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For Doug, Steve, Kathy, and Scott, my nephews and niece,
whose earliest exposure to ice outside a glass of lemonade
was the frozen surface of the Olentangy and
Scioto rivers in Columbus, Ohio






Let the Brazos
Freeze solid! And the Wabash turn to a leaden
Cinder of ice!

—John Ashbery,
“Into the Dusk-Charged Air”




As if everything in the world is the history of ice.

—Michael Ondaatje,
Coming Through Slaughter
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INTRODUCTION
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Keep your eye clear
as the bleb of the icicle

—Seamus Heaney,
“North”



IT STARTED WITH an ice cube. I happened to be looking at an ice cube floating in a glass of iced tea one day when it came to me: hard water—what a concept! I stared at the cube, and in the center of it I saw a little round whitish fuzzy-edged ball, like a wad of spider silk—what was that? Looking more closely, I noticed the ball had some wavy, petal-like layers in it and a smoky trail leading out toward one edge. Most of it was gloriously clear, though, with only tiny sprays of elongated bubbles, and light shone off the bubbles and through the clear part and played on the outside surface. Such a strange and beautiful object!

Not long afterward, I went on a story assignment to an “ice island” in the Canadian High Arctic, where ice experts from oil companies were doing large-scale tests on ice. Before they set up drilling rigs in waters off the coasts of Newfoundland and Alaska—commonly called “ice-infested” waters, as if the ice were rats or insects—they needed to know more about what would happen if ice hit a rig or if a tanker hit ice. The island was a 3,000-year-old, five-mile-long slab of mostly freshwater ice which had broken from an ice shelf off Ellesmere Island eight years earlier and had been drifting in the company of sea ice ever since. By the time the Canadians set up a research camp on it, it was fewer than 600 miles from the North Pole. Except for a few low peaks sticking up off Ellef Ringnes, a rocky island in the distance named for a Norwegian beer manufacturer who supported early Arctic expeditions, the landscape surrounding the camp—the ice island, the sea ice attached to it—was more or less flat in all directions. And except for those low peaks and a few dark nuggets lying on top of the snow cover, clues that Arctic foxes had been coming around, the landscape was all white under 24-hour-a-day sunlight.

The tests were meant to mimic a sudden collision between ice and a metal rig or tanker, so that researchers would have an idea what damage the ice could do to the metal and the metal to the ice. After sawing a ten-foot-deep, 300-foot-long trench in the ice, engineers lowered into its glowing blue-green interior what was essentially a giant hammer (an indenter) with a metal plate about the thickness of a ship’s hull on its face and wires running to computers from sensors on the plate. Somebody flipped a switch, and with a shudder and a restrained crunching noise, the indenter hit one wall of the trench with a million pounds per square inch of force, equal to the weight of a thousand small cars sitting on top of each other, one engineer said. When the indenter was pulled away from the wall minutes later, the metal plate had a dent in it the size of a saucer and the wall had a circle of crushed white ice on it the size of the plate. Running through the white, however, was a large swirl of the same blue-green as the surrounding wall, indication that the ice there had not been crushed; in outline it looked rather like a map of Newfoundland.

Before the next test, a three-day blizzard set in, and nobody could go anywhere without risk of being lost in a whiteout. The ice experts, from universities and government as well as oil companies, sat around in their plywood huts with socks drying on the bunk beds and enormous cooking pots of snow heating on the stoves (for wash water), telling me things about ice when I asked, some things sounding like tall tales: ridges of sea ice sticking 60 feet up off the surface of the ocean; icebergs the size of pianos moving as fast as men running; a wire being pulled through a bar of solid ice without cutting it in two; a beam of ice hanging in a cold room with a weight on one end and stretching, like taffy in slow motion, until it was more than twice as long as before; ice gripping boulders on river bottoms and carrying them up to the surface … Ice is fascinating, they said. In some ways unique. Changeable, idiosyncratic, complex.

It is more brittle than glass. It can flow like molasses. It can support the weight of a C-5A transport plane. A child hopping on one leg can break through it. It can last 20,000 years. It can vanish in seconds. It can carve granite. It can trace the line of a windowpane scratch. It can kill peach buds. It can preserve mammoths for centuries, peas for months, human hearts for hours.

One ice expert, a physicist from India whose name in Sanskrit means “crystal clear,” told me something that sounded particularly far-fetched: that ice is not, as a person would reasonably assume, a low-temperature material, the ultimate in cold things, but a high-temperature one. Even the coldest piece of glacial ice is close to its melting point, within 50°F of it. Steel, when we encounter it, unless we work in a foundry, is 2,700°F from its melting point; metamorphic rocks are over 3,000°F from theirs. Some of the paradoxical aspects of ice derive from this happenstance. Ice, in its own terms, is hot.

Also, it floats, or “swims,” in its own melt. This rare behavior comes from the way water molecules are linked in ice crystals, so that they form wide-open hexagons. Since a crystal’s outward shape usually reflects its molecular structure, we get the six-sided snow crystal. “These glorious spangles,” Henry David Thoreau wrote of fresh snow crystals lying upon a meadow, “the sweepings of heaven’s floor. And they all sing, melting as they sing, of the mysteries of the number six; six, six, six.” The word “crystal” itself comes from the Greek for “clear ice,” krystallos, first given to the mineral quartz because the ancients thought it actually was ice, water frozen in extreme cold.

Once I became hooked on the subject, I learned that several great men in the history of science and thought have given attention to ice, along with everything else they were doing. Michael Faraday, pioneer in electricity and magnetism, studied the surface properties of ice after pondering why it is that snow crystals glom together into a snowball. Astronomer Johannes Kepler concluded (and was probably the first in Europe to do so) that snow crystals are hexagonal and symmetrical and not by chance, but although he tried hard to figure out why, he couldn’t. Mathematician René Descartes also tried (and was wrong), yet he made what were perhaps the first scientifically accurate drawings of snow crystals. Physicist Galileo Galilei demonstrated during a public debate on the nature of floating bodies that regardless of its shape ice floats, something his audience must not have appreciated before because when he shoved a large slab of ice under water and released it and it bobbed to the surface, they applauded and cried out. Philosopher Francis Bacon, wanting to test the preservative powers of cold, bought a hen from a poor woman and had her take out the innards, so the story goes, then stuffed the gutted chicken with snow, got a chill from handling the snow, fell ill, and died within days. Bacon had once written, “Whosoever will be an enquirer into Nature let him resort to a conservatory of Snow or Ice.”

Enquirers into ice nowadays include not only physicists and engineers like those on the ice island but biologists (who want to know, for instance, why fish in Antarctica don’t freeze and frogs in Wisconsin do, and survive); astronomers (who study the ice in comets and Saturn’s rings); chemists (who can tell by analyzing long cylinders of glacier ice what air temperatures were like when Erik the Red sailed to Greenland and settlers there grew cabbages); meteorologists (who are interested in ice’s role in producing lightning and ozone holes); geologists (for whom ice is a type of rock, more accessible for study than other rocks since it’s right on the earth’s surface, in a relatively shallow layer); climatologists (ice affects climate by reflecting sunlight and changing sea levels); and paleoclimatologists. We are still in an ice age, just a warm period within it.

One paleoclimatologist points out that it is a “remarkable coincidence, if you are not a big believer in Gaia [the idea that life itself has sculpted Earth to be hospitable to life], that our planet is perched on the triple point of water,” the temperature at which all three phases of water, solid, liquid, and vapor, can coexist and interact, a situation he calls “crucial to our climate.” Our climate, an oceanographer adds, “which we can consider something of a cosmic accident,” provides a range of air temperatures that lies mostly between “–40°C and +40°C [–40°F and +104°F],” and it is in the center of that range that ice forms. At this time in Earth’s history, a tenth of the land area is covered with ice, most of it in the Antarctic and Greenland ice sheets. A quarter of the land has ice buried inside it, in summer as well as winter. Every continent except Australia has glaciers on it. And 7 percent of the ocean carries a layer of ice on its surface.

As I was enquiring of the enquirers for this book, I learned about the many places outside the regions of the two poles (and what has been called the Third Pole, the peak of Mount Everest) where ice can be found, some places I had never dreamed of: in hibernating painted turtles, inside caves in France, in tropical clouds, in living rose bushes, in mosquito eggs, in halos around the sun.

Global warming, it seems, is making inroads in much of the world’s ice. Arctic sea ice is thinning, permafrost in the ground is thawing, glaciers are retreating. Twenty years from now, Mount Kilimanjaro won’t have a white top on it. The North Pole may be ice-free much of the time, just as ancient mariners thought it was all of the time. (One 19th-century American, already missing several toes due to frostbite, set out to force his ship through the ring of ice he fervently believed surrounded an “open polar sea” and to sail with ease from there right on up to the North Pole, convinced, as many “learned physicists” were, that “the sea about the North Pole cannot be frozen”; his ship got as far as the west coast of Greenland before it was stopped cold by ice.)

During tests after the blizzard on the ice island stopped, ice in the trench failed by crushing, flaking, pressure melting, and sintering (welding without melting, what happened to the blue-green swirl). Within two years, the island itself, which the Canadians had expected to last for up to 40 years, carrying researchers around and around the Arctic Ocean on circular currents, was pushed by wind into a southerly path and, unobserved during a long winter night, split into three unusable pieces.

It was the kind of surprise that awaits those of us who would seek to understand this strange, beautiful substance in our midst, this solid phase of life’s essential liquid, with its wide range of behaviors, changeable nature, and multiple guises.
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CHAPTER ONE
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LAKES


That the glass would melt in heat,
That the water would freeze in cold,
Shows that this object is merely a state,
One of many, between two poles.

—Wallace Stevens,
“The Glass of Water”



TO SOMEONE WHO LIVES in the temperate north, the event seems simple enough. When the air turns cold, the water in ponds and brooks, lakes, rivers, ditches, and water glasses freezes on top. If the air stays cold, the ice on top gets thicker. It may get thick enough, in lakes and ponds at least, that as the Christian knight told the disbelieving Saracen in Sir Walter Scott’s novel The Talisman, a horse could carry you “over as wide a lake as thou seest yonder spread out behind us, yet not wet one hair above his hoof.” To the Saracen, this preposterous claim was evidence that the knight belonged to a nation that loves to laugh. “Neither the Dead Sea,” he scoffed, “nor any of the seven oceans which environ the earth will endure on the surface the pressure of a horse’s foot.” He was misinformed; several of the Earth’s seas and many thousands of its lakes and ponds can take the pressure of a horse’s foot in winter, and more besides. Yet there are things that happen when a body of water turns to ice that seem almost as improbable, when you find out about them, as the knight’s claim, made under a knot of palm trees by a plashing fountain, seemed to the Saracen.

The most improbable thing is that the ice is on top. Almost all other substances are denser and heavier as solids than as liquids, typically 10 to 20 percent heavier, but ice is about 9 percent lighter. Drop other solids in tubs filled with their liquid form, and they will sink; drop ice in (or shove it under, as Galileo did), and it will float (or bob up). As temperatures get colder, molecules generally move around less vigorously and pack more closely together than at warm temperatures, but when water gets cold enough to freeze, the molecules move apart. Lucky for us.

As the water freezes, molecules take up precise positions in a lattice, repeated in all directions and over many layers, to form an ice crystal. The pattern is hexagonal, with an oxygen atom and its two attached hydrogen atoms occupying each of the six corners.* A single layer of identical hexagons would look like tiles on a bathroom floor, or maybe a chicken-wire fence. Stacked layers produce rows of identical hexagonal cages. Because of the angle at which bonds hold the molecules apart, each cage has a large void in it. It is this openness, the hole at the heart of each submicroscopic hexagon, that accounts for the fact that ice floats. If it did not, we probably wouldn’t be here to notice. Lakes and seas would freeze from the bottom up, and once seas froze they would have a very hard time melting. Aquatic life over much of the world wouldn’t survive or wouldn’t have gotten started in the first place. Human life might not have evolved.

[image: ]

Ice lattice showing arrangement of oxygen (large balls) and hydrogen atoms: views along hexagonal axis (left) and perpendicular to it.

Another improbability related to water’s freezing is that we get to see it happen. If water were like most other substances, it would freeze at much lower temperatures than it does (by one estimate, at about –150°F instead of 32°F) and boil at much lower temperatures (by one estimate, at –112°F instead of 212°F). Ordinarily, molecules in a liquid move about randomly, bumping into one another and bouncing away, repelled on contact. But water molecules often stick to others because of the unusual way they are charged, positively at one end and negatively at the other.* Since opposites attract, water molecules link up readily in the liquid, an oxygen atom in one molecule bonding to a hydrogen atom in another.

These hydrogen-to-oxygen bonds between molecules are called “hydrogen bonds.” And although they are much weaker than the hydrogen-to-oxygen bonds within molecules, they are strong enough to account for most of water’s strange properties, including its high heat capacity (think how slowly an ocean warms in summer and cools in autumn; think how far north the Gulf Stream goes and how much heat it still has to give to Europe when it gets there); its high surface tension (think of the globular perfection of a cloud droplet); its absorption of infrared radiation (think of water vapor’s large contribution to the greenhouse effect); and its high freezing and boiling points. The reason water has a high heat capacity is that it takes a lot of energy to break the hydrogen bonds between molecules and free the molecules to move faster. The reason water has a relatively high boiling point is that an enormous amount of heat is needed to rupture enough hydrogen bonds to turn the liquid into vapor.

And the reason that water has a high freezing point is that, as heat is withdrawn, the hydrogen bonds grow so much more robust that they lock molecules into positions in ice crystals at a higher temperature than would be expected if water were an ordinary substance. It is the strength of the hydrogen bonds, then, that enables water to convert to ice at the relatively benign (to warm-blooded creatures) temperature of 32°F. It is their assertiveness that allows us to walk on frozen water and chop up pieces of it to drop into our drinks. Hydrogen bonds put ice in our world.


Then we were on the roof of the lake.
The ice looked like a photograph of water.

—David Berman, “Snow”



One winter, I rented a cabin in Elkins, New Hampshire, so I could watch a lake freeze. Although I grew up in the temperate north (Ohio) and had seen some puddles and brooks ice over, I had never seen a larger body of water freeze up. The lake was Pleasant Lake, probably named in summer by someone with a hamper full of beer; in winter, temperatures around it run as low as –30°F. The lake is a mile and a half long by three-quarters of a mile wide (narrow enough that at 10 o’clock each morning for several days straight I saw a deer appear on my side of the lake and swim across to the other side, which oddly looked exactly like my side) and over 100 feet deep at its deepest point. The long line of the lake lies on a northwest-to-southeast heading, the way the North American ice sheet was going when it scooped out the basin for it 20,000 years ago, and the way the prevailing winds blow now, toward the post office and town beach.

The lake is also only a short drive away from one of the world’s premier centers for the study of ice, snow, and frozen ground, the U.S. Army’s Cold Regions Research and Engineering Laboratory (CRREL), whose declared mission is to solve technical problems in cold regions, most of which “arise because water changes into ice.” The scientists and engineers at CRREL work on such problems as how to build a bridge over weak ice; what’s the thickest ice that submarine conning towers can break through; how to keep helicopter blades from icing up; and what composite makes the best gliding surface for skis. Along the way they also do basic work, on, for instance, how glaciers move over their beds and salt drains out of sea ice. I hoped they could answer some of my noodling questions about what was going on at Pleasant Lake.


Ice is a fit subject for contemplation.

—Henry David Thoreau, Walden



It could be like watching paint dry, I am thinking, or maybe an orange grow old, the object of my attention just gradually getting stiff. I am warned that any major changes will probably take place in the middle of the night, when temperatures usually run lowest and I won’t be able to see much. I am prepared for only modest thrills. I read up.

I learn that before a lake—any small, freshwater, temperate lake—freezes, the water in it usually “turns over.” In summer, the top layer, heated by the sun and therefore lighter than the water below, stays on top, except as winds disturb it. But as the days grow shorter and the air cools, the top layer of water cools too, growing denser and heavier until it sinks and is replaced by another layer, which cools in contact with the air, sinks, and is followed by another layer, which upon chilling descends with the rest. Eventually the entire water column, or the entire upper part of it, reaches the same temperature, the one at which water is at its densest and heaviest, 39°F—not, as would be expected if water were an ordinary substance, at 32°F.

This improbability was recognized at least 300 years ago, although not the reason for it. In 1870, William Roentgen, the discoverer of X-rays, seeking a reason, proposed that liquid water contains two kinds of molecules, simple molecules of water and molecules of ice. As water temperatures fall, the proportion of ice molecules will rise, and since ice molecules take up more space than simple molecules, the water will expand in the cold. He was not the first to advance the idea that there’s ice in water. A dozen years earlier, H. A. Rowland, after noting the “remarkable” fact of water’s contraction at 4°C (39°F), observed that “the water hardly seems to have recovered from freezing.”

Some scientists still hold the view that water is a partially broken-down ice structure. In his book Meditations at 10,000 Feet, physicist James S. Trefil writes that he likes to express the view by saying that “water never quite forgets that it was once ice.” “The positions that water molecules take in ice crystals,” he explains, “are duplicated in the liquid.” Although the molecules hold these positions only briefly, with any individual molecule joining an icelike structure then “flitting” to another, there will be more of these structures to flit to as the water temperature gets closer to freezing.

Nobody can yet prove Trefil and Roentgen right or wrong. Even at this late date, scientists don’t know what the structure of water is. (The structure of ice, by contrast, is well known, all molecules in their assigned places.) “There’s a lot of dissension,” Stuart A. Rice, professor of chemistry at the University of Chicago, points out. “The volume of the literature on water is like an ocean in itself.” One reason for the uncertainty is that the current methods of studying water, X-ray and neutron diffraction, don’t give a precise picture. “It’s like looking at a statue where the arms are moving,” Sidney W. Benson, Distinguished Professor of Chemistry, Emeritus, of the University of Southern California in Los Angeles, states. “You can measure the distance between the shoulder and the elbow and between the fingers and the toes, but you get a blurry pattern. The molecules don’t keep their orientation in space. They break apart in nanoseconds.”

Pronouncing the idea of water as a “disordered” ice structure “dead as a doornail,” Benson worked out his own theoretical model. In it, water consists of cubes and rings “at all temperatures up to and beyond the boiling point.” Some of the cubes join together, forcing each other into loose assemblies; “two cubes might be joined at a corner or an edge.” The assemblies have big holes in them, so they take up more room than cubes. At 39°F, “the magic number for water,” he says, the open structures “start to dominate.”

Other models of water include one where it contains a mix of five different species of molecules—having anywhere from zero to six hydrogen bonds each—and one in which simple water molecules inhabit the cavities of hydrogen-bonded clusters of molecules. Rice and Mark G. Sceats, now at the University of Sydney in Australia, have developed a “random network model,” in which the hydrogen bonds are continuous (they don’t break) but distorted (they bend and twist). Bonds that are strong and taut and linear in ice are relaxed and floppy in water, Rice explains. The twisting of the bonds creates strain, and the strain causes energies and frequencies in the network to shift, so that many different configurations form, with many different angles between them. Yet the molecules are connected, Rice notes, “like a bedspring.”

Whatever the structure of water turns out to be—a Hungarian scientist is reportedly working on an electron diffraction system that might sharpen the picture—there is general agreement that the hydrogen-bonded association of molecules in the liquid is responsible for its being densest and heaviest at 39°F. Below 39°F, water expands because the greater clustering effect from increased hydrogen bonding between slowed-down molecules overrides the more-efficient-packing effect of the slowed-down molecules.* Above 39°F, the water expands because molecules are moving faster and taking up more room, and hydrogen bonds are being broken so there are fewer clusters. The water keeps on expanding as it is heated, all the way to the boiling point.


thou the waters warp

—William Shakespeare, As You Like It



Once the temperature of the water column in a lake reaches 39°F, any water on top that’s chilled by the air will be lighter than the water underneath and won’t sink but will stay on top, in excellent position to be further chilled by the air. It can take months for a lake to turn over, but once it has, the surface layer, in constant contact with the wintry air, can give up a lot of heat in a hurry. In a small lake or pond, all it may take for the top layer—thinner than a birch leaf floating on water, a few ten-thousandths of an inch deep—to change into ice is a single calm, cold, clear night.


The brief sun flames the ice, on pond and ditches,
In windless cold

—T. S. Eliot, “Little Gidding”



The first time I go out to check on the lake is Thanksgiving Day, when every sensible person is in. Air temperature is 14°F and the winds are gusting to 35 miles an hour, but the water temperature is 44°F; the lake hasn’t turned over yet. Still, I find some ice, not on the lake but next to it. The winds have blown water off the lake surface onto rocks and low-hanging branches along the shore. Cold air, cold rocks: the water probably froze in a flash. On the lake, with the large storage tank of warmer water beneath it, the top won’t freeze so easily. The ice on the rocks is clear and shiny and looks like floor sealant. If the wind spraying goes on and on, I read, and the splash-ice builds in layers, it’s called “candle dipping.”

Water on the branches has frozen into icicles, which are as regularly spaced as rake tines or fringe on parlor lamp shades. When talking about ice, you can block that metaphor but not those similes; the material takes so many evocative forms that the images keep on coming, a few even making it into the scientific lexicon: pancake, grease, candle, bullet, plate, slob, honeycomb. Some of the icicles are two feet long and swinging in the gusts, like wind chimes, but without sound. I spot a twig with a blob of ice at the end, built around a bud. I break it off and suck on the ice like a lollipop, wondering: how can ice be so refreshing on a day so bitter?

The following day, air temperature is up to 37°F, and the innocent prettiness of the splash-ice is gone. The slim tines, fringes, and chimes have fattened and coarsened into root vegetables, teats, and mittens. The sealant on rocks is cloudy now, like … like skim milk, or a blind man’s eye. The heat of the sun’s rays has opened up countless, minuscule cracks in the ice, which scatter later rays and turn the ice opaque.

A different kind of ice shows up on shore a few days later, after strong winds have blown through. Slightly creamy in color, spittly, airy, crisp on the outside but with an odd, dry softness underneath, like a dustball below somebody’s bed, it’s so insubstantial that a handful of it collapses on my palm. The winds must have whipped the water into foam which the waves flung onto the beach, where it froze in a long, trembling snake of a line, another harbinger of what will happen on the lake itself before long.


ice across its eye as if 
The ice-age had begun its heave.

—Ted Hughes,
“October Dawn”



Although light winds can hasten the moment of consummation on a lake by dragging cold air over the surface and pulling heat out of the water, heavy winds can delay the moment by folding the chilled top layer under and bringing warmer water up. An ideal setup for freezing is a night during a cold snap with no wind and no clouds. On a cloud-free night, water can give up an enormous amount of long-wave radiation to the black body of the sky. “The sky just wants to take the heat out of the water,” CRREL geologist Anthony Gow explains. “It’s all a question of getting rid of energy quickly.” The water must get rid of not only enough energy to lower its temperature to the freezing point but a lot more besides. Ordinarily, it takes the loss of only one calorie for the temperature of one gram (0.035 ounce) of water to be lowered one degree C (1.8°F), but for a gram of water to change into ice once its temperature has been lowered to the freezing point, it must give up nearly 80 calories more.

The forfeiture of those 80 calories doesn’t lower the water’s temperature one whit, since the loss doesn’t go toward reducing the speed of the molecules’ movement, which is what temperature measures. It goes into increasing the number of hydrogen bonds between molecules. In water at 32°F, about 15 percent of the molecules will be bonded, while in ice at the same temperature 100 percent of the molecules will be. The transition from liquid to solid is accomplished by the removal of those extra calories (and once the removal is complete, the transition is abrupt). In order for a gram of ice to melt once its temperature has risen to 32°F, it must gain 80 calories, the heat going to bending or breaking hydrogen bonds in the ice lattice. That’s why a glacier whose temperature is 32°F can still be in decent shape; a lot more heat is needed to push it over the edge into melting.*


The energy involved in changing phases is known as “latent heat,” so named by a 17th-century Scottish chemistry professor who found that the heat couldn’t be measured by a thermometer, as ordinary “sensible heat” can. Latent heat, he wrote, “appears to be … concealed within the water.” (It’s also “latent” because the water will give back to the ice when the ice melts any heat removed when it froze.) Concealed or not, latent heat is real, and the main business of freezing is getting rid of it. There needs to be something in the environment—air, rocks, adjacent water, rooftops, skin—that is colder than the water that is about to freeze and that can absorb the 80 calories; otherwise, the water will stay water.

The next time I check on the lake, it looks ready to boil. Which is odd since it is supposedly ready to freeze. Steam is rising off the surface in long white plumes, some of them swirling around like dust devils. Another way of getting rid of energy in a lake quickly, besides relinquishing it to a dark, clear sky, is to have a polar air mass move in over the top of it, slowly, not stirring up the water, which is what I presume is happening. The water is releasing heat and moisture into the frigid air, where the moisture is condensing into “steam fog.” Over the ocean, it’s called “sea smoke,” in Norwegian fjords “frost smoke,” in polar regions “Arctic frost smoke.”

Maybe the lake is giving up the ghost before my eyes, I think. Maybe these plumes are its final, humid exhalations.… The most popular simile for a lake is “like a living creature,” and it’s easy to fall into thinking along those lines. “A lake reacts much like a warm-blooded animal,” John W. Miller writes in an essay, “Knowing Ice,” based on his childhood memories. “In summer it perspires to stay cool; in winter it grows a whalelike hide of ice against the outdoors. The colder the weather, the thicker its hide, and in extreme cold it keeps a fleece of dry snow for extra warmth.”

In only one small, secluded spot does Pleasant Lake breathe its last. When I round a corner of the shoreline I see, in a bay where the beach slopes gently into the lake and the water is only a few inches deep, what looks like a windowpane. I am excited out of all proportion to the event. First lake ice! It is as thin as a windowpane, about the size of a windowpane, and as clear as a windowpane. Through it I can see four pebbles and a mangled oak leaf. I believe I can see them better than I would be able to in summer, when even on quiet days water exhibits a faint tremor. In an essay based on his reminiscences, “The Pond at the Center of the Universe,” Gene Logsdon compared fresh pond ice to a “giant television screen, tuned to nature’s own PBS station.” One day he went to the pond to watch his nieces and nephews play ice hockey and found all of them lying face down on the ice instead. They were gazing through the ice at “a trio of snapping turtles, their carapaces as big as meat platters, very clearly visible scarcely two feet below, lolling on the pond bottom as if it were June. If we all lay there without movement [he joined them], fish would congregate under our bodies, obeying an instinct to hide under logs.” Other people have compared being on clear lake ice to standing on air or riding in a glass-bottomed boat.

Terry, a friend in Elkins, calls this first ice “cat ice,” meaning a cat could walk on it but nothing else could. According to the Concise Oxford English Dictionary, cat ice is “thin ice unsupported by water,” but Terry insists that in southeast England, where he grew up, there’s plenty of cat ice and nobody requires there to be air under it.

The fact that the ice is clear shows that the water froze slowly. As ice crystals form, they reject impurities—air, salts, minerals, gases, bacteria—banishing them to the boundaries. Capacious as the crystal lattice is, there’s not enough room for most particles to fit inside it. Therefore, no matter how filthy the water from which ice crystals are formed, they will be pure H2O. (“As chaste as ice,” said Hamlet.) When water freezes rapidly, air can be trapped at the boundaries as bubbles. But if it freezes slowly, the air has time to diffuse into the surrounding water. CRREL geologist Tony Gow has found a simple, linear relationship between the bubbliness of a piece of ice and the speed at which it froze.

There is no second ice at Pleasant Lake. A dismal week of sleet, snow, rain, and—twice—air temperatures above 50°F follows, and there is no ice anywhere around, no pane, cat, splash, or even foam ice.


I’ve known the wind by water banks to shake 
The late leaves down, which frozen where they fell
And held in ice as dancers in a spell
[image: ]
They seemed their own most perfect monument.

—Richard Wilbur, “Year’s End”



Although impurities are rejected by ice crystals, they do play a role in producing them. Like all liquids, water needs something to get the freezing process started, and that something is usually a foreign particle: mote of dust, grain of salt, scrap of vegetation, speck of bacteria. “Water wants to be ice when the air is very cold,” Charles A. Knight, senior scientist at the National Center for Atmospheric Research (NCAR), says. “It just has to learn how.” It learns how by having a nucleus to organize its atoms around when they take up their positions in the crystal lattice, a pattern for them to follow. The best ice nucleators are those whose structure is most like ice. But in protected places, if the top of the water is cold enough, David M. Cole, research civil engineer at CRREL, says, “crud floating on the water will usually do.”

Knight defines nucleation as “the spontaneous appearance of a little ordered domain in the midst of randomness.” Ice is the ordered form of water. “Intuitively, it is quite clear,” he explains in his book The Freezing of Supercooled Liquids, “that the first appearance of such a domain might be a chance process, water molecules falling into the right pattern on their own. It might be something like the children’s game that consists of a little tray with shallow indentations in the bottom, into which a number of metal ball bearings must be rolled.” The child tilts the tray to get the balls to slide into the little holes, but the balls already in place slip out—drat! “If we think of the child trying to solve this puzzle blindfolded … we may have an acceptable analogy to the chance aspect of nucleation.”

In other words, a very long shot. The lowest temperature at which such “homogeneous” nucleation (it manages without ice nuclei) takes place is –40°F, a temperature at which bonding is so enhanced that some transient icelike clusters reach a critical size (50 to 100 molecules, by one estimate) and qualify as “ice embryos,” capable of being nucleators themselves. But homogeneous nucleation takes place only when the water is very pure (lacking foreign particles) or is in the form of cloud droplets so tiny they’re not likely to contain or encounter a foreign particle capable of nucleating them before their temperature gets down to –40°F. In lakes, water never gets anywhere near that cold because it is always less than pure and is nucleated “heterogeneously” (with the help of ice nuclei) first.

Even so, lake freezing doesn’t take place at 32°F, the nominal freezing point of water, but below it, if only by a fraction of a degree. The liquid and solid are at equilibrium at 32°F, and there’s no incentive for the water to make a phase change. So the water “supercools.” (Some scientists prefer “undercools” or “subcools,” considering those words more accurate, but “supercools” has won out.) Supercooled water is primed to freeze as soon as favorable nuclei present themselves. Some nuclei are already present in the lake, but others fall onto the surface as snow, dirt, even cold rain. The best ice nuclei—the best teachers—are ice crystals themselves. Once ice crystals start forming on a lake, they beget more ice crystals. “All you need is a start,” Gow says. “Off goes the ice!”

It’s a calm morning in early December, air temperature 27°F. I walk past a dock on Pleasant Lake and happen to glance at a dark patch of water beside it. Something tips me off. I step down for a closer look. What I see takes my breath away. The patch, about nine feet square, has a skin of ice on top of it so thin the dark water shows through, yet it’s not smooth and blank and plain like that windowpane but highly textured, with lines running all over it, helter-skelter, a frenzy of very fine lines, some raised, some indented, some bent, some dagger straight, some branching like feathers (the barbs on one side only), a couple of them trailing a fan of fine threads, some outlining irregular four- and five-sided polygons, the edges beveled as if gouged out of metal, and rounded things like poker chips, angled slightly to the surface, their upper parts sharply defined and casting a tiny shadow but their lower parts dissolved as if in mud, and something that looks like a knot of wood, something that looks like a clam shell, like a boomerang, like the lobes of a broken heart.

I am dumbfounded. What I’m looking at seems too wild, too rich, too weird to be natural. Why this shape, I keep wondering, and not that? Why here, and not there? “Perhaps the most surprising fact in connection with the formation and growth of ice crystals is this,” Wilson A. “Snowflake” Bentley wrote in 1907, “that so many diverse types form and grow, each perhaps in a different manner, at the same time within a given body of water, and apparently under the same identical conditions of temperature, air pressure, environment, etc.” Yes! Seen up close there are tiny plots with tiny terraces on them, what looks like cross-bracing for a bridge, pyramids with the peaks lopped off, overlapping cloud banks. Intersections, striations, and truncations—it’s cubism in nature! “Ice crystals of whatever type,” Bentley added, “freely merge and freeze together, one to the other.”

If I had been at the lake at the witching hour, whenever that was, 3, 4, 5 a.m., and had had a flashlight, what I might have seen was a very thin needle of ice suddenly shoot across the water from a starting point on the dock. “Once it goes, it really goes,” Gow says. “Unimpeded, it can have a long run.” (He has seen a needle run for several feet.) The needle might have zipped across the water for a foot or two, halted as latent heat released into the water at the freezing front warmed the water ahead, then, as the air chilled the water again, resumed its run until it was impeded by another needle which had been zipping along on another speedy course and blocked its path. After that, it might have branched, like the veins of leaves, extending into unfrozen water, or grown ribs itself or broadened, by thickening on one side, even as other needles were doing the same, until in a matter of minutes a network of crisscrossing ice needles lay on the lake surface, framing open patches of water, after which the open patches froze, flat and smooth as plates, sealing the cover, in that one spot.

Quite properly called a skim, the ice is probably less than a 20th of an inch thick. “When first formed, and for some time thereafter,” Bentley wrote, “ice crystals are exceedingly thin … hardly thicker, in fact, than thin paper.” (The ice even looks like paper in places, flocked wallpaper, the low relief highlighted by the early sun.) “Some crystals might shoot down into the water a little bit,” Cole explains, “but it’s mostly a 2-D phenomenon.” The skim will thicken by the crystals’ growing downward, which they will do more slowly than they grew sideways. Cole calls the downward growth of lake ice “arduous.” It takes longer for the latent heat of freezing* to make its way through even a thin layer of ice by conduction than it does for the heat to pass directly to the air and dissipate. The water turns to ice in layers disk by disk, “very much like stacked Chinese coins,” as one early researcher put it, producing a smooth underside. “Ask divers,” Gow says. “In a lake, it’s always smooth between ice and water.”

This skim doesn’t get a chance to thicken. Winds blow over the lake that night and snow falls on it the next morning, and when I go out there’s nothing left of the ice I admired. That bizarre manifestation of an ordinary natural process has vanished. All that complicated molecular structure-building went for naught! Freezing is the quintessential ephemeral act. Gow explains that it often takes two or three episodes of freezeover before a lake achieves freezeup, distinguishing between the two. Freezeover takes place when all or a large part of a lake is covered by ice, freezeup when the ice cover is in place permanently (or until spring). In small ponds during a long cold spell the two events may be one, but in most lakes the ice comes and goes several times before it comes to stay.

On this windy day, I settle for looking at splash-ice, which is first rate. Waves tossed the water so high that every post and boulder on the beach end is wearing an ice hat, ice garland, or ice crown studded with ice jewels. Icicles on branch tips are swollen to the size of pears, bobbing in the wind. Thomas and Marina Langlois, a husband-and-wife team who studied ice on Lake Erie from 1936 to 1964, wrote about the time they saw splash-ice form on the lake’s “cliffed shoreline”: “As the icing continues, individual blades of grass act as centers of ice growth and become nodules, making a smooth lawn as uneven as a rocky beach. This splash-ice is solid as it builds up from the ground, so it does not break off the blades of grass, nor the stems of such delicate herbs as harebells and rock asters.”

A couple of days later, air temperature is 5°F and the lake is steaming again. Half the lake seems to be involved this time. In the rising wisps I see a minuscule but brilliant flash of light. I see another bright dot, another, and another, all sharp, mica-like glints. The very air is winking. Yet there’s not a cloud in the sky. “In the winter when you turned your flashlight upward,” scientist Paul A. Siple wrote in his book 90° South: The Story of the American South Pole Conquest, “you saw ice crystals falling continually, like dust beams in the attic when the sun pours through small peepholes.” He was referring to “diamond dust,” tiny ice crystals that form near the ground directly from water vapor. The crystals have no arms, as snow crystals do, since they don’t make the same long falls through the air that snow crystals do, attracting vapor on the way. Ice crystals are common in polar regions, where they float in the air like glitter over a dance floor, but they show up occasionally in nonpolar regions, too, when the air near the ground is very cold and stable, as it must have been that morning at Pleasant Lake.


Above me is a cloudless blue sky, beneath is the sky blue, i.e., sky-reflecting ice, with patches of snow scattered over it like mackerel clouds.

—Henry David Thoreau, Journal (Winter)



Parts of the lake that were steaming soon quit steaming, and they also quit mirroring the birches and pines on the opposite hillside. I conclude that those parts are now covered with a film of ice and further conclude that it was the diamond dust that seeded them. Not long afterward I see things growing on the new-grown ice. They are “frost flowers,” each flower a bunch of ice crystals which are sticking up an inch or two off the surface and projecting petal-like in several directions. Frost of any kind forms when water vapor freezes directly onto a cold surface, like your lawn (after a damp, chilly night) or fresh ice on top of a lake. There are asters called frost flowers, but these look more like Christmas lilies. Frank Hurley, the photographer on Ernest Shackleton’s 1914–16 expedition to the Antarctic, described the sea ice in which the ship Endurance was held fast and on which many frost flowers were arrayed and lit by the morning sun as “a field of pink carnations.”

I discover I can tell the comparative ages of the swaths of ice the flowers are on (the water froze in patches, or swaths) by how large the flowers are and how close together. The youngest ice, which froze most recently, has a spangled look. The flowers there are mere dots, sprinkled sparsely and evenly over the dark ice (“evenly” because each flower takes moisture from a zone of air around it). Ice that formed slightly earlier has slightly larger flowers which are slightly closer together; by their presence they give the ice a dark gray look. The ice that formed earliest is almost white with blossoms. Thus the lake, where it is covered, consists of regions of ice shaded from black to nearly white by the time-delayed blooming of frost flowers.

Some of the ice is still around a few days later after a light snowfall, although the frost flowers are not. The white of the snow is marked instead with a large number of black circles and lines. It doesn’t take much snow to weigh down an ice sheet so that it rides below the waterline and forces water up through holes and cracks. (After all, less than a tenth of an ice cover floats above the waterline anyway.) The water soaks the snow and turns it to slush; the slush freezes into “snow-ice”; and the snow-ice becomes part of the ice cover. Snow-ice is granular, white, and opaque from all the tiny air bubbles trapped inside. “It looks like frozen yeast somewhat,” Thoreau said.

Snow is itself a form of ice, but because ice and snow have different properties and behave differently from each other, scientists distinguish between them. The big difference is air. On the ground, a layer of snow has channels of air running through it, but when the channels become compressed by the weight of overlying snow, as in a glacier, or are filled by water that freezes, as on a lake, the air channels turn into bubbles, unconnected to one another. When that happens, the snow is no longer considered snow. It is ice. Since this book is about ice, it will be about snow only when snow relates to ice, as sometimes happens on a frozen lake.

Over the course of a winter, half the thickness of a lake’s ice cover may come from snow-ice (“white ice,” as it’s also called), the rest from lake ice (“black ice”), which forms from the direct freezing of lake water. Black ice is black by association, dark water showing through the transparent skin. (It’s also called “congelation ice,” because the water congeals rather than evolves from snow.) White ice and black ice grow in opposite directions, white ice upward, black ice downward. Occasionally, white ice forms on a lake without black ice as a base. One time after a heavy snowfall, the Langloises reported seeing a “snow-blanket, with folds made by ripples in the water,” floating on the lake surface, “before the entire blanket, folds and all, became a solid sheet of ice.”

On the white surface of Pleasant Lake, where the snow is still snow and not yet snow-ice, I count over a hundred of the dark circles. These are “slush holes,” openings blackened around their edges as if ink were being pulled up from below and staining the snow instead of water. It’s not known why slush holes develop where they do—here and not there—unless there’s an obvious source of heat, like a dark pebble or stick lying on the ice, which absorbs sunlight disproportionately and starts melting the snow around it. (Once in the ice of a bay I saw leaves, cigarette butts, twigs, cigars, wood chips, dog droppings, ticket stubs, and strings lying in depressions two or three inches deep which had been melted out by the sun in the exact shape of the objects; even a blade of grass lay at the bottom of its own narrow, custom-melted groove.)

NCAR’s Charles Knight has given some thought, however, to how slush holes form. When snow weighs down an ice cover, water is forced up not only through large openings but also through exceedingly small ones, such as holes along ice-crystal boundaries—often called veins—or in bubble tubes—sometimes called worms. At first, many of the small openings serve as pipes, carrying water to the surface, where it melts snow and ice, but some of the openings will naturally be a bit larger than others and will therefore carry more water and themselves be subject to more melting, with the result that they become still larger and capable of carrying more water, and so on. Through feedback, some holes in the ice that start out the size of pinpricks grow to the size of hula hoops.

Some of the slush holes on Pleasant Lake have wavy lines radiating from them, like the legs of dancing bugs, or (most unlovely image) the shreds of a blood clot. Knight calls them “stars.” Gow calls them “spiders.” Knight found the rays “puzzling” at first. “If one thinks of them as streams,” he says, “the flow seems in the wrong direction, out of the holes instead of into them.” After examining many stars, he concluded that they tend to form when snow depresses an ice cover, which causes water to rise through an opening in the ice and to flow outward from it, melting wavy rays out of the snow and exposing the black ice underneath.

I find a crooked line of these impish things running parallel to the shoreline of Pleasant Lake, some of them no more than a few inches across. “The writer finds himself surprised at the range of phenomena that occur when snow on lakes is transformed into slush,” Knight wrote. In photos he took of slush holes on frozen mountain lakes, many of them looked like large poppies, almost too well proportioned to be natural. A few had concentric rings surrounding them, the ring closest to the hole frozen solid and blanched by frost. Several had inch-thick patches of dry snow immediately next to them but slush everywhere else, and some were buried entirely within white ice and registered only as shadows.

According to a Russian who visited a certain Japanese village some years ago, rice farmers there used “ice patterns” in a swamp to predict the quality of the coming harvest. “Cherry blossoms” and “palm trees” augured a good harvest, “centipedes” or “rice stalks” a bad one.

After a snowfall the next day, the spiders of Pleasant Lake have a vague, blurry look to them. Snow turned the land into a winter wonderland but the lake into a grayish sludge. At the post office, a man says he saw an ice-fishing shanty out on a nearby lake already. “Must have dropped it in by helicopter,” he mutters. A woman says she saw a man walking far out on another lake holding a child by the hand! Everybody shudders, shakes heads. We’ve all read about the ski mobiler who fell through the ice on a lake farther north.

The only live creatures I’ve seen on Pleasant Lake so far are crows. What’s in it for them? I wonder. In a chapter on tool-using in his book The Minds of Birds, Alexander F. Skutch recounts how, in parts of Norway and Sweden, hooded crows pull ice fishermen’s lines out of holes in the ice to get at what’s on the end. “Grasping the cord in its bill,” Skutch wrote, “the crow walks slowly backward with the line as far as possible. Then it returns to the hole by walking forward with its feet on the line, thereby preventing it from slipping back into the water. If necessary, the bird repeats this sequence until the fish or bait comes within reach.”

By the week before Christmas, only a few areas of open water are left on the lake. “This is it,” Terry says. “I think this is it.” While I’m away for Christmas and New Year’s, winds strip every bit of ice off the lake and dump the slabs and chunks on the beach. “It looked like the ocean here,” the postmaster informs me when I get back. “The waves were so full of broken ice they were almost white. Water froze as it shot off the crests of the waves.” “It was the wildest thing,” Terry agrees. But by the first week in January, the lake has been pounded with sleet and freezing rain and passed through several cold, cloudless nights, and again it is frozen. The question is, is it frozen up? I see a single, dark gray slot of water out in the middle, like an open zipper. Lakes, I learn, tend to freeze from the outside in, since they are shallowest around the edges, and since the edges provide nucleating points, and since cold air pours off the land, chilling water at the margins but not necessarily making it out to the middle.

Overnight, the water in the slot freezes. The lake is zipped up. Shut down, closed for the winter, out of commission, asleep under its tough hide. For the next few months, the ice, gray-white and scaly on top, from wind-hardened snow and refrozen slush, should keep all of the wind, and most of the sunlight, from reaching the water below.


Like frozen-over lakes whose ice is thin 
And still allows some stirring down within.

—Richard Wilbur, “Year’s End”



Pleasant Lake is not really shut down. It is not stagnant. It is not unchanging. It is not still. It is not even that cold.

For instance:

• The temperature of the water under the ice not only doesn’t go down, it may even go up. The ice cover partly insulates the water from the effect of cold air; sunlight trickles in through patches of clear ice; and organisms in the water and vegetation on the lake bed give off heat when they decompose. Water in contact with the underside of the ice sheet (and next in line to freeze) will be 32°F, but the bulk of the water will be warmer, about 39°F.

• The water under the ice lid is not immobile. One morning when Thoreau was chopping ice from Walden Pond, as he did every morning in winter so he could melt it for drinking water, he dropped his ax through the opening he’d made in the ice. Peering down into the water, he saw the ax lying on its head on the bottom, its upright handle “gently swaying to and fro with the pulse of the pond.” Although wind doesn’t move the water under an ice cover, the water does move. Streams flow in and out and springs bubble up, producing currents whose locations some ice fishermen try to remember, since currents weaken the ice.

• The ice keeps on getting thicker, although more and more slowly as winter goes on, until at some point it stops. According to one table, when air temperature is 23 °F, it should take only a little over an hour for a third of an inch of ice to form on water that’s 32°F. When the air temperature is –22°F, that should happen in a little over ten minutes. If ice kept up either pace, it would reach the bottom of the lake in a matter of weeks. But it doesn’t keep up the pace. Ice is a poor conductor of heat, and as the ice thickens, the latent heat of freezing has farther and farther to travel to get to the cold air above it, and that takes longer and longer. According to the same table, when air temperature is 14°F, it should take fewer than two days for water to produce a layer of ice four inches thick, a week to produce ice 7½ inches thick, four weeks to produce ice 15 inches thick, and eight weeks to produce ice 25 inches thick. If there is snow on the ice—and snow is an even lousier conductor of heat than ice—the growth rate will slow further.

Yet snow giveth even as it taketh away. A layer of snow that slows the growth of black ice can, if it becomes wet and refrozen, speed the growth of white ice. These mirror effects roughly balance out, according to two Canadian researchers who studied lakes in Labrador: one kind of ice grows thicker when and where the other does not.

• The ice surface is not dormant. It is exceedingly active … at a molecular level. “When we consider a solid material,” Victor F. Petrenko, professor of engineering at Dartmouth College, says, “we think that every atom or molecule can move just a little inside its stable position, but it’s not the same with ice. Every molecule in ice rotates with high speed, like a propeller. That’s not surprising for liquids, but it is for solid materials. In ice the speed can reach one million cycles per second.” The vibration of the spinning molecule is often so great that the molecule breaks free of the hydrogen bonds holding it in the ice lattice and departs.

Even when ice is very cold, molecules are leaving and returning to the ice surface at furious rates. “I used to think the ice surface was something static and stuck around for a long time,” Steven George, professor of chemistry at the University of Colorado at Boulder, says. “But it doesn’t just sit there. It’s extremely dynamic. The ice surface is constantly being eroded and redeposited, like topsoil. Some water molecules are evaporating even as others are raining down on the ice.” At the extremely low temperatures characteristic of the stratosphere, George has measured the residence time of a molecule on the surface of a piece of ice at mere milliseconds. “Even at –100°C [–148°F],” he says, “you can lose one layer of molecules per second.”

On Pleasant Lake in midwinter, the molecules that depart the ice surface will generally be counterbalanced by those that return. Toward the end of winter, however, or on sunny days during it, the ice will probably lose more molecules off the top than it gains, and the cover will thin from above. This process, whereby a solid turns directly to vapor without passing though a liquid stage, is called “sublimation.”

• Lake-ice crystals grow larger … and even compete for territory. All snow-ice crystals, whether they’re in the top, middle, or bottom of the snow-ice layer, are about the same size and the same lumpen shape. They’re so close together they cannot grow much, except on warm days when they expand a little and attract vapor given up by other crystals. A snow-ice layer thickens by adding numbers of crystals. Lake-ice crystals, however, do become bigger, many of them a whole lot bigger. Gow has found single crystals that were between one and two feet long and extended right through the ice sheet. He has also found crystals that were nearly three feet wide at the bottom. Lake-ice crystals are in fact among the largest crystals in nature. (In theory, there is no limit to the size of an ice crystal, David Cole points out, “other than self-weight.” On the Mendenhall glacier in Alaska, he notes, “beautiful single crystals” have grown to the size of human heads.)

As for competing for territory …

Crystals in general are known for their symmetry, and one way scientists have of describing the kinds of symmetry different crystals have is by drawing imaginary straight lines through them from opposite faces or corners so the lines meet in the middle. If a person were to rotate the crystal around one of these lines, or axes, the crystal would look the same to him at various points in the rotation as it did at the start. A crystal of ice has two sets of these “axes of symmetry,” one running perpendicular to the hexagon layers and three running parallel to the layers and radiating from the single axis like spokes around a wheel axle. The spokes are the a-axes, the axle the c-axis. (See diagram on previous page.) This fact is of more than academic interest; the way the axes in ice crystals are lined up in relation to the water surface affects the structure of the ice cover, and thus probably its strength. Those crystals whose c-axes lie parallel or horizontal to the water surface become needles, while those whose c-axes lie perpendicular or vertical to it become plates. (There can be slight deviations.)

[image: ]

The a- and c-axes of an ice crystal

On a lake the size of Pleasant, the ice that forms on a calm, cold night is typically a mix, with one-fifth of the surface covered by needles and four-fifths by plates. What determines which way the c-axes will lie and thus whether needles or plates will form, Gow discovered through extensive research, is the way the water is nucleated, from the air or the water. After spending several winters studying lakes and ponds in New Hampshire and Vermont as well as growing ice in tanks at CRREL, he found that crystals with their c-axes horizontal the Ch’s, as he calls them—form when the lake is seeded from the air, by multiple particles of snow, ice fog, ice bits blown off the land, etc. Crystals with their c-axes vertical—the Cv’s—form in the absence of seeding, presumably nucleated by impurities already present in the water. Water temperature makes no difference, apparently. “Meteorological events immediately prior to freezing,” Gow stated, determine the orientation of ice crystals “invariably.”

The Ch’s and the Cv’s grow downward from the initial skim in markedly different ways. Ch crystals grow to be long, slender, and columnar, with well-defined boundaries. They’re only a little wider at the bottom (an inch or so across) than they are at the top (a fifth of an inch or less across). By contrast, the Cv crystals grow to be coarsegrained, “fibrous,” and irregularly shaped, with poorly defined boundaries; a group of them function almost as one “supercrystal.” They are also much, much wider—up to 100 times wider—at the bottom than they are at the top.

Reading accounts of the growth of these crystals, you might think of war. Gow uses words like “invasion,” “domination,” and “elimination” to describe what goes on. Others refer to an “elbowing out,” a “cutting off,” and a “pinching out.” To reach their impressive sizes, the Cv’s often encroach on the growth path of the Ch’s, which are less aggressive. On one New England pond, Gow discovered that the Cv’s had “wedged out” the Ch’s a mere three inches into the black-ice layer and forced them to stop growing altogether. Even in those parts of a lake where the skim consists overwhelmingly of Ch-oriented needles (which is often the case along the shore since ice nuclei are blown off the land onto the water), the downward growth of the abundant Ch’s is “frequently interrupted by the sudden appearance of c-axis vertical crystals of highly irregular shape,” which continue to grow rapidly, Gow notes, “at the expense of the c-axis horizontal crystals until the latter [are] entirely eliminated.”

None of these hostile takeovers can be seen
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