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Abstract

:

To assess Mars’ potential for both harboring life and providing useable resources for future human exploration, it is of paramount importance to comprehend the water situation on the planet. Therefore, studies have been conducted to determine any evidence of past or present water existence on Mars. While the presence of abundant water on Mars very early in its history is widely accepted, on its modern form, only a fraction of this water can be found, as either ice or locked into the structure of Mars’ plentiful water-rich materials. Water on the planet is evaluated through various evidence such as rocks and minerals, Martian achondrites, low volume transient briny outflows (e.g., dune flows, reactivated gullies, slope streaks, etc.), diurnal shallow soil moisture (e.g., measurements by Curiosity and Phoenix Lander), geomorphic representation (possibly from lakes and river valleys), and groundwater, along with further evidence obtained by probe and rover discoveries. One of the most significant lines of evidence is for an ancient streambed in Gale Crater, implying ancient amounts of “vigorous” water on Mars. Long ago, hospitable conditions for microbial life existed on the surface of Mars, as it was likely periodically wet. However, its current dry surface makes it almost impossible as an appropriate environment for living organisms; therefore, scientists have recognized the planet’s subsurface environments as the best potential locations for exploring life on Mars. As a result, modern research has aimed towards discovering underground water, leading to the discovery of a large amount of underground ice in 2016 by NASA, and a subglacial lake in 2018 by Italian scientists. Nevertheless, the presence of life in Mars’ history is still an open question. In this unifying context, the current review summarizes results from a wide variety of studies and reports related to the history of water on Mars, as well as any related discussions on the possibility of living organism existence on the planet.
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1. Introduction


While a substantial portion of the existing water on Mars today is as ice, tiny water amounts are present as vapor in the atmosphere or as low-volume liquid brine that can be found in shallow soil areas. Bright material inferred to be ice can also be seen visually in exposures within new impact craters at high latitudes imaged by HiRISE (high-resolution imaging science experiment). On the surface of Mars, water can only be seen at the northern polar ice caps. Other places on Mars that contain significant amounts of water are at the south pole, where there is a permanent carbon dioxide ice cap, as well as in the shallow subsurface, where more moderate conditions exist. Detection of water on Mars’ surface, or close to it, shows the existence of more than 21 million km3 of ice, which would be able to cover the planet with water 35 m (115 ft.) deep. Much more ice is probably frozen into the profound subsurface [1,2,3,4,5,6,7,8,9,10].



Although some liquid water can be found now on the Martian surface, as a challenging environment for known life, it is confined to thin layers or dissolved atmospheric moisture. Since the average atmospheric pressure on the planet’s surface is approximately 600 pascals (0.087 psi), lower than the melting point of water’s vapor pressure, no significant amount of liquid water exists on the surface; typically, if pure water on the Martian surface were heated to more than its melting point, it would become vapor; otherwise, it would freeze. In addition, brines have a significant impact on lowering water activity/vapor pressure over solution, and hence reducing the evaporation rate and prolonging the lifetime of liquid water/brine exposed to the Martian atmosphere. Mars probably had higher surface temperatures, as well as a denser atmosphere, 3.8 billion years ago, which resulted in large amounts of surface water that may have contained a vast ocean, possibly covering one-third of the planet. It seems that there was water flowing across the surface for short amounts of time at different periods in Mars’ history. According to NASA’s report on December 9, 2013, obtained from the Curiosity rover, which is studying Aeolis Palus, an aged freshwater lake used to exist in Gale Crater, where there may have been an environment for microbial life. Much evidence shows the notable role of water ice in Mars’ geologic history, due to a considerable amount of it on the planet [11,12,13,14,15,16,17,18,19,20,21].



Additionally, Martian achondrites provide clear evidence for the water presence over time. These rocks can be considered the key to get clues about the primary geologic processes at work in Mars, identify its ancient hydrothermal environments, search for traces of life forms, and study the interaction of water in sample returned rocks. In addition, as they can be accurately dated, they can provide a message in a bottle: unique information of the key regions in which future missions should focus to extract the maximum scientific information on the key questions to be answered in future robotic and manned sample-return missions to the red planet [22,23].



ALH 84001 is the oldest (4.1 Gyr old) known Martian meteorite and so is a unique source of information on the environmental conditions of early Mars. One of the most interesting features of ALH 84001 is the presence of Mg-Fe-Ca carbonates along fractures and in cataclastic areas. The study of Martian carbonates is important as these minerals precipitate from aqueous fluids and thus can be used to explore the history of water at the planet’s surface and crust. Carbonate outcrops have been found on the Martian surface by orbiters, landers, and rovers. Carbonate deposits that may represent sites of paleolakes support the idea that Mars had a warmer and wetter past [24,25,26,27,28,29].



Moreover, large outflow channels that curved from flooding, networks of river valleys, deltas, and lakebeds, as well as traces of minerals and rocks on the surface that could solely have been formed by water in its liquid form, are some geologic evidence of past water on Mars. The existence of permafrost, as well as past and present ice flow in glaciers can be determined, given several geomorphic characteristics. Since there are slopes and gullies near crater walls and cliffs, it seems that water flow is still shaping Mars’ surface, though much less than it did a long time ago [30,31,32,33,34,35,36,37,38,39,40,41,42,43,44].



Regardless of appropriate conditions for microbial life due to the periodically wet surface of Mars billions of years ago, today Mars’ surface is probably not hospitable, because of its mostly dry and subfreezing surface. Additionally, both cosmic and solar radiation can now reach the surface of Mars since there is a lack of thick atmosphere, magnetic field, or the ozone layer. Another limiting factor for life survival on the surface of Mars is ionizing radiation, which damages cellular structure. Subsurface environments are, thus, perhaps the best possible locations to look for life on Mars. NASA found a substantial amount of underground ice on Mars on November 22, 2016; the water detected has the volume equal to that of Lake Superior, located between the US and Canada. The first identified stable water body on Mars was detected by Italian scientists in July 2018, which is located 1.5 km (0.93 mi) underneath the south polar ice cap, and lengthens sidelong for about 20 km (12 mi) [45,46,47,48,49,50,51,52,53,54].



To evaluate the feasibility of life surviving, as well as securing the resources required for human exploration in the future, it is essential to understand the abundance and distribution of water on Mars. Therefore, for the first 10 years of the 21st century, the science theme of NASA’s Mars Exploration Program (MEP) was “Follow the Water.” A variety of efforts have been undertaken to answer fundamental questions about the amount and situation of water on Mars through discoveries made by various expeditions including the 2001 Mars Odyssey, Mars Exploration Rovers (MERs), Mars Reconnaissance Orbiter (MRO), and Mars Phoenix Lander. Additionally, the European Space Agency’s Mars Express orbiter was able to provide crucial data in this area [55]. Data is still being sent back from Mars by the Mars Odyssey, Mars Express, MRO, and Mars Science Lander Curiosity rover to continue such discoveries.




2. Evidence from Rocks and Minerals


Regardless of the existence of abundant water rather early in Mars’ history, which is widely accepted, none of those vast areas of liquid water remain. Modern Mars has a fraction of this water as either ice, or clogged in the structures of plentiful water-rich materials, comprised of sulfates and clay minerals (phyllosilicates). The principal sources of water on Mars, which is equivalent to 6% to 27% of the Earth’s present ocean, are asteroids and comets from more than 2.5 astronomical units (AU), based on investigations of hydrogen isotopic ratios. The spectro-imaging instrument (OMEGA) on Mars Express provided the first detection of hydrated minerals on Mars. The data indicated that large amounts of liquid water had once survived for long periods on the planet’s surface. The OMEGA has mapped almost the entire surface of the planet (Figure 1), typically at a resolution between one and five kilometers, with some areas at sub-kilometer resolution. The instrument has recorded the presence of two different classes of hydrated minerals—so-called because they contain water in their crystalline structure and provide a clear mineralogical record of water-related processes [56,57,58,59,60].



Phyllosilicates are derived from alteration products of igneous minerals (found in magma) due to long-term contact with water. One example of a phyllosilicate is clay. Phyllosilicates have been detected by OMEGA mainly in the Arabia Terra, Terra Meridiani, Syrtis Major, Nili Fossae, and Mawrth Vallis regions, in the form of dark deposits or eroded outcrops. Hydrated sulfates are formed through interaction with acidic water. OMEGA has detected these in layered deposits in Valles Marineris, in extended surface exposures in Terra Meridiani, and within dark dunes in the northern polar cap. The findings have had major implications for interpretation of the climatic history of the planet and whether it may have once been habitable. They point particularly to two major climatic episodes: an early, moist environment in which phyllosilicates formed, followed by a more acidic environment in which the sulfates formed [58,59].



2.1. Water in Weathering Products (Aqueous Minerals)


The surface of Mars is made up mostly of basalt, a fine-grained magmatic rock containing primarily pyroxene, plagioclase feldspar, and mafic silicate minerals olivine. Chemical weathering occurs for these minerals when exposed to water and atmospheric gases, causing them to change into secondary minerals; during the process, some of them may combine water into their crystalline structures, as hydroxyl (OH). Some examples of hydrated or hydroxylated minerals that have been identified on Mars are gypsum, kieserite, phyllosilicates (e.g., kaolinite and montmorillonite), opaline silica, and iron hydroxide goethite [61,62].



Chemical weathering directly affects water and other reactive chemical species by consuming, and accordingly separating them from the hydrosphere or the atmosphere, and eventually putting them in minerals and rocks. The exact amount of water that has been collected through hydrated minerals in the Martian crust is not known, but it is predicted to be quite large. For instance, deposited sulfate in Meridiani Planum could have up to 22% water by weight, based on the rock outcroppings’ mineralogical models that were measured by apparatus on the Opportunity rover [63,64,65].



Water is involved to some degree in all chemical weathering reactions on Earth. While secondary minerals require water to form, they often do not include water. Some sulfates such as anhydrite, several carbonates, and metallic oxides are examples of anhydrous secondary minerals. To form a small number of these weathering products on Mars, there might be no need for water, or if there is any, it can be in small amounts, as ice or in slight molecular-scale films. It is still uncertain to what extent such strange weathering processes work on Mars. But instead, aqueous minerals, which are minerals that include water or form in the presence of water, can indicate the type of environment in which the minerals were formed. Aqueous reactions occur depending on certain variables including temperature and pressure, as well as concentrations of gaseous and soluble species. Oxidation-reduction potential (Eh) and pH are two significant properties in this regard. For instance, low pH (highly acidic) water is the only condition under which the sulfate mineral jarosite might form. A proper condition to form phyllosilicates is usually water with neutral to high pH (alkaline). The minerals that are most likely to thermodynamically form from aqueous ingredients are demonstrated by Eh and pH together. As a result, the sorts of minerals present in the rocks can indicate Mars’ historical environmental conditions, including those suitable for life [66,67,68,69].




2.2. Hydrothermal Alteration


Hydrothermal fluids moving through fissures and pores in the subsurface can also cause the formation of aqueous minerals. Residual heat from considerable impacts or magma bodies might be the heat sources for a hydrothermal system. Migrating seawater through ultramafic and basaltic rocks may cause serpentinization, which is known as one primary type of hydrothermal alteration that can occur in the oceanic crust of the Earth. As the mineral magnetite, ferric iron can be produced by the oxidation of ferrous iron in pyroxene and olivine, owing to water-rock reactions and, as a byproduct, generating molecular hydrogen (H2). This process can create a low Eh environment that is highly alkaline, which allows for the formation of various carbonate and serpentine minerals, which together can form a rock called serpentinite. Trace amounts of methane exist in Mars’ atmosphere, produced by the reaction of CO2 with hydrogen gas, and are a significant energy source for chemosynthetic organisms. A large amount of water can be stored as hydroxyl in the crystal structure of serpentine minerals. Up to a 500 m (1600 ft)-thick global equivalent layer (GEL) of water could be stored in the crust of Mars by hypothetical serpentinites. Evidence from remote sensing data indicates that not many serpentine minerals exist on Mars. However, there is a probability of the existence of large amounts of serpentinite hidden deep in the Martian crust [70,71,72,73,74].




2.3. Weathering Rates


Primary minerals can be converted into secondary aqueous minerals at different rates. For example, primary silicate minerals crystallize from magma, under temperatures and pressures that are much higher than the conditions seen on the surface of a rocky planet. These minerals are in a nonequilibrium situation while exposed to a surface environment, and are prone to interact with other chemical ingredients that are available in order to make steadier mineral phases. The silicate minerals that weather the fastest are the ones that crystallize at the highest temperatures. Olivine, which in the presence of water weathers to clay minerals, is the most common mineral meeting this criterion on the Earth and Mars. Since olivine is extensive on Mars, it is likely that water has not significantly altered the planet’s surface, but some geological evidence suggests otherwise [75,76,77,78].




2.4. Martian Meteorites


To date, more than 60 meteorites from Mars have been detected. Evidence confirms that some of them were exposed to water while they were on Mars. The existence of sulfates and hydrated carbonates indicate that some Martian meteorites, known as basaltic shergottites, were exposed to liquid water before being ejected into space. Studies indicate that approximately 620 million years ago, the nakhlites, classified as meteorites, were saturated by liquid water; they also demonstrate that an asteroid impact of nearly 10.75 million years ago led to these meteorites being ejected from Mars. In the last 10,000 years, some of them have fallen to Earth. Among all identified Martian meteorites, NWA 7034 has more water than the others by one order of magnitude. It was formed at the beginning of the Amazonian epoch and is similar to the basalts investigated by rover missions [79,80,81,82,83,84].



The plausible existence of microfossils in a meteorite from Mars called Allan Hills 84001, was reported by a group of investigators in 1996. The fossil’s validity was discussed in several studies. The meteorite contained organic matter which was mostly of terrestrial origin. However, the scientific agreement is that morphology cannot be used by itself to unambiguously detect primitive life. Using morphology alone has resulted in many interpretation errors, since the interpretation of morphology is notoriously subjective [85,86,87,88,89].



Moyano-Cambero et al. discovered that the carbonate globules formed by the precipitation of Mg- and Fe-rich carbonates from an aqueous solution have interesting information about the past climatic environment. They found distinctive layers indicating that the globules growth probably occurred in several flooding stages. As they exhibit differentiated elemental chemistry, it could reflect distinctive chemical solutes, being probable evidence of volcanic or environmental differences [22].





3. Geomorphic Evidence


3.1. Lakes and River Valleys


A revolution in ideas, concerning water on Mars, was caused by the 1971 Mariner 9 spacecraft, which discovered immense valleys in many areas (Figure 2). Breaking through dams, eroding grooves into bedrock, and carving deep valleys are some physical change examples caused by water floods that were displayed in its images. Given the areas of branched streams that were seen in the southern hemisphere of the planet, falling rain in the past is probable. The number of identified valleys has increased through time. Maps of 40,000 river valleys on Mars were shown by research published in June 2010, which is approximately four times more than the number of river valleys recognized earlier. There are two main classes of Martian water-worn features: (1) those that are widely visible are Noachian-age networks, which are on a terrestrial scale and branched; and (2) those that are very long, large, isolated, and single-thread, which are Hesperian-age outflow channels. Recently, some younger and smaller channels have been seen in mid-latitudes, and these are thought to be Hesperian and Amazonian-age. These channels may be due to local iced deposits occasionally melting [90,91,92,93].



Inverted relief, probably occurring due to cementation, leads to increased resistance of deposits on stream beds from erosion and can be found in some parts of Mars; thus, when the covering layer is ultimately removed by erosion, the former streams become visible. Figure 3 shows this phenomenon. Several examples of this were discovered by the Mars Global Surveyor. Numerous inverted streams have been found in varying regions of Mars, including in the Medusae Fossae Formation, Miyamoto Crater, Saheki Crater, and the Juventae Plateau [94,95,96,97,98,99,100].



Various lake basins have also been discovered on Mars. Some of them can be compared with Earth’s largest lakes, such as the Black Sea, the Caspian Sea, and Lake Baikal in terms of size. In the southern highlands, there are lakes fed by valley networks, as well as some river valleys leading into closed depressions. The existence of lakes in these areas in the past is probable. Some of the lakes may have been formed by precipitation, and others from groundwater. For instance, the Mars Exploration Rover Spirit has explored such an area in Terra Sirenum, whose overflow moved through the Ma’adim Vallis into the Gusev Crater. Lakes may have also been found in the Argyre basin, Hellas basin, Valles Marineris, Parana Valles, and Loire Vallis. Many craters are assumed to have hosted lakes at times in the Noachian-age. These lakes are cold and dry, similar to the environment during the last maximum glacial period of the US Great Basin [101,102,103,104,105].



It was suggested by research from 2010 that there were lakes on Mars along parts of its equator. While a long, warm, and wet primary history has since dried up on Mars, as shown by earlier investigations, it seems that these lakes were on Mars’ surface during the much later period of the Hesperian-age. The study of detailed images from NASA’s Mars Reconnaissance Orbiter shows that meteorite impacts and volcanic activity, as well as shifts in Mars’ orbit, probably increased during this period. Late Heavy Bombardment took place about 3.8 Gyrs ago. About one hundred craters larger than 150 km found in the ancient southern highlands are early to mid-Noachian in age. This led to the melting of much of the ice present in the ground, likely due to adequate warmth in Mars’ atmosphere. The atmosphere’s thickness would have increased because of more gases released from volcanoes. This resulted in enough warmth for water to have existed in a liquid phase, due to the trapping of more sunlight. Channels that connected lake basins near the Ares Vallis were discovered in this study. The water of the lake overflowed its banks when it filled up and carved channels to a lower area, forming another lake downstream of the channel. To seek proof (biosignatures) of past life, these dry lakes would be targets [106,107].



In the Gale Crater, evidence was obtained from an old streambed by the Curiosity rover and reported by NASA scientists on September 27, 2012. It suggests that water on Mars was flowing vigorously at one point in the past. It appears that water was running hip-deep at 3.3 km/h (0.92 m/s), given the analysis of the currently dry streambed. The presence of gravel fragments and rounded pebbles are evidence of flowing water, since forcefully flowing liquid could have weathered them. It seems, from their orientation and shape, that they came from a long-distance; there is a channel named Peace Vallis that is above the rim of the crater, and feeds into the alluvial fan [108,109,110,111,112].



A hypothesized ancient lake is Eridania Lake, having a surface area of approximately 1.1 million square kilometers. Its volume is about 562,000 km3, and its depth, in the deepest part, reaches up to 2400 m (Figure 4). It had more water compared with all other Martian lakes collectively and was larger than the Caspian Sea, which is the largest landlocked sea on Earth. In fact, the amount of water once held by Eridania Lake would have been nine times greater than all of the Great Lakes, located in North America. The lake was assumed to be surrounded by valley networks, which were at the same elevation as the upper surface of the lake; they emptied into a lake since they all end at the same elevation [113,114,115,116,117].



Deposits with thicknesses greater than 400 m, found by research with the compact reconnaissance imaging spectrometer for Mars (CRISM), contained Fe- and Mg-serpentine, Fe-rich mica (for instance, glauconite-nontronite), Mg-Fe-Ca-carbonate, Fe-sulfide, saponite, and talc-saponite (Figure 5). Those organic materials are produced by a procedure known as the hydrothermal process. Hydrothermal vents are like geysers on the ocean floor. Along mid-ocean ridges where tectonic plates spread apart, molten inside materials (magma) rise and cool to form a new crust and volcanic mountain chains. Seawater circulates deep in the ocean’s crust and becomes super-heated by hot magma. As pressure increases and the seawater warms, it begins to dissolve minerals and rise toward the surface of the crust. The hot, mineral-rich water then exits the oceanic crust and mixes with the cold seawater above. As the vent minerals become cold and solidify into mineral deposits, they form different types of hydrothermal vent structures. Hydrothermal vents support unique ecosystems and their communities of organisms in the deep ocean. They help to regulate ocean chemistry and circulation. Life on Earth perhaps began from such a hydrothermal process [118].




3.2. Lake Deltas


Several deltas formed in Martian lakes have been reported by researchers (Figure 6). The existence of a significant amount of liquid water can be inferred by finding deltas. In order to form deltas, it is necessary to have deep water over a long period of time. The stability of the water level also is needed to keep sediment from washing away. It seems that there may be deltas around the edges of what is considered the one-time northern ocean of Mars, and they have been discovered over a broad geographical range [113,114,115,116,117].




3.3. Groundwater


Before 1979, it was thought that single, catastrophic ruptures of water reservoirs, which were under the surface and possibly sealed by ice, formed outflow channels by which large amounts of water were discharged across an arid Martian surface. Additionally, the evidence of very large ripples in the Athabasca Vallis show heavy flooding in the area. There is also evidence from many outflow channels that begin at Chaos or Chasma features that suggests a rupture may have breached through ice seals below the surface [119,120,121].



A formation caused by an abrupt, calamitous discharge of groundwater is not in line with the evidence of water networks that appear to branch out on Mars. It is mainly since their dendritic shapes do not come from a single point of outflow, and the amount of water that possibly flowed in the branches. Another idea given by authors related to how these formations came about is that groundwater slowly seeped from springs under the surface of the planet. One reason for this idea is that the upstream ends of numerous valleys in these types of networks start with box canyon heads, which are usually associated with groundwater seepage on Earth. However, there is also some evidence of valleys that are on finer scales at the tips of the channels, indicating the flow emerged abruptly from the subsurface with substantial discharge, instead of collecting slowly across the surface. Others have disputed the link between valleys’ amphitheater heads and formation by groundwater for different cases on earth; however, it has been argued that the lack of fine-scale heads to valley networks is caused by their elimination by weathering or impact gardening [122,123,124].



It is now accepted, by most authors, that groundwater seepage processes at least somewhat affect and shape most valley networks. Additionally, groundwater may have had an important impact on controlling large-scale sedimentation patterns and processes on Mars. Based on this hypothesis, when groundwater that contained dissolved minerals reached to the surface, it helped to cement sediments and form layers by adding minerals, especially sulfate. In fact, groundwater may form some layers by cementing loose aeolian sediments and raising depositing minerals (Figure 7). As a result, less erosion occurs for stiffened layers. The existence of similar sediments in a wide area, including Arabia Terra, was shown by a 2010 study, using data obtained from the Mars Reconnaissance Orbiter. In a region, the areas where groundwater upwelling is most likely are arguably some of those that are rich in sedimentary rocks. Geological evidence of the connection of an old, planet-wide groundwater system to a possibly existing large ocean has been recently (February 2019) argued by European scientists’ publications [125,126,127,128,129,130,131,132,133,134,135,136,137].




3.4. Mars Ocean Hypothesis


It is proposed by the Mars ocean hypothesis that at least one time, the Vastitas Borealis basin held a liquid water ocean; additionally, the evidence provided by that hypothesis shows that early in the geological history of Mars (the first billion years of evolution), a liquid ocean covered almost a third of Mars’ surface. In the northern hemisphere of the planet, the Vastitas Borealis basin, which is located 4–5 km (2.5–3.1 mi) below the mean planetary elevation, would have been filled by this ocean, known as Oceanus Borealis. It is plausible that two shorelines existed: a lower one, probably associated with the more recent outflow channels; and a higher one, estimated to have existed over 3.8 billion years ago, at the same time when valley networks were formed in the Highlands. The lower shoreline, which follows the formation of Vastitas Borealis, is called Deuteronilis; the higher shoreline, which can be seen everywhere on the planet, except in the Tharsis volcanic region, is called the Arabia shoreline [138].



A study from June 2010 showed that 36% of Mars would have been covered by the older ocean. Using data that was acquired from Mars orbiter laser altimeter (MOLA), which measured the elevation of all terrain on Mars in 1999, it was ascertained that nearly 75% of the planet would have been covered by the watershed for this ocean. In order for liquid water to have been able to exist at the surface, Mars would have been required to have had both a denser atmosphere and a warmer climate. Furthermore, the presence of a hydrological cycle early in the planet’s life is highly probable, owing to the many valley networks. Valley networks are branching networks of valleys on Mars, which are like river drainage basins. The form, distribution, and implied evolution of the valley networks have a prominent role for liquid water on the Mars surface, and consequently, the climate of Mars [138,139,140].



It is still controversial among scientists whether a primordial Martian ocean exists on Mars or not (Figure 8). Additionally, the challenge remains to better interpret some of its characteristics as ‘ancient shorelines’. Evidence for the existence of an ancient Martian ocean was first announced by scientists in March 2015. The ocean seemed to have had a size equivalent to that of Earth’s Arctic Ocean and be located in Mars’ northern hemisphere, covering nearly 19% of its surface. Given the ratio of water and deuterium in Mars’ current atmosphere, and comparing it with the equivalent ratio on Earth, this discovery was attained. It could be proposed that in the distant past, Mars had remarkably higher water levels, since the amount of deuterium found on Mars was eight times more than what exists on Earth. Most hydrogen atoms contain just a proton and an electron, but some contain an extra neutron, forming deuterium. On Earth, deuterium is much rarer than hydrogen—for example, in oceans, one in every 6420 hydrogens also has a neutron. Since deuterium is supposed to have been produced by the big bang, it should have once appeared in similar abundances on all the solar system planets. In the Gale Crater, the Curiosity rover formerly discovered a high ratio of deuterium; however, it was not sufficiently high to conclude there had previously been an ocean there. Because the climate models of Mars have not yet shown liquid water on the planet, due to the inadequately warm climate in the past, (the temperature was not high enough to allow liquid water to exist), other scientists have still not validated this study [141,142,143,144].



In May 2016, further evidence that there had been a northern ocean on the planet was published, giving new indications for how two tsunamis may have changed some of the surfaces in the Ismenius Lacus quadrangle. The main reason given for the tsunamis was asteroids striking the ocean so heavy that they seemingly created 30 km diameter craters. Huge stones, the size of small houses or cars, were picked up and carried by the first tsunami. By altering the boulders, the wave backwash shaped channels. It is believed that the second tsunami occurred when the ocean was 300 m lower, and it moved a large piece of ice, which was eventually dropped in valleys. The wave heights would have ranged from 10 to 120 m, and their average is estimated to have been about 50 m. Based on numerical simulations, every 30 million years, two impact craters, 30 km in diameter, would form in this part of the ocean. A vast northern ocean is assumed to have existed for millions of years. The lack of shoreline characteristics, however, is a dispute against such an ocean. Chryse Planitia and northwestern Arabia Terra are the parts of Mars that were studied in this research, while some surfaces in the Mare Acidalium quadrangle and Ismenius Lacus quadrangle may have been affected by these tsunamis [145,146,147].




3.5. Present Water


Applying a gamma-ray spectrometer to record the spectra of gamma rays emitted from the Martian surface as the spacecraft passes over different regions of the planet and the Mars Odyssey neutron spectrometer, surface hydrogen has been detected globally in considerable amounts. The molecular structure of ice seems to contain this hydrogen; and based on stoichiometric calculations, in the upper meter of the surface of Mars, some concentrations of ice have been reached by the conversion of the detected fluxes. According to this process, ice is not only plentiful, but also widespread on the present surface of the planet. It is concentrated in various regions with latitudes lower than 60 degrees, such as in Terra Sabaea, around the Elysium volcanoes, and the northwest of Terra Sirenum; it also exists in the subsurface, with some concentrations containing 18% ice. Ice is plentiful above 60 degrees latitude, so that its concentration exceeds 25% nearly everywhere at 70 degrees of latitude, and at the planet’s poles, it reaches 100%. Due to the instability of the ice present on Mars’ surface, most of it is estimated to be covered by a layer of dusty or rocky material [148,149].



Mars Odyssey neutron spectrometer observations demonstrated that a Water Equivalent Global layer (WEG) of at least ≈14 cm (5.5 in) could not be reached unless the ice in the top meter of the Martian surface was spread equally; in other words, Mars’ surface can be globally averaged to be roughly 14% water. Further, both of Mars’ poles correspond to a WEG of 30 m (98 ft). Over the planet’s geological history, geomorphic evidence suggests larger quantities of surface water, with a WEG as deep as 500 m (1600 ft). Even though the detailed mass balance of the governed processes is still unknown, portions of this past water may have been lost into the deep subsurface and into space. Ice has gradually migrated from one part of the planet’s surface to another. This has occurred seasonally and on longer timescales, and been aided by the modern atmospheric water reservoir. However, with a WEG of less than 10 micrometers (0.00039 in), it is unimportant in volume [150].



NASA’s Mars Exploration Program has prepared the Subsurface Water Ice Mapping (SWIM) (Figure 9) for the Northern Hampshire of Mars. In Figure 9, Blue shaded regions show where the data are consistent with the presence of subsurface ice, while the red ones indicate inconsistencies between data and the presence of subsurface ice. Each ice-exposing impact location corresponds to regions estimated by the SWIM equation to be consistent with the presence of subsurface water ice. White dots represent locations of ice exposing impact [151].




3.6. Polar Ice Caps


During the winter, the thickness of the northern (Planum Boreum) and southern (Planum Australe) polar ice caps increases, but they partially decrease in the summer, owing to sublimation (Figure 10). Expansion of the ice depth to up to 3.7 km (2.3 mi) below the surface in the southern polar cap was reported in 2004 by the Mars advanced radar for subsurface and ionosphere sounding (MARSIS) radar sounder from the Mars Express satellite (Figure 11). Based on detection by the spectro-imaging instrument (OMEGA) from the orbiter in the same year, three various parts, with different frozen water contents, were found in the southern cap. The first part, centered on the pole, comprises 85% CO2 ice and 15% water ice, and can be seen in photos of the polar cap as the bright part. The second part, which is located in the plains surrounding the ice cap looks like a ring, and includes steep slopes classified as scarps, containing almost only water ice. Extending multiple kilometers away from the scarps, the third part includes large permafrost areas, and its surface composition required analyses to be included as part of the cap. NASA scientists estimate that if the water ice in the southern polar ice cap were to melt, it would be able to cover all of the planet’s surface 11 m (36 ft) deep. The south polar region is predicted to have an old ice sheet probably containing 20 million km3 of water ice, which can cover the entire planet up to 137 m deep [152,153,154,155,156].



The existence of water ice near the northern polar ice cap (at 68.2° latitude), which was the Phoenix lander’s landing site, was announced by NASA in July 2008. It was the first time that the direct detection of ice from the surface occurred. The total volume of water ice in the cap is 821,000 cubic km (197,000 cubic mi), based on the measurements of the northern polar ice cap conducted by the shallow radar onboard the Mars Reconnaissance Orbiter in 2010. That is equivalent to the amount required to cover the surface of Mars to a depth of 5.6 m (18 ft), or equal to 30% of the Earth’s Greenland ice sheet. Examination in the high-resolution imaging science experiment (HiRISE) and Mars Global Surveyor imagery shows that both polar caps exhibit numerous fine internal layers. Understanding the history, flow properties, and structure of caps depends on the study of this layering, which has been done by several researchers. However, their explanation is not straightforward [157,158].



The Mars Express orbiter discovered that Korolev Crater, with over 80 km in diameter and located near the northern polar cap, contained nearly 2200 cubic km (530 cubic mi) of water ice. A central mound of permanent water ice, with 1.8 km (1.1 mi) in depth and up to 60 km (37 mi) in diameter, covered the crater floor, situated approximately two kilometers (1.2 mi) below the rim [159,160].




3.7. Subglacial Liquid Water


Given the existence of Lake Vostok in Antarctica, if before the polar ice caps formed, water existed on Mars, it is possible to conclude that liquid water might still exist on Mars. However, it is a theory that needs to be verified. As the first indication for a liquid water body with stability on the planet, the discovery of a subglacial lake on Mars located 1.5 km (1 mi) below the southern polar ice cap and extending 20 km (10 mi) horizontally, was announced by the Italian Space Agency in July 2018. From May 2012 to December 2015, the MARSIS radar onboard the European Mars Express orbiter collected echo sounding data showing a bright spot, considered as an evidence for the Mars lake. Centered at 193 °E, 81 °S the discovered lake contains mostly flat areas, without any anomalous topographic features, and is enclosed by higher ground, with only one depression on its eastern side. No sign of the lake has been detected by the Mars shallow radar sounder (SHARAD) radar onboard NASA’s Mars Reconnaissance Orbiter. However, the team decided to observe again in the future to attempt to verify the finding when its orbital parameters are appropriate. Since the ability of SHARAD in ground-penetration is lower than MARSIS, the detection of the lake by SHARAD would be unlikely [161,162,163,164,165,166,167].



Given the temperature of 205 K (−68 °C; −91 °F) at the bottom of the south polar cap, scientists assume that the water remains liquid due to the antifreeze effect of calcium perchlorates and magnesium. The hypothetical lake is covered by a 1.5-km (0.93 mi) ice layer, containing water ice with 10% to 20% admixed dust and seasonally covered by a one-meter (3 ft 3 in)-thick layer of CO2 ice. The scientists referred to the limitations of raw-data coverage of the south polar ice cap and mentioned that “there is no reason to conclude that the presence of subsurface water on Mars is limited to a single location” [168,169].




3.8. Ground Ice


Several scientists have proposed, for many years, that there are similar characteristics between periglacial areas on the Earth and some Martian surfaces. Various shapes such as polygons and stripes can occur as typical characteristics in the higher latitudes. On the Earth, generally, freezing and thawing of soil cause these shapes. Terrain softening, which rounds sharp topographical characteristics, can be considered as one of the other indications for abundant frozen water under the surface of Mars. The presence of ground ice can be inferred from many of these features, confirmed by evidence from direct measurements with the Phoenix lander and Mars Odyssey’s gamma-ray spectrometer [170,171,172,173,174].



In 2017, an image from the HiRISE camera onboard the Mars Reconnaissance Orbiter (MRO) demonstrated at least eight eroding slopes, indicating exposed water ice sheets with 100-m thickness, coated by one or two meters of a soil layer (Figure 12). By considering that the latitudes of the sites varied from nearly 55 to 58 degrees, there may be shallow ground ice under approximately a third of the Martian surface. The results given by this image are in line with those of the ground-penetrating radars on Mars Express and on MRO, the Phoenix lander’s in situ excavation, and the spectrometer on the 2001 Mars Odyssey. Evidence for Mars’ climate history can be reached easily by these ice layers, which provide accessibility of frozen water for future human or robotic explorers [175,176].




3.9. Scalloped Topography


Scalloped-shaped depressions seem to be in some regions of Mars. A degrading ice-rich mantle deposit is thought to remain in these depressions. The main reason causing scallops is ice sublimating from frozen soil. Sublimation under current Martian climate conditions causes the subsurface’s loss of water ice, leading to the formation of the scalloped topography landforms. A model predicts similar shapes when the ground has large amounts of pure ice, up to many tens of meters in depth. When the ground has massive pure ice, up to numerous meters in depth, similar shapes can be estimated by a model. As ice formed on dust, when the climate was different because of variations of the Mars pole tilt, the deposition of this mantle material from the atmosphere was probable. The depth of scallops are usually tens of meters, and their extent is varied from a few hundred to a few thousand. They are typically circular or elongated. The combination of some of them has seemingly resulted in the formation of an enormous massively pitted terrain [179,180,181,182,183].



The discovery of a large amount of underground ice in the Utopia Planitia region of Mars was announced by NASA on November 22, 2016. Scientists have estimated the volume of identified water to be equal to the volume of water in Lake Superior. Using the ground-penetrating radar instrument on the Mars Reconnaissance Orbiter, called SHARAD, the volume of water ice in the area was estimated. The dielectric constant, known as “dielectric permittivity”, was calculated by applying the data acquired from SHARAD. The value of this constant was equivalent to an enormous concentration of water ice. There are superficial similarities between these scalloped features and those of Swiss cheese, observed around the south polar cap. Swiss cheese features are thought to be due to cavities forming in a surface layer of solid carbon dioxide, rather than water ice—although the floors of these holes are probably H2O-rich [184,185].




3.10. Ice Patches


The European Space Agency reported the presence of a crater partly filled with frozen water, on 28 July 2005; the discovery was later interpreted as an “ice lake”. The High-Resolution Stereo Camera onboard the European Space Agency’s Mars Express orbiter has taken crater images, which clearly display a large sheet of ice in the bottom of a crater situated on Vastitas Borealis, a broad plain that covers a significant part of Mars’ far northern latitudes, at roughly 70.5° north and 103° east. The crater depth is nearly two kilometers (1.2 mi) and its width is about 35 km (22 mi). Additionally, its floor is located 200 m (660 ft) higher than the surface of the water ice. Partially visible sand dunes, located beneath the water ice, are recognized by ESA scientists as the main reason for this height discrepancy. Despite not being referred to as a “lake” by scientists, the water ice patch is considerable since it is always present, and its size is remarkable. Up to the present date, explorers have found water ice deposits and layers of frost in several locations on the planet. Through more images of Mars’ surface, achieved using the modern generation of orbiters, it has gradually become clear that apparently many more patches of ice have been spread across the Martian surface. Most of these likely ice patches are concentrated in the Martian mid-latitudes (≈30–60° N/S of the equator). For instance, dust- or debris-covered ice patches, which are slowly degrading, are considered by many scientists as the general characteristics in those latitude bands, differently described as “latitude dependent mantle” or “pasted-on terrain”. Surface features consistent with existing pack ice have been discovered in the southern Elysium Planitia. The nearby geological fault Cerberus Fossae is supposed as the source for a flood, which caused not only spewing water, but also lava aged some 2 to 10 million years. It seemed to scientists that the frozen lakes may still exist. They were created by the water, which came from Cerberus Fossae and then pooling and freezing in the low-level plains [186,187,188,189,190,191,192,193].




3.11. Glaciers


Evidence shows the current existence of glaciers or at least their earlier presence in numerous large regions of Mars. It seems to the scientists that large amounts of water ice can still be present in many high latitude areas, particularly the Ismenius Lacus quadrangle. Additionally, based on evidence obtained recently, across large areas in middle and high latitudes of the planet, there is still water ice as glaciers, which do not sublime, due to having thin covers of protecting rock and/or dust. Glaciers are related to fretted terrain and several volcanoes. Glacial deposits have been characterized by researchers in various shield volcanoes on Mars, including Hecates Tholus, Arsia Mons, Pavonis Mons, and Olympus Mons. Further, glaciers have been described in some larger Martian craters in the mid-latitudes and above [190,191,192,193,194,195].



Based on their characteristic forms, the landforms from which they originated, and their locations, glacier-like characteristics on Mars are identified differently as: Martian flow characteristics, lobate debris aprons (LDA), lineated valley fill (LVF), or viscous flow features (VFF). Most of the small glaciers are seemingly related to gullies on the walls of craters and mantling material. The floors of most channels that are in the fretted terrain around the Arabia Terra in the northern hemisphere contain rock-covered glaciers that can possibly be attributed to the lineated deposits recognized as LVF. Ridged and grooved materials deflecting surrounding obstacles can be seen on their surfaces. Orbiting radar demonstrates that lineated floor deposits, which may be associated with LDA, comprise considerable amounts of ice. The “LDA” are known as characteristics that have been interpreted by scientists as glacial flows for many years. Additionally, scientists have supposed that ice could be found under a layer of insulating rocks. Later, utilizing innovative instrument readings, the presence of pure ice covered with a layer of rocks in LDA was confirmed [196,197,198,199].



When ice moves, it transfers rock materials. This phenomenon usually occurs at the snout or edges of the glacier (Figure 13). This characteristic is known as moraines on Earth; on Mars, however, it is commonly identified as concentric ridges, arcuate ridges, or moraine-like ridges. The appearance of these glaciers remain, and the ridges they leave are not precisely the same as typical glaciers on Earth because of two main reasons: first, the low temperatures of Mars create conditions under which glaciers are not able to slide, as they are frozen down to their beds (known as “cold-based”); second, instead of melting, which happens on Earth, ice typically tends to sublime on Mars. Mars has a lower geothermal heat flux, density, and atmosphere temperature than Earth, since lower solar insolation reaches it compared to Earth. Therefore, the ice in a glacier on Mars is frozen into the ground because the temperature in the interface between a glacier and its bed is below freezing, which is suggested by modeling. When this process occurs, ice cannot slide across the bed, and consequently, it has less ability for surface erosion. Since the ice in glaciers on Mars is generally frozen and, therefore, is not able to slide, Martian moraines tend to be deposited without being deflected by the underlying topography. The direction of ice movement can be determined by ridges of debris that are found on the surfaces of the glaciers. Because of the sublimation of buried ice, some glaciers have rough textures on their surfaces. No ice melting occurs during evaporation on Mars, leaving an empty space behind any overlying, which then collapses into the void. Sometimes, ice chunks fall from the glacier and get buried in the land’s surface. Their melting leaves a nearly round hole, and many of these “kettle holes” have been identified by scientists on the surface of Mars. There is strong evidence for glacial flows on Mars; however, there is not enough evidence for landforms carved by glacial erosion. On Earth, these characteristics (landforms carved by glacial erosion) can be found plentifully in glaciated regions; on Mars, however, the fact that they are absent puzzles scientists. The lack of these landforms might be because the glaciers on Mars have ice of a cold-based nature [200,201,202].





4. Development of Mars’ Water Inventory


There is a substantial nexus between the evolution of the Mars atmosphere and the change in its surface water content, characterized by some key stages.



4.1. Early Noachian Era (4.6 Ga to 4.1 Ga)


Scientists have characterized the early Noachian era using the atmospheric loss to space, which was due to hydrodynamic escape (causes the exit of heavier atoms of a planetary atmosphere due to numerous collisions with lighter atoms), as well as from heavy meteoritic bombardment. Approximately 60% of Mars’ early atmosphere may have been eliminated through ejection by the impact of asteroids and comets [203,204].



During this period, it is possible that significant quantities of phyllosilicates formed. This would have required an atmosphere dense enough to sustain surface water. Moderate water to rock ratios have been suggested by the spectrally dominant phyllosilicate group, smectite. However, the pH-pCO2 between the smectite and carbonate show that the precipitation of smectite would constrain pCO2 to a value not more than 1 × 10−2 atm (1.0 kPa). Accordingly, by considering the lack of evidence for carbonate deposits, if the clays formed adjacent to the Martian atmosphere, there would be uncertainty as to the determination of the principal component of early Mars’ dense atmosphere. An atmosphere that had a strong greenhouse effect would have been required in order to raise the surface temperature to a level that would sustain liquid water. This is because the young Sun had approximately 25% lower brightness than it has today, which makes determining early Mars’ dense atmosphere more complicated. The higher CO2 content would not have been enough because CO2 is not very effective as a greenhouse gas, as it precipitates at partial pressures exceeding 1.5 atm (1500 hPa) [205,206].



In NWA7533, unlike modern Martian soils, interclast crystalline matrix (ICM) and clast laden impact melt rock (CLIMR) do not show enrichments of S, Cl, and Zn with values similar to SNC meteorites (The SNC meteorites are a group of petrologically similar achondrites named after the locations where examples of these meteorites were first found—Shergotty (India), Nakhla (Egypt), and Chassigny (France)). These elements are likely to be in water-soluble phases in modern soils and the lack of enrichment observed in NWA7533 components is probably due to the transportation of these salts into ancient seas or lakes by liquid water present on Mars at the time of formation of ICM and CLIMR. The chemical composition of Martian wind-blown dust, present as ICM and CLIMR in NWA7533, should provide clues to the original igneous processes that formed the primary Martian crust. Moreover, combined 142Nd–143Nd isotope evidence in shergottites implies that the formation of the enriched and depleted reservoirs on Mars occurred within the first 100 Myr of the planet’s history [199].




4.2. Middle to Late Noachean Era (4.1 Ga to 3.8 Ga)


Mars could have experienced the possible formation of a secondary atmosphere during the middle to late Noachean era. It occurred by outgassing, controlled by the Tharsis volcanoes with considerable amounts of H2O, CO2, and SO2. It can be inferred from Martian valley networks related to this period that surface water was globally extensive and sustained temporally, rather than caused by floods. This period ended at the same time when the bombardment of meteorites and the internal magnetic field terminated. When the internal magnetic field ended and the local magnetic fields weakened, the solar wind allowed for atmospheric stripping. For instance, in comparison with their telluric equivalents, 38Ar/36Ar, 15N/14N, and 13C/12C proportions of the Martian atmosphere are in line with losing ~60% of Ar, N2, and CO2 caused by the solar wind stripping the upper atmosphere, which was enriched in lighter isotopes through Rayleigh fractionation. Ejection of atmospheric components in bulk, without isotopic fractionation, is the consequence of increased solar wind activity influences. Nonetheless, volatiles may have occurred, in particular, by cometary impacts [203,204].




4.3. Hesperian to Amazonian Era (Present) (~3.8 Ga to Present)


Solar wind stripping of the atmosphere countered atmospheric enhancement by sporadic outgassing events, though less intensely than the young Sun did. In this period, in the opposite direction with sustained surface flows, the disastrous floods induced sudden subterranean releases of volatiles. In the late Noachian (early Hesperian), the formation of Fe3+ oxides, which are what give Mars’ surface a red color, were a major part of the surface alteration processes; the earlier part of this era included groundwater discharges centered around Tharsis and included mainly as aqueous acidic environments. Different processes can yield such oxidation of primary mineral phases without requiring free O2, including low-pH (and maybe high temperature) processes that are associated with the formation of palagonitic tephra, the action of H2O2 that forms photochemically in the Martian atmosphere, and the action of water. There was an extreme decrease in both igneous and aqueous activity in early Hesperian, and so the action of H2O2 may have dominated temporally. This would make the observed Fe3+ oxides volumetrically small, even though they are spectrally dominant and pervasive. Nonetheless, given the geomorphology of craters such as Mojave, it seems that aquifers may have kept localized and sustained surface water in the recent geologic history of the planet. Moreover, evidence of aqueous changes can be seen through the study of the Lafayette Martian meteorite as recently as 650 Ma [203,204,205,206,207,208,209,210,211].




4.4. Ice Ages


The Late Amazonian glaciation was the most recent, occurring at the dichotomy boundary around 2.1 to 0.4 M years ago. However, there have been many big changes on Mars’ surface, during the last five million years, in relation to the distribution of the ice and the amount of ice on the planet’s surface. These variations are called ice ages, but are much different from those that happened on the Earth. On Mars, ice ages are driven by changes in the planet’s orbit and tilt (obliquity). According to the orbital calculations, it seems that Mars wobbles much more commonly on its axis when compared with Earth. The Earth only wobbles a few degrees, owing to stabilization by its proportionally large moon. Mars’ tilt might be varied by many tens of degrees. Mars poles receive much more heat, due to direct sunlight, when this obliquity is high; this warms the ice caps and they become smaller by ice subliming. Accordingly, since climate variability increases, the changes in the eccentricity of the Mars orbit are twice the variations in Earth’s eccentricity. When the poles on Mars sublime, the ice moves closer to the planet’s equator, as this area receives lesser solar insolation at high obliquities. Computer simulations can show that ice accumulation in areas displaying glacial landforms is caused by Mars’ axis being at a tilt of 45° [212,213,214,215,216,217,218].



The moisture that is originated from the ice caps moves toward lower latitudes in the form of snow, combined with dust or frost deposits. In Mars’ atmosphere, a considerable amount of fine dust particles exist, which water vapor condenses on, leading to an increase in the weight of the water coating, and accordingly dropping it to the ground. As it returns to the atmosphere at the mantling layer’s surface, ice leaves dust, which performs as insulation for the remaining ice. Only a small percentage of the ice caps is removed as water, which is equivalent to the amount of water it would take to cover the planet’s surface up to one meter. Most of the moisture that comes from the ice caps causes the formation of a thick smooth mantle, which is made of a combination of dust and ice. Being up to 100 m thick at the mid-latitudes, this ice-rich mantle smooths the land at lower latitudes. The existence of water ice underneath the mantle is apparent due to its uneven texture and the observable patterns [219,220,221].





5. Evidence for Recent Flows


The current low temperature and atmospheric pressure make it improbable for pure liquid water to exist in a stable form on Mars. However, water may be located at the lowest elevations for short periods of time. Hence, after the observation of gully deposits by NASA’s Mars Reconnaissance Orbiter in 2006, which were not present ten years earlier, a geological mystery began. During the warm months on Mars, liquid brine flows on the surface, which may play the primary role in forming these gullies (Figure 14) [221,222,223,224,225].



It is still controversial among scientists whether liquid water forms gullies. There is also a possibility that the flows carving gullies are dry grains, or maybe carbon dioxide has lubricated them. Some studies suggest that the gullies are formed by melting carbon dioxide during the summer. Although it is thought that water flowing on the surface of the planet carved gullies, the specific water source or the mechanisms that caused its movement are still unknown. The claim that improper conditions disprove the possibility of gully formation by water in the southern highlands can be found in some studies. While the low pressure non-geothermal colder regions would be ideal for solid carbon, they would not provide appropriate conditions for liquid water at any point [226,227,228,229].



Mars has deep grooves on the surface of the planet, which appear to be carved into various slopes, and are known as dry gullies. However, some of them vary seasonally. The modern seasonal variations in the southern hemisphere of Mars, on the steep slopes beneath the rocky outcrops that are near the rims of craters, were announced by NASA in August 2011. Increased temperatures during some summer days cause these dark streaks, named recurrent slope lineae (RSL), to flow downslope; then in the rest of the year, they gradually fade due to decreasing temperature; this process recurs cyclically between years. These marks were thought by scientists to be consistent with the downslope flow of salty water (brines) and then by evaporation, depositing some kind of residue. In 2015, researchers confirmed that liquid brines flowing through shallow soils form these lineae. They reported that the CRISM spectroscopic instrument directly observed hydrous salts emerging at the same time as the appearance of recurrent slope lineae. The lineae are comprised of perchlorate salts and hydrated chlorate (ClO4−), and also have water molecules in liquid form. During the summer on Mars, when the temperature rises above −23 °C (−9 °F; 250 K), the lineae move downhill. However, it is still unknown as to where the water comes from. Nevertheless, based on the neutron spectrometer data that were obtained by the Mars Odyssey orbiter over a ten-year period, no indication of water (hydrogenated regolith) at the active sites could be found; however, two possible hypotheses are proposed: first, short-lived, atmospheric water vapor deliquescence; and second, dry granular flows. Even if evidence of liquid water can be found on Mars today, it is only a thin film and traces of moisture that have dissolved from the atmosphere, which does not make the environment appropriate for life as we know it [230,231,232,233,234,235,236,237].



5.1. Findings by Probes


5.1.1. Mariner 9, 1971


The first direct indication of Mars having water in the past comes from dry river beds and canyons found from the images obtained using the Mariner 9 Mars orbiter after its launch in 1971. These include over 4020 km (2500 mi) of canyons in a system, which is called Valles Marineris (Figure 15). Mariner 9 Mars also found hints of weather frons, fogs, water erosion, water deposition, and more. The reason for naming the giant Valles Marineris canyon system was indeed honoring Mariner 9′s achievements. The following Viking program was underpinned by the discoveries of the Mariner 9 missions [30].




5.1.2. Viking Program, 1976


Investigators found large outflow channels in various areas. These indicated the breaking through of dams by water floods, which eroded grooves into bedrock, carved deep valleys, and traveled thousands of kilometers. The rainfall that once occurred on the surface of Mars can be intimated by valley networks that branch out into large areas on the southern hemisphere of the planet. A revolution in the understanding of water on the planet Mars occurred when the two landers and the two Viking orbiters discovered numerous geological formations that generally require large amounts of water to be formed. Craters usually seem to be in shapes similar to the shape mud would take after impactors fell into it. During their formation, soil ice probably melted, changing the ground into mud, which resulted in mud flowing across the surface. Downstream, “Chaotic Terrain” was formed by large channels that were created when a significant volume of water was abruptly lost. Moreover, Chaotic terrains are irregular to circular fractured areas that consist of jumbles of blocks that vary in size and shape from knobs and irregular conical mounds to angular mesas with preserved remnants of the upland plateau, and they are often located in enclosed to semi-closed depressions surrounded by fractured highlands. Some channel flows are estimated to be more than ten thousand times that of the Mississippi River. One possibility is that ice was melted by underground volcanism, leading to water flowing away and crumbling the ground, leaving the chaotic terrain. Additionally, surface exposure to water, or the planet being submerged in water in the past, have been suggested by the two Viking landers, using general chemical analysis [238,239,240,241,242,243].




5.1.3. Mars Global Surveyor, 1996


Mars’ surface mineral composition could be specified from the Mars Global Surveyor’s Thermal Emission Spectrometer (TES), which can provide information related to the history of water’s presence or absence on Mars. Further, TES was used in studying the formation of Nili Fossae, which is comprised of the mineral olivine (Figure 16). Faults that exposed the olivine may have been caused by the impact of ancient asteroids that also made the Isidis basin. There are areas on Mars that, for a long time, have been very dry. In some areas that are between 60 degrees south or north of the planet’s equator, scientists discovered olivine in several small outcrops. Additionally, images from the probe show that there may have been sustained liquid flows in the past, two of which could be in Nanedi Valles and in Nirgal Vallis [244,245,246].




5.1.4. Mars Pathfinder, 1996


The mission of Mars Pathfinder was to record the diurnal temperature cycle variation. The coldest time in the cycle was found to be before sunrise, having a temperature of about −78 °C (−108 °F; 195 K), and the warmest was just after noon-time on Mars, with a temperature of about −8 °C (18 °F; 265 K). The highest temperature was always found to be lower than water’s freezing point, so it would be too cold for the existence of pure liquid on the surface. The Pathfinder lander measurement indicated that Mars had quite low atmospheric pressure, which was about 0.6% of Earth’s; this is not high enough to allow for the presence of pure liquid water on the planet’s surface [247].



There are other observations that confirm the existence of water on Mars in the past. For instance, some of the rocks in the areas that the Mars Pathfinder studied were leaning against each other in a way that geologists call imbricated, which implies the presence of water in the past. Researchers speculated that rocks were pushed by substantial floodwaters in the past, leading them to face away from the flow of the water. Additionally, some rounded pebbles were found that may have been tumbled in a stream. Further, parts of the ground were found to be crusty, which may have been caused by cementing from a mineral-containing fluid. Moreover, the Pathfinder found some evidence of clouds, and perhaps fog [248].




5.1.5. Mars Odyssey, 2001


Images provided by the 2001 Mars Odyssey revealed many indications for water on Mars, and its neutron spectrometer showed that significant parts of the ground were full of water ice. The amount of ice beneath the surface of Mars is adequate to fill Lake Michigan twice. In both hemispheres of the planet, just under the surface, from latitudes of 55° to the poles, ice can be found at high density, in which one kilogram of soil comprises nearly 500 g (18 oz) of water ice. Near the equator, however, only 2%–10% of soil contains water. Researchers think that the chemical structure of minerals, like clay and sulfates, lock up a significant amount of this water. The upper surface of the planet contains only a small percentage of chemically-bound water; however, ice can be found just a few meters deeper; for example, large amounts of water ice is contained in the Arabia Terra, Amazonis quadrangle, and Elysium quadrangle. Moreover, in equatorial regions, vast deposits of bulk water ice were discovered by the orbiter near the surface of the planet. Evidence for both morphological and compositional equatorial hydration can be seen in two different areas: the Medusae Fossae formation, and the Tharsis Montes. Given data analysis on the southern hemisphere, there are indications of a layered structure from stratified deposits that are located below what is believed to have been a huge water mass that is now extinct. The information about the top meter of soil has been acquired using the instruments aboard the Mars Odyssey. Calculations based on available data in 2002 showed that a layer of water covering all soil surfaces would be equivalent to a global layer of water (GLW) 0.5–1.5 km (0.31–0.93 mi) deep. Evidence from many images provided by the Odyssey orbiter indicate that there were once large amounts of water flowing across Mars’ surface. Layers that probably formed under lakes, as well as patterns of branching valleys, and river and lake deltas, can all be inferred from the images (Figure 17). Scientists suppose that beneath an insulating rock layer, glaciers were present for many years. On the example of rock-covered glaciers is lineated valley fill, which exists on the floors of some channels. The surfaces of these areas contain ridged and grooved materials, which deflect around obstacles. Orbiting radar has shown a possible relationship between lineated floor deposits and lobate debris aprons to contain substantial amounts of ice [249,250,251,252,253,254].




5.1.6. Phoenix, 2007


The Phoenix lander showed that in Mars’ northern regions, there was evidence for substantial water existing as water ice. On June 19, 2008, NASA reported the vaporization of small pieces of bright material that were found in the “Dodo-Goldilocks” trench, which was an area excavated by the lander’s robotic arm. Because the material vaporized over four days, this was an indication that the pieces were most likely made of ice, and they sublimed due to exposure. Although solid CO2 (dry ice) also sublimes under similar conditions, the claim of water ice sublimation cannot be denied, since the former sublimes at a rate much faster than what was observed for the bright material. More confirmation of existing water ice at the Phoenix landing site was reported by NASA on July 31 of the same year. A sample was taken by the lander, and vaporization occurred when the temperature of that sample reached 0 °C (32 °F; 273 K). Given the low temperature and atmospheric pressure on the surface of Mars, liquid water can only exist at the lowest elevations for a short time. It also was corroborated that a strong oxidizer, Perchlorate (ClO4), can be found in the soil. When the chemical combines with water, it decreases water’s freezing point, as salt does when it is used to melt ice on roads [255,256,257,258].



Soil and melting ice were splashed onto the vehicle due to the retrorockets during the Phoenix’s landing (Figure 18). This left material on the landing struts during landing, as shown by photographs. This material then expanded in a way that resembled deliquescence, as it got darker before it disappeared, which is what happens when something liquefies and then drips. The material was probably liquid brine droplets, which can be inferred from the thermodynamic evidence and these observations. Other scientists considered this material as “clumps of frost” [259,260,261,262].



It seemed from the camera that the landing site was flat. However, there were some polygons that were surrounded by what appeared to be troughs 20–50 cm (7.9–19.7 in) deep (Figure 19). Expansion of ice in the soil and its contraction, owing to notable temperature variations, are the main reasons for polygons to be formed. Rounded and flat particles can be seen in a microscope as the main parts of the soil on top of the polygons, which can be considered to be a kind of clay. In the middle of the polygons and beneath their surface a few inches of ice exist, but the thickness of ice reaches at least 8 inches (200 mm) along the polygons’ edges. Further, there were Cirrus clouds that formed in the atmosphere with a temperature of about −65 °C (−85 °F; 208 K), which are thought to be the origin from which snow was recognized to fall. Therefore, instead of carbon dioxide ice (CO2 or dry ice), which requires a lower temperature than −120 °C (−184 °F; 153 K), water-ice formed the major part of the clouds. According to the mission observations, researchers now have a suspicion that later in the year, water ice (snow) may have accumulated at this location. During the mission, −19.6 °C (−3.3 °F; 253.6 K) was recognized as the highest temperature that occurred in the Martian summer, and −97.7 °C (−143.9 °F; 175.5 K) as the lowest one. As a result, the temperature in this region never reached water’s freezing point (0 °C (32 °F; 273 K)). It has been recently argued that shallow transient liquid water, which is likely widespread on today’s Mars, can potentially support life. In addition, there is a capability of supporting microbial life in portions of the shallow subsurface of Mars [263,264,265].




5.1.7. Mars Exploration Rovers, 2003


Strong evidence of water existing in the past on Mars was obtained by the Mars Exploration Rovers, Spirit (June 10, 2003), and Opportunity (July 8, 2003). It is believed that the area where the Spirit rover landed was a giant lake bed. It was first hard to detect evidence of water in the past, since lava flows had covered the lake. It was announced by NASA on March 5, 2004, that the Spirit ascertained clues to Mars’ water history in a rock named “Humphrey”. Detailed inspection of the rock revealed a bright material filling internal cracks. Such material may have crystallized from water trickling through the volcanic rock. The amount of Mars once covered by ancient water remains unknown, as both rovers landed in regions thought likely to once be underwater. The upper layer of soil was scraped off by the rover’s wheels in December 2007, which uncovered some white ground rich in silica. Scientists know of only two possible ways of producing white ground rich in silica: dissolving silica at one location and it being transferred to another location (i.e., a geyser), and silica being left behind when acidic streams may have flowed through rock cracks and depleted their mineral components. The Spirit rover could also provide evidence for water in the Gusev Crater’s Columbia Hills. Various components were detected by the Mössbauer spectrometer (MB) in the rocks of Clovis, including goethite, which only forms in the presence of water; an oxidized form of iron (Fe3+); and rocks that were rich in carbonate, which implies the presence of water in some areas of the planet [266,267,268,269,270,271,272,273].



A significant amount of hematite was shown from orbit in a site to which the Opportunity rover was directed. Hematite concretions and layered rocks that were marbled, were also found by the rover (Figure 20). On Opportunity’s transverse, in the Burns Cliff area of the Endurance Crater, the rover examined aeolian dune stratigraphy. Opportunity’s operators realized that shallow groundwater played a principal role in the preservation and cementation of the outcrops (Figure 21). Through its years of continuous operation, the rover could determine that that area on Mars had been covered with liquid water [274,275].



The indication of highly acidic ancient wet environments was affirmed by the MER rovers. Opportunity discovered sulfuric acid evidence, which creates a harsh environment for life on the planet. However, NASA announced on 17 May 2013, that the discovery was made in clay deposits that usually form in neutral acidity wet environments. The announcement helped researchers to have more evidence of an ancient wet environment, which presumably contributes to providing a suitable environment for life [276,277].




5.1.8. Mars Reconnaissance Orbiter, 2005


The Mars Reconnaissance Orbiter’s HiRISE instrument obtained several images that show strong evidence that on Mars, there is a history of water-related processes. Obtaining an indication of ancient hot springs was its main discovery (Figure 22). If Mars at one time contained microbial life, finding their bio-signatures would be probable. In January 2010, near Valles Marineris, researchers reported strong evidence for sustained precipitation. They indicated the association of minerals with water. Besides, since small branching channels with high density are also present in that area, a large amount of precipitation is expected. In many various places, rocks on Mars are typically in a form with layers, known as strata. These layers can be formed in various ways, such as by wind, volcanoes, or water. The main parts of the light-toned rocks on Mars have been determined to be made from hydrated minerals, like clay and sulfates. Scientists used the orbiter to ascertain that a thick smooth mantle, which is made from a mixture of ice and dust, covers the surface of Mars [278,279,280,281,282,283].



Frequent, major climate change is speculated to be one of the main reasons for Mars’ shallow subsurface having an ice mantle. Coming down from polar regions to lower latitudes that would be similar to those of Texas on Earth, notable changes in the water ice distribution can be detected, which are caused by changes both in the tilt and orbit of the planet. Water vapor moves toward the atmosphere from polar ice in periods that certain climates occur; then at lower latitudes, it returns to the ground in the form of snow or frost combined with dust. Using the Shallow Radar on the Mars Reconnaissance Orbiter, researchers in 2008 found clues showing that the lobate debris aprons (LDA) in Hellas Planitia and in mid-northern latitudes are glaciers that are covered with a thin layer of rocks. From the top and base of the LDAs, a strong reflection was detected by its radar, from which it can be implied that the bulk of the formation is made mostly from pure water. Since water ice was discovered in the LDAs, it is expected that even at lower latitudes, water can be found. In September 2009, some new craters on Mars were reported showing exposed, pure water ice. The ice, with only a few feet of depth, vanishes after a while and evaporates into the atmosphere. The Compact Imaging Spectrometer (CRISM) onboard the Mars Reconnaissance Orbiter corroborated the existence of the ice [284,285].



Very recently, in 2019, investigators assessed the amount of water ice located at the northern pole. In one report, scientists applied the data obtained by the MRO’s SHARAD (SHAllow RADar sounder) probes. The capability of SHARAD is scanning up to approximately two kilometers (1.2 mi) beneath the surface at 15-m (49 ft) intervals. Clues of water ice strata and sand beneath the Planum Boreum, whose volume contains around 60% to 88% of water ice, were obtained when past SHARAD runs were analyzed. The results were consistent with the theory of Mars’ long-term global weather, including cycles of global warming and cooling; when cooling periods occurred, ice layers were formed at the poles, owing to accumulating water; then during global warming, dust and dirt from Mars’ recurrent dust storms coated the unthawed water ice. This study estimated that the total ice volume was equivalent to about 2.2 × 105 cubic kilometers (5.3 × 104 cubic mi), or to the value adequate to thoroughly cover Mars’ surface with 1.5 m (4.9 ft) layer of water. A separate study that used recorded gravity data to determine the density of Planum Boreum confirmed this work, showing that on average, up to 55% of the volume was water ice [286,287].




5.1.9. Curiosity Rover, 2011


NASA’s Curiosity rover detected unequivocal fluvial sediments when it was at the beginning stages of its continuing mission. An earlier robust flow in a streambed, containing water between waist and ankle-deep, was expected given the characteristics of the pebbles in these outcrops (Figure 23). These rocks were discovered at the base of an alluvial fan system, which came from a crater wall although they had already been recognized from orbit. In October 2012, Curiosity accomplished an X-ray diffraction analysis of soil from Mars for the first time. The presence of various minerals, including feldspar, pyroxenes, and olivine was revealed. Therefore, it was inferred that the soil in the analyzed sample was similar to the weathered basaltic soils that are found in Hawaiian volcanoes. The composition of local fine sand and dust, disseminated from global dust storms, was also found in the sample. So far, the results from the materials analysis by Curiosity are in line with the initial ideas related to the Gale Crater area deposits, which seem to show that a transition from a wet to dry environment happened on the planet over time. The existence of sulfur, chlorine, and water molecules in the soil of Mars was announced by NASA in December 2012, when Curiosity implemented its first extensive soil analysis. Additionally, from the various rock samples analyzed, including the broken pieces of “Tintina” rock and “Sutton Inlier” rock, along with the nodules and veins in other rocks, like “Knorr” rock and “Wernicke” rock, NASA announced in March 2013 clues for the presence of mineral hydration, which was most likely hydrated calcium sulfate [288,289,290,291,292,293].



The rover’s DAN instrument was used to analyze the possibility of subsurface water existence. The analysis led to obtaining subsurface water evidence from the transverse of the rover, from the Bradbury Landing site to the Yellowknife Bay area, down to 60 cm (two feet) deep. In soil samples extracted from the Aeolis Palus, in the Rocknest region of the Gale Crater, the Mars Curiosity rover discovered plentiful chemically-bound water (1.5 to 3 weight percent), which was announced by NASA scientists on 26 September 2013. NASA also reported finding two main soil types: a regionally derived, coarse-grained felsic type; and a fine-grained mafic type. Like other soils and dust on Mars, the mafic type was related to hydration in the formless phases of the soil. Near the Curiosity rover landing site, scientists found perchlorates, which may decrease the detectability of life-related organic molecules. After that, the “global distribution of these salts” was suggested. Jake M rock, a rock that was found by Curiosity on its trajectory to Glenelg, was announced by NASA to be a mugearite that was similar to mugearite rocks on Earth [294,295,296,297,298,299,300,301].



According to the NASA report on December 9, 2013, there was once a freshwater lake of large size inside Gale Crater, and this may have created conditions suitable for microbial life. Unusual variations (abnormal increase, then decrease) in methane amounts in Mars’ atmosphere were reported by NASA on December 16, 2014; additionally, organic chemicals were detected by the Curiosity rover in a sample that was drilled from a rock. Besides, given the deuterium to hydrogen ratio studies, it was realized that in ancient times, before forming the lakebed in the crater, a substantial amount of water at Gale Crater on Mars had been lost, and this loss of large amounts of water persisted over time. Researchers analyzed the ground temperature and humidity data collected by Curiosity and revealed evidence for the formation of films that were made of liquid brine water during the night, in the upper five cm of Mars subsurface. However, temperature and water activity continued to exist at lower than the minimum values that are required for either the reproduction or metabolism of microorganisms that are found on Earth. The existence of the Gale crater around 3.3–3.8 billion years ago was affirmed by NASA on October 8, 2015. By delivering sediments, this crater created the lower layers of Mount Sharp. Investigations in Gale Crater by the Curiosity rover led geologists to present evidence of plenty of water existing on early Mars on November 4, 2018 [302,303,304,305,306,307,308,309].




5.1.10. Mars Express, 2003


To seek clues of sub-surface water, the European Space Agency launched the Mars Express Orbiter, which uses radar equipment to map Mars’ surface. The area on the Palnum located beneath the ice caps was scanned by the Orbiter between 2012 and 2015 to find evidence of sub-surface water. According to the readings, by 2018, researchers ascertained the existence of an approximately 20 km (12 mi) wide lake in the sub-surface, containing water. While the location of the lake top is known, at approximately 1.5 km (0.93 mi) below the planet’s surface, it is still unknown to what extent its depth continues [310].






6. Summary


Over the years, various studies have been carried out to discover water on Mars. In the current article, the signs of water presence on the planet, based on results and reports obtained from the literature, were classified into the following main parts.



6.1. Evidence from Rocks and Minerals on Mars


The sorts of minerals present in the rocks can indicate Mars’ historical environmental conditions, including those suitable for life. Aqueous minerals, which are minerals that include water or form in the presence of water, can indicate the types of environments in which the minerals were formed. Aqueous reactions occur depending on certain variables, including temperature and pressure, as well as concentrations of gaseous and soluble species. Water is the only condition under which the sulfate mineral jarosite might form. Another aspect of rock evidence is hydrothermal alteration. Migrating seawater, through ultramafic and basaltic rocks, may cause serpentinization, known as one primary type of hydrothermal alteration, which can occur in the oceanic crust. A large amount of water can be stored as hydroxyl in the crystal structure of serpentine minerals. Evidence from remote sensing data indicates that few serpentine minerals exist on Mars; however, there is a probability of large amounts of serpentinite hidden deep in the Martian crust.



The weathering rate is another reason for the existence of water on Mars. The silicate minerals that weather the fastest are those that crystallize at the highest temperatures. Olivine, which in the presence of water weathers to clay minerals, is the most common mineral meeting this criterion on both the Earth and Mars. Since olivine is extensive on Mars, it is likely that water has not significantly altered the planet’s surface, but some geological evidence suggests otherwise. In addition, meteorites from Mars show signs of water. For example, the existence of sulfates and hydrated carbonates indicate that some Martian meteorites, known as basaltic shergottites, were exposed to liquid water before being ejected into space.




6.2. Geomorphic Evidence


Basin lakes and river valleys are landscape features found on Mars. Thanks to the Mariner 9 spacecraft, immense valleys were discovered in many areas of the planet. Some physical change examples caused by water floods that were displayed in its images include breaking through dams, eroding grooves into bedrock, and carving deep valleys. Moreover, inverted reliefs, which refer to landscape features near rivers that have reversed their elevation relative to other features, were discovered by the Mars Global Surveyor. Examples of this are the Miyamoto Crater, Saheki Crater, and Juventae Plateau. Various lake basins have also been discovered on Mars, some of which may have been formed by precipitation or groundwater. Several deltas formed in Martian lakes have been reported by researchers; the existence of significant liquid water amounts can be inferred by finding deltas. Eberswalde crater is an area where one of these deltas was found. In addition, evidence shows the current existence of glaciers, or their earlier presence, in numerous large regions of Mars. It seems to scientists that large amounts of water ice could still be present in many high latitude areas, particularly the Ismenius Lacus quadrangle.




6.3. Evolution of Mars’ Atmosphere


There is a substantial nexus between the evolution of the Mars atmosphere and the change in its surface water content, characterized by four key stages:




	(1)

	
Early Noachian Era: the atmospheric loss to space from heavy meteoritic bombardment and hydrodynamic escape is used to characterize this era. For this era, the dominant component of a dense atmosphere is not certain.




	(2)

	
Middle to late Noachean Era: large amounts of H2O, CO2, and SO2 were released by the Tharsis volcanoes and made a secondary atmosphere on Mars.




	(3)

	
Hesperian to Amazonian Eras: solar wind stripping of the atmosphere countered atmospheric enhancement by sporadic outgassing events, though less intensely than the young sun did. In this period, in the opposite direction of sustained surface flows, disastrous floods induced sudden subterranean releases of volatiles.




	(4)

	
Ice ages: during the ice ages, Mars’ poles received much more heat, due to direct sunlight, when this obliquity was high; this warmed the ice caps and they became smaller by ice subliming. Accordingly, since climate variability has increased, changes in the eccentricity of Mars’ orbit are twice the variations in Earth’s eccentricity. Computer simulations can show that ice accumulation in areas displaying glacial landforms has been caused by Mars’ axis being at a tilt of 45°.










6.4. Findings by Probes


The numerous probes sent to Mars have played prominent roles in collecting information about the presence of water on the planet. For instance, the Viking program, Mars Pathfinder, Phoenix, Curiosity Rover, have all collected data for this purpose. A revolution in the understanding of water on the planet occurred when the two landers and the two Viking orbiters discovered numerous geological formations that generally require large amounts of water to be formed. Investigators also found large outflow channels in various areas. The mission of the Mars Pathfinder was to record the diurnal temperature cycle variation. The Pathfinder lander’s measurements indicated that Mars had quite low atmospheric pressure, about 0.6% of Earth’s, and this is not high enough to allow for the presence of pure liquid water on the planet’s surface. The Phoenix lander showed that in Mars’ northern regions, there was evidence for substantial water existing as water ice. A photograph of underneath the Phoenix lander showed water ice exposed by its landing retrorockets. Permafrost polygons were also imaged by the Phoenix lander. Curiosity accomplished an X-ray diffraction analysis of soil from Mars for the first time. The presence of various minerals, including feldspar, pyroxenes, and olivine were revealed. In 2020, the Mars 2020 rover will seek the answer to questions about the potential for life on Mars, by searching for subsurface water. The Mars 2020 rover introduces a drill that can collect core samples of the most promising rocks and soils. More studies have to be conducted on Mars, to learn how life could be supported and where there are resources to support life in the future.
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Figure 1. Mars’ hydrated minerals map. 
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Figure 2. Kasei Valles—a major outflow channel—seen in Mars orbiter laser altimeter (MOLA) elevation data. The flow was from the bottom left to right. The image is approx. 1600 km across. The channel system extends another 1200 km south of this image to Echus Chasma. 
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Figure 3. Inverted stream channels in Antoniadi Crater. Location is Syrtis Major quadrangle. 
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Figure 4. Map showing estimated water depth in different parts of the Eridania Sea. This map is about 530 miles across. 
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Figure 5. Deep-basin deposits from the floor of the Eridania Sea. The mesas on the floor are there because they were protected against intense erosion by deep water/ice cover. CRISM measurements show minerals may be from seafloor hydrothermal deposits. 






Figure 5. Deep-basin deposits from the floor of the Eridania Sea. The mesas on the floor are there because they were protected against intense erosion by deep water/ice cover. CRISM measurements show minerals may be from seafloor hydrothermal deposits.



[image: Galaxies 08 00040 g005]







[image: Galaxies 08 00040 g006 550] 





Figure 6. Delta in Eberswalde crater. 
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Figure 7. The preservation and cementation of aeolian dune stratigraphy in Burns Cliff in Endurance Crater are thought to have been controlled by the flow of shallow groundwater [129]. 
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Figure 8. The blue region of low topography in the Martian northern hemisphere is hypothesized to be the site of a primordial ocean of liquid water [17]. 
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Figure 9. Subsurface water ice consistency map for the northern hemisphere of Mars. 
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Figure 10. The Mars Global Surveyor acquired this image of the Martian north polar ice cap in early northern summer. 
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Figure 11. Cross-section of a portion of the north polar ice cap of Mars, derived from satellite radar sounding. 
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Figure 12. A cross-section of underground water ice is exposed at the steep slope that appears bright blue in this enhanced-color view from the Mars Reconnaissance Orbiter (MRO). The scene is about 500 m wide. The scarp drops about 128 m from the level ground. The ice sheets extend from just below the surface to a depth of 100 m or more [177,178]. 
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Figure 13. View of a 5-km-wide, glacial-like lobe deposit sloping up into a box canyon. The surface has moraines, deposits of rocks that show how the glacier advanced. 
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Figure 14. Branched gullies. 
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Figure 15. The Valles Marineris canyon system. 
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Figure 16. Map showing the distribution of hematite in Sinus Meridiani. This data was used to target the landing of the Opportunity rover that found definite evidence of past water. 
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Figure 17. The complex drainage system in Semeykin Crater. Location is the Ismenius Lacus quadrangle. 
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Figure 18. View underneath Phoenix lander showing water ice exposed by the landing retrorockets. 
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Figure 19. Permafrost polygons imaged by the Phoenix lander. 
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Figure 20. Thin rock layers, not all parallel to each other. 






Figure 20. Thin rock layers, not all parallel to each other.



[image: Galaxies 08 00040 g020]







[image: Galaxies 08 00040 g021 550] 





Figure 21. Close-up of a rock outcrop. 
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Figure 22. Springs in Vernal Crater, as seen by HiRISE. These springs may be good places to look for evidence of past life, because hot springs can preserve evidence of life forms for a long time. Location is the Oxia Palus quadrangle. 
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Figure 23. Rock outcrop on Mars—compared with a terrestrial fluvial conglomerate—suggesting water “vigorously” flowing in a stream [113,114,115]. 
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