&others




Jonuory 19, 2006:
Now Horizons spocecroft lounchos
from Cope Conaveral, Florido,

February 28, 2007:
Spacecroft flieg by Jupiter for

a gravity ossist that soves three
yoors o‘ﬂighn-me. The team

2017-2020

With NASA's opproval,
December 2014 New Morizons can
The spacecroft is awokened 2 explore suitable, recontly

from iits final plonned discoverod Kuiper Bolt "

PEPSSI hibornation. Intonsive .
. 2007-2014 - ®  proporetions for the Plute ’ ‘Msboyondﬂulo
Formono‘ﬂneoghf-yw«vlwfmm encounter continue. e
Jupiter to Pluto, tho croft spins slowly in . 3
o state of “hibernotion,” signoling once a _—w' ~
weok to assure irs “sleeping peocefully,” .
But for obout 50 each yeor, it is A
e S ys eadyem e July14, 2015,
spocoaof’mdhsmmm:huksolml ‘ Ntwllorhommoku*l
H ¢lo:9ﬂopp(ooch"oﬂuﬁo.

LORRI

- .'
e ,:,,:Muhwbldlmglngspmruud
g primarily to analyze the composition of Pluto’s
atmosphere.

LoRRI: A high-resolution optical telescope and comera
that'will start monitoring Pluto regularly about 200

. daysout

~ - falph: A combination optical/infrared instrument that
wullbouudtoprovidocolormpsoﬂhowrfomo‘
. Pluto and Charon, plus compositional and thermal
- informatioh on the surfoces.

. - - i
s —— At :

5 ’ i vy

I { ¥

‘{ <+—Ralph LIRS0

AP B 3
° - \\ S - ; .
- Student Dust Counter (under spatocraft)” < B

551 Particle detection instrument used to detect

SWAF: Particle instrument used to measure the
properties of the solor wind oround Pluto.

REX: Rodio experiment to study Pluto’s atmosphere by
observing the bending of radio waves beamed up to
the craft by giant ontennas on Earth.
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Univofmy of Colomdo' will count dust particle
impacts from Earth oll the way into the Kuiper Belt.
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B A Buried Sea Under Sputnik Plantia

Because of the evidence of surface activity
there is speculation that there is a buried
ocean of salty water underneath(1)
Inaddition, this is the region of Pluto that is
facing Pluto’s large moon Charon which is
tidally locked

Because of this it is likely that the region
has a positive mass anomaly

This has also led to further conjecture that
there is a dense buried semi liquid water
layer 100km thick with a salt content of
30% similar to the Dead Sea(1)
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Pluto’s Moons

Thanks to results from New Horizons,
planetary scientists are more
convinced than ever that Pluto’s
precursor collided with a somewhat
smaller object in early solar system
history.

This collision of ice-encrusted worlds
left Pluto spinning on its side and five
moons, sizable Charon and four small
siblings orbiting nearby




Charon

Diameter; 754 miles

Orbital radius: 12,161 miles
Orbital period: 6.39 days
Rotatlonal period: 6.39 days

Hydra
Diameter: 27x21 miles
Pluto Orbital radius: 40,226 miles

Diameter: 1,475 miles Orbital period: 38.20 days

Diameter: 34x25x22 miles
Rotational period: 6.39 days Rotational period: 0.43 day

Orbital radius: 30,257 miles
Orbital period: 24.85 days
| Rotational period: 1.83 days
| Styx
‘ Diameter: 6x3.3 miles
Orbital radius: 26,505 miles
Orbital period: 20.16 days
Rotational period: 3.24 days

Kerberos

Diameter: 7x5 miles

Orbital radius: 35,905 miles
Orbital period: 32.17 days
Rotational period: 5.33 days
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Mar’s Atmosphere

« Composition of Mars'
atmosphere is 95% CO2 which is
similar to Venus, yet over 10,000
times thinner

* The runoff channels indicate
that early (about 4 billion years
ago) Mars probably had a fairly
dense atmosphere,

*In the first billion years, the atmosphere disappeared
 MAVEN satellite(1) was launched in 2013 to study the atmosphere and has been in orbit over 1000 days
* CO2 deposits on the surface are much too small to explain the loss of the CO2 in the atmosphere
* It has shown that with no magnetic field, the solar wind caused loss of most of the atmosphere in a
process called “sputtering”
* With little atmosphere Mars cooled and has likely undergone the largest climate change in its history of any
of the inner planets



Mars Odyssey
Launch: Apr. 7, 2001
Arnival: Oct. 24 2001

Mars Express
Launch: Jun. 2, 2003
Arrival: Dec. 2003

W Mars Exploration Rovers (Spirit and Opportunity)
Spirit Launch: Jun. 10, 2003; Mars Landing: Jan. 3, 2004

Opportunity Launch: Jul. 7, 2003; Mars Landing: Jan. 24 2004




Mars Reconnaissance Orbiter
Launch: Aug. 12, 2005; Armival: Mar. 10, 2006

Mars Atmosphere and Volatile EvolutioN (MAVEN)
Launch: Nov. 18, 2013
Arrival: Sept. 21, 2014







Mass in lbs (kg)




';" ) _ ‘The entry, descent, and landing phase began
- cru'se_Stage epatation when the spacecraft reached the Martian
(4 atmosphere, about 78 miles above the
surface, and ended with the rover safe and
¥ 4 sound on the surface of Mars seven minutes
later at 10:32 PDT on Aug. 5, 2012
» Peak Heating at The airbag system used previously would not
¥ Machs work for Curiosity because of its 2000Ib
» weight(5x the Opportunity rover)
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Mount Everest: 8.8 km

Mount Rainder: 4.4 km
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Major gases released from the bedrock called “John Klein”
and analyzed by the SAM instruments

.f"

Carbon
Dioxide

QMS signal

-~ Forms of Sulfur
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moon

Martian moon, Phobos, recorded
by Curiosity. This set of three
images taken on Aug 20, 2013
shows views three seconds apart

Curiosity’s first
view of the
Earth and the
Moon on
January 31,
2014

Earth is the
brightest point
of light in the
twilight sky.
Earth is a little
left of center in
the image, and
our moon is just
below Earth.



HIRISE
captures
Curiosity on
Dec 11, 2013
several km
from
Yellowknife
Bay

Its track, the
two parallel
lines of the
wheel tracks
are about 3
meters apart




* The Yellowknife investigation was very successful but it had taken 7 months and so Curiosity then
covered 6 km of the 10 km to the base of Mt Sharp in the following year

* This view at a location called Dingo Gap combines several frames taken by the Mast Camera

(MastCam), looking into a valley to the west early afternoon, local solar time, of the 528th
Martian day, or sol on Jan. 30, 2014

* The foreground dune is about 3 feet high in the center and the dark rocks are about 2 feet high
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Curiosity at one year showing tire wear
As a result Curiosity had to be driven more

carefully avoiding rocky areas where
possible
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AN Six Month’s Stay at Pahrump

O s . _ H|”S
Sol 751/42/852 S8 'S0l 799/44/1140,
A= o 4T
Sol 797/44/92_'01’.{;:;_3OI (32741020
Sol 753211020 SOl 80374471282 The yellow lines indicate the
~'0 Sol 780/431216 s route driven by Curiosity between
Sol 807/411432 .~ © _ } :
Sol 785/44/36 Sol 751 (the 751st Martian day of
Soletatien | 5 . ' the mission, on Sept. 16, 2014)
. Sol 787/44/
¥ HORRS 741 w and Sol 903 (Feb. 19, 2015),
v . o e % about 5 months.
; & § Sol 792/44/370
SO0 "~SP1794734008 The rover stayed at the Sol 903
) / | X ’ | location for three weeks, during

', drilling of rock target "Telegraph

7 / / Peak" and analysis of a short
, v

: | o) A circuit that occurred during
/ 0{@6 / transfer of rock powder acquired
28 oo A during that drilling
’ ‘\\% EO
>~ (l




This mosaic, taken with

- HiRISE camera on NASA's
§ Mars Reconnaissance

& Orbiter, shows the planned
route of Curiosity rover from
"Pahrump Hills" at the base
of Mount Sharp, through the
"Murray Formation," and

[ south to the hematite ridge
further up the flank of

9 Mount Sharp.
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This view from the Mast Camera (MastCam) in NASA's Curiosity Mars rover shows the
"Marias Pass" area where a lower and older geological unit of mudstone -- the pale zone in

the center of the image — lies unconformily in contact with a newer overlying geological unit
of coarse sandstone, called Stimson.
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The view combines more than 130 images taken on Aug. 5, 2016,
during the afternoon of the mission's 1,421st sol

This date also was the fourth anniversary of Curiosity's landing.

The dark, flat-topped mesa seen to the left of Curiosity's robotic arm is abot
rover's position. It stands about 50 feet (about 15 meters) high.

The relatively flat foreground is part of a geological layer called the Murray formation, which formed from lakebed
mud deposits.
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The dark, smooth-
surfaced meteorite in
this Oct. 30, 2016 was
examined with laser
pulses and confirmed to
be an iron-nickel
meteorite.

The meteorite is about
the size of a golf ball.
Iron-nickel meteorites
are a common class of
space rocks found on
Earth, and previous
examples have been
found on Mars, but this
one is the first on Mars
to be examined with a
laser-firing
spectrometer.







A18 km distance
2700 m above rover
triangle is 50 x 50 m

A3'7 km distance
500 m-above rover
triangleis 10 x 10 m

This picture was taken on Nov. 10, 2016, sol 1,516

Variations in color of the rocks hint at the diversity of their composition on lower Mount Sharp. In the purple tone rocks of
the foreground the CheMin instrument has detected hematite.

The orange-looking rocks just above the purplish foreground ones are in the upper portion of the Murray formation, which
is the basal section of Mount Sharp, extending up to a ridge-forming layer called the iron rich Hematite Unit.

Beyond that is the Clay Unit, which is relatively flat and hard to see from this viewpoint. And the next rounded hills are the
Sulfate Unit, Curiosity's highest planned destination.




This unusual dark mound, called "Ireson Hill," rises about 16 feet (5 meters) above redder layered outcrop
material of the Murray formation on lower Mount Sharp

The darker rock is Stimson sandstone although it is not known why the rock is so dark

The faint ridge in the background is the Gale crater rim

The image was made on Feb. 2, 2017, during the sol 1598 using the MastCam to take the 41 images that were
combined into this scene.
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Mudstone Mineralogy
from CheMin

Base of Naukluf

Marias Pass

Pahrump Hills

Yellowknife Bay

Feldspar
Mafic Igneous Minerals

® Magnetite

Hematite

® Clay Minerals

Crystalline Silica
Jarosite

* Fluorapatite

Calcium Sulfate
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NAVCAM picture taken 1-29-18, Sol 1949 on
Vera Rubin ridge looking NNE towards the
Gale Crater rim 25 mi distant

Curiosity will be studying this area for the
forseeable future and will not venture much
further up Mt Sharp







Summary of Curiosity’s Findings

* Clear evidence for the existence of diverse water features such as flowing streams, deltas and lakes
were found

* Key ingredients for life such as carbon, hydrogen, oxygen, phosphorus and sulfur, were found in the
12 rock samples that Curiosity analyzed.

* The first definitive detection of organics in surface materials of Mars was found through Curiosity’s
sophisticated chemical analysis capability

The existence of an energy source for the possible creation of micro-organisms was identified
through the presence of pairings of chemicals such as sulfides and sulfates

The possibility that drinkable water may have existed was found through analysis of clay minerals
that showed a low level of salt

A significant geological diversity was found that offer clues as to Mars’s history such as the many
mudstones, the presence of sand, dunes, volcanics, and the many minerals

Overall Curiosity more than met the goals set for the mission and determined that Mars could
have supported ancient life



identical twin robotic
rovers that have gone

M K ,?ﬁgﬁpiﬁ far beyond their
original scientific
[ objective
. % > _ Each rover far
ﬁves,ed ZZ;&E outlasted its design

lifetime of 90 days.
Opportunity
continues to

Launch: July 7, 2003 Operate inits 14’th

*Arrival: Jan. 24, 2004 PST year.

*Landing Site: Meridiani Planum

*Mission Duration: Originally 92 days, Still roving!

Odometry: >27 miles

*‘Raw Images Returned: 187,000

*Instruments: Panoramic camera, Miniature thermal emission spectrometer,
Moessbauer spectrometer, Alpha particle X-ray spectrometer, Microscopic imager, Rock
abrasion tool, Navigation camera, Hazard-avoidance cameras

32 DEGREES

30 DEGREES
steepest slope steepest slope

Updated January 2017



Opportunity
2004-present ﬁ

Lo 26.6 miles (42.8 kilometers)
Curiosity (as of April 14, 2016)
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2004-2010 ]

4.8 miles (7.7 km)

Sojourner
s 1997
330 feet (100.6 meters) :
S Miles
0 S 10 18 20 25

0 5 10 15 20 25 30 35 40 45
Kilometers

180° 240° 2300° i 60° 120" 180°



OPPORTUNITY'S MARATHON JOURNEY! . L e

First Marathon "Run" on Another Planet
Distance: 26.2 miles Time: 11 years, 2 months

Endurance Crater

Follow along:

Eagle Crater mars.nasa.gov

* As of March 24 2015, the long
lived Opportunity rover traveled
the distance of a Marathon, 26.2
miles in a period of 11 years and 2
months

* The journey was from the
Endurance crater to the Endeavor
crater

* Opportunity’s & Spirit’s goal were
to find evidence of liquid water

W
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< B
% . Endeavour Crater
-
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Marathon Valley




—— A
——— >

——

* Opportunity’s landing is often referred to as a “hole-in-one”
because the spacecraft unexpectedly came to rest inside a small
indentation called Eagle Crater which would quickly reveal
secrets of a wet past.

The image shows the airbags that cushioned the landing as
Opportunity was leaving Eagle Crater

Opportunity found blueberry-shaped concretions of hematite. The rock outcrop contained jarosite, a
mineral that can only result from rock exposed to acidic water.




Opportunity in
Endurance Crater

* NASA's Mars Exploration Rover Opportunity studied layers
in the Burns Cliff slope of Endurance Crater in 2004.

* The layers show different types of deposition of sulfate-
rich sediments.

* Opportunity's panoramic camera recorded this image.

+meter- :

L N




As NASA's Mars Exploration Rover Opportunity crept farther into "Endurance Crater," the sinuous 1 meter high field of
dunes on the crater floor appears even more dramatic.

Care was taken when entering the field to avoid being trapped.
Also evident is a "blue" tint on the flat surfaces as compared to the dune flanks. This results from the presence of the
hematite-containing spherules ("blueberries") that accumulate on the flat surfaces.




* With joints in its arm and wheels showing signs of age, Opportunity gamely pressed on in its fourth year of
operation on Mars to deliver fresh and intriguing scientific results inside Victoria Crater, about 4.5 miles from the
landing site.

Around the rim of Victoria Crater, the rover found large and abundant numbers of hematite spherules most likely
formed in water.

Analysis suggested that water once soaked a layer buried beneath the surface long enough to form the spherule
concretions which were subsequently blasted out by the impact




Victoria Crater

This image from the High
Resolution Imaging Science
Experiment (HIRISE)on NASA's
Mars Reconnaissance Orbiter
shows "Victoria crater," an impact
crater at Meridiani Planum, near
the equator of Mars.

The crater is approximately 800
meters (half a mile) in diameter. It
has a distinctive scalloped shape to
its rim, caused by erosion and
downhill movement of crater wall
material.

The floor of the crater is occupied
by a striking field of sand dunes.




The long journey of Opportunty
13 Earth years and 7 Mars years on the red planet!

original images: NASA / JPL / Cornell / UA
Processing and captions: M, Di Lorenzo and K. Kremer

Opportunity began exploring the western
rim of Endeavour Crater in 2011 at Cape
Tribulation

The view extends from south-southeast on
the left to north on the right.

The PanCam took the component images
for this panorama on Feb. 25, 2017, during
the 4,654th Martian day.




Opportunity Field Notes from Mars

New Mexico Museum of Natural History & Science [sPAcE sciEncE

Thursday January 26, 2018- Sol 4978

Mars Exploration Rover




Cameras

High Resolution Imaging Science

xperiment (HIRISE)

eyt Camera (CTX)

Mars Color Imager (MARCI)
Spectrometer

Compact Reconnaissance Imaaqing
Spectrometer for Mars (CRISM)

Radiometer

Mars Climate Sounder (MCS)

Shallow Radar (SHARAD)




Water and Ice on Mars

One of the discoveries by the MRO are seasonal flows
on steep features called Recurring Slope Linae(RSL)
The flow features are narrow (one-half to five yards or
meters wide), relatively dark markings on steep (25 to
40 degree) slopes at several southern hemisphere
locations.

Repeat imaging by HiRISE shows the features appear
and incrementally grow during warm seasons and fade
in cold seasons
Up until very recently it was assumed that these “slope
limae” were caused by flows of salty water, with the
source of the water originating from seasonal adsorbed
water provided by the atmosphere.(1)

These flows are interpreted by new research as
granular flows, where grains of sand and dust slip
downhill to make dark streaks, rather than the ground
being darkened by seeping water.(2)

The image was made May 30, 2011, by the High HIRISE
camera on the MRO in the Newton Crater

https://www.nasa.gov/images/content
577359main pial4472-946b.gif




More Signs of “Flowing
Water” on Mars

They are called recurring slope
lineae because they fade and
disappear during cold seasons and
reappear in warm seasons,
repeating this pattern every
Martian year.

The flows in this image are in a
part of Valles Marineris,and are on
a north-facing slope so they are
active in northern spring.

The flows emanate from the
relatively bright bedrock and flow
onto sandy fans, where they are
remarkably straight, following
linear channels.

Valles Marineris contains more of
these flows than everywhere else
on Mars combined, and they are
always active although on
changing slope aspects with
season.




Buried water ice is exposed just centimeters below the Comparing the newer and older images, there is a new
surface in this image by the Phoenix lander. The two channel formed sometime between November 2010 and

pictures were taken 3 days apart. May 2013. It is caused most likely by seasonal CO2 frost







* The ice-rich north polar cap is
approximately 1,000 kilometers
across

 The dark, spiral-shaped bands are
deep troughs that are in shadow.

 The large Chasma Boreale is
about the length of the Grand
Canyon and up to 2 kilometers
(1.2 miles) deep.

The image synthesized topographic data from Mars Orbiter Laser Altimeter (MOLA) and
images from the Mars Orbiter Camera (MOC) on board the Mars Global Surveyor orbiter



This enhanced-color HIRISE image shows the north polar layered deposits at top and darker materials at
bottom exposed in a scarp at the head of Chasma Boreale, a large canyon eroded into the layered deposits.

The polar layered deposits appear red because of dust mixed within them, but are ice-rich as indicated by
previous observations.
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Recent Discoveries of Massive Amounts
of Mid-Latitude Buried Ice

Together with the polar ice the estimate is that 5
million km? of ice remain on Mars(3) which amounts
to a Global Equivalent Layer of 35m(115’)

This vertically exaggerated view shows
scalloped depressions in Mars' Utopia
Planitia region, one of the area's distinctive
textures that prompted researchers to check
for underground ice

More than 600 overhead passes with the
MROQ’s Shallow Radar (SHARAD) instrument
provided data for determining that about as
much water as the volume of Lake Superior
lies in a thick layer(1)

Another region also in the Arcadia Plantia
was found with a similar amount of water
ice(2)

These ice layers are estimated to have
originated 10-20Mya(3) and a third to a half
of the original have been preserved

These results were reported in 2015 and
2016
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A Dense Atmosphere on Ancient Mars

* The existence of liquid water on the surface of Mars requires both a
much warmer and thicker atmosphere.

* Analysis shows that the presence of CO2 would not warm the planet
sufficiently particularly when the sun was 25% less bright than now(3)

 However, the potential formation of a secondary atmosphere(1,3,4) by
outgassing dominated by the Tharsis volcanoes, could have provided
sufficient greenhouse warming to support liquid water.

* This may have included significant quantities of H,0, CO,, and SO, which
date to this period

* The end of this period at 4Bya coincides with the termination of the internal magnetic field which would
have allowed evaporation, sublimation, and then unimpeded atmospheric stripping by the solar wind. (5)

 When compared with their terrestrial counterparts, 38Ar/36Ar, °N/14N, and 13C/12C ratios of the Martian
atmosphere are consistent with ~60% loss of Ar, N,, and CO, by solar wind stripping of an upper
atmosphere enriched in the lighter isotopes (6)
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Mars Water Summary

* The issue of whether there is or has been water on Mars is one of the continuing
major questions about Mars considering that it is necessary for life

* From previous tenuous information about the likelihood of water on Mars, the last 10
years has provided a wealth of data

* To begin with Mars at present has the equivalent of 35m of water covering the entire
planet based on measurements of the polar regions as well as discoveries of large
permafrost layers in the mid latitudes

* Evidence also strongly suggests that Mars once had oceans, lakes, deltas, and streams

* The data from measuring the Deuterium/Hydrogen ratio from Mar’s past and present
makes a very clear case for at least a 6x greater water content in the ancient past
covering 19% of the planet

* Other studies of the likely shoreline of large oceans provides estimates for water
coverage of up to 36% of the surface compared to 71% of the Earth

* Inaddition there is evidence that Mars once had a dense atmosphere that supported
these water resources until the Mars magnetic field vanished about 4 Bya



Images of Mars

* Valles Marineris (named after the Mariner 9
Mars orbiter of 1971-72 which discovered
it) is a system of canyons that runs along
the Martian surface

 The Valles Marineris is the largest canyon in
the Solar System and cuts a wide swath
across the face of Mars.

 The canyon extends over 4,000 km, spans as
much as 600 km across, and delves as much
as 8 km (24000’)deep.

¥ ° By comparison, the Earth's Grand Canyon in

Arizona, USA is 800 kilometers long, 30

kilometers across, and 1.8 km deep.
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The above infrared image was taken by the Themis thermal imaging camera on the 2001 Mars Odyssey
The origin of the Valles Marineris remains unknown, although a leading hypothesis holds that it started as a
crack billions of years ago as the planet cooled and has grown since through erosion

It is 2500mi long and 4mi deep compared to the Grand Canyon which is 500mi long and 1mi deep



{ «H j 3" e lus Chasma image mosaic from 2001
Mars Odyssey orbiter, showing side
canyons created by ground water

sapping.
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This section which looks like a
flower is the north most portion










Sequences of
cyclic sedimentary
rock layers
exposed in an
unnamed crater
(located at 8N,
353E) in Arabia
Terra, Mars.










What appears to be trees
rising from the Martian
surface are actually dark
streaks of collapsed
material running down
sand dunes due to
carbon dioxide frost

evaporation.
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This HIRISE image was
captured by on Nowv.
19,2012. Scientists

# A e know the feature
; formed sometime
- between July 2010
744 ' and May 2012,
, ' ' "The crater spans
5 S o approximately 100
gy i feet (30 meters) in

diameter and is
surrounded by a large,
rayed blast zone










HIRISE image of
gullies Formed
From CO2
Defrosting or
Weight Last
Season
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The image is a panorama
mosaic of Pluto with the
equator lying in the band of
reddish material called the
Cthulhu Regio

The spacecraft’s color images
and near-infrared spectra
reveal that Pluto’s surface has
a coating of red-tinged
material

Most likely this is a mixture of
complex carbon rich organic
compounds called tholins(1)
Another aspect of the mission
was an accurate measurement
of Pluto’s size which is 2370km
up from 2302km

This makes Pluto the largest of
the Kuiper belt objects by a
small margin over Eris at
2336+12km




Even though much of Pluto never gets
warmer than 50 kelvin, evidence was
spotted of massive, recent downslope
glacial flow (arrowed) from eastern
Tombaugh Regio, at right, into Sputnik
Planitia.

Altitudes span 6 km in this color-
coded view and range from pink (low)
to yellow (high)(1)

 The rugged peaks(left) of al-lIdrisi Montes sit
against the NW shore of Sputnik Plantia

* Chunks of water ice ~2-3km across are
floating in a sea of nitrogen ice(2)

 They appear to be sliding down to the SP







Organa crater with a deposit of
ammonia ice
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Mars Express Instruments
High Resolution (2m/pixel) Stereo Camera (HRSC);
Energetic Neutral Atoms Analyser (ASPERA);
Planetary Fourier Spectrometer (PFS);
Visible and Infra Red Mineralogical Mapping Spectrometer(OMEGA)
Sub-Surface Sounding Radar Altimeter (MARSIS);
Mars Radio Science Experiment (MaRS);
Ultraviolet and Infrared Atmospheric Spectrometer (SPICAM);

The Mars Express mission
is exploring the planet
Mars, and is the first
planetary mission
attempted by the ESA.
Launched June 2, 2003
Arrival Dec 2003
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6, 7: Mariner 3 / Mariner 4 e
November 5 / November 28, 1964
Payload fairing failed to open / First flyby and

37: Mars Reconnaissance Orbiter
gy AUgUST 12, 2005
= Orbiting Mars

9, 10: Mariner 6 / Mariner 7 e

February 25 / March 27, 1969 ==
Both flew by, returned pictures

35, 36: Mars Exploration Rovers Spirit and Opportunity

June 10 / July 7, 2003

Both landed on surface, Opportunity still in operation

i
||

11, 12: Mars 1969 A / Mars 1969 B
March 27 | April 2, 1969 %
,/ Both destroyed during launch

34: Mars Express / Beagle 2 lander / /o
esa June 2, 2003 //

Orbiting Mars, Beagle lost after separation 13, 17: Mariner 8 / Mariner 9

May 8 / May 30, 1971 l
Destroyed during launch / First p

il Cuflosity s 14,15, 16: Cosmos 419 / Mars 2 / Mar:

33: Mars Odyssey _ L Al - p . May 10 / May 19 / May 28, 1971
o March 7, 2001 ‘ h B : - e N Failed in Earth orbit / Lander crashed / L

Orbiting Mars ="« T > h

18,19, 20, 21: Mars 4 / Mars 5 / Mars 6
July 21 / July 25 / August 5 / August 9,
Missed planet / Orbited planet / Lander
32: Mars Polar Lander
= January 3, 1999
Crashed on surface

.

oo

22, 23: Viking 1 / Viking 2 -
August 20 / September 9, 1975 é
Both landed on surface, returned data

ssz== 31: Mars Climate Orbiter
= December 11, 1998
Crashed due to imperial/metric unit mixup

24, 25: Phobos 1 { Phobos 2
July 7 / July 12, 1988
Lost communication en route / Lost communication

A

30: Nozomi / .
July 4, 1998 < . L

Missed planet e / | 26: Mars Observer iz

& // September 25,1992 =/—

/" Lost icati M

p— 29: Mars Pathfinder - OSst communication near Mars
=== December 4, 1996
Landed on surface, deployed Sojourner rover
28: Mars 96 &

—
- November 16, 1996

Destroyed during launch 3% Niars Global Surveyar -

November 7, 1996 =—]
Orbited and returned data
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Home Plate is a plateau of layered bedrock approximately

It lies within the Inner Basin of the Columbia Hills, at the Spirit rover’s landing site in Gusev Crater.

The bedrock yielded the mission’s first definite identification of deposits from explosive volcanic action.

Indications are that hot basalt rock and briny water interacted here to create spectacular, landscape-changing explosions.
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e Vastitas Borealis ('northern waste') is the largest lowland region of
Mars. It is in the northerly latitudes and encircles the northern
polar region.

A 2003 study based on a shoreline using the Vastitas Borealis
Formation(4) would result in 23 million km?® of water or 156m
GEL(4,6)

Water on Ancient Mars

Additional studies have also been
done looking for ancients
coastlines as well as rivers and
deltas

The image is of Eberswalde delta,
115 km? draining 4000 km?(1)
taken by the Mars Odyssey
Orbiter




SAM evolved gas experiment suggests presence
of perchlorates, carbonates, sulfates, & sulfides
(signal scaled for each gas to illustrate temperature evolution)

high temperature water
release indicates clays
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In June of 2004, working overtime after its three month-long primary mission ended,
Opportunity began carefully inching into a stadium-size impact crater called Endurance.
The six months that Opportunity spent studying rock layers in Endurance rewrote our
understanding of the history of water at Meridiani Planum.

As Opportunity carefully crept some 30 feet (10 meters) into the crater, the distinct rock
layers it studied showed subtle variations in chemistry, texture, and color that suggested
the past presence of water.

Analysis showed these and other minerals settled to the bottom of a salty body of water to
form “rock salt” deposits similar to those seen in salt flats in desert regions on Earth.




The long journey of Opportunty
13 Earth years and 7 Mars years on the red planet!

original images: NASA / JPL / Cornell f UA
Processing and captions: M. Di Lorenzo and K. Kremer
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Atmospheric Compositions

10,000
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1,000 - 18% —— ,
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Scarp Retreat Model and Exposure History of Yellowknife Bay

surface with youngest
cosmic ray exposure

erosion by
windblown sand

Future site of
Cumberland drill hole

average scarp retreat
rate ~“1 m/Myr

Yellowknife Bay




This is an image showing the cross bedding of the Stimson
sandstone

The scene combines multiple images taken on Aug. 27, 2015,
sol 1,087th

The image is of extremely high resolution 29483x8218

Sets of bedding laminations lie at angles to each other. Such
crossbedding is common in wind-deposited sandstone of the
U.S. Southwest.
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