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Presentation Notes
For more information about the Mars Exploration Rover (MER) Mission, see http://marsrovers.jpl.nasa.gov/home/ or http://athena.cornell.edu/the_mission/.Image from NASA/JPL.
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Major Goals of the Mars Exploration Rover Mission:I. Determine if life ever arose on MarsDetermine if life exists todayDetermine if life existed on Mars in the pastAssess the extent of prebiotic organic chemical evolution on MarsII.  Characterize the ClimateCharacterize Mars’ present climate and climate processesCharacterize Mars’ ancient climate and climate processesIII.  Characterize the GeologyDetermine the geological processes that have resulted in formation of the Martian crust and surfaceCharacterize the structure, dynamics, and history of Mars interiorIV. Prepare for human explorationAcquire Martian environmental data set (such as radiation)Conduct in-situ engineering/science demonstrationEstablish infrastructure for future missionsOne of the great mysteries of Mars comes from its marked similarity to Earth. Mars today is dry and cold, but whether this was always so, for how long Earth-like conditions persisted, and whether life ever developed has important implications for many fields, as well as simple curiosity. The mission therefore seeks to determine the history of climate and water at sites on Mars where conditions may once have been favorable to life.  The rovers' scientific instruments are working to read the geologic record at each site, in order to investigate what role water played there, and to determine how suitable the conditions would have been for life (from and more information available at http://athena.cornell.edu/the_mission/). Images from NASA/JPL.
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Each Mars rover comes equipped with several instruments which enable it to investigate the surface of Mars.Here are descriptions of the uses of the primary science instruments carried by the rovers (from http://marsrovers.jpl.nasa.gov/overview/):Panoramic Camera (Pancam): for determining the mineralogy, texture, and structure of the local terrain.��Miniature Thermal Emission Spectrometer (Mini-TES): for identifying promising rocks and soils for closer examination and for determining the processes that formed Martian rocks. The instrument will also look skyward to provide temperature profiles of the Martian atmosphere.��Mössbauer Spectrometer (MB): for close-up investigations of the mineralogy of iron-bearing rocks and soils.��Alpha Particle X-Ray Spectrometer (APXS): for close-up analysis of the abundances of elements that make up rocks and soils.��Magnets: for collecting magnetic dust particles. The Mössbauer Spectrometer and the Alpha Particle X-ray Spectrometer will analyze the particles collected and help determine the ratio of magnetic particles to non-magnetic particles. They will also analyze the composition of magnetic minerals in airborne dust and rocks that have been ground by the Rock Abrasion Tool.��Microscopic Imager (MI): for obtaining close-up, high-resolution images of rocks and soils.��Rock Abrasion Tool (RAT): for removing dusty and weathered rock surfaces and exposing fresh material for examination by instruments onboard. �For more information, see http://marsrovers.jpl.nasa.gov/mission/spacecraft_surface_instru.html.Image from NASA/JPL.



The Team

The Team
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The Athena Science Team consists of over 150 scientists and several hundred engineers.  Steve Squyres is the Principal Investigator.  For more information about the Athena Science Team, see http://athena.cornell.edu/the_mission/scientists.html, and to find out about the careers and interests of team members, see http://marsprogram.jpl.nasa.gov/people/.  Image by John Grotzinger.



Mars Pathfinder

Mars Pathfinder
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Mars Pathfinder, which landed on Mars on July 4th of 1997, was the precursor to the Mars Exploration Rovers.  It was a prototype which enabled NASA to test a new approach to landing (air bags) and was the first mobile rover ever to land successfully on Mars.Image from NASA/JPL.



The MER Rover
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The Mars Exploration Rovers are as big as golf carts and have performed remarkably well.  They have traveled over 10 kilometers across the surface of Mars, operated for over 1200 days, analyzed dozens of rocks and soils, and returned over 100,000 images.  For more information about the rovers, see http://marsrovers.jpl.nasa.gov/home/.Image from NASA/JPL.



Wrap it up and cram it in…

Wrap it up and cram it in……
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Package it up and cram it in -- lander in backshell -- Spirit in the fairing.  This ingenious design allows a larger rover to be sent in a smaller rocket, thus reducing cost.The backshell is one of the principle parts of the aeroshell, which forms a protective covering during the seven month voyage to Mars (from and more information available at http://marsrovers.jpl.nasa.gov/mission/spacecraft_edl_aeroshell.html).The fairing is an external structure fitted to an aircraft, vessel or other vehicle to improve streamlining and reduce drag (from http://www.allwords.com/word-fairing.html).For more information about the design of the spacecraft, see http://marsrovers.jpl.nasa.gov/mission/spacecraft.html.Images from NASA/JPL.
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Even fully tested, the rovers have 3 challenging mission phases to face on their own.  The Launch & Cruise Phase covers lift-off from Earth and the journey to Mars.  The Entry, Descent, & Landing Phase covers a critical time for getting the rovers through the atmosphere and safely to the martian surface.  The Egress & Surface Operations Phase is the time when the rover leaves its "nest" (the lander) and begins roving on the surface making discoveries.Images from NASA/JPL.
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This video was made by Dan Maas for NASA.  For more information, see http://www.maasdigital.com/gallery.html.Copyright: Cornell University/NASA/JPL.



Opportunity at Meridiani Planum
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The two Mars Explorations Rovers, Sprit and Opportunity, were sent to opposite sides of Mars.  Spirit was sent to Gusev carter where it went on to climb to the top of Husband Hill.  Opportunity was sent to Meridiani Planum where it discovered sedimentary rocks formed by aqueous processes.Image from NASA/JPL.



Hematite: Mineralogic Beacon
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The reason to land at Meridiani was the occurrence of hematite, which was mapped by an orbiter called Mars Global Surveyor.  Hematite, the chief ore of iron,  is a black or blackish-red mineral (from http://www.answers.com/hematitic%20).  On Earth, it often forms on in the presence of water.  On Mars, it is an indication that there may have been water on Mars.Image from NASA/JPL.



Meridiani Landing Site
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This map shows where Opportunity landed at Meridiani.  The white dot in the middle of a small crater (Eagle crater) is the Lander.  Also visible are the backshell and parachute, and the heatshield.  Outcroppings of rocks occur most around the rims of craters, shown as white bands.Image from NASA/JPL.
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When Opportunity landed it bounded several times, rolled, then bounced some more and eventually stopped inside a small crater (Eagle crater is 20 meters in diameter).Image from NASA/JPL.



Backshell and Parachute

Backshell and Parachute
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Its pretty lonely on the plains of Meridiani.  Once Opportunity went to work it looked up and out of the crater, spotting the backshell and parachute that allowed it to land safely on the surface.Image from NASA/JPL.



You are 
here You are here
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In addition to conducting geological surveys Opportunity was also able to engage in a variety of astronomical and meteorological observations.  Here we see a scene late in the day, just before Earth-set.Image from NASA/JPL.



A Martian Eclipse
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Eclipse of the sun by Phobos, one of Mars’ two moons.Image from NASA/JPL.
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This map of temperature variation as a function of time and elevation above the surface is a map of convection, which results from warming of the Martian surface each day after the sun rises.Convection is a mode of heat transfer in fluids (liquids and gases).  Convection depends on the fact that, in general, fluids expand when heated and thus undergo a decrease in density (since a given volume of the fluid contains less matter at a higher temperature than at the original, lower temperature).  As a result, the warmer, less dense portion of the fluid will tend to rise through the surrounding cooler fluid, in accordance with Archimedes’ principle.  If heat continues to be supplied, the cooler fluid that flows in to replace the rising warmer fluid will also become heated and also rise.  Thus, a current, called a convection current, becomes established in the fluid, with warmer, less dense fluid continually rising from the point of application of heat and cooler, denser portions of the fluid flowing outward and downward to replace the warmer fluid.  In this manner, heat eventually may be transferred to the entire fluid.  Convection currents are widely observed in both liquids and gases.  Many aspects of weather are connected with convection currents.  For example, when a portion of the atmosphere becomes heated by contact with a warm area of land, it rises into the cooler, higher altitudes, with the result that some of the moisture carried with it may be condensed to form clouds and precipitation (from http://www.answers.com/topic/convection).Graph by NASA/JPL.
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Convection of the atmosphere also leads to formation of dust devils.  These two were observed on the day that Spirit reached the summit of Husband Hill, over one and one-half years after landing at Gusev crater.Image from NASA/JPL.



Opportunity: View from Lander

Spirit: View from Lander
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Views from the two landers: from Spirit after landing at Gusev crater (Top), and from Opportunity after landing at Meridiani Planum (Bottom).  Even from the lander, rock outcroppings are clearly visible.Images from NASA/JPL.



The first rock investigated by 
Opportunity
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Stone Mountain: The first rock investigated by Opportunity.  The rock was revealed to have a sulfate-rich composition and is studded with hematitic concretions.Concretions are a rounded mass of mineral matter found in sedimentary rock (from http://www.answers.com/concretions&r=67).Image from NASA/JPL.
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Schematic representation of the Mössbauer Spectrometer .  The spectrometer actually presses tightly up against the sample during the analysis. A spectrometer is an optical instrument for measuring properties of light over some portion of the electromagnetic spectrum.  The measured variable is often the light intensity but could also be the polarization state, for instance.  The independent variable is often the wavelength of the light, usually expressed as some fraction of a meter, but it is sometimes expressed as some unit directly proportional to the photon energy, such as wavenumber or electron volts, which has a reciprocal relationship to wavelength.  A spectrometer is used in spectroscopy for producing spectral lines and measuring their wavelengths and intensities.  Spectrometer is a term that is applied to instruments that operate over a very wide range of wavelengths, from gamma rays and X-rays into the far infrared from http://www.answers.com/topic/spectrometer).The specialized Mössbauer Spectrometer specifically provides the detailed mineralogy of different kinds of iron-bearing rocks and soils.  Placed directly up against target material, the spectrometer illuminates rock surfaces with gamma particles emitted by cobalt-57.  The particles interact with the nuclei of the atoms in the targeted material, and characteristics of the radiation reflected back, or "backscattered," into the spectrometer are recorded and measured to determine the presence, amount and types of iron-bearing minerals (from and for additional information, see http://marsrovers.jpl.nasa.gov/technology/si_in_situ_instrumentation.html). The Mössbauer Spectrometer sensor head is small enough to fit in the palm of your hand.  It is one of four instruments mounted on the turret at the end of the rover arm.  Its electronics are housed inside the body of the rover (in the Warm Electronics Box, or WEB).  One Mössbauer measurement takes about 12 hours (from and for additional information, see http://marsrovers.jpl.nasa.gov/mission/spacecraft_instru_mossbr.html).Image from NASA/JPL and modified by Brian Zavala.



Mössbauer Spectrum of El 
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Mössbauer Spectrum of El Capitan: 
Meridiani Planum Jarosite: (K, Na, X+1)Fe3(SO4) (OH)6
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The Mössbauer spectrum shows presence of the water-bearing sulfate mineral jarosite.Jarosite is a hydrous (water-bearing) sulfate of potassium and iron. This mineral is formed in ore deposits by the oxidation of iron sulfides (from http://www.answers.com/jarosite). Because many of the most important minerals on Mars contain iron, the Mössbauer Spectrometer is designed to determine with high accuracy the composition and abundance of iron-bearing minerals that are difficult to detect.  Identification of iron-bearing minerals will yield information about early martian environmental conditions.  The Mössbauer Spectrometer is also capable of examining the magnetic properties of surface materials and identifying minerals formed in hot, watery environments that could preserve fossil evidence of martian life (from http://athena.cornell.edu/the_mission/ins_moss.html). Graph by NASA/JPL.



Rio Tinto, Spain

Andy Knoll
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Jarosite and hematite are being formed today on Earth at Rio Tinto, Spain.  The river waters are highly acidic, which is necessary to form jarosite.Image by and used with permission from Andy Knoll.



Spherules

Spherules
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A close-up image using Microscopic Imager to confirm that spherules (objects that are sphere shaped) were formed in sedimentary rocks and not recent Martian soils.The Mars Opportunity rover has now photographed several of these unusual spherical nodules.  Many times these spherules are embedded in larger rock outcroppings but appear grayer. Pictured in the inset is one such spherule embedded in a rock dubbed Stone Mountain, visible to the Opportunity rover now rolling inside a small crater on Meridiani Planum.  The inset picture spans only 3 centimeters across, revealing the rock to be named more for shape than actual size.  Scientists are currently debating the origin of the spherules.  One leading hypothesis holds that the beads were once-molten rock that froze in mid-air after an impact or a volcanic eruption.  Another hypothesis holds that the spherules are concretions, hard rock that slowly accumulates around a central core.  Opportunity will work to solve this mystery (from http://antwrp.gsfc.nasa.gov/apod/ap040210.html). The Microscopic Imager is a combination of a microscope and a CCD camera that will provide information on the small-scale features of Martian rocks and soils.  It will complement the findings of other science instruments by producing close-up views of surface materials (from http://marsrovers.jpl.nasa.gov/mission/spacecraft_instru_mi.html). Image by and used with permission from NASA/JPL.



The “Berry Bowl”
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The “Berry Bowl” contained an accumulation of concretions which allowed hematite to be confirmed as an important mineral in their formation.Explanation: How were these unusual Martian spherules created?  Thousands of unusual gray spherules, made of iron and rock but dubbed blueberries, were found embedded in and surrounding rocks near the landing site of the robot Opportunity rover on Mars.  To help investigate their origin, Opportunity found a surface dubbed the Berry Bowl with an indentation that was rich in the Martian orbs.  The “Berry Bowl” is pictured above, imaged during rover's 48th Sol on Mars.  The average diameter of a blueberry is only about 4 millimeters. By analyzing a circular patch in the rock surface to the left of the densest patch of spherules, Opportunity obtained data showing that the underlying rock has a much different composition than the hematite rich blueberries.  This information contributes to the growing consensus is that these small, strange, gray orbs were slowly deposited from a bath of dirty water (from http://antwrp.gsfc.nasa.gov/apod/ap040405.html). Image by and used with permission from NASA/JPL.



Mössbauer on the Berry Bowl
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Mossbauer spectrum showing the presence of hematite in the concretions.Graph by NASA/JPL.



Sediment Bedforms

Sediment Bedforms (e.g. Ripples)
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Ripples form on Earth where rapidly flowing water moves across a loose bed of sediment, often of sand size.Image by John Grotzinger.



Ancient Terrestrial 
Ripples

Ancient Terrestrial Ripples:  1.4 Billion Years Old
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Ancient ripples on Earth often provide constraints on the environment of deposition of ancient sediments.Image by John Grotzinger.



Ripple Cross-Bedding in 3-D

Ripple Cross-Bedding in 3D
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Close up of ripple cross-bedding in 3D, Belt Supergroup, (1.4 billion years ago), Montana.  Cross-beds forms as ripple bedforms migrate downcurrent.More information about cross-bedding formation:Layering within a bed is inclined to the main bedding plane to form the cross beds.  Steeply dipping parts of the layers are called foresets.  It is a common type of sedimentary structure, often present in sandstones and other detrital sediments but also found in limestones and dolomites. Cross bedding mostly forms in response to the migration of sand dunes, sand-waves and ripples in the direction of current flow, downstream or downwind under conditions of erosion and deposition.  When layers within the bed are thinner than 1 cm cross-bedding is then named cross-lamination.  Where cross-bedding and cross-lamination occur together examples are named cross-stratification.  Cross-beds formed by the migration of bedforms such as ripples, dunes or sand waves as sediment is deposited on the down-current side. Migration of the bedforms results from the erosion of sediment on the stoss side of the bedform and deposition on the leeward side of the bedform. The strength of the current driving the migration controls the size and shape of the cross-bedding (from http://www.brookes.ac.uk/geology/sedstruc/crossbed/sedstructures.html). �Image by John Grotzinger.
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Sedimentary bedforms, including ripples, develop as a function of variations in grains size and flow velocity.Diagram from Southard and Bouchwal, 1990, and used with permission from Southard.



Current Ripples in Water

Current Ripples in Water

Flume experiments by Dave Rubin and Jon Nelson, USGS

6 hours of ripple migration

Image is 60x40 cm
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Video showing formation of ripples in the presence of a moving current under experimental conditions.  Current is moving form top to bottom.  Ripples move much slowly than the current which forms them.Video by Dave Rubin and Jon Nelson, USGS, and used with permission from Dave Rubin.



Current Ripples in Cross Section

Simulation by Dave Rubin, USGS
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Simple model showing how cross-bedding forms as ripples migrate downcurrent.  Note trough-shaped or “festoon” geometry in cross-section transverse to ripple migration direction.Festoon: synonym of trough, the basic unit of concave cross-bedding; festoon cross-bedding = trough cross-bedding (from http://www.earthscape.org/r3/riccilucchi/ricci21.html). Simulation by and used with permission from Dave Rubin, USGS.



Festoon Cross-Bedding on Earth

Festoon Cross-Bedding on Earth
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Festoon cross-bedding on Earth.Image by John Grotzinger.



Festoon Cross-Bedding on 
Mars

Festoon Cross-Bedding on Mars
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Festoon cross-bedding on Mars, in a rock called “Last Chance”.  Inset shows close up with interpretative overlay.Interpretations of cross-lamination patterns presented as clues to this martian rock's origin under flowing water are marked on images taken by the panoramic camera and microscopic imager on NASA's Opportunity.  The red arrows point to features suggesting cross-lamination within a rock called "Last Chance" in a panoramic camera image taken at a distance of 4.5 meters (15 feet) during Opportunity's 17th sol (February 10, 2004).  The inferred sets of fine layers at angles to each other (cross-laminae) are up to 1.4 centimeters (half an inch) thick.  For scale, the distance between two vertical cracks in the rock is about 7 centimeters (2.8 inches).  The feature indicated by the middle red arrow suggests a pattern called trough cross-lamination, likely produced when flowing water shaped sinuous ripples in underwater sediment and pushed the ripples to migrate in one direction.  The direction of the ancient flow would have been either toward or away from the line of sight from this perspective.   The lower and upper red arrows point to cross-lamina sets that are consistent with underwater ripples in the sediment having moved in water that was flowing left to right from this perspective.  The yellow arrows indicate places in the panoramic camera view that correlate with places in the microscope's view of the same rock.  The microscopic view is a mosaic of some of the 152 microscopic imager frames of Last Chance that Opportunity took on sols 39 and 40 (March 3 and 4, 2004).  This view shows cross-lamination expressed by lines that trend downward from left to right, traced with black lines in the interpretive overlay.  These cross-lamination lines are consistent with dipping planes that would have formed surfaces on the down-current side of migrating ripples.  Interpretive blue lines indicate boundaries between possible sets of cross-laminae (from http://www.markcarey.com/mars/crossbedding-evidence-for-underwater-origin-a.html).Image from NASA/JPL.



Burns 
formation2.0 m

Burns formation
(Endurance crater)

Presenter
Presentation Notes
Stratigraphy of Burns formation exposed in the walls of Endurance crater.Stratigraphy is the study of strata, or layers. Specifically, stratigraphy refers to the application of the Law of Superposition to soil and geological strata containing archaeological materials in order to determine the relative ages of layers. In addition, stratigraphy can tell us much about the processes affecting the deposition of soils, and the condition of sites and artifacts (from http://id-archserve.ucsb.edu/Anth3/Courseware/Chronology/04_Stratigraphy.html). Sedimentary rocks are formed particle by particle and bed by bed, and the layers are piled one on top of the other. Thus, in any sequence of layered rocks, a given bed must be older than any bed on top of it. This Law of Superposition is fundamental to the interpretation of Earth history, because at any one location it indicates the relative ages of rock layers and the fossils in them (from http://pubs.usgs.gov/gip/fossils/rocks-layers.html). Image from NASA/JPL.



Burns Stratigraphy
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Stratigraphic column of Burns formation showing subdivision into three units with interpretation of depositional environments and early diagenetic processes. Diagenesis is any chemical, physical, or biological change undergone by a sediment after its initial deposition and during and after its lithification, exclusive of surface alteration (weathering).  These changes happen at relatively low temperatures and pressures and result in changes to the rock's original mineralogy and texture.  Diagenesis is the lowest grade of metamorphism.  After deposition, sediments are compacted as they are buried beneath successive layers of sediment and cemented by minerals that precipitate from solution.  Grains of sediment, rock fragments and fossils can be replaced by other minerals during diagenesis.  Porosity usually decreases during diagenesis, except in rare cases such as dissolution of minerals and dolomitization.  The study of diagenesis in rocks is used to understand the tectonic history they have undergone, the nature and type of fluids that have circulated through them (from http://www.answers.com/topic/diagenesis).Lithification (from the Greek word lithos meaning 'rock' and the Latin-derived suffix -ific) is the process whereby sediments compact under pressure, expel connate fluids, and gradually become solid rock. Essentially, lithification is a process of porosity destruction through compaction and cementation.  Lithification includes all the processes which convert unconsolidated sediments into sedimentary rocks.  Petrification, though often used as a synonym, is more specifically used to describe the replacement of organic material by minerals in the formation of fossils (from http://www.answers.com/main/ntquery?method=4&dsid=2222&dekey=Lithification&gwp=8&curtab=2222_1&linktext=lithification). 



Modern Sand 
Dunes on Mars

Modern Sand Dunes on Mars

~ 50 cm
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Modern eolian bedforms on Mars.  Eolian processes pertain to the activity of the winds.  Winds may erode, transport, and deposit materials, and are effective agents in regions with sparse vegetation and a large supply of unconsolidated sediments.  Although water is much more powerful than wind, eolian processes are important in arid environments (from http://pubs.usgs.gov/gip/deserts/eolian/). Atmospheric and aqueous currents create bedforms.  When wind or water carries loose grains across a horizontal bed of unconsolidated sediment, regular geometric patterns develop on the surface of the bed.  These structures vary in size from very small ripples, to medium-sized waves and megaripples, to large and very large dunes.  The velocity, direction, constancy, and homogeneity of the current, or flow field, determines the size and shape of the resulting bedform field.  For example, a one-directional flow field like a river current tends to create asymmetrical bedforms, whereas bidirectional currents like tides or waves deposit symmetrical ripples and dunes.  Bedforms migrate over time. Sometimes the flow field is strong enough, or the bedforms are small enough, that migration occurs by erasure of the entire bedform field, and formation of a new pattern of ripples or dunes.  Ripples typically migrate by this type of wholesale reshaping.  Ripples preserved in sedimentary rocks suggest that the ripples froze in their final configuration, either because the flow field waned to a point where it could no longer transport sediment, or perhaps that rapid deposition of an overlying bed buried them.  Larger bedforms, including aqueous and wind-formed, or Eolian, dunes, migrate by a process in which the water or wind picks up grains from the upstream face of the bedform and deposits them on deposits them on the downstream face.  This process creates a composite bedform with inclined internal beds. When dunes are lithified, this internal stratification is preserved as cross bedding (from http://www.bookrags.com/sciences/earthscience/bedforms-ripples-and-dunes-woes-01.html).Image from NASA/JPL.
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Important stratigraphic surface indicating the deflational erosion of large-scale cross beds. Deflational erosion is erosion of loose material from flat areas of dry, uncemented sediments such as those occurring in deserts, dry lake beds, floodplains, and glacial outwash plains.  Clay and silt-sized particles are picked up by turbulent eddies in wind and may be carried for hundreds of kilometres (from  http://www.britannica.com/eb/article-9029744).Interdune area:  low-lying areas between higher sand landforms and which (on Earth) are generally under water during part of the year (from http://darkwing.uoregon.edu/~pppm/landuse/GOALS/Definitions.html).  (See also Deflation Plain.) Deflation plane:  the broad interdune area which is wind-scoured to the level of the summer water table (from http://darkwing.uoregon.edu/~pppm/landuse/GOALS/Definitions.html).Image from NASA/JPL.
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Interdune Deflation Surface
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Modern Interdune surface, White Sands, New Mexico.The interdunes at White Sands, like the dunes themselves, exist in great variety, with a wide range of sedimentary deposits at or just below the surface that have been laid down in this environment.  The saturated ground water table is often within a few feet of the surface of the interdunes.  This aspect of the environment of interdunes, along with environments created by the forms of the dunes themselves, creates a wide variety of sub-environments of deposition - thus resulting in a rather wide range of sedimentary features in these deposits.  Much of the flora and fauna of the White Sands live in or on the interdune areas because they have moisture and vegetation, and can be sheltered from the wind to a greater extent than the open sands of the dunes.  One way to begin to appreciate the role of interdunes at White Sands is to view their relative stratigraphic position with respect to the other eolian facies groups and the potential influence of water on sedimentary processes along with the inevitable wind activity.  Because interdune sediments occupy a sensitive position in the stratigraphic column, and they have high preservation potential, they are of great interest to geologists studying ancient rocks for what they may reveal about depositional conditions at the time (from http://www.nps.gov/whsa/Geology%20of%20White%20Sands/Chap05/Chap05%20Main.html).Image by John Grotzinger.



Modern Mars Analog

Modern Mars Analog:
Um Asamin
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Presentation Notes
Regional scale analog for Meridiani eolian-playa setting.  Regional groundwater flow results in episodic filling of the Um Asamin playa (Sultanate of Oman) with water which then evaporates to precipitate salts.Image from NASA/JPL.



Formation of 
evaporite salts
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Formation of evaporite salts in interdune depressions, Um Asamin, Oman.Evaporites are a class of sedimentary minerals and sedimentary rocks that form by precipitation from evaporating aqueous fluid (from http://www.glossary.oilfield.slb.com/Display.cfm?Term=evaporite). Image from NASA/JPL.



Modern 
Interdune 

Depression

Modern Interdune Depression
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Cross-section through interdune deflation surface, Sossusvlei, Namibia.Image by John Grotzinger.



Endurance Chemostratigraphy

~ 50 cm
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Transect of holes drilled across important stratigraphic surface at Karatepe Ingress, Endurance crater, Mars.Image from NASA/JPL.
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Variations in important evaporite forming elements at Karatepe Ingress, Meridiani, Mars.Graph by NASA/JPL.



Changes Down Section: Texture

Ontario Diamond Jenness
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Changes in textures across diagenetic contact at Karatepe Ingress.Image from NASA/JPL.



• Meridiani environment appears to have been acidic, 
hypersaline, and only intermittently wet.

• Life exists at such extremes on Earth.
• But Meridiani data suggest potential challenges to 

origin as well as persistence of life.

Rio Tinto
Extremophiles

Andy Knoll
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Life might have been present at Meridiani, but if so it would have had to tolerate extreme conditions involving hypersalinity, hyperacidity, and episodic dryness.  On Earth, microorganisms exist under such conditions.  However, the origination of life under such conditions may pose a major problem to origin-of-life scenarios.Image by and used with permission from Andy Knoll.



• Evidence of any life that might have existed might well be 
preserved in chemical sediments and concretions. 

• Chemical and textural details of Meridiani salts and iron 
oxides likely to reveal much about environmental history.

The Good News

• All this favors Meridiani 
Planum as a target for 
sample return.

Andy Knoll
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The chemically precipitated sediments at Meridiani Planum are favorable sites for preservation of microfossils and /or organic compounds that might be preserved if life did originate there.Image by and used with permission from Andy Knoll.



Summary

• Rovers have:
– Operated for over 1200 days
– Returned over 100,000 images
– Analyzed dozens of rocks and soils
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Rovers have:Operated for over 1200 daysReturned over 100,000 imagesAnalyzed dozens of rocks and soils



Summary

• Evidence for water:
– Mössbauer detection of jarosite
– Crystal molds, concretions, diagenesis
– Festoon ripple cross-bedding
– Stratigraphic succession of environments
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Evidence for water:Mössbauer detection of jarositeCrystal molds, concretions, diagenesisFestoon ripple cross-beddingStratigraphic succession of environments



Summary

• Prospects for Life:
– Preservation potential is good
– But did life originate under such extreme 

conditions?
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Prospects for Life:Preservation potential is goodBut did life originate under such extreme conditions?



Dr. John Grotzinger
Fletcher Jones Professor of Geology
California Institute of Technology

John Grotzinger is a field geologist interested in the co-evolution of surficial 
environments and life on Earth and Mars. His research addresses the chemical 
development of the early oceans and atmosphere, and the environmental context 
of early evolution. Field mapping studies are the starting point for more topical 
laboratory-based studies involving geochemical, paleontological, and 
geochronological techniques. 

Currently, his research is focused on the reconstruction of environmental 
conditions associated with the Cambrian radiation of animals in Oman, Namibia 
and Siberia. In 2004, he served as a member of both the Geology and Long Term 
Planning Groups for the Mars Exploration Rover mission. 
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