


Importance of minerals

" Role in transport and storage of volatiles
= Ex. Water (adsorbed or structurally bound)
= Control climatic behavior

= Past conditions of mars

= specific pressure and temperature Rt e i R N, |
formation conditions i W B

" Constrains formation and habitability

Curiosity Rover at Mount Sharp drilling site, NASA image



= 44 missions to Mars (all
not successful)
= 21 NASA
= 18 Russia
= 1 ESA
" 1 India
= ] Japan
1 joint China/Russia
= 1 joint ESA/Russia

= First successful mission
was Mariner 4 in 1964

Missions to Mars

Mars Exploration Family Portrait

40: Mars Science Laboratory Curiosity
November 26, 2011
Mission to Gale Crater

. y 1, 2: MARS 1M No. 1 / MARS 1M No. 2
- October 10 / October 14, 1960 &
~ 4 y Both destroyed during launch

Y e 3, 4,5, 8: MARS 2MV-4 No. 1 / Mars 1 / Mars 2MV-3 No. 1 / Zond 2
5] October 24 / ber 1 / 4,1962 / 30, 1964
Broke up in Earth orbit / Radio failure en route / Stranded in Earth orbit / Radio failure en route

mmm  39: Phobos-Grunt 1
November 8, 2011 4
Stranded in Earth orbit

= 38: Phoenix
August 4, 2007
Landed, dug for water

6, 7: Mariner 3 / Mariner 4 y
November 5 / November 28, 1964 =
Payload fairing failed to open / First flyby and picture return

I 9, 10: Mariner 6 / Mariner 7
February 25 / March 27, 1969  m==
-l M= Both flew by, returned pictures

11, 12: Mars 1969 A / Mars 1969 B

37: Mars Reconnaissance Orbiter

August 12, 2005
‘ Orbiting Mars

35, 36: Mars Exploration Rovers Spirit and Opportunity
June 10 / July 7, 2003
Both landed on surface, Opportunity still in operation

i\ March 27 / April 2, 1969 .
,/ 4 Both destroyed during launch
34: Mars Express / Beagle 2 lander /| q
o34 June 2, 2003 // ’
Orbiting Mars, Beagle lost after separation / X
- % racguet Spiritand Opportunity enix f 13, 17: Mariner 8 / Mariner 9
: — May 8 / May 30, 1971
°a e Ui a4 Destroyed during launch / First probe to orbit Mars

14,15, 16: Cosmos 419 / Mars 2 / Mars 3
May 10 / May 19 / May 28, 1971
Failed in Earth orbit / Lander crashed / Lander failed

& 18,19, 20, 21: Mars 4 / Mars 5 / Mars 6 / Mars 7

< July 21 / July 25 / August 5 / August 9, 1973
Missed planet / Orbited planet / Lander failed (6 and 7)

33: Mars Odyssey

BB March 7, 2001

Orbiting Mars

32: Mars Polar Lander

January 3, 1999 i .

22, 23: Viking 1 / Viking 2

Sreshedonisuriace August 20 / September 9, 1975 ==
Both landed on surface, returned data

== 31: Mars Climate Orbiter
December 11, 1998

Crashed due to imperial/metric unit mixup 24, 25: Phobos 1 / Phobos 2

g July 7 / July 12, 1988
TS Lost communication en route / Lost communication near Phobos

B

30: Nozomi

Bl juy 41998 ’\

Missed planet

26: Mars Observer
September 25, 1992 =
Lost communication near Mars

29: Mars Pathfinder
== “December 4, 1996
Landed on surface, deployed Sojourner rover

28: Mars 96 2 &
November 16, 1996 N4

Destroyed during launch 27: Mars Global Surveyor

November 7, 1996 =
Orbited and returned data

Credit: Jason Davis / astrosaur.us, http://utprosim.com/?p=808



First Successful Mission: Mariner 4

Mariner 4, NASA image

= First image of
Mars

" Took 21 images

= No evidence of
canals

= Not much can be
said about
composition

Mariner 4 first image of Mars, NASA image



Viking Lander

= First lander on Mars

=" Multispectral
MEENIEERS

#VIKING40
Viking Planning, NASA image Viking Anniversary Image, NASA image



" Measured dust particles

= Believed to be global
representation

=" Computer generated
mixtures of minerals
= quartz, feldspar,

pyroxenes, hematite,
iimenite

king Lander

q
&
®
%
2
2z
B

Fig.
and

the tw

I. Harker
northosilic
Terrestrial igneo

o groups have been delineated subjectiv

LEGEND
SYMBOL ENVELOPE
TERRESTRIAL a
LUNAR
MARS

%o Si0;

and Martian fines, Lunar rocks are bas
w et al., 1973, 1975; ]
ohi, 1969]. Fields enclosing the vast

Toulmin Ill et al., 1977



Hubble Space Telescope

m Better resolution than Mariner 6
and 7

= Viking limited to three bands
between 450 and 590 nm

= UV- near IR

® Optimized for iron bearing minerals
and silicates

-

Hubble Space Telescope NASA/ESA Image featured in Astronomy Magazine



Hubble Spectroscopy Results

= 1994-1995

= Ferric oxide absorption band 860 nm
=" hematite

" Pyroxene 953 nm absorption band

= | ooked for olivine contributions
= 1042 nm band
= No significant olivine contributions

Hubble Space Telescope 1995, NASA



Composition by Hubble

" Measure of the strength of the
absorption band

= Ratio vs. radiance factor

8

" Low albedo flat spectra
" 5% variation in dark regions
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" 953 nm pyroxene absorption
= Stronger in craters and calderas

o
&

®" Ferric mineral content increase in T ono 01 oz 0 0w o3 oo
darker regions

Figure 5 from Bell lll et al., 1997



Pathfinder, NASA Image

Pathfinder (1997) Mineralogy

Pathfinder

Soils

Sulfur-free
Rock
g

Multispectral spot locations, Bell et al., 2000

Acid Fog
Reactions

Shergotty
. [ ]
Viking ~ | ® ~ &
Soils \ (]

oc¥  Pathfinder
Soils

Residue

Sulfur-free T

= Ferric Oxides
= Goethite

" Differs from Viking

= Had significantly higher S and Cl
abundances

= Lower Si abundances

" Tried computer calculations of
mixtures of minerals

= smectite, silicate and oxides didn’t
vield acceptable solutions



Spirit (2003) Mineralogy

" First color image from surface Mars

" Had Mdssbauer spectrometer
= Measured the oxidation state of Fe
= |[D of Fe bearing phases
= Relative abundance of phases

= Gusev Crater

Viking2 |

Elysium

Viking 1 % * Mars Pathfinder
e Isidis
Meridiani

Spirit 2003, NASA

NASA Image from MER “Opportunity” Page



Mineralogy as determined by Spirit

¢ Adirondack Class ¢ Joshua Subclass Peace Class
(210-270 K) £ (210-270K) (200-250 K)

= Minerals
= olivine

u py roxe n e Clovis Subclass 1 PotOfGold Subclass

(210-250K) i (200-250 K)

" jimenite

" magnetite

" hematite

= goethite

" nanophase ferric oxide
= Fe sulfate

Backstay Class Wishstone Class Keystone Subclass
(210-250 K) (210-250 K) (210-270)

. Velocity (mm/s)
Keel Subclass 4 Watchtower Subclass
(210-270 K) (210-270 K)
, Legend
Ol Mt
-am» Px Hm
& npOx Gt

lim

TC/BC-1.0

Velocity (mm/s) Velocity (mm/s)

Morris et al., 2006



Opportunity (2003) Mineralogy

- Eagle Crater 180 210 240 270 300 330 0 30 60 90 120 150 180
nix -

" Minerals they found
= olivine
" pyroxene
" magnetite
" nanophase ferric oxide
= jerosite
= hematite
= kamacite

NASA Image from MER “Opportunity” Page



Mars Reconnaissance Orbiter (2005)

= Gale Crater

= Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM)

" Minerals
" jron bearing minerals
= hydrated sulfates
= silica
= phyllosilicates
= carbonates
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Seelos et al., 2014



Most recent mineralogy on Mars

Curiosity, NASA

Possible Iron Meteorite Curiosity, NASA

SN }

Curiosity by Mars Hand Lens Imager, NASA



VIEIE Cur|o|ty Rover (2012

l‘i\,.‘n{

B4/
Shaunna Morrison, photo featured in UA news article, Photo credit:
Thomas Bristow/NASA

Curiosity rover image taken by using the Mars Hand Lens Imager taken, NASA Obama calling to congratulate MSL team

for Curiosity landing, NASA
Wheels Curiosity, NASA



How is Curiosity Different

Left to right: Sojourner, Spirit and Opportunity, Curiosity, in Pasadena, CA JPL Image



INSTRUMENTS

Leaving No Stone Unturned

Curiosity’s instrument suite is designed to examine rocks, soil and
atmosphere for clues to past and present habitable environments.
The instruments do that by measuring chemical and mineralogical
composition in various complementary ways.

WEATHER STATION will measure
environmental variables and issue daily
reports, providing the first ever continuous
record of Martian meteorology. Apart
from its inherent interest, the weather
report will guide rover operations.

ACTIVE NEUTRON
SPECTROMETER
will search for water
in rocks and soil
undemeath the rover. I

| —
-
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RADIATION SENSOR

 will monitor solar and

SAMPLE ANALYSIS
AT MARS (SAM)
instrument suite can

} perform chemical

analysis. It bakes
powder in small ovens
with combustion or
chemical solvents to
release gases, which
the gas chromato-
graph/mass spectro-
meter and gas analyzer
will examine, locking

! especially for organic

carbon. It also can
directly sample the

ﬂ almosphc»ru

COLOR CAMERAS can image landscapes and
rock and soil textures in high-definition resolution.
Those textures help scientists to reconstruct the
processes that formed the rock or soil, perhaps
including the action of liquid water. One of the
cameras is mounted on the bottom of the rover,
looking downward, and will create a movie of

the descent and landing.

CHeMimn INSTRUMENT beams x-rays through
fine powders to create a diffraction pattern

that definitively identifies minerals of all types.
Spectrometers on previous landers were limited
in scope to, for example, iron-bearing minerals.

ROBOT ARM, reaching out as far as

two meters, holds 30 kilograms of gadgetry
to drill holes and pulverize rocks. A set

of sieves sorts powder for the onboard

lab instruments.

LASER-INDUCED BREAK-
DOWN SPECTROMETER
: will burn holes in rocks
and soil up to seven
meters away and
remotely sense their
chemical composition.

ALPHA-PARTICLE
X-RAY SPECTROMETER

will perform in situ
determination of rock

-~




CheMin

= X-Ray diffractometer

= Can detect individual minerals in
complex mixtures at the 3% and
above

= 27 reusable sample chambers

CheMin, NASA Image

= Sample wheel

CheMin, JPL Image

CheMin, NASA Image



CheMin

CheMin March 2007

=" \Won awards for its design
= Research and development magazine
" Pittcon gold medal
= 2010 NASA commercial invention of the Year

= Can now purchase through Olympus instruments

CheMin, JPL image



CheMin

= 2theta 5 to 50 degrees
= 0.35 degree 2theta resolution

= Pizoelelectic actuator vibrate sample
= Random orientations

= 20 hours collection time

Rocknest XRD pattern from Downs et al., 2015, Elements

= Co source, 20 KeV and 100 microampere

Rocknest XRD pattern from Downs et al., 2015, Elements

Downs et al., 2015, Elements and JPL image



CheMin

" First XRD pattern taken on another planet
" 41% by weight of crystalline component Feldspar
= 28 % pyroxene
" 22% olivine
= Other minor phases

- The Olivine iS (Mgllee088)5i04 SO F056Fa44 Rocknest XRD pattern from Downs et al., 2015, Elements

(Morrison et al., 2013)

= San Carlos (FO91Fa9)
= This confirms more Fe on surface of Mars then Earth

Rocknest XRD pattern from Downs et al., 2015, Elements



The Red Planet

= Believed to be Iron rich
= Confirmed by spectroscopy
= Strong absorption features 400-1200 nm

" Confirmed with X-ray diffraction

Curiosity Rover, NASA image



CheMin

" Pyroxene and olivine have linear trends with
composition

= Feldspar is more complex to model

" (Cag5,Nag 45) (Al 5,51, 45)Og
= Close to labradorite composition

= Gem like fragments

Rocknest XRD pattern from Downs et al., 2015, Elements

Rocknest XRD pattern from Downs et al., 2015, Elements



Mineralogy as determined by Curiosity

= Gale Crater (just south equator)

= 4 km deep

= Evidence for past water flow (MRO)

= Traveled 15 km so far
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Mineralogy as determined by Curiosity

= Gale Crater (just south equator)
= 4 km deep
= Evidence for past water flow (MRO)

=" Traveled 15 km so far

= Gale Crater is thought to have been
a lake

Gale Crater, NASA Figure



Mineralogy as determined by Curiosity

= Basaltic Composition
= Major constituents
= Mg-Fe olivines
= Mg-Fe-Ca pyroxenes
= Na-C-K Feldspars
= Minor constituents
= jImenite
" magnetite

= Altered Basalt

= calcium sulfates (anhydrites and basanite)

® |n agreement with MERS
iron oxides (hematite)
pyrrhotite
clays
quartz

Mudstone Mineralogy
from CheMin

" Feldspar
Mafic Igneous Minerals
" Magnetite
" Hematite
Clay Minerals
® Crystalline Silica
® Jarosite
Fluorapatite
Calcium Sulfate

Composition of mudstone drill sites, NASA Figure
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MERS, Opportunity, likely Calcium sulfate, NASA



Amorphous Components

= Likely impact glasses

" Allophane (Al,0) Mudstone Mineralogy
" Hisingerite (Fe,Si,05(0OH), 2H,0) from CheMin

Calcium Sulfate

Composition of mudstone drill sites, NASA Figure



Interior Composition

=" Mantle is thought to be dominated The interior of Mars
by olivine o
= Likely Fo75
" Expect P velocities of 7.64 to 7.80
KM /SeC (ohnston and Tokson)

= Fe-FeS core (radius 1500-200 km)

= Need seismic measurements to
confirm

{Inatration by Brools Bays, -
PEED graphics artist) y

Composition of Mars, http://www.psrd.hawaii.edu



Future Directions

" Need more coverage
" Curiosity hopefully will be renewed in 2018

= People on Mars with hand held Raman spectrometers
= \Was Raman on ExoMars (ESA) but that crashed (no signal) in Oct. 2016

Mars 2020 Rover
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