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Chapter 2

OR I G I N S
To begin the discussion of how the oceans formed, I must take you
back to the birth of Earth itself, along with the rest of our solar system. Earth formed just under 4.6 billion years ago. It is important to
let that number sink in. If we scaled Earth’s 4.6-billion-year history to
just 24 hours, then the entire 1 billion years’ period that multicellular life has existed on Earth would span roughly 5 hours and 20 minutes, the 66-million-year “age of mammals” since the demise of the
dinosaurs only 20 minutes, and the 200,000-year duration of modern
human existence less than 4 seconds (see figures 1 and 2). Our settled,
non-nomadic lifestyle started about 11,000 years ago; this scales to
an insignificant one-fifth of a second on our clock, which literally is
only half a blink of an eye.
Oceans formed early on planet Earth; we have good evidence of
their existence by about four billion years ago, although their shapes
have been continuously shifting owing to movement of the continents. It is good to reflect on this for a bit. Since starting at university
in 1981, I have seen the age estimate for the earliest oceans creep fur
ther and further back in time, as new data became available. It never
ceases to amaze me how large bodies of water had established themselves so very early in Earth’s history, especially given the violent pro
cesses that shaped early Earth. But the evidence is there, so let’s have
a look at this history. This chapter starts with an account of the planet’s
formation, followed by the appearance of the oceans and their shape-
shifting nature. Then we discuss where the water came from, why it
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is salty, and how ocean circulation is driven. Finally, we consider the
impacts of life on the cycles of oxygen and carbon in the oceans and
the wider Earth system.
B u i l d ing a P l a n e t, S h a ping t h e O c e a ns
Both theory and observations of planetary formation around other stars
tell us that Earth formed through a process of gravity-driven clump
ing of matter in a disk of gases and molecular dust that was spinning around the forming Sun. At first, microscopic particles and little
specks of dust clumped together, and collisions with others made these
grow into larger lumps to form a “pebble ring.” Eventually, the lumps
clumped together into the larger masses of so-called “planetesimals”
and even larger protoplanets, which are smaller planet-like bodies.
Many such bodies formed in the disk of dust that was spinning around
the Sun. The increasing gravitational attraction of the ever-growing
protoplanets pulled in more and more matter, which made them grow
even faster. The planets we see today are the survivors that have vacuumed up virtually all other matter in their orbital paths. Earth is the
survivor in its own specific orbital band around the Sun.
All elements that we know today on Earth were gathered from
space-and stardust in this manner, except for the more than 20 synthetic elements that humans have produced during the last century.
In orbits close to the Sun, temperatures are much higher than further out in the solar system. As a result, lighter elements were vaporized in the inner solar system, and these volatile vapors were—for a
large part—blown into the outer solar system by the solar wind, the
Sun’s powerful emission of charged particles. Far away from the Sun,
where the solar wind is weaker and temperatures are lower, the gravity of the outer planets captured the vapors of light elements, which
at the low temperatures condensed into denser molecules. Thus, heavier
elements came to dominate the rocky planets of the inner solar system (Mercury, Venus, Earth, and Mars), while lighter elements collected
on the outer gas-giant planets.
On Earth, the earliest 50 to 100 million years were particularly vio
lent. Earth, essentially, was a seething cauldron of molten rock without
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a permanent crust. There were frequent impacts of smaller and larger
bodies. Within that earliest period, a remarkable event happened that
led to formation of the Moon. Radiometric dating and comparison
between the chemical compositions of Moon, meteorite, and Earth
rocks indicate that the Moon formed with a bang. Around 4.5 billion years ago, Earth was dealt a glancing blow by another newly
forming planet, Theia, which was roughly the size of Mars. The two
planetary bodies melted together, but the collision also launched a
major cloud of debris into orbit around the Earth. This debris eventually clumped together and—under its own gravity—smoothed out
into the spherical shape of the Moon. Incidentally, the impact is also
thought to be responsible for knocking Earth’s axis into a position
that is today tilted by 23.5 degrees. Without this, there would have
been no seasons.
Another, less visible but equally important, event in Earth’s seething
earliest phase is known as the differentiation event, or “iron catastrophe,” which completely changed the initially homogeneous composition of Earth. This event happened around 4.5 billion years ago, when
the planet had grown large enough for pressure to drive temperatures
in the interior above 1000°C, the point at which rocks melt. Then,
denser (metal-rich) materials sank to the center of the planet, and less
dense (rocky) materials rose toward the surface. The sinking dense materials formed Earth’s nickel-iron alloy core, the planet’s inner 3500 kilometers or so. The lighter materials that rose up formed the less-dense
rocky mantle, the planet’s outer 2900 kilometers.
The formation of Earth’s core transformed conditions on Earth’s
surface. This is because it created the right conditions for development
of the planet’s magnetic field, which originates from movements in
the outer layers of Earth’s core. It had been known for a while that the
magnetic field was already operational by about 3.5 billion years ago,
and very recent work has brought that back to before 4 billion years
ago. The magnetic field is Earth’s only real protection against the solar
wind, which was stripping gases from the earliest atmosphere before
the magnetic field had started up. Thus, the differentiation event is
thought to have been critical for reducing the loss of light elements
from the atmosphere. Without it, Earth might have ended up without hydrogen, and thus without water. And over time, many heavier
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gases would also have been stripped off by the solar wind. Mars is
thought to have started out with a magnetic field, but—being much
smaller than Earth—to have cooled enough for its magnetic field to
die at around four billion years ago. It subsequently lost almost all of
its atmosphere and surface water. While this often-used explanation
for retaining an atmosphere by presence of a magnetic field sounds
plausible, some further thought suggests that things may be a little
more complicated. Venus has no magnetic field and is closer to the
Sun, yet has a very well-developed atmosphere. Venus and Earth have
similar sizes and masses, while Mars is much smaller—hence, gravity may have been equally or more important for retaining an atmosphere than a magnetic field, especially when the gases concerned are
heavier gases, like the dominant CO2 on Venus.
While vacuuming out its orbital path around the Sun, early Earth
was battered by comets, meteorites, asteroids, and even protoplanets like Theia. In addition, it was hit by many bodies that had been
kicked out of orbit by the other planets, into trajectories that eventually collided with Earth. An especially intense period of asteroid and
comet impacts, the Late Heavy Bombardment, occurred between 4.1
and 3.8 billion years ago, as evidenced by Moon rocks and asteroid
fragments, as well as by numerous craters on the Moon, Earth, Mars,
and Mercury. Despite this onslaught, Earth’s surface still managed to
cool down quickly by heat loss to space.
At the planet’s position in the earliest solar system, temperatures
of 250°C to 350°C would be expected, but the energy from the intense early clustering and impacting of gases, dust, pebbles, comets,
meteorites, asteroids, and planetesimals had pushed temperatures up
well above the melting temperature of rocks. Still, work on radiometrically dated crystals of the mineral zircon from western Australia’s
Jack Hills has demonstrated that, as early as about 4.4 billion years
ago, Earth’s surface had not only cooled sufficiently to form early crust
(likely below 1000°C), but even enough to allow for the presence of
liquid water, which at modern atmospheric pressure would mean that
temperatures had dropped below 100°C. However, at higher pressures
this value is higher, and we don’t really know how dense the early
atmosphere was. So 100°C is a lower estimate; true temperatures may
have been double that value if the early atmosphere was very dense.
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Now that clouds and rain had appeared on the scene, oceans began
to develop. Large portions of the planet were covered with water by
about four billion years ago. This is somewhat unexpected because,
at this time, Earth’s fiery birth phase had rapidly settled down, and
the Sun was only about 70% as strong as it is today. After their first
bright ignition, stars like the Sun shine more weakly and then grow
gradually more intense with age; we refer to this as the “faint young
Sun.” With only 70% of the modern energy coming in from the Sun,
early Earth should have been covered by ice, not water. Somehow,
Earth’s early atmosphere must have retained heat more effectively
than the modern atmosphere. Indeed, reconstructions of the early
atmosphere’s composition suggest high levels of carbon monoxide
and dioxide, water vapor, and later also methane, whose greenhouse-
gas characteristics would have caused efficient heat retention. There
was no free oxygen yet, as we will see later.
So, cooling of early Earth allowed surface crust to form, about
4.4 billion years ago, and surface water appeared close to that time
as well. With water around, weathering and erosion would have become important. Weathering is the chemical breaking up and dissolution of minerals. Erosion is the physical transport of fragments of
material by a transporting agent, typically water, ice, or air. The transported fragments are known as sediment, and when sediments settle and are deposited, this forms sedimentary deposits. Compression
and binding together of sedimentary deposits by natural cements
lead to the formation of sedimentary rocks like sandstone, limestone,
and mudstone. Sedimentary rocks started to appear close to 4.4 billion years ago, and some of these are still visible on fragments of
early crust that have survived until the present.
By about four billion years ago, and likely even earlier, plates of early
crust carrying sedimentary and volcanic rocks were moving around,
similar to Earth’s tectonic plates today. This movement is known as
plate tectonics, and we will investigate it in more detail below. For reasons that go beyond the scope of this book, plate tectonics is needed
to maintain the heat-flow motion in Earth’s outer core that generates
the magnetic field. Therefore, the recent discovery that the magnetic
field existed before four billion years ago strongly suggests that plate
tectonics was also operational before four billion years ago. It caused
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colliding plates to become buckled, and mountain ranges to be pushed
up, like crumple zones on a car wreck. Uplift of air against mountains
focuses rainfall, and this caused extra erosion and weathering. Combined, these processes led to the deposition of sedimentary units in
valleys, and in lake and ocean basins.
Gradually, larger complexes formed from crustal plates that crashed
into each other and stuck together, including their sedimentary and
volcanic rock units. This gave rise to the formation of extremely ancient complexes of several tens of kilometers thick, geologically diverse
crust, which we call “cratons.” The cratons formed the earliest continents, and they can still be recognized at the hearts of all of today’s
major continents.
Oceans may have appeared at least four billion years ago, but they
certainly did not look like they do today. The process of plate tectonics has caused continuous changes in the distribution of land
and water throughout geologic time. This shape-shifting behavior
is so fundamentally important to ocean history that we need to digress a little and consider what the oceans look like today, then what
has caused their shapes to change through time, and finally how researchers managed to find out about this.
Today, the oceans are on average about 3700 meters deep, and their
greatest depths are found in the trenches that are associated with
subduction zones. Let’s review the main features of the ocean’s underwater topography, or bathymetry (figure 3).
Surrounding the continents are the continental shelves, where the
edges of the continents continue under water. Typically, these shelves
are less than 100 to 200 meters deep. Sometimes a continental edge has
only a very small shelf area, and in other cases the shelf can be massive.
For example, there are extensive shelves between Australia and New
Guinea, between the islands and peninsulas of Southeast Asia, between
Argentina and the Falkland Islands, between Alaska and Siberia, extending into the Arctic Ocean from the Eurasian continent, and connecting northwestern Europe with the United Kingdom and Ireland.
These large shelf areas are shallow enough that they fall dry during ice
ages, when such a large buildup of continental ice sheets occurs that
global sea levels drop by 100 to 140 meters. The shelves listed above
then form land bridges or major landmasses that connect places now
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Figure 3. Global ocean bathymetry. Depth increases from light gray to dark gray, with categories shown in steps of 0–200 m, 200–1000 m, 1000–2000 m, and then every 1000 m until 10,000 m.
A 3-D effect is achieved by image illumination from the northwest. Map created using free vec
tor and raster map data from http://www.naturalearthdata.com.

separated by the sea. Some of these landmasses have even been named,
such as Sahul (Australia-New Guinea), Sundaland (Southeast Asia),
Falkland Plateau (Argentina-Falklands), Beringia (Alaska-Siberia), and
Doggerland (northwestern Europe–United Kingdom–Ireland).
Incidentally, when I was a little boy in the Netherlands, bottom-
trawling fishermen frequently used to “catch” mammoth skulls, tusks,
and bones in the North Sea, which dated from ice-age land phases of
Doggerland. Call me nerdy, but this used to fascinate me to no end,
just like hunting for fossil seashells in the mountains (which I could
only do during holiday trips because there are no mountains in my
native country). These were important contributions to my motivation to get into geology and past environmental reconstructions.
Where the shallow shelf drops away to greater depths of a kilometer or more, we speak of the continental slope. Here, the transition
occurs between thicker continental crust and 5 to 10 times thinner
oceanic crust. These transitions may be simply where oceanic crust is
stably attached to continental crust, as around most of the Atlantic
Ocean; we call these passive plate margins because they are generally
quiet for earthquakes and volcanoes. In other places, most notably but
not exclusively around the Pacific, the transition is a subduction zone,
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where the shallow continental shelf suddenly drops away sharply into
a trench. These are the active plate margins, with lots of earthquake
and volcanic activity. Note that subduction does not have to be a process between continental and oceanic crust. There are many places
with subduction of ocean crust beneath ocean crust—for example, at
the Caribbean Island arc, and at the Mariana ridge and trench system.
Having dropped down the continental slopes, either smoothly or
through a trench, and moving further out, we arrive on the vast and
almost flat abyssal plains of the deep sea. These are the regions where
ocean crust has moved away from the hot spreading ridges. Cooling
and absence of widespread mantle upwelling then allows the crust to
settle, forming the abyssal plains. These are generally between three
and six kilometers deep, and cover about 50% of the Earth’s surface
area—a huge proportion relative to the total ocean’s 72% of the Earth’s
surface area.
Especially in the Pacific, lots of active and ancient volcanoes poke
up from the abyssal plains. As the crust moves away from the spreading center, it settles to greater depths, and volcanoes jutting up from
the crust are often submerged as their growth slows down and they
fail to keep up with the general sinking of the crust. Other volcanoes
always remain under water—that really doesn’t stop volcanic activity.
These volcanoes create underwater mountains, or seamounts. There
are about 100,000 seamounts that protrude more than 1000 meters
above the abyssal plains that they stand on, of which about half are
located in the Pacific Ocean.
Volcanoes in tropical latitudes that reach to, or rise above, sea level
rapidly become colonized by corals. Reefs build up around such islands. These reefs grow upward as the volcano sinks or sea level rises,
as long as things are not moving too fast. The Pacific is littered with
active and ancient volcanoes. As the volcanoes die out, they no longer grow, but still keep gradually sinking with the crust. Reefs that
had established themselves on these ancient volcanoes keep on growing, trying to keep up with the relative rise of sea level. After a (long)
while, all that can be seen at the surface is a coral atoll. Some of
such islands have submerged too fast, and the reef could not keep up.
That then forms a “guyot,” a flat-topped underwater mountain, or seamount. The Emperor seamounts, an ancient extension of the Hawaii
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volcanic chain, contain many guyots. But, equally, many seamounts
and guyots stand in isolation, without being organized in chains.
Further along the abyssal plain, we eventually end up again at the
midoceanic ridges where new oceanic crust is formed, as we will
discuss next. The ridge axis is frequently offset in a sideways manner by transform faults that extend at more or less right angles to
the ridge axis. Transform faults are often very long, and very active.
Sometimes, they extend onto land, as in the case of the San Andreas
Fault in California. Another major transform fault that can be observed on land is the Alpine Fault of New Zealand. Transform faults
are usually associated with intense earthquake activity, which is of a
shallow nature—within the crust—because there is no subduction.
Earthquake activity of the San Andreas and Alpine faults is familiar
to all from the news. Another transform fault that can be observed
on land is the so-called Dead Sea transform, which is infamous as
one of the deadliest faults on Earth. An earthquake along this fault
in 1138 killed some 230,000 people. But transform faults are active
all around the world, also when they are deep under the ocean. The
1755 Lisbon earthquake and tsunami, which killed an estimated
60,000 people in Lisbon alone, resulted from movement along a
transform fault in the deep eastern North Atlantic.
Midoceanic ridges and subduction zones are critical to the shape-
shifting nature of ocean basins. In an endless cycle, spreading at mid
ocean ridges opens up ocean basins, while removal of crust at subduction zones closes other ocean basins. These processes occur at roughly
the rate at which your fingernails grow. That may be slow, but it is directly measurable using modern lasers and global positioning systems.
Mapped for the first time in the North Atlantic by the American
geologists Marie Tharp and Bruce Heezen in 1957, and by the same
team on a global scale in 1977, midoceanic ridges are now known to
form the longest mountain chain on Earth. Although hidden almost
entirely under water, the total length of spreading ridges amounts to
some 40,000 nautical miles (1 nautical mile is 1.8 kilometers) (see figure 3). The ridges are not low, either; they reach up to 4.2 kilometers
above the deep ocean floor. At such lengths, even slow spreading has
big consequences when given enough time, and the great depth of
geologic time provides plenty of that. The result is that entire ocean
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basins open and close over time scales of hundreds of millions of
years, moving the continental plates around the planet. Sometimes
continents crush an ocean basin away between them, and then crash
into each other and merge, while pushing up vast mountain ranges;
the collision between India and Asia squashed an ancient ocean into
oblivion and pushed up the Himalayas. Sometimes continents tear
apart, as we see happening today in the East African Rift. When such
rifts connect with the oceans and fill up with water, they form young
ocean basins like the actively rifting Red Sea.
At the midoceanic ridges, rifting and upwelling of magma cause
formation of new oceanic crust that typically is only about five kilometers thick. This process is associated with lots of earthquake activity, and because the crust is very thin in these regions—after all, the
underlying magma wells up all the way to the surface—the earthquakes are generally shallow earthquakes, with depths of generally
less than 30 kilometers. We can observe what happens at spreading
centers not only underwater, with submersibles, but also on land in
Iceland, which is a part of the mid-Atlantic ridge that sticks out above
sea level (Hawaii is not the same; it is a hot spot that the Pacific oce
anic plate slowly moves over, creating a volcanic chain). It is impor
tant to note that, irrespective of what their name may suggest, midoceanic ridges are not always found in the middle of every ocean
basin. In the Pacific Ocean, the ridge lies toward the eastern end of
the basin, and in much of the North Pacific it even cozies up with
the North American continent. In the Atlantic Ocean, and to some
extent in the Indian Ocean and Southern Ocean, the ridges lie closer
to the middle of the ocean basin (see figure 3).
Apart from new crust generation, midocean ridges contain another
feature that must be highlighted. Because of the thin crust, hot mantle
is not far removed from ocean water, and this allows geothermal heat
from the underlying mantle to heat up water that seeps into cracks
in the ocean crust. The heating is accompanied by strong chemical
weathering of the typically basalt-like crustal rocks. Inside the cracks,
the water thus becomes hot, pressurized, and loaded with dissolved
mineral components, and the chemical reactions also consume all its
oxygen. The resulting superheated and chemically loaded water escapes from the crust in the form of hot-water, or hydrothermal, seeps
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(a gentle process) or vents (like an underwater geyser). The latter show
up as dramatic white or black smokers, depending on their temperature and mineral composition. Hydrothermal vents have not been
known for very long; the first active system was discovered as recently as
1977. Regardless, they have rapidly gained importance for two reasons;
the first is commercial interest, and the second has to do with unique
biological adaptations around them.
Along with dissolved minerals, hydrothermal flows are loaded
with metal complexes. Their deposits contain a wealth of precious
metals. Fossil hydrothermal systems have long been metal-mining
targets, and active hydrothermal systems in the oceans have recently
become targets for deep-seabed exploitation. This sets up a challenge
of reconciling commercial interests with conservation of a unique
ecology that is found around vents. This ecology is fueled by oxidation reactions that take place as vent waters with their dissolved
mineral content hit the overlying oxygenated deep-sea waters. The
vent ecology then relies on specialist microbes that can form organic
matter using the energy released by oxidation reactions of, especially
(but not only), hydrogen sulfide. As such, these microbes practice
chemosynthesis, instead of the photosynthesis that we are used to see
ing where plants use energy from sunlight to generate organic matter,
which will be detailed a bit later in this book. Using chemosynthesis
allows the microbes at hydrothermal vents to thrive perfectly well in
the pitch-dark deep sea. Specialized ecosystems—including worms,
shrimp, crabs, and so on—have evolved around this microbial chemosynthesis at deep-sea vents, in a similar way to how the complex
ecosystems we are more familiar with have evolved around photosynthesis by plants and algae. As mentioned, we will get back to this
later, when discussing the evolution of life.
Creation of crust at spreading ridges means that there must be destruction of crust in other places, since Earth is not significantly gaining or losing mass or size. Destruction of crust happens in subduction
zones, where one plate dives underneath another, slipping into the
upper parts of Earth’s mantle. In these regions, we see deep trenches
in the ocean bathymetry. Subduction generates a component of pull
on the subducting (diving) plate, which combines with the push from
spreading ridges to drive the creep of continental plates around the
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world. Subduction zones are very active regions for earthquakes, which
develop all along the subducting slabs down to depths of as much
as 700 kilometers. Deeper than that, earthquake activity sharply decreases because temperatures get high enough for deformation of the
subducting slab to occur in a more plastic, or ductile, manner (like very
tough putty), rather than through brittle breaking. We commonly see
intense volcanism near subduction zones as well. Key example areas
are Japan, Indonesia, New Zealand, Chile, western Central America,
the Cascadian Mountains of the northwestern United States, and the
Aleutian Islands—in other words, the Pacific “ring of fire,” where Pacific oceanic crust dives underneath adjacent plates. Subducting plates
carry sediment and water with them into Earth’s hot mantle. This intensifies the formation of low-density melt and degassing of, mainly,
CO2, and these materials then bubble up through the overlying crust
and drive intense and often dramatically explosive volcanicity.
The endless cycle of plates moving along Earth’s surface has become known technically since 1953 as plate tectonics, but was previously known by the beautifully descriptive term of continental drift.
It was put forward in a first comprehensive theory by the German
geophysicist Alfred Wegener in the period of 1912 to 1915, although
suggestions of continental movements around the planet had been
around since 1596, and more specific inferences since the mid-1850s.
The name of the process was changed because it was recognized not
only that the continents were moving, but that they formed part of
larger tectonic plates that include giant swaths of oceanic crust as well.
The process of plate tectonics not only causes the shapes and sizes of
ocean basins to slowly but unstoppably change through time. It also
creates and destroys landmasses, continental connections, mountain
ranges, volcanic centers, and so on. Plate tectonics is driven by the
flows of Earth’s internal heat engine. It is tempting to think that this
heat engine relies on primordial heat from Earth’s formation, but that
heat is long gone already—if that had been the only source of heat,
then Earth would have frozen solid very long ago. Instead, Earth’s
internal heat engine is maintained by radioactive decay of elements
within the planet’s interior.
To understand how researchers figured out the nature of plate tectonics, we need to start at the so-called “constructive” margins of the
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tectonic plates, where new crustal material is formed: the midoceanic
ridges. Although we can today measure spreading rates with high-
tech equipment, as mentioned above, this is not how the movements
were first discovered. Instead, we got our first details about the spreading process from measurements of the magnetic field as recorded in
oceanic crust along transects directed outward from the ridge axis.
These measurements were made aboard ships that were towing magnetometers above the ocean floor to record magnetic field variations.
Earth’s magnetic field has reversed regularly on time scales of 100,000
to a (few) million years, throughout geologic time. When that happens, magnetic north becomes magnetic south, and vice versa. As
the magma that upwells at midoceanic ridges solidifies to form new
oceanic crust, magnetic minerals inside it align themselves with the
magnetic field direction that exists at the time. A magnetometer that
is towed over crust with minerals aligned to a normal magnetic field
direction (same as today’s) will record that the modern magnetic field
intensity seems slightly amplified. When the magnetometer is towed
over crust that formed with minerals aligned to a reversed magnetic
field (opposite to the present), it will find that the magnetic field intensity seems slightly weakened. In this way, magnetometer surveys
from the ridges outward have mapped out a banding of ocean-crust
polarity, from normal at the ridge today, to reversed, normal again,
reversed, normal again, and so on. This banding was first discovered
in 1955. But, as measured, it was just a pattern of magnetic polarity
bands of different widths—there was a need to determine ages to go
with that pattern, so that spreading rates could be calculated.
Radiometric dating of magnetic polarity reversals has been obtained from samples of volcanic lava sequences that are exposed on
land. This type of dating is based in using the known rate of radioactive decay of certain elements that are included in the rocks. Applied
to the magnetic reversal series measured for the ocean floor, such
dating offers accurate ages to go with our information on spreading
distance; thus we can calculate the rate of spreading of the ocean basins. The youngest (modern) ages are found at the ridge itself, where
spreading and magma upwelling are happening as we speak. And
the ages get older as we go away from the midoceanic ridges. This
age increase is symmetrical in both directions from the ridge. In this
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way, the oldest ocean crust in the South Atlantic has been dated at
about 150 million years old, and in the North Atlantic at about 180 mil
lion years old. These oldest crust segments are attached to the continents at the western and eastern outer margins of the basins, and
they reflect the age at which the ocean basins started to rift open. This
reveals that the North Atlantic started to open some 30 million years
earlier than the South Atlantic Ocean.
Similar assessments have been made for the other ocean basins,
including age determinations that were assisted by dated changes in
fossil associations contained within the sediments. Thus it was found
that the Southern Ocean consists of several opening sectors, which
suggest that Africa started to separate from Antarctica at around
150 million years ago, Australia from Antarctica at around 60 million
years ago, and South America from Antarctica only 30 or 40 million
years ago. The Indian Ocean is complex too. A rift began to develop
between Africa and Madagascar roughly 150 million years ago. Mad
agascar at the time was part of a plate with India and Australia. India
and Madagascar started to rift away from Australia at around 120 to
130 million years ago, followed by an onset of rifting between India
and Madagascar roughly around 90 million years ago.
Based on a concept of slow and steady spreading, we might expect
that the very wide Pacific Ocean contains some extremely old oceanic
crust, but it doesn’t. In the Pacific, the oldest crust that can be found
seems to date back to at most 200 million years ago because the old
margins of the Pacific have been removed. In the Pacific, the margins
of the spreading plates are no longer intact, in contrast to most of
the separation margins discussed above. All around the Pacific, there
are subduction zones where Pacific plates have detached from the
continents and are now diving underneath them into the mantle;
the Pacific margins are destructive plate margins. There still are active spreading ridges in the Pacific, where new plate material is being formed. But all around the margins of this mighty ocean, Pacific
plate is being gobbled up in the mantle, where it eventually melts.
The net result is that the Pacific Ocean basin is slowly closing—its
contraction is making space for the expansion of other ocean basins.
Looking back through time, we see that some of the Pacific margins descend from those of an extremely ancient ocean; namely the
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Figure 4. Schematic of plate-tectonic developments during the last 570 million years, for which
reasonable data exist. The maps are shown in relation to the timeline of figure 1.

Panthalassic Ocean that spanned the entire world around a single supercontinent called Rodinia, more than a billion years ago. Subduc
tion at the eastern edge of the Pacific Ocean, along North and South
America, can be traced back to that age or even earlier. Along the
Asian edge, subduction started some time between 510 and 650 million years ago (figure 4).
Although we have seen that there is no oceanic crust left from
those times, we still know quite a bit about these old dates and movements, thanks to ancient crustal components within the continents
that date back to several billion years ago. As the continents were
shifted around by plate tectonics, volcanic and other deposits that
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record magnetic alignments have formed on them at different times
through geologic history. The combined deposits provide a record of
changing continental positions relative to the Earth’s magnetic field
alignments. Tracking these yields a picture of plate-tectonic movements during very ancient times, even in the absence of any ocean
crust (see figure 4). Summary outlines of past supercontinents are
given in figure 5. In general, information is scarce for times before
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about 600 million years ago, notably because there are no fossils to
help with age assignments for those times, and reconstructions keep
changing as a result. I have not included detailed maps of these older
times, as my sketches would be outdated very soon. If you are interested, then up-to-date plate-tectonic reconstructions may be found
easily on the Internet from specialized sources (also for more ancient
times; for example, using a search for “Rodinia”).
Wat e r , Sa lt, a n d Cir c u l ation
All this tells us why ocean water is where it is, but it doesn’t tell us
how that water got there in the first place, or why it is so salty. Solving the riddle of the origin of Earth’s water and atmosphere is important because understanding how Earth became what it is will tell
us much about the chances that other planets in other solar systems
may have developed in similar ways. These might just have ended up
sufficiently Earthlike to potentially harbor reasonably familiar forms
of life, or—indeed—to host and sustain us if we ever manage to reach
them. If we could confirm life on other planets, then this would help
answer deep existential questions about the uniqueness of life on
Earth. But when exploring something as vast as space, it is important
to hedge your bets based on a sound understanding of what creates
the conditions you’re searching for, to help focus firmly on only the
most promising planets.
The importance of salt in the oceans is less grand. But the salt is
very important nonetheless. Salt, together with temperature, determines circulation in the interior of the oceans. Thus, by understanding why and how the sea became salty, we can begin to think about
the role of ocean circulation in shaping living conditions throughout the marine environment.
For a long time, it was thought that earliest Earth was so hot that no
liquid water existed, and that all light elements were rapidly stripped
from the inner solar system by the solar wind. If this were true, then
the elements needed to form water on Earth would not have been
freely available. As a consequence, it was proposed that a late bombardment by icy comets or similar gas-and water-rich materials brought
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the water to Earth after the planet had sufficiently cooled to retain it.
This concept was supported by comparisons between the gas compositions of meteorites and Earth mantle rocks, notably using the noble gases krypton and xenon that do not react with other materials.
There certainly is enough ice in space to have supplied our water (and
atmosphere) in this manner.
And then the plot thickened. In July 2015, the probe Philae, which
the European Space Agency’s Rosetta mission landed on comet 67P/
Churyumov-Gerasimenko (or “Churi”), discovered not only ice and
dust, but also 16 types of organic compounds, present not in a loose
distribution but in discrete clumps. Suddenly, the idea gained lots of
traction that comets brought not only water, but also the ingredients
for life, even in ready-made clumps! Intriguingly, in October 2015 it
was reported that—as this comet slowly thaws—molecular oxygen
(O2) escapes in a constant and high (1% to 10%) proportion relative
to water, which suggests that the comet also contains a surprising
amount of primordial oxygen, which was incorporated during the
comet’s formation.
Other work favors an alternative explanation. This work found that
the hydrogen isotope ratio of ice in comets may be different from
that of water on Earth (isotopes of any element differ in the number
of neutrons in their atom cores; we measure changes in the abundance
ratio of these isotopes relative to an international standard, using mass
spectrometers). It instead emphasizes that the chemical composition
of water on Earth resembles that of the small percentage of water con
tained within rocky meteorites, and thus in asteroids, which essentially are very large meteorites. Thus, a theory was developed that the
asteroids, planetesimals, and protoplanets that clumped together to
form Earth had carried enough water in their rock minerals to explain our oceans. It would have escaped from the planet’s interior as
steam, which in turn would have condensed into water at the surface
and in the early atmosphere. Calculations indicate that this mechanism can also provide plenty of water to explain Earth’s observed
water content.
The origin of Earth’s water, and much of its atmosphere, therefore
remains to be resolved. As more and more comets and meteorites
are investigated in detail, we learn fundamental new things about

For general queries, contact webmaster@press.princeton.edu

© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

ORIGINS

33

the birth of our solar system and the potential routes by which key
elements and compounds accumulated on the planets, including
Earth. Planetary and space sciences are intimately interwoven with
the Earth sciences.
We have a more complete understanding of the origin of salt in
our oceans. It represents an accumulation of dissolved minerals over
tens of millions to hundreds of millions of years. These minerals were
broken up and dissolved during chemical weathering. We are all familiar with this process from limestone buildings that become pitted
or smoothed by the action of water, wind, and weather; this is where
the term weathering comes from. The key process at work is one of
chemical reactions between the rock and the water, with an impor
tant role for gases that are dissolved in the water, such as carbon dioxide or sulfur dioxide, since these make the water more corrosive. The
chemical weathering reactions break up rock minerals into charged
atoms or molecules, called ions, which are removed in solution by
river water and groundwater. This is exactly what happens when you
dissolve table salt in water: the mineral salt breaks down into sodium
and chloride ions that are held in a solution.
The early atmosphere contained high levels of carbon dioxide, or
CO2. This gas is easily dissolved in water, forming a mildly acid solution. In the CO2-rich early atmosphere, this resulted in a corrosive,
acid rain that was highly effective at chemically weathering rocks,
and fresh volcanic rocks are especially easily weathered. The intense
weathering released dissolved minerals in the form of ions into river
water and groundwater. From early times onward, river and groundwater flow has transported the dissolved minerals to their final collection point, the ocean basins.
There is enough salt in the modern oceans to form a layer roughly
50 meters thick around the entire Earth’s surface. Its buildup is a
great illustration of the power of the geologic depth of time. To supply the amount of salt found in today’s oceans, several hundred million years of river and groundwater flow would be needed, or several
tens of millions of years of underwater volcanic and hydrothermal
vent activity. To remove it would require many hundreds of millions
of years of reactions with seafloor rocks and formation of minerals
that get buried on the seafloor. The cycle of replacement of salts in

For general queries, contact webmaster@press.princeton.edu

© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

34

Chapter 2

the ocean is extremely slow—in technical terms, we say that salts in
the oceans have very long residence times.
Given the extremely slow input and removal of salts, it becomes
clear that the oceans’ vast store of salt has accumulated because the
oceans have for eons been the “end station” for salt transport. The
weathering cycle has been feeding salts into the oceans over billions
of years. Meanwhile, water itself continually evaporates from the
oceans—concentrating its salts—and the evaporated freshwater then
again cycles through the atmosphere to form rain, rivers, and groundwater, which eventually transport more salt toward the oceans. In sim
ilar ways, a terminal lake, which has only inlets but no outlet, will
gradually accumulate salts. The only difference is that the world
ocean has been at it for so much longer, and therefore has built up
much more salt.
The ocean salt content built up early in the oceans’ life cycle. Over
time, the inputs and outputs of salts became closely balanced, so that
the salt content of the oceans had stabilized at around its present
composition and quantity many hundreds of millions or even well
over a billion years ago. Interactions between the different dissolved
ions that make up ocean salt are such that their relative proportions
do not change much any more. So ocean water becomes more salty
if water is evaporated off, or less salty if freshwater is added, but the
average composition of the salts within it hardly changes.
As we have seen, both temperature and oceanic salt content, or salinity, were established very early in Earth’s history. Spatial gradients
in these properties are essential for movement of the atmosphere
(temperature) and of the oceans (temperature and salinity). In consequence, we may safely infer that some form of atmospheric and
ocean circulation existed from the earliest of times. And circulation
is key for moving around heat, the ingredients of life, oxygen, and so
on. Without circulation, nothing much would happen.
Spatial temperature gradients are unavoidable over Earth’s surface because its spherical shape causes incoming solar radiation to
be stronger at low latitudes than at high latitudes, because cloud
patterns of whatever nature would always have imposed spatial gradients in reflectivity, and because land and sea surfaces have very different heat capacities. In consequence, there will always have been
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temperature contrasts on the surface of our planet. Temperature
contrasts set up airflows that drive atmospheric heat transport, in a
bid to compensate for net warming in some regions, and net cooling in other regions. Airflow means wind, and wind imposes drag
on surface water. This sets in motion a surface circulation system of
currents, small and large turbulent eddies, and enormous spinning
current systems, or gyres, which can span the entire width of ocean
basins.
The large-scale atmospheric-surface pressure systems, which result
from low-latitude warming and polar cooling on a spinning globe,
drive the major semipermanent or permanent wind systems. Key examples are the westward-blowing low-latitude trade winds, the eastward-
blowing midlatitude westerlies, and the westward-blowing polar easterlies. To some extent, with varying intensities and latitudinal ranges,
these systems will have been present at all times. Regional wind patterns result from interactions of these systems with the distribution of
land and sea, which changes through geologic time. In addition, there
are multiyear to decadal ocean-atmosphere interaction cycles, such as
the El Niño Southern Oscillation, the North Atlantic Oscillation, the
Arctic Oscillation, the Pacific Decadal Oscillation, and the Antarctic
Oscillation. And finally, on even shorter time scales, we have the seasonal monsoons, and of course all the storms and other instabilities
that make up the weather. All of these systems affect surface wind pat
terns and intensities, and thus surface-ocean circulation.
Long-term average surface-ocean circulation is dominated by long-
term persistent wind systems. For instance, the combined action of
the trade winds and midlatitude westerlies maintains big oceanic
gyres between the equator and about 40 to 50 degrees of latitude in all
ocean basins, which spin clockwise on the northern hemisphere and
anticlockwise on the southern hemisphere. Earth’s rotation squashes
these gyres up against the western margins of the ocean basins, where
they give rise to particularly powerful western boundary currents, such
as the Gulf Stream in the North Atlantic, and the Kuroshio Current
in the North Pacific. Another example of a long-term persistent wind
system concerns the powerful and uninterrupted (by land) midlati
tude westerlies of the southern hemisphere—known as the Roaring
Forties and Furious Fifties. These drive the most powerful current of
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all: the Antarctic Circumpolar Current (ACC), which itself also wraps
around the globe uninterrupted by land. Surface circulation generally
affects only the upper few hundred meters of the oceans, but more
than 30 million years of unimpeded driving by an amazingly persistent and intense wind system has allowed the ACC to extend from
surface to seafloor throughout the Southern Ocean. The ACC truly
is the great mixer of the world ocean.
Large-scale surface-ocean gyres likely existed as long as there have
been oceans, since their driving wind systems—trades, westerlies, and
polar easterlies—will have existed in some form and intensity in response to low-to-high-latitude temperature gradients on a rotating
planet globe. In turn, western boundary currents will have existed
whenever gyres were developed, as the planet’s rotation would always
squash gyres against western oceanic margins. Thus, reasonable expectations can be formulated for past large-scale surface-circulation patterns, based on estimates of the planet’s surface-temperature gradients
and past land-sea distribution, including any major ocean passageways
between basins (figure 6). But in the discussion of ocean history, we
are even more interested in deep-sea circulation, as it affects some
90% of the world ocean’s volume, dominates property distributions
through the oceans, and has been remarkably variable through time.
Deep-sea circulation depends on subtle, relatively small-scale processes
and contrasts between water masses, and therefore is considerably
harder to estimate.
Deep-sea circulation is driven by seawater density differences. New
deep water is formed from surface water in areas where temperature
and salinity conditions cause surface densities that are similarly high
to those at depth. This allows vertical mixing of the water column.
Continuous supply of dense water from the surface sets up a flow of
water down to the depth where it belongs according to its density in
relation to the vertical density profile in the region. Then it spreads
sideways, displacing less dense ambient water upward. The ambient
water had become less dense because of turbulent mixing, which almost always develops as water moves, and especially as newly formed
deep water sinks through the water column. Mixing is also amplified
over rough seafloor topography. But what actually determines seawater density in the first place?
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Figure 6. Wind-driven surface-circulation patterns in today’s oceans (top), and—in highly
schematic form—at selected past time slices (lower panels). In the present-day panel, M in the
northern Indian Ocean marks a current that reverses seasonally in response to Asian monsoon
changes. Ancient surface circulations have not been recorded by measurable properties, and
thus are shown for illustration only using considerable artistic license (along with any modeling information), based on general principles of wind-driven circulation in interaction with
continental distributions. Ma stands for millions of years ago.
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Seawater density depends on three things: pressure, temperature,
and salinity. Pressure in the oceans is just a function of depth. As a
rule of thumb, pressure goes up by about 1 atmosphere for every
10 meters of depth. So, at the very surface, pressure is 1 atmosphere (the
atmospheric pressure), at 10 meters’ depth it is about 2 atmospheres,
at 20 meters’ depth it is about 3 atmospheres, and so on. The increase
is not exactly 1 atmosphere per 10 meters, but just a bit less. As a result, pressure at 4000 meters’ depth is closer to 398 atmospheres. The
very high pressures in the deep sea cause the water to be compressed a
little. This implies a reduction in volume for the same mass, and thus
an increase in density (mass per volume). But water is pretty amazing
because it is not actually that compressible at all. Even at 4000 meters’ depth, seawater is compressed by less than 2%. In consequence,
the influence of pressure on density is very small in the oceans. I will
ignore it here, as it’s not needed for our further discussions.
This leaves us with the two main influences on seawater density:
temperature and salinity. As a result of the dissolved salts, seawater
freezes at a lower temperature than freshwater—namely, at around
−1.9°C. Like freshwater, seawater expands as temperature increases.
Freshwater is a bit special in that it reaches its highest density at 4°C,
even though the freezing point is lower at 0°C, which is why the
deep-water temperature in deep lakes of cold regions is 4°C. Because
of the salt it contains, seawater shows none of that funny behavior.
Instead, seawater reaches its highest density at its freezing temperature of about −1.9°C, and then steadily expands, and thus becomes
less dense, as temperature goes up. This temperature dependence
is technically referred to as “thermal expansion.” Today, ocean temperatures vary over a wide global range between the freezing point
and more than 30°C, and all the high values are restricted to the
upper few hundred meters; deep-sea temperatures range between
about 0°C and 3°C, around a global average deep-sea value of about
2°C. Yes, believe me, the deep sea really is that cold, even today in a
relatively warm interlude between ice ages. I have had many painful reminders of it during research cruises, when we were rinsing
and overfilling sample bottles on deck from the containers that had
brought the water up—a set of those swiftly reduces your fingers to
numb icicles. During the last ice age, about 25,000 to 19,000 years
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ago, deep-sea waters were even closer to the freezing point, so it’s just
as well that our ancestors weren’t tempted to go sampling them. We
will see that, during really warm episodes in Earth’s history, like the
time of the dinosaurs, deep-sea temperatures did manage to rise to
15°C or even 20°C. This represents a remarkably major amount of
excess heat storage relative to the present.
Ocean temperature increases by absorption of incoming solar radiation. It decreases by emission of long-wave radiation, loss of so-called
“latent heat” upon evaporation, and transfer of heat by conduction
and convection. But let’s not get distracted by what these various
terms exactly mean. The important bit is that heat exchange happens
almost exclusively at the ocean surface. There is a very small geothermal heat component through the ocean crust; it’s tiny compared with
the other terms. As a result, temperature behaves conservatively in the
interior of the ocean, which means that it changes only as a result of
circulation and mixing with other water masses. Surface temperature
is high in low latitudes, and gets lower toward high latitudes. In our
example of the time of the dinosaurs with really warm deep-sea conditions, therefore, it must have taken a long time for the heat to enter
the deep sea from the surface, through circulation and mixing. Also,
we can infer that the coldest surface areas must have been at least of
the same temperatures as the deep sea at that time.
Salinity is the other property that affects sea-water density. On av
erage, the proportion of dissolved salts in seawater is close to 35 grams
per kilogram. Modern measurements of salinity are made using conductivity, relative to an international standard. Because they are made
in relative terms, such measurements no longer have units to mention. So we’d simply say that “the salinity is 35.” It may feel a bit odd
at first, but you’ll soon get used to it. As the salinity goes up, seawater
density goes up as well; in technical terms, we speak about “saline
contraction.” The modern global salinity of seawater mostly ranges
between 33 and 37, but in some places like the Red Sea it can go up
to 40. Also, it can drop to well below 30 in exceptional places with a
lot of freshwater input. Completely pure (distilled) freshwater has a
salinity of zero.
Seawater salinity goes up because of freshwater removal by evaporation, and goes down because of freshwater addition. Both these
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processes are limited to the sea surface and depend on the atmospheric freshwater cycle. Surface-water salinity is high in evaporative subtropical regions, and lower in rainy equatorial regions and
especially in low-evaporative and rainy mid-to high-latitude regions.
Within the interior of the oceans, however, salinity can change only
through mixing with other water masses; like temperature, salinity
behaves conservatively in the interior of the oceans. In consequence,
salinity is an excellent property for tracing water masses from one
place to the next.
The influences of temperature and salinity on seawater density
depend on each other. When considering the impacts on deep-sea circulation, we can focus on an appropriate deep-sea temperature range
for most of Earth’s history. During the last ice age, a cold interlude of
the current icehouse period, average deep-sea temperature was about
0°C. Today, average deep-sea temperature is close to 2°C. We will see
that deep-sea temperature was about 8°C at around 60 million years
ago, increasing to about 12°C at around 50 million years ago. Dur
ing much of the warm Mesozoic greenhouse period of the dinosaurs,
deep-sea temperature seems to have been 10°C to 12°C as well, with
highest reported values for any time of up to 20°C. In short, the temperature window over which we need to consider temperature and salinity impacts on density spans a range from a minimum of −1.9°C to a
maximum of 20°C. Within this deep-sea-temperature window, a given
salinity change has more impact on density at low temperatures than
at high temperatures, while a given temperature change has less impact on density at low salinity than at high salinity. Given that global
average temperature has changed considerably over Earth’s history,
the salinity sensitivity change at different background temperatures
is the most important here. Deep-sea “background” temperatures responded to those changes within a few thousand years, as a result of
deep-ocean circulation.
For a mental image of how temperature and salinity can drive
deep-sea circulation, consider our modern situation. Today, we still
are unmistakably living in an icehouse world, with vast ice coverage
that varies greatly over time scales of tens of thousands to hundreds
of thousands of years. The most recent ice age may have ended about
19,000 years ago, but Antarctica, the continent over the south pole,
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still is completely covered in ice. In the high latitudes of the northern
hemisphere, there is another major continental ice sheet (Greenland),
along with many smaller ice caps such as those in Alaska. The Arctic Ocean contains a large sea-ice cover, part of which—for the time
being—still survives through summer. The average temperature of
the entire world ocean is only 3.5°C, because it is dominated for more
than 90% by the massive deep sea, which is only about 2°C. We are
living in a very cold world, which is clear for all to see from the geologic record; it’s a low-CO2 world, with a natural level of 280 ppm for
warm interludes like the current one and a level of 180 ppm during
ice ages. Of course, we’re changing this very rapidly now, through
human-induced emissions, and have already reached 400 ppm.
During icehouse conditions, the low latitudes are a bit cooler than
during warm greenhouse climate states, such as the Cretaceous period of about 145 to 66 million years ago. Most notably, however, the
high-latitude polar regions are very cold because of the ice and snow
cover at high latitudes, which reflects a lot of incoming solar radiation. As a result, very strong temperature gradients exist in the oceans
and over land. With persistent freezing conditions, high latitudes are
the key regions of high surface-water density. This is especially true
at the margins of sea-ice cover, where brine rejection makes the water more saline, and in places like the North Atlantic where high-
salinity subtropical water is brought poleward by the Gulf Stream.
These salinity additions in cold regions create optimum high-density
conditions.
High-density surface water sinks down into the interior of the
oceans, setting up a vigorous deep-water circulation. The return upward flow is achieved by turbulent mixing within the interior of the
oceans, as mentioned above. The first to advance a concept of cold
deep currents that originate from the poles was Benjamin Thompson, Count Rumford, in the late 1790s. But it was not until the late
1920s that the Austrian oceanographer Albert Defant introduced the
modern concept, which includes the roles of both temperature and
salinity, and which he accordingly named the “thermohaline circulation” (figure 7).
Water formed in the high-latitude North Atlantic is relatively saline owing to the subtropical influence. Strong cooling transforms
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Figure 7. Schematic representation of the interconnected “conveyor-belt” circulation in today’s world ocean (top panel), with vertical cross-section through the Atlantic Ocean that
shows the main water masses (bottom panel). In the top panel, deep currents (dark gray, dashed
arrows) emanate from regions of deep-water formation (hatched), and eventually reconnect
with returning surface currents (light gray arrows). AABW, Antarctic Bottom Water; AAIW, Antarctic Intermediate Water; NADW, North Atlantic Deep Water.

it into a water mass called the North Atlantic Deep Water (NADW),
which spreads southward throughout the Atlantic at depths of several hundred to about 3500 meters. Below the NADW and down to
the greatest depths, the Atlantic is filled with Antarctic Bottom Water
(AABW), which originates from processes associated with freezing in

For general queries, contact webmaster@press.princeton.edu

© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

ORIGINS

43

the sea-ice-covered Weddell Sea (see figure 7). Sea ice has a very low
salinity, which means that salt is not included when seawater freezes
to form sea ice. The salt is rejected as high-salinity brine into the remaining seawater, so that surface-water salinity goes up around areas
with active sea-ice formation. This water is also very cold—almost
frozen. The combination of injected salt brine and very low temperatures makes regions of sea-ice formation prime candidates for
new deep-water formation. The AABW spills over into the Southern
Ocean, and then spreads northward in the Atlantic at great depth.
Above the NADW, another water mass from the high southern latitudes extends northward, up to about 20° N. This is the less saline
but cold Antarctic Intermediate Water (AAIW), at depths of about
700 to 1200 meters.
Intense mixing in the violent Southern Ocean around Antarctica
creates a single water mass called Circumpolar Deep Water (CDW)
from combination of NADW and AABW. This CDW flows northward into the Indian and Pacific Oceans, filling them from the greatest depths up to 1200 meters or so. Above that, between roughly 700
and 1200 meters, the less saline but cold AAIW also spreads northward into these oceans.
There are two minor regions of deep-water formation in the mod
ern ocean that are strikingly different from the dominant high-latitude
regions. These are the Mediterranean Sea, and the combined Red Sea
and Persian Gulf. Deep waters formed in those arid regions have high
salinities of 38 to 40 and are relatively warm, at about 13°C for the
Mediterranean and 23°C for the Red Sea. Outflow from the Mediterranean is only 2°C or 3°C colder than inflow from the Atlantic, and for
the Red Sea outflow this difference is only 0.5°C. This indicates that
deep-water formation in these basins, located in warm and arid subtropical regions, depends more on salinity increase than on cooling.
As such, the processes of deep-water formation in these basins have often been considered similar to the warm deep-water formation of past
greenhouse periods, when no strong temperature gradients existed.
We will have a look at this when our discussion gets to the Mesozoic.
As new deep waters enter into the interior of the oceans, they displace ambient, less dense waters, as mentioned above. These displacements eventually come close enough to the surface that they become
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entrained into the wind-driven surface circulation. Surface circulation is connected between ocean basins through openings such as—
for example—the sea straits through the Indonesian archipelago, the
passage around Cape Horn, Drake’s Passage, and the Bering Strait.
By means of the surface circulation, the entrained former deep waters from the ocean interior are returned toward regions of deep-
water formation, closing the loop that is sometimes referred to as the
“conveyor-belt circulation” (see figure 7, upper panel).
Deep-water circulation is how the deep sea breathes. It is the only
means of transporting oxygen into the deep sea. The oxygen enters
surface water through gas exchange (or equilibration) with the atmosphere, which is dependent on atmospheric oxygen concentrations,
water temperature, and—to a lesser extent—water salinity. In regions
of deep-water formation, it is then carried from the surface into the
deep sea within the newly formed deep water. Oxygen is more soluble in water at low temperatures than at high temperatures; from
0°C to 30°C, the oxygen solubility drops by almost 50%. For a given
atmospheric oxygen concentration, this means that cold water can
hold more oxygen than warm water. As a result, mechanisms of cold
deep-water formation are more efficient at oxygenating the deep sea
than mechanisms of warm deep-water formation.
All major deep-water masses in today’s oceans are cold. They were
efficiently formed in large volumes from cold high-latitude surface
waters that absorbed a lot of oxygen through gas exchange with the
atmosphere. Thus, the modern ocean has a vigorous deep-sea circulation, involving water masses that—at source—start off with high
oxygen concentrations. This results in a modern deep ocean that is,
overall, well oxygenated. As oxygen is critical to the metabolic processes by which animals oxidize, or burn, their organic food matter
to obtain energy, high oxygen concentrations offer relatively easy liv
ing conditions for most, except for low-oxygen specialists. Waters
that contain no oxygen (anoxic), or even free hydrogen sulfide (eu
xinic), are lethal to most animals. This is clearly illustrated in so-called
“dead zones,” where runoff of fertilizer, wastewater, or sewage into
coastal settings or lakes creates massive algal blooms, whose decomposition depletes all the dissolved oxygen. Under such conditions,
massive mortality occurs throughout the ecosystem. Most of us will
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have seen the devastation of anoxic conditions in ditches, ponds, or
even in a fish tank if that broken air pump was ignored for too long.
Li f e , Ox yg e n , a n d C a rbon
The origin of life from chemical compounds is a topic of great debate.
At some stage, three major classes of biomolecules need to have arrived
at the scene: amino acids, nucleic acids, and lipids. These are essential
for the earliest forms of life to start up. The compounds may have
been carried onto Earth by comets, as suggested by the recent findings
of the European Space Agency’s Rosetta mission. Alternatively, these
compounds may have formed on Earth from reactions that involve
hydrogen cyanide, hydrogen sulfide, and ultraviolet light. The hydrogen cyanide may have been imported by comets, which contain quite
a bit of it, or may have formed from reactions between hydrogen, carbon, and nitrogen that were triggered by the energy of comet impacts.
Hydrogen sulfide was abundantly present on early Earth, and so was
ultraviolet light. We won’t go into this hotly debated topic any further,
and instead jump to the point where life in a cellular shape appeared.
Tracing the beginning of cellular life is a game of molecular cat
and mouse. Finding signs of early life begins with finding the oldest
rocks on Earth—not an easy feat in itself. Back then, life was single
celled, on the scale of bacteria. There are billions upon billions of
bacteria around us and inside us every moment of our lives, but how
many have you actually ever seen? With that in mind, imagine going
to some extremely ancient rocks and trying to find fossilized remains
of these tiniest of organisms. If no organic matter is preserved, then
you can forget it immediately. If it is preserved at all, then the vast
bulk of it will be degraded and shapeless after billions of years. But
over time, researchers have been finding more and more evidence,
and have been gaining more and more detailed insights. The search
for early life has turned into a search for the oldest strategies used to
make organic matter from inorganic compounds: synthesis. This requires energy, which can be had from sunlight, leading to photosynthesis, or from chemical reactions, leading to chemosynthesis. Either
way, it’s widely accepted that it happened in watery environments.
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When we go looking for the functional equivalent of photosynthesizing land plants in today’s oceans, our eye is drawn to algae.
As a technical aside, note that genetic research has classed some marine algae among the plants under the supergroup Archaeplastida,
and most of them in another supergroup called Chromalveolata. In
brief, the genetic studies found that life is organized in much more
complex lineages than the traditional subdivisions of animals, plants,
fungi, and protists that used to be taught in times before genetic research got involved (including the times that I went to university; at
which time we used the name protists for all unicellular eukaryotes—
organisms with cells that contain a nucleus and other organelles, enclosed within membranes). Algae produce organic tissue via the process of photosynthesis. But when we look in more detail, it turns out
that the real masters of this game are not the algae themselves, but
bacteria. The chloroplasts that do the job of photosynthesis within
multicellular organisms such as algae and plants started out as symbiontic photosynthesizing bacteria called cyanobacteria. Yet life did
not likely start with photosynthesis, as photosynthesis requires complex reactions that in turn require complex organic compounds.
We saw previously that the early Earth’s atmosphere and oceans con
tained no free oxygen. So, early life must have developed in the absence of free oxygen, which means that there are two possible pathways, either chemosynthesis or non-oxygen-producing “anoxygenic”
photosynthesis. This makes sense because no living matter can form
spontaneously from inorganic compounds in a world with free oxygen, where organic matter is too rapidly oxidized (it decays).
For some time, the very first chemical traces of life were known
from graphite in sedimentary rocks in Greenland, dating back to
3.7 billion years ago (see figure 1). The first known actual fossils of
life were microbial mats dating back to about 3.48 billion years ago,
which were discovered in the Pilbara region of Western Australia. And
by 3.43 billion years ago, more complex microbial mat structures,
called stromatolites, formed a shallow-water reef-type formation that
was also found in the Pilbara region. Very recently, these findings were
trumped by a new finding of stromatolite fossils in southwestern
Greenland that date back to 3.7 billion years ago. Similar stromatolite
structures still exist today, most notably in Shark Bay, Western Austra-
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lia. These mounds comprise layers of microbial mats of cyanobacteria,
or blue-green algae, in shallow waters where sunlight provides the energy needed to synthesize organic tissue; these organisms are photosynthesizing. But that does not mean that the organisms that built
up the ancient stromatolites necessarily produced oxygen. The production of oxygen in photosynthesis relies on the “oxygenic” pathway
of photosynthesis. Instead, the most ancient type of photosynthesis
known is that of purple sulfur bacteria, which follow the anoxygenic
pathway that produces hydrogen sulfide (H2S; infamous for its rotten-
eggs smell) rather than oxygen. Today, both pathways are known to be
active in different levels of stromatolite mounds, and some species of
cyanobacteria can actually photosynthesize using either pathway.
So, might anoxygenic photosynthesis be the first way in which life
managed to synthesize organic tissue? Not likely. Chemosynthesis
is still the way most researchers consider to be the most ancient. A
common train of thought is that the last universal common ancestor (LUCA) of all three major groups of life on Earth—the Bacteria,
Archaea, and Eukarya—was similar to the types of high-temperature-
resistant microbes seen on hydrothermal vents. In those pitch-dark
deep-sea environments, chemosynthesis is the key process.
A complicating twist to the tale arose when it was discovered
that tolerance to high temperatures is a more recent adaptation, and
therefore that LUCA more likely lived in temperatures below about
50°C. That opens up the possibility that it lived at or near the surface,
with access to light, chalking up one point in favor of potential photosynthesis. But then, chemosynthetic microbial communities have
been found living inside oceanic crust at much lower temperatures
than those seen at vents. For example, an extensive community has
been found at a location with temperatures around 65°C, at 350 to
580 meters’ depth inside ocean crust, which relies on chemical reactions between iron-rich basaltic crust material and seawater that
enters the crust through cracks. And chemosynthesis is now also well
known from many other relatively cool environments. So nothing is
ruled out yet; the search is still on. For now, chemosynthesis remains
firmly in the lead as the favored process for early life.
After LUCA, life split into three primary lines of descent, but there
remains much debate about exactly how this happened. Regardless,
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we ended up with one line that led to the Bacteria, including photo
synthetic bacteria, and another that led to the Archaea. These all con
sist of small, simple cells without a nucleus or other organelles, which are
known as prokaryotes. The third lineage gave rise to the Eukarya. Eukarya have cells of the previously mentioned eukaryotic type, which are
larger and have a nucleus and organelles such as the mitochondria. The
Eukarya eventually developed into a very rich diversity that includes
all higher multicellular plants and animals, as well as many single-
celled organisms such as slime molds, flagellates, amoebae, and—crit
ical in today’s ocean plankton—a wide variety of photosynthesizing
algae and both grazing and predating/scavenging foraminifera.
It is thought that the primary splits into Bacteria, Archaea, and Eukarya may pre-date even the oldest fossil stromatolites, in which case
all three main lineages are extremely ancient. What is not known is
when the early Eukarya began to develop what we now consider to
be the typical eukaryotic cell type. But fossils of the tube-shaped Grypania from Michigan indicate that this happened nearly two billion
years ago.
At some stage, photosynthetic bacteria entered eukaryotic cells,
probably by being ingested for food in the first place, and survived.
Surviving inside the larger cells, their photosynthesis provided food
to both themselves and the host cells, and eventually the photosynthetic bacteria replicated inside the hosts. The replication of such
bacteria occurs by asexual cell division, and therefore is simpler and
easier to continue than sexual reproduction would be. A stable symbiontic relationship developed.
Not long before one billion years ago, the eukaryotes had split into
a line that had become capable of photosynthesis, and that started the
lineages of plants and algae, and other lineages including those leading toward fungi and animals. Multicellular algae, or colonies of unicellular algae, first appeared before 1 billion years ago; recent findings
in China date back to 1.56 billion years ago. Animals, by definition
multicellular, appeared at around 0.9 billion years ago. The period
from roughly 2 to 1 billion years ago is sometimes referred to as the
“boring billion” for its lack of obvious evolutionary changes.
And then, finally, after some four billion years of Earth history, we
get to the appearance of macroscopic animals. As far as we know from
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the fossil record—and we may well be missing information because
it has not been preserved or it has not been found yet—there were at
least two explosions of macroscopic life, when surprisingly diverse biota burst onto the scene (see figure 1). First came the Avalon explosion
of the Ediacaran biota between 575 and 542 million years ago. The Ediacaran biota went extinct toward the end of this period. Then followed
the more famous Cambrian explosion between 542 and 520 million
years ago. All this was taking place in the seas, or at least in water.
The first primitive plants appeared on land, along with fungi,
roughly 450 million years ago. Intriguingly, though, lobster-sized cen
tipede marine animals seem to have at least temporarily checked out
“what’s cooking” on land well before that, as early as 530 million
years ago, leaving fossilized footprints. Experts conjecture that they
probably went ashore only to mate and lay eggs, as do modern horseshoe crabs, or that they were trying to escape predators or scavenging
for food. I guess they may not have liked it much, finding only bare
rock and rivers and pools with bacterial slime and algae. In any case, it
took another 30 million years before animals properly ventured onto
land; scorpion-like animals were among the first to do so, at around
420 million years ago. The first vertebrate animal known to have oc
curred on land dates back to roughly 375 million years ago. It is
known as Tiktaalik, a type of lobe-finned fish that represents an evolutionary transition between fish and amphibians.
We cannot go through the development of life without considering the history of oxygen and the cycling of carbon in the atmosphere and ocean, as these are all closely related. In the following, I
will briefly outline the main points, and will add further details at
relevant points along our journey through ocean history.
Oxygenic photosynthesis is more efficient than anoxygenic photosynthesis. The earliest stromatolites are thought to have consisted of
cyanobacteria or similar organisms, initially using anoxygenic photosynthesis only. They appear to have added the new trick of oxygenic
photosynthesis at around 2.8 or even 3.2 billion years ago. It is hard to
pinpoint exactly when oxygen first started to be produced. The early atmosphere and ocean were full of reduced chemical compounds, meaning they existed in a nonoxidized state. As soon as some oxygen was
produced, it would have been consumed directly in chemical reactions
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oxidizing these reduced compounds. This means that we would not see
any significant signs of free oxygen, even if some of it were produced.
By about 2.5 billion years ago, oxygen production accelerated,
which we recognize by means of the onset of the Great Oxygenation
Event (see figure 1). Chemical data suggest that the first oxygen-
breathing life (types of bacteria) on land may have appeared about
2.48 billion years ago, which would indicate that some free oxygen
had become available in the atmosphere by that time. Other evidence comes from the formation of oxidized iron deposits on land,
known as redbeds, and from a major increase in deposition of so-
called “banded iron formations” (BIFs) between about 2.5 and 2.3 billion years ago. BIFs are underwater depositions of oxidized iron in
truly gargantuan quantities—most iron mining today relies on these
deposits, including the intense mining in Australia.
The deposition of BIFs continued for a long time after their peak
onset, at least until 2 and possibly 1.8 billion years ago. Given that
reduced iron is soluble in water, while oxidized iron is not, the deposition of BIFs is strong evidence that the oceans began to receive oxygen, but also that all the oxygen was drawn out straightaway by chemical oxidation reactions. Because of atmosphere-ocean gas exchange,
this also kept atmospheric oxygen levels low, and the first convincing
evidence for increasing oxygen levels comes from the appearance of
complex multicellular life at around one billion years ago.
Life’s impacts on carbon cycling start at the foundation of food
webs with primary production, a technical term for the production
of organic tissue via photosynthesis or chemosynthesis. The term food
web is perhaps more familiar in its previous guise of food chain. But
the flow of   food from primary productivity upward is rarely in one sin
gle direction, as the word chain would suggest. The revised term of
food web is a more appropriate reflection of the complexity of the actual links. In the modern oceans, photosynthesis is by far the predominant process for new organic-matter generation. The primary productivity from this process therefore feeds most of the world ocean’s
inhabitants, as well as birds and land animals that eat food from the
ocean. Chemosynthesis cannot be ignored, but it has much less impact.
Let’s have a look in a bit more detail. Sunlight penetrates from
the surface down into the water column to a maximum of about

For general queries, contact webmaster@press.princeton.edu

© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

ORIGINS

51

200 meters, but commonly much less than that. This illuminated
layer, down to a depth where the light intensity is reduced to 1% of
that at the surface, is called the photic layer. Organic tissue can be
chemically summarized as a carbohydrate, or CH2O. Primary production through photosynthesis can then be represented as: CO2 +
H2O → CH2O + O2, and the energy for this reaction is obtained from
sunlight. Decomposition of organic matter, often referred to as respiration, follows the opposite direction: CH2O + O2 → CO2 + H2O.
The decomposition reaction releases energy, which is how you and
I—and animals in general—obtain our energy: we eat organic matter, react it with oxygen that we breathe in (we oxidize the organic
matter), gain the energy, and breathe out the CO2. As for the water,
you can probably guess. So, plants consume CO2 and nutrients and
produce organic matter and oxygen, while decomposition—either
inside guts or outside them—consumes organic matter and oxygen
and releases CO2, nutrients, and energy.
The food produced in the oceans’ photic layer doesn’t just feed ecosystems of swimmers (the pelagics) in the upper few hundred meters,
but—through sinking of dead matter to the deep sea and seafloor—
also pelagic animals in the deep sea and animals living on and in the
seafloor (the benthics). The flow of food energy and nutrients in the
ocean therefore goes from the top to the seafloor. We call this the biological pump. Put plainly, the deep sea is fed by corpses and excrement.
Marine pelagic food webs can be remarkably short. In productive
regions, such as places where deep water laden with nutrients is circulated or “upwelling” toward the surface where there is abundant
sunlight, the links can run very fast from marine algae to zooplankton to the largest animals like whales. In such systems, there is such
plentiful resupply of nutrients that the ecosystem can be quite waste
ful, and a considerable portion of dead and decaying matter sinks out
of the photic layer toward the seafloor. In most of the oceans, nutrient
resupply is much weaker, and this favors a very complex network of
links with highly efficient recycling of matter through lots of specialist organisms that occupy narrow ecological windows, or niches. In
such regions, not much organic matter drops out of the photic layer.
On average, between 1% and 25% of the organic matter formed by
photosynthesis drops out of the photic layer. Of this, 9 out of 10 parts
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Figure 8. Schematic of key carbon reservoirs and rates of carbon exchange between them.
The asterisk with fossil-fuel emission indicates an artificial net addition to the atmosphere-
hydrosphere-biosphere system that is not further included in the natural equilibrium exchanges
shown in the diagram (roughly 40% of it goes into the ocean, and 60% stays in the atmosphere). GtC is gigatonnes of carbon, where one gigatonne = one billion metric tons.

are recycled in the deep pelagic and benthic ecosystems, and only 1
out of 10 parts is buried in the seafloor sediments. So, on average,
only something between 0.1% and 2.5% of organic matter produced
in the photic layer is lost from the oceanic ecosystems by being buried away in the sediment. The proportion of buried organic matter
is above average under the more wasteful upwelling regions, and below average under the more efficiently recycling regions where new
nutrient supply is very low.
The proportion of organic matter that gets buried in the sediments
represents a net loss of carbon from the ocean-atmosphere system.
Given enough time—in the order of many thousands to millions of
years—this loss can build up a large net carbon removal from that
system, reducing CO2 levels. That lost carbon only gets back into the
atmosphere-ocean system when the carbon-containing sediments
are uplifted and weathered, or when the ocean crust containing the
sediments is subducted and melted in the Earth mantle, followed by
volcanic outgassing (figure 8).
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Figure 9. Schematic representation of inorganic controls on carbon cycling associated with
the long-term cycle of plate tectonics and weathering.

On time scales of thousands of years, the biological pump of carbon from surface waters also removes CO2 from the atmosphere. But
on these time scales, the sediments are not involved, and we’re only
looking at a net movement of carbon from the atmosphere and uppermost ocean into the deep sea. Overall, the deep sea holds a lot
of carbon. Some of it is lost by interaction—over 10,000 years or
more—with carbonate in the sediments. This process is called carbonate compensation, and it involves the inorganic (mineral) carbon
cycle that revolves around the formation and burial of carbonate
shells and skeletal parts, and their dissolution at other times.
The organic side of the global carbon cycle is immediately obvious
when we think a little about life and death in the oceans. The inorganic (mineral) carbon cycle is much less familiar. I for one had never
heard much about it until my first introductions to Earth chemistry at university, and I don’t think it features in any high-school or
college curriculum even today. It’s straightforward in general terms
(figure 9). The key elements are weathering of rocks, which consumes
CO2, and burial of carbonates in ocean sediments (either as shell and
skeletal components, or as chemical precipitates) that are eventually
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taken into the Earth’s mantle via subduction, where they decarbonize to release CO2 that is outgassed by volcanoes. In detail, however,
the inorganic carbon cycle is complicated, especially in its interaction
with the organic carbon cycle. I will introduce appropriate details
where relevant to the various topics that will be discussed. In particular,
this will be in the Reverberations section of chapter 4, and in chapter 5.
But at this initial stage, we do need to mark a few key steps in the
inorganic-carbon-cycle development through Earth history.
In the long time from the appearance of the first oceans (some
four billion years ago) to about 542 million years ago, the oceans
held very few to no organisms that formed carbonate skeletal parts.
Carbonate precipitation in those times occurred abiotically—that is,
purely chemically—with contributions from calcified cyanobacteria.
In reference to their limited content of life, the oceans of these times
are popularly referred to as carbonate Strangelove oceans, after a
mad nuclear-holocaust expert of the same name in the 1964 Stanley
Kubrick movie Dr. Strangelove. The name was first used in relation
to an ocean in which a mass extinction had (nearly) wiped out all
surface life.
From about 542 million years ago, organisms appeared that were
capable of building carbonate skeletal parts. These came to dominate the seafloor, especially in shallow-water regions. No open-ocean
carbonate-shelled plankton existed yet, which are technically known
as planktonic calcifiers. In reference to the scientific name of “neritic
zone” for shallow-water regions, the oceans of this time with predominant biological carbonate deposition in shallow regions have
been named Neritan oceans. Neritan ocean conditions prevailed until a major mass extinction at 252.3 million years ago.
After the extinction event of 252.3 million years ago, planktonic
calcifiers started to develop (see figure 2). Over about 100 million
years, they developed into a key driver of the inorganic carbon cycle.
They have remained so ever since, until today. In reference to the
Latin word creta, which means chalk, the oceans with planktonic calcifiers have been named Cretan oceans.
The shuffling of carbon between atmosphere and deep sea causes
CO2 fluctuations, of the order of thousands to a hundred thousand
years, that are important for climate. But as soon as the sedimentary
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inorganic carbon cycle gets involved too, there can be net loss that
leads to longer-term underlying fluctuations over time scales that
span many millions of years. Thus, life’s interactions with different
levels of the ocean and its sediments have caused greenhouse-gas
variations over a wide variety of time scales, all of which are relevant
to climate. And these interactions were of different natures and intensities in Strangelove (4 billion to 542 million years ago), Neritan
(542 to 252.3 million years ago), and Cretan oceans (252.3 million
years ago to present), because of their fundamental differences in the
processing of carbon.
This brings us to a point where we need to more systematically review the controls on climate, including its links with changes in the
world ocean and its internal geologic, chemical, and biological processes. These interactions between climate and the oceans represent a
complex web of processes that work in both directions: from climate
to the oceans, and from the oceans to climate. As we go through
these controls on climate change, we will encounter many examples
of the complex mutual influences and interactions. Once that context has been digested, we are ready to launch into our main case
histories of critical events in ocean history.
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