: Image of the map of the “canali” on Mars by Schiaparelli in 1877. Image from
[Schiaparelli 1878].
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As the cap would continue to recede, the darkening would extend more towards

the equator. Similarly, as the cap would begin to grow during the next season,

the darkening would slowly reverse itself and the hemisphere would undergo

brightening from the equator toward the poles. Most people attributed this

darkening as the greening of vegetation on Mars as the polar caps melted.

A wealthy Bostonian by the name of Percival Lowell was particularly fasci-

nated by the notion of vegetation and canals on Mars. His interpretation of the

observations of Mars began with an early, thick Martian atmosphere that slowly

began to escape the gravity of the small planet. As the atmosphere escaped

the planet, water became scarce and the Martians moved closer to the equator

and constructed the canals to funnel water from the poles to the equator where

the majority of the population lived. Lowell noted that the canals that the

Martians built would probably be too small for observation and that it was

much more likely that the canals that he was seeing were actually the vegetation

surrounding the canals. Lowell’s public lectures on the matter always drew large,

enthusiastic crowds and even inspired a few science fiction books. However, many

astronomers were not convinced that the canals existed and insisted that the

canals were just optical illusions of the eye connecting the blotchy patterns. It

was not until spacecraft exploration of Mars in the 1960s that astronomers were

finally able to kill the notion of canals and vegetation on Mars and discovered

that the darkening of the hemispheres were due to movement of dust across the

planet by seasonal winds [Barlow 2008].

The dawn of the Space Age in 1957 brought with it a new objective and

a potential new approach to observing Mars. The first attempt to send a

spacecraft to Mars began in 1960 with the Soviet Union mission named Mars

12



1960A launching a vehicle designated Korabl 4 on October 10th [Stooke 2012].

The mission objective was to fly an 850 kg probe past Mars at close range,

but the mission failed as the spacecraft was unable to reach orbit. The first

successful launch into a Mars-bound orbit was achieved by Mars 1, a spacecraft

launched by the Soviet Union on November 1, 1962 [Stooke 2012]. While the

894 kg spacecraft made it to the intended flyby orbit of Mars, the radio failed

on March 21 1963 at a distance of 106 million km from Earth, a record at the

time [Barlow 2008; Stooke 2012]. The intended flyby was scheduled to happen

on June 19, 1963, a little less than 3 months after the radio communications

failed.

In 1963, NASA’s (National Aeronautic and Space Administration) Office

of Space Sciences began a study of a series of missions to Mercury, Venus and

Mars, called the Mariner program [Stooke 2012]. This program involved a series

of orbiters and landers that were to be launched between 1969 and 1973. The

entities began studying various landing sites and time frames for studying the

darkening and lightening events, as well as the canals, on Mars. The first NASA

Mars probe was called Mariner 3 and the goal was to fly past Mars at close range,

taking images and studying the Martian atmosphere. However, the mission did

not go as planned and the spacecraft did not end up in the correct orbit, making

a Mars flyby impossible.

1.1.3 Successful Flybys and Orbiters

Launched by the United States on November 28, 1964, Mariner 4 was the first

successful flyby mission of the planet Mars [Barlow 2008]. After 228 days, the

261 kg spacecraft flew past Mars on July 15, 1965 and returned the first close-up

13



Figure 1.5: The first images of the Martian surface taken by the spaceccraft Mariner 4
during the 1965 flyby. Images from the NASA Image and Video Library. Left: NASA Image
ID: PIA14032. Right: NASA Image ID: PIA02979.

photographs of the Martian surface (see Figure 1.5) [Stooke 2012]. The scientific

payload of of the spacecraft consisted of meteoroid, charged particle, and cosmic

ray detectors, a magnetometer, and a single TV camera on a platform. The

flyby mission showed that instead of vegetation covered canals, the planetary

surface hosted numerous craters and valleys.

On February 25, 1969, the United States launched another successful flyby

mission to Mars, Mariner 6. Mariner 6 was a 413 kg upgraded version of Mariner

4 with greatly improved instruments [Stooke 2012]. Mariner 6 flew by Mars at a

distance of 3431 km on July 31, 1969, just a week after the Apollo 11 astronauts

returned safely to the Earth after the first landing on the Moon. A mere month

after the launch of Mariner 6, on March 27, 1969, the United States launched

another successful Martian flyby spacecraft, Mariner 7. Mariner 7 was identical

to Mariner 6 and it flew by Mars on August 5th, 1969 [Stooke 2012].

Another successful Mars spacecraft mission was launched in 1971 by the
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United States. On May 30, 1971, the 998 kg Mariner 9 was launched from Cape

Canaveral, Florida and reached Martian orbit on November 14, 1971. Mariner 9

was assigned a global mapping goal, which was essential for Viking 1 & 2 landing

site selections. The spacecraft’s mission was only intended to last 3 months, but

ended up lasting 11 months, almost four times longer than planned. By April 2,

1972, Mariner 9 had taken 6876 images of the Martian surface, covering about

85% of the planet [Stooke 2012]. Although Mariner 9 was launched after the

Soviet Union’s Mars 2 and Mars 3, it arrived before them and became the first

spacecraft to orbit Mars.

Mars 2, launched by the Soviet Union on May 19, 1971, carried the first

probe to enter the Martian atmosphere and reach the surface, but the lander

failed [Barlow 2008; Stooke 2012]. The Mars 2 orbiter was intended to study the

Martian surface and to serve as a communication relay for the Mars 2 lander and

Earth. After the lander’s failure, it is not clear how many images the orbiter took

because none have been released by the Soviet Union. Mars 3 was identical to

Mars 2 and was launched by the Soviet Union on May 28, 1971. The Mars 2 and

Mars 3 orbiters provided data until May 1972 on atmospheric composition and

pressure, surface temperatures, and a weak magnetic field. About 60 images were

said to have been returned from the two orbiters combined, although none have

ever been released. The Mars 3 lander successfully landed on the Martian surface

and returned data for approximately 20 seconds before transmission stopped. A

global dust storm at the time of landing might have contributed to the loss of

the lander [Stooke 2012]. However, because it successfully landed on the surface,

the Mars 3 lander was the first successful landing on an extraterrestrial planet.

On July 21, 1973, the Soviet Union launched Mars 4, a spacecraft that was
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again intended to be an orbiter, but was deemed unsuccessful when the spacecraft

failed to park itself into Mars orbit. A few days after the Mars 4 launch, the

Soviet Union launched Mars 5, a twin to Mars 4. Mars 5 was successfully parked

in Martian orbit, but only lasted about 22 orbits before failing due to a loss

of pressure in one of the compartments [Stooke 2012]. The two landers that

accompanied Mars 4 and Mars 5, named Mars 6 and Mars 7, will be discussed

in Section 1.1.4.

On August 20, 1975, the United States launched Viking 1, a Martian or-

biter/lander combination. The 2328 kg Viking 1 orbiter was designed to obtain

high resolution images of the Martian surface to help find a safe landing site for

its accompanying lander and to operate in orbit as a communication relay for

the lander. On June 19, 1976, the orbiter finally arrived at the red planet and

parked itself into orbit. After operating in Mars orbit for 4.1 years and taking

almost 35000 images, the orbit far exceeded its initial goals. On August 7, 1980,

the Viking 1 orbiter was shut down after it was placed in an orbit that should

delay Martian atmosphere entry until 2025 [Stooke 2012]. The Viking 1 lander

will be discussed in Section 1.1.4.

On September 9, 1975, Viking 2, the twin system to Viking 1, was launched

from Cape Canaveral, Florida. Viking 1 entered the Martian orbit and began

its mission, which was also to take high resolution images of the Martian surface

to find a safe landing site for the Viking 2 lander and to act as a communication

relay for the lander. After almost 3 years in operation and over 15000 images of

the Martian surface returned, the Viking 2 orbiter finally was shut down on July

25, 1978. The Viking 2 orbiter is expected to burn up in the year 2025. The

Viking 2 lander will be discussed in Section 1.1.4. Together, the Viking 1 and

16



Viking 2 orbiters mapped the entire Martian surface in over 50000 total images

(see Figure 1.6).

After the successful missions of the Viking 1 & 2 orbiters and landers in the

1970s and early 1980s, there wasn’t another successful mission to Mars until the

launch of the Mars Global Surveyor (MGS) orbiter on November 7, 1996. The

science mission goals of the 1030 kg MGS spacecraft were high-resolution imaging,

topographic mapping with a laser altimeter (the Mars Orbiter Laser Altimeter;

MOLA), gravity mapping from radio tracking, climate monitoring, composition

measurements of the surface and the atmosphere (by the Thermal Emission

Spectrometer; TES), and planetary magnetic field studies [Stooke 2012]. The

spacecraft began its orbit insertion on September 12, 1997 and started its global

mapping on March 9, 1999. The orbiter produced over 243000 images and

operated in Martian orbit for 9 years, greatly exceeding its initial design lifetime

(see Figure 1.7).

Some of the important science products that came from MGS include the

first global map of magnetic anomalies and the mapping of the Martian surface

by the TES, which revealed that the average surface composition is basaltic.

MGS also identified interesting areas for future landing sites, like Meridiani

Planum. Meridiani Planum was discovered to have large deposits of hematite,

which strongly indicated the possibility of water action in the area. Consequently,

Meridiani Planum became the target landing site for the Mars Exploration Rover

Opportunity mission in 2004. MGS also imaged the entry, decent, and landing

of the Mars Exploration Rover Spirit in 2004. Furthermore, MGS imaged all

landing sites, past, present, and future, in unprecedented detail, which allowed

future landing site certification and rover route planning for the first time ever.
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Figure 1.6: Images of the Martian surface taken by the Viking orbiters. Images from the
NASA Image and Video Library. Top: Color image composite of the Coprates region taken by
the Viking 1 orbiter. NASA Image ID: PIA00178. Bottom: Image of the Tharsis region taken
by the Viking 2 orbiter. NASA Image ID: PIA00151
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Communications with MGS were lost on November 2, 2006 and the orbiter

should stay in orbit around Mars until about 2046 [Stooke 2012].

On April 7, 2001, the 2001 Mars Odyssey orbiter was launched by the United

States from Cape Canaveral, Florida. The main goal of the Mars Odyssey was

to conduct a mineralogical survey of the surface of Mars from orbit, using a TES

and a Gamma-Ray Spectrometer (GRS), and to characterize the climate and

geology of the red planet, using infrared and visible multispectral imaging by

the Thermal Emission and Imaging System (THEMIS) [Stooke 2012]. In later

years, the orbiter was used as a communications relay for the Mars Exploration

Rovers. The 376 kg spacecraft entered Martian orbit on October 24, 2001 and is

still in operation as of this writing. On December 15, 2010, Odyssey became the

longest operating Mars orbiter when it surpassed the previous record lifetime of

3340 days set by the Mars Global Surveyor [Stooke 2012]. A few striking images

from the THEMIS istrument aboard Odyssey are shown in Figure 1.8.

Launched on June 2, 2003, Mars Express is the first European Space Agency

(ESA) mission to Mars and is a combination of an orbiter and a lander. The goals

of Mars Express were to obtain high-resolution images of the Martian surface

and to map the mineralogy and study subsurface structures with a sounding

radar. The lander, Beagle 2, was released from the orbiter on December 19, 2003,

and was expected to land on December 25, but no signals were ever received

from the lander and it was presumed to have crashed [Stooke 2012]. Since then,

in 2015, the Mars Reconnaissance Orbiter imaged the lander and determined

that two of the its four solar panels failed to deploy, which blocked the lander’s

communications antenna [Stooke 2016]. The Mars Express mission was only

expected to last a year, but the orbiter is the second longest running mission, as

19



Figure 1.7: Images of the Martian surface taken by the Mars Global Surveyor. Images
from the NASA Image and Video Library. Top Left: Image shows dark streaks created by
dust devils on a plain southwest of Hellas Planitia. NASA Image ID: PIA02162. Top Right:
Images of a complex pattern of intersecting and overlapping troughs in the Olympica Fossae
region. NASA Image ID: PIA08085. Bottom Left: Images showing a host of gullies in Lyell
Crater. NASA Image ID: PIA02151. Bottom Right: Images show the floors and walls of a
small portion of the Nirgal Vallis. NASA Image ID: PIA03657.
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Figure 1.8: Images of the Martian surface taken by the 2001 Mars Odyssey orbiter. Images
from the NASA Image and Video Library. Left: Image shows the impressive Bacolor Crater,
about 12 miles (20 km) wide. NASA Image ID: PIA13664. Right: Image shows teardrop
extensions around impact craters in Ares Vallis. NASA Image ID: PIA13653.

it is still in operation as of the time of this writing.

On August 10, 2005, the Mars Reconnaissance Orbiter (MRO) was launched

from Kennedy Space Center, Florida. MRO was designed to characterize the

planet’s climate, to use one of the highest-resolution cameras to reach Mars to

study and identify future landing sites, and to analyze the surface composition

from orbit and at high resolution (see Figure 1.9). The 1030 kg spacecraft

contains a very high resolution camera, called High Resolution Imaging Science

Experiment (HiRISE), a Mars Color Imager (MARCI) to monitor clouds and

dust storms, a visible/near-infrared spectrometer to study surface composition

(using the Compact Reconnaissance Imaging Spectrometer for Mars; CRISM),

and an infrared radiometer for atmospheric studies (the Mars Climate Sounder;

MCS) [Stooke 2016]. As of the date of this writing, MRO is still successfully in
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operation around Mars.

1.1.4 Successful Landers and Rovers

The Viking 1 lander was released from its orbiter on July 20, 1976, on the

seventeenth anniversary of the Apollo 11 moon landing. The Viking 1 lander

touched down successfully on the Martian surface a few hours later, in the

Chryse Planitia region, and began transmitting the first image only 25 seconds

later [Stooke 2012] (see Figure 1.10). The Viking landers were equipped with

a gas chromatograph mass spectrometer (GCMS) for atmospheric and organic

chemistry analysis and an X-ray fluorescence spectrometer (XRFS) for inorganic

chemistry analysis. The landers also consisted of a biology lab consisting of

various experiments. The Viking 1 lander operated for 2245 Sols until November

13, 1982 when a bad command from the operating team on Earth inadvertently

ended the mission [Stooke 2012].

A separation attempt between the Viking 2 orbiter and the Viking 2 lander

was made on September 3, 1976, however, it experienced various problems and

wasn’t physically released until March 3, 1976. The lander touched down in

Utopia Planitia, 44 Sols after the Viking 1 lander touchdown, and immediately

started imaging the surface (see Figure 1.11). Equipped with the same instru-

ments as the Viking 1 lander, the Viking 2 lander operated on the surface of

Mars for 1281 Sols [Stooke 2012]. The mission ended on April 11, 1980 when

the lander was powered down after it was discovered that the battery could no

longer store power for operations.

On December 4, 1996, the United States launched the Mars Pathfinder

mission. The small Sojourner rover was the first rover to operate successfully
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Figure 1.9: Images of the Martian surface taken by the Mars Reconnaisance Orbiter. Images
from the NASA Image and Video Library. Top: An enhanced-color image of a bedrock near
Valles Marineris. NASA Image ID: PIA22238. Center: An image of an impact crater. NASA
Image ID: PIA21758. Bottom: An image showing gullies on a steep slope. NASA Image ID:
PIA21605.
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Figure 1.10: Images of the Martian surface taken by the Viking 1 lander. Images from the
NASA Image and Video Library. Top: The first image taken on the Martian surface. NASA
Image ID: PIA00381. Bottom: The first color image taken by the Viking 1 lander. NASA
Image ID: PIA00563.
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Figure 1.11: Images of the Martian surface taken by the Viking 2 lander. Images from the
NASA Image and Video Library. Top: The first image taken by the Viking 2 lander on the
Martian surface. NASA Image ID: PIA00396. Bottom: The first color image taken by the
Viking 2 lander. NASA Image ID: PIA00568.
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on the surface of Mars. Despite the very limited budget of the mission, the

rover was equipped with some science instruments, including an Alpha Particle

X-ray Spectrometer (APXS) to obtain chemical analyses of rocks [Stooke 2012].

The main objectives of the rover were to test rover operations and to perform

chemical analyses of rocks and regolith on the surface. The rover operated on

the Martian surface for 83 Sols and traversed about 100 meters from the lander

(see Figure 1.12). Towards the end of the Pathfinder missions, the rover’s battery

failed and was only operating on solar power. The last transmission from the

rover was received on Sol 93 of the mission, in September of 1997. Attempts at

re-establishing communication with the rover were stopped on March 10, 1998

and thus signalled the end of the mission.

On June 10, 2003, the United States launched the Mars Exploration Rover

A (MER-A) mission, or the Spirit Rover, and on July 7, 2003, they launched

its twin, MER-B, or the Opportunity Rover. The MER mission consisted of

two identical rovers, named Spirit and Opportunity, which had the primary

science goals of investigating the geology and past environmental conditions and

habitability of their chosen landing sites because they showed possible evidence

of past water activity. The rovers were designed for a lifetime of 90 days and

a range of about 600 m, both of which exceeded all of these. The science

instrument package (Athena) on these rovers consists of an APXS, a Mössbauer

Spectrometer (MB), a Microscopic Imager (MI), and the Rock Abrasion Tool

(RAT), which can dust off and cut into rocks of interest [Squyres et al. 2003].

MER-A (Spirit) arrived at Mars on January 4, 2004, at which time the

cushioned spacecraft bounched and rolled across the surface and came to a rest

safely at its landing site, Gusev Crater. For the next 6 years, an impressive 2211
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Figure 1.12: Images of Mars Pathfinder and the Sojourner rover on Mars. Images from the
NASA Image and Video Library. Top: Image of the first mobile rover on the Martian surface.
NASA Image ID: PIA01120. Bottom: Traverse map of the Sojourner rover on Mars. NASA
Image ID: PIA01238.
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Sols, the Spirit Rover collected regolith composition data, atmosphere and dust

data, and a host of geological data (see Figure 1.13). The Spirit rover travelled a

total distance of 4.8 miles (7.7 km) over its mission lifetime, which lasted about

24 times longer than it was designed to. The rover finally got stuck during its

last drive and succumbed to power failure issues and a loss of communication

on March 10, 2010, at which time the mission was declared over.

MER-B (Opportunity) was launched from Cape Canaveral, Florida on July

8, 2003 and landed successfully on the surface of Mars on January 25, 2004,

at its landing site, Meridiani Planum. On May 20, 2010, Opportunity became

the longest surviving lander on Mars when it surpassed the record of 2245 Sols,

held by the Viking 1 lander. Similarly to Spirit, the Opportunity Rover has

spent the last decade collecting regolith composition data, atmosphere and dust

data, and a host of geological data (see Figure1.14). Being the twin to the Spirit

Rover, Opportunity was also only designed to travel 600 meters and last 90 Sols.

However, the rover functioned on the surface of Mars for more than 5300 Sols,

or more than 15 Earth years, and travelled more than 28 miles (45 km). In June

2018, a global dust storm on Mars caused Opportunity to power down into safe

mode, because of the lack of power being received via the rover’s solar panels.

After the global dust storm subsided, in September 2018, NASA attempted

to restablish communication with the hibernating rover. However, the rover

was never heard from again. Scientists believe the rover either experienced a

catastraphic failure during the dust storm or that a layer of dust had covered

its solar panels. In February 2019, NASA officially declared the rover dead and

ceased attempts to communicate with it.

On August 4, 2007, the United States launched another Martian lander,
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Figure 1.13: Images from the surface of Mars taken by the MER Spirit Rover. Images from
the NASA Image and Video Library. Top: Self-portrait image taken by the Spirit Rover
from April to October of 2006. NASA Image ID: PIA16442. Bottom: False-color image of
a mysterious, sparkly, dust-like material seen by the Spirit Rover on June 20, 2004. NASA
Image ID: PIA06358.
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Figure 1.14: Images from the surface of Mars taken by the MER Opportunity Rover. Images
from the NASA Image and Video Library. Top: Self-portrait image taken by the Opportunity
Rover. NASA Image ID: PIA18079. Bottom: Panoramic view of Marathon Valley, Mars.
NASA Image ID: PIA20749.
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named the Mars Phoenix Lander. Phoenix arrived at Mars on May 25, 2008 and

was the first successful landing near a Martian Polar region. This high latitude

landing zone was chosen because the polygonal patterned topography, as seen

by many of the Martian orbiters, which resembles the topography of terrestrial

permafrost polar and high latitude regions [Mellon et al. 2009a]. The major

components of Phoenix’s science instrument package included a Microscopy,

Electrochemistry, and Conductivity Analyzer (MEGA), a Thermal and Evolved

Gas Analyzer (TEGA), a Canadian meteorological station (MET), and a Wet

Chemistry Lab (WCL). For a total of 151 Sols, Phoenix collected and analyzed

dirt samples and observed atmospheric events like dust storms (see Figure 1.15).

One of the major discoveries that resulted from the Phoenix mission was the

announcement of a shallow water ice table and night time appearances of frost

[Smith et al. 2009]. Furthermore, trenches dug for soil sample analysis exposed

some of this icy material (see Figure 1.15), which was then seen to sublimate

into the atmosphere because of the atmospheric conditions present on the red

planet [Mellon et al. 2009b]. On November 2, 2008, the last communications

were received from the Phoenix lander and the mission was declared over a few

days later.

On November 26, 2011, the Mars Science Laboratory (MSL) Curiosity Rover

was launched from Cape Canaveral, Florida. The 750 kg rover is equipped with

a large amount of science instruments that includes the Dynamic Albedo of

Neutrons (DAN), a Russian instrument, the Mars Hand Lens Imager (MAHLI),

the APXS for regolith composition analysis, a scoop and rock drill tool used

for collecting samples, the Sample Analysis at Mars (SAM) instrument, and

the Chemistry and Mineralogy (ChemMin) X-ray diffraction/X-ray fluorescence

31



Figure 1.15: Images from the surface of Mars taken by the Phoenix Mars Lander. Images
from the NASA Image and Video Library. Left: Phoenix opens its eyes and takes a picture
of the Martian landscape. NASA Image ID: PIA10690. Right: Phoenix takes a picture of a
lump on ice on the Martian surface. NASA Image ID: PIA10910.
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instrument to identify minerals [Grotzinger et al. 2012]. The Curiosity Rover

touched down on the Martian surface on August 6, 2012 in Gale Crater, Mars.

The Curiosity Rover has made numerous measurements of regolith compositions,

and geologic and atmospheric observations. To date, the Curiosity Rover is

still in working condition on the surface of Mars, has been performing science

operation for over 2500 Sols and has travelled over 13 miles (21 km) (see Figures

1.16 and 1.17).

On May 5th, 2018, the Interior Exploration using Seismic Investigations,

Geodesy, and Heat Transport (InSight) lander was launched from Vandenberg Air

Force Base in California. The 360 kg lander is equiped with three primary science

instruments: 1.) the Seismic Experiement for Interior Structure (SEIS), which

studies waves, thumps, and vibrations on Mars created by marsquakes, meteorite

impacts, and even weather phenomena like dust storms, 2.) the Heat Flow and

Physical Properties Package (HP3), which burrows down almost 5 meters into the

Martian surface and measures the heat coming from Mars’ interior, and 3.) the

Rotation and Interior Structure Experiment (RISE), which measures how much

Mars’ north pole wobbles as it orbits the sun to determine detailed information

about Mars’ core structure [Panning et al. 2017; Lognonné et al. 2019]. InSight

landed in Elysium Planitia on November 26, 2018, and recorded its first ever

likely marsquake on April 6, 2019. The lander’s primary mission duration is ∼2

Earth years, with the end of the primary mission scheduled for November 2020.
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Figure 1.16: Self-portrait of the Curiosity Rover near Mount Sharp. Image from the NASA
Image and Video Library. NASA Image ID: PIA20602.
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Figure 1.17: Image of Gale Crater, Mars taken by the Mars Odyssey orbiter. Images from
the NASA Image and Video Library. Top: Curiosity imaging a drill site named Mojave 2.
NASA Image ID: PIA19115. Bottom: Curiosity imaging a sample site named John Klein.
NASA Image ID: PIA16568.
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1.2 Future Exploration of Mars

During the first 50 years of the Space Age, Mars became an explored world of

known geology and meteorology. It is thrilling to envision how our knowledge of

Mars will grow in the next 50 years. Mars has been in NASA’s strategic plan

for decades. The NASA strategic plan that was released in 2018 is no different,

with future sights set on sending more rovers and science instruments to the red

planet for various studies and building a gateway at the Moon that will serve as

a stopping point for a future crewed mission to Mars.

In preparation for future crewed missions to Mars, NASA is developing

another rover mission to the Martian surface called “Mars 2020”, which is a

part of NASA’s ongoing Mars Exploration Program. As the name suggests, the

mission is aiming for a launch opportunity in July/August of 2020. The rover

will not only continue the search for signs of past microbial life and continue to

characterize the climate and geology of the planet, but it is also set to study the

availability of Martian resources, including oxygen, that could be used in-situ

resource utilization (ISRU) processes.

The Mars 2020 science goal of exploring ISRU resources on Mars is a part

of a larger exploration goal to get humans to Mars within the next 20 years

[Moses & Bushnell 2016]. The human mission to Mars will be an extremely

difficult and arduous task, however. First, the crew will have long-term ex-

posure to space radiation, which can be very damaging to the human body

[Straube et al. 2010; Ding et al. 2013; Delp et al. 2016]. Not only will they be

exposed to radiation on the cruise to Mars, but Mars also has no global magnetic

field to deter the charged particles [Freedman et al. 2011]. Second, long term

exposure to weightlessness has been shown to have negative effects on the human
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body [Zérath 1998; Blaber et al. 2010; Paulsen et al. 2014]. The crew will expe-

rience weightlessness while on the flight to Mars and will experience less weight

while on the surface of Mars, which has only about 0.3g [Freedman et al. 2011].

Third, any human mission to Mars would require the crew to have the ability to

withstand the arid, dusty Martian environment.

Mars has an arid, desert-like climate and landscape with an average tem-

perature of -33oC (240 K) [Barlow 2008], with recent observations by the

MER Spirit rover of a low of -97oC (176 K) in the winter at the equator

and 35oC (308 K) in the summer at the equator [Stooke 2016]. Further-

more, winter lows at the poles have been observed to reach -140oC (133 K)

[Freedman et al. 2011]. The potentially harsh temperature extremes are not the

only weather related challenges humans on Mars will face. Mars, being a dry and

dusty planet, commonly has blinding dust storms, some that engulf the entire

plane [Capen & Martin 1971; Gierasch 1974; Conrath 1975; Toon et al. 1977;

Zurek 1982; Haberle et al. 1982; Clancy et al. 2000; Cantor et al. 2001]

[Kok et al. 2012; Wang & Richardson 2015; Lemmon et al. 2015]. These dust

storms will not only disrupt any extra-vehicular operations on the planetary

surface, but could also be responsible for any number of equipment failure issues

due to dust accumulation [Perez-Davis et al. 1991]. Dust storms and, conse-

quently, the accumulation of dust on vital equipment has already been a problem

for past missions to Mars (see Figure 1.18) [Stooke 2012; Lemmon et al. 2015;

Stooke 2016]. Due to the lower solar panel efficiencies, many rovers have had to

stop all science operations and power down into safe mode during dust storms.

Unfortunately, some rovers never wake up again after this power down, most

likely due to dust accumulation on their solar panels.
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Figure 1.18: Self-portrait of the Opportunity Rover before and after dust was cleared from
its solar panels. Images from the NASA Image and Video Library. Left: Dusty Opportunity
Rover. NASA Image ID: PIA15115. Right: Newly cleaned Opportunity Rover. NASA Image
ID: PIA18079.
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Finally, possibly the biggest hurdle for a human mission to Mars is the avail-

ability of resources that are necessary for human survival. For example; water,

food, breathable Oxygen, and shelter are just a few of the many requirements a

human needs to survive in a harsh, extraterrestrial environment. However, the

quantity of these resources needed to support a human presence is too massive to

simply be transported from Earth whenever they are required. For example, ac-

cording to the NASA Human Exploration of Mars Design Reference Achitecture

5.0 [NASA 2009], a future human mission to Mars will require 6 crew members

with a total mission time of 2.5 years round-trip. Furthermore, the amount of

mass needed for life support per person per day is listed in Table 1.1. Using these

numbers, the mass of life support supplies needed for a future human mission

to Mars are 27,554 kg. The initial configuration of the Space Launch System

(SLS) can only send 26,000 kg to lunar orbit [NASA 2019]. Therefore, one SLS

mission will not be able to carry the amount of life support supplies needed to

send 6 crew members on a 2.5 year round-trip mission to Mars. Furthermore,

mission costs are highly proportional to the amount of mass initially placed

in orbit [Moses & Bushnell 2016], so to minimize mission costs, the amount of

mass coming from the surface of the Earth needs to be minimized.

In-Situ Resource Utilization (ISRU) will be one solution to this problem.

ISRU is “the collection, processing, storing and use of materials encountered in

the course of human or robotic space exploration that replace materials that

Table 1.1: Life requirements in space [NASA 1991].

kg per person per day
Oxygen 0.84
Drinking Water 1.62
Dried Food 1.77
Water for Food 0.80
Total 5.03
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would otherwise be brought from Earth” [Sacksteder & Sanders 2007]. In other

words, human beings sent to Mars will need to utilize every resource available,

in order to minimize the quantity of resources that need to be transported.

The purpose of ISRU is to “harness and utilize space resources to create prod-

ucts and services which enable and significantly reduce the mass, cost, and

risk of near-term and long-term space exploration” [NASA 2005]. Some ISRU

methods that are already being studied include extracting H2, C, and O2 from

the Martian regolith and atmosphere to use for fuels and life support systems

[Sridhar et al. 2000; Sanders & Larson 2015], growing food in Martian regolith

[Sanders & Larson 2015; Moses & Bushnell 2016; Meyen et al. 2016], extract-

ing resources to make plastics and using the Martian regolith and plastics to 3D

print on the surface of Mars, and using regolith to build structures and landing

pads [Sanders & Larson 2015; Moses & Bushnell 2016].

In order to ensure the success of future human exploration of Mars, ISRU

techniques for use on Mars first need to be studied and perfected here on Earth.

Understanding the Martian regolith and its physical and chemical properties is a

critical aspect of ISRU operations and testing. Ideally, full scale testing on high

Technology Readiness Level (TRL) components on these ISRU processes need to

be performed on true samples of Martian regolith that have been returned from

sample collecting missions. However, as of today, there is no clear path forward for

a sample return mission to Mars. Furthermore, at current space travel technology

levels, such a mission would not have the ability to return enough material for

these full scale ISRU capability tests. The closest resource we have to the current

Martian regolith compositions are the Martian SNC (shergottite, nakhlite, and

chassigny class) meteorites, which have been shown to have similar compositions
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to the present day Martian surface [McSween 1994; Bridges et al. 2006]. Of

course, these meterorites, however, are not numerous enough to be useful for

ISRU purposes. Therefore, human exploration mission planning must currently

rely on testing these ISRU capabilities with Earth based regolith analogs, which

means having an accurate Martian regolith analog is critical.

Martian regolith simulants are needed for several Martian exploration disci-

plines and each has a special need. For example, a Martian resource simulant

is needed for studies of materials extracting and processing techniques and re-

quires very specific chemical and mineralogical similarity to the Martian regolith

[Sibille et al. 2006]. A mechanical simulant is needed for geotechnical researchers

that require large volumes of materials for testing of soil and rock mechanics.

A Martian dust simulant is needed for studies relating to human toxicology,

surface abrasion, and dust adhesion on system components and demand special

processing to properly simulate the properties of dust [Sibille et al. 2006]. The

most complicated simulant to create, and arguably the most critical, is the

resource simulant, which is sometimes referred to as a research grade simulant

(used for scientific and engineering testing where the process under consideration

depends on close approximation or actual duplication of the physical, chemical,

and mineralogical properties of the simulant) [Sibille et al. 2006].

In order to determine how to successfully and efficiantly extract vital re-

sources like water and oxygen from the Martian regolith, successfully grow food

on Mars, study the removal of perchlorates, construct habitats using regolith, or

even use regolith for 3D printing of structures or tools, it is necessary to have a

simulant that accurately represents the Martian regolith physically, chemically,

and mineralogically. Attempts to produce an accurate Martian regolith simulant,
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named JSC-Mars-1A, Mojave Mars Simulant 1 (MMS-1), and Mojave Mars

Simulant 2 (MMS-2), have been fairly successful in replicating the optical and me-

chanical properties of Martian regolith and minimally successful in replicating the

chemical properties of Martian regolith [Allen et al. 1998a; Allen et al. 1998b;

Beegle et al. 2007; Peters et al. 2008]. These three simulants are considered ter-

restrial analog simulants, which means they were found, as is, at an Earth-based

site. In some cases, like in the case of MMS-2, additional pure minerals may be

added to the analog to increase the fidelity of the simulant.

A recent improvement in the chemical accuracy of Martian regolith simulants

was made by the Exolith Lab at the University of Central Florida (UCF)

[Cannon et al. 2019]. This simulant, named Mars Global Simulant (MGS-1), is

also accompanied by two modified versions, named MGS-1S for Sulfate ISRU

and MGS-1C for Clay ISRU. The UCF Exolith Lab has also created a Martian

regolith simulant, called JEZ-1, which is based on orbital remote sensing data

of the mineralogy of Jezero Crater. These four simulants that were created by

the UCF Exolith Lab are considered artificial simulants, which means they were

made from mixing together pure minerals in the desired composition.

The aim of this work is to chemically and mineralogically analyze six of the

seven aforementioned Martian regolith simulants and to analyze six additional

terrestrial analog Martian regolith simulants. The chemical and mineralogical

results will then be compared to the composition of the Martian regolith, in

order to determine which of the twelve regolith samples best represent the

Martian surface, both chemically and mineralogically. The regolith samples

to be analyzed in this work are the previously mentioned Martian regolith

simulants, JSC-Mars-1A, MMS-1, MMS-2, MGS-1, MGS-1S, and JEZ-1, and
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the collected terrestrial analog Martian regolith simulants, Mojave 4, Mojave 9

(Mojave Desert), Atacama (Atacama Desert), Andes (Andes Mountains), Canary

(Canary Islands), and Iceland (Iceland). There has yet to be this large of a

single study of the chemical and mineralogical composition of multiple Martian

regolith simulants. This study will result in a better understanding of the known

Martian regolith simulants and potentially present one or more new terrestrial

sites for the sourcing of terrestrial analog Martian regolith simulants.
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Chapter 2

Planetary Geology

In order to fully understand the composition of the Martian regolith and what

aspects are important for an accurate Martian regolith simulant, a basic un-

derstanding of planetary formation and evolution, planetary geology, crystal

structures and mineralogy is imperative. To start from the relevant begining,

our solar system was formed from a rotating cloud of gas and dust, called

the solar nebula, ∼4.5 billion years ago [Freedman et al. 2011]. The greatest

concentration of gas and dust, at the center of the solar nebula, contracted and

collapsed into a dense, hot region called the protosun. As the protosun continued

to gravitationally accrete material, it became dense enough and hot enough for

nuclear reactions to begin at its core. Once these nuclear reactions of converting

hydrogen into helium began, accretion stopped and a star, our Sun, was born.

The remaining gas and dust that was not used in the formation of the Sun, was

left in a rotating disk, called the protoplanetary disk. In the inner portion of the

protoplanetary disk, high temperaturs caused substances like water, methane

and ammonia to vaporize, leaving behind more high temperature tolerant, rock-
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forming materials such as iron, silicon, magnesium, sulfur, aluminum, nickle,

and calcium. These rock-forming materials coalesced into planetisemals, and

eventually formed the small, rocky terrestrial planets (Mercury, Venus, Earth,

and Mars). The colder temperatures of the outter disk peritted the existence of

the various ices that were vaporized in the inner disk. These ices, along with

some rocky materials, formed the cores of the Jovian planets (Jupiter, Saturn,

Uranus, and Neptune). These ice and rock cores then captured the cold, slow

moving gas particles, primarily hydrogen and helium, that now serve as large

gas envelopes around the Jovian planets [Freedman et al. 2011].

The temperature and material differentiation, described above, in the proto-

planetary disk, created two classes of planets in our solar system. The first class,

the terrestrial planets, are small, rocky planets with various surface features like

mountains, craters, valleys, and volcanoes. Because the terrestrial planets are

made up of rocky materials, they all have high average densities (∼4000-5500

kg/m3) [Freedman et al. 2011]. In contrast, the Jovian planets are large, gaseous

planets, with only dynamic cloud formations as “surface” features. Furthermore,

because they are made up of primarily gasses and ices, the Jovian planets all

have low average denisities (∼700-1500 kg/m3) [Freedman et al. 2011].

However, it is important to note that this model of planetary formation

has recently been challenged, since the launch of the Kepler space telescope in

2009. The Kepler space telescope discovered many “hot Jupiter” exoplanets

during its 9 years of operation. Hot Jupiters are classified by their similar

masses to Jupiter (m > 0.1 MJ) and their short orbital periods (P < 10 days)

[Wang et al. 2015]. There is no consensus of the formation of hot Jupiters,

but there are generally two types of formation hypotheses: in-situ formation
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and migration [Dawson & Johnson 2018]. The in-situ formation hypothesis

states that the hot Jupiter first formed as a large terrestrial-type planet and

then accreted their gas envelopes at their current locations. The migration

formation hypothesis states that the hot Jupiter formed beyond the frost line,

as in the process discussed above, and then migrated to its current location via

disk migration (smoothly) or via high-eccentricity tidal migration (interactions)

[Dawson & Johnson 2018].

Regardless of the discovery of hot Jupiters, it is acceptable to assume that the

terrestrial planets in our solar system formed in a similar method to each other

and at similar locations in the solar system. The similarities in the formation

and composition of the terrestrial planets, specifically for this work, Earth and

Mars, allows for direct comparison of the planets’ composition and surface

features based on the knowledge of terrestrial geology and geological processes.

In other words, planetary geologists can directly apply what is known about

Earth’s formation, surface features, composition, and geological alteration to

the observed surface features and measured compositions on Mars. Using this

knowledge of terrestrial geology, scientists can infer the processes that have

created and altered the current Martian landscape.

2.1 Introduction to Geology

Geology is the study of the materials composing Earth and the processes that

operate on the Earth’s surface, as well as beneath it [Tarbuck et al. 2014].

Understanding the Earth’s geosphere, the solid portion of the planet, is complex

because the planet as a whole is a dynamic body with a complex history. To
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further complicate the subject, Earth’s geosphere has been, and is continually,

shaped and altered by the planet’s atmosphere, hydrosphere (the water portion

of the planet), and biosphere (all life on Earth). Nevertheless, the best place to

start is with the Earth’s formation and internal structure.

The coalescence of rocky material to form Earth resulted in immense heating

and chemical differentiation among the melted materials forming the planet.

This resulted in the three main divisions of Earth’s interior: the core, the mantle,

and the crust (see Figure 2.1). The core is thought to be composed of an

iron-nickel alloy with two main sections: the inner core, which is solid, and the

outter core, which is liquid. The movement of the liquid metal outer core is

what generates the Earth’s magnetic field. The mantle is the largest portion of

Earth’s interior and makes up ∼82% of Earth’s volume [Tarbuck et al. 2014].

The mantle is a solid, rocky shell that surrounds the core. It is made up of

high density rock with a distinctly different chemical composition than crustal

rock. For example, the dominant rock type in the upper mantle is periodtite,

which is richer in magnesium and iron than the minerals found in the crust

[Tarbuck et al. 2014]. The crust is Earth’s thin, rocky, outer skin and is made

up of lower density rocks than the mantle. The crust is made up of two types:

oceanic crust and continental crust. The oceanic crust is ∼7 km thick and has

a relatively homogeneous composition of the igneous rock basalt. By contrast,

the continental crust is ∼35 km thick (sometimes much more in the case of

high mountain ranges) and consists of many rock types. In general, the rocks

of the oceanic crust are younger and denser than the rocks that make up the

continental crust.

Geologists divide rocks into three major groups: igneous rocks, sedimentary
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Figure 2.1: Structure of Earth’s interior. [Geology Cafe: retrieved 2019]

rocks, and metamorphic rocks. Igneous rocks form from the crystalization, or

cooling and solidification, of magma (molten rock that forms deep beneath the

Earth’s surface). Igneous rocks can form under the Earth’s surface, as intrusive

igneous rocks, or at the Earth’s surface after a volcanic eruption, as extrusive

igneous rocks. Sedimentary rocks form from the lithification, a term meaning

“conversion into rock”, of weathered sediments from other rocks. Weathering

occurs when the atmosphere and/or hydrosphere acts on a rock (via wind

erosion, water erosion, glacier erosion, acid rain, etc.) to slowly disintegrate and

decompose a rock. The sediments are then lithified into sedimentary rocks when

they are compacted by the weight of overlying layers or by cementation. When

existing rocks are buried deep in the Earth’s crust, it is subjected to intense

heat and pressure and undergoes metamorphism. This metamorphism creates

the third rock type: metamorphic rocks. If the metamorphic rock is subjected
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Figure 2.2: The rock cycle. [Physical Geography: retrieved 2019]

to additional tempratures and pressures, it will melt into magma and eventually

crystallize into newly formed igneous rocks. The rock cycle, see Figure 2.2, is the

term used to describe the relationship between these rock types and the endless

cycle of rock recycling that occurs on the suface and in the interior of Earth.

Rock types and the rock cycle will be discussed more fully in Section 2.1.3.

The main divisions of the Earth’s surface are the continents and the ocean

basins. The continents are relatively flat land features that protrude above sea

level. The continental blocks have an average elevation of ∼0.8 km, which lie close

to sea level except for few areas of mountainous terrain. The average elevation

of the ocean floor is ∼3.8 km below sea level. Recall that the oceanic crust is

thinner and more dense than the continental crust, thus the continental crust

is more bouyant than the oceanic crust. Furthermore, the Earth’s lithosphere

(the rigid crust and top ∼100 km of the upper mantle) is broken up into about
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24 segments of irregularly shaped lithospheric plates, or tectonic plates. The

asthenosphere is the hotter, weaker region of the upper mantle, located right

below the lithosphere and to a depth of ∼700 km. Rocks in the athenosphere are

very near their melting temperatures, and therefore respond to forces by flowing.

In contrast, the lithosphere is colder and more rigid and respond to forces by

bending or breaking. Due to these differences in responses, the two layers move

independantly of one another, allowing plate tectonics to play a major role in the

dynamics of Earth’s surface. Divergent plate boundaries and upwelling from the

athenosphere create oceanic ridges (oceanic-oceanic divergence; see Figure 2.3

#3 and continental rift valleys (continental-continental divergence; see Figure

2.3 #1. Convergent plate boundaries and subduction of the lithosphere create

mountain ranges (continental-continental convergence; not pictured), volcanic

island arcs (oceanic-oceanic convergence; see Figure 2.3 #5, and continental

volcanic arcs (oceanic-continental convergence; see Figure 2.3 #2. These various

plate tectonic processes can produce igneous rocks through magma upwelling

and crystalization, as well as metamorphic or sedimentary rocks through crustal

uplifting. These processes will be discussed more fully in Section 2.1.3.

2.1.1 Crystal Structures and Mineralogy

Minerals are the building blocks of rocks. Geologists define a mineral as

“any naturally occuring inorganic solid that possesses an orderly crystalline

structure and definite chemical composition that allows for some variation”

[Tarbuck et al. 2014]. Furthermore, the term crystal or crystalline refers to “any

natural solid with an orderly, repeating internal structure” [Tarbuck et al. 2014].

A rock is defined as “any solid mass of mineral, or mineral-like, matter that
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Figure 2.3: The motion of lithospheric plates. [Zou 2013]

occurs naturally as part of our planet” [Tarbuck et al. 2014]. Therefore, most

rocks are simply aggregates of several different minerals, or more simply, minerals

that are joined together while retaining their individual properties. Furthermore,

rocks can be made primarily of one mineral, or of a mineral-like material like

obsidian (basaltic glass).

There are three different processes that form minerals: precipitation of

mineral matter from an aqueous solution, crystallization of mineral matter from

the cooling of molten rock, and deposition of mineral matter as a result of

biological processes. Precipitation of mineral matter from an aqueous solution

occurs when the mineral matter that is dissolved in the aqueous solution reaches

a saturation point. Before reaching this saturation point, the motions of the

dissolved mineral ions keeps them from joining together to form precipitated

minerals. A drop in temperature and/or water lost through evaporation causes

the aqueous solution to come closer to reaching the saturation point. Once the

saturation point is reached, the dissolved mineral ions begin to bond and form
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crystalline solids (commonly called salts) that precipitate out of the solution.

The crystallization of mineral matter from molten rock occurs when the molten

material cools and the mineral matter slowly begins to form chemical bonds. This

cooling and crystallization can occur both inside a magma chamber or once the

molten rock reaches the surface as lava. Finally, some water-dwelling organisms

can transform dissolved ionic material into mineral matter. For example, coral

organisms use calcium ions from seawater to create external skeletons composed

of calcium carbonate (CaCO3), also referred to as the mineral calcite or the rock

limestone. Overtime, these orgnisms form the massive structures we know as

coral reefs. The processes that govern the formation of minerals will be discussed

more fully in Section 2.1.3.

Minerals and their crystal structures form via atomic bonding. Atomic

bonding is governed by the octet rule, which states that “atoms tend to gain,

lose, or share electrons until they are surrounded by eight valence electrons”

[Tarbuck et al. 2014]. Atoms can bond by exchanging or transferring electrons

(ionic bonding), by perfectly sharing electrons (covalent bonding), or by a mixture

of sharing and transferring (hybrid bonding). For example, silcate minerals are

made of the same fundamental building block, the silicon-oxygen tetrahedron

(see Figure 2.4), which is a covalent bond between four oxygen atoms and one

silicon atom. The silicon-oxygen tetrahedron forms hybrid bonds (bonds that

display both ionic and covalent characteristics) with other elements to form the

various silicate minerals.

While minerals can consist of only one element, like the pure, natural metal

minerals of gold and silver, most minerals are formed from two or more elements.

Only eight elements make up the majority of the rock-forming minerals in the
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Figure 2.4: The silicon-oxygen tetrahedron is the basis of most rock-forming minerals.
[Chambers 2015; retrieved 2019]

continental and oceanic crust: oxygen, silicon, aluminum, iron, calcium, sodium,

potassium, and magnesium [Tarbuck et al. 2014]. These elements represent

98.5% by weight of the continental crust and 96.8% of the oceanic crust (see

Table 2.1). Furthermore, the electronegativity of an element determines whether

the element will lose electrons to form a cation (a position ion) for bonding or

gain an electron to form and anion (a negative ion) for bonding. The common

oxydation state (or charge) of the ions of the eight most abundant crustal

elements are listed in Table 2.1.

For simplicity, ions are commonly visualized as hard spheres of different

Table 2.1: The eight most abundant elements that make up rock-forming minerals on Earth
[Nesse 2012]

Element Continental (% by wt) Oceanic (% by wt) Common Oxydation State
Oxygen 46.6 40.9 -2
Silicon 27.7 23.1 +4
Aluminum 8.1 8.5 +3
Iron 5.0 8.2 +2/+3
Calcium 3.6 8.1 +2
Sodium 2.8 2.1 +1
Potassium 2.6 1.3 +1
Magnesium 2.1 4.6 +2
Total 98.5 96.8 -
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Figure 2.5: The relative sizes and charges of selected ions. [Tarbuck et al. 2014]

sizes related to their atomic radii (see Figure 2.5). Again for simplicity, crystal

structures can be considered three dimensional stacks of negative and positive

ions. Take the simple mineral halite (NaCl), for example. Halite consists of an

equal number of positive sodium ions and negative chloride ions packed together

in a simple cubic crystal structure (see Figure 2.6). The collection of many

of these cubic crystal structures, called unit cells, bonded together form the

cubic-shaped crystals of halite. The unit cell is a fundamental property of crystal

structures. It is defined as “the smallest group of ions that have the overall

symmetry of the crystal and from which the entire crystal lattice can be built

up by repetition in three dimensions” [Nesse 2012]. Furthermore, cubic unit

cells do not necessarily form cubic crystals. For example, the mineral magnetite

(Fe3O4) has a cubic unit cell that forms octahedron crystals (see Figure 2.7).

Minerals are assigned to mineral classes based of their internal structure.
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Figure 2.6: The arrangement of sodium and chlorine ions in the mineral halite.
[Tarbuck et al. 2014]

Figure 2.7: The cubic unit cells of magnetite form octahedron crystals. [Tarbuck et al. 2014]
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These classes are ussually referred to as the silicates (SiO4−
4 ) and the nonsilicates.

The most common non-silicates include carbonates (CO2−
3 ), phosphates (PO3−

4 ),

sulfates (SO2−
4 ), halides (Cl1−, F1−, Br1−), oxides (O2−), and sulfides (S2−).

As a result of silicon and oxygen being the most abundant elements in the

Earth’s crust (see Figure 2.1), the silicates are the most abundant mineral group

and account for more than 90% of the Earth’s crust [Tarbuck et al. 2014]. As

previously stated, the silicon-oxygen tetrahedron (see Figure 2.4) is the basic

building block of all silicate minerals and has a net charge of -4. Each oxygen

ion (O2−) in the tetrahedron has one of its two valence charges satisfied by the

central silicon ion (Si4+). The remaining -1 charge on each oxygen is available to

bond to another silicon ion or another cation. The degree to which the oxygen

anions are shared between adjacent silicon-oxygen tetrahedra provides the basis

for the structural classification of the silicates.

The least degree of oxygen sharing is found in the orthosilicates. The

orthosilicates consist of isolated silicon-oxygen tetrahedra in which no oxygen

anions are shared betweed adjacent tetrahedra. The net negative charge in the

orthosilicates are balanced by bonding with various cations like Mg2+, Fe2+, or

Al3+. The sharing of one oxygen anion between adjacent tetrahedra results in the

disilicates, which are composed of double tetrahedra bonds. The ring silicates

share two oxygen anions for each tetrahedra and result in a ring formation with

usually six silicon-oxygen tetrahedra connected together. The sharing of two

oxygen anions can also result in the simplest chain silicate, the single chain

silicate. These silicon-oxygen tetrahedra are connected end-to-end and form

a single chain of tetrahedra. In the double chain silicates, some tetrahedra

share 2 oxygen anions and some share 3 oxygen anions. In the sheet silicates,
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each tetrahedron shares 3 oxygen anions, which results in a continuous sheet

framework. Finally, in the framework silicates, all four oxygen anions are shared

between adjacent tetrahedra and they form a three dimensional framework of

silicon-oxygen tetrahedra. Alternative names for the classifications of silicates

are:

• Orthosilicates = Neosilicates

• Disilicates = Sorosilicates

• Ring silicates = Cyclosilicates

• Chain silicates = Inosilicates

• Sheet silicates = Phyllosilicates

• Framework silicates = Tectosilicates

Table 2.2 provides a summary of the classification of silicates and, for visualization

purposes, Figure 2.8 shows the structures of the different types of silicates.

Furthermore, Table 2.3 lists some common minerals for each type of silicate.

Table 2.2: A summary of the classification of silicates [Nesse 2012].

Silicate Class No. of O2− Shared per Tetrahedron Structural Configuration
Orthosilicates 0 Isolated Tetrahedra
Disilicates 1 Double Tetrahedra
Ring Silicates 2 Rings of Tetrahedra
Chain Silicates Chains of Tetrahedra

Single-chain 2
Double-chain 2 or 3

Sheet Silicates 3 Sheets of Tetrahedra
Framework Silicates 4 Framework of Tetrahedra

Although the non-silicates make up less than 10% of the Earth’s crustal

composition (see Table 2.4), some minerals occur as major constituents in sedi-

mentary rocks. The inorganic carbonates are salts of carbonic acid (H2CO3) and
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Figure 2.8: The structural configurations of the different types of silicates. (a) Orthosilicates
- Isolated tetrahedra where 0 oxygens are shared. (b) Disilicates - Double tetrahedra where
1 oxygen is shared. (c) Ring silicates - Rings of tetrahedra where 2 oxygens are shared. (d)
Single-chain silicates - A sigle chain of tetrahedra where 2 oxygens are shared. (e) Double-chain
silicates - A double chain of tetrahedra where 2 or 3 oxygens are shared. (f) Sheet silicates - A
sheet of tetrahedra where 3 oxygens are shared. (g) Framework silicates - A three dimensional
framework of tetrahedra where all 4 oxygens are shared. [Nesse 2012]
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Table 2.3: Some examples of common silicate minerals in each silicate structure [Nesse 2012].

Mineral or Mineral Group Chemical Formula
Orthosilicates

Olivine (Mg,Fe)2SiO4

Aluminum silicates AlAlOSiO4

Titanite CaTiOSiO4

Disilicates
Lawsonite CaAl2(Si2O7)(OH)2·H2O

Ring Silicates
Tourmaline Na(Mg,Fe,Li,Al)3Al6[Si6O18](BO3)3(O,OH,F)4

Chain Silicates
Orthopyroxene (Mg,Fe)2Si2O6

Ca-Clinopyroxene Ca(Mg,Fe)Si2O6

Sheet Silicates
Clay minerals Various

Framework Silicates
Silica group SiO2

Feldspars
Potassium feldspar KAlSi3O8

Plagioclase NaAlSi3O8 - CaAlSi3O8

are composed of the carbonate ion (CO2
3) and one or more kinds of cations such

as magnesium (Mg2+) or calcium (Ca2+) [Haldar & Tišljar 2014]. Carbonates

are the primary constituents of the sedimentary rocks limestone and dolostone.

These carbonates that make up limestone and dolostone, along with the halide

mineral halite (NaCl) and the sulfate minerals gypsum (CaSO4·H2O) and an-

hydrite (CaSO4) are common evaporative minerals that form when seawater

evaoprates. The oxides magnetite (FeO·Fe2O3) and hematite (Fe2O3) are very

common, but usually as minor constituents of many rocks. However, hydrother-

mal processes have been known to create large deposits of these minerals. Table

2.5 lists some of the important non-silicate minerals and their chemical formulas.

It is important to note that some minerals have allowable variabilities in

their chemical compositions. The mineral olivine is one example of this chemical

variability in minerals. The chemical formula for olivine is (Mg, Fe)2SiO4,

which is composed of the variable components magnesium and iron bonded

to the common silicon-oxygen tetrahedron. Magnesium ions (Mg2+) and iron

ions (Fe2+) readily substitute for each other in the olivine crystal structure
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Table 2.4: Percents of Main Rock Forming Minerals [Haldar & Tišljar 2014].

Minerals or Mineral Group %
Silicates

Feldspar group minerals 57.9
Pyroxenes, amphiboles, and olivine 16.4
Quartz 12.6
Mica 3.3
Clay minerals 1.0

Non-Silicates
Fe oxides (magnetite and hematite) 3.7
Calcite 5.0

Either
All other minerals 3.6

Table 2.5: Common non-silicate minerals [Tarbuck et al. 2014].

Mineral Group Mineral Chemical Formula

Carbonates (CO2−
3 ) Calcite (Limestone) CaCO3

Dolomite (Dolostone) CaMg(CO3)2
Halides (Cl1−, F1−, Br1−) Halite (salt) NaCl

Fluorite CaF2

Oxides (O2−) Hematite Fe2O3

Magnetite FeO·Fe2O3

Sulfates (SO2−
4 ) Gypsum CaSO4·H2O

Anhydrite CaSO4

because they have the same charge and are nearly the same size (see Figure

2.5). Figure 2.9 shows how these two ions combine with the silicon-oxygen

tetrahedron to form the mineral olivine. Typically, when minerals have variable

compositions like olivine, the mineral is given different names for the different

chemical compositions. For example, olivine that has almost all magnesium and

no iron is called forsterite (Mg2SiO4) and, at the other extreme, olivine that has

almost all iron and no magnesium is called fayalite (Fe2SiO4). Most samples of

olivine, however, contain a mixture of both of these ions in their crystal structure.

For minerals like olivine where the composition is a mixture of magnesium and

iron ions, the chemical formula can be written as Mg1.56Fe0.44SiO4 to indicate

that 78% of the cation sites are occupied by magnesium and 22% of the cation

sites are occupied by iron. Alternatively, the composition can be written as a

percentage of the two end members. For example, forsterite is abbreviated as Fo
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Figure 2.9: The mineral olivine is composed of interchangeable magnesium ions and iron
ions bonded with the silicon-oxygen tetrahedron [Nesse 2012; Tarbuck et al. 2014].

and fayalite is abbreviated as Fa, so the composition can be written as Fo78Fa22,

or simply Fo78, since the sum of both end members must be equal to 100%.

2.1.2 Formation of Minerals

Different mineral formation conditions (i.e., temperature and pressure) can

cause the same ions to form different crystal structures and, therefore, different

minerals. Minerals with the same chemical compositions but different internal

structures are called polymorphs. Graphite and diamond are an example of a

polymorph. They are both made up of carbon atoms, but graphite is a soft,

grey mineral, while diamond is the hardest known naturally occuring mineral.
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Figure 2.10: The differences in the minerals diamond and graphite arise from the dif-
ferent conditions in which the two minerals form. Diamond forms at higher temperatures
and pressures than graphite and, therefore, forms stronger, more compact carbon bonds.
[Tarbuck et al. 2014]

The difference between the minerals arises from the conditions in which they are

formed. Diamond is formed at higher temperatures and pressures than graphite

and forms stronger, more compact bonds (see Figure 2.10).

In general, temperature, pressure, chemical composition, and rates of heat-

ing/cooling exert primary controls on which minerals are formed. To form a

mineral, the first requirement is that the primary constituent elements must be

available. The formation of quartz (SiO2) requires the availablility of silicon and
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oxygen atoms, the formation of pyrite (FeS2) requires the availability of iron and

sulfur, and so on. Therefore, the possible mineralogy of a rock is fundamentally

limited by the bulk chemical composition of that rock or the parent material

from which it forms. However, given a bulk composition of specific amounts of

O, Si, Al, Mg, and Fe, a large number of minerals are possible.

To understand which minerals will form, it is necessary to consider the

concepts of stability and energy. If two states are compared, one will be more

stable if it represent a lower energy configuration. As a simple example, consider

two different states of a bouncy ball. In the first state, the ball is resting on

the ground. In the second state, the ball is resting 2 meters above the ground.

In the first state, the bouncy ball has lower gravitational potential energy than

in the second state. Therefore, the first state, where the bouncy ball is resting

on the ground, is the more stable state for the bouncy ball. Furthermore, the

bouncy ball in the second state will spontaneously fall to the ground, i.e. to

the lower, more stable energy state. The bouncy ball in the more stable energy

state, however, will not spontaneously jump to the higher energy state.

Take the previous mention of diamond and graphite as an example. It

was already discussed how diamond forms at higher temperatures and pressure

than graphite. This is due to the higher stability and lower energy state of

diamond at higher temperatures and pressures. Figure 2.11 shows the stability

fields of diamond and graphite as a function of temperature and pressure. At

temperatures and pressures below the solid black line, graphite is the more

stable mineral state (i.e. lower energy state) and will form instead of diamond.

Alternatively, at temperatures and pressures above the solid black line, diamond

is the more stable mineral state (i.e. lower energy state) and will form instead
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Figure 2.11: The stability fields of diamond and graphite. At temperatures and pressures
below the solid black line, graphite is the more stable mineral state. At temperatures and
pressures above the solid black line, diamond is the more stable mineral state. [Nesse 2012]

of graphite. The dotted black line indicates the geothermal gradient beneath

the continental crust. This indicates the depth at which diamond becomes more

stable in the Earth’s mantle.

The measure of energy for which the stability of a mineral is determined

is called the Gibbs free energy; denoted by the symbol G and with units of

Joules (energy) per mole. Gibbs free energy is defined as “the work you need to

do to create a system in an environment with constant pressure and constant

temperature” [Schroeder 2000]. It is typical, however, to compare the Gibbs free

energies of states based on their free energy of formation from the elements, ∆Gf .

The free enrgy of formation form the elements, ∆Gf , is the energy difference

bewteen the elements in their standard states (standard temperature and pressure

(STP) is 298 K and 1 atm) and the elements when they are chemically bonded

into the mineral in question at the temperature and pressure of interest.

Since Gibbs free energy and, therefore, stability, are functions of temperature
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and pressure, the most useful way to present this information is to use a phase

diagram. For minerals and mineral reactions, phase diagrams show which phases

are more stable at various temperatures and pressures. For single component

systems, a simple temperature-pressure (T-P) diagram shows which phases

are more stable at the temperatures and pressures of interest. Figure 2.12

shows a good example of a simple T-P diagram for the aluminum silicates

(AlAlOSiO4) andalusite, sillimanite, and kyanite. If a metamorphic rock contains

the mineral phase andalusite, the conditions of formation can be inferred to have

occured somewhere in the temperature and pressure range of the stability field

of andalusite, like at point a in Figure 2.12. If the same metamorphic rock is

heated enough to reach point b in Figure 2.12, the conditions are now within the

sillimanite stability field and sillimanite should grow at the expense of andalusite.

At point c in Figure 2.12, both andalusite and sillimanite are at equilibrium and

neither would break down to form the other.

Binary systems have two components and phase diagrams become significantly

more complicated. As an example, consider the binary system of diopside, a

pyroxene mineral, and anorthite, the calcium rich end-member of plagioclase.

Figure 2.13 shows the phase diagram for this two component system at a

fixed pressure of 1 atm. The curved, solid lines labelled “liquidus” show the

composition of liquid in equilibrium with crystals at various temperatures. Pure

diopside melts at 1392oC, which is marked by the far left side of the liquidus

curve where it intersects the left verticle axis. Pure anorthite melts at 1553oC,

which is marked by the far right side of the liquidus curve where it intersects

the right verticle axis. Above the liquidus curves, the system is entirely melt.

Below the horizontal, solid line at 1273oC, the system is entirely solid. The two
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Figure 2.12: The aluminum silicate stability T-P phase diagrams. (a) The three dimensional
free energy-temperature-pressure phase diagram for the three polymorphs of aluminum silicate.
(b) The T-P stability fields of the aluminum silicates. Point a represents a point where
andalusite is the most stable phase, point b represents a point where sillimanite is the most
stable phase, and point c represent a point where both andalusite and sillimanite are both
equally stable. [Nesse 2012]
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fairly triangular areas between the liquidus curves and the horizontal line shows

the temperature-composition combinations in which both melt and crystals can

coexist for either diopside or anorthite.

To explain the proper use of the phase diagram, consider a melt that is

composed of 75% anorthite (An) and 25% diopside (Di) at 1600oC. This is point

a in Figure 2.13a. As the melt cools and heads towards crystallization conditions,

it moves down in temperature to point b in Figure 2.13a. It reaches the liquidus

curve at 1445oC, which represents the point at which crystals and melt have

the same free energy of formation and are in equilibrium. Below this point, the

anorthite + melt field is entered and anorthite crystals will begin to form as

the system cools further. Continued cooling to 1400oC (point c in Figure 2.13a)

is accompanied by progressive crystallization of anorthite. As a result of the

growth of anorthite crystals, the melt will become enriched in diopside compared

to the begining composition.

The composition of the remaining melt component is determined by drawing

a horizontal line from the liquidus curve to the verticle “solidus” line, through

point c. The point where this horizontal line intersects the liquidus line, at point

mc, exposes the composition of the remaining melt component. Projection of

this point to the bottom x-axis shows that the remaining melt is composed of

68% An and 32% Di. Furthermore, using the lever rule, exposes the percent

composition of the two different phases, solid and melt, in the system at current

conditions. At the conditions of point c, the horizontal line drawn from the

liquidus curve to the solidus line that passes through point c is the lever to

use in Figure 2.13b. The percent composition of each phase is determined by

the relative lengths of the two line segments. If the entire lever length is given
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Figure 2.13: Top: Crystallization phase diagram of the two component diopside-anorthite
system. Further description of the diagram is in the text. Bottom: The lever rule for
determining the compositions of two coexisting phases. If the entire lever length is given by
qs, then for phase A, %A = rs/qs and, for phase B, %B = qr/qs. [Nesse 2012]
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by qs, then for phase A, %A = rs/qs and, for phase B, %B = qr/qs. Using

the lever rule for point c in Figure 2.13a, the system is 77% melt and 23%

anorthite crystals. Furthermore, as stated previously, the composition of the

melt component is 68% An and 32% Di.

As the system cools further to point d at 1350oC, following the same method

as with point c, the system becomes 62% melt and 38% anorthite crystals, with

the melt being further enriched with diopside with a composition of 59% An and

41% Di. Point e in Figure 2.13a marks the point in which diopside crystals begin

to form, at 1273oC. This point is called the eutectic of the system and is the point

in which a mixture of substances melts of solidifies at a temperature lower than

both of the substances melting temperatures. At the eutectic point, three phases

are in equilibrium: the melt, anorthite crystals, and diopside crystals. As more

heat is removed from the system, both anorthite and diopside crystals continue

to grow, but the temperature does not drop below the eutectic temperature until

the last of the melt has been used up. Finally, at point f at 1200oC, the magma

is completely crystallized and consists of the starting composition; 75% An and

25% Di.

If crystallization begins with a diopside-rich melt to the left side of the

eutectic, crystallization begins with diopside and follows the diopside liquidus

line, with the melt component continually becoming enriched in anorthite, until

it reaches the eutectic and anorthite begins crystallizing. Furthermore, melting

of solid components is the same procees, but in reverse.

The same process can be followed for the crystallization of an olivine melt

composed of the two end members fayalite (Fa) and forsterite (Fo) (see Figure

2.14). If the melt starts at a composition of 70% Fo and 30% Fa (point a), as
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Figure 2.14: Crystallization phase diagram of olivine composed of the two end members
fayalite (Fa) and forsterite (Fo). Further description of the diagram is in the text. [Nesse 2012]

the system cools, the olivine begins to crystallize as mostly the magnesium rich

component, forsterite. Simultaneously, the melt becomes enriched with the iron

component, fayalite. The difference between this example and the last example,

however, is that as the melt begins to cool, both forsterite and fayalite are

allowed to crystallize at the same time. However, the composition of the solid

component shows that more of the forsterite component crystallizes first. At

point c, at 1600oC, the system is 29% melt and 71% crystalline. The crystalline

component is 79% Fo and 21% Fa, while the melt component is 47% Fo and

53% Fa. The system continues in this fashion until it reaches point d, at 1517oC,

where the system is 100% crystalline with the starting composition of 70% Fo

and 30% Fa.
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2.1.3 Formation of Rocks

Now that we have seen how temperature and pressure govern the formation of

minerals, it is important to discuss the processes that control the temperatures

and pressures of these rock-forming minerals. As mentioned previously in this

chapter, the three major types of rocks are igneous rocks, sedimentary rocks, and

metamorphic rocks. The natural cycle of continually forming and recycling these

rocks is called the rock cycle. Igneous rocks and metamorphic rocks derived

from igneous parent rocks make up the majority of the Earth’s crust and mantle

[Tarbuck et al. 2014]. Igneous rocks form from the crystallization of molten

rock, or magma. Magma can be partially or fully molten. The molten part

of magma is called “melt” and is composed of mobile ions of the eight most

abundant elements in the Earth’s crust (O, Si, Al, Fe, Ca, Na, K, and Mg). The

solid portions of magma are crystals of silicate minerals. When magma cools,

it is typically the silicon and oxygen ions that join together first, forming the

silicon-oxygen tetrahedra that are the building blocks of all silicate minerals.

As the magma cools further, the tetrahedra bond to each other or with other

ions to form embryonic crystal nuclei. Slowly, the nuclei grow as ions lose their

mobility and join the crystal structure.

Igneous rocks can form beneath the Earth’s surface as intrusive igneous rocks,

also know as plutonic rocks, or above the Earth’s surface as extrusive igneous

rocks, also know as volcanic rocks. Igneous rocks are primarily made of silicate

minerals. These two elements, along with aluminum, calcium, sodium, potassium,

and iron, make up roughly 98% by weight of most magmas [Tarbuck et al. 2014].

Silicate minerals can be grouped into two major groups: the dark silicates and

the light silicates. The dark silicates are rich in magnesium and/or iron and are
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Figure 2.15: Mineralogy of common igenous rocks, along with their classification, relative
formation temperatures, and relative elemental components. [Tarbuck et al. 2014]

comparitively lower in silica. Olivine, pyroxene, amphibole, and biotite mica are

the common dark silicates in the Earth’s crust. Alternatively, the light silicates

are higher in potassium and sodium rather than magnesium and iron, and they

contain comparitively higher amounts of silica. The common light silica minerals

in the Earth’s crust are quartz, muscovite mica, and the feldspars. Figure 2.15

provides a good graphical interpretation of the light and dark silicates that make

up igneous rocks, their formation temperatures, and the rock types that these

minerals are found in.

Furthermore, igneous rocks can be further classified based of their silica

composition because the percentage of silica in igneous rocks varies in a manner

that parallels the abundance of other elements. For example, rocks that are
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relatively low in silica content typically contain large amounts of iron, magnesium,

and calcium. Alternatively, rocks that are high in silica typicially contain very

low iron, magnesium, and calcium, but have higher concentrations of sodium

and potassium. Felsic is a term used for igneous rocks that contain >63% silica,

Intermediate is the term used for igneous rocks that contain between 52% and

63% silica, Mafic is the term used for igneous rocks that have between 45%

and 52% silica and are typically composed of minerals with high magnesium and

high iron, and Ultramafic is the term used for igneous rocks that contain <45%

silica, >18% magnesium, high iron, and low potassium [Haldar & Tišljar 2014].

Figure 2.16 provides a useful chart for this type of classification of igneous rocks

along with subdivisions based on the texture of the rock.

When magma crystallizes, minerals form in a systematic fashion based on

their melting temperatures. Furthermore, as the higher melting temperature

minerals crystallize first, the composition of the remaining magma continually

changes as the ions used to form the first minerals are used up. Figure 2.17

shows this systematic crystallization of magma, called Bowen’s reaction series.

The minerals with the highest melting temperatures, iron and magnesium rich

olivine and pyroxene, and Ca-rich plagioclase feldspar form first in the series.

As the magma cools and these minerals form, the remaining magma becomes

depleted in iron, magnesium, and calcium, enriched in sodium, potassium, and

silica, and the minerals at the lower temperatures in the reaction series begin to

form.

The final composition of the rocks formed by the magma is determined by

how low the formed crystals stay in contact with the parent magma. If the rocks

are removed from contact with the magma (via eruption or upwelling) early in
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Figure 2.16: Table used for the classification of igneous rocks. [Tarbuck et al. 2014]
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Figure 2.17: Bowen’s reaction series for the systematic crystallization of magma.
[Tarbuck et al. 2014]

the series (at higher temperatures), the rocks will have higher iron, magnesium,

and calcium content and will be of the mafic and ultramafic type. If the rocks

stay in contact with the magma through the entire series, the rocks produced

from the parent magma will have compositions of the intermediate and felsic

type, later in the reaction series (at lower temperatures). The “discontinuous”

portion of the series means that the minerals formed change into the next lower

mineral in the series as the magma cools. Alternatively, the “continuous” portion

of the series means the mineral formed is simply enriched by the next lower

mineral in the series as the magma cools.

A commonly used classification scheme for igneous rocks is the Total Alkali-

Silica (TAS) classification [McSween et al. 2006; McSween et al. 2009]

[Stolper et al. 2013; Cousins 2015; Sautter et al. 2015; Sautter et al. 2016]

[Cousin et al. 2017; Thompson et al. 2016; Edwards et al. 2017; Filiberto 2017].

A TAS plot consists of the total alkali composition (Na2 + K2O) on the verticle
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axis and the total silica composition (SiO2) on the horizontal axis. The plot is

then divided into regions containing the standard rock types with their corre-

sponding total alkali and silica compositions. Rock names and classifications of

this type are typically historical, but have been standardized in recent decades

by the International Union of Geological Sciences [Le Maitre & IUGS 2002]. An

example of this type of graphical classification is shown in Figure 2.18. Rocks

falling in the tephrite/basanite division need to be further characterized based

of their olivine (ol) content. Rocks falling in the trachyte/trachydacite division

need to be further characterize by their quartz (q) content.

Rocks falling in the shaded areas of the TAS plot may be further subdivided

as the tables show. If rocks fall in the shaded region of basalt/picrobasalt/foidite

and have a “high-Mg” component, they should be seprately classified using their

Mg and Ti components as follows: (a) if SiO2 > 52%, MgO > 8%, and TiO2 <

0.5%, the rock is boninitte, (b) if 52% > SiO2 > 30%, MgO > 18%, (Na2O +

K2O) < 2%, and TiO2 < 1.0%, then the rock is komatiite, (c) if 52% > SiO2 >

30%, MgO > 18%, (Na2O + K2O) < 2%, and TiO2 > 1.0%, then the rock is

meimechite, and (d) if if 52% > SiO2 > 30%, MgO > 12%, and (Na2O + K2O)

< 3%, then the rock is picrite [Le Maitre & IUGS 2002]. This classification

method will be used in this work with an overlay of the classification based of

silica content. Figure 2.19 shows an example of the modified TAS plot that will

be used in this work for comparison purposes. If needed, the “high-Mg” samples

will be further classified accordingly.

Rocks on the surface of the Earth are exposed to many types of weathering

processes that slowly degrade the rocks and form sediments. When these

sediments are compacted or cemented together, they form sedimentary rocks.
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Figure 2.18: Total Alkali-Silica (TAS) classification for igneous rocks. Rocks falling in
the tephrite/basanite division need to be further characterized based of their olivine (ol)
content. Rocks falling in the trachyte/trachydacite division need to be further characterize
by their quartz (q) content. Rocks falling in the shaded areas may be further subdivided as
the tables show. If rocks fall in the shaded region of basalt/picrobasalt/foidite and have a
“high-Mg” component, they should be seprately classified using their Mg and Ti components.
[Le Maitre & IUGS 2002]
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Figure 2.19: Total Alkali-Silica (TAS) classification to be used in this work for comparison
purposes. The TAS graph was made using the TAS python package developed by Stevenson
2015 based on the TAS classification scheme. [Le Maitre & IUGS 2002; Stevenson 2015]
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Weathering is the process of destruction of rocks on the Earth’s surface or in

shallow water due to physical/mechanical weathering, chemical weather, or

biochemical weathering.

Mechanical weathering is the degredation, including fragmentation and disin-

tegration, of existing rocks without forming new minerals. Mechanical weathering

is primarily caused by the mechanical action of water, ice, wind, or solar radiation.

Water, ice, and wind can slowly erode the surface of a rock without changing

the mineralogical composition of the rock. Temperature variations, particularly

in arid locations, can cause the rocks to expand and contract repeatedly, which

stresses and weakens the rock, causing it to crack and disintegrate. Products of

physical weathering are solid paticles, called clasts, of different sizes, which are

classified as mud (0.004-0.063 mm), sand (0.063-2 mm), gravel (2-256 mm), or

boulder (>256 mm) [Haldar & Tišljar 2014].

Chemical weathering mainly occurs due to the action of water, carbonic

acid, and oxygen on the minerals and rocks. Hydration is the chemical action

of water or water and a mild carbonic acid on the rock or mineral. This action

occurs when the mineral releases a positive ion (usually Na, K, Li, Ca, Mg, Sr,

or Si) and receives an H+ ion. Oxydation is a chemical reaction that takes place

when a mineral is exposed to oxygen in the atmosphere or in oxygenated water.

The oxidation of minerals and rocks changes the chemical and mineralogical

composition and can cause color changes in the rock. Furthermore, some minerals

simply dissolve in the presence of water. Deposition of these dissolved ions form

many common types of sedimentary minerals like clays and hematite. Biological

weathering takes place under the influence of life activities of organisms. For

the purposes of this work, this type of weathering and its sedimentary products
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will not be discussed.

Although a wide variety of minerals can be found in sedimentary rocks, the

most common constituents are clay minerals and quartz. Clay minerals are

the most abundant products of the chemical weathering of silicate minerals,

especially the feldspars. Clays are fine-grained minerals with sheet-like structures.

Quartz is the other most abundant mineral in sedimentary rocks because it

extremely durable and resistant to chemical weathering. So, when weathering

occurs, quartz grains are freed and deposited elsewhere. Sedimentary particles

can be transported via water movement (fluvial process), via wind (aeolian

process), and via glacier movement (glacial process) [Haldar & Tišljar 2014].

The sediments and sedimentary rocks are divided into two basic groups based

of the type of physical, chemical, or biochemical processes involved: (1) clastic

(or exogenous) sediments and sedimentary rocks or (2) chemical and biochemi-

cal (or endogenous) sediments and sedimentary rocks [Haldar & Tišljar 2014].

Volcanoclastic sediments is one exception to this classification because they are

a special group of sediments produced during volcanic eruptions. Furthermore,

sedimentary rocks that form specifically from the deposition of whole sediments

are called detrial sedimentary rocks. They are classified based of the particle

sizes of the sediments that compose the rock. Chemical sedimentary rocks are

formed by the deposition of dissolved ions in a water solution or by biological

deposition and are classified based on composition. The most common types

of chemical sedimentary rocks are limestone and rocks composed of common

evaporate minerals like halite, anhydrite, and gypsum. Figure 2.20 is a table

containing the most common types of detrial and chemical sedimentary rocks.

Metamorphic rocks are produced from the metamorphism of its parent rock,
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Figure 2.20: The most common types of detrial and chemical sedimentary rocks.
[Tarbuck et al. 2014]
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Figure 2.21: The metamorphic environment. [Tarbuck et al. 2014]

which could be igneous, sedimentary, or another metamorphic rock. Metamor-

phism is the transformation of one type of rock (the parent rock) to another type

of rock (the metamorphic rock) due to the encounter of elevated temperatures

and pressures. Recall the previous discussion of minerals and their tempera-

ture and pressure phase diagrams. The incresed temperatures and pressures in

the metamorphic environment changes the mineralogy, texture, and sometimes

chemical composition of the parent rock. The temperatures and pressures of

the metamorphic environment lie between the sedimentary environment and the

igneous/magma environment (see Figure 2.21).

Metamorphic rocks are classified based on composition and texture (grain

sizes and foliation). Under the intense compression pressures of the metamorphic

environment, mineral grains and crystals will arrange themselves into flat, parallel

arrangements, which is called foliation. Foliation is a fundamental characteristic

of metamorphic rocks. Therefore, metamorphic rocks are broken into foliated
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and nonfoliated rocks. Figure 2.22 lists some common metamorphic rocks, their

textures, and their parent rock types.

There are many different environments in which metamorphism occurs,

most of which are in the vacinity of tectonic plate boundaries. The main

types of metamorphic environments are hydrothermal metamosphism, contact

metamorphism, regional metamorphism and subduction zone metamorphism.

Figure 2.23 shows the temperatures and pressures at which each of these types

of metamorphic environments exists. Contact metamorphism occurs when rocks

surrounding a molten igneous body are “baked” at high temperatures due to

contact. Hydrothermal metamorphism is a similar process, but it involves

rocks being “baked” by hot water. Subduction zone metamorphism occurs

at subduction zones when the rocks in the lower plate are pushed to depths

with high temperatures and pressures. Regional metamorphism is the most

widespread type of metamorphism. It occurs in mountain forming regions when

two tectonic plates collide and rocks are squeezed between the two colliding plates.

Regional metamorphism creates the most well known types of metamorphic rocks;

slate, quartzite, and marble. Another type of metamorphism worth mentioning

is impact metamorphism. Impact metamorphism occurs when a high-speed

meteorite strikes the Earth’s surface. The heat and shock wave from the imapact

can pulverize, shatter, and sometimes melt rock. These conditions can create

fused fragmented rock and glass and in some cases, very dense quartz and even

small diamonds.
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Figure 2.22: Common types of metamorphic rocks, their textures, and their parent rock
types. [Tarbuck et al. 2014]

84



Figure 2.23: The different types of environment in which metamorphism can occur.
[Tarbuck et al. 2014]

2.2 Planetary Evolution

Earth and Mars formed from the same protoplanetary disk at relatively close

distances to the Sun, meaning both planets started out with very similar com-

positions. This is noticeable by the fact that both planets are made of rocky

materials with dense cores and high average densities [Freedman et al. 2011].

However, the compositions of the surfaces of the two planets vary slightly due

to the differences in their planetary evolutions and climates.

As mentioned previously, Earth and Mars, along with the rest of the solar

system, formed ∼4.5 billion years ago ( or 4.5 Ga; 1 Ga = 109 yrs) from a cloud

of gas and dust. The close proxemity of Earth and Mars during their formations

ensured the two planets started out with very similar compositions. Planets

form hot and slowly cool over time. This heat comes from two main sources:

the kinetic energy of impacting bodies is converted partially to heat energy

during accretion (also know as accretionary heating), and radioactive elements
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generate heat during decay, particularly short-lived radioisotopes [Barlow 2008].

Complete melting of a planet the size of Mars would require ∼2x1030 Joules

(J). It is estimated that accretionary heating on Mars produced upwards of

∼4x1030 J, while heating created from the decay of the radionuclide 26Al produce

somewhere around ∼2x1030 J [Barlow 2008]. Therefore, similarly to Earth, there

was more than enough heat during accretion for Mars to be completely melted

and the segregation of materials in this melt was possible.

The implication of a fully melted Mars and the segragation of these materials,

called differentiation, is an imporant part of planetary formation and evolution.

Differentiation occurs because of the different densities of elements and the

differing chemical affinities of the elements. The semi-fluid state of the planet

and the variation in densities of the elements allows denser materials to sink

toward the planet’s center and less dense materials to rise to form the surface of

the planet. For example, iron tends to sink to the center to form the core, while

oxygen rises towards the surface to create the crust.

Furthermore, certain elements tend to have a chemical affinity for bonding

with iron or oxygen and will bond with the elements and follow them to the

core or crust, respectively. For example, nickle (Ni), cobalt (Co), iridium (Ir),

and platinum (Pt) are elements with an affinity for iron. They tend to bond

with iron and sink to the center of the planet to also form the core. Conversely,

potassium (K), sodium (Na), calcium (Ca), magnesium (Mg), and aluminum

(Al) are common terrestrial planet forming elements that have an affinity for

oxygen and will bond with it and follow it to the surface to also form the crust.

Furthermore, the elements zinc (Zn), copper (Cu), and lead (Pb) have an affinity

for sulfur (S). These elements bond to sulfur and sink to the center of the planet
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to help form the core. The combination of density and chemical affinities explain

why iron and sulfur compounds are often found deep in planetary interiors, while

planetary crusts are commonly composed of oxides.

Current information about Mars’ early evolution comes from the analysis

of radioactive elements and their decay products in martian rocks. There have

been no sample return missions from the surface of the planet, so currently this

information is determined from the ∼40 Martian meteorites that have been

discovered on the Earth’s surface. The analysis of these Martian meteorites

provide important constraints on the early evolution of Mars, particularly in

regard to the planet’s core formation and differentiation. This analysis along

with planetary formation models suggest that accretion of Mars occured rapidly,

within ∼0.1 Ma (1 Ma = 106 years), and that Mars was largely spared from

the late-stage large impacts that affected the interior geochemistry of other

terrestrial bodies [Barlow 2008]. Furthermore, the analysis of these meteorites

also indicates that accretion and differentiation of the Martian core was complete

within a few million years after the Solar System formed [Mezger et al. 2012].

The bulk composition of Mars can be determined from its density (∼3900

kg m−3) and the composition of its surface. Although analysis of crustal com-

positions by surface missions and orbital spacecraft provide some information

of the surface composition, most of the current understanding of the Martian

bulk composition comes from analysis of the Martian meteorites. Comparisons

of the composition of the Martian meterorites and terrestrials rocks indicate

that while the overall evolution of the two planets are similar, there are several

important differences. These differences are the result of the smaller size of

Mars, the higher concentration of volatiles on Mars, and the lack of active plate
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tectonics for the majority, if not all, of Martian history [Barlow 2008].

Martian meteorite analysis suggests that the Martian mantle is twice as rich

in iron than the Earth’s mantle. The higher iron content on Mars likely resulted

from higher oxidizing conditions during core formation. Mars also exhibits higher

volatile concentrations than the Earth. The higher volatile concentrations and

more oxidizing conditions on Mars is likely due to the lack of large impacts

during the final stages of accretion, allowing Mars to retain its accreted volatiles.

Furthermore, the highly oxidizing conditions on Mars can also explain the higher

concentrations of phosphorus (P), manganese (Mn), and chromium (Cr) in the

Martian mantle as compared to the Earth. The lack of large impacts during

the final stages of accretion has also been proposed as the reason the planet is

much smaller in size than both Earth and Venus; because of its lack of accreting

large amounts of material through impacts. Figures 2.24 and 2.25 show the

comparison between the internal structures of Earth and Mars and their crustal

compositions.

Thermal evolutionary models of the Martian interior are obtained by com-

bining information from isotopic analysis of Martian meteorites, geochemical

information about the bulk composition of Mars, geophysical modelling, and

geological contraints from surface features. However, often the initial data

seem contradictory. For example, results from isotopic analysis of the Martian

meteorites indicate a heterogeneous mantle composition, because of the different

compositions of the meteorites, which points to little or no mantle convection over

Martian history. This is contrary to Earth’s mantle, which is homogonized due

to the vigorous mantle convection that drives plate tectonic activity. However,

the geologic data of the Martian surface suggests long-lived volcanic activity and
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Figure 2.24: The comparison of the interior structures of Earth and Mars.
[Vita-Finzi & Fortes 2013]

possible plate tectonic activity to explain the processes that formed Olympus

Mons and the surrounding Tharsis region (see Figure 2.26). The thermal models

must be able to explain such contradictory data.

Accretionary heating, core formation, and the decay of short-lived radionu-

clides provide almost twice as much heat as necessary to melt the entire planet

of Mars, so all current thermal models for Mars start with a fully melted magma

ocean phase. Furthermore, core formation requires a magma ocean since melt-

silicate separation in the iron rich mantle can only be accomplished when the

silicate material is molten. The timescale for complete crystallization of the

Martian magma ocean has been extrapolated from the terrestrial magma ocean

calculations and is estimated to be on the order of a few tens of millions of

years [Barlow 2008]. The timescales for core formation (10-30 Ma), mantle

differentiation (∼3- Ma), and isotopic heterogeneity of the mantle (∼50 Ma),
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Figure 2.25: The comparison of the crustal compositions of Earth and Mars.

90



Figure 2.26: United States Geological Survey (USGS) topology map of the Tharsis region
based on MOLA data from the MGS spacecraft [IAU et al. 2018].The Tharsis region on Mars
is marked by large volcanoes and a “buldging” surface.
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are consistent with the timescales for the crystallization of the Martian magma

ocean.

Mars today does not exhibit an active dynamo or resulting magnetic field.

However, results from MGS (see Figure 2.27) reveal remnant magnetic signatures

in ancient crustal rocks and weak magnetic signatures have been discovered

within the buried ancient crust in the northern hemisphere, particulary along

the northern-southern hemisphere dichotomy boundary. These results suggest

that Mars had an active dynamo early in its history. Furthermore, the linear

appearance of some of these magnetic signatures suggest they were formed during

crustal spreading and uplifting, similar to the signatures found on Earth at ocean

rift systems.

Demagnitization of these ancient rocks can be seen at impact sites, suggesting

that shock pressures from these impacts have demagnitized the surrounding

ancient regions. This observation puts a constraint on the timing of the Martian

magnatic dynamo and suggests that Mars’ dynamo operated for no more than

the first 500 Ma of the Martian history. Temperature differences between the

core and the outer portions of the planet were likely the driving mechanism for

the dynamo. Various suggestions for the cutoff of this ancient dynamo include

changes in mantle convection, solidification of the core, and reduction in core

heat production.

Whether or not plate tectonic activity occured on the Martian surface in its

history is still a debated topic. Early heating and the formation of the magma

ocean would favor vigorous mantle convection and plate tectonic activity once

the crust formed. Current discussion of Martian plate activity place the action

happening early in Martian history, during the time when Mars’ dynamo was
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Figure 2.27: Remnant magnetic signatures in the ancient crust of Mars from the MGS
spacecraft. Large craters and volcanoes are in dark green and the solid green line is the
surface dichotomy boundary between the ancient southern hemisphere and the young northern
hemisphere. Image Credit: NASA/JPL/GSFCNASA/JPL/GSFC Image ID: PIA02059
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Figure 2.28: The hawaiian hot spot mantle plume. The drifting tectonic plate forms a string
of volcanoes as opposed to one large volcano. [Wayman 2011]

active. As mentioned previously, the linear pattern of some magnetized crustal

features suggest plate tectonic activity when the planet had an active dynamo;

although other explanations for these features have been proposed.

Long-lived volcanism and mantle plumes like the ones that likely created the

Tharsis region, are difficult to produce and maintain using early plate tectonic

activity. For example, on Earth, a hot spot mantle plume produced the Hawaiian

volcanoes (see Figure 2.28). However, since Earth has active plate activity, the

volcanoes grew as a chain of volcanoes on the surface as the plate moved over

the hot spot. Without this plate activity, one very massive volcano would be

produced, like Olympus Mons, instead of a chain of volcanoes, like the Hawaiian

volcanoes.

Regardless of whether or not Mars had plate activity in its history, the planet

is now a single-plate system, or a stagnant lid plate. If Mars did have tectonic

plate ativity in its history, something must have changed in the thermal evolution

to tranform the planet into a stagnant lid plate system. Currently, the best
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models for the thermal evolution of the Martian interior suggest that the current

crustal thickness, timing of the active dynamo, geochemical data, current rate

and location of volcanism, and the crustal dichotomy can all be best explained

by allowing the Martian surface to exist as a stagnant lid throughout its history,

with no active plate tectonics.

Aqueous alteration is a form of chemical weathering that results in the change

in composition of a rock after interaction with H2O-bearing ices, liquids, or

vapors. Evidence for aqueous alteration on the surface of Mars has been detected

by both surface missions and orbital missions, as well as from the analysis of the

Martian meteorites. The various mineralogical indicators of aqueous alteration

on the surface of Mars include goethite, jarosite, kieserite, gypsum, Mg-, Ca-, and

Fe-sulfates, halides, phyllosilicates, and hematite [Ming et al. 2008]. Various

mechanisms for the formation of these aqueous alteration minerals have been

proposed: the formation of most of these minerals can be described by acid-

sulfate weathering by the oxidation of ultramafic rocks containing sulfides, sulfuric

acid weathering of basaltic rocks, or acid-fog weathering of basaltic materials.

Furthermore, non-acidic aqueous alteration of basaltic materials can create

phyllosilicates and carbonates. Although it is possible that aqueous alteration

may still be occuring on the surface of Mars, it appears that most of the aqueous

alteration occured early in its planetary history (3-4.5 Ga) [Ming et al. 2008].

Both orbital and landing missions to Mars have discovered that Mars possesses

a variety of ancient sedimentary rock records. However, decifering the processes

that created these sedimentary rocks is more complicated than direct comparison

to the process of sedimentary rock formation on the Earth. Mars is a basaltic

planet. Consequently, the sedimentary parent material on Mars is basaltic,
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unlike the Earth, in which the upper continental crust parent material for

sedimentary processes is intermediate to felsic. Furthermore, aqueous alteration

on Mars suggests the processes occur under acidic conditions and many of

the characteristic chemical relationships of terrestrial weathering do not apply

[McLennan & Grotzinger 2008]. Equally intriguing is the common presence of

Mg-, Ca-, and Fe-bearing sulfates in sedimentary rocks, suggesting the formation

of these evaporites was common in the Martian history. The common occurence

of these sulfates and the lack of carbonates indicate that the sulfur cycle, rather

than the carbon cycle, dominates surficial processes.

While the lower gravity on the Martian surface doesn’t seem to have dras-

tically affected sediment transport, the lack of active plate tectonics on the

surface leads to critical differences in the formation of sedimentary rocks com-

pared to the terrestrial environment. For example, on Earth, plate tectonics

play a large role in the transport and recycling of sedimentary deposits. Al-

ternatively, on Mars, the formation, transport, and deposition of sedimentary

products are likely dominated by impacts, volcanism, and aeolian processes

[McLennan & Grotzinger 2008].

Determination of the time periods these alterations is based on the occurence

of these minerals at certain locations on the Martian surface and what period

they belong to. The Martian surface history is divided into three periods (see

Figure 2.29): the Noachian period, the Hesperian period, and the Amazonian

period [Barlow 2008]. The Noachian period (∼3.7-3.95 Ga) is the oldest of the

three and formed during the Late Heavy Bombardment (LHB) period of the solar

system. These regions are marked by heavily cratered surfaces which display

high amounts of degredation indicating geological processes such as rainfall or

96



fluvial erosion. The Hesperian period (∼3.0-3.7 Ga) represents the middle of

the Martian surface history and is characterized by volcanic extrusions and a

lower impact rate. The Amazonian period (∼1.8-3.0 Ga) marks the youngest

surfaces on the planet in which erosion rates have been low and volcanic activity

has been concentrated in the Tharsis and Elysium regions.

97



Figure 2.29: Noachian, Hesperian, and Amazonian surfaces on Mars. The three periods are
further divided into groups, but they are not relevant for this work. [Tanaka et al. 2013]
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Chapter 3

The Martian Surface

Features of the Martian surface have been closely observed, debated, and scru-

tinized for hundreds of years. With the more recent missions to Mars of or-

biters, landers, and rovers, the topography, geology, and geologic and atmo-

spheric evolution of the red planet is being studied more now than ever before

[Zuber et al. 2000; Hartmann & Neukum 2001; Head et al. 2001]

[Craddock & Howard 2002; Milliken et al. 2010; Matsubara et al. 2013]

[Wordsworth et al. 2015; Wordsworth et al. 2017]. Geological processes on plan-

etary surfaces represent dynamic forces that shape the surfaces, crusts, and

lithospheres of planets. These processes provide key clues into the geologic and

climatic history of a planet. For example, these processes may be linked to

interactions with the atmosphere (via aeolian features), the hydrosphere (via

fluvial and lacustrine features), the cryosphere (via glacial features), the crust,

lithosphere, and interior (via tectonic and volcanism features), or with outside

interactions (via impact cratering) [Head et al. 2001; Vita-Finzi & Fortes 2013;

Greenly 2013]. Therefore, the geologic, and sometime climatic, history of a planet
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can be reconstructed through the study of its surface features, composition, and

the products or deposits of certain geological processes [Vita-Finzi & Fortes 2013].

Finding evidence of extraterrestrial life, or the possibility of life, in the so-

lar system is one of the primary ambitions of modern day space sciences and

space exploration. Noting that water is a key aspect of the existence of life as

we know it [Rothery et al. 2011], scientists have naturally been captivated by

the presence of channels, valley networks, and fluvial and lacustrine like fea-

tures, all of which could indicate an active hydrological past [Carr & Clow 1981;

Head et al. 2001; Milliken et al. 2010; Levy 2012; Matsubara et al. 2013]. Fur-

thermore, the detection of aqueous minerals on the surface of Mars has further

heightened the debate about Mars’ hydrological past and whether or not life could

exist, past or present, on the red planet [Gendrin et al. 2005; Poulet et al. 2005;

Bibring et al. 2006; Mangold et al. 2007; Mustard et al. 2008]

[Murchie et al. 2009a; Murchie et al. 2009b; Ehlmann et al. 2011]

[Carter et al. 2013; Grotzinger et al. 2014]. Consequently, it’s not surprising

that almost every lander and rover that has had a successful mission on the sur-

face of Mars has been equipped with instruments that measure the composition

of the Martian regolith.

The color of the Martian regolith ranges from a bright red dust to a darker

red and gray materials. These variations in color are due to variations in the iron

mineralogy, the degree of alteration, and differences in particle shapes and sizes

[Barlow 2008]. The darkest landing site, to date, has been Meridiani Planum,

which is largely covered by a fine-grained, Fe-rich basaltic and hematite sand

[Arvidson et al. 2004; Barlow 2008]. The first few in situ measurements of the

composition of the Martian surface came from spacecraft (Viking 1, Viking 2
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and Pathfinder) that landed in the younger, lower-elevation northern plains,

while Spirit, Opportunity, and Curiosity landed on older regions of the planet

(see Figure 3.1).

Viking 1 landed in Chryse Planitia, a smooth circular plain in the nothern

lowlands of Mars (see Figure 3.2). Chryse Planitia is believed to be an ancient

impact basin. However, it also shows evidence of water erosion and is the bottom

end of many outflow channels that originate in the southern highlands (see

Figure 3.3). Therefore, it is hypothesized that Chryse Planitia possibly became a

floodplain during Martian history [Foley et al. 2008]. Viking 2 landed in Utopia

Planitia, a large impact basin in the nothern lowlands of Mars (see Figure

3.4) [McGill 1989]. Utopia Planitia also features scallop-shaped depressions and

polygonal ground patterns (see Figure 3.4), which are often attributed to thawing

or sublimation of near-surface ground ice and a presence of ice-rich permafrost

[Lefort et al. 2009; Séjourné et al. 2012].

Both Viking 1 and Viking 2 were equiped with X-ray flourescence spec-

trometers (XRFS) for elemental analysis of Martian regolith samples on the

surface of Mars. An XRFS measures the characteristic X-rays emitted from an

irradiated regolith sample to determine its chemical composition. In the case

of Viking 1 and Viking 2, two radioisotope sources were chosen to irradiate

the sample; 55Fe and 109Cd, emitting 5.9 keV and 22.2 keV x-rays, respectively

[Clark & Baird 1973]. The ionizing x-ray energies chosen allowed for the detec-

tion and measurement of 11 key elements (Mg, Al, Si, K, Ca, Ti, Fe, Rb, Sr,

Zr), as long as they were present in amounts above their minimum detection

limit [Clark & Baird 1973; Clark et al. 1977]. The regolith compositional data

from Viking 1 at Chryse Planitia and Viking 2 at Utopia Planitia can be seen in
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Figure 3.1: United States Geological Survey (USGS) topology map of Mars based on
data from the Mars Orbiter Laser Altimeter (MOLA) on the Mars Global Surveyor (MGS)
spacecraft [USGS et al. 2002]. The red diamonds mark the landing sites of the various rovers
and landers that gathered Martian regolith compositional data. The red lines depict the
regional boundaries on Mars.
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Figure 3.2: United States Geological Survey (USGS) topology map of Chryse Planitia based
on data from the Mars Orbiter Laser Altimeter (MOLA) on the Mars Global Surveyor (MGS)
spacecraft [IAU et al. 2018]. The red circles indicate the landing sites of Viking 1 and Mars
Pathfinder.
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Figure 3.3: United States Geological Survey (USGS) topology maps of Chryse Planitia and
Ares Vallis based on MOLA data from the MGS spacecraft [IAU et al. 2018]. Top Left: The
red arrows indicate the direction of flow into Chryse Planitia. Top Right: The black boxes
indicate the locations of the bottom two zoomed in images. Bottom Left and Bottom Right:
Geomorphological features, such as streamlined islands, indicate flow into the Chryse Planitia
region.
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Figure 3.4: United States Geological Survey (USGS) topology maps of Utopia Planitia
based on MOLA data from the MGS spacecraft [IAU et al. 2018]. The red circle indicates the
landing site of Viking 2. The red arrows point to the scalloped and polygonal terrain.
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Figure 3.5: Silica content for the soils analyzed by the Viking 1 and Viking 2 XRFS from
[Clark et al. 1982]. Silica content for C-11 was not measured due to servicing of Voyager by
the Deep Space Net.

Appendix A [Clark et al. 1982].

As the first landers to successfully analyze the Martian regolith in-situ, the

Viking landers determined the surface of the red planet to be, compared to

the terrestrial surface, lower in Al compositions, higher in Fe, and much higher

concentrations of S and Cl, which suggests formation from rocks that were mafic

or ultramafic in nature (see Figure 3.5) [Clark et al. 1982; Barlow 2008]. While

the two Viking landing sites were separated by roughly 4500 km, the average

compositions of each site, even after digging below the top surface, were extremely

similar (see Table 3.1). This unlikely similarity in chemical composition was

attributed to airborne dust being deposited globally and homogenizing the

surface composition [Clark et al. 1982; Barlow 2008].

The Sojourner rover from Mars Pathfinder also landed in Chryse Plani-

tia, but closer to the Ares Vallis region (see Figure 3.2). Therefore, the
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Table 3.1: Average composition (in %wt) of ‘deep’ samples from Viking 1 in Chryse Planitia
and Viking 2 in Utopia Planitia from [Clark et al. 1982]. *“Other” includes elements such as
P, Mn, and Na, which could not be definitively identified by the instruments.

Chryse Planitia Utipia Planitia
Samples C-6, C-11 U-2, U-4, U-6, U-7
SiO2 44 43
TiO2 0.62 0.54
Al2O3 7.3 7
Fe2O3 17.5 17.3
MgO 6 6
CaO 5.7 5.7
K2O <0.5 <0.5
SO3 6.7 7.9
Cl 0.8 0.4
Other* 2 2
Total 91 90

Pathfinder landing site was also located in a floodplain, that has likely seen catas-

rophic flooding events from the Ares and Tiu channels [Golombek et al. 1997a;

Foley et al. 2008]. Due to these catastrophic flooding events, sand sized par-

ticles from the walls of the host channels are expected to have been delivered

to and past the Pathfinder landing site [Foley et al. 2008]. Consequently, the

Pathfinder landing site should contain a variety of rock types from surrounding

regions and possibly from the older southern highlands [Golombek et al. 1997b;

Foley et al. 2008].

Mars Pathfinder utilized an Alpha Proton X-ray Spectrometer (APXS) to

measure the major and minor elemental abundances of the rocks and soils

of each sample it analyzed. The APXS exposes the sample material to a

radioactive source, 244Cm, which emits alpha particles and X-rays as it decays

[Economou 2001; Foley et al. 2008]. The APXS then aquires the energy spectra

of backscattered alpha particles, protons, and characteristic X-rays returned from

the sample as a result of this bombardment [Economou 2001]. With these three

different modes of measurement, the Pathfinder APXS was able to measure all

of the major and minor rock-forming elements; C, O, Si, Ca, and Fe in α-mode,

107



Na, Mg, Al, Si, S, and N in proton mode, and all elements with X-ray signals

between 1 keV and 15 keV in X-ray mode [Foley et al. 2008]. The regolith

compositional data from the Mars Pathfinder mission can be seen in Appendix

B [Foley et al. 2003].

Golombek et al. (1997a) reported that Pathfinder found soil compositions

similar to those at the Viking sites, indicating the soil could be a globally

deposited unit on Mars. Pathfinder also found two visually distinct soils, a dark

soil and a bright red soil. However, these soils had similar compositions, which

indicated that the differences in color of the soil was likely due to differences in

iron mineralogy or particle sizes/shapes [Golombek et al. 1997a]. Furthermore,

the rocks that Pathfinder analyzed were of basaltic to andesitic compositions and,

because of the significant differences in chemical compositions, the soils analyzed

could not have formed from the rock types at the site [Golombek et al. 1997a].

Further analysis of the Pathfinder data found Fe bearing minerals (i.e., Fe oxides,

titanomagnetite, hematite, and ferrousilicon), and low- and high-Ca pyroxene

[Morris et al. 2000; Barlow 2008]. Furthermore, Morris et al. (2000) found that

the compositions fell into two categories; andesidic rocks with low Mg and S or

basaltic soils with high Mg or S. They also noted that the composition of the

basaltic soils could be modelled with a mixture of the composition of the Martian

SNC meteorites and the pathfinder rocks [Morris et al. 2000; Foley et al. 2008].

With the aid of new remote sensing data by orbiting spacecraft (Mars

Global Surveyor and Mars Odyssey), the Mars Exploration Rover landing sites

were the most studied and most scrutinized on Mars at the time. This is in

contrast to previous landing site selection practices for the Viking missions

(which relied on Mariner 9 images and resulted in in-orbit changes due to safety
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Figure 3.6: Total alkali vs. silica graph for the soils and rocks analyzed by the Mars
Pathfinder APXS from [Foley et al. 2003]
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concerns) and the Pathfinder mission (which relied on Viking orbiter data),

both of which were mainly concerned with the safety of landing sites. The

selection process for the MER landing sites took over two years and took into

consideration important engineering constraints like latitude for maximum solar

power, elevation for maximum atmosphere to slow the lander, low horizontal

winds, low slopes, medium rock abundance, and relatively low dust cover for

successful roving [Golombek et al. 2003; Grant et al. 2004]. In addition to these

important engineering constraints, landing sites were also scrutinized based on

the scientific criteria of evidence for past water activity, addressable climatic and

geologic history, the possibility of preservation of biotic or prebiotic materials,

accessibility to diversity, and differentiation from Viking and Pathfinder sites

[Golombek et al. 2003; Grant et al. 2004]. The result of these two years and

multiple workshops dedicated to the MER landing site selections put Gusev

Crater and Meridiani Planum at the top of the list for the science criteria, which

were chosen as the first choice landing sites.

Gusev Crater, the landing site of the MER Spirit, is a 160 km diameter

crater with a flat floor and a location close to the highland-lowland boundary

[Golombek et al. 2003]. Gusev Crater was of particular interest to scientists

because it was believed to be the main sedimentary deposit site for water draining

from the Ma’adim Vallis (see Figure 3.7) [Irwin et al. 2002; Grant et al. 2004].

Furthermore, if Ma’adim Vallis was cut by running water, scientists believed

Gusev Crater would have acted as a settling pool for sediments carried by the

water and that the crater would contain significant paleo-lacustrine (ancient lake)

deposits [Irwin et al. 2002; Golombek et al. 2003; Grant et al. 2004]. Further

analysis of the landing site using remote sensing data concluded that the crater
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floor could have been deposited via fluvio-lacustrine (river or lake), aeolian (wind),

or volcanic deposition [Milam et al. 2003; Greeley et al. 2003]. Regardless, it

was agreed that the geologic diversity and complexity of the site would prove

to to be advantageous, with a wide variety of materials being within reach of

the rover, but could complicate geologic interpretation [Golombek et al. 2003;

Milam et al. 2003].

Meridiani Planum, landing site of the MER Opportunity (see Figure 3.8),

was of interest to scientists because it is a large outcrop of crystalline gray

hematite (α-Fe2O3) that was detected by the Mars Global Surveyor (see Figure

3.9) [Christensen et al. 2000; Christensen et al. 2001; Golombek et al. 2003].

Hematite is a gray crystalline that, on Earth, is usually found in mineral hot

springs or areas where Fe-rich fluids mix with oxidizing groundwater

[Chan et al. 2004]. Therefore, an enticing mechanism for the creation of this

Martian hematite is interaction with water, either by direct precipitation from

a substantial body of water, high temperature precipitation from Fe-rich hy-

drothermal groundwater, low temperature leaching from groundwater, or coat-

ings created by surface weathering in the presence of small amounts of water

[Golombek et al. 2003]. Furthermore, hematite can also be created by the high-

temperature oxidation of magnetite-rich lava or mafic volcanic glass and pyroxene,

neither of which require the presence of water [Golombek et al. 2003]. While

the discovery of hematite on Mars does not require the presence of liquid water,

it is very likely the mechanism by which the hematite formed and, therefore,

made Meridiani Planum the first priority landing site for the MER Opporunity

because of its high overall scientific potential [Grant et al. 2004].

Each Mars Exploration Rover was equiped with a suite of scientific instru-
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Figure 3.7: United States Geological Survey (USGS) topology maps of Gusev Crater based
on MOLA data from the MGS spacecraft [IAU et al. 2018]. The red circle indicates the
landing site of the MER Spirit. The red arrows indicate the direction of flow into Gusev Crater
from the Ma’adim Vallis.

112



Figure 3.8: United States Geological Survey (USGS) topology maps of Meridiani Planum
based on MOLA data from the MGS spacecraft [IAU et al. 2018]. The red circle indicates the
landing site of the MER Opportunity.

Figure 3.9: Map of hematite abundance in Meridiani Planum detected by the Mars Global
Surveyor [Christensen et al. 2001]
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ments and tools, named the Athena scientific payload, that were specifically

designed for geologic exploration of the Martian surface [Squyres et al. 2003].

Specifically, the Athena scientific objective was to investigate the two MER

landing sites, where water may have once existed, and determined the past

environmental conditions of those sites and whether or not they were suit-

able for life. The Athena scientific payload had two major scientific functions

[Squyres et al. 2003]:

1. Remote sensing of Martian surface materials. The high-resolution

Panoramic Camera, Pancam, provided color stereo imaging for identifi-

cation of key targets. The Miniature Thermal Emission Spectrometer,

Mini-TES, provided remote mineralogical information of rocks and soils.

2. In-situ sensing of Martian surface materials. The Microscopic Im-

ager, MI, provided close-up imaging of rocks and soils to determine fine-

scale textural properties of surface materials. The Alpha Particle X-Ray

Spectrometer, APXS, provided in-situ elemental analysis of surface mate-

rials. The Mössbauer Spectrometer, MB, provided in-situ mineralogical

composition of Fe-bearing rocks and soils. The Rock Abrasion Tool, RAT,

removed weathered rock surfaces for to expose fresh rock material for

characterization.

The Athena payload also included a component for separating the magnetic

particles of the Martian regolith from the non-magnetic particles, which enabled

further study of the magnetic particles by the aforementioned instruments. This

component was called the Magnetic Properties Experiment.

The compositional data of the soils, trenches, and rocks analyzed by the
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MER Spirit in the first 633 Sols of opperation are plotted in Figure 3.10 and can

be seen in data tables Appendix C [Brückner et al. 2008]. The rocks at Gusev

Crater were discovered not to be of sedimentary origin, but from olivine-rich

basaltic flows containing Fe and Fe-Ti oxides [Barlow 2008]. The rocks were

dark, vesicular picritic basalts, which indicated volcanic origin, and contained

pyroxenes, plagioclase, and accessory FeTi oxides [McSween et al. 2004]. Fur-

thermore, when the MER Spirit left the Gusev plains and traversed to Columbia

Hills, it found many distinct rock types, with varying degrees of aqueous alter-

ation. These distinct rock typs and degrees of aqueous alteration indicated that

the rocks at Columbia Hills represented and very early period in Martian history

in which volcanic materials dominated, impact processes were numerous, and

water was commonly present [Squyres et al. 2006].

The soil compositions observed by the MER Spirit are similar to those

observed by the MPF and Viking missions, which is consistent with the suspicion

that the Martian regolith surface has been homogonized by global mixing and

distribution by dust storms [Gellert et al. 2004; Brückner et al. 2008]. This

homogonization can easily be seen in the soil composition data plotted in Figure

3.10. All of the soil data is tightly contained in one area of the plot, with the

exception of the soil composition data from within dug out trenches, which

would lie below the surface layer of homogonized regolith.

The compositional data of the soils, trenches, and rocks analyzed by the

MER Opportunity in the first 638 Sols of opperation are plotted in Figure

3.11 and can be seen in data tables Appendix D [Brückner et al. 2008]. Almost

immediately, the MER Opportunity discovered evidence that water had existed in

the Meridiani Planum region. All along the rover’s traverse in the “sandy” plains
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Figure 3.10: Total alkali vs. silica graphs for the rocks and soils analyzed by the MER Spirit
during the first 633 Sols of opperation from [Brückner et al. 2008].
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of Meridiani Planum, hematite was discovered in the form of small spherules,

called “blueberries”, or in fine particles within outcrops [Brückner et al. 2008].

Sedimentary rocks found at Eagle crater in Meridiani Planum were composed of

silicclastic materials formed from the weathering of basaltic rocks, sulfate minerals

(like magnesium sulfate and jarosite), and hematite [Squyres et al. 2004].

Furthermore, the MER Opportunity found four distinct mineralogical com-

ponents at Eagle crater: jarosite-rich and hematite-rich outcrops, hematite-rich

soil, basaltic soil rich in olivine, and basaltic rock rich in pyroxene

[Klingelhöfer et al. 2004]. The abundant presence of hematite and jarosite at

Meridiani Planum in mineralogical evidence for aqueous processes on Mars,

whether under acid-sulfate conditions or conditions that were suitable for bolog-

ical activity [Squyres et al. 2004; Klingelhöfer et al. 2004]. The large variance

in the soil composition data in Figure 3.11 is likely due to the presence of these

alteration minerals in the regolith composition samples.

Finally, the MSL Curiosity landed in Gale Crater, a crater around mid-

latitudes that likely held a lakebed shortly after it formed (see Figure 3.12).

Gale Crater was of particular interest to scientists because of the large (∼5

km), thick mound of stacked deposits located at the center of the crater,

which would contain a history of repeated deposition and erosion in the re-

gion [Rogers & Bandfield 2009]. Furthermore, the Compact Reconnaissance

Imaging Spectrometer (CRISM) on the Mars Reconnaissance Orbiter (MRO)

detected small exposures of the aqueous phyllosilicate (clay) minerals and sulfate

minerals (see Figure 3.13) [Rogers & Bandfield 2009; Seelos et al. 2014]. Finally,

the presence of multiple fan-like features on the crater floor presented an oppor-

tunity to potentially sample ancient rocks that were eroded from the crater’s
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Figure 3.11: Total alkali vs. silica graphs for the rocks and soils analyzed by the MER
Opportunity during the first 638 Sols of opperation from [Brückner et al. 2008].
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walls [Rogers & Bandfield 2009; Dietrich et al. 2014]. The detection of aqueous

minerals, the presence of fan-like features, and the presence of layered deposits

made Gale Crater a scientifically inticing landing site for the MSL Curiosity (see

Figure 3.14).

Like the Mars Exploration Rovers before it, the MSL Curiosity is equiped with

numerous scientific instruments that were designed to determine the physical and

chemical characteristics of the rocks and regolith at the rover’s landing site in

order to assess the habitability and geological and environmental histories of the

region [Beegle et al. 2012]. The rover is equipped with a Remote Sensing Mast

(RSM), which includes the Mast Camera (MastCam) system, for identifying and

imaging potential targets, and the Chemistry and Camera complex (ChemCam),

for laser-induced remote sensing of the elemental composition of rocks and

regolith [Grotzinger et al. 2012]. The rover is also equipped with the Sample

Acquisition, Processing, and Handling Subsystem, which includes the contact

science instruments; the Alpha Particle X-Ray Spectrometer (APXS), for chemi-

cal analysis of rocks and regolith, and the Mars Hand Lens Imager (MAHLI), for

microscopic imaging of rocks and regolith [Grotzinger et al. 2012]. Finally, the

rover is equipped with analytical instruments, which include the Chemistry and

Minerology (CheMin) instrument, for x-ray powder diffraction and fluorescence

anaysis to determin the mineralogical composition of rocks and regolith, and the

Sample Analysis at Mars (SAM) instrument, for analyzing organics and volatiles

from atmospheric and regolith samples [Grotzinger et al. 2012].

The compositional data of the rocks and regolith analyzed by the MSL

Curiosity are plotted in Figure 3.15 and can be seen in data tables Appendix E

[Gellert et al. 2013; Thompson et al. 2015; Thompson et al. 2016]
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Figure 3.12: Top: United States Geological Survey (USGS) topology maps of Gale Crater
on Mars based on MOLA data from the MGS spacecraft [IAU et al. 2018]. The red circle
indicates the landing site of the MSL Curiosity. Bottom: Three dimensional image of Gale
Crater and the central mound using the Thermal Emission Imaging System (THEMIS) camera
on the Mars Odyssey orbiter. The yellow ellipse indicates the landing ellipse for the MSL
Curiosity. Image Credit: NASA/JPL-Caltech/ASU/UA.
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Figure 3.13: The detection of phyllosilicates and sulfate minerals in Gale Crater by the
Compact Reconnaissance Imaging Spectrometer (CRISM) on the Mars Reconnaissance Or-
biter (MRO). Green indicates phyllosilicates (clay minerals), blue and magenta are sul-
fate minerals, red is olivine, and orange is a mixture of phyllosilicates and sulfates. The
landing site of the MSL Curiosity is marked by the yellow crosshair [Seelos et al. 2014;
The Planetary Society: retrieved 2019]. Image Credit: NASA/JPL/JHUAPL/Ralph Milliken.

121



Figure 3.14: Key scientific targets for the MSL Curiosity at Gale Crater.
[Grotzinger et al. 2012]

[Treiman et al. 2016; Ehlmann et al. 2017]. As expected, the MSL Curiosity

encountered diverse rock compositions almost immediately and has continued

to do so since then. This diversity is apparent in the chemical compositions

of the rocks analyzed plotted in Figure 3.15. Within the first 500 Sols of the

rover’s mission, it encountered a boulder with a highly alkaline basaltic com-

position, encountered various outcroppings of conglomerate sedimentary rocks,

and sampled aeolian sediment and lacustrine mudstones [Vasavada et al. 2014].

The locations and compositions of the various igneous rocks enountered by the

MSL Curiosity suggest that the alkali and more felsic rocks were carried to the

region by fluvial activity, possibly form the North rim of the crater, while the

basaltic rocks are found throughout the traverse of the rover [Cousin et al. 2017].

Furthermore, the basaltic rocks found at Gale Crater vary in composition from

the basaltic rocks found at Gusev Crater and, therefore, were likely formed

from different mantle reservoirs or underwent different fractional crystallizations

[Cousin et al. 2017].
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The MSL Curiosity identified two soil types along its traverse: a fine-grained

mafic soil mixed with a locally-derived, coarse-grained felsic soil

[Meslin et al. 2013]. Furthermore, the MSL Curiosity analyzed a small deposit

of windblown sand at Rocknest, which has a consistent composition with other

aeolian deposits studied at other rover landing sites [Meslin et al. 2013]. The

aeolian Rocknest sample and the mafic component of the regolith (see Figure

3.15) are consistent with the globally homogonized regolith discussed previously.

Using a combination of the CheMin instrument and the APXS instrument, Blake

et al. (2013) and Bish et al. (2013) constrain the crystalline and amorphous

components of the soils to be ∼55% to ∼71% crystalline and ∼45% to ∼29%

amorphous, respectively.

Although each site varies slightly in composition, dust sampled by the

Viking landers, Pathfinder, the MER rovers, and Curiosity all displayed similar

compositions to lead to the conclusions that the global dust storms that have

been studied for years have mostly homogenized the soil across the planet

[Barlow 2008]. Therefore, the generalized consensus of the Martian regolith

composition is that it is highly basaltic, with the primary composition being

pyroxene, plagioclase, and olivine, along with Fe and Fe-Ti oxides (i.e., magnetite,

ilmenite, hematite) and various alteration minerals (i.e., sulfates, carbonates, and

clays) [McSween et al. 2010; Bish et al. 2013]. The particle size distribution of

Martian regolith ranges from 1 µm to 1000 µm, with average Martian soil grain

sizes being 250 µm to 300 µm [Zeng et al. 2015]. In-situ measurements reveal

that the Martian regolith is 1-7% magnetic, with the minerals Magnetite and

Ilmenite most likely being responsible for this magnetism [Madsen et al. 1999;

Madsen et al. 2003; Bertelsen et al. 2004]. To find locations on Earth with
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Figure 3.15: Total alkali vs. silica graphs for the rocks and soils analyzed by
the MSL Curiosity from [Gellert et al. 2013; Thompson et al. 2015; Thompson et al. 2016;
Treiman et al. 2016; Ehlmann et al. 2017].
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similar regolith compositions, they would need to be volcanic, primarily basaltic,

contain mafic or ultramafic silica content, and contain Fe-oxides and some

alteration minerals like sulfates, carbonates, and clays.
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Chapter 4

Martian Regolith Simulants

Understanding Martian regolith and how it behaves physically and chemically is a

critical aspect of ISRU operations and testing. If an inaccurate regolith simulant

is used for ISRU testing, operations on a Mars mission could be compromised.

Different compositions and behaviors of the Martian regolith, that weren’t

accounted for in the simulant used for ISRU testing, would invalidate pre-flight

testing. Therefore, understanding Martian regolith is a high priority for the

future of human exploration of Mars. There hasn’t been a direct return mission

from Mars, which would make Earth based testing of ISRU capabilities using

Martian regolith possible, human exploration mission planning must currently

rely on testing these capabilities with Earth based regolith analogs. Furthermore,

a sample return mission would not return a large enough volume of Martian

regolith for full scale testing of ISRU capabilities. As a result, having an accurate

Martian regolith analog is critical.

In order to determine how to successfully and efficiently extract vital resources

like water and oxygen from the Martian regolith, successfully grow food on
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Mars, study toxicity removal like perchlorate remediation of regolith, construct

habitats using regolith, or even use regolith for 3D printing of structures or

tools, it is necessary to have a simulant that accurately represents the Martian

regolith physically, chemically, and mineralogically. For this work, six existing

Martian regolith simulants and six potentially new Martian regolith simulants

were obtained for analysis and comparison to the Martian surface. This work

will focus on chemically and mineralogically comparing the simulants to the

homogonized dust component of the Martian surface.

The simulants have been grouped into two separate categories: terrestrial

analog simulants and artificial simulants. Terrestrial analog simulants are simu-

lants whose major compositional component consists of a sample of regolith from

the surface of the Earth. These simulants can either be used “as is”, with nothing

being removed from or added to the regolith sample, or they can be altered,

by removing unwanted components or adding desired chemical or mineralogical

components to make them more accurately indicative of the Martian regolith.

Artificial simulants are simulants that have been created by combining their pure

mineral continuents in the in-situ measured ratios to create precise compositions

for mineralogical accuracy.

4.1 Terrestrial Analog Simulants

4.1.1 JSC-Mars-1A

JSC-Mars-1A (see Figure 4.1), produced by the Johnson Space Center (JSC), has

been widely used in the scientific community for many ISRU type experiments

[Calle et al. 2011; Verseux et al. 2016; Jakus et al. 2017]. JSC-Mars-1 is the <1
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Figure 4.1: Image of the sample of JSC-Mars-1A used in this work.

mm fraction of weathered volcanic ash sourced from the Pu‘u Nene cinder cone

in Hawaii [Allen et al. 1998a; Allen et al. 1998b]. This particular site was used

as a source for this simulant because of its spectral similarity to the dust-covered

terrains on Mars. Most of the simulant (∼75%wt) is larger than 149 µm, while

only ∼1%wt is smaller than 5 µm [Allen et al. 1998a; Allen et al. 1998b].

The Hawaiian Islands are a chain of shield volcanoes that were produced by

tectonic plate motion over a magma hot spot. Most shield volcanoes begin on

the seafloor as seamounts and a few of them grow into large shield volcanoes

that produce volcanic islands [Tarbuck et al. 2014]. The Big Island of Hawaii is

made up of 5 of these large shield volcanoes that overlap. Cinder cones are built

from ejected lava fragments that begin to harden in mid-flight after ejection

and are the sights of volcanic vents [Tarbuck et al. 2014]. The results from

these erupting volcanic vents are vesicular rocks, usually composed of basaltic

pyroclastic material. Due to the tropical climate of the region, the Hawaiian
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islands experience aqueous weathering and alteration of their surfaces.

The location of the Pu‘u Nene cinder cone is between Mauna Loa and Mauna

Kea, near the Mauna Loa lava flow of 1843 [Trusdell & Zoeller 2017]. Figure

4.2 shows the location of the Pu‘u Nene cinder cone from Google maps. As

previously mentioned, this site was selected as the parent site for the first

martian regolith simulant because of its reflectance spectra similarities to the

bright, dust covered areas of Mars in the visible and near-infrered regime.

According to the University of Central Florida’s Exolith Lab simulant database,

the simulant is primarity composed of amorphous palagonite, a product of

the aqueous alteration of volcanic glass, and nanophase (<100 nm) oxides

[University of Central Florida 2019].

4.1.2 MMS-1 and MMS-2

MMS-1 (or Mars Mojave Simulant) was developed in 2007 by NASA and JPL

scientists. The source rock for MMS-1 is Saddleback Basalt from the Mojave

Desert, which consists of a few iron-rich basalt flows located near Boron, Califor-

nia [Beegle et al. 2007; Peters et al. 2008]. MMS-1 was developed because there

was a need for a Martian regolith simulant with no significant hygroscopic (water

absorption) properties, which can interfere with certain experiments. MMS-1

provides a good mineralogic analog for the igneous rocks of Mars and their weath-

ering products, but differences can be found in the individual mineral phases

and sulfate and carbonate compositions [Beegle et al. 2007; Peters et al. 2008].

MMS-1 has a grain fraction of ∼5%wt for sizes 5-52 µm and a grain fraction of

less than 1%wt for <5µm [Peters et al. 2008]. Figure 4.3 shows a picture of the

sample of MMS-1 used for this study.
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Figure 4.2: The location of the Pu‘u Nene cinder cone between Mauna Loa and Mauna Kea
is the source location for JSC-Mars-1. Top: The red box indicates the location of the bottom
picture. Bottom: The location of the Pu‘u Nene cinder cone. Images from Google maps.
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Figure 4.3: Image of the sample of MMS-1 used in this work.

MMS-2 was developed by a group in Austin, TX called The Martian Garden

[The Martian Garden 2019]. They developed MMS-2 from fine-grained MMS-1

by adding specific chemical and mineralogical additives in order to bring the

mineralogical and chemical composition of the simulant closer to that of the

Martian surface. The team added Fe2O3, MgO, and sulfates and silicates to the

orginial MMS-1 composition [The Martian Garden 2019]. Figure 4.4 shows a

picture of the sample of MMS-2 used for this study.

The Mojave Desert occupies over 47000 square miles and primarily resides

in southeastern California and southern Nevada. The geologic evolution of the

Mojave Desert consists of volcanic activity, plate tectonics, and weathering.

Unsurprisingly, all three of the different types of rocks, sedimentary, igneous, and

metamorphic can be found in the region. Today, however, the Mojave Desert is

the driest desert in North America. The parent material for the Mars Mojave

131



Figure 4.4: Image of the sample of MMS-2 used in this work.

Simulants was sourced from Saddleback Mountain outside of Boron, California,

in the western region of the Mojave Desert (see Figure 4.5).

4.1.3 Mojave Desert Samples

Two addition samples were obtained for analysis from the Mojave Desert, also

in the region of Boron, CA. The samples are named Mojave #4 (see Figure 4.6)

and Mojave #9 (see Figure 4.7). The Mojave /4 and Mojave /9 samples were

collected by Ralph Fritsche in September 2015.

4.1.4 Atacama Desert Sample

The Atacama Desert is located between the Andes Mountains and the Chilean

Coastal Range in Chile, South America. Due to its location, the desert expe-

riences two-sided rain shadow, meaning it cannot receive rain from the east

side or west side because of the two mountain ranges. This has made the
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Figure 4.5: The location of the parent material used for the Mars Mojave Simulants, located
in the western region of the Mojave Desert. Image from Google maps.

Figure 4.6: Image of the sample of Mojave #4 used in this work.
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Figure 4.7: Image of the sample of Mojave #9 used in this work.

Atacama Desert is the driest nonpolar region on Earth. Furthermore, evidence

suggests that the Atacama Desert has been arid to hyperarid for at least 10

million years, making it the oldest and most long-lived desert on the planet

[Clarke 2006; Tapia et al. 2018]. Due to the geological history of uplift and

subduction in the region, the Atacama Desert hosts outcrops of all three rock

types; igneous, metamorphic, and sedimentary [Tapia et al. 2018].

The extreme and long-lived aridity of the Atacama Desert has been compared

to the aridity of the Martian environment and has, therefore, been proposed

as the best site for a Martian regolith analog [Navarro-González et al. 2003].

Figure 4.8 shows an image of the Atacama Desert sample used for this work.

Figure 4.9 shows the location of the collection site for the sample collected from

the Atacama Desert. The sample was collected by Armando Azua-Bustos on

January 19th, 2017.
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Figure 4.8: Image of the sample collected from the Atacama Desert at Piedra Roja for use
in this work.

Figure 4.9: The location of the collection site for the sample collected from the Atacama
Desert at Piedra Roja. The sample was collected by Armando Azua-Bustos on January 19th,
2017. Image from Google Maps.

135



Figure 4.10: Image of the sample collected from the Andes Mountains at Farellones for use
in this work.

4.1.5 Andes Mountains Sample

The Andes Mountains are the longest mountain range on the continental surface

of Earth, as they stretch the full length of the western coast of South America.

The Andes Mountains formed because of tectonic plate activity due to the sub-

duction of oceanic crust beneath the South American plate [Tarbuck et al. 2014].

The present form of the Andes Mountains is due tovolcanic activity as well as

uplifting and folding of sedimentary and metamorphic rocks. Therefore, once

again, all three rock types are found in the Andes Mountains. Figure 4.10 shows

an image of the sample collected from the Andes Mountains for use in this work.

Figure 4.11 shows the location of the collection site for the sample from the

Andes Mountains for use in this work. The sample was collected by Armando

Azua-Bustos on November 17th, 2017.
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Figure 4.11: The location of the collection site for the sample collected from the Andes
Mountains at Farellones, located northeast of Santiago, Chile. The sample was collected by
Armando Azua-Bustos on November 17th, 2017. Image from Google Maps

4.1.6 Canary Island Sample

Similar to the Hawaiian Island chain, the Canary Islands were formed due to

tectonic plate movement over a mantle plume hot spot. The islands themselves

formed millions of years ago, but many of them have remained relatively volcani-

cally active in modern history. La Palma is the second highest island in the Ca-

nary Island chain and is also the second youngest island [Troll & Carracedo 2016].

La Palma is composed of two different shield volcanoes. Furthermore, the Cum-

bre Vieja rift zone between the two shield volcanoes is the most volcanically

active domain in the Canaries and bears testimony to the intense eruptive

activity that occurred in the past 500 years [Troll & Carracedo 2016]. Due to

the volcanic nature of the islands, they are mostly comprised of igneous rocks,

although some aqueous alteration is to be expected due to the climate of the
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Figure 4.12: Image of the sample collected from the Canary Islands at La Palma for use in
this work.

region. Figure 4.12 shows an image of the sample collected from La Palma that

was used for this work. Figure 4.13 shows the location of the collection site for

the sample collected form the Canary Islands at La Palma. The sample was

collected by Daniel Batcheldor on March 11th, 2017.

4.1.7 Iceland Sample

Geologically, the country of Iceland lies on both the North American continental

plate and the Eurasian continental plate. Iceland is a part of the mid-atlantic

ridge, in which the North American continental plate and the Eurasian continen-

tal plate are drifting apart, causing the formation of new crust between the two

plates [Tarbuck et al. 2014]. The portion of the ridge in which Iceland is located

may be over top of a mantle plume hot spot, which allowed for the formation of

the country above the surface of the ocean; although the hot spot hypothesis for

Iceland is currently debated in the scientific community [Stein et al. 2003].
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Figure 4.13: The location of the collection site for the sample collected from the Canary
Islands at La Palma for use in this work. The sample was collected by Daniel Batcheldor on
March 11th, 2017. Image from Google Maps.

Iceland is a geologically young surface, only rising above the ocean surface

about 16 million years ago [Weisenberger 2010]. Due to its young age and

extensive volcanic activity, Iceland is primarily composed of igneous rocks,

although some sedimentary rock sources have been discovered. Due to the

climate of the Icelandic region, some aqueous alteration is to be expected. Figure

4.14 shows an image of the sample collected from the Snæfellsnes Peninsula

in Iceland. Figure 4.15 shows the location of the collection site of the sample

collected from the Snæfellsnes Peninsula in Iceland. The sample was collected

by Beverly Kemmerer on May 17th, 2019.

Figure 4.16 shows a map of the collection sites for the nine terrestrial analog

simulants used in this work. The samples were collected from various sites in

the western hemisphere of Earth. However, furture work should include an equal

spread of regolith samples from the eastern hemisphere as well.
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Figure 4.14: Image of the sample collected from the Snæfellsnes Peninsula in Iceland for use
in this work.

Figure 4.15: The location of the collection site for the sample collected from the Snæfellsnes
Peninsula in Iceland for use in this work. The sample was collected by Beverly Kemmerer on
May 17th, 2019. Image from Google Maps.
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Figure 4.16: A map of the collection sites for the terrestrial analog simulants used in this
work.

4.2 Artificial Simulants

4.2.1 MGS-1 and MGS-1S

The Center for Lunar & Asteroid Surface Science (CLASS) Exolith Lab at the

University of Central Florida started creating artificial simulants in order to

establish a standard of high-fidelity regolith simulants for use in ISRU studies.

The researchers determine mineralogical recipes based on in-situ measured

regolith compositions and combine the raw mineral components in specific

amounts according to the mineralogical recipe. This method of artificial simulant

creation does not involve finding and sourcing a basaltic terrestrial analog for

the major component of the simulant.

Instead of using a terrestrial basaltic analog, Cannon et al. (2019) used an

existing library of source minerals to combine into the newest Martian regolith

141



Figure 4.17: Image of the sample of MGS-1 used in this work. Ruler scale for size reference
is in inches.

simulant. They determine a formula for the final composition using weight

percent of each individual mineral, mixed together the raw minerals with water

and a sodium metasilicate binder, “baked” out the water, and then crushed the

samples to the desired particle size distribution. The team developed a Martian

Global Simulant (MGS-1), which is based on the quantitative mineralogy results

from the MSL Curiosity rover and is designed to replicate the homoginized

wind-blow regolith that blankets the Martian surface. Figure 4.17 shows an

image of the sample fo MGS-1 used for this work.

Furthermore, the team develoved an altered version of MGS-1: MGS-1S. MGS-

1S uses MGS-1 as a root simulant, but it has a higher quantity of hydrated gypsum

to increase the sulfur content [University of Central Florida 2019]. MGS-1S was

specifically designed for use in ISRU water extraction studies. Figure 4.18 shows

an image of the sample of MGS-1S used for this work.
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Figure 4.18: Image of the sample of MGS-1S used in this work. Ruler scale for size reference
is in inches.

4.2.2 JEZ-1

The same team at UCF that made the MGS simulants also made the Jezero Delta

Simulant (JEZ-1), using the same artificial simulant creation processes. JEZ-1

was made according to the anticipated mineral composition of the Jezero Crater

deltas, which is the future landing site of the Mars 2020 rover. Furthermore, JEZ-1

is a mixture of the root simulant MGS-1, with added concentrations of clays (smec-

tite), magnesium carbonate, and olivine [University of Central Florida 2019].
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Figure 4.19: Image of the sample of JEZ-1 used in this work. Ruler scale for size reference
is in inches.
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Chapter 5

Methods and Instrumentation

An X-ray diffractometer was used to determine mineralogical components of

each of the thirteen Martian regolith simulants that were collected. In the

past 100 years, X-ray diffraction (XRD) has become one of the most important

analytical approaches to the qualitative and quantitative study of geological

samples, both terrestrial and extraterrestrial, and many important works have

been published using this technique [Bish & Howard 1988; Bish & Post 1993;

Chipera & Bish 2004; Blake et al. 2012; Bish et al. 2013; Grotzinger et al. 2014;

Morris et al. 2014; Treiman et al. 2016; Rampe et al. 2017; Zhou et al. 2018].

Furthermore, to account for the difficulty in quantitatively analyzing clays and

amorphous materials using XRD alone [Chipera & Bish 2004; Rampe et al. 2017;

Zhou et al. 2018], a scanning electron microscope (SEM) was used to image the

surface characteristics of each sample, as well as map and quantitatively deter-

mine the elemental concentration. The results from the SEM chemical analysis

were also used to compare the chemical composition of the Martian regolith

simulants to the chemical composition of the homoginized dust component of
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the Martian surface. Finally, seive plates with mesh sizes of 2 mm and 1 mm

were used to detemined the fractional weight percent of each Martian regolith

simulant with particle sizes of >2 mm, 1-2 mm, and <1 mm.

5.1 Scanning Electron Microscope & Energy

Dispersive X-ray Spectroscopy

A scanning electron microscope, or SEM, uses a focused beam of accelerated

electrons to image very small details on the surface of a sample by scanning

across the sample in a rectangular, back and forth scan pattern. The De Broglie

equation,

λ =
h

p
(5.1)

relates a moving particle’s wavelength, λ, to its momentum, p, where h is Planck’s

constant. According to the De Broglie equation, highly accelerated electrons

have very short wavelengths. These shorter wavelengths in an SEM have a higher

resolving power than typical visible light photons, making electron microscopes

ideal for resolving minute variances in samples. For example, typical SEMs have

resolutions of ∼10-50 nm, while optical light microscopes can have resolutions

of ∼1 µm (or 1000 nm) [Goldstein et al. 2003].

An SEM consists of an electron gun, which generates electrons and accelerates

them to an energy in the range of ∼0.1-30 keV. Electron lenses in the path of

the electron beam focus the beam to a smaller spot size, in order to achieve

higher image resolutions. Electromagnetic deflection coils, or scan coils, are
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Figure 5.1: Figure showing the main components of a Scanning Electron Microscope (SEM).
See text for a description. [Goldstein et al. 2003]

located after the electron lenses and work to deflect the electron beam in the

back and forth rastor pattern in order to probe the entire sample surface, spot

by spot and line by line. The detector then collects the signals coming from

the electron-sample interaction. The image produced by an SEM maps the

varying intensities of the different interaction products (backscattered electrons,

secondary electrons, etc.) to their corresponding positions on the specimen where

the signal was generated. Figure 5.1 shows a diagram of the main components

of an SEM.

At low accelerating voltages (≤5 keV), the beam interaction with the sample

is confined to regions close to the surface, and images rich in surface details

are produced. Alternatively, at higher accelerating voltages (15-30 keV), the

beam penetrates beneath the surface and the emerging signal electrons mostly

carry information about the interior of the sample [Goldstein et al. 2003]. The

accelerated electron beam can interact with the sample in a number of ways,

all of which provide information about the properties of the sample, like its
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topography and composition. The three primary signal producing interactions

of interest for this work are the backscattered electrons, the secondary electrons,

and the characteristic X-rays.

The beam of electrons enter the sample, they interact as negatively charged

particles interacting with the electric fields produced by the atoms in the sample.

Figure 5.2 shows a Monte Carlo electron trajectory simulation of the interaction

volume for a 20 keV beam striking a sample of SiO2 [Goldstein et al. 2003].

The electrons are elastically scattered, meaning they do not lose kinetic energy,

and placed on new trajectories inside the sample [Goldstein et al. 2003]. After

many elastic scattering events, the trajectory of the beam electrons can be

altered so much that the electrons exit the sample altogether, an event called

“backscattering”.

In Figure 5.2, the backscattered electron trajectories are denoted by thick

black line traces. Furthermore, the higher the atomic number of the element(s)

in the sample, the higher the probablility of backscattering events. This is

due to heavier atoms having a much stronger positive charge in their nucleus,

and scattering electrons more effectively. This relationship between backscat-

tered electrons (BSE) and atomic number of the atoms in the sample make

it possible to decipher between elemental compositions in the sample using

the BSE detection mode in the SEM (see Figure 5.3). Heavier atomic nu-

clei backscatter more effectively and appear brighter in the BSE image, while

lighter atomic nuclei backscatter less and appear darker in the BSE image

[Solé et al. 2007; Newbury & Ritchie 2015].

Simultaneously, with the elastic scattering of beam electrons in the sample,

the beam electrons also undergo inelastic scattering, in which they do lose energy
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Figure 5.2: Figure showing a Monte Carlo electron trajectory simulation of the interaction
volume for a 20 keV beam striking a sample of SiO2. [Goldstein et al. 2003]

by transferring it to atoms in the sample. This energy loss is gradual, and so

the beam electrons penetrate deep into the sample before losing their energy. In

Figure 5.2, the inelastically scattered electrons are denoted by the thin black

lines that penetrate deeper into the sample. Some inelastic scattering events

give rise to secondary electron (SE) emisions. SEs are loosely bound outer shell

electrons in the sample atoms which receive enough kinetic energy from inelastic

interactions to be ejected from the atom [Goldstein et al. 2003]. SEs are defined

purely on the basis of their lower kinetic energies. A consequence of the low

kinetic energies of SEs is their shallow escape depth from the sample. SEs that

escape the sample and are detected originate from ∼1-10 nm below the surface

of the sample [Goldstein et al. 2003]. A resulting property of SE imaging is that

it is more surface sensitive (see Figure 5.3).

The differences in energies between secondary electrons (lower energies) and

backscattered electrons (higher energies) is the method in which to distinguishing
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Figure 5.3: Two images of the same thick Ni wire wrapped with two thin, twisted Ti wires.
Left : The described image using an SEM in secodary electron mode. Notice the small surface
details are visible. Right : The described image using an SEM in backscattered electron mode.
Notice the difference in intensity of the thick Ni wire versus the thin Ti wires. Images from
[Anderson Materials Evaluation Inc.].

between the two. The instrument’s detector can be set to detect either kind

of electron, based on the different energies of each type. Secondary electrons

are commonly used to show surface details like shape and topography and

backscattered electrons are commonly used to map composition [Nesse 2012].

Finally, the mode that detects characteristic X-rays produced by the electron-

sample interaction is usually referred to as Energy Dispersive X-ray Spectroscopy,

or EDX. X-rays are produced from the electron-sample interaction in two steps.

The first step is when a high energy beam electron inellastically interacts with a

sample electron from an inner energy shell and gives it enough energy to “jump”

to a higher electron energy shell or to escape the sample altogether. This process

leaves behind a positively charged “hole”, which allows an electron from a high

energy shell to lose energy and move to the lower electron energy shell, replacing

the hole. The second step is when the sample electron loses energy to drop down

to a lower electron energy shell, it emits a characteristic X-ray. Figure 5.4 shows

a diagram of this process [Goldstein et al. 2003].
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Figure 5.4: The production of characteristic X-rays. A high energy beam electron removes
an inner shell electron from an atom in the sample. A higher shell electron then releases a
characteristic X-ray and moves down to the lower shell to fill the hole left by the removed
electron. [Goldstein et al. 2003]

Every element has distinct electron energy shells that are separated by

distinct energy levels. Electrons moving between these shells have to absorb or

emit a finite amount of energy that is unique to the element and to the shell

transition. This is how these characteristic X-rays are produced and why they

are considered characteristic. Every element and shell transition has a unique

X-ray emission (or absorption) associated with it, which allows these emission

X-rays to be used like fingerprints to identify the element and transition. EDX

analysis of a sample produces a spectra of peaks at different energies, which

can be analyzed to determine the sample composition. Furthermore, the area of

the peaks contain qualitative information regarding the concentration of each

individual element in the sample [Nesse 2012].
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Figure 5.5: JEOL JSM-6380LV Scanning Electron Microscope. Image from European Virtual
Institute for Speciation Analysis (EVISA).

5.1.1 Data Analysis Techniques

A JEOL JSM-6380LV Scanning Electron Microscope (see Figure 5.5) instrument

located at Florida Institute of Technology was used for this work. Due to the

non-conductive nature of the regolith simulant samples, they were coated in

gold using a gold sputterer before being placed into the SEM for analysis. The

conductive gold coating ensures that the sample’s surface will not aquire a build

up of charge from the incident beam electrons, which would negatively impact

the imaging quality.

The output of the SEM EDX analysis is an X-ray spectrum with the percent

weight concentration of each detected element at the position of the electron beam.

The percent weight of each element detected is calculated by the instrument

software using the k-ratio, which is based on the counts in the X-ray spectrum

due to the element versus the counts from the same element in a standard
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spectra. Most modern SEM EDX systems are installed with these standard

spectra for all elements and the most commonly used X-ray analysis lines, which

allow the quantification of elements in a sample. Furthermore, the calculation

is quite simple; the k-ratio is given by Equation 5.2, which is the ratio of the

intensity (counts), I, of the peak of the element of interest to the the intensity

(counts) of the peak for the standard assigned to that element.

K =
Isample
Istandard

(5.2)

Furthermore, the concentrations, C, of the element measured in the sample and

the standard are related to the measured X-ray intensities by Equation 5.3. Since

the equation is using a standard sample of known quantity, the concentration of

the element of interest in the sample is simple enough.

Csample = K ∗ Cstandard (5.3)

However, this calculation alone is not sufficient for the calculation of the elemental

concentrations. There are different effects from the sample composition that

cause the intensity of the spectrum to vary slightly from the expected spectrum.

Therefore, to calculate the concentrations of elements in the spectrum, a matrix

of corrections needs to be applied to the raw intensities. Furthermore, these

matrix effects depend on the composition of the sample, so the matrix correction

process is an iterative process that is repeated until there is no change in the

calculated concentrations between iterations.

In short, these corrections are called the ZAF corrections because they are

based on
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1. Z - differences in the mean atomic number

2. A - differences in absorption of X-rays, and

3. F - differences in the production of secondary X-rays, or X-ray fluorescence

The Z correction factor accounts for two corrections due to the mean atomic

number of the sample: the backscattered component and the stopping power

component. The backscattered component is due to higher atomic number

samples backscattering more electrons. The backscattered electrons are ejected

from the smaple and cannot generate X-rays from it. So, if the sample has a

different mean atomic number that the standard sample, a correction has to

be made to the measured X-ray intensity. The stopping power is the rate of

energy loss in the incident electron beam per unit mass of penetration into the

sample. The stopping power of a sample decreases with increasing mean atomic

number of the sample. Therefore, the mass penetrated in the sample increases

with increasing Z, and more X-rays are produced. The sum of the backscattered

component and the stopping power component make up the Z correction factor.

The A correction factor accounts for the characteristic X-rays that are

absorbed in the sample after they are produced. X-rays produced in the sample

travel in all directions and are either absorbed by the sample or they pass through

it. The probability of absorption depends on the energy of the characteristic

X-rays produced and the ionization energy of the atoms in the sample, both of

which depend on the composition of the sample. If the characteristic X-rays

that are produced have energies that are equal to the ionization energy of a shell

electron in an atom in the sample, there is a strong probability that the X-ray

will be absorbed and an electron will be emitted from the ionized atom.
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Finally, the F correction factor accounts for the secondary fluorescence of

a sample. Fluorescence occurs when a characteristic X-ray has enough energy

to ionize an inner shell electron. The electron is expelled from the shell and

a higher shell electron loses energy, drops to the lower shell, and fills the hole

left behind by the ionization. When the electron loses this energy and drops to

a lower shell, it produces a secondary X-ray, usually of lower energy than the

primary X-ray. This effect can produce higher X-ray counts for the element that

is ionized and is therefore dependent on the composition of the sample.

Together, these three correction factors make up the ZAF correction matrix.

The calculation of the concentrations of elements in a sample with the ZAF

correction matrix applied is given by Equation 5.4.

Csample = K ∗ Cstandard ∗
ZAFsample
ZAFstandard

(5.4)

The ZAF factor for the standard can be calculated from its composition, which is

known. However, the ZAF factor for the sample also needs to be calculated from

the composition of the sample. Therefore, the initial ZAF factor is calculated

from the composition given by the k-ratio from Equation 5.3, and an iterative

technique is applied with the re-calculation of the ZAF factor using the previous

iteration’s concentration until the calculated composition of the sample no longer

changes between iterations. Furthermore, all of these calculations and ZAF

factor corrections are automatically performed by the SEM EDX software.

For this work, it is necessary to convert the percent weight of elements

calculated by the SEM EDX software into the percent weight of oxides of the

components in the sample. This is done for two reasons: 1.) for comparison to

the oxide compositions reported for Martian surface, and 2.) for easier calculation
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of mineralogical components in the sample. To convert the percent weight of an

element to the percent weight of an oxide, Equation 5.5 is used.

%(oxide) =
Woxide

Welement ∗ nelement
∗ %(element) (5.5)

where Woxide is the molecular weight of the oxide, Welement is the atomic weight

of the element, and nelement is the number of moles of the element in the oxide.

For example, if the SEM EDX results give a percent weight composition of

aluminum as Al = 11.56% in the sample, then the percent weight of Al2O3 in

the sample is 21.84%, as given by Equation 5.6.

%(Al2O3) =
WAl2O3

WAl ∗ nAl
∗ %(Al) =

101.96

26.98 ∗ 2
∗ %(11.56) = 21.84% (5.6)

The largest source of error in the SEM EDX analysis is due to the surface

roughness of the samples analyzed, which were not flattened, or polished, before

SEM EDX analysis. The surface roughness effects the path length of the emitted

characteristic X-rays, which can distrupt the detection of all of the characteristic

X-rays coming from the sample. Further errors in the quantification of the

composition of a sample can arise from the inhomogeneity of the sample. In

order to quantify the errors associated with these effects, at least ten X-ray

spectra at different positions were obtained for each sample and the standard

deviation of the oxide concentration, σ, from the average oxide concentration for

the sample was calculated. Furthermore, limitations to the SEM EDX analysis

of the samples include no analysis of hydrogen or carbon composition. Hydrogen

does not produce characteristic X-rays, so the water (H2O) or hydroxyl (OH−)
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content of the samples could not be determined. The sample holder for the

SEM EDX contains a carbon tape backing, so the results for the composition of

carbon in each sample could not be calculated, meaning the carbonate (CO2−
3 )

content of the samples could not be determined.

5.2 X-Ray Diffraction

X-ray powder diffraction, or XRD, is an analysis technique used for phase

identification of the crystalline component of a sample powder. To be used

accurately, the sample needs to be finely ground and homogenized so that average

bulk composition can be determined. The fundamental principle behind X-ray

powder diffraction is given by the Bragg equation, Equation 5.7, where λ is

the X-ray wavelength (a property of the instrument), n is an integer, θ is the

angle of incidence of the X-rays, and d is the spacing between atom layers in the

crystal structure of the material.

nλ = 2d sin θ (5.7)

The incident X-rays produced by the X-ray diffractometer have wavelengths

of ∼1-2 Å, which is similar to the spacing of atoms in most crystal structures.

This similarity in dimensions allows the X-rays to be diffracted by the regularly

spaced atoms inside the crystal structure. Figure 5.6 depicts this process of

X-ray diffraction. Two incident X-rays, rays 1 and 2, impinge upon layers of

atoms that are separated by a distance d inside a crystal structure. The two

rays are diffracted by these atoms and will either constructively interfere (pro-

ducing a detectable diffracted X-ray signal) or destructively interfere (producing
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Figure 5.6: Diagram depicting the diffraction of incident X-rays on a crystal structure.
Parallel incident X-rays, rays 1 and 2, impinge upon layers of atoms that are separated by a
distance d in the crystal structure. Constructive interference occurs when the distance pqr is
equal to an interger number of wavelengths. [Nesse 2012].

no detectable diffracted X-ray signal). Constructive interference occurs when

the distance pqr is equal to an interger number of wavelengths, or pqr = nλ

[Nesse 2012]. Furthermore, through a few trigonometric steps, it can be shown

that pqr = 2dsinθ = nλ. Therefore, the relationship between the incident angle,

θ, and the atomic spacing in the crystal structure, d, allows for the identification

of specific minerals based on the incident angle of the X-rays and the detection

of the constructive interference of diffracted X-rays.

X-ray diffractometers consist of three basic components: an X-ray generator

tube, a sample holder, and an X-ray detector. The X-ray generator tube is a

cathode ray tube where the incident X-rays are generated by heating a filament,

producing a beam of accelerated electrons in order to strike a target material

inside the X-ray generator tube. This collision transfers enough energy to

dislodge inner shell electrons of the target material and characteristic X-rays

are produced. These characteristic X-rays are specific for each instrument, but

are usually of the Kα type for the target material (commonly Cu, Fe, Mo, Cr)

[Dutrow & Clark 2018]. Table 5.1 lists the characteristic X-ray wavelengths (in
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Å) of the metals commonly used as targets in X-ray generator tubes [Nesse 2012].

These are the wavelengths of the incident X-rays that bombard the powder sample

and diffract according to the sample’s crystal structure. Once these characteristic

X-rays are produced, they are collimated and directed toward the sample. As

the X-ray generator or the sample is rotated (which one rotates depends on

the instrument) through the user determined angle range, the intensities of

the diffracted X-rays are recorded. Peak intensities occur when Equation 5.7

is satisfied and constructive interference is occurring. Data is recorded as a

spectra with counts (or count rate) on the y axis and angle (in 2θ degrees)

on the x axis (see Figure 5.7). For typical powder patterns, including the

samples that were analyzed in this work, data is collected at 2θ from ∼5o to 70o

[Dutrow & Clark 2018].

Table 5.1: The characteristic X-ray wavelengths (in Å) of the most commonly used target
metals in X-ray generator tubes. [Nesse 2012]

Cu Fe Mo Cr
Kβ 1.38217 1.75653 0.63225 2.08479
Kα1 1.54051 1.93597 0.70926 2.28962
Kα2 1.54433 1.93991 0.71354 2.29351

The integer n in Equation 5.7 is the nth order Bragg reflection in the diffraction

pattern. This is due to the fact that constructive interference of the diffraction

pattern occurs at integer number of wavelengths, or nλ, where n = 1, 2, 3, etc.

Therefore, each d-spaced diffraction pattern will have a diffraction signal at 1λ,

2λ, 3λ, etc. For example, consider the analysis of the mineral halite (NaCl), with

interplanar spacing d = 3.2555 Å, using incident CuKα X-rays. The solution

of the Bragg equation yields the first-order reflection, n = 1, located at θ =

13.70◦. However, the analysis will also yield a second-order reflection, n = 2,

at θ = 28.27◦, a third-order reflection, n = 3, at 45.27◦, and a fourth-order
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Figure 5.7: The XRD spectrum of quartz. [Nesse 2012]

reflection, n = 4, at 71.30◦ [Nesse 2012]. Reflections higher than the fourth-order

are typically not relevant because they are outside of the preset θ range (5◦

to 70◦) or the detection limit of the instrument. Furthermore, the first-order

reflection will have the highest intensity, while all higher-order reflections have

subsuquestly lower intensities.

Using XRD, it is possible to differentiate between minerals with the same

chemical composition, where a mineral represents a specific chemistry and atomic

arrangement. For example, Figure 5.8 shows the different diffraction patterns of

some of the different mineral phases of SiO2. Determining the mineral phase of

the chemical component in the sample can tell you valuable information about

that component in the sample, like what temperatures and pressures it was

subjected to and how rapidly or slowly the component cooled (see Section 2.1.3).

Furthermore, when a sample is a mixture of mineral phases, the XRD pattern is

a mixture of the individual XRD patterns of the components in the sample (see

Figure 5.8).
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Figure 5.8: Figure showing example XRD spectrum of a mixture of different mineral phases
of SiO2. Image from [Speakman 2018].

For crystalline solids, solids that have atoms and/or ions arranged symmetri-

cally in a repeating, long-range pattern, the diffraction pattern is distinct. This

distinctness comes from each crystal in the solid diffracting the incident X-rays

in a constructive manner to exactly the same Bragg angle. However, for clays

and amorphous materials, which do not have this long-range symmetry in their

structure, like glass, the diffraction pattern does not have sharp, defined peaks

and quantitative analysis becomes more difficult. See Figures 5.9 and Figure 5.8

for a comparison between the structures of crystalline quartz and amorphous

glass and their resulting diffraction patterns. The quantitative analysis of the

amorphous and clay minerals in this research is discussed at the end of this

section.

5.2.1 Data Analysis Techniques

The author used the Bruker D2 Phaser XRD system at Florida Institute of

Technology (see Figure 5.10) for XRD sample analysis along with the Crystal

Impact’s Match! software for mineralogical phase analysis of the diffraction
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Figure 5.9: Figure showing the difference between crystalline SiO2 (Quartz) and amorphous
SiO2 (glass). Image adapted from the Nondestructive Testing (NDT) Resource Center and
[Tarbuck et al. 2014].

spectra. The Bruker D2 Phaser XRD system uses a copper metal target in the X-

ray generator to produce Cu Kα X-rays of wavelength 1.54184 Å. Crystal Impact’s

“Match! - Phase Identification from Powder Diffraction”, or simply “Match!”,

is a well-known software used for phase identification of powder diffraction

data [Putz & Brandenburg 2003]. Match! allows XRD peak identification for

numerous mineral phases within a single sample. The software identifies XRD

peaks in the sample XRD pattern by comparing the peak location and intensity

to the Crystallography Open Database (COD), an open-access collection of

crystal structure XRD data for organic, inorganic, and metal-organic compounds

and minerals.

In order for the software to compare peaks in the unknown sample pattern

to peaks in the reference pattern database, the software must first determine

the locations and intesities of the peaks in the sample pattern. The software is

equipped with a series of functions in order to acheive this. First, the software

is equiped with the option of stripping the pattern of the Kα2 component of
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Figure 5.10: Figures showing Top: the Bruker D2 Phaser XRD at Florida Institue of
Technology and Bottom: the x-ray tube, sample holder (with sample), and x-ray detector
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the radiation, if it is present. The X-ray radiation used in the measurement of

the powder diffraction pattern generally contains contributions from both the

Kα1 and the Kα2 transitions. In order to accurately determine the positions

and intensities of the relevant peaks in the sample pattern, the Kα2 transition

contributions should be removed. Match! uses the algorithm developed by Ladell

et al. (1975) to perform the stripping of this unwanted component.

Second, the Match! software contains the option of determining and subtract-

ing the background contributions from statistical noise, which causes the pattern

to deviate from the ideal flat line at zero intensity. Match! uses the method

developed by Sonneveld & Visser (1975) to perform this task. However, for this

work, this task was not performed using the software’s automatic determination

of the background. Due to the presence of amorphous components in the samples

used for this work, the author obtained the background from the instrument by

measuring the diffraction pattern from an empty sample holder and removed this

background from each diffraction pattern. This method ensures that the broad

amorphous components in each sample would not be identified as background

noise and unwantingly removed from the diffraction pattern.

Third, the software provides the option to smooth the raw data in order to

improve the singal to noise ratio. Match! uses the the well-known algorithm

developed by Savitzky & Golay (1964), and later improved by Steiner, Termonia,

& Deltour (1972), to perform the raw data smoothing task. This task can

be applied as many times as the user wants, but care should be taken when

performing the task multiple times because the smoothing operation can result in

the loss of valuable information, i.e., peaks. For this work, the author found that

smoothing the raw data twice typically resulted in no important peak loss while
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reducing the possibility of the software identifying noise as a peak. Therefore,

the author used the raw data smoothing task twice for each unknown sample

pattern.

Finally, Match! uses the well-known second-derivative method for identifying

peaks. The second derivative is the measure of the curvature of the signal. In

other words, the second derivative is the rate of change of the slope of the signal.

Therefore, because the slope of the signal changes greatly at the top of a peak,

the absolute value of the rate of change of the slope at the top of a peak will

be large compared to the surrounding values. Furthermore, the importance of

smoothing the raw data before performing the second-derivative peak search

task should be mentioned. Smoothing the noise before this task will ensure false

peaks within the background noise will not be identified as crystal structure

related peaks. Once Match! has found all of the peaks in the unknown sample

pattern, the software measures the intensity and full-width at half-maximum

(FWHM). The result of this series of raw data processing is a list of peaks

characterized by their 2θ location, intensity, and FWHM. Furthermore, it should

be noted that the software has the option for the user to adjust the sensitivity

of the peak search function, if it does not seem to be performing well enough.

However, this was not necessary for this work.

The Match! software can either identify mineral phases with no initial

information given by the user, or the software can identify mineral phases

in which the user requires certain elements to be present (see Figure 5.11).

For this work, only elements that were identified as present in the sample

from the SEM analysis were allowed to be present for the mineralogical peak

identification. The core function of the Match! software is the “search-match”
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Figure 5.11: Figure showing the Match! - Phase Identification from Powder Diffraction
software’s ability to include or exclude, as specified by the user, desired elements in the
“search-match” routine. The image is a screenshot image of the author using Match! for a
control sample diffraction pattern of Fe-carbonate.

routine. This function compares the diffraction pattern of the unknown sample

to the diffraction patterns of the known compounds stored in the COD reference

pattern databse. The software then computes a numerical value for the measure

of agreement between the two patterns; this is called the figure of merit (FoM).

The calculation of the FoM is based on the peaks found in the unknown

sample’s diffraction pattern. Depending on the search-match function used,

Match! will try to either correlate all of the peaks (if full pattern matching was

used) or correlate only the selected peaks (if single peak matching was used).

The software then calculates the FoM as a weighted sum of various pattern

agreement criteria:

• 2θ-value differences between correlated peaks

• Intensity differences between correlated peaks

• Difference between the number of correlated peaks and the total number
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of peaks in the unknown pattern

• Difference between the number of peaks that have been correlated and the

number of peaks that should have been correlated

• Intensity scaling factor for the database entry’s peaks that gives the best

agreement with the unknown pattern regarding the peak intensities

Due to the fact that some of these factors favor single phase unknown samples,

the user has the option to change the weights of these factors for the FoM

calculation. After sorting the entries in order of decreasing FoM values, the

entries/phases that are most likely to be present in the unknown sample are

those displayed at the top of the list. Furthermore, the FoMs are color coded for

ease of use, with green being the highest FoMs and red being the lowest (see

Figures 5.12 and 5.13).

Another relevant function of the Match! software is its ability to determine

the degree-of-crystallinity (DOC), or amounts of crystalline and amorphous

components, in the sample. For example, in Figure 5.14, the shallow, broad peak

from ∼19◦ to ∼30◦ is what an amorphous material looks like in XRD analysis,

while the sharp, thin peaks in the majority of the spectrum is indicative of

crystalline materials. An important requirement for the DOC calculation is the

presence of a reference diffraction pattern of an “empty sample holder” where

the pattern was acquired under the same conditions as the unknown sample

diffraction pattern. This empty sample holder pattern provides the software

with an accurate determination of the background contribution caused by the

instrument. Once this background contribution is determined and subtracted,

the remaining portion of the unknown sample pattern is either sharp peaks due
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Figure 5.12: Figure showing the Match! - Phase Identification from Powder Diffraction
software’s ability to locate peaks and identify their phase. The image is a screenshot image of
the author using Match! for a control sample diffraction pattern of gypsum.

to the crystalline component or broad peaks due to the amorphous component

and is calculated as such.

Another notable capability of the Match! software is the software’s ability to

perform semi-quantitative phase analysis to determine the abundance of each

crystalline material in the sample (See Figure 5.15). This semi-quantitative

analysis uses the Reference Intensity Ratio (RIR) method, which is based on

scaling all diffraction data to the diffraction data of a standard reference, to

determine phase abundances. The RIR method takes the largest, most intense

peak in a phase and compares its intensity to a standard material’s highest

peak intensity. Typically, the Aluminum Oxide named Corundum (α− Al2O3)

[Hubbard & Snyder 1988] is used as the standard reference. The RIR method

is based on a formula developed by Alexander & Klug (1948) that states
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Figure 5.13: Figure showing the Match! - Phase Identification from Powder Diffraction
software’s ability to perform qualitative analysis and assign a Figure of Merit (FOM) to each
potential phase. The image is a screenshot image of the author using Match! for a control
sample diffraction pattern of gypsum.

Xα = kα
Iα
Ic

∗Xc (5.8)

where Xα is the % weight composition of the phase component of interest

in the sample, Iα is the X-ray diffraction intensity of the phase component’s

highest peak, Ic is the X-ray diffraction intensity of the standard, corundum,

and Xc is the % weight composition of the corundum phase in the sample. kα

is a coefficient related to the nature of the phases of the sample component

and corundum [Zhou et al. 2018]. The k values and Iα/Ic using corundum in a

50:50 mixture with the α phase component have been published in many powder

diffraction databases for many different phase components, including the COD

that Match! uses. Therefore, using the ratio of intensities of phase peaks, α and
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Figure 5.14: Figure showing the amorphous and crystalline components in the spectrum of
hydrated silica. The image is a screenshot image of the author using Match! for a control
sample diffraction pattern of hydrated silica.

β, in a sample, Match! calculates the quantity of each phase in the sample using

Equation 5.9

Xα

Xβ

=
kα
kβ

Iα
Iβ

(5.9)

where Xα is the % weight composition of the α phase component, Xβ is the %

weight composition of the β phase component, Iα is the intensity of the α phase

component’s highest peak, Iβ is the intensity of the β phase component’s highest

peak, and kα and kβ are published k coefficients calculated from experiemntal

X-ray analysis of the α and β compoenents in a 50:50 mix with the RIR standard,

corundum.

The results from the XRD semi-quantitative analysis of the mineralogical

composition of the sample was converted to the % weight of oxide components for

comparison to the results from the SEM EDX analysis (discussed in Section 5.1).
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Figure 5.15: Figure showing the Match! - Phase Identification from Powder Diffraction
software’s ability to perform semi-quantitative analysis using the Reference Intensity Ratio
(RIR) method. The image is a screenshot image of the author using Match! for a control
sample diffraction pattern of a mixture of calcite, gypsum, and corundum.
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For example, take the mineral Augite that was found to be present in the sample

at 7.5% weight contribution with a compositional form of CaFe0.25Mg0.75O6Si2.

The results can be converted into percent weight oxide contribution by following

the example lined out in Table 5.2.

Table 5.2: Example calculation of the weight percent of oxide contribution from a sample
with 7.5% Augite with the chemical formula CaFe0.25Mg0.75O6Si2.

Oxide Mol. Wt. Num. of Moles Mol. Wt. Cont. Wt. % Wt. % Cont. of Oxide
CaO 56.077 1 56.077 24.99 1.87
FeO 71.844 0.25 17.961 8.00 0.60
MgO 40.304 0.75 30.228 13.47 1.01
SiO2 60.084 2 120.168 53.54 4.02

Total 224.434 100 7.50

First, the oxides present must be identified (column 1) and their corresponding

molecular weights must be calculated (column 2). Second, using the chemical

formula of the mineral and the oxide, the number of moles of each oxide in the

mineral needs to be calculated (column 3). A good check to see if this step is

done correctly is to add up the number of moles of oxygen from each oxide and

make sure it adds up to the number of oxygen atoms in the mineral (6 for this

example). Third, calculate the molecular weight contribution from each oxide

(column 4) by multiplying the molecular weight (column 2) by the number of

moles (column 3). Fourth, calculate the percent weight of each oxide component

in the mineral (column 5) by dividing the molecular weight contribution of the

oxide (column 4) by the total molecular weight of the mineral (column 4, last

row) and multiply this by 100 to express it as a percentage. A good check for this

step is to see if the total of all of column 5 adds up to 100%. Finally, multiply

the percent weight of each oxide in the mineral (column 5) by the percent weight

of the mineral in the sample (7.5% for this example, or 0.075 for the calculation)

to obtain the percent weight contribution of each oxide in the mineral to the

172



overall oxide composition (column 6). A final check for this step is to sum all

of column 6 to make sure it only adds up to 7.5%, no more than the percent

weight composition of the mineral in the sample. To obtain the percent weight

composition of all the oxides in the sample from each mineral, simply perform

this calculation for each mineral and add up the oxide components.

There are multiple notable sources of error in the XRD analysis presented

in this work. These sources are due to amorphous components present in

the regolith samples, large particle sizes, and probable preferred orientation

in the samples. Amorphous components present in an XRD spectrum create

broad diffraction peaks that are often difficult to decifer between it and the

background noise from the instrument. In this work, the author was unable to

obtain a reliable background spectrum from the XRD instrument by analyzing

an empty sample holder. The reason for this will be discussed in Chapter 7.

Therefore, separation of the background noise and the amorphous components

in the samples were not possible. Furthermore, due to the unavailability of

necessary equipment, the author was unable to crush the sample to the desired

particle sizes, <10 µm, for XRD analysis. The author was only able to crush the

samples to <25 µm. These large particle sizes in the XRD samples can cause

errors in the quantitative analysis of the samples in the form of intensity errors

or by masking phase peaks altogether. Finally, the smoothing of the surface

of the sample in the sample holder might have caused the sample to undergo

preferred orientation, which can cause the XRD spectrum to be lacking in some

of the peaks necessary for proper identification of phases or cause errors in the

quantification of peak phases.
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5.3 Other Equipment Used

Other equipment used for this work include (1) a Quincy Lab 21-350 drying oven,

for drying the samples to lower the absorbed water content, (2) a Keyence VHX-

5000 digital microscope, for visual inspection of color and surface characteristics

of particles within the sample, and (3) a U.S. Stoneware mill, for gringing particle

sizes to <25 µm for powder XRD analysis.

The Quincy Lab 21-350 drying oven (see Figure 5.16) was used to dry samples

at ∼230◦F for at least 1 hour. The Keyence VHX-5000 microscope (see Figure

5.17) was used with the VH-Z100R 100x-1000x magnififcation lens to visually

inspect the color and surface characteristics of the particles in the sample. The

U.S. Stoneware mill (see Figure 5.18) was used to grind particle sizes down to

<25 µm for use in the powder XRD analysis, which requires small particle sizes.

Finally, sieve plates with mesh sizes of 2 mm and 1 mm were used to detemined

the fractional weight percent of each Martian regolith simulant with particle

sizes of >2 mm, 1-2 mm, and <1 mm.
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Figure 5.16: Quincy Lab 21-350 drying oven used for baking the samples and removing
absorbed water content before chemical and mineralogical analysis. Image from Quincy Lab.

Figure 5.17: Keyence VHX-5000 optical microscope used to visually inspect particles in each
sample.
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Figure 5.18: U.S. Stoneware mill used for grinding particles in each sample to <25 µm.
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Chapter 6

Results

The Martian surface displays a homogonized dust component that is likely due

to the frequent dust storms that are observed on the surface. The generalized

composition of this homoginized dust component is basaltic, primarily composed

of pyroxene, plagioclase feldspar, and olivine [Barlow 2008]. The high iron

oxide component of the surface, which gives the planet its reddish color, is

mainly due to the iron oxide and iron-titanium minerals magnetite, ilmenite,

and hematite. Along with this basaltic and iron oxide dust, many sites are

littered with alteration minerals like hematite, sulfates, carbonates, and various

clays [McSween et al. 2010; Bish et al. 2013]. Furthermore, the top layer of the

Martian regolith is a thin deposit of dust that has settled from the atmosphere.

This thin layer of dust belonging to the homogonized dust component of the

Martian regolith is composed of particles that are <1 mm in size [Barlow 2008].

For this work, the Martian regolith chemical compositions discussed in

Chapter 3, with the exception of the Viking 1 and 2 results and all of the “rock”

composition results, were averaged in order to extract the average composition of
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the Martian regolith for comparison to the results in this study. These Martian

regolith composition results are notably similar in their mafic and ultramafic

compositions of basalt and picrobasalt (see Figures 6.1 and 6.2), which is likely

the result of the regolith homogonizing dust storm on the Martian surface.

Furthermore, the uncertainties for each chemical constituent were obtained

by using the standard deviation of these constituents from the average value.

The average value for each chemical constitutent and its corresponding standard

deviation is displayed in Table 6.1. This average composition of the Martian

regolith is also displayed in a TAS plot in Figure 6.3. Figure 6.3 shows that the

average composition of the Martian regolith is indeed consistent with a basaltic

or picro-basaltic composition. Basalts and picritic basalts are markedly higher

in Mg and Ca and lower in silica and alkali content, relative to other igneous

rocks.

Table 6.1: Results for the Martian regolith data gathered from Mars Pathfinder
[Foley et al. 2003], the MERs Opportunity & Spirit [Brückner et al. 2008], and
the MSL Curiosity [Gellert et al. 2013; Thompson et al. 2015; Thompson et al. 2016;
Treiman et al. 2016; Ehlmann et al. 2017]. This table lists the average soil composition and
the standard deviation of all the Martian soil composition data from Chapter 3.

%wt Average σ
SiO2 44.03 3.97
TiO2 0.93 0.21
Al2O3 9.31 1.27
Cr2O3 0.35 0.09
FeO+Fe2O3 19.38 4.53
MnO 0.35 0.07
MgO 8.19 1.43
CaO 6.47 0.65
Na2O 2.57 0.56
K2O 0.53 0.44
P2O5 0.91 0.66
SO3 6.13 3.98
Cl 0.70 0.15
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Figure 6.1: Total alkali vs. silica graph for the soils analyzed by Mars Pathfinder from
[Foley et al. 2003] and the MER Spirit from [Brückner et al. 2008].
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Figure 6.2: Total alkali vs. silica graph for the soils analyzed by the MER Opportunity from
[Brückner et al. 2008] and the MSL Curiosity from [Gellert et al. 2013; Thompson et al. 2015;
Thompson et al. 2016; Treiman et al. 2016; Ehlmann et al. 2017].
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Figure 6.3: Total alkali vs. silica graph for the average composition of the
soils analyzed by Mars Pathfinder from [Foley et al. 2003], the MER Spirit from
[Brückner et al. 2008], the MER Opportunity from [Brückner et al. 2008], and the
MSL Curiosity from [Gellert et al. 2013; Thompson et al. 2015; Thompson et al. 2016;
Treiman et al. 2016; Ehlmann et al. 2017].
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Furthermore, the major mineralogical constituents analyzed by the MSL

Curiosity at Rocknest, Adrinondack, Backstay, and Irvine [Bish et al. 2013;

Blake et al. 2013], are averaged in Table 6.2 for comparison to the Martian

regolith simulants presented in this work. The major mineralogical components

of the Martian surface include feldspar (primarily plagioclase), olivine, pyroxene,

iron oxides (mainly magnetite and hematite), and the Fe-Ti oxide ilmenite.

Table 6.2: The average mineralogical Martian regolith composition calculated from the MSL
Curiosity results from [Bish et al. 2013; Blake et al. 2013]

%wt Martian Average
Feldspar
-Plagioclase 40.2
-Potassium 3.6
Olivine 18.4
Pyroxene 27.9
Fe-oxides 4.8
Ilmenite 1.5

In order to identify a chemically accurate Martian regolith simulant, the

simulant must be within 1σ of the average Martian chemical composition for

each chemical constituent, display basaltic or picrobasaltic compositions, and

be composed of the same mineral phases that are identified in Table 6.2. The

following results sections first discuss the chemical composition results from the

SEM EDX analysis of each regolith simulant in Section 6.1. Next, the particle

size distribution analysis, microscope imaging analysis, and XRD analysis of

each regolith simulant is discussed in Section 6.2. Finally, Section 6.3 compares

the SEM EDX results for each simulant to the average Martian regolith chemical

composition.
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6.1 Energy Dispersive X-ray Spectroscopy Re-

sults

The output of the SEM EDX analysis is an X-ray spectrum with the number of

counts detected on the y-axis and the energy of the detected X-rays on the x-axis.

The SEM software calculates the weight percent and atomic percent for each

element that is detected in the sample. Figure 6.4 shows an example of one of

the output spectra for the analysis of the Iceland sample and the accompanying

elemental composition calculated by the SEM software. The SEM EDX output

table also indicates that the software performed the ZAF matrix corrections.

The X-ray peak identified as C is due to the carbon tape backing on the sample

holder and the peak identified as Au is due to the gold coating on the sample,

which is used to mitigate charge build up on the surface.

The SEM EDX results are analyzed by converting the weight percent of

elements from the SEM EDX output into weight percent of oxides. A minimum

of ten SEM EDX spectra were obtained for each regolith sample. The average

weight percent of oxide is calculated from the ten spectra and the uncertainty

for each weight percent of oxide is calculated by the standard deviation of the

average value.

Iceland is a volcanic island country that straddles the active boarder of the

North American tectonic plate and the Eurasian tectonic plate. The region is

volcanically active and, therefore, regolith samples from the region are expected

to be volcanic in nature. The SEM EDX chemical composition analysis results

for the Iceland regolith simulant are listed in Table 6.3, along with the associated

standard deviation. The chemical composition results for the Iceland sample
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Figure 6.4: An example of the output from the SEM EDX analysis. The example is one of
the X-ray spectra from the analysis of the Iceland sample.
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Table 6.3: The chemical composition results from the SEM EDX analysis of the Iceland
sample.

%wt Iceland σ
SiO2 42.08 4.78
TiO2 3.46 0.61
Al2O3 19.81 2.11
Cr2O3 1.07 0.33
FeO+Fe2O3 16.00 4.10
MnO 0.00 0.00
MgO 4.11 0.78
CaO 11.07 1.34
Na2O 1.53 0.46
K2O 1.24 0.52
P2O5 0.00 0.00
SO3 0.00 0.00
Cl 0.00 0.00

show high Al and Fe components, as well as a high Ca component and a relatively

high Ti component. Furthermore, the Iceland sample is the only sample that

was discovered to contain Cr.

Regolith from the Pu’u Nene cinder cone, the source material for JSC-

Mars, and the surrounding Hawaiian areas have been studied extensively over

the past 30 years [Golden et al. 1993; Morris et al 2001; Schindler et al 2019].

The regolith was originally chosen as a Martian regolith simulant due to its

spectral similarity to the dust-covered terrains on Mars [Allen et al. 1998a;

Allen et al. 1998b]. However, since this time, the simulant has been studied

extensively and found to be an alteration product of basaltic glass, called

palagonite, with notably high Al and Fe components. The SEM EDX results in

this work, reflect these findings. Table 6.4 lists the average chemical composition

measured and the associated standard deviation for the JSC-Mars simulant.

A notable inconsistency between these results and the chemical composition

results of JSC-Mars reported in other studies is the significantly higher con-
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Table 6.4: The chemical composition results from the SEM EDX analysis of JSC-Mars.

%wt JSC-Mars σ
SiO2 30.33 3.14
TiO2 5.68 2.44
Al2O3 24.22 2.90
Cr2O3 0.00 0.00
FeO+Fe2O3 28.11 4.29
MnO 1.41 1.40
MgO 0.66 0.22
CaO 5.66 1.66
Na2O 0.35 0.27
K2O 0.36 0.27
P2O5 0.00 0.00
SO3 0.28 0.17
Cl 0.04 0.08

centration of iron and lower concentration of silica. This could be due to an

error in the SEM EDX analysis of the simulant, in which the sample was not

crushed before the analysis. The particles in the simulant are likely covered in

Al and Fe alteration materials that could have skewed the SEM EDX results

and essentially masked the true silica content. However, chemical analysis of

similar palagonite regolith samples from Hawaii in Morris et al. (2001) produced

similar results of high Al and Fe content and low silica content. Therefore, the

SEM EDX results presented here for JSC-Mars are feasible.

MMS-1 was originally described as the new Martian regolith simulant by

Peters et al. (2008). The simulant was originally sourced from a location near a

basalt mine outside of Boron, CA. Furthermore, Peters et al. (2008) state that

the simulant is composed of plagioclase, pyroxene, and magnetite, along with

trace amounts of ilmenite, hematite, and olivine. To confirm the compositions

stated by Peters et al. (2008) and to compare it to the other simulants in this

work, the chemical composition of MMS-1 was analyzed using SEM EDX. The

average composition and standard devation for this analysis is listed in Table
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Table 6.5: The chemical composition results from the SEM EDX analysis of MMS-1.

%wt MMS-1 σ
SiO2 71.08 4.64
TiO2 0.00 0.00
Al2O3 14.12 1.93
Cr2O3 0.00 0.00
FeO+Fe2O3 9.49 1.63
MnO 0.00 0.00
MgO 5.25 1.68
CaO 4.65 0.56
Na2O 0.00 0.00
K2O 2.77 0.69
P2O5 0.00 0.00
SO3 0.00 0.00
Cl 0.00 0.00

6.5. The results from the SEM EDX analysis of MMS-1 produce similar results

presented in Peters et al. (2008), with the exception of a higher quantity of Si

and a lower quantity of Ca.

MMS-2 was developed by a commercial company by the name of The Martian

Garden [The Martian Garden 2019]. The simulant is stated to be mainly com-

prised of the original MMS-1, but with additional (unnamed) minerals in order

to bring the chemical composition of the simulant closer to that of the Martian

regolith. The Martian Garden does not seem to be associated with the original

NASA scientists who sourced MMS-1. The SEM EDX results from the analysis

of MMS-2 are listed in Table 6.6. The sample has lower silica and Al content

than the MMS-1 sample. Furthermore, the simulant contains sulfur, which is

indicative of the presence of sulfates. It also contains a higher Fe component,

which means Fe oxides were likely added to the sample.

The samples Mojave 4 and Mojave 9 were collected from the Mojave Desert

near the same area as MMS-1. Therefore, they are expected to have similar

compositions to MMS-1 and MMS-2. Table 6.7 lists the SEM EDX results from
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Table 6.6: The chemical composition results from the SEM EDX analysis of MMS-2.

%wt MMS-2 σ
SiO2 64.85 9.11
TiO2 1.54 0.68
Al2O3 8.99 1.84
Cr2O3 0.00 0.00
FeO+Fe2O3 25.83 7.68
MnO 0.00 0.00
MgO 5.53 1.14
CaO 7.85 1.48
Na2O 0.90 0.34
K2O 1.83 0.65
P2O5 0.17 0.16
SO3 1.90 1.06
Cl 0.10 0.12

the Mojave 4 sample. Mojave 4, similar to MMS-1 and MMS-2, shows a high

Al and silica content, but also shows a notably lower Fe content. This lower Fe

content likely indicates the presence of less Fe oxides than MMS-1 and MMS-2.

The SEM EDX results from the analysis of the Mojave 9 sample is listed in

Table 6.8. The Mojave 9 sample compared to the MMS-1 sample has less silica

content, but has a similar Al and Fe content. Furthermore, the Mojave 9 sample

has almost twice the amount of Fe content as the Mojave 4 sample, which is

also similar to the MMS-1 simulant, and has the highest Mg content than the

other three Mojave Desert samples.

The Atacama Desert has likely experienced hyperarid conditions for at least

10 million years, making it the oldest and most long-lived desert on the planet

[Clarke 2006; Tapia et al. 2018]. Due to this extreme aridity, the Atacama

Desert has been compared to the aridity of the Martian environment

[Navarro-González et al. 2003]. Furthermore, the geologic history of the region

indicates that the presence of all three rock types in the region, and therefore the

regolith simulant sample, is possible. The SEM EDX results for the Atacama
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Table 6.7: The chemical composition results from the SEM EDX analysis of the Mojave 4
sample.

%wt Mojave4 σ
SiO2 65.23 6.76
TiO2 0.00 0.00
Al2O3 15.80 5.28
Cr2O3 0.00 0.00
FeO+Fe2O3 7.98 1.99
MnO 0.00 0.00
MgO 5.22 0.79
CaO 5.26 0.91
Na2O 1.67 0.55
K2O 2.01 0.46
P2O5 0.42 0.26
SO3 0.14 0.12
Cl 0.00 0.00

Table 6.8: The chemical composition results from the SEM EDX analysis of the Mojvae 9
sample.

%wt Mojave9 σ
SiO2 57.79 5.64
TiO2 0.00 0.00
Al2O3 17.15 3.56
Cr2O3 0.00 0.00
FeO+Fe2O3 12.31 4.77
MnO 0.00 0.00
MgO 9.43 2.34
CaO 4.71 1.43
Na2O 3.74 0.91
K2O 1.65 0.40
P2O5 0.00 0.00
SO3 0.00 0.00
Cl 0.00 0.00
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Table 6.9: The chemical composition results from the SEM EDX analysis of the Atacama
sample.

%wt Atacama σ
SiO2 52.39 4.39
TiO2 1.00 1.61
Al2O3 19.10 7.14
Cr2O3 0.00 0.00
FeO+Fe2O3 12.72 5.56
MnO 0.00 0.00
MgO 5.74 3.15
CaO 4.78 1.14
Na2O 2.70 1.76
K2O 2.61 1.42
P2O5 0.00 0.00
SO3 0.92 0.82
Cl 1.95 1.86

Desert sample are listed in Table 6.9. Similar to the results for the Mojave

Desert samples, the Atacama Desert sample contains a high Al content, a high

Si content, and a high Fe content. However, the Atacama sample also contains a

relatively high Cl component, which likely indicates the presence of perchlorates

or halite.

The Andes mountains were formed due to tentonic plate activity in the

region. They formed from volcanic activity, as well as folding and uplifting

of sedimentary and metamorphic material. Therefore, all three rock types are

expected to be present in the region, and, therefore, the regolith simulant sample.

The SEM EDX chemical composition analysis results for the Andes sample

are listed in Table 6.10. A notable characteristic of the SEM EDX chemical

composition results of the Andes sample is that it is significantly lacking in

Mg, Ca, Na, and K, which are common cations associated with the typical rock

forming minerals feldspar and pyroxene. Furthermore, the sample has a very

high Al content; higher than any other sample analyzed in this work. Similarly
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Table 6.10: The chemical composition results from the SEM EDX analysis of the Andes
sample.

%wt Andes σ
SiO2 52.63 3.91
TiO2 1.55 0.47
Al2O3 29.65 2.16
Cr2O3 0.00 0.00
FeO+Fe2O3 12.43 2.43
MnO 0.00 0.00
MgO 0.65 0.17
CaO 2.00 0.26
Na2O 0.00 0.00
K2O 1.05 0.23
P2O5 0.00 0.00
SO3 0.00 0.00
Cl 0.00 0.00

to the SEM EDX analysis of the JSC-Mars sample, it seems the Andes particles

could be covered in high Al and Fe alteration minerals that could have prevented

the accurate chemical composition analysis of the sample. This is again due

to the raw sample being analyzed instead of the sample being crushed prior to

SEM EDX analysis for more accurate results.

The Canary Islands are a volcanic island chain, similar to the Hawaiian

Islands. Therefore, regolith samples from the area are expected to be mostly

volcanic with some aqueous alteration due to the tropical climate of the region.

The SEM EDX chemical composition analysis results for the Canary Islands

sample is listed in Table 6.11. The results for the Canary Islands sample are

similar to most of the other regolith simulants in this study, with high Al and

Fe content. However, similarly to the JSC-Mars sample, it also has a relatively

high Ti content.

The artificial simulant MGS-1 is composed of pure mineral constituents that

are mixed together in pre-determined ratios. Therefore, the expected composition
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Table 6.11: The chemical composition results from the SEM EDX analysis of the Canary
sample.

%wt Canary σ
SiO2 48.95 2.45
TiO2 5.39 2.06
Al2O3 24.14 2.63
Cr2O3 0.00 0.00
FeO+Fe2O3 15.96 8.50
MnO 0.00 0.00
MgO 2.13 0.58
CaO 6.33 1.23
Na2O 0.89 0.44
K2O 1.14 0.31
P2O5 0.00 0.00
SO3 0.00 0.00
Cl 0.00 0.00

of the sample is the published composition in Cannon et al. (2019). The SEM

EDX chemical composition analysis results for MGS-1 are listed in Table 6.12.

The inhomogeneity of the artificial simulant was apparent in the SEM EDX

analysis. The large uncertainties in the SEM EDX analysis listed in Table 6.12

are due to this inhomogeneity. They were caused by the electron beam analyzing

certain pure minerals, most often a sulfate mineral, and causing the averaged

data to be largely skewed. For example, when the electron beam was analyzing

a sulfate mineral, the results were a composition of high S content and low Si

content. This caused large uncertainties in almost all of the components because

the data was littered with SEM EDX spectra of pure sulfate minerals.

In order to reduce this inhomogeneity problem with the SEM EDX data

of MGS-1, the spectra that were clearly associated with only sulfate minerals

(high S and low Si), were not used in the re-calculation of the average chemical

composition of the MGS-1 sample. The results of this re-calculation are listed

in Table 6.13. Furthermore, a noteworthy consequence of the exclusion of the
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Table 6.12: The chemical composition results from the SEM EDX analysis of the MGS-1
sample.

%wt MGS-1 σ
SiO2 55.60 21.30
TiO2 0.99 0.57
Al2O3 14.20 7.74
Cr2O3 0.00 0.00
FeO+Fe2O3 25.48 15.80
MnO 0.81 0.29
MgO 2.11 0.91
CaO 6.34 4.49
Na2O 4.38 2.47
K2O 2.17 1.29
P2O5 0.00 0.00
SO3 3.23 4.76
Cl 0.09 0.13

sulfate spectra is that the SEM EDX analysis of MGS-1 might not give an

accurate representation of the S content in the MGS-1 sample, since the majority

of the S-bearing spectra were not used.

Similarly to MGS-1, MGS-1S is expected to contain the mineralogical compo-

nents specified by the CLASS Exolith Lab at the University of Central Florida

that created it [University of Central Florida 2019]. The simulant’s major com-

position, is expected to be similar in composition to MGS-1, but with an added

sulfate component. The SEM EDX chemical composition analysis of MGS-1S is

listed in Table 6.14. However, the SEM EDX analysis of MGS-1S encountered

the same inhomogeneity problems as with the analysis of MGS-1. There were

clear spectra and results that were associated with the measurement of pure

sulfate minerals. This inhomogeneity issue can be seen in the large uncertainties

associated with all of the constituents in Table 6.12.

As with MGS-1, to reduce this inhomogeneity problem with the SEM EDX

data of MGS-1S, the spectra that were clearly associated with only sulfate
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Table 6.13: The chemical composition results from the SEM EDX analysis of MGS-1 with
the exclusion of the purely sulfate spectra.

%wt MGS-1 σ
SiO2 65.05 2.90
TiO2 0.92 0.77
Al2O3 17.88 4.60
Cr2O3 0.00 0.00
FeO+Fe2O3 11.83 3.82
MnO 0.81 0.29
MgO 3.02 0.75
CaO 4.52 2.12
Na2O 4.29 0.25
K2O 2.38 1.70
P2O5 0.00 0.00
SO3 1.36 0.73
Cl 0.07 0.07

Table 6.14: The chemical composition results from the SEM EDX analysis of the MGS-1S
sample.

%wt MGS-1S σ
SiO2 29.14 23.96
TiO2 0.00 0.00
Al2O3 6.51 7.46
Cr2O3 0.00 0.00
FeO+Fe2O3 15.81 19.94
MnO 0.00 0.00
MgO 6.36 7.01
CaO 11.10 11.25
Na2O 0.70 0.83
K2O 0.28 0.39
P2O5 0.00 0.00
SO3 7.01 7.91
Cl 0.11 0.18
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Table 6.15: The chemical composition results from the SEM EDX analysis of MGS-1S with
the exclusion of the purely sulfate spectra.

%wt MGS-1S σ
SiO2 58.80 6.02
TiO2 0.00 0.00
Al2O3 14.50 10.55
Cr2O3 0.00 0.00
FeO+Fe2O3 11.66 6.30
MnO 0.00 0.00
MgO 9.79 8.25
CaO 5.56 3.00
Na2O 1.60 1.14
K2O 0.49 0.69
P2O5 0.00 0.00
SO3 1.32 0.45
Cl 0.09 0.10

minerals (high S and low Si), were not used in the re-calculation of the average

chemical composition of the MGS-1S sample. The results of this re-calculation

are listed in Table 6.15. Furthermore, a noteworthy consequence of the exclusion

of the sulfate spectra is that the SEM EDX analysis of MGS-1S might not give

an accurate representation of the S content in the MGS-1S sample, since the

majority of the S-bearing spectra were not used. Furthermore, the uncertainties

for some of the constituents remain large, despite the exclusion of notably skewed

spectra.

As with MGS-1 and MGS-1S, JEZ-1 is expected to contain the mineralogical

components specified by the CLASS Exolith Lab at the University of Central

Florida that created it [University of Central Florida 2019]. The simulant’s main

component, is expected to be similar in composition to MGS-1. The SEM EDX

chemical composition analysis results for JEZ-1 are listed in Table 6.16. The

artificial simulant suffers from the same inhomogeneity errors as the previous

two artificial simulants. The relatively large uncertainties associated with each
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chemical constituent show this inhomogeneity. While there were not many

instances of pure sulfate mineral measurements with JEZ-1, the overall analysis

consisted of spectra of pure Fe oxides and of a high Ca silicate, likely a pyroxene.

In a similar fashion to MGS-1 and MGS-1S, to reduce this inhomogeneity problem

with the SEM EDX data of JEZ-1, the spectra that were clearly associated with

only pure Fe oxides or high Ca silicates, were not used in the re-calculation

of the average chemical composition of the JEZ-1 sample. The results of this

re-calculation are listed in Table 6.17.

All of the SEM EDX results will be compared to the Martian regolith

composition in Section 6.3, after the discussion of the particles size analysis, the

microscope imaging analysis, and the mineralogical composition analysis.
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Table 6.16: The chemical composition results from the SEM EDX analysis of the JEZ-1
sample.

%wt JEZ-1 σ
SiO2 46.76 16.68
TiO2 0.52 0.37
Al2O3 11.51 10.83
Cr2O3 0.00 0.00
FeO+Fe2O3 16.74 23.20
MnO 0.00 0.00
MgO 19.94 15.26
CaO 5.28 4.81
Na2O 0.89 0.67
K2O 0.27 0.24
P2O5 0.30 0.31
SO3 1.37 1.76
Cl 0.13 0.14

Table 6.17: The chemical composition results from the SEM EDX analysis of JEZ-1 with
the exclusion of the Fe oxide or high Ca silicate spectra.

%wt JEZ-1 σ
SiO2 48.97 9.28
TiO2 0.38 0.37
Al2O3 7.01 4.48
Cr2O3 0.00 0.00
FeO+Fe2O3 11.20 5.37
MnO 0.00 0.00
MgO 27.49 11.27
CaO 3.59 2.68
Na2O 0.64 0.28
K2O 0.23 0.27
P2O5 0.25 0.36
SO3 1.72 2.04
Cl 0.10 0.15
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6.2 Additional Analyses

The additional analyses performed on each sample included a particle size

analysis, a visual inspection under a microscope, and a mineralogical composition

analysis. The particle size analysis was performed on each sample by hand sieving

the regolith particles using seive plates with 1 mm and 2 mm mesh sizes. After

sieving, the fractional weight percent of particles with sizes >2 mm, 1-2 mm,

and <1 mm were determined for each simulant. For example, the particle

size distribution analysis of the Iceland sample indicates that the majority of

the particles are >1 mm in size. Table 6.18 lists the particle size distribution

measured from sieve plate analysis for the Iceland regolith simulant.

Furthermore, the color and surface characteristics of each simulant were

inspected using a Keyence microscope with a 100x-1000x magnification lens. For

example, microscope images of the Iceland sample (see Figure 6.5) show highly

vesicular particles, which are indicative of volcanic origins. Furthermore, some of

the vesicles appear to contain alteration minerals. Many of the particles contain

dark, glassy, sometimes green looking minerals, which are likely basaltic glass or

olivine.

Finally, each simulant was milled down to particle sizes <25 µm for use in

the powder X-ray diffraction analysis. After performing the raw data processing

techniques described in Section 5.2, the result is the experimental X-ray spec-

trum, the identified peaks in the experimental spectrum, the calculated spectrum

Table 6.18: The particle size analysis of the Iceland sample.

Size % Composition
>2 mm 52.8
1 mm - 2 mm 9.8
<1 mm 36.6
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Figure 6.5: Microscope images of the Iceland sample.
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Figure 6.6: The XRD spectrum for the Iceland sample. The blue pattern is the original
spectrum and the peaks identified by the Match! software. The red pattern is the fitted
spectrum by Match!. The green plot at the bottom is the difference between the measured
spectrum and the fitted spectrum.

from Match! (using the identified peaks), and a difference plot between the

experimental spectrum and the calculated spectrum. Figure 6.6 shows these

results from the raw data processing. The value Rp in the top right corner

of the spectrum image is a measure of the goodness of fit between the experi-

mental spectrum and the Match! calculated spectrum given by Equation 6.2

[Rietveld 1969].

Rp =

∑
i

∣∣∣y2
i (exp) − 1

c
y2
i (calc)

∣∣∣∑
i y

2
i (exp)

∗ 100 (6.1)

where c is an overall scale factor such that

y(calc) = c ∗ y(exp) (6.2)

The value of Rp is useful for determining if a change in the analysis brings the
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calculated spectrum closer to the experimental spectrum or further away, but it

was not used extensively for the analysis. A visual inspection of the difference

pattern is sufficient for determining the effect of the analysis on the calculated

spectrum.

The mineral phase peak identification began with restricting the elements

present in the mineral phases according to the elements identified in the sample

during the chemical composition analysis. The calculated FOM and visual

inspection of the identified peaks were then used to determine the mineral phases

in the regolith sample. The Match! software then used the RIR method to

calculate the mineralogical compositions for each identified mineral phase.

The XRD analysis of the Iceland sample identified mineral phase peaks

belonging to pyroxene, plagioclase, olivine, ilmenite, and quartz. This confirms

that the Iceland sample seems to be composed of the typical volcanic rock

forming minerals and iron oxides. The results of this analysis are shown in

Figure 6.7 and listed in Table 6.19. From the visual inspection of the difference

plot in Figure 6.7, it is apparent that the main peak at 2θ ≈ 28o is the largest

discrepancy between the experimental spectrum and the calculated spectrum.

Due to the large number of peaks in many of the identified minerals, particu-

larly the feldspars and pyroxenes, the Match! program slows and lags significantly

Table 6.19: The results of the XRD analysis of the Iceland sample.

%wt Iceland
Plagioclase Feldspar 44.3
Pyroxene 36.8
Olivine 10.8
Ilmenite 3.9
Quartz 2.4

Rp 9.1%
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Figure 6.7: The XRD spectrum for the Iceland sample. The blue plot is the original spectrum
and the blue lines are the identified peaks. The colored lines are are the mineral phases that
were identified as present in the sample. The red plot is the calculated spectrum by Match!
from the identified mineral phases and composition. The green plot is the difference between
the experimental spectrum and the calculated spectrum.

when fitting more than 4 or 5 minerals to the experimental spectrum. More

importantly, the program will fail to perform the RIR analysis when this occurs.

Consequently, it was not possible to accurately fit the experiemntal spectra in

this work with more than 4 or 5 mineral phases.

To determine the degree of agreement between the XRD analysis and the

chemical composition measured by the SEM EDX analysis, the chemical com-

position was calculated from the mineralogical composition results and were

compared to the SEM EDX chemical composition results. This analysis is shown

in Table 6.20. The original chemical analysis results via SEM EDX analysis

are listed in column 2 (“Iceland-Chem”). The chemical analysis results that

were calculated from the identified mineralogical composition are listed in col-

umn 3 (“Iceland-Min”). The difference between the SEM EDX results and the

calculated mineralogical results are listed in column 4 (“∆”). The 1σ and 2σ
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Table 6.20: Chemical composition analysis of the XRD results for the Iceland sample and
compared to the SEM EDX chemical composition results for the sample.

%wt Iceland-Chem Iceland-Min ∆ 1σ 2σ

SiO2 42.08 49.48 7.40 4.78 9.56
TiO2 3.46 2.05 1.41 0.61 1.22
Al2O3 19.81 13.66 6.15 2.11 4.22
Cr2O3 1.07 0.00 1.07 0.33 0.66
FeO+Fe2O3 16.00 5.77 10.23 4.10 8.20
MgO 4.11 10.35 6.24 0.78 1.56
CaO 11.07 15.12 4.05 1.34 2.68

Na2O 1.53 1.76 0.23 0.46 0.92
K2O 1.24 0.00 1.24 0.52 1.04

uncertainties calculated from the SEM EDX results are listed in columns 5 and

6, respectively. The SEM EDX results and XRD results were then compared

according to the difference, ∆, and the 1σ and 2σ uncertainties. For ease of

viewing, if the difference between the chemical constituents were <1σ, the result

was highlighted in green, if the difference between the chemical constituents

were >1σ and <2σ, the result was highlighted in orange, and if the difference

fell outside of both 1σ and 2σ, the result was not highlighted. This method

of presentation quickly highlights the agreement or disagreement between the

SEM EDX results and the XRD results. For the Iceland sample, the calculated

chemical compositions from the XRD analysis only agree with the SEM EDX

results within 1σ and 2σ for the Na and silica components, respectively.

Further mineralogical analysis of the Iceland sample consisted of attempting

to bring the calculated chemical composition from the mineralogical analysis

within 1σ agreement with the measured chemical composition from the SEM

EDX analysis. To do this, elements that were not identified as present in

the mienralogical composition but were identified as present in the chemical

composition were addressed first. For the Iceland sample, this is chromium and
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potassium. Potassium is a common rock forming cation, so it is likely present in

a potassium feldspar mineral. Furthermore, the Fe-Cr oxide chromite is likely

the mineral responsible to the Cr composition, as it is commonly found in mafic

igneous intrusions. Additionally, to account for the large iron content in the

sample, the Fe-oxides hematite and/or magnetite were determined to likely

be present in the sample. The XRD spectra of potassium feldspar, chromite,

hematite, and magnetite were compared to the XRD spectrum of the Iceland

sample, and were not ruled out as possibilities. This means that the largest

spectral peaks associated with potassium feldspar, chromite, hematite, and

magnetite lined up with spectral peaks in the XRD spectrum of Iceland.

To determine the accurate adjusted mineralogical composition, the chemical

composition was calculated from this initial adjusted mineralogical composition

and compared to the chemical composition measured by the SEM EDX analysis.

The quantity of each mineral constituent (plagioclase and potassium feldspar,

pyroxene, olivine, ilmenite, hematite and magnetite, and chromite) was adjusted

until the calculated chemical composition agreed with the measured chemical

composition within 1σ for each chemical constituent. The results from this

adjusted mineralogical composition are listed in Table 6.21. The comparison of

the calculated chemical composition from the adjusted mineralogical composition

to the measured chemical composition is listed in Table 6.22.

In an attempt to verify whether or not this adjusted mineralogical composition

produced a more accurate calculated XRD spectrum in Match!, the mineral

phases that were used for the adjusted mienralogcial composition calculations

were selected in the software for comparison to the Iceland XRD spectrum in the

quantities used for the calculations. Figure 6.8 shows this resulting calculated
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Table 6.21: The results of the adjusted mineralogical composition for the Iceland sample.

%wt Iceland
Feldspar
-Plagioclase 54.0
-Potassium 9.0
Pyroxene 15.0
Olivine 9.0
Ilmenite 6.0
Fe-oxides (H & M) 5.0
Chromite 2.0

Rp 17.2%

Table 6.22: Chemical composition analysis of the adjusted mineralogical composition for the
Iceland sample and compared to the SEM EDX chemical composition results for the sample.

%wt Iceland-Chem Iceland-Min ∆ 1σ 2σ

SiO2 42.08 44.35 2.27 4.78 9.56

TiO2 3.46 3.16 0.30 0.61 1.22

Al2O3 19.81 18.72 1.09 2.11 4.22

Cr2O3 1.07 1.36 0.29 0.33 0.66

FeO+Fe2O3 16.00 13.44 2.56 4.10 8.20

MgO 4.11 4.13 0.02 0.78 1.56

CaO 11.07 11.46 0.39 1.34 2.68

Na2O 1.53 1.86 0.33 0.46 0.92

K2O 1.24 1.52 0.28 0.52 1.04
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Figure 6.8: The XRD spectrum for the Iceland sample. The blue plot is the original spectrum
and the blue lines are the identified peaks. The colored lines are are the mineral phases that
were identified as present in the sample. The red plot is the calculated spectrum by Match!
from the identified mineral phases and composition. The green plot is the difference between
the experimental spectrum and the calculated spectrum.

spectrum as compared to the Iceland experimental spectrum. A visual inspection

of the two spectra and the their difference plot determines that the forced fit

of the adjusted mienralogical composition does not produce a better fit to

the experimental XRD spectrum. For this reason, this adjusted mineralogical

composition analysis was not performed on the remaining samples. Furthermore,

possibilities for the disagreement between the calculated chemical composition

from the mineralogical composition and the measured chemical composition

from the SEM EDX analysis are discussed in Chapter 7.

The processes described above for the particle size analysis and the visual

inspection of the sample with a microscope are exactly the same processes

throughout the rest of this work and, therefore, will not be described in detail

again. The process described above for the mineralogical composition analysis

of the Iceland sample is also the same for the rest of the samples in this work,
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with the exception of the adjusted mineralogical composition calculations. As

previously stated, the adjusted mineralogical compositions were not calculated

for the remainder of the regolith smaples. Instead, the mineralogical composition

process ends with the comparison of the calculated chemical composition from the

Match! mineralogical composition results to the measured chemical composition

results from the SEM EDX analysis.

The particle size distribution of the JSC-Mars sample consists of mostly

particles of sizes <1 mm. Table 6.23 lists the measured particle size distribution

for the sample from sieve plate analysis. Furthermore, microscope images of the

sample (see Figure 6.9) show significantly weathered particles. The particles

appear to be mostly weathered orange/red particles, likely with high iron oxide

and/or clay content. The sample also appears to contain very few unaltered

basaltic components.

Table 6.23: The particle size analysis of JSC-Mars.

Size % Composition
>2 mm 1.1
1 mm - 2 mm 0.0
<1 mm 98.9

The XRD analysis of the JSC-Mars sample identified peaks that corresponded

to two different types of plagioclase feldspar, pyroxene, magnetite, and olivine.

The results of this analysis are shown in Figure 6.10 and listed in Table 6.54.

From the visual inspection of the difference plot in Figure 6.10, it is apparent that

the main peak at 2θ ≈ 28o is the largest discrepancy between the experimental

spectrum and the calculated spectrum. There also appears to be an overestima-

tion for the peaks located at 2θ ≈ 27o, 32o, and 43o, and an underestimation for

the peaks located at 2θ ≈ 22o, 31o, and 36o.
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Figure 6.9: Microscope image of the JSC-Mars sample.

Table 6.24: The results from the XRD analysis of JSC-Mars.

%wt JSC-Mars
Plagioclase Feldspar 79.9
Pyroxene 12.6
Magnetite 4.0
Olivine 2.2

Rp 5.9%
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Figure 6.10: Top: The XRD spectrum for JSC-Mars. The blue spectrum is the experimental
spectrum and the blue lines are the identified peaks. The red spectrum is the fitted spectrum
calculated by Match!. The green plot if the difference plot between the experimental spectrum
and the calculated spectrum. Bottom: The analyzed XRD spectrum for JSC-Mars. The
colored peaks are the mineral phases fitted to the experimetal spectrum.
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The XRD results were then used to calculate the corresponding chemical

composition based on the mineralogical composition results. Table 6.25 shows

that the calculated chemical composition results from the XRD analysis listed

in Table 6.24 only agree within 1σ or 2σ of the SEM EDX results for four

chemical constituents; Al, Mn, S, and Cl. Furthermore, Mn, S, and Cl are only

in agreement only because the yncertainties for their SEM EDX analyses are

so large compared to quantity of the constituent in the sample. Furthermore,

it is likely that these constituents are present in quantities below the detection

limits for this method of analysis (i.e., uncrushed SEM EDX sample analysis)

or are not present at all in the sample. It is important to note that the XRD

analysis did not identify any mineral containing Ti, but the SEM EDX analysis

identified a relatively large quantity of Ti in the sample; 5.68%

The particle size distribution analysis of the MMS-1 sample indicates that

the majority of the particles are <2 mm in size, with half of the particles being

<1 mm. Table 6.26 lists the particle size distribution measured from sieve plate

analysis. Microscope images of the sample (see Figure 6.11) show vesicular

textures indicative of a volcanic origin. These vesicles appear to be filled with

alteration materials, possibly clays and/or hematite. Furthermore, some of the

larger particles appear to be coated in these same alteration minerals. Finally,

small black areas on some of the particles might indicate the presence of basaltic

glass.

Furthermore, the sample was crushed and analyzed using an XRD. The

results of this XRD analysis are show in Figure 6.12 and listed in Table 6.27.

The XRD analysis of MMS-1 identified feldspar, pyroxene, and hematite, but it

also identified a silica component, identified as both quartz and cristobalite. A
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Table 6.25: Chemical composition analysis of the initial XRD results and comparison to the
SEM EDX results for JSC-Mars.

%wt JSC-Mars-Chem JSC-Mars-Min ∆ 1σ 2σ
SiO2 30.33 48.22 17.89 3.14 6.28
TiO2 5.68 0.00 5.68 2.44 4.88

Al2O3 24.22 23.41 0.81 2.90 5.80
FeO+Fe2O3 28.11 8.85 19.26 4.29 8.58

MnO 1.41 0.00 1.41 1.40 2.80
MgO 0.66 1.56 0.90 0.22 0.44
CaO 5.66 12.63 6.97 1.66 3.32
Na2O 0.35 4.03 3.68 0.27 0.54
K2O 0.36 0.00 0.36 0.27 0.54

SO3 0.28 0.00 0.28 0.17 0.34

Cl 0.04 0.00 0.04 0.08 0.16

Table 6.26: The particle size analysis of MMS-1.

Size % Composition
>2 mm 8.7
1 mm - 2 mm 38.5
<1 mm 51.9

Figure 6.11: Microscope image of the MMS-1 sample.
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Table 6.27: The results from the XRD analysis of MMS-1

%wt MMS-1
Alkali Feldspar 45.5
Quartz 26.6
Pyroxene 13.9
Cristobalite 6.2
Hematite 6.1

Rp 6.7%

visual inspection of the calculated spectrum from the identified mineral phases

in Figure 6.12 shows a potential over estimation of the amount of quartz present

in the sample and slight under estimation for the four major peaks located at

2θ ≈ 22o, 24o, 28o, and 36o.

The results from the XRD analysis were used to calculate the corresponding

chemical anaysis for comparison to the SEM EDX results. Table 6.28 shows the

comparison of the chemical analysis given by the SEM EDX to the chemical

analysis calculated from the XRD analysis. The mineralogical anaysis from the

XRD spectrum was able to give chemical composition results within 1σ and 2σ

for two of the three largest constituents, Si and Fe, as well as for Ca. However,

the other constituents remain outside of the 2σ range for comparison to the

SEM EDX results.

The particle size distribution analysis of the MMS-2 sample indicates that

Table 6.28: Chemical composition analysis of the XRD results of MMS-1 compared to the
chemical composition SEM EDX results for MMS-1.

%wt MMS1-Chem MMS1-Min ∆ 1σ 2σ

SiO2 71.08 69.56 1.52 4.64 9.28
Al2O3 14.12 8.77 5.35 1.93 3.86

FeO+Fe2O3 9.49 9.36 0.13 1.63 3.26
MgO 5.25 1.29 3.96 1.68 3.36

CaO 4.65 3.59 1.06 0.56 1.12
K2O 2.77 1.21 1.56 0.69 1.38
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Figure 6.12: Top: The XRD spectrum for MMS-1. The blue spectrum is the experimental
spectrum and the blue lines are identified peaks. The red spectrum is the fitted spectrum
calculated by Match!. The green plot is the difference plot between the experimental spectrum
and the calculated spectrum. Bottom: The analyzed XRD spectrum for MMS-1. The colored
peaks are the mineral phases fitting to the experimetal spectrum.
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Table 6.29: The particle size analysis of MMS-2.

Size % Composition
>2 mm 0.0
1 mm - 2 mm 1.2
<1 mm 98.8

the majority of the particles are <1 mm in size. Table 6.29 lists the particle size

distribution measured from sieve plate analysis. Microscope images of the sample

(see Figure 6.13) do not appear to resemble the sample of MMS-1 under the

microscope. There were no vesicular rocks found in the sample. However, this

could be due to the fact that the MMS-2 sample contains the crushed particles

of MMS-1, which likely destroyed all vesicular evidence. Furthermore, large

white particles are easily sieved out of the sample, which indicates poor mixing

of pure minerals in the sample. In this case, the pure white minerals are likely

the sulfate gypsum, which would have been added to raise the S content in the

sample to make the simulant more chemically accurate to the Martian surface.

The XRD analysis of MMS-2 identified peaks associated with plagioclase

feldspar, pyroxene, silica, in the form of quartz and cristobalite, hematite,

and gypsum. These results, shown in Figure 6.14 and listed in Table 6.30,

are similar to MMS-1 with the identification of plagioclase feldspar, pyroxene,

quartz, cristobalite, and hematite. The differences between the two include the

additional mineral of gypsum in the MMS-2 sample and the identification of a

different mineral of plagioclase feldspar. The additional component of gypsum

was likely added to the simulant to increase the S content. The identification of

a different plagioclase feldspar mineral than the one identified in MMS-1 is likely

due to the similarities between the XRD spectrum of all plagioclase feldspar.

All of the plagioclase feldspars share similar XRD spectra due to their similar
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Figure 6.13: Microscope images of the MMS-2 sample.
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Table 6.30: The XRD results from the analysis of MMS-2.

%wt MMS-2
Plagioclase Feldspar 39.1
Pyroxene 19.9
Quartz 12.7
Hematite 10.3
Gypsum 10.1
Cristobalite 6.5

Rp 8.1%

crystal structures. Furthermore, it appears, from Figure 6.14, the the quantity

of gypsum could have been underestimated. It also appears that the largest

peak, at 2θ ≈ 27.5o, was underestimated, as well.

Furthermore, the chemical composition was calculated from the XRD analysis

results and compared to the results from the SEM EDX analysis. The results

from this calculation and comparison are listed in Table 6.31. The mineralogical

and chemical analysis results for MMS-2 agree within 2σ for most of the chemical

constituents, with the exception of Ti, Na, and K. However, it is worth noting

that the uncertainties from the SEM EDX analysis of P and Cl are large enough

to be within 2σ without any Cl- or P-bearing minerals being identified in the

XRD analysis. Furthermore, no K- or Ti-bearing minerals were identified in the

XRD analysis, despite the elements being identified as present in the SEM EDX

analysis.

The particle size distribution analysis of the Mojave 4 sample indicates that

more than half of the particles are <1 mm in size. Table 6.32 lists the particle

size distribution measured from sieve plate analysis. A notable result of the

particle size analysis is the relatively large fraction of particles that are >2 mm,

compared to the previous samples analyzed. Microscope images of the sample

(see Figure 6.15) show various vesicular particles, some with clear alteration
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Figure 6.14: Top: The XRD spectrum for MMS-2. The blue spectrum is the experimental
spectrum and the blue lines are the identified peaks. The red spectrum is the fitted spectrum,
calculated by Match!. The green plot if the difference plot between the exprimental spectrum
and the calculated spectrum. Bottom: The analyzed XRD spectrum for MMS-2. The colored
peaks are the mineral phases fitting to the experimetal spectrum.
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Table 6.31: Chemical composition analysis of the XRD results for MMS-2 and compared to
the SEM EDX results for MMS-2.

%wt MMS2-Chem MMS2-Min ∆ 1σ 2σ

SiO2 64.85 52.76 12.09 9.11 18.22
TiO2 1.54 0.00 1.54 0.68 1.36

Al2O3 8.99 10.85 1.86 1.84 3.68

FeO+Fe2O3 25.83 11.35 14.48 7.68 15.36

MgO 5.53 7.15 1.62 1.14 2.28

CaO 7.85 10.32 2.47 1.48 2.96
Na2O 0.90 2.33 1.43 0.34 0.68
K2O 1.83 0.00 1.83 0.65 1.30

P2O5 0.17 0.00 0.17 0.16 0.32

SO3 1.90 3.67 1.77 1.06 2.12

Cl 0.10 0.00 0.10 0.12 0.24

minerals on the vesicles. The vesicles and the majority of the particles appear

to be filled with alteration minerals, likely clays and/or hematite. Furthermore,

some black veins are visible in some of the paricles, which could indicate the

presence of basaltic glass.

The XRD analysis of the Mojave 4 sample identified major peaks associated

with plagioclase feldspar, silica, in both quartz and cristobalite forms, pyroxene,

and hematite. These results, which are notably similar to MMS-1, are shown in

Figure 6.16 and listed in Table 6.33. The major difference between MMS-1 and

Mojave 4 seems to be the significantly less quantity of hematite in the Mojave 4

sample and the different mineral phase of plagioclase feldspar identified in the

Mojave 4 sample. The less hematite in Mojave 4 simply indicates the possibility

that the sample went through less alteration processes than the MMS-1 sample

Table 6.32: The particle size analysis of Mojave 4.

Size % Composition
>2 mm 16.5
1 mm - 2 mm 15.3
<1 mm 68.2

218



Figure 6.15: Microscope images of the Mojave 4 sample.

and the different mineral phase of the plagioclase feldspar identified is likely

simply due to the similarities in the plagioclase feldspar spectra, as with the

XRD results of MMS-2. Furthermore, Figure 6.16 shows that either the quantity

of quartz in the sample was overestimated or the sample is showing preferred

orientation effects, which could eliminate the higher 2θ peaks for quartz. The

possibility of preferred orientation in the XRD analysis of the samples will be

discussed in Chapter 7.

Table 6.33: The result of the XRD analysis of Mojave 4.

%wt Mojave4
Plagioclase Feldspar 47.4
Quartz 28.6
Pyroxene 13.0
Cristobalite 5.1
Hematite 3.7

Rp 8.7%
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Figure 6.16: Top: The XRD spectrum for Mojave 4. The blue spectrum is the experimental
spectrum and the blue lines are the identified peaks. The red spectrum is the fitted spectrum,
calculated by Match!. The green plot is the difference plot between the experimental spectrum
and the calculated spectrum. Bottom: The analyzed XRD spectrum for Mojave 4. The colored
peaks are the mineral phases fitted to the experimental spectrum.
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Table 6.34: Chemical composition analysis of the XRD results for Mojave 4 compared to
the SEM EDX results for Mojave 4.

%wt Mojave4-Chem Mojave4-Min ∆ 1σ 2σ

SiO2 65.23 67.35 2.12 6.76 13.52

Al2O3 15.80 13.16 2.64 5.28 10.56

FeO+Fe2O3 7.98 5.18 2.80 1.99 3.98
MgO 5.22 1.68 3.54 0.79 1.58

CaO 5.26 6.71 1.45 0.91 1.82
Na2O 1.67 3.73 2.06 0.55 1.1
K2O 2.01 0.00 2.01 0.46 0.92

P2O5 0.42 0.00 0.42 0.26 0.52

SO3 0.14 0.00 0.14 0.12 0.24

The chemical composition of Mojave 4 was calculated from the XRD analysis

of the sample and compared to the SEM EDX chemical composition results.

Table 6.34 displays the results of this calculation. The XRD analysis of Mojave

4 agrees with the SEM EDX results within 1σ of the SEM EDX results in both

the silica content and the Al content. Furthermore, the XRD results also agree

within 2σ of the SEM EDX results for Fe, Ca, P, and S. It is worth noting,

however, that the uncertainties for P and S are large enough to agree within 2σ

without any P- or S-bearing minerals being identified in the sample in the XRD

analysis. It is worth noting that there were no K-bearing minerals identified in

the XRD analysis of the sample, despite the element being detected in the SEM

EDX analysis.

The particle size distribution analysis of the Mojave 9 sample indicates that

the majority of the particles are <1 mm in size. Table 6.35 lists the particle

size distribution measured from sieve plate analysis. Microscope images of the

sample (see Figure 6.17) shows some vesicular particles, which is an indication

of volcanic origins. While some of the particles appear to have a coating of

alteration minerals, like clays and/or hematite, it appears that there is less
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Figure 6.17: Microscope images of the Mojave 9 sample.

alteration minerals present in the Mojave 9 sample than in the three previous

Mojave Desert samples. Furthermore, many of the particles are dark brown or

black, which could indicate that the phase of the Fe oxides in the sample are

magnetite instead of hematite. The black grains in the particles could also be an

indication of the presence of basaltic glass. Finally, the overall darker grey/olive

color of the particles could also be an indication of the mineral olivine.

The XRD analysis of the Mojave 9 sample identified mineralogical peaks

belonging to two different mineral phases of plagioclase feldspar, quartz, pyroxene,

and the magnesium carbonate magnesite. The results from this analysis are

Table 6.35: The particle size analysis of Mojave 9.

Size % Composition
>2 mm 10.0
1 mm - 2 mm 4.3
<1 mm 84.3
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Table 6.36: The XRD results from the analysis of the Mojave 9 sample.

%wt Mojave9
Plagioclase Feldspar 52.6
Quartz 26.9
Pyroxene 13.0
Magnesite 4.5

Rp 10.6%

shown in Figure 6.18 and listed in Table 6.36. The Mojave 9 sample has similar

identifiable peaks to the rest of the Mojave Desert samples, with plagioclase

feldspar, quartz, and pyroxene being common among the four samples. However,

Mojave 9 has the distinguished peak of the magnesium carbonate mineral

magnesite, which was not identified in the other 3 Mojave Desert samples.

Furthermore, the silica phase cristobalite was not identified in the Mojave 9

sample. From Figure 6.18, it appears that the major peaks at 2θ ≈ 27.5o, 30o,

and 36o were underestimated. It also appears that the quantity of quartz might

have been over estimated or the higher 2θ peaks are absent due to the presence

of preferred orientation in the sample.

The chemical composition was calculated from the XRD analysis of the

Mojave 9 sample and compared to the chemical analysis results from the SEM

EDX analysis of the sample. The results from this calculation and comparison

are listed in Table 6.37. The mineralogical composition results from the XRD

analysis yield chemical compositions in which only K and Fe are outside of

the 2σ uncertainty from the SEM EDX analysis. It is noteworthy, however, to

acknowledge the large uncertainties associated with the Fe, Si, and Al components

from the SEM EDX analysis. Furthermore, the mineralogical XRD analysis does

not identify any Fe- or K-bearing minerals, despite the presence of the elements

in the SEM EDX analysis.
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Figure 6.18: Top: The XRD spectrum for Mojave 9. The blue spectrum is the experimental
spectrum and the blue lines are the identified peaks. The red spectrum is the fitted spectrum,
calculated by Match!. The green plot is the difference plot between the experimental spectrum
and the calculated spectrum. Bottom: The analyzed XRD spectrum for Mojave 9. The colored
peaks are the mineral phases fitted to the experimetal spectrum.
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Table 6.37: Chemical composition analysis of the XRD results for the Mojave 9 sample and
compared to the chemical composition results from the SEM EDX analysis for the Mojave 9
sample.

%wt Mojave9-Chem Mojave9-Min ∆ 1σ 2σ

SiO2 57.79 66.42 8.63 5.64 11.28

Al2O3 17.15 12.80 4.35 3.56 7.12
FeO+Fe2O3 12.31 0.00 12.31 4.77 9.54

MgO 9.43 6.92 2.51 2.34 4.68

CaO 4.71 6.46 1.75 1.43 2.86

Na2O 3.74 4.40 0.66 0.91 1.82
K2O 1.65 0.00 1.65 0.40 0.80

The particle size distribution analysis of the Atacama sample indicates that

the majority of the particles are <1 mm in size. Table 6.38 lists the particle size

distribution measured from sieve plate analysis. Microscope images of the sample

(see Figure 6.19) show little to no vesicular textures. The lack of vesicles could

indicate highly altered (via weathering or metamorphism) particles. However,

the sample does appear to contain some white minerals. These white minerals

could be a few different alteration minerals like the sulfate gypsum, the carbonate

calcite, or possibly the salt halite.

The XRD analysis of the Atacama sample identified peaks belonging to

plagioclase feldspar, quartz, and the alteration minerals halite, calcite, and

hematite. These results are shown in Figure 6.20 and listed in Table 6.39. The

identification of halite, calcite, and hematite in the Atacama sample point to

aqueous alteration in the history of the sample. Furthermore, it appears, in

Figure 6.20, that the large peak identified as plagioclase feldspar at 2θ ≈ 27.5o is

Table 6.38: The particle size analysis of the Atacama sample.

Size % Composition
>2 mm 12.1
1 mm - 2 mm 8.6
<1 mm 79.3
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Figure 6.19: Microscope images of the Atacama sample.

underestimated in quatity. However, one plagioclase feldspar peak at 2θ ≈ 51.5o

appears to be overestimated. This could be another indication that preferred

orientation is present in the XRD samples.

The chemical composition of the Atacama sample was calculated from the

XRD analysis results and compared to the chemical composition results from

the SEM EDX analysis. These comparison results are listed in Table 6.40. The

calculated chemical composition results from the XRD analysis agree with the

Table 6.39: The XRD analysis results for the Atacama sample.

%wt Atacama
Plagioclase Feldspar 50.2
Quartz 37.2
Halite 4.1
Calcite 2.8
Hematite 1.6

Rp 17.9%
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Figure 6.20: Top: The XRD spectrum for Atacama. The blue spectrum is the experimental
spectrum and the blue lines are the identified peaks. The red spectrum is the fitted spectrum,
calculated by Match!. The green plot is the difference plot between the experimental spectrum
and the calculated spectrum. Bottom: The analyzed XRD spectrum for Atacama. The colored
peaks are the mineral phases fitted to the experimetal spectrum.
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Table 6.40: Chemical composition analysis of the XRD results for the Atacama sample and
compared to the SEM EDX chemical composition results for the Atacama sample.

%wt Atacama-Chem Atacama-Min ∆ 1σ 2σ
SiO2 52.39 71.71 19.32 4.39 8.78

TiO2 1.00 0.00 1.00 1.61 3.22

Al2O3 19.10 9.76 9.34 7.14 14.28

FeO+Fe2O3 12.72 1.60 11.12 5.56 11.12

MgO 5.74 0.00 5.74 3.15 6.30

CaO 4.78 2.80 1.98 1.14 2.28
Na2O 2.70 7.84 5.14 1.76 3.52

K2O 2.61 0.00 2.61 1.42 2.84

SO3 0.92 0.00 0.92 0.82 1.64

Cl 1.95 2.19 0.24 1.86 3.72

SEM EDX results within 2σ for all of the chemical constituents except Na and Si.

However, the large uncertainties associated with Al, S, K, Ti, and Fe partially

contribute to this agreement. Furthermore, Ti-, Mg-, K-, and S- bearing minerals

were not identified in the XRD spectrum, despite the elements being identified

in the SEM EDX analysis.

The particle size distribution analysis of the Andes sample indicates that the

majority of the particles are >1 mm in size. Table 6.41 lists the particle size

distribution measured from sieve plate analysis. Microscope images of the sample

(see Figure 6.21) show little to no vesicular textures. The absense of vesicles

indicates the particles could be highly altered (via weathering or metamorphism).

It appears that most of the particles have a rust-colored mineral coating or are

held together by a rust-colored mineral. This mineral is possibly the alteration

minerals hematite or clay. Furthermore, conglomerate sedimentary rocks are

clearly present, along with what appears to be metamorphic rocks covered in a

rust-colored mineral outer shell.

The XRD analysis of the Andes sample identified only the metamorphic

mineral antigorite, quartz, and hematite. The results from the XRD analysis are
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Table 6.41: The particle size analysis of the Andes sample.

Size % Composition
>2 mm 13.5
1 mm - 2 mm 51.8
<1 mm 34.2

Figure 6.21: Microscope images of the Andes sample.
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shown in Figure 6.22 and listed in Table 6.42. The XRD spectrum for the Andes

sample showed abnormal peak tails on two of the major peaks, at 2θ ≈ 19.5o

and 21o. For this reason, the results from the XRD analysis for the sample are

likely inaccurate. It is likely that the abnormality in the spectrum was caused

by an instrument malfunction or possibly misalignment of the sample holder

in the instrument. Amorphous minerals are known to broaden XRD spectrum

peaks, though, so this explanation can not be ruled out for this case. Figure

6.22 shows that the abnormality prevented the accurate fitting of that portion

of the XRD spectrum.

The chemical composition of the Andes sample was calulated from the XRD

analysis and was compared to the SEM EDX analysis of the sample. These

results are listed in Table 6.43. The two methods only agree within 1σ for the

Si and Fe chemical constituents. While the identification of the metamorphic

mineral antigortie in the XRD spectrum is not out of the question, it is important

to note that the mineral has a high Mg content, while the SEM EDX analysis

resulted in a low Mg content. Furthermore, the XRD analysis of the sample did

not identify any Al-, Ti-, Ca-, or K-bearing minerals, despite the elements being

indentified in the SEM EDX analysis.

The particle size distribution analysis of the Canary sample indicates that

more than half of the particles are >1 mm in size. Table 6.44 lists the particle

Table 6.42: The results of the XRD analysis of the Andes sample.

%wt Andes
Antigorite 59.9
Quartz 24.5
Hematite 13.2

Rp 9.0%
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Figure 6.22: Top: The XRD spectrum for Andes. The blue spectrum is the experimental
spectrum and the blue lines are the identified peaks. The red spectrum is the fitted spectrum,
calculated by Match!. The green plot is the difference plot between the experimental spectrum
and the calculated spectrum. Bottom: The analyzed XRD spectrum for Andes. The colored
peaks are the mineral phases fitted to the experimetal spectrum.

231



Table 6.43: Chemical composition analysis of the XRD results for the Andes sample and
compared to the SEM EDX chemical composition results for the sample.

%wt Andes-Chem Andes-Min ∆ 1σ 2σ

SiO2 52.63 55.31 2.68 3.91 7.82
TiO2 1.55 0.00 1.55 0.47 0.94
Al2O3 29.65 0.00 29.65 2.16 4.32

FeO+Fe2O3 12.43 13.20 0.77 2.43 4.86
MgO 0.65 29.09 28.44 0.17 0.34
CaO 2.00 0.00 2.00 0.26 0.52
K2O 1.05 0.00 1.05 0.23 0.46

size distribution measured from sieve plate analysis. Microscope images of the

sample (see Figure 6.23) show highly vesicular particles, which are indicative of

volcanic origins. Furthermore, some of the vesicles appear to contain alteration

minerals. Many of the particles contain dark, glassy looking minerals, which are

likely basaltic glass.

The XRD analysis of the Canary sample is shown in Figure 6.24 and listed in

Table 6.45. The XRD analysis identified peaks belonging to plagioclase feldspar,

pyroxene, ilmenite, and magnetite. Therefore, the crystalline component of the

sample seems to be composed of the typical volcanic rock forming minerals

and iron oxides. Furthermore, it appears that the quantity of plagioclase

feldspar could be underestimated at 2θ ≈ 27.5o and another component could

be underestimated at 2θ ≈ 35o. However, it is apparent from the spectrum

in Figure 6.24 that the sample likely contains a high quantity of amorphous

components. The overall background level of the spectrum (which contains the

instrument background and the amorphous components) is much higher and

Table 6.44: The particle size analysis of the Canary Islands sample.

Size % Composition
>2 mm 38.1
1 mm - 2 mm 21.7
<1 mm 40.2
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Figure 6.23: Microscope images of the Canary Islands sample.

broader than the background level of any other sample analyzed in this work.

The chemical composition was calculated from the XRD analysis results

and compared to the SEM EDX chemical composition results. Table 6.46 lists

these results. The XRD analysis is only in agreement with the SEM EDX

analysis within 1σ for the silica component and the Fe component. However,

the uncertanty for the Fe component is very large and could be a contributing

factor to this agreement. Furthermore, no K-bearing mineral was identified in

the XRD analysis, despite the presence of the element in the SEM EDX analysis.

Table 6.45: The results of the XRD analysis of the Canary sample.

%wt Canary
Plagioclase Feldspar 50.7
Pyroxene 35.3
Ilmenite 9.4
Magnetite 3.9

Rp 2.8%
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Figure 6.24: Top: The XRD spectrum for the Canary sample. The blue spectrum is the
experimental spectrum and the blue lines are the identified peaks. The red spectrum is the
fitted spectrum, calculated by Match!. The green plot is the difference plot between the
experimental spectrum and the calculated spectrum. Bottom: The analyzed XRD spectrum
for the Canary sample. The colored peaks are the mineral phases fitted to the experimental
spectrum.
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Table 6.46: Chemical composition analysis of the XRD results for the Canary sample and
compared to the SEM EDX chemical composition results for the sample.

%wt Canary-Chem Canary-Min ∆ 1σ 2σ

SiO2 48.95 48.73 0.22 2.45 4.9
TiO2 5.39 1.19 4.20 2.06 4.12
Al2O3 24.14 10.26 13.88 2.63 5.26

FeO+Fe2O3 15.96 19.33 3.37 8.50 17.0
MgO 2.13 4.67 2.54 0.58 1.16
CaO 6.33 9.07 2.74 1.23 2.46
Na2O 0.89 6.05 5.16 0.44 0.88
K2O 1.14 0.00 1.14 0.31 0.62

The particle size distribution analysis of MGS-1 indicates that more than half

of the particles are <1 mm in size. Table 6.47 lists the particle size distribution

measured from sieve plate analysis. Microscope images of the sample (see Figures

6.25 and 6.26) clearly show the artificial nature of the sample. Pure mineral

particles can be individually identified in Figure 6.25. For example, the clear,

cylindrical minerals are likely basalt glass fibers, the orange/yellow spherical

particles are likely sulfate minerals, and the dark/black particles are likely the

Fe oxide magnetite. Furthermore, the wet mixing with a binder action on the

simulant is visible in the apparent clay-looking coating on some of the larger

paricles in Figure 6.26.

The XRD analysis of MGS-1 identified mineral phase peaks belonging to

plagioclase feldspar, quartz, olivine, pyroxene, the carbonate dolomite, and Fe

oxide magnetite. The results of the XRD analysis are shown in Figure 6.27

and listed in Table 6.48. The major peak at 2θ ≈ 27.5o appears to be slightly

Table 6.47: The particle size analysis of the MGS-1 sample.

Size % Composition
>2 mm 27.6
1 mm - 2 mm 13.4
<1 mm 57.5
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Figure 6.25: Microscope image of the MGS-1 sample.

underestimated. However, some of the peaks belonging to quartz and dolomite

at 2θ > 37o appear to be overestimated. This overestimation in the higher 2θ

peaks could be an indication of preferred orientation in the XRD sample.

The chemical composition was calculated from the XRD analysis of MGS-1

and compared to the chemical composition results measured by the SEM EDX

analysis. The results from these calculations and comparisons are listed in Table

6.49. The calculated chemical compositions from the XRD analysis of MGS-1

Table 6.48: The results of the XRD analysis of MGS-1.

%wt MGS-1
Plagioclase Feldspar 53.6
Quartz 14.5
Olivine 13.1
Dolomite 9.5
Pyroxene 5.8
Magnetite 1.3

Rp 12.3%
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Figure 6.26: Microscope images of the MGS-1 sample.
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Figure 6.27: Top: The XRD spectrum for MGS-1. The blue spectrum is the experimental
spectrum and the blue lines are the identified peaks. The red spectrum is the fitted spectrum,
calculated by Match!. The green plot is the difference plot between the experimental spectrum
and the calculated spectrum. Bottom: The analyzed XRD spectrum for MGS-1. The colored
peaks are the mineral phases fitted to the experimental spectrum.
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Table 6.49: Chemical composition analysis of the XRD results for MGS-1 and compared to
the SEM EDX chemical composition results for the sample.

%wt MGS-1-Chem MGS-1-Min ∆ 1σ 2σ
SiO2 65.05 50.92 14.13 2.90 5.80

TiO2 0.92 0.00 0.92 0.77 1.54

Al2O3 17.88 16.53 1.35 4.60 9.20
FeO+Fe2O3 11.83 2.45 9.38 3.82 7.64
MgO 3.02 11.69 8.67 0.75 1.50
CaO 4.52 13.92 9.40 2.12 4.24
Na2O 4.29 2.15 2.14 0.25 0.50

K2O 2.38 0.09 2.29 1.70 3.40

SO3 1.36 0.00 1.36 0.73 1.46

Cl 0.07 0.00 0.07 0.07 0.14

agree within 1σ or 2σ of the SEM EDX chemical composition results for exactly

half of the chemical constituents. However, the uncertainties for Ti, S, and Cl

are so large that the differences are within the 1σ or 2σ limits without any Ti-,

S-, or Cl-bearing minerals being identified in the XRD analysis.

The particle size distribution analysis of MGS-1S indicates that the majority

of the particles are <1 mm in size. Table 6.50 lists the particle size distribution

measured from sieve plate analysis. Microscope images of the sample (see Figure

6.28) indicate that the minerals making up MGS-1S are not the same as the

minerals making up MGS-1, or at least, they were obtained from different

physical locations. The images of MGS-1S appear to contain rock-like mineral

particles, as opposed to simply pure minerals that were combined to make

rock-like particles, as with MGS-1. This in an interesting find since MGS-1S

is derived from MGS-1. Furthermore, the water/binder mixing of MGS-1S is

also apparent by the clay-looking coating on the majority of the particles. No

vesicular particles appear to be present in the sample.

The XRD analysis of MGS-1S identified mineral phase peaks belonging to

plagioclase feldspar, olivine, and the sulfate gypsum. The results of the XRD
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Table 6.50: The particle size analysis of the MGS-1S sample.

Size % Composition
>2 mm 2.2
1 mm - 2 mm 5.5
<1 mm 91.1

Figure 6.28: Microscope image of the MGS-1S sample.
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Table 6.51: The results of XRD analysis of MGS-1S.

%wt MGS-1S
Gypsum 57.8
Plagioclase Feldspar 34.1
Olivine 4.8

Rp 21.9%

analysis are shown in Figure 6.29 and listed in Table 6.51. A surprising results

of the XRD analysis is that the software did not definitively identify any peaks

belonging to pyroxene or any of the common Fe oxides. Furthermore, the higher

2θ peaks belonging to gypsum appear to be overestimated, but the not the major

gypsum peak located at 2θ ≈ 12o. This could be an indication of preferred

orientation in the XRD sample.

The chemical composition of MGS-1S was calculated from the XRD analysis

and compared to the chemical composition measured by the SEM EDX analysis.

These results are listed in Table 6.52. The comparison of the two sets of

results agree within 1σ and 2σ for all chemical constituents except Si, S, and

Ca. The disagreement of S and Ca could be due to an overestimation of the

amount of gypsum in the sample, which could be caused by preferred orientation.

Furthermore, the agreement of many of components in the sample is likely

due to the high uncertainty for the majority of the constituents. Finally, K-

and Cl-bearing minerals were not identified in the XRD spectrum, despite the

elements being identified in the SEM EDX analysis. However, the uncertainties

associated with K and Cl in the SEM EDX analysis could indicate that the

elements are not present in the sample.

The particle size distribution analysis of JEZ-1 indicates that almost all of

the particles are <1 mm in size. Table 6.53 lists the particle size distribution

measured from sieve plate analysis. Similarly to MGS-1S, microscope images
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Figure 6.29: Top: The XRD spectrum for MGS-1S. The blue spectrum is the experimental
spectrum and the blue lines are the identified peaks. The red spectrum is the fitted spectrum,
calculated by Match!. The green plot is the difference plot between the experimental spectrum
and the calculated spectrum. Bottom: The analyzed XRD spectrum for MGS-1S. The colored
peaks are the mineral phases fitted to the experimental spectrum.
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Table 6.52: Chemical composition analysis of the XRD results for MGS-1S and compared to
the SEM EDX chemical composition results for the sample.

%wt MGS-1S-Chem MGS-1S-Min ∆ 1σ 2σ
SiO2 58.80 19.64 39.16 6.02 12.04

Al2O3 14.50 10.52 3.98 10.55 21.10

FeO+Fe2O3 11.66 0.38 11.28 6.30 12.60

MgO 9.79 2.44 7.35 8.25 16.50
CaO 5.56 41.34 35.78 3.00 6.00

Na2O 1.60 1.36 0.24 1.14 2.28

K2O 0.49 0.00 0.49 0.69 1.38
SO3 1.32 21.03 19.71 0.45 0.90

Cl 0.09 0.00 0.09 0.10 0.20

of JEZ-1 (see Figure 6.30) indicate that the minerals making up JEZ-1 are not

the same as the minerals making up MGS-1, or at least, they were obtained

from different physical locations. However, the particles in JEZ-1 appear to be

the same or similar particles that are in MGS-1S. As with MGS-1S, the images

of JEZ-1 appear to contain rock-like mineral particles, as opposed to simply

pure minerals that were combined to make rock-like particles. Furthermore, the

water/binder mixing of JEZ-1 is also apparent by the clay-looking coating on the

majority of the particles. The sample appears to contain no vesicular particles.

The XRD analysis of JEZ-1 identified mineral phase peaks belonging to

plagioclase feldspar, olivine, the magnesium carbonate magnesite, and the

magnesium silicate clay talc. The results of this analysis are shown in Figure

6.31 and listed in Table 6.54. Similarly to the results from MGS-1S, the software

did not identify any mineral phase peaks belonging to the common rock forming

Table 6.53: The particle size analysis of the JEZ-1 sample.

Size % Composition
>2 mm 0.0
1 mm - 2 mm 1.1
<1 mm 97.8
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Figure 6.30: Microscope image of the JEZ-1 sample.

minerals of pyroxene or any Fe oxides. However, the XRD spectrum for JEZ-1

appears to contain a higher quantity of amorphous components than both MGS-1

and MGS-1S. From Figure 6.31, it is apparent that many of the peaks identified

in the XRD spectrum are underestimated (2θ ≈ 9o, 17.5o , 28o, 31o, and 32.5o)

and some of the peaks are overestimated (2θ ≈ 13o, 24o , 26.5o, 37o, and 43o).

The chemical composition of JEZ-1 was calculated from the XRD analysis

and compared to the measured chemical composition of the SEM EDX analysis.

These results are listed in Table 6.55. The calculated chemical composition

Table 6.54: The results of the XRD analysis of JEZ-1.

%wt JEZ-1
Plagioclase Feldspar 39.6
Olivine 39.3
Magnesite 16.1
Talc 1.9

Rp 9.9%
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Figure 6.31: Top: The XRD spectrum for JEZ-1. The blue spectrum is the experimental
spectrum and the blue lines are the identified peaks. The red spectrum is the fitted spectrum,
calculated by Match!. The green plot is the difference plot between the experimental spectrum
and the calculated spectrum. Bottom: The analyzed XRD spectrum for JEZ-1. The colored
peaks are the mineral phases fitted to the experimetal spectrum.
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is within 1σ or 2σ of the SEM EDX analysis for the majority of the chemical

constituents. However, this is likely due to the relatively large uncertainties for

the constituents. Forthermore, S, Cl, Ti, and K are all within 1σ without any

S-, Cl-, Ti-, or K-bearing mineral phases being identified int he XRD analysis.

Table 6.55: Chemical composition analysis of the XRD results for JEZ-1 and compared to
the SEM EDX chemical composition results for the sample.

%wt JEZ-1-Chem JEZ-1-Min ∆ 1σ 2σ

SiO2 48.97 36.71 12.26 9.28 18.56

TiO2 0.38 0.00 0.38 0.37 0.74

Al2O3 7.01 12.21 5.20 4.48 8.96

FeO+Fe2O3 11.20 3.10 8.10 5.37 10.74

MgO 27.49 36.10 8.61 11.27 22.54

CaO 3.59 5.30 1.71 2.68 5.36

Na2O 0.64 1.58 0.94 0.28 0.56

K2O 0.23 0.00 0.23 0.27 0.54

SO3 1.72 0.00 1.72 2.04 4.08

Cl 0.10 0.00 0.10 0.15 0.30
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Figure 6.32: Total alkali vs. silica plot for the average Martian soil composition compared to
the Martian regolith simulants JSC-Mars, MGS-1, MGS-1S, JEZ-1, Andes, Atacama, Canary,
Iceland, Mojave4, Mojave9, MMS-1, and MMS-2.

6.3 Comparison to Mars

The total alkali vs silica (TAS) plot is a commonly used classification method for

lavas, and, therefore, it has been used extensively when discussing the chemical

composition of the Martian surface [McSween et al. 2006; McSween et al. 2009;

Stolper et al. 2013; Cousins 2015; Sautter et al. 2015; Sautter et al. 2016]

[Cousin et al. 2017; Thompson et al. 2016; Edwards et al. 2017; Filiberto 2017].

To keep with the consistency among geochemical classification of the Martian

surface, the SEM EDX chemical composition results for the Martian regolith

simulants studied here were plotted in a TAS plot along with the Martian average

soil composition. These results are shown in Figure 6.32.
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Figure 6.32 demonstrates that the Iceland sample is consistent with the total

alkali and silica content to the Martian soil average. To confirm and quantify

this agreement, a weighted difference calculation was performed for each regolith

simulant in the plot compared to the average Martian regolith composition. For

each regolith simulant, the difference between the simulant in the TAS plot and

the Martian regolith average was calculated using the common distance formula

for two points in a plot, Equation 6.3,

Dr =
√

(Xr −Xm)2 + (Yr − Ym)2 (6.3)

where Dr is the difference between the regolith simulant and the Martian regolith

average on the TAS plot, Xr is the Si value for the regolith simulant, Xm is the

Si value for the Martian regolith average, Yr is the alkali value for the regolith

simulant, and Ym is the alkali value for the Martian regolith average.

Furthermore, a weight related to uncertainty was multiplied to the value

of Dr calculated for each simulant. The weight was calculated by averaging

the uncertainty in the Si value and the uncertainty in the alkali value for each

simulant. Therefore, a regolith simulant with higher uncertainties for Si and

alkali would produce a higher value for its weighted difference from the Martian

regolith average in the TAS plot. Consequently, the regolith simulant that is the

most consistent with the Martian regolith average in the TAS plot would have

the smallest weighted difference value. Table 6.56 lists the weighted differences

calculated for each regolith simulant. This table confirms that the Iceland

regolith simulant is the most consistent with the Martian regolith average in a

TAS plot, followed closely by the Canary regolith simulant. The agreement of

these two regolith simulants with the Martian regolith average on a TAS plot is
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Table 6.56: The calculated weighted differences for each regolith simulant. This is a measure
of the difference of the simulant from the Martian regolith average on the TAS plot, weighted
by the uncertainty in the Si and alkali values for the simulant.

Simulant Weighted Difference
Iceland 5.4
Canary 7.5
Andes 18.3
JSC-Mars 24.5
JEZ-1 26.2
Atacama 28.8
Mojave 9 46.3
MGS-1 49.2
MGS-1S 54.4
MMS-1 72.1
Mojave 4 79.3
MMS-2 147.7

likely due to the volcanic nature of both the Iceland and Canary Island regions.

Both the Iceland simulant and the Martian regolith average fall into the

picrobasalt category on the TAS plot. Picrobasalt is a high-magnesium olivine-

rich variety of basalt. The picrobasalt nature of the Martian soil average and the

Iceland sample indicate the regoliths are rich in a high-Mg olivine component,

which is a defining characteristic of the picrobasalts. This is verified by the high

Mg content and the high olivine content in the Martian soil average (8.19% and

18.4%, respectively) and the Iceland sample (4.11% and 10.8%, respectively).

Additionally, the two samples could be classified as basanite, due to their high

olivine content. Basanite is an extrusive igneous rock that contains calcium-rich

plagioclase feldspar. This classification is verifiable because both samples exhibit

high Ca components and high plagioclase components; 6.47% Ca and 40.2 %

plagioclase for the Martian average and 11.07% Ca and 44.3% plagioclase for

the Iceland sample.

A comparison of the mineralogical compositions of the Martian soil average

and the Iceland sample yield similar mineralogical compositions. Table 6.57
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Table 6.57: The comparison of the mineralogical composition of the Martian average soil
and the Iceland sample.

%wt Mars Average Iceland
Feldspar
-Plagioclase 40.2 44.3
-Potassium 3.6 -
Pyroxene 27.9 36.8
Olivine 18.4 10.8
Fe-oxides 4.8 -
Ilmenite 1.2 3.9
Other Minerals 3.9 4.2

shows a comparison of these mineralogical compositions. This confirms the

samples are similar in both chemical composition and mineralogical composition.

An important aspect of the mineralogical composition of the Iceland sample to

mention is the lack of potassium feldspar and Fe-oxides listed for the Iceland

simulant in Table 6.57. This is due to the two minerals phases not being identified

in the XRD analysis of the sample in Section 6.2. However, they were identified

as likely present when the adjusted mineralogical composition was calculated to

force the XRD analysis and SEM EDX analysis into a 1σ agreement in chemical

composition. Therefore, it is likely that potassium feldspar and Fe-oxies are

present in the Iceland regolith simulant, but they were not definitively detected

in the XRD analysis.

Recall, the chemical composition of the average Martian regolith and the

uncertainty associated with this composition (see Table 6.58). In order to fully

quantify the agreement or disagreement of the measured SEM EDX chemical

composition of each simulant with the Martian regolith average, the absolute

difference between each chemical component for each sample and the Martian

regolith average was calculated and compared to the 1σ and 2σ uncertainty

associated with the Martian regolith average. The chemical component absolute
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differences that were within 1σ of the Martian soil average were highlighted in

green and the chemical component absolute differences that were within 2σ of

the Martian soil average were highlighted in orange. The chemical component

absolute differences that were outside of 2σ of the Martian soil average were not

highlighted. The results of the comparison between the chemical constituents of

each simulant and the Martian soil average are listed in Table 6.59 and Table

6.60. For each simulant, the average absolute difference (“Avg. δ”) and the

sum of the absolute differences (“Sum of δ”) were calculated. The regolith

simulant that is in most agreement to the Martian soil average for all chemical

components will have the lowest average absolute difference and the lowest sum

of absolute differences. These results confirm that Iceland is the sample that

is in most agreement to the Martian soil average for all chemical components,

with the lowest average absolute difference (2.89) and the lowest sum of absolute

differences (37.60). These results were highlighted in green, due to them being

the lowest values compared to all the other simulants.

In order to ensure the low absolute differences in chemical compositions were

coming from the main rock-forming chemical components and not alteration

mineral related chemical components or low importance chemical components,

the major rock-forming elements (Si, Al, Fe, Mg, Ca, Na, K) were compared

in the same manner and the remaining chemical components were disgarded.

The results from this comparison is listed in Table 6.61 and Table 6.62. This

method confirms that the Iceland regolith simulant is in the most agreement to

the Martian regolith average composition for the major rock-forming elements.
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Table 6.58: Results for the Martian regolith data gathered from Mars Pathfinder
[Foley et al. 2003], the MERs Opportunity & Spirit [Brückner et al. 2008], and
the MSL Curiosity [Gellert et al. 2013; Thompson et al. 2015; Thompson et al. 2016;
Treiman et al. 2016; Ehlmann et al. 2017]. This table lists the average soil composition and
the standard deviation (1σ) of all the Martian soil composition data from Chapter 3.

%wt Mars Avg. 1σ 2σ
SiO2 44.03 3.97 7.94
TiO2 0.93 0.21 0.42
Al2O3 9.31 1.27 2.54
Cr2O3 0.35 0.09 0.18
FeO+Fe2O3 19.38 4.53 9.06
MnO 0.35 0.07 0.14
MgO 8.19 1.43 2.86
CaO 6.47 0.65 1.30
Na2O 2.57 0.56 1.12
K2O 0.53 0.44 0.88
P2O5 0.91 0.66 1.32
SO3 6.13 3.98 7.96
Cl 0.70 0.15 0.30

Table 6.59: Table of differences of the components of each simulant, measured by the SEM
EDX, and the components of the average Martian regolith composition, calculated from the
literature. The simulants with the smallest summation of differences are the most chemically
accurate regolith simulants.

%wt Atacama MMS-1 MMS-2 Mojave4 Mojave9 Iceland

δ(SiO2) 8.36 27.05 20.82 21.20 13.76 1.95

δ(TiO2) 0.07 0.93 0.61 0.93 0.93 2.53

δ(Al2O3) 9.79 4.81 0.32 6.49 7.84 10.50
δ(Cr2O3) 0.35 0.35 0.35 0.35 0.35 0.72

δ(FeO+Fe2O3) 6.66 9.89 6.45 11.40 7.07 3.38
δ(MnO) 0.35 0.35 0.35 0.35 0.35 0.35

δ(MgO) 2.45 2.94 2.66 2.97 1.24 4.08

δ(CaO) 1.69 1.82 1.38 1.21 1.76 4.60

δ(Na2O) 0.13 2.57 1.67 0.90 1.17 1.04

δ(K2O) 2.08 2.24 1.30 1.48 1.12 0.71

δ(P2O5) 0.91 0.91 0.74 0.49 0.91 0.91

δ(SO3) 5.21 6.13 4.23 5.99 6.13 6.13
δ(Cl) 1.25 0.70 0.60 0.70 0.70 0.70

Avg. δ 3.02 4.67 3.19 4.19 3.33 2.89

Sum of δ 39.29 60.68 41.49 54.45 43.32 37.60
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Table 6.60: Table of differences of the components of each simulant, measured by the SEM
EDX, and the components of the average Martian regolith composition, calculated from the
literature,. The simulants with the smallest summation of differences are the most chemically
accurate regolith simulants.

%wt Andes Canary JSC-Mars MGS-1 MGS-1S JEZ-1

δ(SiO2) 8.60 4.92 13.70 21.02 14.77 4.94

δ(TiO2) 0.62 4.46 4.75 0.02 0.93 0.55

δ(Al2O3) 20.34 14.83 14.91 8.57 5.19 2.30
δ(Cr2O3) 0.35 0.35 0.35 0.35 0.35 0.35

δ(FeO+Fe2O3) 6.95 3.42 8.73 7.55 7.72 8.18
δ(MnO) 0.35 0.35 1.06 0.57 0.35 0.35

δ(MgO) 7.54 6.06 7.53 5.17 1.60 19.30

δ(CaO) 4.47 0.14 0.81 1.95 0.91 2.88

δ(Na2O) 2.57 1.68 2.22 1.72 0.97 1.93

δ(K2O) 0.52 0.61 0.17 1.85 0.04 0.30

δ(P2O5) 0.91 0.91 0.91 0.91 0.91 0.66

δ(SO3) 6.13 6.13 5.85 4.77 4.81 4.41
δ(Cl) 0.70 0.70 0.66 0.63 0.61 0.60

Avg. δ 4.62 3.43 4.74 4.24 3.01 3.60
Sum of δ 60.05 44.56 61.64 55.08 39.15 46.75

Table 6.61: Table of differences of the major rock-forming chemical components of each
simulant, measured by the SEM EDX, and the major rock-forming chemical components of
the average Martian regolith composition, calculated from the literature. The simulants with
the smallest summation of differences are the most chemically accurate regolith simulants.

%wt Atacama MMS-1 MMS-2 Mojave4 Mojave9 Iceland

δ(SiO2) 8.36 27.05 20.82 21.20 13.76 1.95

δ(Al2O3) 9.79 4.81 0.32 6.49 7.84 10.50

δ(FeO+Fe2O3) 6.66 9.89 6.45 11.40 7.07 3.38

δ(MgO) 2.45 2.94 2.66 2.97 1.24 4.08

δ(CaO) 1.69 1.82 1.38 1.21 1.76 4.60

δ(Na2O) 0.13 2.57 1.67 0.90 1.17 1.04

δ(K2O) 2.08 2.24 1.30 1.48 1.12 0.71

Avg. δ 4.45 7.33 4.94 6.52 4.85 3.75

Sum of δ 31.16 51.32 34.61 45.65 33.96 26.26
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Table 6.62: Table of differences of the major rock-forming chemical components of each
simulant, measured by the SEM EDX, and the major rock-forming chemical components of
the average Martian regolith composition, calculated from the literature. The simulants with
the smallest summation of differences are the most chemically accurate regolith simulants.

%wt Andes Canary JSC-Mars MGS-1 MGS-1S JEZ-1

δ(SiO2) 8.60 4.92 13.70 21.02 14.77 4.94

δ(Al2O3) 20.34 14.83 14.91 8.57 5.19 2.30

δ(FeO+Fe2O3) 6.95 3.42 8.73 7.55 7.72 8.18

δ(MgO) 7.54 6.06 7.53 5.17 1.60 19.30

δ(CaO) 4.47 0.14 0.81 1.95 0.91 2.88

δ(Na2O) 2.57 1.68 2.22 1.72 0.97 1.93

δ(K2O) 0.52 0.61 0.17 1.85 0.04 0.30

Avg. δ 7.28 4.52 6.87 6.83 4.46 5.69
Sum of δ 50.99 31.66 48.06 47.83 31.20 39.84
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Chapter 7

Discussion

In order reduce the cost and risk of future human exploration of Mars, ISRU

techniques for Mars first need to be studied and demonstrated here on Earth.

Understanding the Martian regolith and its physical and chemical properties

is a critical aspect of ISRU operations and testing. Ideally, large scale testing

of ISRU processes and components would be performed on Martian regolith

samples that were returned from the Martian surface. However, there is no clear

path forward for a Martian regolith sample return mission. Furthermore, the

amount of regolith obtained from a sample return mission would not be enough

for large scale tests. Therefore, in order to determine how to successfully and

efficiently extract vital resources like water and oxygen from the Martian regolith,

successfully grow food on Mars, study the removal of perchlorates, construct

habitats using regolith, or even use regolith for 3D printing of structures or tools,

the scientific community is in need of a physically, chemically, and mineralogically

accurate Martian regolith simulant standard for full scale testing of these ISRU

capabilities. To aid in the success of future human missions to Mars, the
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scientific standard Martian regolith simulant will need to be available in very

large quantities and for many years to come.

This study chemically and mineralogically analyzed three known terrestrial

analog simulants, six potentially new terrestrial analog simulants, and three

known artificial simulants for comparison to the composition of the Martian

regolith. The results of this analysis found that, of the twelve Martian regolith

simulants analyzed, the Iceland terrestrial analog simulant was in the most

agreement to the Martian soil average composition, both chemically and miner-

alogically. This was determined by comparing all of the regolith simulants and

the Martian regolith average in a total alkali vs. silica (TAS) plot and calcu-

lating the weighted difference between each regolith simulant and the Martian

regolith average on the TAS plot. The Iceland regolith simulant had the lowest

calculated weighted difference and, therefore, was determined to be in the most

agreement with the Martian regolith average. Furthermore, a calculation of the

absolute differences between each chemical constituent for each simulant and the

Martian regolith average determined that the Iceland simulant has the lowest

average absolute difference and the lowest sum of absolute differences. This

again confirms that the composition of the Iceland regolith simulant was in the

most agreement to the Martian regoith average composition.

Both the Iceland terrestrial analog simulant and the Martian regolith average

composition were determined to lie on the transition between the picrobasalt

region and the basanite region on a TAS plot. This indicates that both are

mostly composed of ultramafic igneous rocks, with high Mg and Ca components.

The high Mg and high Ca components are confirmed by the chemical composition

of the two; 8.18% Mg and 6.47% Ca for the Martian regolith average and 4.11%
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Mg and 11.07% Ca for the Iceland regolith sample. Analysis of the mineralogical

compositions of the Iceland sample and the Martian regolith average indicate

that the high Mg components and high Ca components are due to the high

amounts of Mg-rich olivine, forsterite, and Ca-rich plagioclase in the two; 18.4%

olivine and 40.2% plagioclase for the Martian regolith average and 10.8% olvine

and 44.3% plagioclase for the Iceland regolith sample.

The agreement of the Martian regolith average composition and the compo-

sition of the Iceland sample should not be surprising, since both surfaces are

primarily volcanic in nature. Although the Martian surface is much older than

the regolith in Iceland, the Martian surface, as a whole, displays little aqeuous

alteration characteristics when compared to Earth. Therefore, when searching

for a Martian terrestrial analog simulant for the average composition of the

Martian surface, the geological age of the terrestrial sample is less important

than the degree of aqueous alteration of the sample. Furthermore, the degree

of aqueous alteration is less important than the chemical composition of the

magma that formed the surface. For example, a low silica, felsic magma or a low

Mg/olivine magma will not produce terrestrial simulants that are in agreement

with the Martian regolith average composition. The most accurate terrestrial

analog simulants for the average composition of the Martian surface, like the

Iceland sample, will be regolith that is formed from mafic or ultramafic magma,

with high quantities of plagioclase and olivine, some Fe-oxides, and little aqueous

alteration minerals.

From this work, it is found that regolith samples from Iceland should be

further considered for large scale ISRU testing using a terrestrial analog for a

Martian regolith simulant. As of today, it is unclear whether or not there will
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be major differences when using a terrestrial analog simulant versus an artificial

simulant to perform large scale ISRU tests. The formation of an igneous rock

under typical formation conditions is a different process than the formation

of cobbles from pure minerals and a water/binder mix. It seems likely that

these two different formation process would result in different results when

performing ISRU experiments that require partial or full melting of the simulant

or sintering of the simulant. Future work should incorporate a study between

the performance differences between terrestrial analog simulants and artificial

simulants during certain ISRU processes.

A major complication in this work that should not be ignored is the seemingly

inhomogeneous results from the SEM EDX analysis of the samples. More than

half of the samples, ∼7 out of 12, showed uncertainties >20% for at least half of

their measured chemical constituents from the SEM EDX analysis. One reason

for these large uncertainties in the SEM EDX analysis could be the fact that

the samples were not crushed or milled prior to SEM EDX analysis. Large sized

particles, rough particle surfaces, and weathered outer coatings can affect the

SEM EDX results of a sample. The samples should be crushed or milled into

smaller particles sizes in order to create smaller/thinner particles for SEM EDX

analysis and in order to expose the inner compositions of the particles, which

could be hidden by thick, outer, weathered coatings. Furthermore, if crushing

or milling the sample is not enough to alleviate the large uncertainties in the

SEM EDX analysis, the sample could be ground and polished to create a smooth

surface for SEM EDX analysis.

However, the requirement of crushing/milling and/or polishing of a sample

for SEM EDX analysis for comparison to the Martian surface seems unwarranted
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because samples are not crushed/milled or polished when analyzed with the

APXS on the Martian surface. APXS is a contact instrument, meaning it is

simply placed into contact with a rock or soil sample to analyze the chemical

composition of the sample. While the sample need not be crushed/milled or

polished for analysis, the instrument does need to be in contact with the sample

for two to three hours to obtain a clear signal and to identify all of the elements,

including trace elements. Conversely, this spectrum collection time should not

be a source of error for the SEM EDX analysis of a sample, as an SEM EDX

spectrum only takes seconds to collect, but it could be tested for confirmation.

Penetration depth and resolution could be factors that cause high uncertain-

ties in the SEM EDX analysis of uncrushed regolith samples. The penetration

depth of an electron beam depends on the energy of the beam and the composi-

tion of the sample. In general, penetration depth increases with increased beam

energy and decreases with increased sample density. Generally speaking, the

electron beam energy of 15 keV used in this analysis should have been able to

penetrate to ∼1 µm, although no simulations were performed to confirm this.

This means that any sample with a weathered coating >0.5µm-1µm could have

had their spectrum muted by the outer coating. From the results, this seems

likely to have happened for at least the JSC-Mars sample and the Andes sample.

Furthermore, the tight resolution of the electron beam could have focused

the analysis on too tight of an area, which, when combined with the larger

particle sizes in the samples, could have analyzed pure minerals instead of the

overall bulk rock composition more often than not. The tight resolution area

of the electron beam could also be the explanation of why the samples should

be crushed or milled before analysis with an SEM EDX, but it is not necessary
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Figure 7.1: Left: Monte Carlo simulation for a 15 kV electron beam acting on a pure
Aluminum sample [Ametek Materials Analysis Division 2019]. Right: Mars Exploration Rover
APXS sensor diagram [Gellert et al. 2006].

to crush or mill sample before the analysis with an APXS. For example, for

a beam energy of 15 kV acting on a pure Al sample, the interaction area is

∼2-3 µm in diameter [Ametek Materials Analysis Division 2019]. Conversely,

the field of view for the APXS sensor used on the Mars Exploration Rovers is

38 mm [Gellert et al. 2006]. Therefore, the APXS instrument is much better

equipped to measure overall bulk rock compositions than the SEM EDX. Figure

7.1 shows a comparison of the two instrument resolutions.

From this discussion, it seems likely that crushing or milling the samples prior

to analysis would have alleviated some of the large uncertainties in the SEM

EDX analysis. Crushing or milling the sample prior to analysis should break

or grind the minerals into smaller particles and homogonize the sample after

mixing. Any further SEM EDX analysis of these samples should be completed

with crushed or milled samples prior to analysis to ensure homogeneity and
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lower uncertainties associated with the chemical analysis.

The crushing and mixing of the artificial simulants might have also alleviated

the large uncertainties associated with the SEM EDX analysis of those samples

as well. At first, it could be thought that MGS-1 should be in the most

agreement with (or as much as Iceland) the chemical composition of the Martian

average surface composition, since it was designed specifically for that purpose.

Potentially, the SEM EDX analysis of MGS-1 is not an accurate representation

of the bulk composition of simulant. The presumed reason for this inaccuracy is

the analysis of the uncrushed simulant instead of the crushed and mixed simulant.

In the future, a re-analysis of MGS-1 should be performed on the crushed and

mixed simulant before confirming that the simulant is not as chemically similar

to the Martian surface as Iceland.

The major complication source in the XRD analysis of the regolith samples in

this work was due to the non-calculation of the degree of crsytallinity (DOC) in

each sample. This calculation should have been possible by using an instrument

background spectrum, obtain by collecting the XRD spectrum of an empty sample

holder, and subtracting it from each simulant sample’s XRD spectrum. The

result of this would be an XRD spectrum that was only amorphous components

and crystalline components. Therefore, the quantification of the degree of

crystallinity and the amount of amorphous material present in the sample would

be possible. However, this calculation was not possible because the obtained

instrument background spectrum appeared to contain X-ray peaks from the

X-ray generator in the instrument (see Figure 7.2). Therefore, this instrument

background spectrum was not useable for the degree of crystallinity calculations.

The source of this issue is not know at this time. Had this calculation been
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Figure 7.2: The background spectrum of the Bruker D2 Phaser XRD used in this work. The
spectrum was obtained by collecting the XRD spectrum of an empty sample holder.

possible, the DOC would have been determined. Possibly, if the amorphous

components in the XRD spectra were known, the comparisons between the XRD

analysis and the SEM EDX analysis might have been more accurate.

Furthermore, it is likely that preferred orientation was a factor in the XRD

analysis that had a negative impact on the XRD spectrum. Preferred orientation

occurs in most XRD spectra, especially when a sample is loaded into a flat

sample holder (used in this work). However, the negative impact of preferred

orientation can be reduced by proper preparation of a sample for XRD analysis.

The best practice to use when preparing a sample for XRD analysis is to make

sure that all of the crystallites in the sample are at random orientations, to

ensure X-ray diffraction occurs at all of the possible crystallite planes. Preferred

orientation occurs when crystallites in a sample orientate themselves in the same

preferred direction, causing the majority of the XRD mineral phase peaks to be
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diffracted from the same plane. This can cause some peaks of the same mineral

phase to have higher or lower intensities than they would if the crystallites were

orientated randomly. Preferred orientation is almost always present in XRD

spectra due to the non-spherical crystallites in the sample and, when a flat

sample holder is used, due to relaxation at the surface of the sample. However,

it should be noted that preferred orientation only effects the intensity of the

mineral phase peaks in the XRD spectrum, not the identification of mineral

phases.

The XRD results in this work encountered numerous cases where it appeared

that a major peak in the experimental XRD spectrum was not fully fitted

by the calculated spectrum in Match!. At first, it seemed like this was an

underestimation of the quantity of the mineral phase at that peak. However,

after reviewing some of the XRD results from the Mars Science Laboratory at

Gale Crater, it appears that this is an expected discrepancy in the analysis of

XRD spectra [Bish et al. 2013]. Figure 7.3 shows the analysis results of the XRD

spectum obtained from the Mars Science Laboratory analysis of the Rocknest

sample at Gale Crater. This spectrum analysis shows a relatively large peak not

accounted for in the difference plot at 2θ ≈ 25o. This is similar to some of the

residual peaks not accounted for in the XRD analysis of the regolith samples

in this work. However, there were multiple examples of this occurence in the

results presented here.

Finally, the discrepancies between the XRD results and the SEM EDX results

for each sample are likely due to the analysis of the uncrushed samples in the

SEM EDX analysis. However, it is worth noting that the regolith simulant sample

that was milled and used for the XRD analysis was not the same physical sample
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Figure 7.3: The XRD spectrum from the Mars Science Laboratory analysis of the mineralogy
of Rocknest at Gale Crater, Mars [Bish et al. 2013].

as the one that was used for the SEM EDX analysis. Instead, two separate

physical samples were taken from the same batch of the regolith simulant; one

was milled and used for the XRD analysis and the other was used for the SEM

EDX analysis. This could also cause some discrepancies between the XRD

analysis and the SEM EDX analysis of the simulant sample. The best way to

mitigate this type of discrepancy would be to first mill the sample and perform

the XRD analysis and then analyze the same milled sample with the SEM EDX.

The process would need to be performed in exactly this order, however, because

the SEM EDX analysis is a destructive analysis technique and the sample cannot

be re-used after it is performed.

To summarize, of the twelve Martian regolith simulants analyzed here, the

Iceland terrestrial analog simulant was in the most agreement to the average

Martian regolith composition. The Iceland simulant had the lowest weighted

difference from the Martian regolith average on a TAS plot, the lowest average
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and sum of absolute differences in the chemical composition comparison to

the Martian regolith average, and had a similar mineralogical composition

to the Martian regolith analyzed by the Mars Science Laboratory. Both the

Iceland regolith simulant and the average Martian regolith were discovered to be

picrobasalt and basanite in nature, with high quantities of Mg-rich olivine and

Ca-rich plagioclase. Therefore, the results of this work suggest that Icelandic

regolith should be further considered for the use as a terrestrial analog to Martian

regolith for future large-scale testing of ISRU capabilities.

Future work should include a re-analysis of the regolith simulants in the

previously mentioned process of crushing or milling the sample, analyzing it

with the XRD, then analyzing it with the SEM EDX. The re-analysis of the

samples in this fashion will reduce the discrepancies between the XRD and SEM

EDX analyses and should reduce the inhomogeneity uncertainties in the SEM

EDX analysis. The source of the inaccurate XRD background spectrum should

be researched and eliminated. After this, a new XRD background spectrum

should be obtained and the DOC should be calculated for all of the XRD spectra.

Furthermore, longer characteristic X-ray collection times could be used in the

future SEM EDX analysis of regolith simulants to determine if the signal to noise

ratio is reduced for the minor constituents in the spectra. Finally, an important

study that needs to be conducted in the future is the analysis of the different

performances of terrestrial analog simulants and artificial simulants in ISRU

related experiments.
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Chapter 8

Conclusion

This work analyzed twelve Martian regolith simulants; three known Martian

regolith terrestrial analog simulants (JSC-Mars, MMS-1, and MMS-2), six

potentially new Martian regolith terrestrial analog simulants (Andes, Atacama,

Canary, Mojave 4, Mojave 9, and Iceland), and three known artificial Martian

regolith simulants (MGS-1, MGS-1S, and JEZ1). The results of this work

concluded that the Iceland terrestrial analog simulant was in the most agreement

to the average composition of the Martian regolith. The Iceland regolith simulant

had the lowest weighted difference from the Martian regolith average on a total

alkali vs. silica plot, had the lowest average and sum of absolute differences

between its chemical constituents and the chemical constituents of the Martian

regolith average, and had a similar mineralogical make-up to the Martian regolith.

Therefore, the results from this work suggest that Icelandic regolith should be

further considered as an accurate terrestrial analog Martian regolith simulant.

In the future, Icelandic regolith could be used for large scale testing of ISRU

processes and capabilities for the future human exploration of Mars.
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Appendix A

Martian Regolith Composition

Data - Viking 1 & Viking 2

Table A.1: Viking 1 data from Chryse Planitia from [Clark et al. 1982].

Location Sandy Fl Rocky Fl Atlantic City Sandy Fl DH Jonesville -
Sol 8 34 177-180 229 & 250 285-286 -
Sample C-1 C-2 C-5 C-6 C-7 Uncertainty
SiO2 43 42 42 44 44 6
TiO2 0.65 0.57 0.6 0.61 0.63 0.25
Al2O3 7.5 - 6.9 7.3 7.4 4
Cr2O3 - - - - - -
FeO+Fe2O3 17.6 17.3 17.4 17.3 19 -2 to +5
MnO - - - - - -
MgO 6 - 7 6 5 -3 to +5
CaO 6 5.5 5.6 6 6 2
Na2O - - - - - -
K2O 0 0 0 0.04 0 0.5
P2O5 - - - - - -
SO3 7 9 9.5 6.7 6.8 -2 to +6
Cl 0.7 0.7 0.9 0.8 0.6 -0.5 to +1.5
Total 88.45 75.07 89.90 88.75 89.43 -
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Table A.2: Viking 1 data from Chryse Planitia from [Clark et al. 1982].

Location RockyFlats Near BashfulRock RockyFlats DeepHole 2 -
Sol 311-312 378 468 581 -
Sample C-8 C-9 C-11 C-13 Uncertainty
SiO2 43 45 - 43 6
TiO2 0.71 0.71 0.64 0.59 0.25
Al2O3 7.1 7.5 7.2 7 4
Cr2O3 - - - - -
FeO+Fe2O3 18.8 18.9 17.7 18.2 -2 to +5
MnO - - - - -
MgO 6 5 6 7 -3 to +5
CaO 5.8 6 5.4 5.4 2
Na2O - - - - -
K2O 0 0 0 0 0.5
P2O5 - - - - -
SO3 5.9 7.2 - 9 -2 to +6
Cl 0.65 0.8 - 0.9 -0.5 to +1.5
Total 87.96 91.11 36.94 91.09 -

Table A.3: Viking 2 data from Utopia Planitia from [Clark et al. 1982].

Location Bonneville Notch Rock Spalling Valley Badger Rock -
Sol 29 & 30 131 161 185 -
Sample U-1 U-2 U-3 U-4 Uncertainty
SiO2 42 43 44 44 6
TiO2 0.6 0.63 0.64 0.52 0.25
Al2O3 - - - - 4
Cr2O3 - - - - -
FeO+Fe2O3 18.9 17.6 18.3 16.9 -2 to +5
MnO - - - - -
MgO - - - - -3 to +5
CaO 5.8 5.8 5.95 5.7 2
Na2O - - - - -
K2O 0.03 0.02 0 0 0.5
P2O5 - - - - -
SO3 8.4 8.1 7.6 7.9 -2 to +6
Cl 0.3 0.6 - 0.45 -0.5 to +1.5
Total 76.03 75.75 76.49 75.47 -

Table A.4: Viking 2 data from Utopia Planitia from [Clark et al. 1982].

Location Physica Planitia Spalling Val Spalling Val Bonneville -
Sol 388 417 442 595-596 -
Sample U-5 U-6 U-7 U-8 Uncertainty
SiO2 43 42 42 41 6
TiO2 0.44 0.48 0.51 0.47 0.25
Al2O3 - - ,- - 4
Cr2O3 - - - - -
FeO+Fe2O3 16.3 17.1 17.5 0 -2 to +5
MnO - - - - -
MgO - - - - -3 to +5
CaO 5.3 5.5 5.5 5.6 2
Na2O - - - - -
K2O 0 0 0 0 0.5
P2O5 - - - - -
SO3 8.3 7.9 7.6 8.5 -2 to +6
Cl 0.6 0.3 0.4 - -0.5 to +1.5
Total 73.94 73.28 73.51 55.57 -
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Appendix B

Martian Regolith Composition

Data - Pathfinder

Table B.1: Mars Pathfinder data from [Foley et al. 2003].

Location APXS Deploy Next to Yogi Dark Next to Yogi
Sol 2 4 5
Sample A-2 error A-4 error A-5 error
SiO2 40.9 0.8 41 0.9 41.7 0.9
TiO2 0.7 0.2 1.0 0.3 0.6 0.1
Al2O3 10.4 0.8 10.6 0.8 10.6 0.8
Cr2O3 0.3 0.1 0.4 0.1 0.5 0.1
FeO+Fe2O3 21.2 0.9 20.4 0.8 21.8 1.0
MnO 0.5 0.1 0.4 0.1 0.2 0.1
MgO 8.7 2.0 8 1.9 7.3 1.6
CaO 6.1 0.4 5.6 0.4 6.2 0.4
Na2O 3.2 0.7 3.2 0.7 3.3 0.7
K2O 0.5 0.04 0.5 0.07 0.5 0.05
P2O5 0.9 0.2 1.2 0.2 0.6 0.1
SO3 6.0 1.2 6.9 1.4 5.8 1.1
Cl 0.7 0.2 0.8 0.2 0.8 0.2
Total 100.1 - 100.0 - 99.9 -
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Table B.2: Mars Pathfinder data from [Foley et al. 2003].

Location Disturbed Soil by Scooby Doo Lamb Mermaid
Sol 15 20 28
Sample A-9 error A-10 error A-15 error
SiO2 41.7 0.9 41.2 0.9 43.2 1.0
TiO2 0.8 0.2 0.8 0.2 0.8 0.2
Al2O3 10.2 0.9 9.7 0.7 9.9 0.8
Cr2O3 0.2 0.1 0.3 0.1 0.3 0.1
FeO+Fe2O3 22.2 1.0 23.9 1.0 23.2 1.0
MnO 0.1 0.1 0.4 0.1 0.3 0.1
MgO 6.4 1.6 7.5 1.7 6.7 1.6
CaO 6.4 0.5 6 0.4 5.5 0.4
Na2O 2.6 2.4 1.8 0.8 2.7 0.8
K2O 0.7 0.09 0.4 0.04 0.7 0.07
P2O5 0.8 0.2 0.6 0.1 0.6 0.1
SO3 6.6 1.4 6.3 1.2 5.2 1.1
Cl 1.2 0.3 0.8 0.2 0.8 0.2
Total 99.9 - 99.7 - 99.9 -

Table B.3: Mars Pathfinder data from [Foley et al. 2003].

Location Barnacle Yogi Wedge
Sol 3 10 37
Sample A-3 error A-7 error A-16 error
SiO2 54.1 1.1 45.7 1 47.2 1.0
TiO2 0.6 0.1 0.7 0.2 0.7 0.2
Al2O3 12.8 0.9 10.8 0.8 11.3 0.8
Cr2O3 0.1 0.04 0.1 0.1 0 0.04
FeO+Fe2O3 - - - - - -
MnO 0.3 0.1 0.4 0.1 0.3 0.1
MgO 2.1 0.5 5.1 1.2 4 0.9
CaO 5.7 0.4 6.3 0.5 6.8 0.5
Na2O 3.2 0.5 4.7 0.8 4.8 1.0
K2O 1.1 0.1 0.7 0.1 0.8 0.1
P2O5 0.7 0.1 0.5 0.1 0.5 0.1
SO3 2.0 0.4 4.3 0.9 3 0.6
Cl 0.5 0.1 0.7 0.2 0.6 0.1
Total 83.2 - 80.0 - 80.0 -

Table B.4: Mars Pathfinder data from [Foley et al. 2003]

Location Shark Half Dome
Sol 52 55
Sample A-17 error A-18 error
SiO2 51.5 1.2 50.0 1.1
TiO2 0.5 0.2 0.7 0.2
Al2O3 10.2 0.8 12.3 0.9
Cr2O3 0.1 0.1 0.1 0.1
FeO+Fe2O3 - - - -
MnO 0.4 0.1 0.4 0.1
MgO 3.7 0.9 3.4 0.8
CaO 7.3 0.5 6.0 0.2
Na2O 3.4 0.8 4.0 0.7
K2O 0.8 0.1 1 0.1
P2O5 0.4 0.1 0.6 0.1
SO3 1.6 0.4 3.0 0.6
Cl 0.5 0.1 0.7 0.1
Total 80.4 - 82.2 -
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Appendix C

Martian Regolith Composition

Data - Spirit

Table C.1: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 14 14 18 18 33 33
Type SU SE RU SE RB SE
Sample Gusev Soil - Adirondack asis - Adirondack brush -
SiO2 46.3 0.5 45.6 1.04 45.7 0.37
TiO2 0.86 0.07 0.71 0.23 0.49 0.06
Al2O3 9.89 0.14 10.93 0.46 11.35 0.11
Cr2O3 0.31 0.03 0.69 0.11 0.63 0.03
FeT 16 0.11 18 0.39 18 0.1
MnO 0.33 0.01 0.4 0.14 0.39 0.01
MgO 8.34 0.12 9.09 0.5 9.51 0.1
CaO 6.36 0.05 7.52 0.23 7.84 0.05
Na2O 2.8 0.3 2.32 1.64 2.78 0.18
K2O 0.48 0.06 0.14 0.15 0.12 0.05
P2O5 0.87 0.08 0.72 0.37 0.57 0.06
SO3 6.61 0.08 3.47 0.27 2.16 0.03
Cl 0.78 0.02 0.43 0.06 0.36 0.01
Total 99.93 - 100.02 - 99.9 -
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Table C.2: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 34 34 41 41 42 42
Type RR SE SC SE RU SE
Sample Adirondack RAT - Crest morning - Mimi -
SiO2 45.7 0.41 46 0.7 45 0.43
TiO2 0.48 0.06 0.72 0.2 0.68 0.07
Al2O3 10.87 0.12 10.02 0.29 10.04 0.13
Cr2O3 0.61 0.03 0.49 0.06 0.55 0.04
FeT 18.8 0.12 16.6 0.21 17.3 0.12
MnO 0.41 0.01 0.36 0.06 0.4 0.01
MgO 10.83 0.12 8.67 0.27 8.39 0.12
CaO 7.75 0.05 6.98 0.12 7.07 0.06
Na2O 2.41 0.2 2.8 0.9 2.94 0.22
K2O 0.07 0.05 0.43 0.15 0.49 0.06
P2O5 0.52 0.07 0.8 0.26 0.85 0.08
SO3 1.23 0.03 5.26 0.17 5.5 0.08
Cl 0.2 0.01 0.69 0.04 0.74 0.02
Total 99.88 - 99.82 - 99.95 -

Table C.3: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 43 43 44 44 45 45
Type SD SE SF SE SC SE
Sample Track - Rampflats - Angelflats -
SiO2 46.8 0.5 46.3 0.9 45.5 0.6
TiO2 0.91 0.08 0.77 0.23 0.68 0.15
Al2O3 10.3 0.17 10.23 0.38 9.96 0.36
Cr2O3 0.41 0.04 0.26 0.07 0.38 0.07
FeT 16.5 0.15 16.2 0.29 16.5 0.18
MnO 0.36 0.02 0.29 0.09 0.3 0.07
MgO 8.45 0.15 8.69 0.37 8.59 0.47
CaO 6.52 0.07 6.58 0.16 6.69 0.14
Na2O 2.9 0.3 2.5 1.3 3.1 1.8
K2O 0.45 0.06 0.43 0.17 0.48 0.16
P2O5 0.81 0.09 0.87 0.32 0.78 0.28
SO3 5 0.1 6.06 0.26 6.19 0.21
Cl 0.6 0.02 0.71 0.06 0.78 0.05
Total 100.01 - 99.89 - 99.93 -
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Table C.4: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 47 47 49 49 50 50
Type SU SE ST SE ST SE
Sample Grandeflats - Road cut floor3 - Road Cut WallMIonl -
SiO2 46 0.4 46.2 0.5 46.1 0.5
TiO2 0.89 0.07 1 0.08 1.02 0.07
Al2O3 10.05 0.11 9.83 0.14 9.96 0.16
Cr2O3 0.33 0.03 0.43 0.04 0.4 0.04
FeT 16.1 0.08 16.8 0.12 16.8 0.12
MnO 0.34 0.01 0.34 0.01 0.35 0.01
MgO 8.41 0.11 8.9 0.13 8.77 0.13
CaO 6.32 0.05 6.14 0.06 6.24 0.05
Na2O 3.1 0.2 2.4 0.3 2.7 0.3
K2O 0.44 0.06 0.38 0.06 0.37 0.06
P2O5 0.86 0.08 0.68 0.08 0.73 0.08
SO3 6.33 0.09 6.11 0.09 5.69 0.08
Cl 0.73 0.02 0.69 0.02 0.77 0.02
Total 99.9 - 99.9 - 99.9 -

Table C.5: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 52 52 55 55 57 57
Type SU SE RU SE RU SE
Sample Sugar T1 - Humphrey Ashley - Humphrey Heyworth -
SiO2 45.6 0.8 45.9 0.64 45.7 0.63
TiO2 0.81 0.18 0.48 0.12 0.53 0.11
Al2O3 9.67 0.29 10.66 0.23 11.13 0.27
Cr2O3 0.37 0.06 0.57 0.06 0.61 0.06
FeT 16.7 0.24 17.7 0.19 17.9 0.2
MnO 0.34 0.07 0.4 0.06 0.39 0.05
MgO 8.47 0.28 8.76 0.23 8.69 0.33
CaO 6.6 0.13 7.53 0.12 7.54 0.11
Na2O 3.2 1 3 0.86 2.92 1.23
K2O 0.41 0.15 0.19 0.13 0.19 0.12
P2O5 0.83 0.26 0.65 0.22 0.63 0.21
SO3 6.1 0.21 3.53 0.13 3.24 0.11
Cl 0.8 0.05 0.58 0.04 0.54 0.03
Total 99.9 - 99.95 - 100.01 -
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Table C.6: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 58 58 59 59 60 60
Type RB SE RR SE RR SE
Sample Humphrey brush - Humphrey RAT1 - Humphrey RAT2 -
SiO2 45.9 0.43 46.3 0.42 45.9 0.43
TiO2 0.54 0.06 0.58 0.06 0.55 0.06
Al2O3 11.2 0.14 10.78 0.15 10.68 0.13
Cr2O3 0.6 0.04 0.68 0.03 0.6 0.03
FeT 17.9 0.12 18.6 0.12 18.8 0.12
MnO 0.39 0.01 0.41 0.01 0.41 0.01
MgO 8.82 0.12 9.49 0.12 10.41 0.14
CaO 7.76 0.06 8.19 0.06 7.84 0.05
Na2O 2.95 0.21 2.76 0.21 2.54 0.28
K2O 0.18 0.06 0.13 0.05 0.1 0.05
P2O5 0.62 0.07 0.57 0.07 0.56 0.07
SO3 2.63 0.05 1.09 0.03 1.28 0.03
Cl 0.49 0.01 0.32 0.01 0.26 0.01
Total 99.98 - 99.9 - 99.93 -

Table C.7: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 63 63 65 65 71 71
Type RU SE SU SE SU SE
Sample Plank Asis - SugarLoafFlats soil - Gobi1 soil -
SiO2 44 0.69 45.9 0.8 45 0.5
TiO2 0.57 0.13 0.83 0.16 0.89 0.08
Al2O3 9.72 0.26 9.86 0.28 9.56 0.16
Cr2O3 0.57 0.06 0.31 0.06 0.31 0.04
FeT 18.9 0.24 15.9 0.24 16.5 0.15
MnO 0.42 0.07 0.31 0.07 0.31 0.02
MgO 8.27 0.24 8.57 0.3 8.25 0.15
CaO 6.81 0.12 6.04 0.13 6.17 0.07
Na2O 3.04 0.79 3.2 1 2.9 0.3
K2O 0.33 0.14 0.47 0.16 0.49 0.07
P2O5 0.75 0.23 0.81 0.26 0.91 0.09
SO3 5.85 0.18 6.76 0.23 7.61 0.13
Cl 0.72 0.04 0.84 0.05 0.88 0.03
Total 99.95 - 99.8 - 99.78 -
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Table C.8: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 74a 74a 74b 74b 81a 81a
Type SD SE SU SE RB SE
Sample Serpent Scuffed - BearPaw - Mazatzal NewYork -
SiO2 46.7 0.5 46 0.47 44.5 0.5
TiO2 0.94 0.07 0.88 0.14 0.84 0.08
Al2O3 10.12 0.15 9.54 0.31 8.5 0.16
Cr2O3 0.46 0.04 0.44 0.06 0.26 0.04
FeT 17 0.13 16.9 0.15 17.9 0.15
MnO 0.36 0.01 0.31 0.07 0.32 0.02
MgO 8.86 0.14 9.06 0.24 7.7 0.14
CaO 6.57 0.06 6.57 0.11 6.63 0.07
Na2O 2.9 0.3 2.23 1.07 2.54 0.25
K2O 0.4 0.06 0.4 0.15 0.54 0.06
P2O5 0.66 0.08 0.15 0.34 1.19 0.09
SO3 4.39 0.08 6.56 0.17 7.62 0.12
Cl 0.54 0.02 0.85 0.05 1.28 0.03
Total 99.9 - 99.89 - 99.82 -

Table C.9: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 81b 81b 82 82 83 83
Type RU SE RR SE RU SE
Sample Mazatzal Texas - Mazatzal NewYork - Mazatzal Oregon -
SiO2 43.7 0.45 45.7 0.43 44.5 0.46
TiO2 0.81 0.07 0.69 0.07 0.77 0.07
Al2O3 9.15 0.13 9.92 0.13 8.94 0.13
Cr2O3 0.35 0.04 0.45 0.03 0.21 0.03
FeT 18 0.14 18.4 0.12 17.4 0.13
MnO 0.33 0.01 0.4 0.01 0.33 0.01
MgO 8.23 0.13 9.02 0.12 8.09 0.13
CaO 6.23 0.06 7.57 0.06 6.35 0.06
Na2O 3.1 0.24 2.74 0.21 2.83 0.24
K2O 0.45 0.06 0.29 0.06 0.51 0.06
P2O5 0.97 0.08 0.82 0.07 1.03 0.08
SO3 7.62 0.11 3.33 0.05 7.77 0.11
Cl 0.99 0.02 0.54 0.01 1.11 0.02
Total 99.93 - 99.87 - 99.84 -
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Table C.10: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 86 86 100 100 105 105
Type RR SE RB SE SU SE
Sample Mazatzal Brooklyn - Route66 brush - Bitterrootflats -
SiO2 45.8 0.41 44.8 0.4 46.3 0.8
TiO2 0.59 0.06 0.59 0.06 0.89 0.18
Al2O3 10.7 0.12 10.78 0.14 9.68 0.31
Cr2O3 0.54 0.03 0.53 0.03 0.32 0.07
FeT 18.9 0.12 17.7 0.11 15.8 0.25
MnO 0.42 0.01 0.39 0.01 0.34 0.08
MgO 9.72 0.11 8.67 0.11 8.43 0.34
CaO 8.02 0.06 7.83 0.05 6.45 0.15
Na2O 2.78 0.2 2.9 0.2 3 1.2
K2O 0.16 0.05 0.23 0.05 0.44 0.17
P2O5 0.65 0.07 0.74 0.07 0.79 0.29
SO3 1.48 0.03 4.2 0.05 6.67 0.25
Cl 0.23 0.01 0.55 0.01 0.72 0.05
Total 99.99 - 99.91 - 99.83 -

Table C.11: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 113 113 114 114 115 115
Type SU SE ST SE ST SE
Sample Bighole Mayfly surface - Bighole RS2 - Bighole Trico -
SiO2 46.1 0.6 43.7 0.4 44.2 0.5
TiO2 1 0.16 0.87 0.07 0.89 0.07
Al2O3 9.92 0.26 9.06 0.13 9.08 0.14
Cr2O3 0.37 0.06 0.36 0.03 0.43 0.04
FeT 16.1 0.19 16.8 0.1 17.1 0.14
MnO 0.31 0.06 0.34 0.01 0.34 0.02
MgO 8.39 0.33 9.19 0.11 9.04 0.14
CaO 6.07 0.11 5.74 0.04 5.86 0.06
Na2O 3.1 1.2 2.5 0.2 2.5 0.3
K2O 0.47 0.15 0.35 0.06 0.34 0.06
P2O5 0.88 0.24 0.8 0.08 0.74 0.08
SO3 6.37 0.18 9.13 0.1 8.37 0.12
Cl 0.79 0.04 1 0.02 1 0.02
Total 99.87 - 99.84 - 99.89 -
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Table C.12: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 122 122 126 126 135 135 140 140
Type SD SE SU SE SD SE ST SE
Sample Owens Trk - Accelerator - Santa Anita - Boroughs Mill -
SiO2 47 0.7 46.3 0.8 47 0.7 41.4 0.4
TiO2 0.88 0.16 0.96 0.19 0.89 0.2 0.9 0.07
Al2O3 10.65 0.27 10.02 0.4 10.71 0.37 8.47 0.13
Cr2O3 0.33 0.06 0.29 0.07 0.42 0.06 0.39 0.03
FeT 15.4 0.21 15.9 0.25 16.1 0.2 17.5 0.11
MnO 0.28 0.07 0.32 0.08 0.34 0.06 0.36 0.01
MgO 8.41 0.29 8.15 0.46 8.73 0.46 9.82 0.13
CaO 6.38 0.12 6.5 0.14 6.27 0.11 5.77 0.05
Na2O 3.1 1 3.1 1.7 3 1.7 2.4 0.2
K2O 0.47 0.15 0.45 0.17 0.42 0.15 0.35 0.06
P2O5 0.95 0.26 0.83 0.3 0.77 0.27 0.71 0.08
SO3 5.45 0.19 6.4 0.24 4.67 0.16 11.2 0.12
Cl 0.63 0.04 0.77 0.05 0.54 0.03 0.68 0.01
Total 99.93 - 99.99 - 99.86 - 99.95 -

Table C.13: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 141 141 150a 150a 158 158 164 164
Type ST SE RU SE SD SE RU SE
Sample Borough H - Mojave Josh - Shred dark4 - Goldklumpen -
SiO2 39.2 0.4 44.8 0.7 47.8 0.7 45 0.4
TiO2 0.85 0.08 0.57 0.12 0.67 0.16 0.72 0.07
Al2O3 7.85 0.12 10.36 0.29 11.29 0.26 10.32 0.13
Cr2O3 0.39 0.04 0.53 0.06 0.36 0.06 0.21 0.03
FeT 16.5 0.12 18.7 0.22 15.3 0.21 15.6 0.11
MnO 0.34 0.01 0.37 0.07 0.33 0.06 0.2 0.01
MgO 10.48 0.14 9.38 0.29 8.73 0.26 8.89 0.12
CaO 5.76 0.05 7.39 0.12 6.31 0.12 5.26 0.05
Na2O 2.5 0.2 3.1 1 3.3 0.9 3.1 0.2
K2O 0.36 0.06 0.2 0.13 0.45 0.15 0.31 0.06
P2O5 0.8 0.08 0.53 0.25 0.75 0.23 1.12 0.08
SO3 14.1 0.16 3.47 0.14 4.1 0.15 8.36 0.1
Cl 0.73 0.02 0.57 0.04 0.52 0.03 0.83 0.02
Total 99.86 - 99.97 - 99.91 - 99.92 -
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Table C.14: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 167 167 170 170 172 172
Type SU SE RU SE RR SE
Sample Goldfinger Jaws soil - Fools gold Asis - Pot of Gold RAT -
SiO2 46.3 0.8 46.3 0.8 42.9 0.4
TiO2 0.73 0.14 0.73 0.14 0.77 0.07
Al2O3 10.08 0.41 10.08 0.41 10.32 0.13
Cr2O3 0.27 0.06 0.27 0.06 0.27 0.03
FeT 16 0.21 16 0.21 16.7 0.12
MnO 0.32 0.06 0.32 0.06 0.24 0.01
MgO 9.84 0.36 9.84 0.36 9.91 0.13
CaO 5.9 0.12 5.9 0.12 5.86 0.05
Na2O 3.3 1.2 3.3 1.2 3 0.2
K2O 0.41 0.15 0.41 0.15 0.2 0.06
P2O5 0.8 0.26 0.8 0.26 1.08 0.08
SO3 5.26 0.18 5.26 0.18 7.96 0.1
Cl 0.62 0.04 0.62 0.04 0.57 0.01
Total 99.83 - 99.83 - 99.78 -

Table C.15: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 176 176 178 178 195 195
Type RU SE RU SE RU SE
Sample Breadbox Sourdough - String of pearls Perlx - WoolyPatch Sabre -
SiO2 46 0.4 43.4 0.5 44.8 0.4
TiO2 0.85 0.07 0.76 0.07 0.89 0.07
Al2O3 10.17 0.12 9.89 0.14 9.68 0.12
Cr2O3 0.31 0.04 0.23 0.03 0.24 0.03
FeT 15.3 0.09 16.6 0.13 16.7 0.11
MnO 0.28 0.01 0.29 0.01 0.2 0.01
MgO 8.56 0.12 8.95 0.14 8.54 0.11
CaO 6.04 0.06 6.37 0.06 5.62 0.04
Na2O 3 0.3 2.9 0.2 3.4 0.2
K2O 0.4 0.06 0.34 0.06 0.4 0.06
P2O5 1.06 0.08 1.09 0.08 0.96 0.07
SO3 7.12 0.1 8.34 0.12 7.33 0.09
Cl 0.76 0.02 0.67 0.02 1.08 0.02
Total 99.85 - 99.83 - 99.84 -
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Table C.16: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 197 197 199 199 214 214
Type RR SE RR SE RU SE
Sample WoolyPatch Sabre - Woolypatch Mastodon - Clovis Plano -
SiO2 46.8 0.4 46.4 0.4 44.9 0.4
TiO2 0.94 0.07 0.91 0.07 0.85 0.07
Al2O3 12.6 0.17 10.34 0.12 9.66 0.12
Cr2O3 0.27 0.03 0.18 0.03 0.19 0.03
FeT 16.3 0.11 19.2 0.12 15 0.1
MnO 0.1 0.01 0.13 0.01 0.27 0.01
MgO 10.92 0.14 11.62 0.13 8.8 0.11
CaO 3.64 0.04 3.44 0.03 6.15 0.05
Na2O 3.3 0.2 2.9 0.2 3.5 0.21
K2O 0.07 0.05 0.04 0.05 0.42 0.06
P2O5 1.24 0.08 1.2 0.08 1.02 0.08
SO3 2.87 0.05 2.41 0.04 7.77 0.09
Cl 0.78 0.02 1.03 0.02 1.23 0.02
Total 99.83 - 99.8 - 99.76 -

Table C.17: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 216 216 218 218 225 225
Type RB SE RR SE RB SE
Sample Clovis Plano - Clovis Plano - Clovis BrushMosaic -
SiO2 43.4 0.4 42.2 0.4 42.6 0.5
TiO2 0.75 0.07 0.84 0.07 0.84 0.14
Al2O3 9.34 0.13 8.95 0.1 8.85 0.27
Cr2O3 0.18 0.03 0.17 0.03 0.18 0.05
FeT 14.3 0.1 15.6 0.08 14.9 0.15
MnO 0.27 0.01 0.3 0.01 0.23 0.06
MgO 10.79 0.14 11.52 0.13 11.46 0.3
CaO 5.86 0.05 6.04 0.05 5.39 0.09
Na2O 3.6 0.23 3.6 0.23 3 1.1
K2O 0.35 0.06 0.35 0.06 0.45 0.15
P2O5 1.13 0.08 1.05 0.08 0.81 0.36
SO3 7.98 0.1 7.53 0.1 9.29 0.25
Cl 1.88 0.03 1.63 0.03 1.74 0.06
Total 99.83 - 99.78 - 99.74 -
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Table C.18: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 227 227 228 228 229 229
Type SU SE RU SE RU SE
Sample Kilmary soil - Ebenezer TinyTim - Ebenezer Cratchit -
SiO2 45.7 0.7 47.4 0.7 46.8 0.42
TiO2 0.84 0.14 0.79 0.13 0.78 0.06
Al2O3 9.59 0.26 10.71 0.24 10.4 0.12
Cr2O3 0.28 0.05 0.14 0.04 0.17 0.03
FeT 16.3 0.2 15.1 0.18 15.3 0.1
MnO 0.31 0.06 0.21 0.04 0.17 0.01
MgO 8.42 0.26 11.16 0.25 10.89 0.13
CaO 5.88 0.1 4.24 0.08 4.31 0.04
Na2O 2.8 0.9 2.9 0.8 3.2 0.2
K2O 0.49 0.15 0.36 0.14 0.35 0.06
P2O5 0.87 0.25 0.94 0.21 1 0.07
SO3 7.5 0.2 4.67 0.14 5.18 0.07
Cl 0.94 0.04 1.33 0.05 1.32 0.02
Total 99.92 - 99.95 - 99.87 -

Table C.19: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 231 231 232 232 235 235
Type RB SE RR SE RF SE
Sample Ebenezer brush - Ebenezer RAT - Ebenezer Fritz -
SiO2 47.5 0.43 47.4 0.45 45.3 0.64
TiO2 0.76 0.06 0.79 0.07 0.9 0.14
Al2O3 9.93 0.12 9.28 0.13 10.18 0.24
Cr2O3 0.16 0.03 0.16 0.03 0.18 0.05
FeT 15 0.1 15.6 0.11 17.1 0.2
MnO 0.15 0.01 0.16 0.01 0.18 0.04
MgO 13.57 0.15 14.82 0.17 13.49 0.28
CaO 3.63 0.03 3.44 0.04 3.93 0.08
Na2O 2.59 0.21 2.32 0.22 3.01 0.81
K2O 0.32 0.06 0.33 0.06 0.3 0.13
P2O5 0.97 0.07 0.97 0.08 0.94 0.22
SO3 3.81 0.06 3.2 0.06 3.01 0.12
Cl 1.54 0.02 1.46 0.02 1.38 0.05
Total 99.93 - 99.93 - 99.9 -
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Table C.20: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 240 240 259 259 266 266
Type SU SE SD SE RU SE
Sample Greeneyes soilTG - Disturbance soil - Temples dwarf -
SiO2 45.8 0.62 46.4 0.45 45.3 0.4
TiO2 0.82 0.14 0.84 0.07 0.85 0.06
Al2O3 9.85 0.23 10.13 0.14 9.47 0.11
Cr2O3 0.21 0.05 0.29 0.03 0.19 0.03
FeT 15.8 0.19 15.3 0.11 15.4 0.1
MnO 0.29 0.05 0.3 0.01 0.35 0.01
MgO 8.39 0.25 8.42 0.12 9.06 0.11
CaO 6.17 0.11 6.22 0.05 5.75 0.04
Na2O 2.91 0.85 3.21 0.23 3.27 0.2
K2O 0.44 0.15 0.46 0.06 0.41 0.06
P2O5 0.95 0.24 0.9 0.08 0.98 0.07
SO3 7.44 0.19 6.65 0.09 7.37 0.08
Cl 0.85 0.04 0.76 0.02 1.33 0.02
Total 99.92 - 99.88 - 99.73 -

Table C.21: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 274 274 280 280 284 284
Type RU SE SD SE RU SE
Sample Tetl clumb - Coffee disturbed - Uchban Koolik -
SiO2 46.4 0.4 45 0.43 45.1 0.43
TiO2 0.86 0.07 0.88 0.07 0.86 0.07
Al2O3 10.1 0.11 9.8 0.12 9.74 0.12
Cr2O3 0.2 0.03 0.34 0.03 0.19 0.03
FeT 14.7 0.08 16.2 0.11 15.2 0.11
MnO 0.28 0.01 0.34 0.01 0.3 0.01
MgO 9.49 0.11 8.94 0.12 9.14 0.12
CaO 5.18 0.04 6.36 0.05 5.9 0.05
Na2O 3.31 0.22 3.2 0.21 3.21 0.22
K2O 0.43 0.06 0.42 0.06 0.43 0.06
P2O5 0.91 0.08 1.02 0.08 0.98 0.08
SO3 6.52 0.08 6.48 0.08 7.38 0.09
Cl 1.42 0.02 0.87 0.02 1.32 0.02
Total 99.8 - 99.85 - 99.75 -
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Table C.22: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 287 287 291 291 300 300
Type RR SE RB SE RB SE
Sample Uchben Koolik - Uchben Chiikbes - Lutefisk flatfish -
SiO2 45.6 0.35 45.4 0.42 46 0.41
TiO2 0.8 0.06 0.8 0.07 0.8 0.06
Al2O3 9.52 0.1 9.96 0.12 10.29 0.12
Cr2O3 0.15 0.03 0.16 0.03 0.16 0.03
FeT 13.9 0.06 13.9 0.1 14.2 0.09
MnO 0.25 0.01 0.23 0.01 0.17 0.01
MgO 14.28 0.13 12.14 0.14 14.34 0.15
CaO 4.48 0.03 4.39 0.04 4.59 0.04
Na2O 2.44 0.2 2.82 0.22 2.56 0.2
K2O 0.35 0.06 0.4 0.06 0.29 0.06
P2O5 0.94 0.07 1.04 0.08 0.95 0.07
SO3 5.26 0.06 5.92 0.08 3.44 0.05
Cl 1.85 0.02 2.62 0.03 2.02 0.02
Total 99.82 - 99.78 - 99.81 -

Table C.23: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 304 304 315 315 334 334
Type RB SE SD SE RB SE
Sample Lutefisk RATRoe - Tofurkey disturbedsoil - Wishstone chisel -
SiO2 45.5 0.43 46.9 0.5 46.3 0.49
TiO2 0.78 0.07 0.84 0.07 2.16 0.09
Al2O3 10.17 0.13 10.31 0.16 15.64 0.24
Cr2O3 0.16 0.03 0.31 0.04 0.01 0.03
FeT 14.1 0.1 15.1 0.12 11.5 0.1
MnO 0.8 0.01 0.32 0.01 0.22 0.01
MgO 15.12 0.17 8.68 0.16 4.94 0.14
CaO 4.62 0.04 6.24 0.06 6.86 0.07
Na2O 2.45 0.22 3.37 0.31 5.12 0.28
K2O 0.24 0.06 0.43 0.06 0.54 0.06
P2O5 1.04 0.08 0.88 0.08 2.63 0.11
SO3 3.05 0.05 5.82 0.09 3.47 0.07
Cl 2.47 0.03 0.68 0.02 0.59 0.02
Total 100.5 - 99.88 - 99.98 -
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Table C.24: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 335 335 342 342 349 349
Type RR SE SD SE RU SE
Sample Wishstone chisel - Penny dist - dreaming -
SiO2 43.8 0.44 46.7 0.46 47 0.52
TiO2 2.59 0.1 0.7 0.07 1.86 0.1
Al2O3 15.03 0.17 10.63 0.14 14.68 0.21
Cr2O3 0 0.02 0.33 0.03 0.03 0.03
FeT 11.6 0.1 15.5 0.12 12.2 0.11
MnO 0.22 0.01 0.31 0.01 0.25 0.01
MgO 4.5 0.1 9.42 0.13 5.64 0.13
CaO 8.89 0.07 6.2 0.06 6.62 0.07
Na2O 4.98 0.25 3.45 0.23 4.48 0.29
K2O 0.57 0.06 0.4 0.06 0.56 0.06
P2O5 5.19 0.13 0.84 0.08 1.74 0.1
SO3 2.2 0.05 4.8 0.08 4.1 0.09
Cl 0.35 0.01 0.57 0.01 0.71 0.02
Total 99.92 - 99.85 - 99.87 -

Table C.25: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 353 353 355 355 356 356
Type RU SE RB SE RR SE
Sample champagne asis - champagne brush - champagne RAT1 -
SiO2 46.4 0.36 45.8 0.38 43.4 0.42
TiO2 1.97 0.09 2.84 0.08 2.99 0.1
Al2O3 13.48 0.15 15.75 0.15 14.86 0.17
Cr2O3 0.04 0.03 0 0.02 0 0.02
FeT 13.3 0.08 12.6 0.08 12.5 0.09
MnO 0.25 0.01 0.22 0.01 0.24 0.01
MgO 6.15 0.1 4.56 0.07 3.94 0.09
CaO 6.67 0.06 6.59 0.04 8.78 0.07
Na2O 4.2 0.23 5.3 0.21 5.04 0.25
K2O 0.53 0.06 0.51 0.06 0.53 0.06
P2O5 1.79 0.09 2.64 0.08 5.07 0.12
SO3 4.4 0.08 2.5 0.04 1.94 0.04
Cl 0.72 0.02 0.62 0.01 0.6 0.001
Total 99.9 - 99.93 - 99.89 -
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Table C.26: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 357 357 374 374 377 377
Type RR2 SE RB SE RR1 SE
Sample champagne RAT2 - Peace brushed - Peace RAT1 -
SiO2 43.5 0.32 41.6 0.32 37.1 0.41
TiO2 2.96 0.09 0.71 0.07 0.41 0.06
Al2O3 14.83 0.14 6.29 0.08 2.8 0.1
Cr2O3 0 0.02 0.57 0.04 0.59 0.04
FeT 12.5 0.08 19.1 0.09 18.7 0.13
MnO 0.25 0.01 0.41 0.01 0.42 0.01
MgO 3.98 0.08 14.2 0.14 19.75 0.23
CaO 8.75 0.06 4.85 0.04 5.44 0.05
Na2O 5.02 0.23 2.28 0.2 0.37 0.37
K2O 0.53 0.06 0.16 0.05 0.01 0.05
P2O5 5.05 0.11 0.99 0.08 0.59 0.08
SO3 1.96 0.04 7.86 0.09 12.88 0.15
Cl 0.6 0.01 0.92 0.02 0.89 0.02
Total 99.93 - 99.94 - 99.95 -

Table C.27: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 380 380 380b 380b 381 381
Type RR2 SE RU SE RU SE
Sample Peace RAT2 - Alligator APXSspot TG - Alligator APXSspot long -
SiO2 37.3 0.4 42.7 0.54 42.5 0.41
TiO2 0.45 0.07 0.57 0.13 0.68 0.07
Al2O3 2.24 0.06 7.78 0.25 7.81 0.11
Cr2O3 0.75 0.05 0.54 0.06 0.57 0.04
FeT 20.4 0.16 18.4 0.18 18.8 0.13
MnO 0.47 0.02 0.4 0.08 0.4 0.01
MgO 21.53 0.27 11.24 0.28 10.9 0.14
CaO 4.9 0.06 4.83 0.1 4.98 0.05
Na2O 0 0.37 3.27 0.86 3 0.21
K2O 0 0.05 0.27 0.14 0.27 0.06
P2O5 0.49 0.08 0.75 0.27 0.86 0.08
SO3 10.64 0.15 7.81 0.21 7.71 0.1
Cl 0.72 0.02 1.33 0.06 0.137 0.02
Total 99.89 - 99.89 - 98.617 -
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Table C.28: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 385b 385b 401 401 416 416
Type RB SE SD SE RB SE
Sample Alligator scale - PasoRobles distsoil - Watchtower Joker -
SiO2 41.8 0.6 21.8 0.24 44.1 0.48
TiO2 0.53 0.16 0.62 0.07 1.89 0.09
Al2O3 5.49 0.33 4.13 0.07 12.22 0.19
Cr2O3 0.63 0.09 0.04 0.03 0 0.03
FeT 18.3 0.23 21 0.12 13.3 0.11
MnO 0.33 0.1 0.25 0.01 0.22 0.01
MgO 16.27 0.41 5.53 0.09 10.1 0.16
CaO 4.72 0.13 6.84 0.06 6.06 0.06
Na2O 1.59 1.5 1.64 0.21 2.78 0.27
K2O 0.19 0.15 0.19 0.06 0.76 0.07
P2O5 0.29 0.83 5.61 0.14 2.72 0.11
SO3 8.48 0.52 31.7 0.3 4.7 0.08
Cl 1.26 0.08 0.55 0.02 1.14 0.03
Total 99.88 - 99.9 - 99.99 -

Table C.29: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 417 417 427 427 428 428
Type RR SE SD SE SD SE
Sample Watchtower Joker - Paso light - Paso dark -
SiO2 42.4 0.41 24.9 0.22 46.1 0.43
TiO2 2.21 0.08 0.88 0.07 0.89 0.07
Al2O3 12.33 0.15 6.27 0.08 10.44 0.13
Cr2O3 0 0.02 0.35 0.03 0.38 0.03
FeT 13.2 0.1 16.1 0.09 15.9 0.11
MnO 0.22 0.01 0.3 0.01 0.33 0.01
MgO 10 0.13 5.19 0.08 8.74 0.11
CaO 7.44 0.06 6.94 0.05 6.25 0.05
Na2O 2.67 0.23 1.42 0.18 3.24 0.21
K2O 0.74 0.06 0.4 0.06 0.39 0.06
P2O5 4.5 0.11 4.69 0.11 0.96 0.07
SO3 3.43 0.06 31.6 0.25 5.68 0.07
Cl 0.8 0.02 0.73 0.02 0.55 0.01
Total 99.94 - 99.77 - 99.85 -
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Table C.30: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 429b 429b 430 430 457 457
Type RB SE SD SE SU SE
Sample BensClod brushed - Paso DarkLight - Crumble -
SiO2 49.8 0.42 43.2 0.4 47.1 0.3
TiO2 1.4 0.07 0.99 0.07 1.02 0.07
Al2O3 15.12 0.15 9.72 0.11 11.83 0.11
Cr2O3 0.47 0.03 0.37 0.03 0.23 0.03
FeT 5.6 0.04 17.2 0.11 14.4 0.06
MnO 0.16 0.01 0.34 0.01 0.3 0.01
MgO 5.11 0.09 8.64 0.12 8.73 0.09
CaO 7.62 0.05 6.39 0.05 6.53 0.04
Na2O 3.29 0.23 3.02 0.26 3.4 0.19
K2O 0.65 0.06 0.38 0.06 0.41 0.06
P2O5 4.66 0.11 1.38 0.08 1.39 0.07
SO3 5.02 0.06 7.73 0.08 4.02 0.05
Cl 0.85 0.02 0.58 0.01 0.6 0.01
Total 99.75 - 99.94 - 99.96 -

Table C.31: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 469 469 470 470 475 475
Type RU SE RB SE RB SE
Sample Mathuselah Keystone - Methuselah Haunch - Methuselah Pittsburg -
SiO2 47 0.37 46.9 0.34 44.6 0.38
TiO2 2.21 0.08 1.96 0.07 1.9 0.09
Al2O3 12.44 0.13 13.61 0.12 12.49 0.15
Cr2O3 0.11 0.03 0.05 0.03 0.05 0.03
FeT 12.8 0.07 10.5 0.05 12 0.08
MnO 0.31 0.01 0.27 0.01 0.21 0.01
MgO 8.38 0.11 8.48 0.09 8.3 0.13
CaO 5.75 0.05 6.36 0.04 7.4 0.07
Na2O 3.32 0.23 3.44 0.21 3.32 0.28
K2O 0.51 0.06 0.56 0.06 0.45 0.06
P2O5 1.23 0.08 2.41 0.09 3.17 0.11
SO3 4.95 0.07 4.15 0.05 4.73 0.09
Cl 0.92 0.02 1.23 0.02 1.36 0.03
Total 99.93 - 99.92 - 99.98 -
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Table C.32: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 477 477 481 481 484 484
Type SU SE RU SE RB SE
Sample Liberty Bell - Reef - Jibsheet -
SiO2 47.7 0.49 46.3 0.42 45.2 0.4
TiO2 0.83 0.07 1.52 0.08 1.94 0.08
Al2O3 10.78 0.15 12.52 0.14 12.07 0.13
Cr2O3 0.34 0.03 0.13 0.03 0.04 0.03
FeT 15.3 0.11 11.5 0.08 10.9 0.07
MnO 0.33 0.01 0.24 0.01 0.22 0.01
MgO 8.58 0.15 8.16 0.11 8.64 0.11
CaO 6.37 0.06 7.02 0.05 6.71 0.05
Na2O 3.09 0.31 3.48 0.23 3.6 0.22
K2O 0.43 0.06 0.4 0.06 0.37 0.06
P2O5 0.83 0.08 2.62 0.09 2.51 0.09
SO3 4.75 0.08 4.92 0.07 6.43 0.07
Cl 0.55 0.01 1.06 0.02 1.28 0.02
Total 99.88 - 99.87 - 99.91 -

Table C.33: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 491 491 495 495 496 496
Type RU SE RU SE RB SE
Sample Paros - Pequod Ahab - Pequod Ahab brush -
SiO2 46.8 0.43 46.4 0.41 46 0.41
TiO2 1.37 0.07 1.99 0.08 1.92 0.07
Al2O3 13.73 0.15 13.37 0.15 13.1 0.14
Cr2O3 0.02 0.03 0.06 0.03 0.02 0.03
FeT 11.4 0.08 11.1 0.08 11.1 0.08
MnO 0.17 0.01 0.19 0.01 0.2 0.01
MgO 7.91 0.11 7.82 0.11 8.42 0.11
CaO 6.45 0.05 7.15 0.05 7.13 0.05
Na2O 3.42 0.23 3.42 0.22 3.48 0.22
K2O 0.37 0.06 0.39 0.06 0.38 0.06
P2O5 2.31 0.09 2.68 0.09 2.83 0.09
SO3 4.97 0.07 4.33 0.06 4.29 0.06
Cl 1.05 0.02 0.96 0.02 0.98 0.02
Total 99.97 - 99.86 - 99.85 -
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Table C.34: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 499 499 502 502 511 511
Type RB SE SU SE RB SE
Sample Pequod MobyDick - Pequod Doubloon TG - Backstay Scuppers -
SiO2 45.8 0.41 45.7 0.71 49.5 0.43
TiO2 1.83 0.08 1.9 0.27 0.93 0.06
Al2O3 12.62 0.14 11.8 0.58 13.25 0.14
Cr2O3 0.08 0.03 0.21 0.08 0.15 0.03
FeT 12.1 0.08 13.4 0.19 13 0.08
MnO 0.21 0.01 0.22 0.14 0.24 0.01
MgO 7.98 0.11 8.44 0.57 8.31 0.1
CaO 7.03 0.05 7.03 0.16 6.04 0.04
Na2O 3.45 0.22 2.48 2.09 4.15 0.21
K2O 0.43 0.06 0.5 0.2 1.07 0.06
P2O5 2.56 0.09 2.2 0.76 1.39 0.08
SO3 4.81 0.06 5.32 0.25 1.52 0.03
Cl 1.02 0.02 0.67 0.06 0.35 0.01
Total 99.92 - 99.87 - 99.9 -

Table C.35: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 512 512 532 532 533 533
Type RU SE RU SE RB SE
Sample Backstay Scurvy - Independence Jefferson - Independence brushed -
SiO2 49.4 0.44 53.5 0.45 52.3 0.48
TiO2 0.92 0.07 1.24 0.07 1.58 0.08
Al2O3 12.89 0.14 13.33 0.14 12.93 0.17
Cr2O3 0.17 0.03 0.09 0.03 0.19 0.03
FeT 13.4 0.09 8.1 0.06 7.3 0.05
MnO 0.25 0.01 0.15 0.01 0.12 0.01
MgO 8.28 0.1 5.2 0.09 5.6 0.11
CaO 6.04 0.04 5.64 0.04 6.6 0.05
Na2O 3.73 0.21 2.61 0.24 3.05 0.24
K2O 0.96 0.06 0.97 0.06 0.6 0.06
P2O5 1.29 0.08 3.23 0.1 2.31 0.09
SO3 2.12 0.04 5.08 0.06 6.16 0.08
Cl 0.44 0.01 0.72 0.01 0.61 0.01
Total 99.89 - 99.86 - 99.35 -
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Table C.36: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 542 542 552 552 553 553
Type RB SE RU SE RB SE
Sample Independence Penn2 - Descartes Discourse - Descartes Discourse br -
SiO2 54.9 0.47 45.3 0.29 45.2 0.31
TiO2 1.88 0.08 0.97 0.07 1 0.07
Al2O3 18.69 0.18 9.93 0.1 9.82 0.1
Cr2O3 0.04 0.03 0.17 0.03 0.18 0.03
FeT 3.9 0.03 14.3 0.06 14.2 0.06
MnO 0.08 0 0.24 0.01 0.26 0.01
MgO 3.38 0.09 9.35 0.09 9.67 0.1
CaO 7.28 0.05 5.56 0.04 5.41 0.04
Na2O 3.18 0.24 3.14 0.19 3.15 0.19
K2O 0.52 0.06 0.61 0.06 0.64 0.06
P2O5 3.48 0.1 1.38 0.08 1.4 0.08
SO3 2.2 0.04 7.64 0.08 7.59 0.08
Cl 0.3 0.01 1.3 0.02 1.39 0.02
Total 99.83 - 99.89 - 99.91 -

Table C.37: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 557 557 560 560 563 563
Type RU SE RB SE RU SE
Sample Bourgeosie Chic - Bourgeosie Matrice - Bourgeosie Haussman -
SiO2 48.4 0.44 46.3 0.42 47.5 0.43
TiO2 2.38 0.09 0.91 0.07 1.02 0.07
Al2O3 12.26 0.17 10.89 0.13 10.91 0.13
Cr2O3 0.05 0.03 0.13 0.03 0.16 0.03
FeT 10.2 0.07 13.3 0.09 11.2 0.08
MnO 0.21 0.01 0.2 0.01 0.19 0.01
MgO 5.44 0.1 9.33 0.12 9.12 0.12
CaO 8.01 0.06 5.19 0.04 5.67 0.04
Na2O 3.92 0.24 3.41 0.22 3.11 0.23
K2O 1.47 0.07 0.77 0.06 0.52 0.06
P2O5 3.24 0.1 1.5 0.08 1.39 0.08
SO3 3.5 0.05 6.9 0.08 7.93 0.09
Cl 0.83 0.01 1.07 0.02 1.09 0.02
Total 99.91 - 99.9 - 99.81 -
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Table C.38: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 566 566 571 571 587 587
Type RU SE RU SE SU SE
Sample Assemblee Gruyere - Assemblee APXS - Whymper -
SiO2 51 0.33 50.4 0.47 45.4 0.42
TiO2 0.79 0.06 1.05 0.07 0.86 0.06
Al2O3 17.39 0.15 16.62 0.19 9.79 0.12
Cr2O3 2.86 0.05 2.69 0.05 0.26 0.03
FeT 6.4 0.04 6.7 0.05 15.7 0.1
MnO 0.15 0.01 0.15 0.01 0.31 0.01
MgO 8.21 0.09 7.53 0.12 8.61 0.13
CaO 3.77 0.03 4.7 0.04 6.08 0.04
Na2O 1.7 0.17 1.88 0.24 3.18 0.28
K2O 0.93 0.06 1 0.06 0.45 0.06
P2O5 1.6 0.08 1.85 0.09 0.93 0.07
SO3 4.03 0.05 4.22 0.06 7.42 0.08
Cl 0.92 0.02 0.96 0.02 0.83 0.01
Total 99.75 - 99.75 - 99.82 -

Table C.39: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 588 588 600 600 607 607
Type SD SE RU SE SD SE
Sample Lambert Couzy mod - Irvine - LandsEnd -
SiO2 45.6 0.4 47 0.34 47 0.4
TiO2 0.87 0.06 1.06 0.06 1.17 0.07
Al2O3 9.86 0.11 8.29 0.09 11.38 0.12
Cr2O3 0.28 0.03 0.2 0.03 0.28 0.03
FeT 15.8 0.1 19.2 0.08 14.4 0.09
MnO 0.31 0.01 0.36 0.01 0.28 0.01
MgO 8.84 0.1 10.63 0.12 8.13 0.1
CaO 6.1 0.04 6.03 0.04 6.33 0.04
Na2O 3.17 0.2 2.68 0.26 3.48 0.2
K2O 0.43 0.06 0.68 0.06 0.46 0.06
P2O5 0.93 0.07 0.97 0.07 1.11 0.07
SO3 6.95 0.08 2.37 0.03 5.28 0.06
Cl 0.76 0.01 0.45 0.01 0.6 0.01
Total 99.9 - 99.92 - 99.9 -
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Table C.40: Martian regolith composition data from MER Spirit from [Brückner et al. 2008].
SE = absolute statistical error, RB = rock brushed, RR = rock “ratted”, RU = rock
undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed, and ST = soil
trench.

Sol 611 611 630 630 633 633
Type SU SE RU SE RU SE
Sample HangTwo - Hilary Khumjung - Hilary NamcheBazaar -
SiO2 47.7 0.42 46.8 0.44 46.5 0.3
TiO2 1.2 0.07 1.91 0.08 2.24 0.08
Al2O3 12.34 0.13 13.37 0.15 13.69 0.12
Cr2O3 0.13 0.03 0.02 0.03 0.01 0.03
FeT 10.8 0.07 11.2 0.08 11.4 0.05
MnO 0.22 0.01 0.21 0.01 0.19 0.01
MgO 7.24 0.1 7.9 0.11 6.98 0.08
CaO 7.13 0.05 5.93 0.05 6.19 0.04
Na2O 3.6 0.21 4 0.25 4.06 0.2
K2O 0.51 0.06 0.54 0.06 0.52 0.06
P2O5 2.1 0.08 2.35 0.09 2.79 0.09
SO3 6.16 0.07 4.55 0.07 4.22 0.05
Cl 0.78 0.01 1.17 0.02 1.18 0.02
Total 99.91 - 99.95 - 99.97 -
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Appendix D

Martian Regolith Composition

Data - Opportunity

Table D.1: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 11 11 15 15 23 23
Type SU SE RU SE SU SE
Sample Tarmac - Robert.E - Hematite Slope Hema2 -
SiO2 46.3 0.47 39.6 0.49 42.7 0.45
TiO2 1.04 0.07 0.74 0.12 0.78 0.07
Al2O3 9.26 0.13 7.46 0.18 8.59 0.13
Cr2O3 0.45 0.04 0.19 0.04 0.3 0.04
FeT 18.8 0.13 15 0.14 24.8 0.17
MnO 0.37 0.01 0.28 0.04 0.31 0.01
MgO 7.58 0.12 8.29 0.21 7.5 0.12
CaO 7.31 0.06 5.03 0.07 6.13 0.06
Na2O 1.83 0.28 1.56 0.88 2.12 0.26
K2O 0.47 0.06 0.57 0.07 0.43 0.06
P2O5 0.83 0.08 0.97 0.19 0.81 0.08
SO3 4.99 0.08 19.42 0.28 4.77 0.08
Cl 0.63 0.02 0.81 0.03 0.68 0.02
Total 99.86 - 99.92 - 99.92 -
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Table D.2: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 25 25 26 26 29 29
Type ST SE ST SE RU SE
Sample Trench floor (Big Dig) - Trench sidewall (Big Dig) - McKittrick -
SiO2 45.9 0.38 45.3 0.48 43.1 0.41
TiO2 1.13 0.08 1.24 0.08 0.87 0.07
Al2O3 9.21 0.12 9.05 0.14 8.39 0.12
Cr2O3 0.4 0.04 0.46 0.04 0.26 0.03
FeT 17.7 0.11 19.9 0.15 15.7 0.11
MnO 0.35 0.01 0.36 0.02 0.3 0.01
MgO 7.49 0.11 7.42 0.13 8.14 0.12
CaO 6.69 0.06 6.72 0.06 5.72 0.05
Na2O 2.03 0.24 1.92 0.3 2.28 0.25
K2O 0.49 0.06 0.45 0.06 0.53 0.06
P2O5 0.8 0.08 0.75 0.08 0.97 0.08
SO3 6.96 0.09 5.69 0.09 12.73 0.14
Cl 0.7 0.02 0.59 0.02 0.87 0.02
Total 99.85 - 99.85 - 99.86 -

Table D.3: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 30 30 31 31 36 36
Type RU SE RR SE RR SE
Sample Guadalupe asis - McKittrick RAT - Guadalupe RAT -
SiO2 40.3 0.44 38.3 0.4 36.2 0.37
TiO2 0.84 0.08 0.81 0.08 0.65 0.07
Al2O3 7.26 0.12 6.2 0.12 5.85 0.1
Cr2O3 0.17 0.04 0.19 0.03 0.17 0.03
FeT 15.1 0.12 16.5 0.12 14.8 0.11
MnO 0.3 0.01 0.3 0.01 0.3 0.01
MgO 7.95 0.14 8 0.13 8.45 0.12
CaO 4.92 0.05 4.42 0.05 4.91 0.05
Na2O 1.88 0.3 1.67 0.27 1.66 0.26
K2O 0.58 0.06 0.56 0.06 0.53 0.06
P2O5 1.01 0.09 0.99 0.09 0.97 0.09
SO3 18.75 0.22 21.31 0.22 24.91 0.25
Cl 0.87 0.02 0.6 0.02 0.5 0.01
Total 99.93 - 99.85 - 99.9 -

293



Table D.4: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 40 40 41 41 43 43
Type RU Stat Err RU Stat Err RU Stat Err
Sample Last Chance Makar asis - Dells HiHo asis - Mojo2 asis -
SiO2 38.4 0.36 43.9 0.76 43 0.43
TiO2 0.7 0.06 0.94 0.24 0.88 0.07
Al2O3 7.06 0.09 8.75 0.35 8.39 0.12
Cr2O3 0.16 0.03 0.29 0.06 0.23 0.03
FeT 17.4 0.11 15.6 0.21 15.6 0.11
MnO 0.3 0.01 0.33 0.08 0.29 0.01
MgO 7.65 0.1 8.1 0.35 7.82 0.12
CaO 4.84 0.04 5.7 0.11 5.98 0.05
Na2O 2.09 0.23 2.4 1.36 2.26 0.25
K2O 0.56 0.06 0.55 0.08 0.56 0.06
P2O5 1 0.08 0.97 0.3 0.98 0.08
SO3 18.91 0.18 11.42 0.31 12.97 0.15
Cl 0.9 0.02 0.84 0.05 0.86 0.02
Total 99.97 - 99.79 - 99.82 -

Table D.5: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 45 45 46b 46b 48 48
Type RR Stat Err RU Stat Err RU Stat Err
Sample Mojo2 RAT - BerryBowl Rubel Full - BerryBowl Empty -
SiO2 36.3 0.38 39.5 0.34 42.7 0.44
TiO2 0.74 0.07 0.7 0.06 0.84 0.07
Al2O3 6.18 0.1 8.02 0.12 8.12 0.12
Cr2O3 0.2 0.03 0.27 0.03 0.2 0.03
FeT 15.3 0.12 29.3 0.15 15.6 0.12
MnO 0.26 0.01 0.27 0.01 0.34 0.01
MgO 8.38 0.13 6.82 0.09 7.86 0.13
CaO 5.19 0.05 5.24 0.04 5.51 0.05
Na2O 1.64 0.27 2.29 0.21 2.11 0.27
K2O 0.59 0.06 0.38 0.06 0.56 0.06
P2O5 1.01 0.09 0.76 0.07 0.97 0.08
SO3 23.61 0.24 5.6 0.06 14.08 0.16
Cl 0.54 0.02 0.72 0.01 0.99 0.02
Total 99.94 - 99.87 - 99.88 -
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Table D.6: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 49 49 51 51 60 60
Type RU Stat Err RU Stat Err SU Stat Err
Sample RaspberryNewton - RealSharksTooth 1 - MontBlanc LeH -
SiO2 41.4 0.65 38.3 0.4 45.3 0.29
TiO2 0.84 0.22 0.67 0.07 1.02 0.07
Al2O3 8.34 0.27 6.99 0.11 9.22 0.09
Cr2O3 0.16 0.06 0.17 0.03 0.33 0.03
FeT 15.1 0.21 17.7 0.13 17.6 0.07
MnO 0.27 0.07 0.24 0.01 0.34 0.01
MgO 8.41 0.31 8.16 0.13 7.63 0.08
CaO 5.29 0.12 4.37 0.05 6.59 0.04
Na2O 2.29 1.06 2.16 0.25 2.24 0.19
K2O 0.61 0.08 0.52 0.06 0.48 0.06
P2O5 1.01 0.25 0.99 0.08 0.94 0.07
SO3 15.19 0.37 18.7 0.2 7.34 0.07
Cl 0.93 0.06 0.85 0.02 0.79 0.01
Total 99.84 - 99.82 - 99.82 -

Table D.7: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 66 66 68 68 70 70
Type RU SE RR SE RU SE
Sample BounceRock Glanz - BounceRock Case - BounceRock Maggie -
SiO2 48.5 0.5 51.6 0.51 47.5 0.45
TiO2 0.83 0.09 0.74 0.07 0.69 0.07
Al2O3 9.68 0.16 10.48 0.14 10.74 0.16
Cr2O3 0.1 0.04 0.11 0.03 0.12 0.03
FeT 15.5 0.11 14.4 0.11 14.2 0.1
MnO 0.42 0.02 0.4 0.01 0.37 0.01
MgO 6.56 0.14 6.84 0.11 7.65 0.12
CaO 10.93 0.1 12.09 0.09 9.83 0.07
Na2O 1.97 0.32 1.66 0.25 2.16 0.25
K2O 0.27 0.06 0.11 0.05 0.27 0.06
P2O5 0.99 0.09 0.92 0.08 0.88 0.08
SO3 3.66 0.08 0.56 0.03 4.63 0.07
Cl 0.57 0.02 0.1 0.01 0.94 0.02
Total 99.98 - 100.01 - 99.98 -

295



Table D.8: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 80 80 81 81 87 87
Type SU SE ST SE RR SE
Sample JackRussel SoilBesi - BeagleBurrow Trench - Golf Post -
SiO2 38.6 0.47 47.1 0.5 34.7 0.33
TiO2 0.68 0.07 1.23 0.08 0.76 0.06
Al2O3 7.66 0.13 9.88 0.15 5.82 0.08
Cr2O3 0.3 0.04 0.48 0.04 0.19 0.03
FeT 31.5 0.24 17.9 0.14 15.7 0.1
MnO 0.27 0.02 0.36 0.02 0.36 0.01
MgO 6.81 0.13 7.59 0.14 8.63 0.11
CaO 5.1 0.06 6.73 0.07 4.82 0.04
Na2O 2.21 0.27 2.34 0.29 1.5 0.22
K2O 0.37 0.06 0.41 0.06 0.5 0.06
P2O5 0.77 0.08 0.74 0.08 0.97 0.08
SO3 4.9 0.1 4.57 0.08 25.21 0.22
Cl 0.68 0.02 0.49 0.02 0.66 0.01
Total 99.85 - 99.82 - 99.82 -

Table D.9: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 90 90 91 91 100 100
Type SD SE SU SE SU SE
Sample Scuff Nougat - Fred Ripple - Leahs Choice -
SiO2 45.6 0.41 38.8 0.39 39.2 0.39
TiO2 1.09 0.07 0.7 0.07 0.72 0.07
Al2O3 9.25 0.14 7.67 0.11 7.82 0.11
Cr2O3 0.46 0.03 0.28 0.03 0.25 0.03
FeT 18.5 0.11 30.9 0.2 29.2 0.18
MnO 0.38 0.01 0.28 0.01 0.28 0.01
MgO 7.78 0.11 7.27 0.11 6.89 0.11
CaO 6.7 0.05 4.93 0.05 5.14 0.05
Na2O 2.35 0.23 2.34 0.23 2.44 0.23
K2O 0.44 0.06 0.34 0.06 0.38 0.06
P2O5 0.86 0.07 0.82 0.08 0.82 0.08
SO3 5.81 0.07 4.83 0.08 5.95 0.08
Cl 0.6 0.01 0.7 0.02 0.77 0.02
Total 99.82 - 99.86 - 99.86 -
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Table D.10: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 106 106 108 108 122 122
Type RU SE RR SE RU SE
Sample LionStone Leo - LionStone Numa - FigTree Barberton -
SiO2 39.7 0.39 37.2 0.39 44.3 0.51
TiO2 0.78 0.07 0.77 0.08 0.51 0.07
Al2O3 7.21 0.11 6.22 0.11 6.2 0.18
Cr2O3 0.19 0.03 0.18 0.03 0.5 0.04
FeT 15.3 0.11 14.3 0.11 19.8 0.17
MnO 0.29 0.01 0.29 0.01 0.36 0.02
MgO 8.03 0.12 8.8 0.15 14.79 0.23
CaO 5.11 0.04 5.03 0.05 4.42 0.06
Na2O 1.98 0.25 1.72 0.32 1.76 0.34
K2O 0.57 0.06 0.58 0.06 0.29 0.06
P2O5 0.98 0.08 1.01 0.09 0.66 0.09
SO3 18.8 0.19 22.84 0.24 5.56 0.11
Cl 1 0.02 0.91 0.02 0.6 0.02
Total 99.94 - 99.85 - 99.75 -

Table D.11: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 123 123 139 139 142 142
Type SU SE RR SE RU SE
Sample HillTop Wilson - Tennessee - Kentucky -
SiO2 45.3 0.5 35 0.33 43.2 0.95
TiO2 0.97 0.08 0.79 0.07 0.92 0.24
Al2O3 9.21 0.16 5.87 0.11 7.89 0.48
Cr2O3 0.36 0.04 0.2 0.03 0.24 0.07
FeT 17.6 0.14 15.7 0.1 16.5 0.23
MnO 0.37 0.02 0.32 0.01 0.24 0.11
MgO 7.61 0.15 8.38 0.11 8.04 0.49
CaO 6.73 0.07 5.03 0.04 6.34 0.14
Na2O 2.38 0.3 1.36 0.24 0.88 2.77
K2O 0.51 0.06 0.58 0.06 0.53 0.09
P2O5 0.87 0.09 1.03 0.08 0.8 0.49
SO3 7.12 0.12 24.94 0.22 13.41 0.36
Cl 0.84 0.02 0.65 0.01 0.83 0.07
Total 99.87 - 99.85 - 99.82 -
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Table D.12: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 145 145 147 147 149 149
Type RR SE RR SE RR SE
Sample Kentucky Cubble Hill2 - Virginia - Ontario London -
SiO2 35.9 0.39 36.9 0.4 36.4 0.4
TiO2 0.71 0.07 0.84 0.07 0.74 0.07
Al2O3 5.9 0.12 6.32 0.11 5.99 0.11
Cr2O3 0.18 0.03 0.21 0.03 0.2 0.03
FeT 14.7 0.12 15.5 0.12 14.5 0.12
MnO 0.33 0.01 0.39 0.01 0.31 0.01
MgO 9.2 0.17 9 0.14 9.14 0.15
CaO 4.72 0.05 4.43 0.05 4.85 0.05
Na2O 1.54 0.39 1.83 0.29 1.64 0.28
K2O 0.57 0.06 0.6 0.06 0.57 0.06
P2O5 1.05 0.09 1.07 0.09 1.11 0.09
SO3 24.38 0.26 22.09 0.24 23.71 0.26
Cl 0.65 0.02 0.6 0.02 0.72 0.02
Total 99.83 - 99.78 - 99.88 -

Table D.13: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 153 153 155 155 162 162
Type RR SE RR SE RR SE
Sample Grindstone - Kettlestone - Millstone Dramensfjord -
SiO2 38 0.39 36.2 0.39 37.6 0.41
TiO2 0.83 0.07 0.8 0.08 0.75 0.08
Al2O3 6.36 0.11 5.85 0.11 6.2 0.11
Cr2O3 0.19 0.03 0.2 0.04 0.21 0.04
FeT 14.8 0.11 15.2 0.12 15.8 0.13
MnO 0.33 0.01 0.33 0.01 0.31 0.01
MgO 8.38 0.13 8.63 0.15 7.41 0.13
CaO 4.64 0.05 4.85 0.05 5.11 0.05
Na2O 1.7 0.28 1.45 0.31 1.58 0.29
K2O 0.58 0.06 0.55 0.06 0.59 0.06
P2O5 1.07 0.09 1.03 0.09 1.17 0.09
SO3 21.5 0.23 23.03 0.26 21.11 0.24
Cl 1.45 0.03 1.75 0.03 1.98 0.04
Total 99.83 - 99.87 - 99.82 -
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Table D.14: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 166 166 175 175 178 178
Type SU SE RU SE RR SE
Sample Millstone Dahlia - Hoghead ArnoldZiffel - Diamond Jenness -
SiO2 47.7 0.49 41.5 0.42 40.6 0.34
TiO2 0.85 0.08 0.83 0.07 0.79 0.07
Al2O3 10.04 0.15 7.89 0.13 6.71 0.1
Cr2O3 0.34 0.04 0.22 0.03 0.17 0.03
FeT 16.6 0.13 15.7 0.11 15.4 0.09
MnO 0.39 0.01 0.25 0.01 0.33 0.01
MgO 7.14 0.13 8.29 0.13 6.47 0.1
CaO 7.32 0.06 5.45 0.05 5.09 0.05
Na2O 2.4 0.28 2.11 0.25 1.72 0.23
K2O 0.55 0.06 0.56 0.06 0.63 0.06
P2O5 0.81 0.08 0.99 0.08 1.05 0.08
SO3 5.19 0.09 14.76 0.16 19.62 0.19
Cl 0.64 0.02 1.26 0.02 1.37 0.03
Total 99.97 - 99.81 - 99.95 -

Table D.15: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 180 180 184 184 187 187
Type RR SE RR SE RR SE
Sample Diamond Janness - MacKenzie Campbell - Inuvik Toru -
SiO2 40.1 0.44 43 0.46 39.9 0.37
TiO2 0.81 0.07 0.86 0.08 0.86 0.08
Al2O3 6.7 0.13 7.27 0.13 7.17 0.11
Cr2O3 0.22 0.04 0.2 0.04 0.22 0.04
FeT 15.5 0.13 15.6 0.12 17.1 0.12
MnO 0.31 0.01 0.32 0.01 0.36 0.01
MgO 6.49 0.14 5.43 0.13 5.45 0.11
CaO 5.03 0.06 4.6 0.05 5.48 0.06
Na2O 1.71 0.31 1.93 0.31 1.79 0.25
K2O 0.63 0.06 0.69 0.06 0.67 0.07
P2O5 1.06 0.09 1.15 0.09 1.11 0.09
SO3 19.64 0.23 17.01 0.21 18.17 0.2
Cl 1.64 0.03 1.9 0.03 1.67 0.03
Total 99.84 - 99.96 - 99.95 -
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Table D.16: Martian regolith composition data from MER Opportunity from
[Brückner et al. 2008]. SE = absolute statistical error, RB = rock brushed, RR = rock
“ratted”, RU = rock undisturbed, RF = rock fines, SD = soil disturbed, SU = soil undisturbed,
and ST = soil trench.

Sol 195 195 199 199 214 214
Type RR SE RU SE RU SE
Sample Bylot - Sermilik vein - Escher Kirchner -
SiO2 37.9 0.42 42.2 0.46 41.9 0.41
TiO2 0.77 0.07 0.91 0.07 0.81 0.07
Al2O3 6.52 0.12 7.83 0.14 7.81 0.12
Cr2O3 0.23 0.04 0.29 0.04 0.25 0.03
FeT 17.7 0.14 16 0.13 15.1 0.11
MnO 0.37 0.01 0.34 0.01 0.27 0.01
MgO 6.81 0.13 7.87 0.15 7.67 0.13
CaO 5.01 0.05 5.84 0.06 5.72 0.05
Na2O 1.86 0.29 2.11 0.31 2.63 0.27
K2O 0.6 0.06 0.55 0.06 0.59 0.06
P2O5 1.01 0.09 0.96 0.09 1.01 0.08
SO3 19.33 0.23 14.03 0.18 14.42 0.16
Cl 1.69 0.03 0.94 0.02 1.67 0.03
Total 99.8 - 99.87 - 99.85 -
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Appendix E

Martian Regolith Composition

Data - Curiosity

Table E.1: MSL Curiosity rover data from [Gellert et al. 2013]

Location Jake Matijevic Bathurst
Sol 43 54
Sample JM1 error JM2 error JM3 error B1 error B2 error
SiO2 50.7 0.4 49.5 0.5 49.2 0.4 43.8 0.5 44.1 0.5
TiO2 0.73 0.1 0.91 0.1 1.01 0.05 1.44 0.1 1.37 0.1
Al2O3 16.4 0.3 14.9 0.3 14.8 0.2 7.9 0.4 8.0 0.4
Cr2O3 0.0 0.05 0.03 0.05 0.0 0.05 0.31 0.1 0.25 0.1
FeO+Fe2O3 10.1 0.1 11.4 0.1 12.1 0.07 23.7 0.2 22.5 0.2
MnO 0.13 0.02 0.16 0.02 0.23 0.02 0.82 0.1 0.43 0.1
MgO 3.05 0.2 3.8 0.2 3.56 0.1 6.67 0.3 6.89 0.3
CaO 6.12 0.1 6.54 0.1 6.89 0.1 6.39 0.1 6.55 0.1
Na2O 6.55 0.3 6.07 0.3 5.8 0.1 1.94 0.4 1.85 0.4
K2O 2.33 0.1 2.09 0.1 1.99 0.05 2.27 0.1 3.0 0.1
P2O5 0.42 0.1 0.51 0.1 0.68 0.1 0.73 0.3 0.82 0.2
SO3 2.5 0.1 3.05 0.1 2.76 0.05 3.08 0.1 3.3 0.1
Cl 0.77 0.03 0.9 0.05 0.84 0.03 0.66 0.03 0.73 0.03
Total 99.8 - 99.86 - 99.86 - 99.71 - 99.79 -
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Table E.2: MSL Curiosity rover data from [Gellert et al. 2013]

Location Rocknest Et-then
Sol 56-100 82
Sample R1 error R2 error R3 error 1.0 error 2.0 error
SiO2 44.7 1.0 43.1 1.0 46.06 1.0 43.6 4.0 44.2 0.4
TiO2 1.29 0.4 1.65 0.6 1.29 0.2 1.09 0.8 1.07 0.3
Al2O3 9.26 1.0 9.41 1.0 10.38 1.0 8.11 1.0 8.08 0.1
Cr2O3 0.29 0.2 0.09 0.3 0.16 0.05 0.14 0.4 0.0 0.05
FeO+Fe2O3 20.1 0.7 21.0 0.7 20.01 0.2 27.5 1.3 29.2 0.2
MnO 0.33 0.3 0.3 0.3 0.45 0.04 0.22 0.4 0.42 0.03
MgO 6.21 0.5 5.52 0.5 4.0 0.5 3.35 1.5 3.02 0.1
CaO 7.59 0.3 7.44 0.3 6.17 0.2 4.77 0.7 4.45 0.1
Na2O 2.12 1.0 1.96 1.5 3.53 0.5 2.8 1.5 2.41 0.1
K2O 0.7 0.2 0.76 0.2 1.96 0.1 1.91 0.6 1.71 0.15
P2O5 0.0 1.0 0.0 1.0 0.96 0.3 0.0 1.0 0.0 0.5
SO3 5.85 0.5 6.79 0.5 3.98 0.25 3.92 1.3 3.92 0.1
Cl 0.84 0.2 1.13 0.2 0.79 0.1 0.99 0.5 0.71 0.02
Total 99.28 - 99.15 - 99.74 - 98.4 - 99.19 -

Table E.3: MSL Curiosity rover data from 1[Thompson et al. 2015] and 2[Gellert et al. 2013]

Location Basal Murray/Pahrump Hills1 Portage2

Sol 89
Sample Bedrock error Raised Features error P1 error
SiO2 52.4 1.48 44.51 1.06 43.7 0.4
TiO2 1.05 0.05 1.1 0.1 1.54 0.1
Al2O3 11.38 1.0 9.29 0.28 9.56 0.2
Cr2O3 0.36 0.03 0.34 0.01 0.42 0.03
FeO+Fe2O3 14.87 1.76 14.49 2.44 21.0 0.1
MnO 0.3 0.07 0.31 0.02 0.44 0.03
MgO 5.04 0.39 7.76 0.57 6.53 0.17
CaO 4.09 0.37 4.39 0.74 7.38 0.1
Na2O 2.76 0.12 2.52 0.16 2.22 0.15
K2O 0.78 0.09 0.66 0.09 0.59 0.06
P2O5 1.16 0.16 1.04 0.05 0.53 0.1
SO3 4.82 1.42 11.76 1.56 5.18 0.1
Cl 0.63 0.22 0.8 0.26 0.61 0.02
Total 99.64 - 98.97 - 99.7 -

Table E.4: MSL Curiosity rover data from [Treiman et al. 2016]

Location Windjana Sandstone/Kimberley
Sol 612 622 626 704 -
Sample Pre-DRT Post-DRT DrillFines Stephen DumpPile 2sig
SiO2 39.84 40.47 39.3 33.40 37.38 0.86
TiO2 1.02 1.03 1.15 0.91 1.07 0.06
Al2O3 6.83 5.62 5.69 4.10 5.62 0.38
Cr2O3 0.41 0.42 0.44 0.34 0.49 0.02
FeO+Fe2O3 23.38 24.51 26.5 21.60 27.9 0.66
MnO 0.65 0.67 0.56 4.0 0.53 0.02
MgO 9.18 10.87 12.67 18.30 12.29 0.5
CaO 5.5 5.01 4.91 4.25 5.26 0.12
Na2O 2.09 1.21 0.4 1.00 0.96 0.14
K2O 1.71 3.01 3.65 2.49 3.09 0.2
P2O5 0.9 0.81 0.73 0.70 0.64 0.1
SO3 6.42 3.95 2.58 4.40 3.57 0.1
Cl 1.33 1.65 0.8 3.36 0.57 0.02
Total 99.26 99.23 99.38 98.85 99.37 -
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Table E.5: MSL Curiosity rover data from [Ehlmann et al. 2017]

Location High Dune
Sol 1182 1184
Sample 1182 Warsaw error 1182 Weissrand error 1184 Kibnas APXS error
SiO2 44.48 0.64 45.69 0.54 44.56 0.54
TiO2 0.96 0.07 0.89 0.03 0.9 0.03
Al2O3 8.46 0.19 9.83 0.29 8.49 0.19
Cr2O3 0.3 0.03 0.43 0.01 0.53 0.01
FeO+Fe2O3 20.61 0.26 18.83 0.2 20.76 0.26
MnO 0.38 0.02 0.41 0.01 0.4 0.01
MgO 9.85 0.25 8.98 0.25 9.97 0.25
CaO 6.81 0.1 7.29 0.08 7.04 0.08
Na2O 2.55 0.14 2.74 0.14 2.27 0.14
K2O 0.39 0.02 0.43 0.02 0.35 0.01
P2O5 0.86 0.07 0.77 0.05 0.76 0.05
SO3 3.61 0.12 3.19 0.05 3.28 0.05
Cl 0.64 0.04 0.51 0.02 0.51 0.02
Total 99.9 - 99.99 - 99.82 -

Table E.6: MSL Curiosity rover data from [Ehlmann et al. 2017]

Location High Dune Namib Dune (Gobabeb)
Sol 1184 1223 1225
Sample 1184 Barby error 1223 GB Scuff APXS error 1225 GB Scoop2 error
SiO2 48.11 0.54 48.15 0.54 45.74 0.54
TiO2 0.82 0.03 0.84 0.03 0.84 0.03
Al2O3 10.87 0.29 10.01 0.29 9.16 0.19
Cr2O3 0.2 0.01 0.32 0.01 0.47 0.01
FeO+Fe2O3 16.02 0.2 17.5 0.2 19.97 0.26
MnO 0.34 0.01 0.37 0.01 0.39 0.01
MgO 7.46 0.17 8.36 0.25 9.32 0.25
CaO 6.55 0.07 7.2 0.08 7.13 0.08
Na2O 3.22 0.14 2.67 0.14 2.35 0.14
K2O 0.56 0.02 0.48 0.02 0.39 0.01
P2O5 1.0 0.07 0.75 0.05 0.73 0.05
SO3 4.07 0.05 2.82 0.05 2.87 0.05
Cl 0.72 0.02 0.5 0.01 0.49 0.02
Total 99.94 - 99.97 - 99.85 -

Table E.7: MSL Curiosity rover data from [Ehlmann et al. 2017]

Location Namib Dune (Gobabeb)
Sol 1226 1230 1241
Sample 1226 GB DumpA APXS error 1230 GB DumpD error 1241 GB DumpC error
SiO2 47.88 0.54 45.85 0.54 45.53 0.54
TiO2 0.88 0.03 0.71 0.03 0.75 0.03
Al2O3 9.78 0.29 8.46 0.19 8.33 0.19
Cr2O3 0.39 0.01 0.3 0.01 0.28 0.01
FeO+Fe2O3 17.91 0.2 20.08 0.26 20.02 0.26
MnO 0.37 0.01 0.42 0.01 0.38 0.01
MgO 7.57 0.17 11.46 0.25 11.24 0.25
CaO 7.3 0.08 6.55 0.07 7.0 0.07
Na2O 2.75 0.14 2.43 0.14 2.27 0.14
K2O 0.49 0.02 0.35 0.01 0.38 0.01
P2O5 0.79 0.05 0.7 0.05 0.75 0.05
SO3 3.36 0.05 2.29 0.05 2.57 0.05
Cl 0.5 0.01 0.4 0.02 0.44 0.02
Total 99.97 - 100 - 99.94 -
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Table E.8: MSL Curiosity rover data from [Ehlmann et al. 2017]

Location Namib Dune (Gobabeb)
Sol 1242
Sample 1242 GB DumpB error 1242 GB DumpC corrected error
SiO2 46.24 0.64 45.42 0.54
TiO2 0.68 0.05 0.74 0.03
Al2O3 7.88 0.19 8.15 0.19
Cr2O3 0.24 0.03 0.32 0.03
FeO+Fe2O3 19.82 0.26 20.3 0.26
MnO 0.43 0.02 0.36 0.01
MgO 11.5 0.25 11.71 0.25
CaO 6.68 0.1 6.88 0.07
Na2O 1.72 0.14 1.87 0.14
K2O 0.4 0.02 0.37 0.01
P2O5 0.78 0.07 0.72 0.05
SO3 2.92 0.12 2.57 0.08
Cl 0.5 0.04 0.44 0.02
Total 99.79 - 99.85 -

Table E.9: MSL Curiosity rover data from [Ehlmann et al. 2017]

Location Namib Dune (Gobabeb)
Sol 1253
Sample 1253 GB Dump E error 1253 GB DumpF error
SiO2 48.31 0.54 46.13 0.54
TiO2 0.81 0.03 0.78 0.03
Al2O3 10.21 0.29 7.98 0.19
Cr2O3 0.38 0.01 0.3 0.01
FeO+Fe2O3 16.92 0.2 20.46 0.26
MnO 0.34 0.02 0.35 0.01
MgO 7.79 0.17 10.31 0.25
CaO 7.27 0.08 6.19 0.07
Na2O 2.73 0.14 2.29 0.14
K2O 0.51 0.02 0.44 0.02
P2O5 0.82 0.05 0.74 0.05
SO3 3.18 0.08 3.3 0.05
Cl 0.55 0.02 0.62 0.02
Total 99.82 - 99.89 -

Table E.10: MSL Curiosity rover data from [Ehlmann et al. 2017]

Sol 58 58 89
Sample Scuffed E error Unscuffed A error PortageRP error
Type sand sand sand
SiO2 43.94 0.96 43.54 1.82 42.97 0.54
TiO2 0.97 0.21 0.44 0.47 1.19 0.05
Al2O3 9.02 0.48 8.84 1.25 9.37 0.19
Cr2O3 0.39 0.06 0.3 0.17 0.49 0.03
FeO+Fe2O3 19.13 0.39 19.58 1.44 19.18 0.2
MnO 0.39 0.04 0.5 0.09 0.42 0.02
MgO 7.9 1.67 7.79 1.58 8.69 0.25
CaO 7.45 0.38 7.11 0.71 7.26 0.08
Na2O 1.99 0.41 2.14 1.64 2.7 0.14
K2O 0.55 0.12 0.76 0.16 0.49 0.02
P2O5 0.65 0.14 0 0.82 0.95 0.07
SO3 5.97 0.3 6.93 1.23 5.47 0.1
Cl 0.84 0.08 1.05 0.23 0.69 0.03
Total 99.19 - 98.98 - 99.87 -
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Table E.11: MSL Curiosity rover data from [Ehlmann et al. 2017]

Sol 373 523 530
Sample Maya error King rp error Barker error
Type sand sand sand
SiO2 45.41 0.54 42.68 0.43 43.15 0.54
TiO2 1.03 0.03 1.03 0.03 1.01 0.21
Al2O3 10.88 0.29 8.94 0.19 9.23 0.19
Cr2O3 0.25 0.03 0.49 0.01 0.41 0.03
FeO+Fe2O3 14.62 0.2 19.7 0.26 18.07 0.2
MnO 0.31 0.02 0.42 0.01 0.41 0.02
MgO 7.27 0.17 8.58 0.25 8.31 0.25
CaO 7.2 0.08 7.09 0.08 6.91 0.08
Na2O 3.21 0.14 2.66 0.14 2.86 0.14
K2O 0.84 0.04 0.48 0.02 0.63 0.02
P2O5 0.96 0.07 0.93 0.07 1.01 0.07
SO3 6.89 0.15 6.04 0.08 6.94 0.15
Cl 0.99 0.03 0.8 0.02 0.94 0.04
Total 99.86 - 99.84 - 99.88 -

Table E.12: MSL Curiosity rover data from [Ehlmann et al. 2017]

Sol 531 558 605
Sample Argyle error Johnny Cake rp error Lagrange error
Type sand sand sand
SiO2 43.66 0.54 43.83 0.54 42.29 0.43
TiO2 1.07 0.03 0.97 0.03 1.05 0.03
Al2O3 9.2 0.19 9.34 0.19 8.76 0.19
Cr2O3 0.48 0.01 0.4 0.01 0.52 0.01
FeO+Fe2O3 18.23 0.2 17.3 0.2 20.4 0.26
MnO 0.41 0.01 0.38 0.01 0.44 0.01
MgO 8.72 0.25 8.18 0.17 8.82 0.25
CaO 7.07 0.08 7.12 0.08 6.99 0.07
Na2O 2.64 0.14 2.83 0.14 2.68 0.14
K2O 0.47 0.02 0.62 0.02 0.45 0.02
P2O5 0.95 0.07 0.97 0.07 0.89 0.05
SO3 6.18 0.08 6.97 0.08 5.82 0.08
Cl 0.79 0.02 0.95 0.02 0.76 0.02
Total 99.87 - 99.86 - 99.87 -

Table E.13: MSL Curiosity rover data from [Ehlmann et al. 2017]

Sol 673 801 802
Sample Sourdough rp error Kelso error Dumont error
Type sand sand sand
SiO2 43.05 0.54 42.89 0.54 43.43 0.54
TiO2 1.1 0.03 1.05 0.03 0.99 0.03
Al2O3 9.41 0.19 9.06 0.19 9.04 0.19
Cr2O3 0.5 0.01 0.47 0.01 0.39 0.01
FeO+Fe2O3 20.09 0.26 20.77 0.26 19.78 0.26
MnO 0.44 0.01 0.44 0.01 0.42 0.01
MgO 8.27 0.17 8.91 0.25 8.81 0.25
CaO 7.17 0.08 7.01 0.08 6.97 0.07
Na2O 2.78 0.14 2.67 0.14 2.71 0.14
K2O 0.45 0.02 0.44 0.02 0.47 0.02
P2O5 0.85 0.05 0.85 0.05 0.92 0.05
SO3 5.12 0.08 4.62 0.08 5.21 0.08
Cl 0.64 0.01 0.62 0.02 0.7 0.02
Total 99.87 - 99.8 - 99.84 -
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Table E.14: MSL Curiosity rover data from [Thompson et al. 2016]

Location B Island Mt Bast Conf Hills Buckskin Ronan Greenh All
Sol 323 399 809 1057 1114 1130 -
Sample Eqalulik Heimdall Mojave Buckskin Big Sky Greenh error
SiO2 42.0 45.8 51.8 68.1 43.4 56.2 0.64
TiO2 0.85 0.94 1.07 1.51 0.93 1.0 0.05
Al2O3 8.8 10.8 12.4 6.1 9.7 5.5 0.19
Cr2O3 0.65 0.19 0.39 0.1 0.42 0.34 0.01
FeT 20.6 13.2 13.5 4.4 17.4 9.4 0.13
MnO 0.4 0.3 0.3 0.1 0.4 0.1 0.01
MgO 8.26 7.17 4.47 3.45 8.52 4.77 0.08
CaO 6.54 7.46 4.29 3.87 6.87 5.98 0.07
Na2O 3.0 3.3 2.8 2.2 2.8 2.5 0.14
K2O 0.78 0.97 0.65 0.82 0.47 0.44 0.02
P2O5 0.8 0.9 1.4 1.3 0.9 1.2 0.09
SO3 6.1 7.8 5.8 7.2 6.9 10.8 0.1
Cl 1.15 0.97 0.52 0.71 1.27 1.54 0.02
Total 99.93 99.8 99.39 99.86 99.98 99.77 -

Table E.15: MSL Curiosity rover data from [Thompson et al. 2016]

Location Jake M Bathurst Rocknest3 ET Then John Klein All
Sol 570 472 706 560 169 -
Sample Lowerre Oswego Thimble Secure Wernecke errors
Type rocks rocks rocks rocks rocks
SiO2 51.2 43 47.3 45.4 46.9 0.64
TiO2 0.54 0.89 0.66 0.67 0.91 0.05
Al2O3 16.2 8 12 8.6 8.9 0.19
Cr2O3 0.07 0.54 0.21 0.05 0.41 0.01
FeT 11.5 22.4 16.9 27.2 20.5 0.13
MnO 0.2 0.5 0.1 0.3 0.3 0.01
MgO 3.08 8.71 6.37 4.03 9.8 0.08
CaO 5.71 6.13 5.23 3.67 5.4 0.07
Na2O 5.4 2.7 5 4.1 3 0.14
K2O 2.23 1.96 2.16 1.47 0.62 0.02
P2O5 0.6 0.8 0.7 0.7 1 0.09
SO3 2.1 3.3 2.2 3.2 0.9 0.1
Cl 0.89 0.95 0.71 0.64 1.13 0.02
Total 99.72 99.88 99.54 100.03 99.77 -
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Table E.16: MSL Curiosity rover data from [Thompson et al. 2016]

Location Dingo Gap to Southern Kimberley All
Sol 580 581 582 601 -
Sample Square Top Panadanus Yard Virgin Hills Liga errors
Type rocks rocks rocks rocks
SiO2 41.3 40.7 39.9 43.1 0.64
TiO2 0.85 0.9 0.91 0.96 0.05
Al2O3 7.8 8.1 7.9 7.3 0.19
Cr2O3 0.72 0.37 0.62 0.55 0.01
FeT 23.1 20.4 22.4 16.6 0.13
MnO 0.4 0.4 0.4 0.2 0.01
MgO 9.33 8.26 8.37 10.6 0.08
CaO 6.41 5.85 6.37 5.5 0.07
Na2O 1.8 2.4 2.4 2 0.14
K2O 2.71 1.94 1.23 2.38 0.02
P2O5 0.6 0.9 0.9 0.7 0.09
SO3 3.7 8.4 7.2 7.3 0.1
Cl 0.92 1.15 1.11 1.86 0.02
Total 99.64 99.77 99.71 99.05 -

Table E.17: MSL Curiosity rover data from [Blake et al. 2013]

Mineral Rocknest Sand Shadow Adirnondack Backstay Irvine
Quartz 1.4 0.0 0.0 0.0
Plagioclase 40.8 39.0 49.0 32.0
K-spar 1.3 1.0 6.0 6.0
Low-Ca Pyx 13.9 15.0 14.0 21.0
High-Ca Pyx 14.6 15.0 5.0 13.0
Olivine 22.4 20.0 15.0 16.0
Fe-Cr oxides 3.2 6.0 4.0 6.0
Ilmenite 0.9 1.0 2.0 2.0
Apatitie - 1.0 3.0 2.0
Anhydrite 1.5 - - -
Total 100 98 98 98

Table E.18: MSL Curiosity rover data from [Bish et al. 2013]

Mineral Rocknest
Plagioclase 40.8
Forsterite 22.4
Augite 14.6
Pigeonite 13.8
Magnetitie 2.1
Anhydrite 1.5
Quartz 1.4
Sanidine 1.3
Hematite 1.1
Ilmenite 0.9
Total 99.9
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