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To all the chemists past and present whose pursuit of flying molecules made this book possible





Preface • MY FIRST GROUSE
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No matter where or how you’re reading these words, at this very moment there’s a world swirling all around you, and into you, that teems with the makings of delight, disgust, understanding, and wonderment. It’s an invisible nimbus of flying molecules: countless specks of matter launched into the air we breathe, whizzing at highway speeds, whose presence we perceive as smells. This book is about those specks and smells, and about making the most of our access to them.


Many fine books have been written on our sense of smell, on the pleasing aromas of food and drinks and perfumes, on the nature of disgust. Here I’ve put together something different: a guide to the wide world of smells, nice and not, and the airborne molecular specks that stimulate them. Since the specks are representative bits from throughout the material cosmos, I like to call this wide world the osmocosm, from osme, the ancient Greek for “smell” or “odor,” with its inner resonance and hint of wizardly magic. The osmocosm contains multitudes—thousands of different molecules at least, possibly thousands of thousands. There’s more to it than even the most sensitive among us can experience. And much or all of it is inaccessible to the many people whose sense of smell has somehow been impaired. But no matter how much of it we happen to notice, we’re always immersed in the osmocosm. It’s a fundamental feature of the world we inhabit. It’s well worth exploring, even if only in imagination and thought.


The general term for any airborne molecule is volatile, a word that derives from the Latin for “to fly” and was first applied centuries ago to birds and butterflies and other winged creatures. It was one of these original volatiles, a flavorful wild bird, that drew me into exploring the world of molecular volatiles. Let me explain how it did, and how I hope you’ll use this guide to become a smell explorer yourself.


My longtime beat is the science of cooking. Back in 2005, when experimental cooking was the talk of the restaurant industry, I traveled to Spain and England to get a taste of its innovations. The leading avant-garde chefs, the Adriàs and Rocas and Heston Blumenthal, aspired to give diners an unforgettable meal, with long menus of novel dishes that were variously startling, amusing, baffling, and sometimes delicious. It was a stimulating few days. But my most memorable mouthful came near the end, during a very traditional British lunch with Fergus Henderson and Trevor Gulliver at their London restaurant St. John.


It was early fall, so I ordered grouse, a game bird just then in season that I’d never had the chance to taste. It came roasted whole, rare and plainly, on a slice of toast, with a tuft of fresh watercress. I expected to enjoy it, but not that the first bite would leave me speechless. It did. I was completely absorbed, first by intense sensation—a meatiness that was almost too strong to be pleasant, and edged with bitterness—and then by confused emotion. I was momentarily paralyzed, unable to say a word to my tablemates. They looked at me with some concern, but then Fergus smiled, nodded, and said: “Ah, of course. Your first grouse.”


I’d always been interested in understanding what makes foods delicious, but that experience impressed me like no other with the power of flavor to trigger strong feeling—and to persist. That grouse was still in my mouth many hours later as I tried to concentrate on a performance of Shakespeare’s Tempest.


Another moment several years later impressed me with the power of aroma alone. I had managed to grow what looked like an oversize taste bud on the tip of my tongue, maybe an eighth of an inch across: a good joke for a food writer! Eventually I saw a specialist who advised removing it. He gave me a local anesthetic, snipped it out, then cauterized the wound with an electrical instrument that burns and seals the blood vessels. There was a puff of smoke, and I smelled the typical aroma of beef on a very hot grill, burned but also slightly decomposed. A surprise, but it made perfect sense: it was the aroma of grilled McGee! Another good joke. And as I had that lighthearted thought, I got light-headed, then leaden-limbed, and broke into a cold sweat. The physician quickly reclined the chair, and in a couple of minutes I was fine again, just embarrassed. I had thought that I was taking the experience in stride, even relishing the irony, but my body ambushed me. Another unforgettable moment and smell.


The usual cultural touchstone for connecting flavor with emotion is the morsel of madeleine cake that Marcel Proust’s narrator dunks into a cup of linden-blossom tea in the first volume of his novel À la recherche du temps perdu, or In Search of Lost Time. That bite surprises the unnamed narrator with a shudder of “exquisite pleasure” that he eventually traces back to tasting the same combination in idyllic childhood. My shudders weren’t exactly pleasurable: they seemed more likely to be instinctive warnings. The grouse was so strong and funky that it might have been spoiled; cauterized tongue probably evoked the misery of my tonsillectomy twenty years before. But was that all they meant? I felt there was something else going on.


My ruminations eventually led me to a less celebrated passage of Proust that resonated much more. In the fourth volume, Sodom and Gomorrah, the narrator indulges in a favorite drink and is struck by the sensations it provokes:




The orange squeezed into the water seemed to yield to me, as I drank, the secret life of its ripening growth, its beneficent action upon certain states of that human body which belongs to so different a kingdom, its powerlessness to make that body live, but on the other hand the process of irrigation by which it was able to benefit it, a hundred mysteries revealed by the fruit to my senses, but not at all to my intellect.





Once again a taste of food catches the narrator’s attention and triggers a feeling of elusive significance. But this time it’s not about his past life—it’s about the food. The orange somehow evokes the mystery of its creation and its goodness for alien creatures like us. The narrator doesn’t follow up this intimation the way he does the pleasure of the madeleine. But if he did, then his recherche would shift away from lost time and toward found fact, toward the natural histories and inner workings of fruit and animal.


Proust’s orange encouraged me to see my taste of grouse as an invitation to consider its mysteries. It was a call to stop and think and learn, to ask, Why did that bird have such a strong and distinctive flavor?


So I did ask, and I learned. Unlike domestic ducks and pigeons, British grouse are true game birds, living in the wild on open heathlands, constantly scrounging for food and evading predators, often infected with gut parasites that make them more easily scented by foxes and dogs. They’re driven from cover and shot on the wing, their carcasses matured—“hung”—for several days, guts included, to tenderize them and intensify their flavor. In 2007, I made a pilgrimage to western Scotland and shared an unforgettable weekend with St. John’s game supplier Ben Weatherall and his family. I spent hours on Overfingland Heath watching the birds, marveling at their explosive takeoff when flushed from the low brush, and their dazzling speed and maneuvers to hug the rolling hillsides until they were out of sight. No wonder their flight muscles are so dark with flavor-making metabolic machinery! I chewed the astringent, bitter heather they live on, and smelled the heaviness in the cool storeroom where they matured.


Harsh wild feed, powerful and well-exercised flight muscles, damaged guts leaking feed and digestive juices in a carcass on the cusp of decomposition: these are elements that combine to give traditional grouse its distractingly strong flavor. Having grown up in the prepackaged, sanitized, deodorized late twentieth century, with that initial bite I was in a way tasting flesh for the first time, at some level recognizing in my mouth the transfixing funk, chemical and emotional, of animal life and struggle and death. Yes, maybe a health warning, but at the same time so very much more! I felt my hunger for understanding satisfied, the experience retroactively enriched.


And I got to wondering what meanings I might find hinted at in more ordinary eating experiences. Of course most foods just taste of themselves, as we expect them to from past experience. It’s the unusual and incongruous that capture the attention. I’d often been struck by the ways that unrelated foods can seem to echo each other. Parmesan cheese can taste like pineapple. What connection could there possibly be between old cow’s milk and ripe tropical fruit? Raw oysters can taste like cucumber. Sherry wine can taste like soy sauce, corn tortillas like honey—specifically chestnut honey. Even odder are foods that echo inedible things: the seaside in green tea, horse stables in wines, sweaty feet in some Swiss cheeses.


Thoughts of sea and stable and feet, and of grilled McGee, highlighted the fact that the flavor echoes I’d perceived are similarities specifically in smells. Our sense of smell is the bridge between our experience of foods and our experience of the larger world. It normally accompanies every breath we take through the nose. We sense smells in the world when we breathe in, and flavors in the mouth when we breathe out. And smell gives us detailed information about what’s around us or about to be swallowed. Pinch the nose and we can taste sweetness and sourness on the tongue, but we can’t tell a citrus soda from a cola; we can’t tell that bread in the toaster is going from brown to carbon black.


It seemed to me that to understand the flavors of tea and wine and cheese would mean delving into the smells of oceans and animals and feet, to find out why they have the smells they do. This was a daunting prospect—but then increasingly exciting. In fact, why stop at smells that happen to be obviously echoed in foods? Why not savor things in the larger world the way we can savor food and drink, smelling them actively and curiously, learning about their volatiles and their backstories, and using that knowledge to experience them more fully?


I got hooked. It was a kick to sniff at everything I could think of, then connect those immediate, personal sensations with precise laboratory identifications of the flying molecules that trigger them, and through the molecules, with the larger scientific understanding of the world’s workings. I often felt a sense of wonderment at those workings and at the collective achievement of humankind in figuring them out. Despite its longtime reputation as one of the lowest of human faculties, smell clearly has the power to engage us with the world around us, to reveal invisible, intangible details of that world, to stimulate intense feeling and thought: to nudge us into being as fully and humanly alive as we can be.


So I became an amateur smell explorer and immersed myself in the osmocosm. I went on a ten-year sniffing expedition through the world and through the scientific literature. I’ve written this book to share what I’ve learned: to point out and delve into smells that are out there to be noticed, and relate what those smells can tell us about how they came to be, about the otherwise insensible workings of the world. Not just food and drink and roses, but compost and sodden flowerpots, asphalt and laptops, old books and dog paws, the myriad mundane yet revelatory things that fill our lives. There’s a rich world of sensations and significance out there, intangible and invisible and fleeting, but vivid and real.


Now that I’ve explained the eccentric path by which I came to write this book, I should explain the eccentricities of the pages that follow: why they’re filled with what look like mashups of ingredient labels and tasting notes, and why the first chapter begins with the unsmellable Big Bang.


Smell is such a powerful and revealing sense because it detects actual little pieces of things in the world. Those little pieces are volatile molecules, so little that they’re able to break away from their source and fly invisibly through the air to reach our nose. To begin to understand a thing’s smell, then, is to identify the many volatile molecules it emits. Its overall smell is a composite, created by the component smells, or “notes,” of its most prominent volatile molecules. When different things seem to echo each other with shared component smells, it’s a sign that those things have some volatile molecules in common. And the chemical identities of the molecules are keys to why they’re there. They’re tokens of the processes that created them.


So: much of this book is anchored in volatile chemistry. And chemistry of any kind is seldom an inviting subject for anyone but chemists! But I am not a chemist, and the chemistry in this book is not an end in itself. It’s a means of gaining insights into your own personal experience in the physical world, a means of smelling more and having a sense for what the smells mean. In fact, many of these molecules are longtime friends that have been pleasing or annoying you all your life without your knowing they exist. We know and recognize and appreciate these significant bits of the world by smell, but they haven’t been properly introduced, individually and by name. The names that chemists have given them can be confusing at first, but they do have their own logic. And when we meet up with smells and named molecules often enough, the names begin to stick. These days many beer lovers can tell you about the esters and volatile phenols in their favorite ales; cannabis connoisseurs know their terpenes; craft perfumers, their aldehydes.


Because each chapter describes dozens of different things, each emitting many volatile molecules and component smells, I’ve distilled the relevant information in the smell tables that you’ll see throughout. They’re designed to make it easy for you to control your chemical exposure. Most of the tables have three columns. The first column lists a handful of related items of interest: particular parts of the body, or flowers, or cheeses. The second column lists some of the component smells that contribute to each item’s overall smell. These may look like tasting notes from ads and reviews, but they’re not merely subjective impressions. They’re the smells of specific molecules that have been objectively identified as significant volatiles in that item. Those molecules are listed in the third column.


If you’re mainly interested in the component smells you might get a whiff of on your skin or in some Parmesan shavings, and you don’t want to be distracted by the chemistry, then just stay to the left and center of the tables. Simply paying attention to these nuances of smell can be rewarding. In a 1948 poem, the Scot Hugh MacDiarmid poked fun at the chemical approach of modern “osmology” while praising plain attentiveness: “a flower’s scent by its peculiarity sharpens / Appreciation of others.”


But if you’re curious about why a daisy smells so unlike a rose, why your skin sometimes has a metallic tang or Parmesan can seem both fruity and a little sickening, then look to the rightmost column to see what particular molecules are involved, and in the surrounding text to see where they come from. These details further sharpen appreciation with understanding.


So much for navigating the tables; now for navigating the book as a whole.


I’ve written this guide both for casual browsing and for learning about the greater osmocosm. It’s organized not by smells but by the familiar things in our world that emit them. So you’ll find the human body in chapter 6, flowers in chapter 10, cheeses in chapter 19. You’re welcome to head right for favorite or despised or newly encountered smellables. Or browse the pages and tables and see what catches your eye.


For readers who want to explore the world of smells more systematically and refresh their understanding of just what a molecule is, I’ve organized the chapters in the sequence that helped me get my own nonchemist bearings among volatile molecules, and I hope it will do the same for you. It emerged from pondering smell echoes: if oysters can smell like cucumbers, then which was the first to carry that particular molecule? And did something else carry it before either of them? I came to realize that, like everything in the physical world, the molecules of smell have histories that are part of the ongoing history of creation itself, the evolution of the cosmos as a whole. That evolution started billions of years ago in the mystery of the Big Bang, before there was a single molecule of any kind, and ever since has moved in the direction of greater molecular diversity and complexity.


When I looked into the early history of the cosmos, I was fascinated to find that some of the molecules that we smell every day existed long before there was any creature around to smell them, before there was even a planet Earth for creatures to live on. They’re among the simplest molecules, just a handful of atoms, as easy to grasp as H2O. Some of them are also the source of smells produced by most forms of life. And as life has diversified over the eons, so have the volatile molecules it emits.


The simple is easier to understand than the complex, and it’s a stepping-stone to grasping complexity. So I’ve structured this book in five parts that introduce the molecules of smell a few at a time, roughly as they emerged. I invite the novice smell explorer to imagine yourself alongside the Chef of the cosmos, superhuman but with a human nose: sniff the stew of matter and energy as it cooks over the eons, notice how its smells develop, and get to know the increasingly complex—and pleasant!—molecules they arise from.


Part 1 starts with the sparse primordial volatile molecules of outer space, the sulfurousness of Earth and its early single-cell life, and the basic starter set of volatiles and smells shared by all living things. Part 2 documents how animal bodies, ours included, owe most of their smells to their mobility and the communities of microbes they carry along with them. Part 3 celebrates the creativity of the plant kingdom and its terrifically diverse volatiles and smells, fresh and woody and flowery and fruity. Part 4 describes the smells that emanate from the planet’s waters and soils, and from life’s remains when they’re transformed into smoke and tar, fuels and plastics. And Part 5 concludes with the smells that humankind loves and pursues for their own sake, in fragrances and foods and drinks.


Welcome, then, to the osmocosm, the world aswirl right under our noses.





Introduction • A SENSE FOR THE ESSENTIAL
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The smell of a person’s body is the body itself which we breathe in through our nose and mouth, which we suddenly possess as though it were the body’s most secret substance and, in short, its nature. The smell which is in me is the fusion of the other person’s body with my body. But it is the other’s body with the flesh removed, a vaporized body which has remained completely itself, but which has become a volatile spirit.


• Jean-Paul Sartre, Baudelaire, 1947





Vaporized bodies, secret substances: these are smells? Well, something along those lines, yes! Smells may be everyday, ordinary sensations, but the more closely you look at them, the more extraordinary they become. Jean-Paul Sartre, like Proust a French student of the sensuous, captures their strange, ghostly corporeality in this passage about women and perfumes in Charles Baudelaire’s poetry. When we smell another person’s body, we literally bring a portion of that body into our own body, into tissues in our head, which then signal its presence to our mind. This is true whether we smell a lover or a stranger, a sewer or a rose. When we smell something, it’s because particles of that thing—its vaporized, airborne, volatile molecules—enter us and momentarily become part of us.


That’s a disturbing thought. No wonder we instinctively hold our breath when we smell something disgusting. But it’s also an eye-opener, a nostril-dilator. It means that smell connects us directly and intimately with the substance of the world we live in. It means that, even though smell has been widely considered among the least valuable of the human senses, one that our pets are far more talented at exercising, it can bring more to our lives than we’ve given it credit for.


Before we plunge into the smells of the world, let’s start at home, in our own heads, and get better acquainted with how smell works and what it has to offer us.


Molecular senses for a molecular world


When Sartre wrote about the smell of a woman as her “vaporized body” or her body’s “volatile spirit,” what he was really talking about was her volatile molecules. Molecules are invisibly small particles of matter, the diverse building blocks that make up things in the physical world and give them their substance and specific qualities. Taste and smell are molecular senses: they detect and report on the presence of particular molecules in the air around us and in our mouths. For all their greater prestige, our senses of vision and hearing aren’t as directly in contact with the things of the world: they register only light waves or waves of air pressure whose movement has been influenced by their presence. The sense of touch does bring us in direct contact with physical objects and materials, but only in bulk form; it can’t distinguish particular molecules the way smell and taste can. Smells and tastes are our most direct, intimate, and specific encounters with the molecules that make up the world.


Like everything else in the physical world, our bodies are also made of molecules, and our senses of taste and smell work by means of their own specialized molecules, the taste and smell receptors. Taste receptors reside primarily on taste buds on the tongue. They’re on the lookout for a handful of particular molecules, or pieces thereof, that dissolve in the mouth’s watery saliva from the foods that we put in our mouths, or other materials that we choose to chew on or suck or lick. We have around fifty or so different kinds of taste receptors, and they give rise to a handful of taste sensations—the familiar sweet, sour, salty, and bitter, and the less familiar umami, or savory. All of these indicate the likely suitability of foods and drinks for our nourishment.


Smell arises from two patches of sensitive skin placed out of sight in the front of our head, behind and a little below our eyes. Their total area is less than a tenth the area of the upper tongue surface, around a square inch. Its four hundred or so different kinds of odor receptors recognize molecules carried in the air we breathe in and out. Smell is on the lookout not for a handful of particular molecules, but for whatever molecules happen to be in the air that might be significant for our well-being, whether the aroma of ripe strawberries in a bowl or the smokiness of a forest fire miles away. It doesn’t bother to notice the great majority of the air’s molecules, the nitrogen and oxygen and carbon dioxide and water, because their presence isn’t significant—they’re always there. But it’s very sensitive to the molecules that come and go, that give clues to what’s going on around us. Since its few hundred receptors can work with one another in many different combinations, smell could theoretically distinguish among many millions of different molecules and molecule mixtures.


Smell is more versatile than taste. It’s more open-ended, broader, more specific, and more sensitive. And it’s much more informative, because things in the world are made up of many different kinds of molecules—far more than the dozens that taste can notice.


Smells arise from mixtures of flying molecules


As Sartre said of bodies become smells, the molecules that we breathe in and smell are volatile, a term that in chemistry means “tending to evaporate,” to escape as a gaseous vapor from solid or liquid materials. Smell molecules must escape their source—a person’s body, food, or drink, a tree, a fire—and fly through the air to reach the smell receptors up in the nasal cavity. Most of the molecules in the things around us are too big and heavy to fly, or they cling too strongly to other molecules, so what we’re actually able to smell is a selection of the molecules in things, the ones that evaporate from the surface and escape. These volatiles are representatives of the bodies that emit them, but they leave the bodies behind.


And most things emit mixtures of volatiles. There isn’t any such thing as a single apple molecule, a single potato molecule. Apples and potatoes are made up of many different kinds of molecules—water, starch, sugars, proteins, fats, minerals, acids, DNA, pigments, phytochemicals that repel insects, and on and on. An apple and a potato each gives off dozens of volatiles. Their distinctive smells come from their different mixtures.


Because even the simplest smells arise from a composite of volatiles, smells are often likened to a musical chord, a combination of several different notes that we hear as a single recognizable sound. Another analogy, closer to home, is to something cooked. You combine tomatoes, olive oil, garlic, and basil, and those flavors come together to give the flavor of red sauce. You may or may not register the aroma of each ingredient, but each contributes to the distinctive flavor of the sauce. Well, each of those ingredients is in turn a composite of molecular ingredients that come together to give it its distinctive flavor: of tomato, olive oil, garlic, basil. It’s these molecular ingredients that we’ll explore in this book.


We can’t actually see these flocks of mingled volatiles, but they’re easy enough to imagine and connect to our everyday experience. I live in a hilly neighborhood of San Francisco, and often see the air and its currents become visible as fog spills over Twin Peaks and flows down toward the bay. That got me to thinking: If single odor molecules were visible in the same way that the trillion-molecule fog droplets are, and were somehow color-coded to reflect their tremendous diversity, then from my window I would see rainbowed odor plumes constantly forming and dissipating, puffs and swirls and masses moving, disappearing, reappearing, blending, from the jasmine vine and lemon tree and fir and eucalyptus in neighboring yards, from the rooftop shingles, open windows, sidewalks, dogs and their owners, cars and buses, cyclists struggling up the hill. … And when I actually smell the nearby flowers and trees, or the smoke from a chimney, it’s because traces of those molecule plumes have wafted directly to the air around me, where I can pull them into my nose.


When I take a break from sensory deprivation at my desk and go for a run, I see and hear and feel a lot, and I smell a lot too. The smells are more intermittent than the smoothly shifting visual scene and the noises and pavement-pounding and wind, but there are always many different ones, appearing and disappearing in the space of a few breaths as I move into and out of the plumes of mixed volatiles.


Some emanate from sources I can see as I pass by them. A Thai restaurant. A bakery. The fresh asphalt on a repaved street. Both dank and freshly sawn wood in an old house torn open for remodeling. A mix of rubber and engine oil from an auto repair shop. Trash cans. A fetid street drain. A freshly mowed front lawn. A shopping cart jammed with grimy bedding.


Other smells I recognize even though their sources are invisible. Marijuana smoke. A shorting electrical transformer. Steer manure in someone’s garden. Flowers, heady, heavy. The exhaust from a clothes dryer. Vapors from kitchens and backyard grills: burnt toast, fried fish, fried onions, red sauce, coals just ignited with lighter fluid, grilled chicken, beef. As I run upwind on a dry sidewalk, the smell of rain on pavement, harbinger of a wet finish line.


Each of us has experiences like this every day—passing encounters with plumes of volatile molecules.


Smells and flavors are in our head


Even if we’re ready to think about smells as mixtures of molecules, and smell as the most specific and discriminating of our molecular senses, it’s not at all easy to smell smells as mixtures. In everyday experience we smell things, objects and materials in the world that have simple, instantly recognizable smells: manure and flower smells, beef and chicken smells, qualities that, as Sartre said, seem to be the individual spirit of the body they evaporate from.


This impression results from the fact that the encounter of taste and smell receptors with molecules is just the first step in our perception of a smell or taste. Though we say casually that foods “have” flavors and flowers “have” smells, in fact what they have are volatile molecules. Sensations and perceptions, smells and tastes and flavors, are products of our brain. The brain doesn’t simply register the direct reports of the receptors, but actively creates smells and tastes and flavors by filling out those reports with many other kinds of available information, and especially information from its database of past experiences.


When the smell and taste receptors register their target molecules from something in the mouth or the air, they send electrical pulses, each a tiny fraction of a second long, to particular receiving areas in the brain. Nerve cells in these areas then collect and organize these signals and send their own signals to various other areas, and those areas in turn communicate with each other. Eventually—in a crowded split second—the brain processes the many streams of signals and integrates them into a sensation, which neuroscientists term the odor or flavor “image” or “object” that we can consciously perceive. And part of that sensation is an association with the thing that triggered it.


So we don’t normally experience the aroma of coffee as the mixture of the many different volatile molecules that create it. We experience it as … coffee.


Why does the brain handle the receptors’ reports the way it does, bringing in other reports from the eyes and ears and memory banks, and presenting our conscious minds with an executive summary? Because it evolved as the organ that coordinates all of our biological functions to help us survive in a complex, ever-changing world. For all its remarkable powers, the human brain can’t keep tabs on everything that’s going on at every moment. So it has to simplify and focus. The senses constitute a system for constantly collecting data about the immediate surroundings, paying special attention to changes (hence smell’s lack of interest in nitrogen and oxygen and water), quickly aggregating, editing, and comparing them with a database of past experiences, and coming to a quick decision about how to act. Taste and smell above all enable animals to recognize nourishing food and ingest it, to recognize toxic or spoiled food and avoid or expel it, to sense potential danger from nearby predators or fires and escape it, to distinguish kin from strangers, the healthy from the sick. Their purpose was not to dissect the smell of coffee into its volatile ingredients, or ponder the nuances of an orange or a grouse.


But neither was the original purpose of hearing to develop spoken language or music! People who love coffee and perfumes and many other aromatic materials do in fact dissect and ponder. It doesn’t come naturally, but it’s doable and rewarding.


Catching the brain at work; noticing mixtures and echoes


Smells are triggered by mixtures of volatile molecules, then shaped and presented as simplified conscious perceptions by the actively editing, synthesizing brain. We get hints of all this in moments when there’s something unusual about a smell, some kind of discrepancy or discordance or surprise, when the brain has to work harder at coming up with a suitable odor image.


One day a couple of years ago I got home from a long run in the fresh and varied air, walked into the kitchen, and soon noticed that something wasn’t quite right. At first the air seemed simply stale. As I sniffed, it seemed even less pleasant, as if the kitchen had bad breath. I thought that something in the larder might be spoiling—one of the fresh tomatoes, or an onion, both of which can rot disgustingly. I checked: the produce was fine. The smell bothered me more and more. The sink drain? No. I wondered whether someone had forgotten to flush the toilet around the corner. No. Maybe a mouse had gotten into the wall and died there—something I’d dealt with decades before. No easy way to check that.


Finally, scanning the kitchen and sniffing, I saw the source of the smell. In plain sight on the table, on a plate, under a glass dome: a soft-ripened cheese from Vermont, bound in a thin hoop of sprucewood. I’d bought it the day before, unwrapped it and set it out to recover from its hibernation in the store’s cheese case, and managed to forget it. I put my nose next to the plate and sniffed: sure enough, that was the smell. Stronger, and now it smelled like cheese—or an aspect of cheese. I lifted the dome, took a deep sniff, and smelled that strong stinky smell, but others as well, including ammonia, which for some reason hadn’t filled the room the way the stink did. The immediate mystery was solved.


I’d been experiencing the active and fallible brain at work. Having forgotten that there was a cheese on the table, mine did its best to make sense of that abnormal smell filling the room, pulling up possible scenarios from my past encounters with smells like it.


Because I had molecules and the brain on my mind, I wanted to see how the cheese itself tasted after this unusual introduction. I cut a hole in the top and tasted an oozy spoonful. Even though the source was now right in my mouth, the stinky note seemed much reduced, and milky, meaty, piney, and fruity aromas took over the center stage, along with salty and tart tastes and the creamy texture. The smell of the cheese in my mouth was very different from its smell in the kitchen air.


A pretty mundane experience, but a lot of food for thought! Smells are triggered by mixed volatiles, and the brain does its best to make sense of all the inputs available to it. There were many different sides to that cheese, and my brain wasn’t comfortable with one of them. It must share some volatile molecules with morning breath, rotting vegetables, stagnant drains, excrement, and dead animals. Not so nice. On the other hand, it also seemed to share volatiles with meats and ripe fruits. Why was it only the not-so-nice smell that I noticed before I saw the cheese? When I put a spoonful right into my mouth, why did that note get weaker instead of stronger? And how does cheese making manage to coax from bland milk stinky and ammonia smells on one hand, and meaty and fruity smells on the other?


This brief kitchen mystery was a rare experience, but I’m intrigued all the time by foods whose smells suggest or echo or rhyme with very different things in the world—because my brain notices some feature that they seem to have in common. Cheese and dead animals, cheese and ripe fruits: sometimes, startlingly specifically, pineapple! Coffees and wines that smell like a horse stable. Fresh green tea that smells like chicken, and an hour later, dregs that smell like the seashore. Blue borage flowers from the garden that taste like oysters. A black salt mined in the Himalayas that smells like cooked eggs. Curious!


You don’t have to know anything about the molecular nature of smell to notice these resemblances. But if you do know a bit, then you can begin to investigate what they might mean. Molecules are made, not born; they’re evidence of the processes that formed them. This is obvious in the case of the fried-fish and tomato-sauce smells that I catch on my runs, made by cooks combining ingredients and applying heat. It’s less obvious but just as true for the smell of coffee and horse stable, mountain rock and egg. What are the volatile molecules they share, and how did they come to be made in such different things? Smell echoes are clues to the invisible dynamism of the world.


Identifying the world’s volatile molecules


Happily for the curious sniffer, chemists have been hard at work cataloging the molecules that emanate from foods and stables and rocks. Beginning in the late 1940s, they’ve developed and refined machines that do to smells what a prism does to light: separate what seems to be a single simple sensation into its component subsensations. Neutral white light is a mixture of all the different colors of the spectrum, and a prism makes that spectrum visible by spreading out the mixture into its different wavelengths. Machines called gas chromatographs do the same thing to volatile molecules.


The chemists’ gas chromatograph starts with a sample of volatile molecules collected from a food or object or place, and separates the kinds of molecules from each other by how volatile they are—by how much energy they need to escape solids and liquids and become a gas. The volatility of a substance corresponds roughly to its boiling point: the higher its volatility, the less energy it needs to escape, and the lower its boiling point. Alcohol is more volatile than water, and boils at a much lower temperature, 173°F instead of 212°F (78°C instead of 100°C). So if you slowly heat a mixture of alcohol and water, when it approaches 173°F, the vapor coming off its surface will contain more alcohol than water. By the time it gets to 212°F, most of the alcohol will already have boiled off, and the vapor will be mainly water. This is how distillers start with beer that’s just 5 percent alcohol and make whiskey that’s 40 percent: using an apparatus called a still, they heat the beer and collect the alcohol-rich vapors that come off at temperatures well below 212°F.


A gas chromatograph is something like a still, but one that’s designed to work on mixtures of molecules with many different volatilities. You inject the sample at the inlet—the sample may be tiny, a fraction of a gram—and eventually the volatile molecules exit one by one at the outlet. In between, the sample is carried in flowing hydrogen or helium gas into a long coiled tube lined with a complex absorbent material. The tube sits in an oven whose temperature slowly rises. Volatile molecules in the sample initially stick to the tube lining, and then escape it and pass to the end of the column at different times that depend on their volatility. As pulses of different volatiles exit the outlet, they can then be passed into another instrument, a mass spectrometer, that analyzes their chemical makeup, allowing the chemist to correlate “retention times” in the column with specific molecules.


The chromatograph’s volatile pulses can also be passed into a tube that leads to the nose of a very patient human detector, who sniffs and names the kind of smell that she detects at a given retention time. This combination of machine and sensory analysis is called gas chromatography-olfactometry, or GC-O. (The preferred scientific term for the sense of smell and the act of smelling is olfaction.) It allows chemists and sensory scientists to analyze a sample smell—of a flower or a steak or the air near an industrial hog farm—and come up with a list of the specific volatile molecules in the sample, and what each of those molecules smells like. Then we know two things: what molecules are involved in these smells, and what set of single-molecule smells are somehow aggregated in our brains to form the smell of the flower or steak or stink.


GC-O is a brilliant invention. Hundreds of scientific papers have been published with lists of volatile molecules and their associated smells. It’s this steadily growing scientific census of the world’s volatile molecules that I’ll be drawing on as we explore the smellable world.


Talking about smells: which came first, lemongrass or ant?


Most GC-O smelling is done by people who have been trained to respond quickly to the isolated volatiles that come through the smelling port, completely stripped of any real-life context, and describe their smell in a second or two, before the next one comes along. I’ve tried my nose at it a few times, and for the untrained it’s a high-anxiety ride that reminded me of Lucille Ball not keeping up on the candy assembly line. Over and over again I would recognize a smell as being familiar, but—like the cheese in my kitchen—not be able to identify it or come up with a precise description. During the half-hour run of a sample of fried ground beef, I hit the detection button around eighty times, and was confident of my description for maybe ten or twenty. And what a mix! Individual peaks on the chromatograph variously smelled like cooked vegetables, crayons, styrene plastic, nail polish remover, toast, sulfur, raw green leaves, soap, maple syrup, bread, sweat, manure, nuts, and—most immediately obvious to me—strawberries. Strawberries!


GC-O is a very cool tool, but it confronts us with the biggest challenge of delving into smells and their meanings. We can only come up with a description for molecule mixtures that we recognize from experience, or for individual molecules that we recognize as being a prominent part of familiar mixtures. Where we can recognize a real elephant for the first time if we’ve seen a photo or sketch beforehand, we can’t recognize and evaluate a flavor or smell unless we’ve actually experienced it or something like it before. So we necessarily describe them by reference to what we’ve already tasted and smelled, as I did for my fried-beef run.


Particular volatile molecules are regularly described as smelling grassy, or floral, or fruity, or meaty, or fecal, because they contribute to the characteristic and commonly experienced smells of grass, flowers, fruits, meats, or excrement—or somehow trigger the same brain circuits that these materials do. And because many particular volatile molecules are found as part of the mix in a variety of different materials, different GC-O sniffers may give different descriptions to the same volatile molecule, and one sniffer may give several different names to a single molecule. There are several volatiles that can smell both catty and fruity because they’re found in both litter boxes and mangoes. (Yes, crazy! We’ll get to that.) Others get described as soapy but also green-leafy, fresh-cilantro-like: because they’re major volatiles in both soap and cilantro.


Our reliance on experience means that what we smell and how we talk about it both depend on the happenstance of our individual lives. Several years ago I had the chance to hear the Brazilian chef Alex Atala give a talk about little-known ingredients from the Amazon. As part of his presentation, he passed out samples of Amazonian ants. Like many people in the audience I expected an “interesting” flavor, not a delicious one. But we were happily surprised to find that they taste like a combination of lemongrass and ginger: originally Asian flavors that have spread to cosmopolitan parts of the West. But, said Atala, you need to realize: to the people of Amazonas, the ants are delicious because they taste like ants. As he later wrote about a woman who had made him an ant broth, “When I made Dona Brazi try things that do not exist in the Amazon, such as lemongrass and ginger, she laughed and said that they tasted just like ants.”


How we register and name and think about smells depends on where we’ve happened to encounter them first. That’s a tremendous limitation on our thinking—and on our potential for enjoyment! Not just because there’s no way to experience everything in the world, but also because experience itself is limited. While many people love cilantro in the Asian and Mexican cuisines that embrace it, many others find it to be disgusting, probably because they first smelled cilantro’s most prominent volatiles in soaps and haven’t been able to get past its identification with something that doesn’t belong in the mouth.


Once we realize this subjectivity and relativity in the experience of smell, we can then take it into account and make an effort to focus on the objective aspects of the experience. The GC-O says there are strawberry volatiles in fried beef, and my nose tells me that Atala’s ants produce some of the same molecules as ginger and lemongrass. So I can make a conscious effort to notice fruity aroma in my hamburger; and I can try to figure out why it could possibly be that fruits and meats, ants and plants, seem to be emitting the same volatile molecules from such different bodies, belonging to entirely different kingdoms of living things.


The expansiveness of secondhand perception


It used to be common knowledge that human beings have a lousy sense of smell. Dogs perform amazing feats of tracking people through the woods after just a sniff of discarded clothing. Genetic studies demonstrate that we have fewer than half the number of smell receptors that our pets do. And as we’ve seen, whatever information our impoverished receptor team is able to muster is so massaged by the brain that our conscious minds seldom get it straight from our own mouth, or nose. What molecules are actually out there? There’s no way to tell for sure. So no arguing about taste, or smell. Whatever.


In 2004, the eminent Yale neurobiologist Gordon M. Shepherd published a paper titled “The Human Sense of Smell: Are We Better Than We Think?” Shepherd argued that receptor counts are no indicator of what we can do with a sense. We have fewer receptors devoted to hearing than many other animals, but we’re the species that developed speech and music. Instead, our real strength is in what our brains can do with the senses. Tastes and smells are just isolated signals until the brain turns those signals into integrated perceptions, and Shepherd points out that no other animal devotes more brainpower to smell and taste than humans do. We may not be very good at sniffing out an odor trail in the woods, but we do make fine discriminations between degrees of charring in seeds of the coffee tree, the qualities of fermented grapes from different patches of land, and expensive dabs of plant and animal fluids that we apply to our skin. In areas where people have become sufficiently interested in smells—in perfumery and wine and food connoisseurship—they’re impressively sensitive to nuances.


Shepherd’s paper and a later book, Neurogastronomy, suggested that we can do more with the sense of smell—more fully realize its inherent potential for intimacy and specificity—because we think. We aren’t born knowing how to use our senses, how to see or hear or smell. We learn to use the capacities of our body from infancy on, mostly unconsciously. As creatures that think, we can choose to extend that learning consciously. The same meddling in the brain that compromises the accuracy and objectivity of our direct sensory experience can also enlarge that experience.


Of course people have been intrigued by smell and have speculated about it for millennia. Above all they have tried to find some kind of order in the tremendous variety of smells, some categories or general qualities by which they could be organized. Early philosophers in Greece and China and India came up with just a handful of categories, starting with “pleasant” and “unpleasant.” From the seventeenth century on, the categories multiplied, as scientists, physicians, and then perfumers and food and drink makers got involved, each group focusing on qualities that were relevant to their professions. Recent decades have brought renewed attempts by chemists and perfumers to find the “true” basic categories, and in just the last few years attempts by data jockeys who load all the smell systems they can find into computers to tease out whatever hidden patterns might be there. In the world of food and wine, great effort has gone into the devising of “flavor wheels” that graphically break up composite flavors into their constituents, to guide enthusiasts in savoring the nuances. The first modern flavor wheels were devoted to whiskies and then wines, but you can now find them for among other things beer, cheese, coffee, tea, olive oil, chocolate, maple syrup, oysters, and tap water. And aroma wheels for fragrances.


The pioneering sensory psychologist James J. Gibson called this sharing of information “perception at second hand,” “the process by which a human individual is made aware of things” with the help of other people, rather than becoming aware through one’s own direct perception. It allows us to get past the limitations of our particular lives and take advantage of the accumulated experience and understanding of generations of others.


Acquiring a new nose and world


It can be a bewildering and nose-numbing prospect to learn about smell through flavor wheels and molecular rosters. That is unless you’re a sensory scientist or chemist or some sort of food or scent professional or a devoted amateur, in which case they can be utterly, endlessly absorbing. And even transforming. The French sociologist Bruno Latour has made the case that by devoting yourself to learning a few of the components in a complex mixture, you develop not just your mind, but also your body, and the world that you experience. It isn’t just an intellectual exercise.


In a 2004 essay called “How to Talk about the Body,” Latour analyzed what happens when an aspiring perfumer trains to become better at recognizing and working with basic fragrances. Veteran perfumers put together odor training kits with dozens of single fragrance notes, selecting and arranging the notes so that the novices can learn to recognize progressively finer differences among them. This may sound like a simple process of rote memorization in the service of professional training. But because it involves the work of an otherwise naive sense, one that hasn’t had the occasion to experience these smells and their differences before, Latour argues that this process of deliberate, guided smelling produces a newly discriminating sense, and thereby a newly accessible part of the real world.




Starting with a dumb nose unable to differentiate much more than “sweet” and “fetid” odours, one ends up rather quickly becoming a “nose” (un nez), that is, someone able to discriminate more and more subtle differences and able to tell them apart from one another, even when they are masked by or mixed with others. It is not by accident that the person is called “a nose” as if, through practice, she had acquired an organ that defined her ability to detect chemical and other differences. Through the training sessions, she learned to have a nose that allowed her to inhabit a richly differentiated odoriferous world. Thus body parts are progressively acquired at the same time as “world counter-parts” are being registered in a new way.


Acquiring a body is thus a progressive enterprise that produces at once a sensory medium and a sensitive world.





Acquiring a new nose may sound like a painful surgical procedure, but it’s happening even as you read this introduction—I hope painlessly! Of course it’s a metaphor for developing relevant parts of the brain. Sure enough, a number of studies have found significant differences in the brain structures and activities of trained perfumers and wine experts. A physical nose is just the visible stiff portal to a hidden, dynamic sensory system whose operating rules and memory banks and databases and connections are being updated with every breath, to keep up with the invisible roiling osmocosm it’s reporting on. The more experience and information that it has to work with, the more of that world it can notice and bring to our attention.


Now that we have a general sense for what we smell and how, and how we talk about and learn about smells, let’s see what some secondhand sniffing around can do for us.






[image: Image Missing]








Chapter 1 • AMONG THE STARS
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The intellect is empty if the body has never knocked about, if the nose has never quivered along the spice route. Both must change and become flexible, forget their opinions and expand the spectrum of their tastes as far as the stars.


• Michel Serres, The Five Senses, 1985





Yes, the stars!


The sensory spread that’s laid on for us every day of our lives went onto the fire around fourteen billion years ago and has been simmering around the stars ever since. Our universe is a stew of matter and energy, and some of the molecules that we smell and taste today bubbled up in it very early on, long before the simplest form of life.


It may sound crazy to sniff and slurp through airless interstellar space, but generations of astronomers have opened the heavens for us to imagine just that. So: You’re standing somewhere under the open sky, on a clear night, away from city lights. After you let your eyes adapt to the darkness, you can make out hazy patches here and there, perhaps under Orion’s belt in the winter, or the band of the Milky Way in Sagittarius in summer. Zoom your mind’s eye in on those indistinct patches, and borrow from the telescopic images you’ve seen of nebulas in deep space: dramatic swaths and swirls of light set in star-studded blackness, sometimes backlighting darker swirls. These are immense clouds of stardust, diffuse matter that has been driven out of stars as they burned, burned out, collapsed, and exploded. The bright clouds glow with energy; the dark ones coldly absorb it.


Now release a super-volatile emanation of yourself. You’re a space-time traveler, an assistant to the Chef of the cosmos, disembodied except for chemical senses sensitive enough to sample—and robust enough to withstand—its primordial flavors. Fly light-years into the stew, plunge into those dusty clouds, and open up.


You taste mineral saltiness, and bitterness, and sharp acids, and even sweetness. You feel and smell the irritating pungency of ammonia cleaner, and the stink that it dispels. You catch the heady smells of solvents, of alcohols, of campstove fuel. Vinegar. Eggs. A hint of fruit!


By earthly standards that doesn’t sound like an especially delicious composition. But it’s intriguing. What are those familiar molecules doing out there? And why just those? To start so way out and way back helps stretch both our understanding and our sense of wonder. It shows that the smells and tastes to come, the various earthly creatures that produce their own, and the perfumers and cooks who modify and multiply them are all participants in the original, ongoing project of the cosmos: the unfolding of matter’s possibilities.


This chapter is about the initial stages of that unfolding, the fires of the stars and their flavorful ashes.


Recipe for the universe: mix matter and energy, and cook


How did volatile molecules that we smell every day come to exist both here and in outer space? It’s quite a story, one that emerges from the collective observations and thinking of thousands of scientists from many countries over many decades. It involves the birth of the cosmos as a whole and the origins and evolution of life on Earth. And at the heart of this nondenominational, transcultural creation story is a cosmic version of cooking.


Consider making caramel on your stovetop. You start with a single ingredient, white crystals of table sugar, which taste simply sweet and have no aroma. Put the sugar in a pot, apply heat energy, and stir. After a few minutes, you’ve turned the solid crystals into a colorless liquid. Still no aroma. Keep heating, and that liquid turns pale yellow—and begins to smell. It gets light brown, then progressively darker and stronger-smelling. In the end you’ve made a dark syrup that’s sweet but also sour and bitter, and richly aromatic. From one substance you’ve made many: from simplicity, complexity.


A similar process cooked up the entire universe as we know it. The original recipe from the Chef of the cosmos goes something like this. Mix a dozen kinds of elementary particles together with four fundamental forces, and set aside. After a few hundred million years, the particles have combined to form atoms, a hundred different kinds. After another long stretch, many of those atoms have combined to form molecules—and the mix begins to smell. Some of the molecules combine to form particles of dust, and the dust clumps up to form planets. At least one planet, our own, produces increasingly complex molecules, then collectives of molecules that somehow come alive—and these generate a vast bouquet of new volatiles for the Chef to savor, caramel included. So: from a handful of elementary particles the Chef has made countless kinds of molecules, with countless qualities.


This primordial cooking underlies all of our experience, mundane and miraculous. To understand why volatile molecules exist at all for us to smell, and why they exist where they do, let’s start in the pristine cosmic kitchen as the Chef gets things going. No smells yet, but just wait.


Cooking up stars


However the known universe came into being, most astrophysicists agree that it did so around fourteen billion years ago in an explosive flash at an unimaginably high temperature. From the moment of this “Big Bang” the universe expanded outward. As it expanded it cooled down, and the kinds of matter and energy that we know on Earth began to appear. In the first fraction of a second emerged packets of electromagnetic energy called photons, which we know as light and heat and radio waves. Along with photons appeared three kinds of raw matter, the subatomic particles that combine to make atoms: protons and neutrons that form the central nucleus of the atom, and electrons that orbit around the nucleus. It’s the different numbers of subatomic particles in atoms that give us the hundred-odd different elements with their different qualities: hydrogen, carbon, oxygen, and so on. One solitary proton forms the simple nucleus of atoms of hydrogen, so hydrogen was the first element to be born, followed by nuclei of helium and a bit of lithium.


After only a matter of minutes, the continuing expansion of the universe cooled and slowed everything down to the point that the protons and neutrons no longer had enough energy to fuse together to make heavier atomic nuclei. The evolution of matter paused, for some hundreds of millions of years.


But during that long hiatus, one of the universe’s fundamental forces worked inexorably to reenergize matter. Gravity is a force that acts between any two bodies of matter, tiny or huge, and pulls them toward each other. In the newborn three-element universe, neighboring atoms gradually felt each other’s gravitational pull. They gathered into clusters, clusters into more crowded clusters, all the while moving faster and faster, bouncing off each other with more and more force, releasing more and more heat energy as they did.


As the universe as a whole continued to expand and cool off, gravity created hot pockets of densely crowded atoms, some of them so dense and hot that they began to emit enough energy to glow. This was the first generation of stars.


Cooking up chemical elements in stars


The material richness of our world is a reflection of its chemical complexity, its countless combinations of the hundred-odd chemical elements. The first stars had just three elements to work with. They generated nearly all the rest by becoming fantastic self-adjusting, self-destroying, billion-degree ovens.


Imagine a member of that first generation of stars. As gravity causes its matter to crowd together and collide with ever-increasing force, its temperature and energy increase. At a few million degrees, the conditions are right for two hydrogen nuclei to fuse into a single helium nucleus. This reaction releases energy—which jolts the nuclei into moving fast enough to resist the gravitational force. Fusion and gravity balance each other, and the star can burn with a steady flame like this for billions of years, using hydrogen nuclei as fuel and producing helium nuclei as the residue. When it has consumed most of its hydrogen fuel, the fusion reaction slows down, gravity begins to dominate again, the largely helium core of the star begins to contract, the temperature rises—until the helium nuclei can become the new fuel, fuse to form yet larger nuclei, and again balance gravity so that steady burning can continue. Now we have oxygen and carbon: two of the primary chemical players in the saga of life and the osmocosm.


Then the cycle of contraction, temperature rise, and new fusion repeats again and again, at ever-escalating temperatures. The star takes on an onionlike structure, with portions of the newly formed elements surviving in the outer, cooler layers. After twenty-five new elements have been cooked up, gravity finally prevails over fusion and forces the star into a final burst of creativity—and generosity. It contracts the star’s core to such an extreme density and temperature that the core explodes and becomes what’s called a supernova. The energies released are so extreme that they trigger the formation of ninety-odd more elements. And the explosion blasts these and the first twenty-six into interstellar space, the space between stars.


The supernova thus serves up its creations to the calmer cosmos at large. And it’s here that the elements can manifest their individual qualities, explore their affinities for each other, join up, and initiate the next stage in the unfolding of matter’s possibilities—the stage in which the first molecules of smell emerge.


Cooking up molecules between stars


Molecules are the stuff of our world, the substance of nearly everything that we see and touch, taste and smell. They’re simply combinations of elements, two or more atoms that have joined with each other in a specific arrangement. Given a hundred elements to work with, the number of possible arrangements is—well, astronomical. It’s with the birth of molecules that the cosmos attained entirely new levels of complexity.


Molecules are products of the electromagnetic force, the attraction between particles of opposite electrical charge. The nucleus of an atom carries a positive electrical charge thanks to its protons. Electrons that orbit the nucleus carry a negative electrical charge, and it’s the attractive force between positive protons and negative electrons that keeps the electrons in orbit. Molecules are the structures that result when the nuclei of different atoms share orbiting electrons with each other. That electron sharing is the bond that holds them together in a stable structure. Some molecules consist of just two or three atoms—for example, carbon monoxide, CO, and water, H2O—while DNA molecules include many thousands. Most volatile molecules have between a few and a few dozen.


The electromagnetic force isn’t strong enough to withstand the energies at work in a star. It readily forms molecules at the moderate temperatures that we experience in everyday life, between fire and ice, where atoms are moving slowly enough that they can bump into each other and bond without immediately getting knocked apart again. In the near-motionless cold of deep space, and with atoms few and far between, it can take many years for those atoms to encounter and react with each other. More favorable interstellar regions are “giant molecular clouds,” the smudgy chiaroscuro patches familiar from telescopic images of the constellations Orion and Sagittarius. These are remnants of supernovas and aged stars that gravity has slowly pulled together, along with new stars that are beginning to burn nearby. They harbor regions denser with atoms, and temperatures around those of our kitchens and ovens. As their name indicates, these clouds are where astrochemists have had the best luck at detecting cosmic molecules.


Molecules in open space exist because their atoms happened to bump into each other and stick. The most abundant atoms in space include hydrogen (abbreviated H), oxygen (O), and carbon (C), whose particular electron-sharing tendencies naturally lead to the formation of small molecules like oxygen gas (O2), water (H2O), and carbon monoxide and dioxide (CO and CO2). Carbon atoms also readily bond with each other to form long chainlike molecules, as well as six-cornered ring molecules. The chains and rings readily nestle together with others of their kind, and can aggregate to form ever larger masses: cosmic soot. The dark swirls in the molecular clouds are a mixture of carbon soot and similar aggregates of primordial minerals. These various particles make up what’s called interstellar dust.


The individual grains of interstellar dust are microscopically tiny, but their influence on the development of the cosmos is huge. They provide a solid surface to which free-floating atoms and small molecules can stick. They thus act as gathering places that encourage chemical activity, new reactions, larger molecules. On them the material world became increasingly diverse, complex, capable of further development. And to the nose of the cosmic Chef, it became aromatic—billions of years before our own sun began to shine.


In 2020, the roster of known interstellar molecules numbered more than two hundred. Here I’ll note only the few dozen molecules that we also sense in everyday life, along with the everyday materials that they dominate and so “smell like” to us.


Detecting the smells of space


At last, smells! But how can we possibly know—not imagine, but know—what molecules are so far out there in space?


By the telltale traces they leave in the energy that the cosmos constantly rains down on our planet. Astrochemists are connoisseurs of electromagnetic radiation, and in particular the visible light, infrared light, and radio waves that originate in stars and galaxies and reach us across the vastness of space. In one year these forms of radiation travel staggering distances, so when we see stars and galaxies, we are seeing deep into both space and time, into the past history of the cosmos.


Astrochemists collect the faintest light and radio emissions with telescopes that are far more efficient and sensitive than our eyes or radios. They then pass them through the electronic equivalent of a prism that separates them into their component colors, or frequencies. The pattern of frequencies—the spectrum—is a kind of fingerprint that makes it possible to identify the kind of matter that emitted it, and the kind of matter that might have absorbed some of it on its long journey to Earth.


Stars give off mainly high-energy electromagnetic radiation—as we know from our sun’s blinding visible light and the UV that can burn us. The space between the stars is cold, so most atoms and molecules there don’t have enough energy to radiate. Instead, they tend to absorb radiation from the stars. When they do, this produces a dark absorption line in the spectrum coming toward us from the stars behind them. The cold matter may then re-radiate some of the energy it absorbed in a lower-energy form, often in the infrared and radio parts of the electromagnetic spectrum.


Because the radiating and absorbing properties of matter can be studied in the laboratory, scientists can compare the spectra in starlight with lab spectra, and identify the materials in the stars and in space around them. Such is the power of this approach that 150 years ago, French and English astronomers discovered the existence of a previously unknown element a hundred million miles away in the sun, decades before it was found on Earth. That element was helium—named from the Greek for “sun,” helios—which is abundant in stars but scarce on our planet.


The smallest smellables: sulfurous, ammoniacal, ozonic


Let’s start with the simplest cosmic molecules for which we have smell receptors, those made of just three or four atoms. (Two-atom sodium chloride is salty, hydrogen chloride sour, but no two-atom molecules are aromatic.) We don’t have receptors for water, H2O, carbon dioxide, CO2, or nitrous oxide, N2O, though all are important in the air we breathe. But two other simple volatiles have very familiar smells and will turn up often in our explorations of the osmocosm.


[image: Image Missing]Eggy, sulfurous hydrogen sulfide, H2S, combines the elements hydrogen and sulfur in a molecule whose smell we can detect in very small traces, possibly because higher concentrations can be irritating and even fatal. We typically identify the smell as “eggy” because it’s the characteristic note of freshly cooked eggs, or when it’s stinkily strong, “rotten-eggy” because it escapes from decomposing organic matter of all kinds. But Earth’s volcanoes and hot springs have been emitting this molecule from long before the earliest organisms or eggs. Better to call its primeval smell “sulfurous” or “sulfidic.” Hydrogen sulfide is the simplest example of a general rule in our osmocosm: the presence of a sulfur atom in a volatile molecule lends a distinctive quality to its smell, one that can be unpleasant when dominant, but appealing when blended with others. Sulfur volatiles are what give garlic and onions and cabbage their strong identities, but they also contribute to the aromatic appeal of roasted meats and coffee, and “exotic” notes in some fruits and wines.


[image: Image Missing]One other three-atom sulfur volatile detected in space is sulfur dioxide, SO2. It isn’t as common in everyday life as hydrogen sulfide, and is more irritating than aromatic, but it’s unmistakably sulfurous.


SOME SMELLABLE THREE- AND FOUR-ATOM INTERSTELLAR MOLECULES





	Smells
	Molecules




	boiled eggs, sulfurous
	hydrogen sulfide, H2S




	irritating, sulfurous
	sulfur dioxide, SO2





	ammonia
	ammonia, NH3





	fresh, pungent
	ozone, O3







[image: Image Missing]Ammonia, NH3, with an atom of the element nitrogen at its center, was  one of the first molecules detected in interstellar space. It’s also found in the atmospheres of the gas giant planets, Jupiter, Saturn, Uranus, and Neptune—and in household cleaning products, overripe cheeses and salamis, underripe animal manures, and urine. Its smell is that of simple unscented household cleaner, which is about 30 percent ammonia. Smelling salts are also made from ammonia because it’s irritating and triggers strong physical reflexes; prolonged exposure can be fatal. Just as volatile molecules with a sulfur atom tend to share a common sulfurous quality, many nitrogen volatiles hint more or less strongly at the sharpness of ammonia or urine. Most of them include amine in their chemical names: keep an eye out for the various methylamines.


[image: Image Missing]Pungent, fresh ozone, O3, was named by a German chemist from the Greek root for “smell.” It’s a very reactive molecule, so we seldom smell it directly except after nearby lightning strikes or power-line arcing or prolonged use of  high-voltage laser printers, whose electrical energy can force three oxygen atoms together instead of the usual two. The smell may come from its strong oxidizing effects on other molecules in the air or even in the nose.


Carbon chains and rings: the backbone of life and its smells


The majority of primordial molecules larger than four atoms contain carbon, the fourth most abundant element in the cosmos after hydrogen, helium, and oxygen. Carbon is the backbone of life on Earth, and that’s because it’s the most versatile of elements, the one through which the creativity of matter, its potential for new forms, is most readily expressed. Its versatility is already fully evident in interstellar space, where for billions of years it has been generating a preview of what life on Earth would come to smell like.


Thanks to its particular complement of electrons, each carbon atom can form as many as four bonds with other atoms. Carbon atoms readily form long open chains and complex closed-chain ring structures, because each atom can bond to two others—thus becoming part of a network—and still have two bonds left over for other elements. Even when carbon atoms bond only to each other, they can do so in many different arrangements. This is why pure solid carbon can be either amorphous or highly organized—particles of black soot, or soft, slippery pencil-lead graphite, or brilliantly clear, hard diamonds.


Carbon atoms are found in most of the millions of naturally occurring molecules that scientists have cataloged. Chief among these are the molecules of life. The physical structures and chemical machinery of all living things on our planet are made of molecules that are largely carbon. Fossil fuels come from living microbes and plants that were buried hundreds of millions of years ago, so coal and petroleum and natural gas, most plastics, and many other industrial chemicals, including solvents and lubricants, are mainly carbon.


It’s also thanks to carbon that there are so many smells in the air for us to enjoy. The bonds between carbon atoms in carbon chains are electrically symmetrical, and common side bonds with hydrogen nearly so. This means that most carbon-chain molecules tend to have weak electrical asymmetries, and therefore weak attractions to water and other molecules that are asymmetrical and have electrically positive and negative ends. When carbon chains and water are mixed, the strong electrical attraction of water molecules for each other squeezes the carbon chains out into separate clusters. A familiar example is the cloud of separate oil droplets in an oil-and-vinegar salad dressing, or the layer of oil at the top that the droplets slowly aggregate into. Oil molecules are long, heavy carbon chains that stay put atop the watery vinegar, but shorter and lighter chains are mobile enough to escape into the air, where we can inhale and sense them. It’s thus the electrical dissimilarity of carbon chains to water that helps make short carbon chains in natural materials volatile, or prone to go airborne and become smellable.


As we’ll see in chapter 3, Earth’s teeming carbon-chain volatiles fall into a handful of broad families. Their first few members emerged long, long ago, from the basic properties of carbon and four other elements. Here’s an introduction to these pre-Earth pioneers and some surprisingly earthy smells—and to an easy shorthand for visualizing invisible carbon structures. Take a look at the table drawings on the facing page. Rather than label every atom in a molecule, chemists often just outline the zigzag backbone or ring formed by the carbon-carbon bonds, with double bonds getting double lines. The line tips and corners indicate carbon atoms, and hydrogens are mostly omitted. I’ll include sketches of selected volatiles throughout, to give you a clearer idea of their family relationships, and how just an atom or two can change what a molecule smells like.


Carbon-hydrogen molecules: fuels and solvents


Hydrocarbons are molecules made up only of carbon and hydrogen atoms. The carbon atoms bond to each other to form either variably long straight chains, or rings, usually of six members, and then fill in their remaining side bonds with hydrogen. They’re the simplest family of carbon chains and so probably among the earliest molecules to form in interstellar space. In human history, they’re largely post-industrial. We’re familiar with hydrocarbons because they burn well and mix well with oils and greases: they’re good fuels and good solvents.


[image: Image Missing]Methane, which we know as natural gas, consists of one carbon and four hydrogen atoms: CH4. Methane itself is odorless, but the version with a free bond, -CH3, is important as a component of many odorous molecules; this one-carbon  group is indicated with the prefix methyl- (often written as a separate word) in chemical names. Along with the high-temperature torch fuel acetylene, C2H2, methane is flammable but odorless: a potentially dangerous combination, so manufacturers add traces of stinky sulfur volatiles to both to make them detectable.


[image: Image Missing]Faintly sweet-smelling ethylene is a two-carbon hydrocarbon detected  in space; its formula is C2H4. It was burned in nineteenth-century gas lamps and is an important hormone in plants, where it stimulates both fruit ripening and the deterioration of stored produce.


SOME SMELLABLE CARBON-HYDROGEN INTERSTELLAR MOLECULES





	Smells
	Molecules and shorthand structures




	
[image: Image Missing]   faintly sweet
	
ethylene, C2H4





	
[image: Image Missing]   sweet, gasoline
	
benzene, C6H6





	mothballs, lighter fuel
	naphthalene, C10H8







[image: Image Missing]Sickly-sweet-smelling, solvent-like benzene is a six-carbon ring molecule. On Earth it’s produced from fossil fuels and used for many industrial purposes. We seldom smell it now because it’s known to be carcinogenic and its use is regulated.


[image: Image Missing] Mothball- and lighter-fluid-like naphthalene is a double-ring ten-carbon molecule. In addition to its use to kill clothes moths and as a fuel in cigarette lighters and campstoves, wine lovers know a modified version of naphthalene as the prized “kerosene” note of well-aged Rieslings! Naphthalene is the smallest “polycyclic aromatic hydrocarbon,” or multi-ring hydrocarbon. PAHs with four or more rings are nonvolatile components of the soot created by incomplete burning of materials like wood, coal, and tobacco. They’re toxic, as naphthalene can be (its use in mothballs is prohibited in some countries).


Carbon-sulfur and carbon-nitrogen molecules: sulfurous and fishy


Simple carbon-chain molecules that include sulfur or nitrogen are distinctive: they bear at least some resemblance to hydrogen sulfide and ammonia.


[image: Image Missing] Rotting-cabbage methanethiol (pronounced “methane thigh-all”) is the one-carbon, one-sulfur molecule CH3SH, which can result when hydrogen sulfide, H2S, reacts with methane, CH4. It’s hard to imagine anything more organic than a decomposing vegetable, and yet that characteristic molecule is present among the stars. Like hydrogen sulfide, methanethiol is a volatile we’ll come across frequently, on land and sea and in the air around us, even emerging from us, as a common by-product of life itself. We’re even more sensitive to it than to hydrogen sulfide, and like hydrogen sulfide it’s toxic. Ethanethiol, the two-carbon relative of methanethiol, is a bit less aggressively sulfurous, and on Earth it contributes to the smells of some raw fruits and cooked vegetables. In other chemical names, thio indicates the presence of the sulfur-hydrogen (-SH) couple, and often a sulfurous or otherwise unusual smell.


SOME SMELLABLE CARBON-SULFUR AND CARBON-NITROGEN INTERSTELLAR MOLECULES





	Smells
	Molecules




	rotting cabbage, sulfurous
	methanethiol, CH3SH




	cooked cabbage, onion, sulfurous
	ethanethiol, C2H5SH




	fishy, ammonia
	methylamine, CH3NH2







[image: Image Missing]Fishy-smelling methylamine is a combination of methane and ammonia,  with the carbon and nitrogen atoms bonded to each other. It’s the simplest of the amines, a group of nitrogen-containing molecules that are characteristic of animal metabolism and animal smells. Though not all amines are derived directly from ammonia, their name is. The word ammonia itself comes ultimately from the name of the Egyptian god Amun; a Roman temple once associated with Amun, located in modern-day Libya, was near a rich mineral deposit of nitrogen-containing salts.


Carbon-oxygen molecules: the families


So far the smells of interstellar space are mostly unpleasant. They’re either “chemical” because the molecules there are the same as the materials that we use on Earth to burn or clean or fumigate, or they’re disgusting because they’re prominent here in decomposing plant or animal remains. All of these primordial volatiles have something in common: an absence of oxygen atoms. Bring oxygen, the universe’s third most abundant element, into the structures of carbon chains, and the smell register begins to shift.


As we’ll see, oxygen was critical to the development of life on Earth, and rare is the molecule in plants and animals that doesn’t include atoms of oxygen along with carbon and hydrogen. The molecules that contain all three are relatively rare in space, but they do exist, and point the way to chemical themes that living things will explore in great and often pleasing variety.


Carbon chains can take on oxygen atoms in several different ways, and each way forms the basis for a family of molecules wherein the different family members are simply carbon chains of different lengths. And as we’ll see, different chain lengths can mean very different smells.


Oxygen prefers to form two bonds with other atoms. So if one oxygen atom forms two bonds to the same end carbon atom on a chain, the result is a member of the aldehyde family; if an oxygen does the same to any carbon atom other than the end carbon, the result is a ketone. If one oxygen forms only one bond to the end carbon, and uses its second bond to bond to a hydrogen atom, the result is an alcohol. If two oxygens attach to the end carbon, one with a double bond and the other with a single bond plus hydrogen, the result is a fatty acid—so called because this family provides building blocks for fat and oil molecules. And if a fatty acid and an alcohol react with each other to form a single combined molecule, with one oxygen linking the two carbon chains, the result is an ester.


Each of these families makes major contributions to the smells of our world, and each goes back many billions of years.


Carbon-oxygen molecules: irritants, solvents, vinegar … fruits!


Here are the primordial founders of the carbon-oxygen clans of volatile molecules. First the interstellar aldehydes:


[image: Image Missing] Chemical, irritating formaldehyde is the one-carbon aldehyde, a preservative used in biology labs and embalming and manufacturing; it’s a known carcinogen.


[image: Image Missing] Fresh, green-apple-like acetaldehyde is the two-carbon aldehyde, found in many fermented foods, including yogurt and aged wines.


Earthy, cocoa-like, nutty, winey propanal is a three-carbon aldehyde, and is familiar to us because it’s found in a number of fermented foods. (In chemical names, the aldehyde suffix is often abbreviated to -al, so propanaldehyde and propanal are names for the same molecule.)


Choking, acrid propenal is also a three-carbon aldehyde, but its first two carbons share two bonds instead of one. It’s produced when we overheat oil on the stovetop, and it’s toxic. Propenal is also called acrolein.


[image: Image Missing] The smallest ketone, and the molecule that gave the ketone family its name, solventy acetone is a three-carbon chain and is commonly used in nail polish remover. It’s also detectable on our own breath when we haven’t eaten for a few hours; our body produces it when it’s low on carbohydrate fuel and has to start burning fat for energy.


SOME SMELLABLE INTERSTELLAR ALDEHYDES AND A KETONE





	Smells
	Molecules




	biology lab preservative
	formaldehyde, aka methanal, CH2O




	fresh, green apple
	acetaldehyde, aka ethanal, CH3CHO




	earthy, cocoa, winey
	propanal, CH3CH3CHO




	irritating
	propenal, aka acrolein, CH2CHCHO




	solvent
	acetone, CH3COCH3







Now the interstellar alcohols, two in number:


[image: Image Missing]Vodka-like, solvent-like methanol and ethanol are the one- and two-carbon  alcohols, both of them intoxicating, both toxic. Unflavored vodka and rubbing alcohol give us the purest experience of their smell. Methanol is known as methyl or wood alcohol and is extremely toxic; traces are found in the products of alcoholic fermentation: wines, beers, distilled drinks. Ethanol and ethyl alcohol are the chemical names for what we commonly call alcohol. After water, it’s the primary component of all wines, beers, and distilled spirits.


The interstellar fatty acids, also two to date, are sour to the taste like other acids but also volatile:


Sharp, slightly vinegary formic acid is the one-carbon volatile acid, a chemical weapon found in ants and other insects but turned against them by the anteater, which relies on it to help digest them.


[image: Image Missing]Sharp, vinegary acetic acid is the two-carbon volatile acid, and very familiar: it’s the defining molecule in vinegar, produced from molecules of ethanol by particular bacteria that can grow in beers and wines.


SOME SMELLABLE INTERSTELLAR ALCOHOLS, ACIDS, AND ESTERS





	Smells
	Molecules




	rubbing alcohol
	methanol, CH3OH




	vodka
	ethanol, CH3CH2OH




	sharp, vinegar
	formic acid, COOH




	vinegar
	acetic acid, CH3COOH




	fruity
	methyl formate, CH3OCHO




	fruity, winey, rum
	ethyl formate, CH3CH2OCHO




	solvent, fruity
	methyl acetate, CH3OCOCH3







Finally, and most remarkable of all, the interstellar esters, alcohol-acid fusions, three so far:


[image: Image Missing]Solvent-like but fruity methyl formate, two carbons, and ethyl formate and methyl acetate, three carbons, have similar smells despite their different component alcohols (methyl, ethyl) and acids (formic, acetic). Methyl acetate is found in some nail polish removers and plastic glues. The solvent quality of these molecules shades into a kind of general fruitiness that’s characteristic of alcohols like wine, brandy, and rum, and hints at the unequaled delights of fruits themselves. The ester family is the volatile specialty of ripe fruits and yeast fermentations.


New cosmic flavors in asteroids


So far we’ve been sniffing at the primordial molecules that assembled from atoms floating in open space or collected on dust grains. But there are others out there that are hidden from the astrochemist’s view. Once gravity has pulled molecules together into dust grains, it pulls the grains together into increasingly larger bodies whose interiors can foster an even greater diversity and complexity of reactions and combinations—in part because they’re shielded from molecule-breaking radiation. We have an idea of what’s in them because we can actually get our hands on debris from Earth’s local neighborhood.


The solar system includes our sun and materials that were too far away or moving too obliquely to be pulled into it. These escapee gases and dust crowded together in orbit around the sun, colliding and aggregating and eventually forming the planets. The leftovers of this process include meteoroids, rocky objects that range from the size of dust grains to a few feet or meters across; asteroids, up to a few hundred miles or a thousand kilometers across; and comets, asteroid-size “dirty snowballs” with a large proportion of ice and other frozen gases. And collisions continue. Past encounters with asteroids have caused major extinctions of life on Earth, and thousands of small meteoroids rain down on us every day, delivering many tons of cosmic matter. Though most are pulverized or incinerated by the passage into our atmosphere, some pieces of them—meteorites—fall intact to the ground, where astrochemists can analyze their interiors.


Many science museums have meteorite fragments on display. It can be a thrilling experience to touch them and imagine their slow growth as the solar system formed, the molecular explorations they fostered within as they grew, and their incandescent entry into our world. The most remarkable are carbonaceous chondrites, fragments of asteroid relics of the very early solar system, a mix of clay-like minerals, little spheres of silicon-oxide glass, and carbon-based molecules. Among the first and most prominent to be scrutinized was the Murchison meteorite, which fell on September 28, 1969, in Australia’s Victoria Province. More than a hundred tons of fragments were recovered and sent to laboratories at NASA for analysis. These stony bits of solar debris turned out to contain many carbon chains and rings that Earth’s living things use as building blocks to make DNA and RNA, life’s blueprints, as well as proteins, life’s chemical workhorses.


Astounding: it might be that some ingredients for life on Earth could have come from outer space! A little less astounding, but still remarkable: these building blocks were accompanied by many additional volatile molecules not detected in space whose smells now figure prominently in our everyday lives. Among them are basic carbon chains and rings “decorated” with additional atoms or carbon-hydrogen methyl groups that can strongly affect what they smell like. The decorations are often indicated in the molecule names, sometimes separated by a space—for example, “methyl butyric acid”—and sometimes run together—as “methylbutyric acid.” Chemists have rules about these matters; my rule in this book will be to make the names as clear as possible for nonchemists.


[image: Image Missing]Cheesy short-chain fatty acids are extensions of the one-carbon formic  and two-carbon acetic acids detected in interstellar space. Propionic, butyric, and hexanoic acids are three, four, and six carbons long, and are common in aged cheeses and other fermented foods.


[image: Image Missing]Sweaty, cheesy branched fatty acids like methylbutyric acid are  variations on the short-chain acids that have an extra one-carbon methyl branch extending from the side of the chain. Like the straight-chain acids, they’re reminiscent of cheese but also can smell like human sweat: that’s where we’re most likely to encounter them.


[image: Image Missing]Almond-extract benzaldehyde is a six-carbon benzene ring with a one-carbon formaldehyde-like decoration on one corner. It has a pleasant smell familiar from the handy kitchen extract and from cherries.


[image: Image Missing] Antiseptic phenol is that same benzene ring, but with an oxygen-hydrogen group on one corner, and a “chemical” smell; it’s a frequent ingredient in cleaners and disinfectants.


 Tarry, barnyardy cresols[image: Image Missing] are phenol molecules with a methyl group on one of the other ring carbons; they’re common in fossil fuels and animal wastes.


Honey-like phenylacetic acid is a benzene ring with an acetic acid decoration on one corner; it’s delightfully sweet and flowery.


[image: Image Missing]Fishy or ammonia-like amines and pyridine are carbon-hydrogen-nitrogen molecules that are especially numerous in meteorites. There are a dozen or more amines, condensed from ammonia and various carbon chains, while pyridine is formed from ammonia and a six-carbon ring.


SOME SMELLABLE MOLECULES FOUND IN METEORITES





	Smells
	Molecules




	sour, cheesy, vomit
	propionic, butyric, hexanoic acids




	sweaty, cheesy
	methylpropionic, methylbutyric acids




	almond extract
	benzaldehyde, aka benzenemethanal




	adhesive bandage, antiseptic
	phenol, aka hydroxybenzene




	barnyard, tar
	cresols, aka methylphenols, aka methylhydroxybenzenes




	sweet, honey, floral
	phenylacetic acid, aka benzeneacetic acid




	ammonia, fishy
	dimethylamine, pyridine






Of course, all of these molecules are present in trace, probably unsmellable amounts. Nothing much of them would have been extracted from the golf-ball-size meteorite that an astronomer-winemaker in Chile placed in the barrel for his Viña Tremonte 2010 Cabernet Sauvignon “Meteorito.” If we could detect them, however, we would get quite an aromatic extension to the volatiles detected by telescope, from the chemical to the unpleasantly animalic to the floral.


Primordial smells, familiar and strange


It’s been a long supersensory trek through these first stages of creation, through physical extremes that are completely foreign to our own experience. We’ve met some of the very first molecules as they emerged in outer space billions of years ago. Yet the molecules aren’t foreign to us at all. True, they’re not an especially appealing bunch. Many are austere and harsh, qualities that seem a fitting reflection of their original birthplace. Ammonia, hydrogen sulfide, methanethiol, and propenal are suffocating and toxic. Our bodies reflexively reject them in order to survive. They offer not pleasure but a reference point. In eggs and cabbage and cheese, the sulfur volatiles are a kind of spice, a primordial pepper, interesting as trace accents. But then there are more appealing molecules. The solvents and fuels are toxic yet intoxicating, seductive. Familiar and pleasant are vinegar, hints of cheese, fruit, honey—their volatiles forming in a place where no plant or animal or microbe has ever been.


The fact that all these volatiles formed in the clouds of interstellar space means that they’re elementary, universal molecules, molecules that can come together wherever the conditions are right. As we’ll see, on Earth they’re often the stripped-down residues of life’s more complex workings. If we’d been assisting the Chef of the cosmos from the Big Bang on, so that the smells of our home were among the last we experienced rather than the first, then cooked eggs and rotting greens and vinegar and alcohols would remind us of dust clouds, atoms first meeting atoms long enough to start a relationship, their simple newborn offspring pointing the way toward the great molecular diversity of our world.


The smells of Earth will always be our reference points. All this imaginary sniffing around the cosmos is very much perception at second hand. But occasionally, in the right circumstances, it can bring some resonance, some added dimension to familiar sensations. It might be likeliest at a picnic or backyard cookout that lasts past sunset, or on a camping trip at evening, when those faraway infernos emerge from the twilight to remind us. Lighter fluid or stove fuel, scorched oil, a vinegar dressing, a deviled egg, a just-unwrapped cheese, a sip of wine or rum: all offer distant echoes of the early cosmos, sensible traces of the inherent, relentless creativity with which matter explores its own possibilities—the creativity of which we ourselves are both a product and an agent.





Chapter 2 • PLANET EARTH, EARLY LIFE, STINKING SULFUR


[image: Image Missing]




Now listen, and I’ll explain the nature of


Avernian regions and the lakes nearby.


First, these are called “Avernian,” that is, “birdless,”


Because they’re fatal to all kinds of birds.


For whenever the birds fly out over those places


They forget their feathered oars, let their sails go slack,


And gently fall like raindrops to the earth


If the place is ground beneath, or into the water


If an Avernian lake awaits below.


There’s one near Cumae, where sulfur-stinking mountains


Smoke, and bubble up with hot springs everywhere. …


And don’t you see, besides, that the earth itself


Produces sulfur and the stink of asphalt?


And when those who search for veins of gold and silver


Probe with their iron picks the earth’s deep secrets,


What odors does Scaptensula Mine exhale!


What evils breathe out of those lodes of gold! …


All of these tides of death the earth steams forth,


Breathing them out beneath the open sky.


• Lucretius, On the Nature of Things, about 50 BCE


Earth, rocks, gunflint, sulfur, hydrogen: terrifying, primary, molar, simple, primeval—I was going to say atomic—mineral odors. Here lies our horror of chemistry, the reason our ancestors burned alchemists and sorcerers at the stake, terrified by the common ground shared by knowledge and death.


• Michel Serres, The Five Senses





The Earth’s physical depths. A legendary afterworld where the dead exist posthumously. The smells of sulfur. This cluster of associations is an ancient one in Western culture, possibly going back to the early Egyptian dynasties. And sulfur is in the mix for good reasons. That element crystallizes in lemon-yellow deposits around the mouths of volcanoes, those openings from which the inner Earth expels it. When it’s heated, solid sulfur first melts into a yellow liquid, then turns red, the color of fire and blood. Apply a spark and the liquid ignites and burns with a blue flame—hence sulfur’s alias brimstone, originally burn-stone. And as it burns, it emits choking, strong-smelling fumes. Today this bizarre behavior provides an amusing off-label use for little pellets of garden sulfur: pile a few and apply a match. Thousands of years ago, alongside the mysteries of death and the hidden violent world below, it helped inspire visions of underworlds and afterworlds where the unrighteous dead are punished in lakes of fire and brimstone.


Lucretius was a Roman poet who undertook to show how everything in the world and our experience can be explained as manifestations of a purely physical reality. In the popular belief of his time, the sulfurous bird-killing air of the region just west of Naples was a sign that the gates to Hades, the land of the dead, were nearby. Lucretius debunked this, pointing out that ordinary mines and hot springs exhale stinking and toxic fumes. Today we know that Avernus and Cumae sit among the sunken remains of a massive volcano, the miles-wide caldera of the Campi Flegrei, or “burning fields,” and that volcanoes and hot springs all over the planet release the same gases.


Yet as Michel Serres says, even if we no longer subscribe to superstitions, there’s still something uncanny and disturbing about smells from the mineral world. “Minerality” in modern winespeak may denote the smells and pleasant associations of moist stones, but minerals originally named materials brought up from mines. We detect the simple sulfur molecules that emanate from belowground and register even small amounts as stinking because they are indeed dangerous and potentially fatal to all air-breathing animals, birds and us alike, best moved away from. And they can be an unnerving reminder that, though we think of our planet as a largely hospitable oasis, a Mother Earth or Gaia whose meadows and forests and oceans teem with life, in fact life inhabits a very thin veneer on an austere conglomeration of asteroids.


But there’s more to sulfur dioxide and hydrogen sulfide than deathliness. We met these simple three-atom molecules in interstellar space, where the first of them likely formed before there were asteroids or even grains of dust. And it appears that they may well have been key ingredients in the emergence of life on the young unveneered Earth, and so contributed to the eventual making of us. The first living things—the first aggregations of molecules capable of maintaining and multiplying themselves—had to make do with what little that harsh world had to offer. A number of molecules that can be deathly to us now meant life to some of them. And the same molecules still betoken the life of countless living things thriving all around us and inside us—invisibly, but smellably. We get whiffs of them today not only near hot springs and volcanoes, but also in swamps, in sewage, even at breakfast.


Hades on Earth: pot and water for the primordial soup


Our planet came to be after almost ten billion years of molecule building in space on dust grains and in asteroids. So was the newborn Earth as flavorful as the Murchison meteorite? Probably not, and for a simple reason: it was a molecule-breaking place. Scientists borrow from Greek mythology and name the first few hundred million years in the Earth’s history the Hadean Eon: hellishly hot, hostile to chemical complexity.


Earth is thought to have been formed primarily by massive asteroid collisions, events that would release a tremendous amount of heat energy. When it was about a hundred million years old, it was hit by another body about the size of Mars, which vaporized enough of that object and Earth to form our moon. With the heat from collisions and additional energy released by the decay of radioactive elements, the newborn Earth would have run a temperature of several thousand degrees, and been a molten mix of simple elements and the smallest, most robust molecules, mainly water, carbon monoxide, carbon dioxide, and sulfur dioxide.


This period of heavy bombardment tailed off around 3.8 billion years ago with the decline of the local asteroid population in our sun’s neighborhood. As the Earth cooled, its various elements and molecules separated into different regions and niches that persist to this day. The early atmosphere, the layer of gases that were heavy enough to be held by Earth’s gravity, was very different from what it is now. There was none of the free oxygen that our life depends on. It was mainly carbon dioxide and monoxide, nitrogen—and water vapor.


That water would be crucial to the Earth’s flavoring-up. There was plenty on the hot young planet, much of it probably delivered by incoming meteorites and comets. But for some time, the Earth’s surface was a cross between a steam bath and a pressure cooker, and the surface water was either all vapor or liquid hotter than its usual boiling point. As cooling continued, the steam eventually condensed, and in a deluge that may have lasted for many years, it formed the Earth’s oceans.


This was an epochal event in matter’s exploration of the possible. Liquid water is unmatched in its ability to mix with and dissolve other molecules, and thus allow them to move and find and react with one another. And liquid water is a billion times more crowded with molecules than interstellar space. So in the relatively temperate Archaean (“beginning”) Eon, the Earth’s waters offered a newly encouraging medium for chemical evolution. The oceans dissolved minerals from the planet’s solid crust, gases from the atmosphere, and gases venting from the hot interior. They may have taken in more advanced molecules from the waning rain of meteorites.


Thus Earth’s waters came to host multitudes of different atoms and molecules, crowded together, free to move and collide and react. They were the starting stock for the primordial soup to come.


Whiffs of early Earth: sulfurous volcanoes and hot springs


This scientific account of the formation of the early Earth may lack the simplicity of the creation story in Genesis, but it’s awe-inspiring in its own way, in the unfolding of purely physical forces and events that we recognize from everyday life, but on a spectacularly massive and powerful scale. Unlike the biblical Creator, who seems to have withdrawn from his creation, these forces continue to manifest themselves to this day. That’s why, more than four billion years after the planet’s birth, it’s still possible to get a whiff of the largely unnoticed 99 percent of our planet and its hellish past. Just head for the vicinity of an active volcano, or, more comfortably, to a natural hot spring.


Volcanoes are the most spectacular manifestations of the energies pent up in the mineral planet. They get their name from Vulcan, the Roman god of fire and the forge. Volcanoes are breaches in the Earth’s outer crust that release materials from the hot, pressurized mantle to escape in eruptions of hot gas, ash, and sometimes molten rock. The explosive force is created by trapped gases expanding as the molten rock rises. The gases are mainly superheated water—steam—with some carbon dioxide and sulfur dioxide, and traces of others. Volcanoes have played a major role in shaping Earth’s surface from its earliest stages, and they’ve affected the evolution of living things as well. Of the several mass extinctions that have punctuated that evolution, some appear to have been caused by volcanic eruptions that may have lasted for millions of years, filling the atmosphere with sunlight-blocking, planet-cooling dust particles and droplets of sulfuric acid.


Today there are about fifty significant volcanic eruptions every year. Several times that number constantly emit fumes and give us a whiff of what the planet smelled like before life transformed it. I’ve been close to the top of Mount Etna in Sicily, ten thousand feet (three thousand meters) above sea level, and have gotten within sniffing distance of Hawaii’s Kilauea. The volcanic smell is unmistakable, heavy and suffocating, acrid and sulfurous, thanks to sulfur dioxide, the choking component of volcano breath, and hydrogen sulfide, sulfidic and equally toxic. Sulfur dioxide emissions from Kilauea are so common and irritating that the state department of health has a standard scale for reporting their intensity. Tiny fractions of a gram in a cubic yard or meter of air can be toxic, and Kilauea can release as much as ten tons of sulfur dioxide every hour. In September of 2014, people on the west coast of Norway noticed the smell of sulfur in the air, and it turned out to have come from the fresh eruption of Iceland’s Bárðarbunga volcano, eight hundred miles (1,300 kilometers) to the west.


There are so many volcanoes and geothermal areas in Iceland that the word geyser comes from there, as does a less familiar word for what the Norwegians smelled: hveralykt, hot-spring smell, which is usually dominated by sulfidic hydrogen sulfide. Underground temperatures that generate hot springs are not as extreme as volcanic temperatures, and water favors the conversion of some sulfur dioxide into hydrogen sulfide. The planet’s many hot springs flow with water that has come into contact with hot areas of the crust or even molten magma, and carries various gases and minerals from that contact.


There are a number of hot and sulfur springs in California. My favorite is the Bumpass Hell area near Mount Lassen. It memorializes the improbably named miner Kendall Vanhook Bumpass, who found it but lost a leg in 1865 when he stepped through a thin crust into the near-boiling mud underneath. You can smell it on the trail long before you get there, and hear what sounds like the hissing roar of a steam-powered engine or factory. From its edge you look down onto a barren, mostly treeless swale, bleached white by the constant rain of sulfuric acid that forms when sulfur dioxide from the noisy vent dissolves into the air’s moisture, and replaces the variety of minerals in the exposed rocks with sulfates. Bumpass’s companion, the editor of the Red Bluff Independent newspaper, reported that “all the wonders of Hell were suddenly before us.” This is a California version of the ancient Avernus—not deadly to birds or the tourists who wander over the boardwalks, but sulfurous enough to give you the flavor of the caustic early Earth.


Whiffs of early life: ocean-bottom hot springs


If the early Earth was so toxic, so inhospitable to chemical complexity and to life, then how could life get going in the first place? It’s an endlessly fascinating question, with lots of theories and as yet no clear answer. But important clues have come from the last few decades of research into environmental microbiology, the study of what microbes inhabit which niches in the world. It turns out that while Avernian volcanoes and hot springs and mines may be inhospitable to us, some microbes thrive around and in them and echo their smells, evidence that their ancestors probably did eons ago.


In the northwest corner of Wyoming, Yellowstone National Park occupies the vast expanse of a supervolcano that last erupted 3,300 years ago. It’s pockmarked with hot springs, many of them brightly and variously colored, green and orange and pink and red and blue. In the mid-1960s, an Indiana University microbiologist, Thomas D. Brock, discovered that some of them harbored living bacteria at temperatures approaching the boiling point—far hotter than had been thought possible for any living things. The Yellowstone springs have since become famous among biologists for their vivid displays of life in hellish conditions, the colors all the visual signatures of various microbes thriving at the simmer, sometimes tolerating smelly hydrogen sulfide, sometimes generating it themselves.


In 1974 the biologist Robert D. MacElroy gave these and similarly hardy microbes the general name extremophile, meaning “lover of extreme conditions,” with extreme meaning at or beyond the limits that we and most familiar living things can tolerate. Scientists then went on the hunt for extremophiles and found microbes that can tolerate extreme temperatures, acidities and alkalinities, dryness, radiation, and pressures, from the vacuum of outer space to the crushing weight at the bottom of the Mariana Trench in the Pacific Ocean.


With the development of the deep-water submersible vehicle Alvin, which later explored the wreckage of the Titanic and the Nazi battleship Bismarck, in 1977 an expedition first reached and took samples at a hydrothermal vent—an ocean-bottom hot spring—a mile and a half below the surface of the eastern Pacific near the Galápagos Islands. As the explorer Robert Ballard reported months afterward, they were astonished to find that on an otherwise barren ocean bottom, the vent supported “a dense biological community,” including clams a foot across. This oasis immediately led the scientists to ask a basic question:




What were the organisms eating? They were living on solid rock in total darkness.


An answer to this question began to emerge later when the water samples obtained from inside the vents by Alvin were opened for analysis. … As the chemists drew the first water sample, the smell of rotten eggs filled the lab. Portholes were quickly opened. The presence of hydrogen sulfide was the key.





That initial stink eventually led scientists to deduce that the sulfide-rich vent water fuels the growth of hardy, pressure-resistant microbes, and these initiate a robust food chain capable of supporting those impressive clams. Subsequent deep-sea expeditions have documented dozens of undersea vents, studied many of them in detail, and suggested the possibility that life got its start as single cells that evolved in similar physical and chemical extremes on the early Earth.


Aside from the sulfurous springs of Yellowstone and Bumpass Hell, what does all this have to do with the smells of our everyday world? The biochemical systems that early life developed to make it on the early Earth survive today, and not just in extremophiles. Microbes living all around us, even inside us, scent our world with a set of molecules defined in what may have been life’s boiling beginnings.


The key to molecule building: energy


Wherever and however life arose, there’s one fundamental system on which all the others would have depended: a system for providing energy. It’s pretty obvious that it would take energy to build large, complex, orderly structures from small, simple, disorderly collections of building blocks. On the early Earth, the main source of carbon for making carbon chains was carbon dioxide, CO2. To start a chain by joining two molecules of CO2, any chain-making system has to break the bonds between each carbon and at least one of its two oxygens, and then cause a new bond to form between the two carbons. Chemical bonds consist of electrons that two atoms share with each other, so breaking and forming bonds means pulling electrons away from some atoms and pushing them onto others. All this work of pulling and pushing takes energy.


What energy source did the first life draw on? The same one that all life still draws on: the natural flow of electrons.


Recall that atoms of the different elements contain different numbers of the subatomic particles, protons and neutrons in the nucleus, and electrons orbiting around the nucleus. Only a few of each atom’s electrons are available for sharing with other atoms. And the elements differ in how strong a pull their nuclei exert on those bonding electrons. Many metals are happy to give up their bonding electrons altogether. That’s why copper and iron are good at conducting electricity and heat: their electrons are free to move wherever they’re pushed or pulled. At the other extreme, oxygen not only hangs on tightly to its own bonding electrons, it pulls hard on the bonding electrons of other elements. Metals are natural electron donors, and oxygen is a natural electron acceptor.


That is the potentially powerful energy source that early life managed to tap and control: the natural tendency of electrons to move from electron-donor elements to electron-acceptor elements. It’s the same source that we tap in the batteries that power our flashlights and cell phones.


Living things don’t contain solid batteries that deliver constant electron flow, but they do organize the local environment of their molecules to encourage electron flow from donor to acceptor atoms, and they coordinate that electron flow with the forming of carbon-chain bonds. Like our modern power plants and their smokestack emissions, this energy generation within microscopic cells generates its own chemical by-products, the altered electron donors and acceptors. And some of these we can smell.


The energetic versatility of sulfur


To assemble their chemical power plants, early living cells had to work with readily available elements in their vicinity, organize them to encourage electron flow from donors to receptors, and control that flow. Iron is an abundant and generous electron donor and probably catalyzed much early carbon chemistry. Control of that chemistry requires the involvement of intermediary elements, so that the electrons don’t simply make one quick jump and get locked in the acceptor molecule. And abundant sulfur made an excellent intermediary element. It readily accepts a couple of electrons from hydrogen or iron to form hydrogen or ferrous sulfides, but it can also give up as many as six to oxygen in sulfur dioxide and compounds called sulfates. So it can shift back and forth between being an acceptor and a donor. In the primordial waters it was probably present in various forms that included sulfur dioxide gas exhaled from volcanoes, the sulfuric acid that forms when that gas reacts with water, both solid and dissolved metal-sulfate and metal-sulfide salts, particles of solid elemental sulfur, and gaseous and dissolved hydrogen sulfide. Whenever one of these molecules is transformed into another, electrons flow, and in the right chemical environment, energy can be tapped.


Sulfur was just one of several elements to play an important role in life’s early energy mining on the young Earth, but it was prominent enough to mark some of the oldest rocks thought to carry traces of biological metabolism. In the Pilbara region of northwestern Australia are former ocean sediments dated to 3.5 billion years ago, rich in iron and sulfates from volcanic activity, and containing grains of fool’s gold, or pyrite, iron disulfide, FeS2.


It’s currently thought that the first living cells probably evolved chemical systems to extract energy from whatever donor-receptor-intermediary elements were available in their local environments. And they probably evolved together in consortia, or cooperative networks, in which particular cell types would consume some resources but also generate molecules that could be resources for other types. Networks of different cells could thus flourish in conditions where individual types would starve. One of the first to be identified was the sulfuretum, a network of bacteria in which some use sulfides as electron donors, thereby generating sulfur or sulfates, while others use sulfur or sulfates as electron acceptors, thereby regenerating sulfides. The different groups effectively recharge each other’s batteries while generating their own energy. Sometimes these microbial consortia are visible to the eye: back in Yellowstone National Park, Octopus Spring is home to layered mats, each layer exploiting different molecules, nourished and protected by the layers above and below. A mille-feuille of microbes!


So in addition to being a primordial product of interstellar space and our planet’s geology, hydrogen sulfide is both a component and a by-product of extremophile life, and probably has been since life arose. But of course we don’t have to go to a hot spring to catch that sulfidic smell. In the next great leap of evolution, life came up with a far more effective power plant, remade the planet, and redefined extreme. The extremophile legacy and hydrogen sulfide are very much with us in everyday experience. We’ll come across them often, in nature and our foods and ourselves.


Life learns to thrive on sunlight and water


The first forms of life likely used iron and sulfur minerals to generate a flow of electrons like that in a low-voltage battery. These early cells probably developed slowly and patchily, because the energy available to them was modest and they depended for it on local supplies of the right minerals. Life overcame these limitations by adopting two resources that were abundant and almost ubiquitous on the Earth’s surface, and that remain the ultimate sources of energy and substance for most living things on Earth: sunlight and water.


Light is pure electromagnetic energy, and the sun’s light is a by-product of its element-creating nuclear fusion reactions, tremendous quantities of photons poured onto the Earth’s surface. Today, the sign of life tapping this energy source is visible all around us in the original solar panels: plant leaves and grass blades green with the pigment molecule chlorophyll. Chlorophyll looks green because it absorbs the part of the spectrum that looks red, thereby capturing a portion of the sunlight’s energy, which it transfers to electrons in some of its atoms. Primitive versions of chlorophyll came to be organized into photosystems directing these energized electrons into a flow that could power the cell’s biochemical machinery. In the process called photosynthesis, they’re funneled directly into a system for synthesizing long carbon chains from simple carbon dioxide in the air and water. Photosynthesis was a huge advance for unleashing the creativity of living cells. With it they could build carbon chains, grow, and multiply many times faster than most cells before them.


After sunlight, the second abundant energy resource that early life learned to tap was the oxygen locked up in water, H2O. Oxygen is unmatched among the elements in its pull on electrons and power to move them, but early life had no direct access to it. At some point a line of microbes probably represented by modern-day cyanobacteria (cyano- being Greek for “blue-green,” the color of their pigments) managed to rejigger a photosystem to pry it out of H2O. This system used light-energized electrons to break the bonds holding hydrogen and oxygen atoms together, then passed electrons and hydrogen atoms to a partner photosystem to generate more energy and build new carbon-hydrogen chains. It released the remaining oxygen atoms into the air as a waste product, unneeded for the subsequent steps in photosynthesis. The free oxygen was then available for use in other cell systems as a powerful electron acceptor. Above all it enabled cells to extract the maximum energy that goes into the building of carbon chains, by breaking them back down all the way to the original starting materials, carbon dioxide and water.


So these turbocharged microbes could build copious carbon chains in nearly any surface waters on the planet, wherever they had access to sunlight and water and carbon dioxide, with only a sprinkling of minerals needed for their photosystems. They could churn out carbon chains all day, store some of them as fuel reserves, and then efficiently break them apart—“burn” them—for energy with free oxygen to stay active during the sunless night.


Some scientists have likened the microbial invention of oxygen-generating—oxygenic—photosynthesis to the human invention of agriculture, when our ancestors went from being hunter-gatherers, scrounging whatever limited fare the surroundings had to offer, to farmers who grew and stored their own food supply, and used that supply to fuel the development of populous cities and civilizations. Oxygenic photosynthesis was so advantageous that it became the dominant mode of life both in the waters and on land. Those pioneering cyanobacteria gave rise to all modern sea and land plants, from microscopic algae to massive redwoods. And they transformed the planet’s surface, its smells included.


The great oxygenation clears the air


If you and the Chef of the cosmos were keeping tabs from afar as oxygenic photosynthesis evolved, you would have seen the young Earth’s appearance change from a hazy reddish brown to the familiar sparkling blue and white. If you leaned in closer for an occasional sniff, you’d have smelled its acrid stinkiness fade. These would have been the superperceptible signs of what geochemists have variously dubbed the Great Oxygenation Event (emphasizing the injection of oxygen into the planet’s processes) or the Great Oxidation Event (stressing the chemical effects of that injection). When those microscopic cyanobacteria burgeoned and bubbled out massive quantities of such an electron-hungry, reactive element into the air, they altered the planet from the top of its atmosphere to deep below the rocky crust.


The first breaths of oxygen released by the cyanobacteria were taken up by metals and other elements in the oceans and seabeds and on land, which formed telltale rust-red layers of iron oxides that have been dated to as long as three and a half billion years ago. These spontaneous oxidation reactions doubled the number of different mineral compounds on the Earth to more than four thousand, and thanks to them surface rocks and ocean sediments are now dominated by oxide, sulfate (sulfur-oxygen), and carbonate (carbon-oxygen) compounds. Once the oceans and land were fully oxidized, unreacted oxygen gas began to accumulate in the oceans, and when it had saturated them to capacity, it poured into the atmosphere and became a significant presence there for the first time in the planet’s history.


Oxygen’s arrival cleared the air. It erased Earth’s reddish smog-like haze by oxidizing methane and various methane by-products generated by volcanoes, decaying microbes, and the sun’s ultraviolet light. It deodorized the fumes of the inner Earth and early life by reacting with hydrogen sulfide and ammonia to form sulfur dioxide and nitrogen oxides, which in turn react with moisture to form odorless acids and fall to the surface as acid rain. It thus made the air into today’s mostly neutral medium for our sense of smell, through which volatile molecules fly to reach our olfactory receptors and our perception. And by forming ozone molecules, O3, which absorb ultraviolet light and so block much of the sun’s damaging radiation from reaching the Earth’s surface, oxygen in the air made the land habitable for living things to smell and be smelled.


Aerobes and anaerobes, the dark side of hydrogen sulfide


What geologists call the Great Oxygenation Event is for biologists the Oxygen Crisis or Oxygen Catastrophe, because it caused one of the first mass extinctions of living things. The accumulation of oxygen triggered the planet’s first ice age, preemptively oxidized minerals that many microbes had used as battery materials, and attacked the molecular systems of all life forms that had been evolving without the need to deal with its reactivity. In fact, oxygen can be toxic even for the living things that now depend on it to keep the inner fires burning, which include all plants and animals and many microbes: a fact that might be called the Oxygen Irony. Modern life forms inherit much of their biochemical machinery from early cells that evolved before the coming of oxygen, and oxygen and its by-products can damage that machinery. Hence the importance of the antioxidant molecules in our foods that help limit that damage.


Microbes are tough and versatile forms of life, and so despite rising levels of the oxygen that was toxic to them, the non-photosynthetic types persisted. As the pioneering French chemist Louis Pasteur found when he first proved that microbes are alive, some of them absolutely require oxygen to grow, while others can grow only when oxygen is absent. He named these two kinds of microbes aerobes and anaerobes, from Greek roots meaning “air” and “life.” Anaerobes thrive in geological underworlds and biological innerworlds, niches where oxygen is used up by aerobic microbes and not replaced: notably ocean sediments, stagnant freshwaters and swamps, the digestive innards of oxygen-breathing animals, us included, and digestive wastes excreted from within. Because anaerobes can’t take advantage of oxygen to extract the maximum energy from minerals or the detritus of other cells, their power-generating systems give off not carbon dioxide and water, but such volatiles as hydrogen sulfide, ammonia, and short carbon-chain remnants like cheesy butyric acid: echoes of the primeval smells of the mineral planet and cosmos.


It’s their resident anaerobic microbes that give muck and swamps and sewers that common primeval stink. We’re especially sensitive to hydrogen sulfide, whose smell the Alvin scientists and many others routinely describe as that of “rotten eggs.” It’s true that this erstwhile nourishing and dominant molecule is now one of the volatiles produced when microbes grow in damaged animal and plant tissues and break down their complex molecules into simple ones, so in our oxygenated world it’s often a sign of death and decay.


Mirroring the effects of oxygen on anaerobes, hydrogen sulfide is a powerful poison for aerobic forms of life like ours. That realization began among cesspool and sewer cleaners of eighteenth-century Paris, where its smell was associated with suffocation and the blackening of metal coins in their pockets. Hydrogen sulfide interferes with our systems for generating chemical energy by binding to their critical iron atoms, just as cyanide and carbon monoxide do. There’s evidence that some post-oxygenation mass extinctions were exacerbated by its massive release from deep oxygen-poor ocean waters, or from brief burgeonings of sulfide-producing microbes after volcanic eruptions. We can detect hydrogen sulfide at very low concentrations, around one molecule in a billion air molecules. At just 10 parts per million, it irritates the eyes; much above that level it damages and chokes.


Spas, spa-cooked eggs, black salt: sulfidic goodness


Hydrogen sulfide and its smell also have their benign sides, especially when we can manage our exposure to them. In moderation, hydrogen sulfide is part of the appeal of the world’s hot springs, which have widely been considered good for the health. Just a few miles from deathly Lake Avernus and the fabled gates to Hades are spas that go back to Roman times, their mineral-rich, odorous waters sought out as curatives. One theory was that these strong sulfurous smells—controlled by the goddess Mefite, whose name gave us the term mephitic, “noxious smelling”—drove illness from the body. That’s unlikely, but scientists have determined that hydrogen sulfide is in fact a common minor by-product of the metabolism of most living things. Small amounts of it stimulate the germination and growth of plant seedlings and slow the deterioration of ripe fruits in storage. Traces produced in the human body can relax blood vessel walls, an effect that among other things contributes to successful erections. Nothing rotten about that.


In fact, “rotten eggs” is a misleading cliché for what hydrogen sulfide smells like. It’s actually the smell of freshly cooked eggs. In 2013, chemists at Sejong University in Seoul monitored the volatile molecules released from eggs when they were hard-cooked and then held at room temperature for several days until they spoiled. Egg white proteins are rich in sulfur-containing amino acids, some of which happen to give off hydrogen sulfide when heat denatures the proteins. The hotter and longer the eggs are cooked, the more hydrogen sulfide is formed, and the stronger the smell. The hydrogen sulfide levels are high just after cooking, then drop drastically as the eggy aroma fades. Though hydrogen sulfide makes a comeback as microbes begin to colonize and rot the eggs, the leading volatile at this stage is methanethiol, another simple sulfur molecule that we encountered in space, and that here on Earth is usually described as smelling like rotting cabbage. Hydrogen sulfide and methanethiol often show up together in our lives, but it’s methanethiol that more reliably signals rot.


A fine emblem of hydrogen sulfide’s several identities is the black egg. Japan has hundreds of sulfurous hot springs, onsen, and many onsen establishments offer tender onsen eggs, gently cooked in spring waters that are usually around 180°F (80°C). The kuro tamago, or “black egg,” of Owakudani, the “Great Boiling Valley,” comes from hot springs a dozen miles southeast of volcanic Mount Fuji, which are rich in both iron and hydrogen sulfide. The two react on the carbonate eggshell to form black ferrous sulfide, FeS, which the porous shell retains, providing a dramatic visual contrast to the white egg inside. And long cooking causes the egg’s own iron and sulfur molecules to react and deposit a film of dark FeS on the surface of the yolk. Sulfides on sulfides on sulfides!


There’s a less common kitchen ingredient that’s prized exactly because it spices foods up with a hydrogen-sulfide aroma. And it does so thanks to a mineral that reflects the chemistries of both deep-sea vents and energy-hungry microbes. Kala namak, Hindi for “black salt,” is an edible salt mined in the Himalayan regions of India and Pakistan. It’s used to flavor a variety of foods, notably the Indian snacks called chaat. Black salt is mainly sodium chloride, ordinary table salt, but it includes a variety of other minerals that were deposited along with it when the seas that once covered that region evaporated. Chunks of black salt are actually garnet-colored from the presence of a particular iron sulfide (Fe3S4) called greigite, which forms in both geological and biological processes, in hot deep-sea vents and also when certain bacteria use sulfate as an electron receptor and generate sulfides. When you dissolve black salt in water, it gives off a powerful eggy smell and throws a cloud of black particles as the greigite reacts with the water to form hydrogen sulfide and simple ferrous sulfide.


To think of hydrogen sulfide as the smell of eggs only begins to touch on the place it has in life and life’s history. It’s an edgy presence in our daily lives. It’s as primitive a molecule as there is, one of the first formed in the cosmos. It was a dominant part of the characteristic harshness of the early Earth, and still is in places where the inner Earth breaks onto our surface today. It’s a food and by-product of molecular cooperatives that first found a way to develop in that harshness, the early forms of life. It may have played a role in mass extinctions of later forms. It betokens death, but also life at its most rugged. Altogether, it’s so much more than the accidental product of feathered animals that have been around for a geological blink of the eye! Rather than “eggy,” the smell of an interstellar molecule and the early Earth and hot springs and swamps and black salt and cooked egg deserves a less contingent description, one that encompasses them all. Sulfidic it mostly is, from this page on.


Still it’s brilliantly fitting that, given the role of hydrogen sulfide in helping early life hatch from the rigid mineral surface of the young Earth, we smell it most often when we crack open the mineral shell of a freshly cooked egg, and find the bland raw ingredients of new life firmed up and flavored for our own nourishment and pleasure.





Chapter 3 • LIFE’S STARTER SET
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Carbon will play the game of complexity on a grand scale. It will become the greatest hero of chemical and biological evolution.


• Hubert Reeves, Atoms of Silence, 1981





From the Big Bang onward, the basic substance of our cosmos has been exploring its potential for taking on new forms, generating new relationships and organizations, reaching new levels of complexity. Atoms are heroic, as astrophysicist Hubert Reeves calls them, in the sense that they have repeatedly overcome or worked around the forces of the actual—inertia, stasis, entropy—to probe the realm of the possible. And carbon has been the element in the vanguard of this exploration. Among all the elements created in the stars, its atoms are especially gregarious, good at playing with others, responsive to opportunity.


It was carbon’s persistent play on cosmic dust and rocks and planets that led it to form diverse chains of atoms, that led some of those chains to organize into groups, the groups into systems that could build new chains, the systems into the self-contained, self-multiplying entities that we call living cells. A more than heroic achievement, one that inspires baffled awe. And it was followed by another, almost as unimaginable: these fragile collectives of carbon chains managed to remodel the Earth itself into a habitat far more suitable for their exploration of matter’s possibilities. In the process, Hero Carbon cleared the air of its first dominant smells, the malodorous sulfidic drone that dominated the previous chapter, and began to replace it with the diverse volatile carbon molecules and smells that we know today.


This chapter is a quick introduction to life’s simplest volatile molecules and the surprising range of sensations they give us. It’s chemistry, but chemistry you can smell. Feel free to study or skim or skip it, or circle back from later chapters. You don’t need it to begin exploring the world’s smells. But a little chemistry will help you get your bearings in the less familiar world of smells, the osmocosm, and get to know some of its important landmarks.


Life’s starter set of carbon-chain volatiles


Throughout our warp-speed tour from stars to planet to microbes, I’ve used the term “carbon chain” as shorthand for the complex molecules from which living cells construct themselves. Now that early cells have cleared the air, and cleared the way for carbon to jump to new levels of the complexity game, it’s time to pause and get to know some of these chains. We’ll begin with the molecules that all life forms, primitive and advanced, can release into the air during basic metabolism, the common work of keeping their biochemical machinery running. Think of them as the starter set of life’s smells. We usually encounter them in groups, and when mixed together they create a kind of general volatile presence, the olfactory hum of life. Sometimes one or two will dominate with their own qualities and make a more particular impression. We’ll find them contributing to many of the smells we enjoy—and many that we avoid! All of them are signs of life at work, and not all life works to the benefit of our own.


Though the carbon chains of living things can include hundreds and thousands of atoms, most carbon-chain volatiles are relatively small and simple. The basic metabolism of living cells tends to generate chains between two and four carbons long, and the commonest include only atoms of carbon, hydrogen, and oxygen. Chains longer than twelve or so carbons are too heavy to launch themselves easily into the air, and they also tend to nestle alongside each other and form even heavier clusters. They’re not very volatile. So our starter set of life’s volatiles is a bunch of lightweight, small, simple carbon chains. They fall into four main chemical families—the acids, alcohols, aldehydes, and hydrocarbons—and there are definite resemblances among family members. Of course carbon being the player it is, it makes plenty of other variations on these chains, with bends and branches and other kinds of atoms, and we’ll get to them in due course. But the starter set gives us a pretty impressive range of smells on its own.


Why does basic metabolism happen to produce these particular volatiles? Because they are common fragments of a cell’s carbon-chain machinery. All cells are constantly breaking down complex carbon chains into the simpler building blocks from which they’re constructed, both to generate energy and to repurpose their chains for repairs or making new molecules. There are three main building blocks: sugars, which make carbohydrates; amino acids, which make proteins; and lipids, which make fats, oils, and related molecules that assemble into the waterproof membrane that encloses cells. Two of the three building blocks, the sugars and amino acids, are not volatile themselves. They’re strongly attracted to water molecules and to each other, so they don’t easily escape from cells into the air where we can smell them. But when they’re broken apart for their energy, some of their fragments are volatile. Most sugars and amino acids are no more than six carbons long, so their fragments are smaller, typically four or two carbons. Lipids are less attracted to water molecules, so both they and their fragments do tend to be volatile. And lipid chains can be much longer. Fatty acids, which are the lipid building blocks for fats and oils and cell membranes, are often fourteen to twenty-four carbon atoms long. So the breakdown of fatty acids can produce a spectrum of chain lengths, from two carbons up to the twelve or so that approach the limit of being volatile.


With this background briefing on the nature of flying carbon chains, we’re ready to get specific. Here’s the starter set of life’s smells.


Fragrant alcohols, sharp acids


The easiest way to get to know the basic carbon-chain volatiles and their families is through their most familiar representatives and smells. So let’s start with two such smells: alcohol and vinegar. We know them most clearly from unflavored vodka and distilled vinegar, which are fairly pure solutions of just one carbon chain each, uncomplicated by other volatiles. Unflavored vodka is about 40 percent alcohol and 60 percent water. It smells like … strong alcohol, of course. And alcohol is a two-carbon molecule. Now take distilled vinegar, which the label will identify as 5 percent acetic acid. Acetic acid smells like … vinegar, of course. Like alcohol, acetic acid is also a two-carbon molecule. But these two two-carbon molecules don’t smell anything like each other!


[image: Image Missing]The difference in smell comes from a difference in what each molecule has on one end of its two-carbon chain. On both molecules, one carbon shares bonds with three hydrogen atoms. The other carbon, though, shares bonds with oxygen atoms. The alcohol carbon shares one bond with an oxygen atom, while the acetic acid carbon shares one bond with one oxygen atom and two bonds with a second oxygen. Those two extra bonds with oxygen are what make the difference between the smell of alcohol and the smell of vinegar.


And they’re what make the difference between the alcohol family and the acid family. The members of each family have varying numbers of carbon atoms in their chains, but they have in common a family-defining number of oxygen bonds. For example, rubbing alcohol, often labeled with its chemical name isopropyl alcohol, is a three-carbon chain with the one oxygen bond on its center carbon instead of the end. That one additional carbon atom in the chain and the center-carbon oxygen bond is a big enough difference to make it undrinkably toxic—but it still smells pretty similar to drinking alcohol. If a three-carbon chain has three oxygen bonds on its end carbon, then it’s not acetic acid but propionic acid, one that smells sharp like vinegar, but different: like Swiss cheese, the kind with big holes.


Let’s pause with these four examples—two alcohols and two acids—and note a couple of things. First, volatile molecules in a family share some qualities: the alcohols smell similar to each other, the acids smell similar to each other. Chemical families are also smell families, at least to some degree. And when we describe the smells of particular molecules, we do so by association with the things in our everyday life that we most readily recognize them from. We say that acetic acid smells like vinegar because we encounter that molecule in vinegar, and three-carbon propionic acid smells like Swiss cheese because that molecule is prominent in that specific cheese.


Because these volatile molecules are such common by-products of living cells, we often encounter them in more than one thing and so may describe their smell with more than one association. One striking example of such multiple associations is the four-carbon butyric acid that comes after three-carbon propionic. Like propionic acid, it’s prominent in cheeses, but specifically cheeses that have been aged for a long time. It’s also prominent in human vomit. So the four-carbon acid can remind us of two very different materials, one often delicious, the other always disgusting. Most multiple associations are not nearly as extreme as this!


Now let’s meet some other, less familiar members of the alcohol and acid families. Here’s a table listing a dozen in each family, along with the smells that flavor chemists attribute to the different carbon-chain lengths. Just take a minute to browse and get a sense for these two families. Because there are many different kinds of chemical acids that aren’t volatile molecules—for example, hydrochloric and sulfuric acids—the carbon-chain acids are usually specified as the fatty acids. Those shorter than six carbons are the short-chain fatty acids, and those with six to twelve carbons are the medium-chain fatty acids. (Animal fats and cooking oils contain the long-chain acids, up to twenty carbons and beyond.)


SMELLS OF THE ALCOHOL AND ACID FAMILIES





	Carbon atoms in chain

	Alcohols
(1 end oxygen bond)
	Fatty acids
(3 end oxygen bonds)




	1
	alcoholic
	sharp, pungent, fruity




	2
	alcoholic
	vinegar




	3
	alcoholic
	sharp, Emmental cheese, vinegar




	4
	ethereal, winey, whiskey
	cheesy, rancid, vomit




	5
	pungent, fermented, whiskey
	sharp, cheesy, sweaty, rancid




	6
	green leaf, fruity, apple
	cheesy, rancid




	7
	fresh, floral, lemon
	waxy, cheesy, dirty, fruity




	8
	orange, mushroom, melon
	fatty, rancid, cheesy




	9
	fresh, floral, orange
	waxy, dirty, cheesy




	10
	waxy, floral, orange
	rancid, sour, fatty




	11
	fresh, waxy, floral, soapy, clean laundry
	waxy, creamy, fatty cheese, coconut




	12
	soapy, waxy, fatty, earthy
	mild, fatty, coconut






Pretty amazing, isn’t it? Such a range of different smells and associations! From unpleasant and dirty and harsh to the ethereal and refreshing and clean and delicious, flowery and citrusy and tropical. All from a small set of simple carbon chains. It’s just a taste of the virtuosity of our Hero Carbon—and of our discriminating nose and brain—that it can evoke such a wide swath of life with single small molecules.


And do you see the family resemblances? The alcohols, especially the longer chains, tend to share a lifting, “ethereal” quality, which gets expressed in alcoholic drinks, flowers, and some fruits, especially citrus peels. The interesting oddball is the eight-carbon alcohol, which is characteristic of mushrooms, inhabitants of the soil—not something we normally think of as either lifting or ethereal. But if you smell mushrooms with those qualities in mind, you might notice the resemblance, and perhaps begin to think of mushrooms as flowers and fruits of the soil—they are indeed “fruiting bodies” that release the spores that will hatch into the next generation.


The acids, on the other hand, are mostly the opposite of ethereal. They get their family name from a root meaning “sharp, biting,” and many of them have this quality. The acids longer than two carbons also share cheesy, sweaty animal smells, with rancidity a recurring theme as well. The acids evoke these very different materials because they’re a component in all of them: so likewise cheese and spoiling meat and sweat can evoke one another through their shared acids. This helps explain why strong-smelling cheese is an acquired taste for most people. It may be a carefully crafted food, but its volatile acids can remind us of things that don’t belong in our mouths. With three oxygen bonds, the acids are as fully oxidized as they can be without breaking the end carbon off the chain and forming carbon dioxide. They’re thus of little energy value in themselves, and indicators that the valuable molecules have already been exploited, often by energy-strapped anaerobic microbes that don’t break them all the way down to carbon dioxide.


Most of the volatile acids are essentially unpleasant, and the alcohols don’t get particularly pleasant until they’re at least six carbons long. This pattern may reflect the fact that the shorter chains are often the by-products of building-block breakdown by microbes, or by long exposure to oxygen in the air. Some of these small molecules are actually chemical weapons that microbes deploy to deter other microbes from competing for the same resources. This is the case for the alcohol produced by yeasts in wine making and brewing, for example, or the acetic acid that bacteria generate from alcohol when wine and beer spoil—or when we intentionally make them into vinegar. The medium-length carbon chains, by contrast, are more likely to be volatiles purposely generated by plants, animals, and microbes as signals: the smells of flowers and fruits that are meant to catch the attention of insects and animals, often to attract them.


Liquid-fuel hydrocarbons, wide-ranging aldehydes


Now we know something about the basic carbon chains tipped with one or three oxygen bonds. But those end carbons could also have two oxygen bonds, or none at all. Those two possibilities give us the other two major families of carbon-chain volatiles. The hydrocarbons consist of hydrogen and carbon only, no oxygen—hence their name. And the family with two oxygen bonds is the aldehydes, short for “dehydrogenated alcohols” (an alcohol minus one hydrogen atom). Here’s a table showing the hydrocarbon and aldehyde chains. Again, take a minute to peruse the qualities and patterns, and see what a difference an oxygen bond can make.


SMELLS OF THE HYDROCARBON AND ALDEHYDE FAMILIES





	C atoms in chain

	
Hydrocarbons
(0 oxygen bonds)

	Aldehydes
(2 end oxygen bonds)




	1
	none
	chemical, pungent




	2
	none
	pungent, ethereal, fruity, green, fresh




	3
	none
	ethereal, earthy, winey




	4
	lighter fluid, gasoline
	pungent, cocoa, malty, musty




	5
	none
	fermented, bready, fruity




	6
	gasoline
	grassy, green apple




	7
	gasoline, stove fuel
	fresh, fatty, green, herbal




	8
	gasoline
	waxy, citrus peel, green




	9
	none
	waxy, rose, citrus peel




	10
	none
	sweet, waxy, citrus peel




	11
	none or gasoline
	waxy, soapy, floral, citrus, fresh laundry




	12
	none or gasoline
	soapy, waxy, citrus, green






[image: Image Missing]The hydrocarbons are a family apart from the others: they have either no smell or a particular “chemical” smell, the smell of various flammable liquids that we use as fuels and solvents. The smell-free one-carbon version, methane, one of the important atmospheric molecules on the early Earth, is what we know as natural gas. The smell we associate with natural gas comes from stinky sulfur compounds that producers add to it to make it smellable and so less dangerous.  The three-carbon version, propane, is a common stove and torch gas, and the four-carbon version, butane, is used in lighter fluids. Octane, eight carbons, is the reference hydrocarbon for gasoline (which is actually a mixture of several hydrocarbon chains of varying lengths). We think of hydrocarbons as having chemical smells because we encounter them in prominent amounts only in fuels and solvents. Nevertheless, traces of some hydrocarbons are present in many foods and in our own bodies, and contribute to life’s olfactory hum.


[image: Image Missing]The aldehydes are the most wide-ranging carbon-chain family in the diversity of things they evoke, including fresh green foliage and green fruits, and more sophisticated foodstuffs that are first fermented or germinated, then baked or roasted: bread and cocoa and barley malt. The shorter-chain aldehydes take us in these directions, while the longer chains like octanal consistently evoke waxes and unscented soaps. This may be because beeswax and petroleum-derived paraffin waxes, which are mainly long chains of dozens of carbon atoms, always contain traces of oxidized shorter fragments. So do soaps, which are made by breaking up fats into their component fatty acids.


Ants, butter, goats: carbon-chain namesakes


So far I’ve been introducing the simple carbon-chain volatile molecules by their structure—how many carbons long they are, how many oxygen bonds they have—and by the materials that they’re most prominent in. When we get out into our world, beginning in the next chapter, and find some of these molecules, I’ll want to refer to them specifically, by name. Unfortunately, one of the obstacles to feeling at home with molecules is their names. They can be hard to keep track of, because they’re so numerous and unfamiliar, and because many individual molecules have more than one. But you don’t have to worry about learning or remembering molecule names. The important ones will become familiar by repetition as they come up in later chapters—acetic will evoke vinegar smell, hexanol green grass and leaves. And I’ll make a point of giving a molecule’s primary smell along with its name. What really matters is that you feel at home with the existence of these molecules, their membership in families of similar carbon chains, and the fact that specific molecules stimulate specific sensations.


But molecule names are useful, and there is a kind of logic behind them. Or a couple of different logics. Many of the original names for these carbon-chain molecules were rooted in their smells, and that gives us a hook to remember them by. The later logic is based on the number of carbon atoms in a chain, an approach that can accommodate an infinite number of molecules and helps us distinguish among molecules that smell alike.


The original system for naming carbon-chain molecules dates from the eighteenth century, when the earliest experimental chemists, mainly in France, first recognized the existence of different kinds of acids in different natural materials. The chemists named the acids for the materials each was found in or most smelled like. Back then scholars were partial to Greek and Latin, so they took the names from these ancient languages. This is how the one-carbon acid came to be called formic, from a word for “ant”; the two-carbon acid acetic, from a word for “vinegar”; the four-carbon chain butyric, from a word for “butter”; and so on, as shown in the table. Today these roots just aren’t obvious in English.


ORIGINAL NAMES OF THE CARBON-CHAIN ACIDS AND ALCOHOLS





	C atoms in chain

	Names




	1

	formic acid (formica, ant)
methyl alcohol or methanol (methys, wine)




	2

	acetic acid (acetum, vinegar)
ethyl alcohol or ethanol (ether, the upper air)




	3

	propionic acid (pro-, ahead; pion, fat)




	4

	butyric acid (butyrum, butter)




	5

	valeric acid (Valeriana, aromatic root)




	6

	caproic acid (caper, goat)




	7

	enanthic acid (oenanthe, wild grape)




	8

	caprylic acid (caper, goat)




	9

	pelargonic acid (Pelargonium, geranium)




	10

	capric acid (caper, goat)






There was nothing systematic about these names, and nothing in them to indicate what a molecule’s actual chemical structure is. By the twentieth century, chemists had recognized the existence of the carbon-chain families, each with many possible members. So they developed a new, systematic nomenclature based on the number of carbon atoms in a given chain. They let stand the names for the shortest chains, which are also the commonest, and then applied Latin roots for numbers to chains with five carbons and more: penta- for five, hexa- for six, octa- for eight, deca- for ten, and so on. Because several other original names were already so ingrained, they’re still used as synonyms. So six-carbon hexanoic acid is also called caproic acid, named for goats; eight-carbon octanoic acid is also called caprylic acid, again named for goats; ten-carbon decanoic acid is also called capric acid—goats again, thanks to their richly smelly fats! In this particular group of acids, it’s actually easier to distinguish the hexa- and octa- and deca- prefixes than the slight variations on capr-.


One last table now to summarize the roster of simple carbon-chain volatiles, their names and families and associated smells. It’s here for browsing and for reference, to help place molecules that happen to intrigue you in later pages when you find them contributing to your experience.


NAMES AND SMELLS OF THE STARTER-SET CARBON CHAINS


[image: Image Missing]


[image: Image Missing]


Beyond the starter set


At the beginning of this chapter we breezed through a billion or two years of Earth’s history to marvel at Hero Carbon’s invention of photosynthesis, its liberation of free oxygen, that oxygen’s transformation of the planet’s minerals, waters, and air, and the oxygen-fueled proliferation of countless life forms that filled the waters, overgrew the land, and give us so much to smell. There’s another critical plot line in this saga, one that our acquaintance with the simple carbon-chain volatiles helps highlight: the line that leads to our ability to tell a five-carbon chain from a six-carbon chain, or an alcohol from an acid, and to associate those molecules with their sources. That too is a marvel!


Chemical perception probably began with early anaerobic microbes that were able to detect significant molecules around them, the first step in being able to move toward nutrients and away from toxins. Eventually most creatures developed systems for detecting significant molecules of all kinds, not just nutrients and toxins: molecules that signify the presence of food sources, or potential mates, or predators, or hospitable places to mature or reproduce. Once microbes and plants and animals had colonized the land, the air became a medium of exchange among them, just as the waters had been for their ancestors. Airborne molecules became significant parts of the chemical environment, a vital source of information about the materials and creatures that emitted them, and so our amphibian ancestors began to develop and bequeathed to us a sense of smell that is marvelously wide-ranging and discriminating.

OEBPS/images/line.jpg





OEBPS/images/part1.jpg
PART ONE

SIMPLEST SMELLS





OEBPS/images/page11a.jpg





OEBPS/images/page13c.jpg





OEBPS/images/page45b.jpg





OEBPS/images/page11b.jpg





OEBPS/images/page13d.jpg





OEBPS/images/page13a.jpg





OEBPS/images/table47b.jpg
Number
of C
atoms.
in chain

1

Hydrocarbons.

heptane:
gasoline, stove
fuel

octane:
gasoline

nonane:
odorless

decane:
odorless

undecane:
odorless or
gasoline

dodecane:
odorless or
gasoline

Alcohols

heptanol:
fresh, floral,
lemon

octanol:
orange,
earthy,
mushroom,
melon

nonanol:
fresh, floral,
orange

decanol:
waxy, floral,
orange
undecanol:
fresh, waxy,
floral, soapy,
clean laundry

dodecanol:
soapy, waxy,
fatty, carthy

Aldehydes

H

I
= e

heptanal:
fresh, fatty,
green, herbal

octanal:
waxy, citrus
peel, green

nonanal:
waxy, rose,
citrus peel

decanal:
sweet, waxy,
citrus peel
undecanal:
waxy, soapy,
floral, citrus,
fresh laundry

dodecanal:
soapy, waxy,
citrus, green

Fatty acids

OH

heptanoic:
waxy, cheesy,
dirty, fruity
octanoic,
caprylic:

fatty, rancid,
cheesy

nonan
pelargonic:
waxy, dirty,
cheesy

decanoic,
capric: rancid,
sour, fatty
undecano
waxy, creamy,
fatty cheese,
coconut

lauric,
dodecanoi
mild, fatt
coconut






OEBPS/images/logo.jpg
JOHN MURRAY





OEBPS/images/page13b.jpg
N A
(oS





OEBPS/images/page45a.jpg





OEBPS/images/page13e.jpg
H\C/C\C,H

-G AT





OEBPS/images/page41a.jpg





OEBPS/images/page19a.jpg





OEBPS/images/page19b.jpg
A on





OEBPS/images/page15a.jpg





OEBPS/images/table47a.jpg
Number
of C
atoms.
in chain

Hydrocarbons.

H
|
—C—H
|
H

methane:
odorless

ethane:
odorless

propane:
odorless

butane:
gasoline

pentane:
odorless

hexane:
gasoline

Alcohols

methanol:
alcoholic

ethanol:
alcoholic

propano
alcohol

butanol:
ethereal,
winey,

whiskey

pentanol:
pungent,
fermented,
whiskey

hexanol:
sreerileat
fruity, apple

Aldehydes

H

I
—c=o0

formaldehyde:
chemical,
pungent

acetaldehyde:
pungent,
ethereal,
fruity, green,
fresh

propanal:
ethereal,
carthy, winey

butanal:
pungent,
cocon, maly,
musty

pentanal:
fermented,
bready, fruity

hexanal:
grassy, green
apple

Fatty acids

formic acid:
sharp,
pungent, fruity
acetic:

vinegar

propionic,
propanoic:
sharp,
Emmental
cheese,
vinegar

butyric,
butanoic:
cheesy, ranci
vomi

valeric,
pentanoic:
sharp, chees
sweaty, rancid

hexanoic,
capro
cheesy, ranc






OEBPS/images/page17a.jpg





OEBPS/images/page19c.jpg





OEBPS/images/page17b.jpg





OEBPS/images/page10a.jpg
S





OEBPS/images/page14b.jpg





OEBPS/images/page20c.jpg





OEBPS/images/page10b.jpg





OEBPS/images/page20a.jpg





OEBPS/images/page20b.jpg





OEBPS/images/page18a.jpg





OEBPS/images/cover.jpg
NOSE DIVE

A FIELD GUIDE TO THE WORLD’S SMELLS

HAROLD McGEE

WINNER OF ANDRE SIMON FOOD BOOK OF THE YEAR AND THE JAMES BEARD AWARD





OEBPS/images/page16b.jpg
A





OEBPS/images/page14a.jpg





OEBPS/images/page16c.jpg





OEBPS/images/page16a.jpg





