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“If we are interested in Mars at all, it is only because we wonder over our past and worry about our possible future.”

—Ray Bradbury


AUTHORS’ NOTE

This book has its origins in the 1990s, when Nicholas Booth was working in British newspapers writing stories on science and technology. The most exciting evening in his decade as a reporter occurred when the discovery of suspected fossilized life in the Allan Hills meteorite was announced in August 1996. It was every newspaper writer’s dream story. Originally intending to do a quick tie-in book, Nick began squirreling away notes. Prior to this, he had spoken with many of the first generation of researchers who were able to send instruments to Mars. Alas, a number of interviewees have since passed away. We hope that their words here reflect their significant contribution to the story. From 1996 onward, Nick continued more formally. By the time he left newspapers, he had started to talk to most of the leading researchers and many who have since become foremost experts in their field.

Elizabeth Howell has been reporting on space since 2004, freelancing for various publications since 2006. Since 2012, she has freelanced full-time for clients in Canada, the United States, and Europe. Her reference clients include Space.com, Forbes, and the Canadian Broadcasting Corp. Awarded a PhD in the summer of 2019, she also teaches communications at Algonquin College in Ottawa, Canada. While she hasn’t been to space (yet), she has been to the Red Planet—or, at least, the Mars Desert Research Station in Utah, where she pretended to be an astronaut for two weeks in 2014.

This book, then, is a unique collaboration. From the outset, we decided not to write a dry, dull chronology, but rather to attempt to tell the story in a different way. Our overarching aim has been readability. It has been a great privilege to talk to many people who are involved in cutting-edge research about the Red Planet. That has meant, for us at least, a greater agony familiar to all authors in having to discard whole sections to make the length of the book manageable. As a result, the Martian moons, Phobos and Deimos, get scant mention, as does the astonishing story of the first Soviet Mars missions; nor could we cover the individual triumphs and failures of the (roughly) two hundred other instruments that have been sent to Mars and the people who have built them over the last six decades. We apologize profusely for not being able to cover everything.

It goes without saying that at times we have made glib and often oversimplified statements. No doubt others would write a different type of book, but here, we have tried to give a flavor of research for people who have no technical background. Any errors of interpretation and fact are ours, and we bear responsibility for them. We will endeavor to correct them in subsequent editions of this book.


PREFACE

Mars has always been full of surprises.

Over the last fifty or more years of direct exploration by spacecraft, the Red Planet has had a remarkable capacity to spring surprises. When the first successful missions shot past Mars in the 1960s, it provided only fleeting glimpses of a battered, cratered terrain. Mars appeared much like the Moon, a surprise at the time. For most of 1971, the whole of the Martian surface was blanketed in a thick layer of dust. It took weeks for the planet below to gradually reveal itself. When it did, at the start of 1972, the first successful orbiter, Mariner 9, was ready and waiting with its television cameras.

What it saw was another complete surprise. Gigantic volcanoes rose from the equator, revealing that the Red Planet was far from dead. Dried-up outflows of water scarred the surface, giving hope that life might have evolved in formerly aqueous environments. A massive canyon, later named Valles Marineris after its discoverer, stretches across a fifth of the planet’s circumference. This “Grand Canyon” on Mars dwarfs Earth’s equivalent, at roughly five times the size of its namesake in Arizona.

Mars had clearly been geologically active. Something had driven extensive volcanism, which could also have been a source of energy for life, perhaps surviving or hibernating as microbes close to the surface. A pair of Viking spacecraft landed on the surface in the summer of 1976 to find out. Their instruments, which were revolutionary for the time, sifted the rusty soils, only to discover a peculiar, completely alien chemistry that baffled its investigators, as it still does today.

More importantly, there were no signs of life.

The results of the Viking biology experiments remain controversial, though. One scientist involved in the mission has claimed to have found evidence for life in samples that were deemed sterile. Belatedly, there has been another great surprise. There is the very surreal possibility that some of the material examined by heating it within a sensitive chemical oven on the Viking landers actually caught fire. The answer might have turned to ashes before the experimenters’ eyes.

The next steps in exploration are about to be taken by a new generation of rovers that are being sent to the surface of the Red Planet in 2020. Appropriately, NASA has named the largest and most sophisticated Perseverance, which describes what many scientists have had to exhibit over the years. Their experiences, their triumphs and failures, are told in their own words in the following pages.

* * *

At various points in history, a number of people have reported that they have discovered life on Mars, only to have their findings shot down publicly. This, too, is part of the greater narrative covered in this book. The likelihood of there being life on Mars has been akin to a swinging pendulum of popular perception.

Today, that pendulum is pointing unequivocally toward life.

For the first time since the Viking missions in the seventies, scientists are seriously discussing the possibility that microbial life may be found on Mars. At its heart, then, this book is a detective story. It has needed investigators’ careful gathering of evidence to produce definitive answers. At times, the narrative is as convoluted as any other police procedural, with false starts, unreliable witnesses, red herrings, forlorn hopes, bizarre occurrences, and improbable happenings. And many more will assuredly follow.

If there is life on Mars, it might be buried far below the surface, in a polar ice cap, or even in a pool of briny water that can survive the subzero temperatures of the Martian nights and winters. Nobody can say where exactly it is, or what form it will take, but the hunt is on.

This is the story of human ingenuity and exploration at its greatest, one that promises to spring ever more amazing surprises in the years to come. If there is life on Mars, it will be found quickly. That final surprise—the greatest scientific discovery of our age—is within our grasp.
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FROZEN IN TIME

“To understand how life would evolve on Mars, you have to go to Antarctica,” says Dr. Christopher McKay. “There is no other place like it.”

Widely seen as the most eloquent spokesman for the tantalizing possibilities of life on Mars, Chris McKay has spent decades studying life in Antarctica to gain a greater understanding of how microbes could exist on the Red Planet. Working out of NASA’s Ames Research Center, south of San Francisco in the suburb of Mountain View, McKay is a leading astrobiologist. Tall, genial, and with a voice so basso profundo it seems to emanate from somewhere below the floor and boom in empty spaces, McKay made his first journey down to “the ice” in 1980. “Antarctica is like a second home to me,” he says today.

McKay is acknowledged as a voice of reason in a field of research that has sometimes split into contentious factions, especially where life on Mars is concerned. “That question would be easier to answer if we could understand the evolution of life on Earth,” he says, “or even if there was a consensus on the origins of life. Mars is going to help us with this riddle.”

Though he has also investigated life in Siberia and in the Atacama Desert in Chile, McKay believes that the high, dry valleys of Antarctica are the only place on Earth where conditions are sufficiently extreme to mimic the Red Planet. The key ingredient is water. “People often say how amazingly robust life is,” McKay says. “My reaction is the opposite. It always needs water. If we had the trick of learning to live without water, life would be hardier.”

If we can’t look for life directly, then searching out water is the next best thing. That has informed the scientific rationale behind the most recent and the next missions to the Red Planet. Without liquid water, life would have been unthinkable on Earth as it would have been on Mars. Given the fact that most water on Mars is concentrated in the form of ice at its poles, McKay believes that is where life is most likely to be found.

The polar ice caps of Mars have beguiled and enticed astronomers since their discovery in the eighteenth century. Their waxing and waning showed that, like Earth, the Red Planet undergoes seasons as it alternately tilts away from and toward the Sun. The seasonal ice caps grow and retract with the passage of the seasons. It was later found that the Martian tilt is 25˚, similar to the 23.5˚ value for Earth.

However, it is very difficult to reach the Martian poles. Tricky maneuvers would be required to touch down far from the easier-to-reach equator of the planet, requiring greater amounts of fuel at the expense of scientific instruments. Any attempt would be severely constrained by weight limitations and the extreme temperatures. Actually landing a probe amid the ice there is even more hazardous than exploring the poles of our own world.

NASA’s first attempt to do so, in 1999, failed. The Mars Polar Lander crashed somewhere in the southern polar regions, likely as a consequence of a software error that affected its landing system. Nine years later, the Phoenix lander, named for the ancient bird that rises from the ashes, successfully made it all the way down at 67˚N (“which is like Iceland on Earth,” says one observer).

Over the northern winter of 2008–2009, Phoenix found evidence that snow accumulates on the surface and detected what are known as perchlorates (a possible “food” for some microbes) in the soils. It also showed beyond doubt that there is a solid ice layer immediately underneath where Phoenix landed. “Nobody really knew how much ice was lurking just below the surface,” says Professor Jack Holt, a glaciologist at the University of Arizona. “So that was kind of a surprise to a number of people.”

That discovery has, he says, opened the door to discovering that there are much more extensive icy deposits below the surface, which have been remotely detected across whole swaths of the Red Planet. Ice on Mars, the result of changes to the planet’s climate over geological time, is no longer confined to the poles. Have these icy deposits always been so prevalent, or are they, as some believe, more of a recent phenomenon?

* * *

Antarctica is as alien as it gets on Earth.

Conditions are scored for extremes. During the summer, the average temperature in coastal regions hovers around freezing point, while it varies between –15˚C to –30˚C (–5˚F to –22˚F) inland. In the central plateau, temperatures range from –40˚C to –70˚C (–40˚F to –95˚F). The lowest temperature ever recorded on Earth was –89.6˚C (–130˚F) in the winter of 1983 at the Soviet Vostok research center there. Small wonder it has been referred to as “the Gulag of the South” by those who have willingly stayed at the center in the name of scientific duty.

Though it only covers about 10 percent of the total landmass on Earth, the South Pole contains about 90 percent of the world’s supply of ice. The Antarctic continent is shaped like a squat, lopsided letter Q, with the lower squiggle forming the Antarctic Peninsula. It points like a crooked finger toward South America, five hundred miles (some thousand kilometers) distant. Antarctica’s ice lies on a foundation of rock, most of which is hidden from view.

Ice flows in strange ways on this southern continent. Around the edge of Antarctica is a ring of mountains through which continental ice is forced to pass. Eventually, it falls into the sea, but first the frozen hulk tends to form ice shelves that are glued to the landmass by the freezing cold. Some ice chunks are as large as small countries. At times these massive sheets break off to form large icebergs; this process has accelerated with recent climate change, which is warming Earth’s poles rapidly.

The climate of Antarctica is unique: its air is trapped for most of the year under a giant anticyclone. As a result, winds descend around its outer extremities and flatten as the air flows outward. The winds, immortalized by mariners as the Screaming Sixties, whip up sudden storms and squalls. Thankfully, on the shelf-like coast of the continent around the main ice sheet, a thousand miles from New Zealand, the weather is distinctly better.

It was both the clement conditions and the sheltered inlet of this area that commended it as a stopping-off point for one of the most important voyages of discovery of the nineteenth century. James Clark Ross, a dashing officer in the British Royal Navy, had already discovered the magnetic north pole when he set off to find its southern equivalent in the late 1830s. In the large sailing ships Erebus and Terror, his expedition ventured farther south than anyone had ever done before.

They happened upon the Antarctic coastline after “a magical journey of towering mountains and shining glaciers,” in the memorable phrase of one chronicler of their travels. Ross’s own diary records that on January 28, 1841, the sea that now bears his name appeared like a sheet of frozen silver in the uncharacteristically good weather and blue skies. His crew were openmouthed upon finding “a perpendicular cliff of ice between 150 and 200 feet above the level of the sea, perfectly flat and level at the top and without any fissures or promontories on its seaward face.”

Because the ice cleared faster here than anywhere else they had happened upon in Antarctica, it became an obvious point of contact for future explorers. Scientists today head for this sheltered sound, which was named after the senior lieutenant of the Terror, Archibald McMurdo. Now visitors have the luxury of flying in on modified Hercules transport aircraft on flights from New Zealand. Once they’re deposited, the plane often doesn’t stick around in case its delicate engine parts freeze over.

Only in the direst of circumstances will the authorities ever attempt a Win-Fly, as the flights in during the dead cold of winter are known. One such situation took place in the austral winter of 2017 to rescue an eighty-seven-year-old man who was experiencing breathing difficulties at the geographical South Pole. Later shown recuperating in a hospital in Christchurch, he smiled for the cameras after his ordeal. That he wore a T-shirt with the phrase GET YOUR ASS TO MARS, made famous in the original Total Recall movie, and that he was the second human being to walk on another world had a lot to do with the impression of sangfroid he gave.

But then, Buzz Aldrin has always dreamed of an encore: walking on Mars. “I think we can all say with confidence that we are closer to Mars today than we have ever been,” Aldrin had said earlier that same year.

* * *

Antarctica is tough to explore, but it has nothing on Mars.

The Red Planet is roughly 1.5 times farther from the Sun than we are. Mars orbits the Sun at an average distance of 142 million miles (228 million kilometers), compared to 93 million miles (150 million kilometers) for Earth. Its orbit is much more elliptical than Earth’s. The Red Planet takes twenty-three of our months—nearly two years—to complete one orbit. It also receives much less heat than Earth. Conditions on Mars would make Vostok station look positively balmy. The average temperature on Mars is about –60˚C (–76˚F), and though there are places where it can fleetingly hover around the freezing point of water, temperatures can plunge down to –150˚C (–240˚F) during the polar night.

Atmospheric pressure distinguishes Mars from Antarctica, even though our own southern continent is one of the highest regions on Earth. (The thinner atmosphere there caused the problems with Buzz Aldrin’s breathing.) Because of Antarctica’s altitude, one Soviet researcher at the same Vostok station where the coldest temperature was measured was astounded to find that potatoes took three hours to cook through. They boiled at 88˚C (190˚F). On the Red Planet, the average atmospheric pressure is less than a hundredth of that on Earth. There is so little atmosphere on Mars that water molecules would rush out in a mass exodus. If you took a pan of water outside, it would burst outward in a freezing explosion.

Mars has a lower atmospheric pressure because it is roughly half the size of Earth and a tenth of its mass, so its gravitational influence is smaller, roughly 40 percent of ours. Throughout its history, Mars was not able to hold on to its primordial reserves of water, which evaporated or were lost to space. Today, this also means that the Red Planet cannot hold on to as thick an atmosphere as Earth. The average atmospheric pressure on Mars is 6.1 millibars, compared to 1013 millibars at sea level on Earth. The range of pressures on the Red Planet varies, running from nearly 9 millibars at the bottom of the largest basin to 2 millibars at the top of the highest volcanoes.

The atmosphere of Mars is composed almost entirely—95 percent—of carbon dioxide. The gas traps sunlight on the planet’s surface, lifting the average temperature there some 5˚C (41˚F), compared to 35˚C (95˚F) on Earth. Mars is also almost completely dry. Even more so than Antarctica, it lives up to the nickname of “freezing desert.”

* * *

The most Mars-like places in Antarctica are the remarkable Dry Valleys, close by McMurdo Sound. Here the temperature averages –20˚C (–4˚F) and rarely rises above the freezing point of water. The Dry Valleys receive less annual precipitation than the Gobi Desert. They were discovered by Captain Robert Falcon Scott on one of his first journeys to the South Pole, in a region known as Victoria Land in honor of the monarch of the time. The Dry Valleys are separated from the remorseless encroachment of Antarctic glaciers by the Transantarctic Mountains.

When Scott and his team happened upon them, they were astounded. “The hillsides were covered with a coarse granitic sand strewn with numerous boulders,” he recorded in his diaries. “It was curious to observe that these boulders, from being rounded and sub-angular below, gradually grew to be sharper in outline as they rose in level.”

Scott later investigated this area during his more famous, ultimately tragic expedition in 1912. Two of the valleys are named after scientists attached to his expedition, Thomas Griffith Taylor and Charles Wright. The valleys receive at most four inches (ten centimeters) of snow per year, precipitation that is blown away by the harsh winds whistling through the region. They are the coldest and driest places on Earth.

Until the 2000s, scientists had found no trace of life in these harsh valleys. In the early 1970s, when NASA was preparing its first missions to land on Mars, the Viking spacecraft, the Dry Valleys were chosen as a test site for some of the life-detecting instruments. If they could find microbes in the Dry Valleys, they would be able to find them on Mars. However, their findings in Antarctica were ambiguous. What resulted was an almighty row between factions within the Viking biology teams, with some claiming that the valleys were entirely sterile and others that they weren’t.

Today, cooler heads have prevailed. The original argument was based on biologists’ ability to culture any living material from samples of the soil. The greater truth is that nothing could be cultured from the soils in the Dry Valleys, hardly surprising given that 90 percent of organisms in any soil cannot be grown in this way. With a sensitive enough probe, though, biologists have subsequently found plenty of evidence for microorganisms throughout the Dry Valleys. Whether that life resulted from material blown in from elsewhere or was indigenous and actually growing there remained a matter of debate until more recent times.

Closer examination reveals thriving microbial ecosystems in the Dry Valleys. Rocks act like little greenhouses and often trap water. Just below the surface of Sun-facing sandstone rocks are layers of lichen and algae that can survive because the dark surface of the rocks is warmed above air temperature. Pores within the rock trap whatever liquid water is available from the occasional snow flurries. The organisms are cocooned from the cold and receive enough sunlight to allow photosynthesis to take place.

At the bottom of the valleys are lakes and ponds, which were also discovered in Scott’s time. Some are replete with thick, salty waters that are fed by the annual buildup of snow. Uniquely, they do not drain away. Rather, their liquid content evaporates due to the fearsome winds that constantly blow through the valleys. Around the shorelines of the lakes may be found microbial life in the form of algae, upon which populations of yeast and molds may feed. These microbes support microscopic protozoa, rotifers, and tardigrades, all tiny organisms that congregate at the very base of the food chain.

Whatever their origin, the microorganisms in the Dry Valleys provide clues to ones we may ultimately find on Mars. If we can better understand how such life originally formed here, biologists will be able to get a much better handle on what may have happened on the planet next door. In 2011, when the most powerful camera ever sent to the Red Planet detected what looked like fresh flows of water from orbit, one scientist’s comment to the press was especially pertinent: “Mars looks more like the Dry Valleys of Antarctica every day.”

* * *

Chris McKay was in graduate school when the Viking missions landed on Mars in 1976. Though they found no evidence for microbial life, he was more intrigued about the absence of organic molecules in the Martian soil. These complex chains of carbon are crucial in the evolution of life as we know it. The singular fact of their complete absence led to an absolute change in scientific opinion about the possibilities for life on Mars. Taken at face value, the lack of organics implied it would be pointless looking for life there. In very simple terms, there was no biochemical backbone on which life could have formed.

“After Viking, there was a general lack of interest in the scientific community,” he says. “Viking immediately suggested to many people that there isn’t life on Mars, nor could there have ever been. I don’t think there was a really objective scientific assessment of the results. The initial disappointment was too much.”

Now, in the twenty-first century, the pendulum is swinging back the other way. Over the last eight years, NASA’s Curiosity rover has uncovered organics on several occasions on the Martian surface; the latest, in the summer of 2018, were tough organic molecules—“tough” in the sense they had survived for so long—buried in three-billion-year-old rocks that likely had originally accumulated from sediments in a lake.

More recent missions have raised the stakes further, revealing that water once flowed and conditions were probably right for life to have formed in the ancient past. Hematite, a form of iron that is oxidized in the presence of water, has been discovered in various places across the Martian surface. Many rovers, most recently Curiosity, have discerned telltale signs of flooding by dramatic flows of water. From orbit, other spacecraft have observed deeply cut canyons that look like ravines and outflows carved by water. There is also some evidence for an extensive shallow sea in the ancient past that may have covered sizable swaths of the planet’s northern hemisphere.

There may even be fresh flows of water on Mars today. Seasonal changes have been observed on the slopes of some Martian craters, although what is causing these dark streaks to appear and disappear is a matter of much debate. Hydrated minerals have been observed in these streaks. Some scientists argue it is because of water from the atmosphere, while others say this might be the result of flowing, briny water. We won’t know for sure until some future mission ventures up close to these features, which are called recurring slope lineae.

Scientists are by their very nature conservative, cautious, and slow to adapt. There are times when the shock of the new can cause a radical change in opinion, known as paradigm shifts, but change is rarely sudden. When Alfred Wegener first proposed the notion of plate tectonics on Earth in the 1920s, he was largely ignored. It took nearly four decades for his work to be unequivocally accepted.

Those who study life on Mars cite a similar paradigm shift after the general gloom of Viking’s apparent inability to detect life. The shift resulted from a paper that Chris McKay presented with colleagues in 1984 when he was a postgraduate student at the University of Colorado, Boulder. It catalogued the competing theories for the origins of life on Earth and explored whether they would also work on Mars, where many of the same early conditions may have existed. The answer was a resounding yes.

“That’s a bit of a weaselly argument,” McKay says with a knowing smile today, “because we can’t really say what happened on Mars without knowing how life evolved on Earth. But all the theories didn’t contradict anything we already know about Mars.”

Ever the optimist, McKay says this implicit confirmation increases the likelihood that life could have existed on the Red Planet. Not only do all the theories about the origin of life on Earth apply to Mars, but McKay also points out that life must have evolved pretty quickly. Once life has come about, it is hard to get rid of—no matter what the original conditions were like or how hostile the environment then becomes.

McKay believes that in the ancient past, survival of the fittest would dictate that Martian microbes would have migrated underground. Even if life died pretty quickly after it formed, say within the first billion years of Martian geological history, then its biochemical signature might still be around in the rocks or close below the surface. Certainly, the missions to Mars being launched in 2020 will seek out these markers or “biosignatures” that may still be present. “I think we’ll only find organic preserved remains,” McKay cautions. “There will be morphological structures, but the organisms themselves will long since have been and gone.”

His reasoning may seem obscure, but it comes from the benefit of his own experiences. Chris McKay was involved in an intriguing series of experiments in the permafrost of Siberia, carried out in 1991 by a team of Russian and American astrobiologists. In northeastern Siberia, subzero conditions have persisted for over three million years, a stitch in time compared to Martian geological history. Nevertheless, what they found reveals just how astoundingly hardy life can be in even its lowliest microbial manifestations. Large numbers of bacteria have been effectively freeze-dried. When thawed out, they resume their life functions. The Siberian results show that there are up to 100 million bacteria per gram of frozen soil. Even more remarkably, after being frozen for three million years at a temperature of –10°C to –12°C (10°F to 14°F), they do not seem particularly harmed by the experience.

“They are viable,” McKay says. “What keeps them ticking is the natural radioactivity of the rocks, which over ten million years or less is not a problem.”

But Mars is a far harsher environment: could microbes have persisted there for such a long period tied up in the permafrost? In principle, yes. Half of the Red Planet has been “dead,” geologically speaking, since the intense cratering that immediately followed the birth of the solar system. The southern hemisphere of Mars bears testimony to ubiquitous bombardment, with surface features that have not been removed by subsequent geological activity. If life ever started, its presence may still be there.

“Those are almost ideal preservation conditions,” McKay says. “Dry, frozen, and at low atmospheric pressure. You couldn’t ask a curator to do a better job of preserving any samples from that time.” He cautions, however, that any microorganisms may have been assaulted by accumulated radiation within the rocks and from space that has bathed the Martian surface, since the atmosphere does a poor job of protection.

Biologists don’t have a particularly good understanding of what happens when organisms are frozen for millennia, and the effect of cumulative exposure of microbes to low levels of radiation is largely unknown. The situation is further complicated because the dosage received—on Earth or Mars—would fluctuate over time, making it difficult to extrapolate. Most experiments to date in this field have been with bursts of very high levels of radiation over short periods of time. Today, more precise measurements of radiation are coming from NASA’s Curiosity rover in and around Gale Crater. McKay is thus working to better understand how cumulative exposure to natural radioactivity would affect possible Martian microbes.

* * *

If life did begin on Mars three and a half billion years ago, any water would have been locked up as permafrost as its climate subsequently evolved and became cooler. Organic material would have become incorporated into these frozen sediments and remained frozen in place, both physically and chemically.

There is also another factor favoring preservation. Mars does not have plate tectonics, so the upper layers of its surface did not recycle the original material that made up its primordial crust. It has been estimated that erosion and burial rates at the Martian surface are approximately one meter per billion years. Perhaps two-thirds of the Martian surface is older than, and has remained unchanged for, three and a half billion years. This means that even the most ancient of permafrost should be fairly easily accessible to robotic or human explorers. Material a few meters below the surface would also have been protected from dangerous cosmic radiation and ultraviolet rays from the Sun in the epochs since.

Some researchers have even gone so far as to say that underneath the Martian surface, there may well be extant life-forms today. Others are more cautious. Nevertheless, the intriguing possibility remains that there will be compelling evidence for ancient biological activity preserved in the Martian permafrost.

Frozen water is the key. Some Martian craters seem to have formed when they were accompanied by what looks like muddy slurries. Larger impacts were needed to create telltale torrents of mud. If the ground contained significant amounts of water, the craters from the impacts would have been frozen in place thereafter. Closer to the poles, even the smallest of craters seem to be surrounded by telltale signs of ancient muddiness. This suggests that, in these regions at least, the ice is nearer to the surface.

Nearer the equator, however, the relative warmth of the Sun means that the ice migrated farther below the surface. The presence of ground ice becomes apparent from the midlatitudes up toward the poles. “We know there’s ice from observations by our radar on spacecraft in orbit,” says veteran Mars researcher Richard Zurek of the Jet Propulsion Laboratory (JPL). “There is ice beneath the surface as well as at the polar caps.”

Under present conditions, it has been calculated that the surface of Mars is frozen to depths of about a mile (about two kilometers) at the equator and about three miles (six kilometers) at the poles. In 2015, a team led by Ali Bramson, then at the University of Arizona, mapped the location of nearly two hundred craters across an otherwise featureless plain north of the equator, Arcadia Planitia. They were chosen because radar observations from NASA’s Mars Reconnaissance Orbiter had measured reflections from under the surface that are characteristic of ice. Many exhibited “terraces” that could only have formed if there was ice under the surface.

To fit the observed “splats” and the radar measurements, the Bramson team estimated that there is a thirteen-story-deep ice sheet buried underneath Arcadia Planitia. A year later another team, led by Cassie Stuurman at the University of Texas at Austin, used a similar radar technique to examine another northern plain called Utopia, where the second Viking lander had landed in September 1976. Terrain that has cracked into telltale polygonal shapes and scalloped depressions suggests they were formed by extensive water ice that had sublimated or thawed out. The Stuurman team estimated there were 145,000 square miles (375,000 square kilometers) of ice below the surface.

Taken with the earlier work, these studies show that recent climate change has led to the accumulation of ice at the midlatitudes. Such deep reserves exist because surface ice in the equatorial regions is unstable and will easily sublimate away. At the poles, however, it won’t. Higher than 40° latitude in either hemisphere, ground ice will be found closer to the surface. The nearer to the Martian poles you look, the more likely you are to find it. That, in essence, is why the poles could be such a mecca for microbes.

Another tantalizing glimpse of the subsurface water surrounding the south pole of Mars has been inferred from orbit. An unnamed crater in a region called Noachis Terra, in the vicinity of the Martian south pole, reveals the strongest evidence yet for seepage of underground water. Just thirty miles (fifty kilometers) wide, this crater contains dark, tiger-toothed features within its rim that look similar to glacial water seepage seen in Iceland and around Mount St. Helens. This strongly suggests that the water was exposed when the crater was excavated by the impacting body that gouged it out of the surrounding surface.

Not only that, the dark floor of the crater is smooth, which suggests it could well have been covered with a pool of water. The edge of the inside wall of the crater reveals that there are “islands” of material poking up through the floor. The most likely explanation is that water did indeed burst out of the crater rims, and then formed a lake that either evaporated or froze in place.

Certainly, life as we know it depends on water of a certain chemistry—not too salty, for example—so finding life-friendly water could lead to life itself. On Mars, a great deal would have certainly percolated through the soil to form the layer of permafrost or else remained frozen on the surface and thereafter become covered by accumulations of dust.

As such, ice—not least in the form of glaciers—is an important bridge to the past, buttressing theories of what might have happened when the Red Planet was warmer. Could conditions have been clement enough for a large ocean to have covered sizable portions of the planet, as inferred from the geologic evidence? How wet was Mars in its earliest days? Did the planet’s ancient climate suddenly change forever, or did it oscillate between warmth and cold?

As ever with the Red Planet, there may well be other factors that are not yet understood. One important insight comes from perhaps the most remarkable discovery ever made about the poles of Mars: the laminated terrain.

* * *

They stretch as far the eye can see in every direction: regular, relentless, and undulating along the perimeters of both polar ice caps on Mars. They look like strange icy layers in a cake created by a cosmic chef with an enhanced sense of aesthetics. Nothing quite like them has been seen elsewhere in the solar system, and that includes the even colder, icier moons of the outer planets.

This is the mysterious layered terrain surrounding the Martian poles that even today defies detailed understanding. The alternating layers of dust and ice are seen at latitudes greater than 80° in both hemispheres and stretch uninterrupted for many hundreds of miles. They appear as fine bands along slopes where the Sun’s rays and wind have removed seasonal ice, and they occur in relatively smooth, undulating landforms into which the polar ice has cut steep slopes and scarps. When they were discovered in the 1970s, they caused no end of amazement. Their regularity hints at how the climate has changed in the past. The relative “thickness” of deposited dust and ice has faithfully mimicked climatic conditions throughout Martian history.

Nobody knows how long it would take to deposit an icy layer. Theoretical calculations have shown it could be anywhere from a year to many hundreds of years. Nevertheless, the broader outlines of how the layers formed have come from some remarkable astronomical detective work. By divining the motions of the Red Planet as it has moved through space over recent millennia, climatologists have determined why dust was more likely to be deposited than ice and vice versa at different times in its history.

Planets are not the perfectly defined spheres of childhood drawings, nor are they uniformly dense. Earth, for example, is distinctly pear-shaped. The equator is out of true with the poles by many tens of miles. That irregularity means planets don’t spin as perfect spheres would. Mars, too, is oddly shaped, like a slightly squashed egg. It, too, wobbles as it spins, and this has had a pronounced effect on its climate.

When the Martian orbit is at its most elliptical, more sunlight will fall on the hemisphere undergoing summertime, as it is so much closer to the Sun. At present, that is the southern hemisphere. During the southern summer, global dust storms tend to kick up and deposit dust on the northern pole, due to the quirks of atmospheric circulation on today’s Red Planet.

This tilt, which is more formally known as obliquity, also has an important effect on climate. As noted earlier, the current Martian tilt (25˚) is similar to Earth’s (23.5˚). Jupiter’s immense gravitational influence may have tugged the axis to as high as 46˚ within the first half billion years of the planet’s history. By comparison, Earth’s axial tilt has changed only by about one degree over geological time.

Even after the emergence of four enormous volcanoes on the Martian equator, which dampened down the tilt of Mars, the obliquity was reduced to only 35˚, still large enough to have had a distinct climactic effect over the succession of seasons. Perhaps today’s tilt of 25˚ is the lowest ever amount by which Mars can roll on its axis. At present, it seems that changes can vary by up to 10˚ over a period of 100,000 or a million years.

As a result, some have argued that the current deep freeze seen on Mars may just be a temporary phenomenon, so far as geological time is concerned. When the axial tilt is higher, the summer pole would be far hotter. Much less atmospheric carbon dioxide would freeze out on the winter pole in the annual yin and yang of the seasons. More dust would be deposited because there would be less ice around. The opposite would be the case when the planet tilted by much less.

Such changes would obviously contribute to the layering seen in and around the Martian poles. Stronger summer heating at one pole may have released greater amounts of greenhouse gases from the polar caps. Permafrost that is rich in frozen carbon dioxide would have sublimated to allow a temporary greenhouse effect to result. What that also means is that the deep freeze would be temporary in any given region on Mars. The changes to the tilt would cause extensive glaciations, which would then also move down to the midlatitudes or back up to the poles.

If liquid water were available, it could have flowed across the surface before it froze or evaporated. Chemical reactions with the atmosphere would have formed carbonates or salts, reducing the overall atmospheric pressure.

When the planet’s tilt was reduced and its orbit became more elliptical, Mars would have been distinctly cooler. At the poles, there would have been a greater chance for snow and glaciers to be more likely. Based on his extensive experience studying glaciers on Earth, Professor Jack Holt, a glaciologist at the University of Arizona, is amazed at the estimated range of ages of the ice which is still present on Mars—anywhere from a few hundred million to several hundred million years. “We don’t have anything remotely close to that preserved anywhere on Earth,” he says. “On Mars, I think that this ice actually contains a great deal of past climate information that is so far missing from our understanding.”

Much more scientific detective work is needed to discern the exact details of the more recent climate history of the Red Planet. While the ice is very old in terms of human experience, it is geologically quite young. Nevertheless, scientists are akin to detectives looking at a crime scene that has long since been altered. They are hampered by not knowing what exactly has taken place. To date, they have inferred details from the equivalent of fleeting snapshots and unreliable witness statements. Worse still, much of the evidence for the evolution of climate on Mars is either circumstantial, contradictory, or plain confusing. One thing most experts agree upon is that the poles of Mars may unlock the mysteries of climate and, hence, the possibility for ancient life. They beckon to us across the interplanetary void, tantalizing and often ambiguous, in the vital information they contain. They will help unravel many of the enduring mysteries about the ancient history of the world next door.

* * *

Since the start of the twenty-first century, ever more detailed suites of instruments have been peering down at the poles of Mars from spacecraft as they orbit overhead. They have been scrutinizing the ice caps in visible light, in the infrared, using laser reflections, and—most revealingly—by radar. Taken altogether, our portrait of the polar ice has been fundamentally redrawn before our very eyes. “We’ve actually seen exposed cliffs of ice,” says Rich Zurek of the Jet Propulsion Laboratory. “And you go, ‘Wait a minute, those must be rapidly sublimating into the atmosphere today. So how do you keep this there for any length of time?’” There are many places where there is subsurface ice and a lot of debris surrounding it. “And that insulates the ice and keeps it there,” he adds.

One of the persistent riddles is that the northern pole seems warmer than the south yet also seems to have more water ice on display. The explanation is that appearances may be deceptive. The south pole is covered by a frosting of carbon dioxide, which is believed to be quite thin compared to the vast bulk of water ice below.

The Mars Global Surveyor spent most of a decade in orbit around the Red Planet after arriving in September 1997. It accurately scanned the surface below using a laser that fired pulses to build up a detailed map of the terrain. By accurately timing how long the signal took to return, the laser signals revealed the extent of depressions or mountains beneath. If the surface was comparatively lower, the laser pulse took longer to return, and vice versa if it was higher. The Surveyor’s orbit was better placed to observe the north pole, and thanks to that, a three-dimensional map of the Martian arctic has been possible.

“Without [the laser instrument], we would have had a lot of trouble with our interpretations because it’s our baseline reference for all our current data,” admits Jack Holt. His recent work, for example, has used radar that can penetrate below the surface. But making sense of the radar signals requires various corrections that depend on the state of the atmosphere through which they have traveled (such as electrical activity in its outermost layers, which have been found to create aurorae). With a laser instrument, however, what you saw was what you got. Without the laser ranging information, Holt says, “it would have been really impossible to do the level of interpretation that we have.”

What laser altimetry has shown, particularly in its greater vertical resolution, is that the north polar cap on Mars is gouged by canyons and troughs that are as deep as 0.6 miles (1 kilometer) beneath the surface. They appear to be carved by the winds and the evaporation of ice.

The statistics stagger when comparing that part of Mars with Greenland on Earth. The shape of the arctic cap on Mars indicates that it is composed primarily of water ice, with a volume of 300,000 cubic miles (1.2 million cubic kilometers) and an average thickness of 0.6 miles (1 kilometer). “Combined together, the Martian polar caps contain about the same amount of water ice as there is in Greenland,” notes Dr. Frances Butcher, a planetary glaciologist based at the University of Sheffield in Britain. On Earth, there is much more ice at the poles. Less than 1 percent of Earth’s glacial ice is elsewhere; on Mars, 10 percent of its water ice is in the nonpolar regions. What that implies is that ice has played a very important role in the story of Martian climate. To understand that better, researchers need to peel back the outer layers of the ice and peer at what may be lurking below.

* * *

Like Earth, the Martian poles have permanent caps and seasonal ones. The seasonal ice comes from carbon dioxide freezing out onto the winter pole, reducing overall atmospheric pressure in the process (by up to 20 percent as measured on the surface). On the winter pole, the seasonal cap formed by accumulating carbon dioxide is about a meter thick. Depending on how dusty the atmosphere is, the seasonal caps at both poles consist of dirty ice, with dust mixed in. The extent of the mixing depends on how relatively warm or cold it is.

Over the last two decades, new radar instruments have revealed unsuspected details about the structure within the layers. They have also allowed glaciologists to make comprehensive three-dimensional maps of exposed layers of the scarps seen at the poles. In the summer of 2019, researchers in Texas and Arizona presented a new estimate for all the ice currently contained at the north pole of Mars. They examined a deposit of water ice and sand that lies beneath the current permanent cap. These layers formed during many past ice ages on Mars. Hitherto, it had been thought any evidence for this kind of ancient ice would have been lost.

“There is quite a bit more ice [in that basal unit] than people thought,” says Professor Jack Holt, who led the study. “We don’t have a good age constraint upon it. It probably spans a large range of ages from a billion years up to just five million years.”

And it is where some of the missing water might still reside. To their amazement, the researchers estimated there was enough to fill a layer at least five feet (1.5 meters) deep right across the whole planet. Such a large amount of water is not easily explained by current understanding of how climate has evolved on Mars. It could also mean that much of the “unaccounted for” water resides below the surface in a massive frozen aquifer.

In particular, the “shallow radar” aboard the NASA Mars Reconnaissance Orbiter has been able to penetrate down to 1.5 miles (2.5 kilometers) below the surface. The total volume locked up in these buried deposits is about the same as that seen in glaciers and buried ice across the rest of the Red Planet. “There is clearly a process of exchange going back and forth,” Holt says. “Or maybe that’s just coincidence.”

The bottom line shows “there is some process by which significant amounts of ice can get trapped at the pole during these exchanges.” It is a one-trick pony: because the water is frozen, it is not available to flow freely ever again. With each subsequent freezing, less is available for the climate. And that, ultimately, might provide scant comfort in the search for extant life.

“You can have all the right conditions for life,” says Stefano Nerozzi, Holt’s PhD student who has mapped this ancient ice, “but if most of the water is locked up at the poles, then it becomes difficult to have sufficient amounts of liquid water near to the equator.”

* * *

By comparison, the south pole on Mars is very different. One important factor is that it is on average more than three miles (six kilometers) higher than the north pole. That extra height alone might account for the very obvious differences between them. In Jack Holt’s estimation, the ice at the south pole appears much older than that at the north. From repeated radar observations, it appears that the wind has had a greater role in shaping the polar caps than had previously been known. Many of the observed patterns of ice and dust at both poles show telltale signs of having been eroded by wind.

But there is a frustrating problem. The highest resolution camera in orbit around Mars today can see down to ten inches (twenty-five centimeters) at the surface (better than Google Earth, in fact). At best, the shallow radar instrument that flies along with it can only see down to thirty-three feet (ten meters). “We can’t quite connect them,” says Professor Holt. “We haven’t been able to positively identify an exposed layer and outcrop that you can trace and connect with [the shallow radar].” Some of these layers can be tracked across the entire polar cap, “which is amazing, and we see all this structure,” he says. “The holy grail is still to have a definite correlation between the [changes to the orbit] and the layers.”

The way in which the ice has grown and retreated has been modeled at both poles. The ice at the north pole is probably less than five million years old. There has been growth, retreat, and growth. “You see a nice correlation of that in the radar data,” Holt says. Some of the layers are cut off mostly around the edges, “where you clearly have had that ice growth and then you have had these periods when you start removing the ice.”

In the high-resolution radar observations, “aeolian processes”—as the cumulative effect of wind is known—have played a significant role in shaping the cap. Further work is needed to refine these measurements, with researchers knowing only too well that the finding of finer, thinner bands within the layers may well cause a rethink of how the Martian climate has changed.

* * *

The European Mars Express Orbiter arrived in 2003, three years before NASA’s Mars Reconnaissance Orbiter did in 2006. Both have been maneuvered into near-polar orbits around the Red Planet. As they move around Mars, the whole of the planet can be spotted below them (apart from a “collar” of 3˚ around the geographical poles themselves). Both have radar instruments that have observed distinct differences in the polar regions.

“Our shallow radar works really well for the north pole,” says Professor Jack Holt. “It sees lots of internal layering and structure, and you can see all the way down to [the basal unit].”

This instrument has greater resolution at the surface but at the expense of looking far below: “we have shorter wavelengths and higher resolution.” The European radar operates at a lower frequency, which means it can penetrate further. “For a reason we don’t understand yet,” Holt explains, “our signals get scattered by something within the south polar layered deposits. It appears to be a subsurface kind of shallow layer or layers that we just don’t understand.”

The term they use is “a fog,” not in the literal sense but rather a diffuse signal that obscures everything else returned in the radar profile. In other words, there is no useful information that can be interpreted, in much the same way fog obscures a surface seen with the naked eye.

“The European radar does better in the south and not so well in the north,” he says. This radar instrument on Mars Express hasn’t yet clearly delineated much internal structure within the northern polar layer deposits. It sees the top and the bottom, and, depending on how the information is analyzed, some sort of structures within appear to move up and down.

How the two radars complement each other is interesting, Jack Holt says, although “it’s a little frustrating at times.” Certainly, that has been the case with one of the more sensational discoveries in recent years: that there is a vast layer of water underneath the south pole of Mars. A team of mostly Italian scientists used the Mars Express radar information to infer that there is a lake-sized reservoir of water with sediment below it. As a likely habitat for biological material, it became front page news in the summer of 2018 when their research was published in the journal Science.

“This discovery is changing again the view of the possible presence of liquid water,” said one of the team, Elena Pettinelli, a researcher at Roma Tre University in Italy. During dedicated passes between May 2012 and December 2015, the European radar saw “anomalously bright subsurface reflections” beneath the icy Planum Australe region.

Within an area twelve miles (twenty kilometers) wide, something lurks below. The Italian team have interpreted this as a possible sediment-infused body of liquid water buried under the surface, pooling roughly less than a mile (one and a half kilometers) under the frozen ice layers. Other scientists, especially those working with data from the other radar aboard NASA’s Mars Reconnaissance Orbiter, remain unconvinced.

Theoretically, the American spacecraft’s radar should also be able to see this feature, too. To date, it has not. Everything hinges on the way that the radar “echo” is returned and how it is interpreted. The Mars Express radar instrument can penetrate the top three hundred–plus feet (one hundred meters) below the surface, while the other instrument on the NASA spacecraft sees down to thirty feet (ten meters). There is something strongly attenuating the radar signals, not allowing them to see the bottom half of the ice sheet.

What happens next depends on how these observations are modeled. And, as in so many areas of science, the results depend on just how many assumptions are made at each step along the way. Philosophically, you might say, that depends on just how Earthlike the Martian poles are. “In Antarctica, for example,” notes Jack Holt, “when you have a lake, for it to be sustained over any period of time, you have to have melting off the face of the ice sheet.”

That will also tend to warp the ice above it, but warping has not been observed in any of the European radar images. If it’s an ephemeral feature, it also seems hard to explain. Though salinity (the amount of salt needed to keep the water as liquid) has been inferred, several critics have pointed out that the observations don’t seem to match anything known in nature. “There’s no amount of salt that can cause an amount of liquid to exist underneath the ice sheet,” Holt adds, “even if you made it purely salty.”

The simplest way to keep water as liquid is with “a heat anomaly.” On Earth, there are such features in the form of volcanoes lying below ice sheets. But on Mars, nobody has a detailed understanding of how much heat is available. Professor Holt points out that if it was some sort of magma chamber that could provide enough warmth, there is no supporting evidence. “The best-case scenario that if there is liquid there, it could be a kind of icy sludge,” he says.

The Italian authors, nevertheless, remain confident in their findings as they have taken years to collect the data. As ever with cutting-edge research, it is also a matter of elimination. They looked at other possibilities that might explain the radar reflection before turning to water. They rejected the idea of the layer being due to carbon dioxide or water ice. It is unlikely both could form at the base of the ice cap under those conditions either.

At this stage, it is probably fair to say the jury is still out. A more accurate assessment might come from new information about the interior heat flow within the planet as a whole, which would tell scientists whether pools of liquid water could be possible. For that, measuring the heat flowing just below the surface is crucial. As we will see in the next chapter, attempts to do this are ongoing with the most recent visitor to the surface of Mars, the NASA InSight lander.

Fundamental disagreements are part and parcel of scientific inquiry. Clearly, a deluge of information is helping fine-tune some theories and leading to others being thrown out. One ugly fact, it has often been said, can destroy the beauty of what may appear to be an elegant theory. These are the sorts of riddles which will be addressed by the next missions to Mars. If past experience is anything to go by, the answer will be far stranger than anyone could have ever imagined.

* * *

Liquid water beneath either of the poles has important ramifications for life on Mars. For that reason, the polar ice might provide a new and fertile hunting ground. “The permanent polar caps of Mars are frozen water and would act as a splendid ‘cold trap’ where organic molecules could condense,” wrote one prominent biologist in the early 1980s. “The scavenging oxidizing agents would largely be absent, so that there is an odds-on chance of finding life-forms.” Professor Jack Holt adds, “If there’s any life near to the surface of Mars, it’s going to be in the icy deposits. But maybe the ice is going to be too young to preserve it.”

Certainly, midlatitude glaciers formed where conditions were warmer and may well be easier to reach. And there is another very good reason to examine ice below the surface. Something similar may take place there as has been found on Earth. “Any time we’ve gone to deep ice on Earth,” Jack Holt says, “there are always things living there.”

Ultimately, it won’t be a single mission that will tell the story of how the polar regions of the Red Planet have changed over time—and whether life has played any part in it. One obvious mission would be to have a small spacecraft land and attempt to take ice cores in the laminated terrain. “With precise dating, you could correlate the precise sequence of how they were lain down,” says Professor Holt.

Chris McKay has been working for a number of years on the Icebreaker Life mission concept, which would look for telltale signs of biological activity on the northern plains of Mars. It would be a rerun of the Phoenix mission with a new payload designed to look for any hints of biochemical processes. Though not chosen by NASA in 2015 nor again at the start of 2020, it may eventually be taken up as a project in the years ahead. But there would be little chance for any current technology to actually land farther north on the polar ice caps themselves and survive for any length of time.

The mystery of the Martian poles may not be solved any time soon. According to many researchers, trying to land at either Martian pole is, for now, science fiction. Yet, only a few decades ago, so was establishing a base in the Antarctic or sending a spacecraft to Mars. In the past, the icy poles on Earth were called terra incognita, as they were unknown and unknowable for so long. Thanks to pioneers like Ross, Scott, and, in more recent times, dedicated scientists who live on the ice for months at a time, the poles on Earth are no longer mysterious. The same can be said for Mars.

The Red Planet has been observed from a distance, in orbit, and on the surface by landers and rovers. Its geology and general characteristics are reasonably well known. But many more mysteries remain. The most recent US arrival on Mars has taken another leap into the future by attempting to unravel another important aspect of its past. “I’m looking forward to making the first map of the inside of the planet,” says one involved with the Mars InSight mission. In the spring of 2019, it found something long suspected that finally showed that we can examine a planet—and a red one, at that—from the inside out.
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As discoveries go, it was more of a whimper than a bang, a low-frequency rumble akin to a sustained hum rather than a planet-shattering wave. On Saturday, April 6, 2019, the first-ever “marsquake” was recorded by the Red Planet’s most recent robotic visitor. Five months after its landing, NASA’s Mars InSight had found exactly what it had been sent to search for.

As the first American Mars mission launched from California, InSight was picking up truly good vibrations—in this case, ones far below the range of hearing in humans. The vibrations lasted for more than ten minutes and were caused by motions deep within the interior of the Red Planet. Up to this point, InSight had “been collecting background noise,” in the words of one official, mainly caused by winds and vibrations of the body of the lander itself.

Then suddenly a clear signal emerged. That Saturday in April, they hit the jackpot. The seismic vibrations—immortalized as the “Sol 128 event” by the research team—measured magnitude 3 on the scale the scientists have developed, though in truth, it was a slight tremor that would barely have been felt by anyone standing nearby.

As had long been suspected, here was proof not only that the Red Planet was undergoing internal activity but, for the engineers who had struggled to build the challenging hardware, that such elusive signals could indeed be detected. InSight’s seismometers are among the most sensitive ever built. Their findings are systematically “taking the outer wrappings off the planet,” in the phrase of one of the researchers involved.

Subsequently, there has been on average at least one marsquake every other day. Most have not been quite as large as the first, but the total is far greater than had been expected, numbering 450 by the end of February 2020. Their observed patterns don’t seem to make much sense as yet. They have revealed something very different than expected, with many new mysteries thrown up and one of the scientists involved admitting that “they’re super puzzling.”

* * *

Until Mars InSight landed in November 2018, what lay beneath the surface was utterly mysterious. The lander is situated in a quiet corner of the Red Planet. Its measurements are shedding light on how Mars has evolved over geological time and, equally importantly, what that means for conditions when life could have formed in the ancient past.

The Martian interior holds vital clues. As the Red Planet is smaller than Earth, it is less active, and its internal dynamo, the core, effectively switched off far sooner. If life did form and die out, its signature will not have been erased by any subsequent geological activity. Microbes might well have hibernated somewhere underground, but for now that is just a guess.

Known by the acronym standing for Interior Exploration using Seismic Investigations, Geodesy, and Heat Transport, InSight is less geological explorer, more medical examiner. The mission has been taking the pulse and reflexes and attempting to take the internal temperature of the Red Planet. Its instruments are like stethoscopes and sonograms to open up a unique window into the past.

In another sense, the InSight mission is more like a time machine, looking back to see how Mars has evolved by observing what principal investigator Bruce Banerdt calls “all these fingerprints of these early processes [that] are still retained in the deep interior.” How large is the Martian core and how long was it active? When exactly did geological activity shut down? How thick is the crust? How much heat did it generate to sustain the kind of chemical reactions needed to create life? By looking at how current internal activity is manifesting itself as seismic waves, InSight is piecing together this unknown past of the Red Planet.

Though simpler than the more recent rovers, Mars InSight has been a “tough mission.” Delayed once due to problems with one of the seismometers, its total cost was nudging $830 million by the time it was launched in May 2018. In the depth and range of information it is returning, however, it has already paid for itself in terms of the scientific bonanza.

For seismologists, the clock has been reset after they spent forty years in the wilderness, thanks to a curious afterthought to the otherwise spectacularly successful Viking missions. In the seventies, seismometers were added to the Viking landers only at the last minute. Consequently, they could only receive leftover power and were bolted on where there was available room. That happened to be the top of the lander, roughly four feet off the ground. Engineers thought that, even that high up, they would still be able to spot evidence for seismic activity. Alas, they didn’t.

The Viking 1 seismometer failed, as it did not uncage properly. Viking 2 caught some vibrations, but only from the passing winds. The seismometers inadvertently became wind detectors. Great for atmospheric scientists, but not so good for those interested in the Martian interior. So this time around, InSight carried a package of seismometers specifically designed to be lowered onto the surface. There they have had to be meticulously isolated against not just changes in heat—even a drop in temperature of a few tenths of a degree would affect their sensitivity—but winds, the biggest problem of all.

As if to prove the point, within days of its landing, InSight’s instruments picked up the rattling of the spacecraft’s own solar panels. A small pressure sensor has also picked up the sign of hundreds of dust devils—the atmosphere was very dusty when it landed in November 2018—and has found greater wind activity at night. These and other external influences have all had to be eliminated from their readings before the scientists could begin their seismic inquiries.

After a certain amount of head-scratching, the seismologists now pronounce themselves delighted. Though they were expecting more Earthlike events on a Moon-like time frame, the activity seems different from the seismic vibrancy of the former and the dormancy of the latter. “Mars is more moonlike,” acknowledges one, “the crust is more broken up than a lot of people thought.” Which means they are now exploring new territory every bit as uncharted as the Red Planet itself was when it was first spotted on an unmarked night by unknown observers in the ancient world.

* * *

Those first Martian explorers were Earth-bound, trying to divine meaning from the regular passage of stars that paraded before them in the skies. Our earliest ancestors first saw Mars as a bright object in the night sky. As it was the color of blood, it soon became known as a portent of war, whose baleful presence cast an unnerving malevolence throughout the heavenly firmament.

The invention of the telescope brought the Red Planet closer. When the first astronomers trained their instruments toward it in the seventeenth century, they saw ocher-colored deserts upon which darker, greener features could be made out. Some interpreted them as vegetation, supported by observations that they seemed to change with the seasons.

“The analogy between Mars and the Earth is, perhaps, by far the greatest in the whole solar system,” wrote the Enlightenment astronomer William Herschel, who also discovered the Martian polar caps. Herschel could have had no inkling just how important the waxing and waning of their bright iciness would become in our current speculations about life on Mars.

A century later, the new science of spectroscopy had come into its own. Split light into its constituent rainbow spread of colors through the action of a prism, and in fine detail you will see thousands of dark lines, as distinct and unique as fingerprints. Because such lines appear in the spectra of gases burning in a laboratory on Earth or deep within a star, they allow scientists to compare and contrast their presence throughout the universe. Astronomers could thus learn about the chemical makeup of distant objects from the records of laboratory chemists.

But the spectra of Mars were elusive and illusory. Painfully slowly, it became apparent that the Red Planet was colder, drier, and less conducive to life than had been supposed initially. This was confirmed by the first space missions that scrutinized the Martian surface in the 1960s and 1970s. The Red Planet appeared dead, heavily peppered by craters, and with a poisonous carbon dioxide atmosphere about a hundredth the pressure of Earth.

In time, evidence was amassed for volcanism and water flows in the ancient past. But there seemed to be no magnetic field—the result, it implied, of a core in which the sloshing of molten material was largely absent or had ceased altogether. That lack of what may be termed an internal electric dynamo also meant that energetic particles from the Sun were unhindered by any magnetic field, as on Earth. The surface of Mars was thus bathed in violent radiation that flowed in unimpeded.

Today, new information is gleaned by very different means.

Planets reveal so much more than how they appear in the night sky. Where once astronomers had to attach spectrometers to telescope eyepieces, today those same instruments can be taken directly down to the Martian surface. Instead of remotely trying to read spectra, samples can be taken in situ with what are known as mass spectrometers, which allow for the analysis of any molecules present based on their constituent chemical composition. We no longer have to look up at the night sky; our robotic envoys can look down from orbit while still others can land on the surface itself.

Finally, instruments are now scrutinizing the inside of the Red Planet. “We want to look at the actual physical structure of the planet, what it’s made of and what the depth and thickness of the various layers are,” says Bruce Banerdt, based at the Jet Propulsion Laboratory, mission control for Mars InSight. What they are now doing is examining just what is happening to the Red Planet from the inside out.

* * *

Nerves were heightened on the last Monday in November 2018 when the InSight spacecraft reached Mars. It came in heavier and faster than its nearest equivalent mission a decade earlier. Its landing site was about 4,900 feet (1.5 kilometers) higher than the average height of the surface. That meant there was appreciably less atmosphere available for it to decelerate safely.

That atmosphere was extremely dusty. For most of 2018, the Red Planet had been engulfed in the fiercest global dust storm in living memory. It had already consumed the NASA Opportunity rover, which hadn’t phoned home, like all good aliens, since May of that year. “We were absolutely terrified what the dust might do,” says one participant.

Publicly, however, officials were upbeat. For all the buildup and worries, the InSight landing, while tense, was anticlimactic. Shortly after noon on that Monday afternoon, mission control in Pasadena, California, erupted into cheers. On Mars, work started straightaway.

Unlike NASA’s more famous and mediagenic rovers, InSight was designed to sit perfectly still. Within a few hours of landing, a precise sequence of events began. The first, and most important, was the unfolding of the solar panels. Without the power they generate, InSight’s onboard batteries would die for want of further energy from the Sun.

Within minutes, cameras on the body of the craft and at the end of its robotic arm revealed a flat, completely unremarkable landscape. Elysium Planitia is an ancient lava plain that cooled long ago. Where InSight had come to rest was soon christened “Homestead Hollow,” as there was a slight indentation left over from a crater that had been filled in over time. Such a feature was fortuitous. “These eroded craters are fairly common on the Martian plains,” says Bruce Banerdt. “I think we’re pretty fortunate, actually, to have landed in one because it made our deployment somewhat easy.”

The surrounding terrain was exactly as advertised. Boring.

The very fact that there wasn’t much going on there had commended itself. InSight’s instruments could take a background reading of the completely average conditions on Mars. “Boring” meant more representative of the planet as a whole. InSight’s sensitive instruments are thus located as far as possible from any sources of surface activity: avalanches, meteorite impacts, landslides, and ice flows, all of which have been observed to take place on the Red Planet today.

The first findings were of a low rumble, which came from the northwest over to the southeast, as wind blew across the lander at roughly ten to fifteen miles per hour. These gusts rattled the solar panels, and the seismometer package, firmly anchored to the “deck” of the spacecraft, picked up the noise at the lowest reaches of human hearing. “It’s like InSight is cupping its ears and hearing the Mars wind beating on it,” said one project official.

What followed in a slow, precisely choreographed sequence was the “instrument deploy phase.” On Wednesday, December 19, 2018, engineers commanded the lander arm to reach out as far as it could and place the seismometer package exactly where the geologists wanted it. “Having the seismometer on the ground is like holding up a phone to your ear,” said the elated French principal investigator.

For the dozens of scientists involved in the InSight mission from all over the world, a “marsquake” service has been developed to alert them to anything unusual. Once the first data came in, “we stayed up late to watch all the signals.” While the initial thrill may have subsequently died down, it has allowed what principal investigator Bruce Banerdt terms “exquisitely precise measurements” to be made on the surface of another world.

* * *

In the Mars InSight seismometers, French and British scientists have built two instruments for the price of one. A traditional seismometer made by the French listens for low-frequency seismic waves. The British instrument picks up shorter, higher-frequency signals. “On Mars, both are needed to record the diverse signals we are seeing,” says Dr. Anna Horleston of Bristol University, a member of the marsquake service.

The French instrument is heavier and covers a wider range of frequencies. As with all traditional seismometers, it is essentially a magnet and a coil. Any vibrations shake the coil at a very minuscule level that can be detected. Because it has a wider range of “hearing,” it is the instrument that has to date picked up evidence for the first marsquakes. The British-built components are smaller and listen for shorter-period seismic activity. Essentially, they comprise small masses on a spring, each the size of a digital camera’s SD card, which are equally highly sensitive. The springs are fashioned from slivers of silicon half the width of a human hair.

The seismometers are capable of picking up vibrations on the scale of a shaking atom and have to be protected from anything that might affect them. The seismometer package has several ways of insulating itself against the extreme changes to the local environment. “It is sort of like a Russian doll,” Bruce Banerdt has explained. Temperatures vary more than a hundred degrees during each day, and winds can reach up to fifty miles per hour; the low pressure of the mainly carbon dioxide atmosphere conducts heat slowly. Within the instrument, if some components expand and contract, others do the opposite to counteract them. The seismic sensors themselves are encased within a vacuum-sealed enclosure within a titanium container. The container has honeycomb-shaped walls that trap the surrounding atmosphere to insulate itself against any changes in heat.

In Bruce Banerdt’s phrase, temperature was one of their greater bugaboos. “Think of the shield as putting a cozy over your food on a table,” he said in an interview. “It keeps [the seismometer device] from warming up too much during the day or cooling off too much at night.”

What looks like an upturned wok (with a hexagonal, copper-colored covering) is in fact an aerodynamic dome that covers the instruments. It was designed to reduce any further shaking from winds swirling around the lander. Finally, a chain-mail “skirt” and thermal blankets around the base of the instrument prevent any updrafts from below. Once this skirt was put in place, the ambient noise was reduced. Despite the extreme changes in temperature over the course of a Martian day, everything was in “a nice, stable state,” says Anna Horleston. Even better for the seismologists, there were “a number of days where we saw the quieter periods get quieter.”

* * *

It was a development that Inspector Morse might have savored. As one of the university departments involved in building the British seismometer, researchers at Oxford’s Clarendon Laboratory on Parks Road carried out a development test in the basement one Sunday. To their surprise, the team observed a very peculiar signal: a small spread of seismic waves, definitely there in the data. Slowly it dawned on them what they were seeing. Or rather hearing: bell ringers practicing in a nearby college chapel. The instrument was so sensitive that it could pick up such activity in a deep basement. To understand how it did so also neatly explains what the seismologists have subsequently been measuring on Mars.

The noise that bells make are vibrations. These sound waves not only transmit through the air, they also pass through the ground. Known as pressure waves, they travel outward and forward (think of a stone dropped in a pond and the spread of ripples on the surface). Even the hand movements of the bell ringers create vibrations that also travel through the air and ground. The trick is to measure everything and identify the contributions from each.

In the case of Mars, any activity within the planet will generate elastic pressure waves. These are seismic vibrations that shake the ground back and forth in the same direction in which the wave moves. These compressive waves can travel through solids and liquids. How they do so subtly alters the observed signal. As well as forward motion, there are “shear waves” from any sideward motions and “surface waves” that result from how the uppermost layers of the Martian crust are shaken.

Shear waves, however, cannot travel through liquids. The absence of shear waves as measured by terrestrial seismometers during an earthquake indicates that Earth’s outer core is definitely liquid. Seismologists are now attempting to make the same kind of determination for the interior of Mars. Since they could pick up the vibrations from the Oxford college chapel bells, they knew they could do as much on the Red Planet. Seismic activity is dictated by exactly the same kind of physical principles.

In the case of the seismic symphony from Mars, however, the researchers did not know from the outset what the score is, exactly what all the instruments are, less still where they are located, how big the orchestra is, and whether each instrument is coming in on time or in tune. As occurs on Earth, there is a constant background hum, but on Mars it is at a higher pitch (2.4 hertz). Underlying this is a confounding mixture of pressure drops, winds, temperature variations, the buzz of electronics within the lander body, and what are termed “unknown resonances.” All have had to be eliminated, and that has taken some time.

At first sight, the seismic score is a series of plots across time and frequency. Each of the underlying signals has to be isolated and removed one by one. So, for example, the InSight spacecraft has been shaking in the cold. Even the groans and strains within the seismometer shield itself have been observed. When it is windy, there is a lot more background noise. There are also clear “resonances”—in essence, spikes in the signal that have gradually been identified. Some come from the operating frequency of the lander’s electronics (1 hertz).

Late in the evening, another “extended resonance” has been observed that is likely a peculiarity of Homestead Hollow. (“It’s weird that we don’t actually know what they are,” says one researcher.) They also have to check the spacecraft’s logs, detailed information on what the lander is doing and whether anything is moving or being moved around by its arm or other instruments.

Gradually, an underlying seismic soundtrack has emerged. “There are a lot of things we’ve been able to rule out because we know that’s wind, that’s pressure, that’s temperature,” explains Anna Horleston. “They tend to happen every day at the same time so we can eliminate them.”

It should be quieter when the Sun is down. There is no direct heating nor any associated air currents. But, in fact, there is a clear daily cycle of underlying noise, especially when the teams thought things would quieten down. The raw signals show innumerable small vibrations within which are dips, caused by the passage of atmospheric dust.

Indeed, InSight is equipped with the most sophisticated automatic weather station ever built, which has already sensed any number of dust devils passing through. They change the surrounding pressure in a unique but very characteristic way, “like a little vacuum cleaner pulling up on the surface,” explains Bruce Banerdt. “It sucks the dust from the surface up into the atmosphere and actually raises the surface slightly and causes it to tilt.” That causes a perceptible dip in the pressure readings. Several hundred dust devils have now been observed by the weather station and also by the seismometers. Most of these have occurred at night, and their tracks appear the next morning. “We can see with our cameras where the ground has been sort of cleaned off in a line where the dust devil has gone by,” says Banerdt.

At night, winds are blowing in from Elysium Mons, a volcano roughly eight hundred miles (1,500 kilometers) to the east from the flat plain where InSight landed. Downslope winds, as they are known, were not expected to reach this far away. “We thought, ‘Oh, we’re in Kansas. We’re not going to have any of that,’” says Sue Smrekar, the deputy project scientist at the Jet Propulsion Laboratory. “But apparently from Elysium Mons, it’s creating these nighttime winds, which is not good news for our seismometer.”

* * *

How “noisy” it has been after sunset in Homestead Hollow has been a surprise. “The lander vibrates when it’s windy,” notes Dr. Horleston. “The signals decline a little bit as we go into the night, and then they’ll rise again as you go into the noisier period.”

These vibrations are not so large during the day but represent more noise than expected. It tends to be noisy in the wee small hours of the morning, then a lull, sometimes around sunrise, “but it’s not consistent at the moment.” After sunup, there is more noise for six to seven hours in the middle of the day. “That’s when the wind is at its strongest,” says Dr. Horleston, “and it’s very hard to see anything.” Around sunset, the noise decreases markedly (“We have four hours of beautiful quiet,” she says with something like relief), but then the noise ramps up at midnight for reasons not understood.

All this activity is right across the board, measured by both the broadband French instrument and the British one. Once this background noise is eliminated, the team can start to understand how the Martian crust has been traumatized by repeated activity. “We’re basically looking for signals which are not consistent with the normal pattern,” Dr. Horleston says.

While it is still early days, the observed marsquakes show that the seismic waves have been scattered and smeared out in time as they travel outward from the interior. How they’re altered reflects how broken up the outermost layers of the planet are. Though Homestead Hollow appears relatively boring, that’s because the surface has been “smoothed” out by the flow of lava that resulted from volcanic activity in the past. The geologists believe the basaltic material they’re seeing has covered up any underlying material that speaks of ancient tumult. Below the lava, Elysium Planitia has been bombarded and broken up, and the seismic waves are characteristic of how fragmentary the upper crust is in this region.

The Martian crust is more jumbled up than had been thought. “It doesn’t look like anything we’ve ever seen,” says Anna Horleston, “or been expecting.” The seismic events—the marsquakes—suggest lots of broken-up material at the surface, which was expected; what is unusual is that there is also less solid rock below, which helps propagate the seismic signals better. “We’re seeing a very different distribution of signals to what we see on Earth,” Anna Horleston says. “We’re confused by their diffusion: yes, it’s more Moon-like, but there is more activity than we thought there would be.”

* * *

One of the greater puzzles about Mars is just how geologically active it was in the ancient past. Certainly, the most spectacular expression of that geology came in the extensive volcanism that has affected much of the northern hemisphere of the planet. Lying across a region known as Tharsis on the Martian equator are four huge volcanoes, the largest of which has been called, appropriately enough, Olympus Mons. It is the most extensive volcanic edifice seen anywhere in the solar system.

All four volcanoes are considered large “plugs” of lava that emerged out of the crust in the ancient past. Did this Tharsis bulge, as it is known, rise gradually and slowly? Or were there “bursts” of activity separated in time? And just exactly how was the volcanism generated? One indication of how intense it may have been comes from faults in the surface, where it has literally cracked open. To date, mapping of geological faults and estimates of how the Red Planet subsequently cooled have just been inspired guesswork.
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