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Preface

Soil is often overlooked and underestimated. Yet all we are, and much of what
we have, came from the soil and will return there when we are done. By recy-
cling our dead and by purifying our water, soil saves us from disease. Soil
is an important carbon sink and neutralizer of weathering acids, mitigating
extreme greenhouse warmings of the geological past. Past cycles of life and
climate have also been cycles of soil. How such a humble substance does so
much is astounding and a topic to which these pages return again and again.
But additional mysteries are explored in this personal quest to understand the
long geological history of soil. How did it develop over the ages, this nurturer
of life, this filter of air, this political resource? Did life evolve from soil or soil
evolve from life? Were forests made by forest soils or forest soils made by
forests? Are nations built from or merely on their soils? Did global change
alter soils or did soils cause global change? These are difficult questions, but
fortunately soils have a fossil record. Fossil soils or paleosols are now recog-
nized to be abundant among sedimentary rocks. They are especially common
in colorful red beds and in grimy coal measures. This book is dedicated to
the ongoing task of deciphering this long fossil record of ancient landscapes
and the ecosystems they supported.

Eugene, USA Gregory J. Retallack
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A long view of soils and their biota backward into geological
time, showing major events in atmospheric history

and an outline of the chapters of this book

A paint-pot concretion found in a thick soil near Toongi,
New South Wales, Australia, has a dark, hard, red, outer
rind enclosing a soft, powdery yellow interior. These

are fragments of an ancient surface soil, stained red

and hard along the original soil cracks, but soft and yellow
in the interior of the weathered block defined by the soil
cracks

Thick (30 ft.), red, nodular, Miocene (16 million year old)
laterite on the beach at Long Reef, near Sydney, Australia,
with a sequence of red paleosols of Triassic geological age
(248 million years old) in the background

Cross section of an earthworm burrow, filled with fecal
pellets, some 248 million years old, from a fossil soil
north of Sydney, Australia. The margin of the burrow
has collapsed irregularly, but not before encrustation

with the iron-carbonate mineral, siderite, which has partly
rusted to the iron oxide mineral, hematite (reprinted
from Australian Journal of Earth Sciences, 1976,

with permission of Taylor and Francis)
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Reconstruction of Triassic (248 million year old) soils

and plants now exposed in the sea cliffs north of Sydney,
Australia. The Bald Hill Claystone and Newport and Garie
Formations are formally named units of rock whose
environments of deposition are reconstructed in this
diagram. The names in capitals are a variety of paleosol
types, each representing a distinct ancient ecosystem
(reprinted from Australian Journal of Earth Sciences, 1977,
with permission of Taylor and Francis)

The ancient Roman queen and king of the underworld,
Proserpina and Pluto, from a votive stele at Locroi
Epizephuroi, on the toe of Iraly (480—-450 BC). She holds
a cock and the spring crop of barley. He holds a wine bowl
and a branch of autumn pomegranates

A thick soil from an ancient forest, now cleared as a city
park, at the coastal cliff called the Skillion, in Terrigal,
New South Wales. Here the deeply weathered C horizon

is orange and white and extends 18 ft. below the topsoil
to fresh, gray-green rock. The soil consists of a dark gray,
surface (A) horizon over a brown, clayey, subsurface (Bt)
horizon. The man flying a kite gives an idea of scale
Cartoons of different kinds of soil recognized by the Soil
Conservation Service of the U.S. Department of Agriculture.
The sketches of vegetation are at a different scale than the soil
profiles, which are in blocks 5 ft. high. Different climatic
regimes are suggested by sun, cloud and rain symbols.
Time for soil formation, suggested by hourglass symbols,
ranges from only a few years in Entisols to hundreds

of thousands of years in Oxisols. Letters beside the soil
columns are a shorthand system of labels for different kinds
of soil horizons, and those in parentheses are common

but not essential to the definition of that soil type (reprinted
from Retallack 2019, Soils of the Past, with permission of ]
Wiley and Sons)

Maps of the distribution of 9 of the 12 soil orders

in the conterminous United States. Other soil orders are
too limited in area to represent at this scale. The other
three orders, Gelisols, Andisols, and Oxisols, are of very
limited distribution in this area (reprinted courtesy of U.S.
Department of Agriculture, National Resource Conservation
Service)
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Salcantay Peak (17,293 ft. or 5271 m), girt by glaciers,
rises above the clouds and Amazonian rain forest,

in the Cordillera Vilcabamba, Peru. Here young glacial
Gelisol soils are within view of ancient, deeply weathered,
Oxisol soils of tropical, rain forest

Greenland ice core records of oxygen isotopes reveal
fluctuation of temperature over the past ten thousand years.
The isotopic values are relative to an arbitrary standard

of a fossil shell from South Carolina, and the temperatures
are inferred from laboratory experiments. Warm periods
correlate with major flowerings of civilization, whereas cold
periods correspond with disasters for human populations
The Lion Gate and Upper Grave circle of unroofed
bechive tombs, at the Bronze age (3600 years ago) citadel
of Mycenae, Greece. The bechive shape and long entry
passage may have been a symbolic addition of a uterus

to Mother Earth as part of an archaic goddess cult
Langdale Pikes (mountains) overlooking orderly fields
rimmed by stone fences and a Scots pine (Pinus sylvestris)
in the Lake District of England. Hard volcanic tuffs

of the Langdale peaks were quarried for Neolithic hand axes
as long ago as 8000 years. The lowland clayey soils are now
pastures enclosed by stone fences, and were cleared of forests
only a thousand years ago, long after cultivation of silty soils
on rolling ridges

An excavation near Red Tarn, in highlands of the central
Lake district, England. This sequence of peats and their
pollen and fossil stumps in a Histosol soil, records

the regional decline of elm (Ulmus) pollen some 5000
years ago, followed by local destruction of a birch (Betula)
woodland, to create heath some 4000 years ago
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Variations through time of atmospheric carbon dioxide
content on annual and millennial time scales. Annual
variation measured at Mauna Loa Observatory, Hawaii
(A), is only three months out of phase with temperature,
and is caused by spring draw-down of carbon dioxide

by photosynthesis and fall rise of carbon dioxide due

to soil respiration. Multimillennial variation in carbon
dioxide abundance measured from air bubbles in long
cores of ice from Vostok, Antarctica (B), is in phase

with temperature changes that can be inferred from isotopic
composition of oxygen in the same bubbles. The big
spike in this graph corresponds in time to the warm-wet
climate of the Sangamon paleosol, and smaller spikes
with the Farmdale and Gardena paleosols

Excavation of the Sangamon paleosol (130,000 years

old), Farmdale paleosol (40,000 years old) and Gardena
paleosol (20,000 years old), beneath boulder clays deposited
during the last glacial advance, in the steep banks of Farm
Creek, near Peoria, Illinois

The Castle, a mesa of red calcareous paleosols in central
Olduvai Gorge, Tanzania. Underlying these dry woodland
paleosols 0.8—1.2 million years old are gray and brown
grassland paleosols yielding important human ancestor
fossils as old as 1.8 million years

A human evolutionary tree shows a great diversity

of ancestors, here arranged in time and on an axis

that reflects increased brain volume. The range of brain
volume of some living and fossil apes is included

in a separate panel below. The climate curve and vegetation
is from paleosols in Kenya (reprinted from Retallack 2019,
Soils of the past, with permission from J. Wiley and Sons)
Paleosols within a sequence of rocks 4-8 million years old,
now tipped by mountain building so that the formerly
horizontal rock layers dip to the right, in the canyons

of Lothagam Hill, an oasis within the desert of northwestern
Kenya
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Two famous skulls found by Leakey family expeditions

in Kenya, contrasting the small brain, long snout,

and prominent canines of an early ape (left), with the large
brain, flat face, and reduced canines of an early human
ancestor (right). Ekembo heseloni (left) was found on Rusinga
Island by Mary Leakey during her husband Louis’ expedition
of 1948. Homo rudolfensis (right) was found in many pieces
at Koobi Fora by Bernard Ngeneco on Richard Leakey’s
expedition of 1972, and restored like a three dimensional
jigsaw puzzle by Richard’s wife Meave Leakey

Two superimposed, brown, grassland paleosols (Chogo
pedotype) 14 million years old interbedded with volcanic
sandstones in the main fossil quarry at Fort Ternan
National Monument, Kenya. The hammer handle extends
down vertically from the label through the upper paleosol,
which was buried by thick, volcanic sandstone. Both
paleosols have dark crumb structure like those of soils

in the area today, and imply comparable grassy vegetation
14 million years ago. The volcanic sandstones also preserve
common fossil grasses

Sketches of the distinctive crumb structure of soil clods

in the soft, organic surface of sod-grassland soils (Mollisol:
right), compared with the near-mollic clods of tussock
grasslands (Inceptisol: center) and the blocky clods of forest
soils (Alfisol: left), all drawn to the same scale

General features of a grass plant, as shown by western
wheatgrass (Agropyron smithii) (reprinted from Retallack
2019, Soils of the Past, with permission of J. Wiley and Sons)
Highly magnified view of the outer cells

of a 14-million-year-old (Miocene) fossil grass,
Cleistochloa kabuyis from Fort Ternan, Kenya. This species
has abundant dumbell-shaped opal bodies (phytoliths),

as in living heavily grazed grasses

A sequence of paleosols some 37-30 million years

old in the Pinnacles area of Badlands National Park,
South Dakota. The various named rock formations are
characterized by different colors and textures of the paleosols
within them. The two basal paleosols are named as soil
types or pedotypes, and formed on marine shale of late
Cretaceous age (68—70 million years old) and then river
deposits of Eocene age (3337 million years old)
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short-grass prairie beginning about 19 million years ago
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with permission of the Society for Sedimentary Geology) 86
The boundary between the Cretaceous and Tertiary

geological periods, some 66 million years ago, exposed
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Close-up view of the thin boundary beds that mark

the Cretaceous-Tertiary boundary at Brownie Butte,
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as fallout from a large asteroid impact in Yucatan, Mexico 93
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Reconstruction of a mid-Cretaceous (94 million years)
streamside in what is now central Kansas, U.S.A. Most

of the hills and floodplain are overgrown with conifers
similar to coastal redwoods (Sequoia condita), but the river
margins support mostly angiosperms including water lilies
(Aquatifolia fluitans) and woody shrubs of a sycamore-like
plant (Araliopsoides cretacea). The dinosaur is an early
ankylosaur (Silvisaurus condrayi)

Purple-mottled horizons of these badlands are formerly
forested Alfisol paleosols of Late Triassic age (230 million
years old) in the Blue Mesa area of Petrified Forest National
Park, Arizona, U.S.A.

Reconstruction of soils, plants and animals of Petrified
Forest National Park, Arizona, during Late Triassic
geological time, some 230 million years ago. Both the small
reptile Zecovasaurus and cow-turtle Placerias have been
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of the Dinofest Conference, 1997, with permission
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Philadelphia)
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Trilobites, rugose corals, and fusulinids were common

for hundreds of millions of years and then became extinct
at the Permian—Triassic boundary some 252 million years
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Rainbow Rocks

Paleosols, or buried soils, are widespread in multicolored badlands, and provide
evidence for climate and other surface conditions between episodes of sedimentation.

We are trained to see life as clean and soil as dirty, but life and soil are
not so different. Soils are born and die during catastrophic events such as
floods and landslides. Many lives are lost or established by such catastro-
phes. Between these end points, soils develop and grow by addition of clay
and organic matter from maturing populations of plants. Soils have multiple
metabolic pathways, not only of their contained multitudes of microbes, but
their own distinctive chemical reactions, such as weathering of feldspar to
clay. Soils reproduce when wind or water scatters their clay and dust across
the landscape. Thus soils can be viewed not only as nurturers of life, but as a
starter system for life itself, a form of protolife. Back to the beginning the line
between soil and life may have been fine enough to have been imperceptible,
as the tiniest nooks and crannies of soil continued their chemical reactions,
not in open intergranular spaces, but within the first isolating membranes of
the earliest cells. Could it be that, after all, we are but soil grown tall?

Soils are at the nexus of life and air, and fossil soils have changed substan-
tially over geological time as life and air evolved. Thus this book runs
backward into deep time to develop an appreciation of the coevolution of life
and soil over the ages that followed its origin in and as soil (Fig. 1.1). Never-
theless, the concept of a fossilized soil needs some explaining, as was made
clear by Vladimir Nabokov. The opening page of his novel Lolita mentions
paleopedology, the study of fossil soils, as the epitome of an obscure scientific
interest of Humbert Humbert. So allow me to explain fossil soils, and why 1
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Fig. 1.1 A long view of soils and their biota backward into geological time, showing
major events in atmospheric history and an outline of the chapters of this book

devoted an academic career to the study of something regarded as obscure by
Nabokov.

You have seen many fossil soils, even if you did not recognize them, in the
rainbow-colored landscapes of western movies. The enduring appeal of west-
erns derives in part from the freedom of time and space that is everywhere
apparent in the wide, open landscapes of the North American West. The
Bighorn Basin of northwestern Wyoming, for example, is a dusty rangeland of
sagebrush rimmed with furrowed badlands of crumbling clay. The badlands
are “bad” because they defy the efforts of ranchers to use them for pasture or
grain, or of pioneers to cross them in wagons. The untamed badlands are a
law unto themselves, a metaphor for the Old West itself. The badlands clays
are a riot of red, green, orange, brown, and yellow bands and splotches. The
beauty and fascination of Wyoming badlands was well expressed by Christina,
the four-year-old daughter of geologist Mary Kraus, who has returned to
Wyoming year after year to study these colorful rock exposures. “Those
are mommy’s rainbow rocks!” Christina once exclaimed. Her remark echoes
Navajo Native Americans, who call comparably colorful rocks of Capitol
Reef, Utah, “land of the sleeping rainbow.” Navajo elders sensed what modern
science has confirmed. The badlands are a record of events and environments
of the deep past. There is a common thread to these colorful rocks and others
like them in Bryce Canyon National Park, the Badlands of South Dakota,
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Color Photo 1.1 Early Cretaceous (112 million years), Alag (grey-purple Inceptisol),
Boro (red Inceptisol), and Mulani (Entisol) paleosols in the Zhonggou Formation at
Zanye Danxia Geopark, Gansu, China

Arizona’s Grand Canyon, the Flaming Cliffs of Mongolia, Olduvai Gorge of
Tanzania, the Ischigualasto badlands in Argentina, or the Flinders Ranges of
South Australia (Color Photos 1.1, 1.2). They include buried landscapes of
the past, represented by numerous fossil soils, or paleosols.

A paleosol is clay, silt, sand, gravel, or rock that was formed as a soil at
the Earth’s surface, and then was preserved, usually by burial, as a record
of a former landscape and its life. Between times of flooding and volcanic
eruption, grasses, trees, worms, and rabbits rooted and burrowed the freshly
created ground and worked it into productive soil. The product of this
concentrated biological work over long periods of time can include red,
blocky clays, or white, hard nodules, or black seams of coal. Each of these
materials form very distinct horizons in otherwise ordinary shales, sandstones
and conglomerates. Life and soil have had a long and intimate relationship.
When fossils are not preserved, paleosols may be the only records of past life.

The concept of paleosols can give surprising answers to what otherwise
would be complete mysteries, and my own appreciation of paleosols grew
slowly from childhood to adolescence. When I was a child, I lived in the dirt,
not in front of a computer screen, and my mother often urged me to “Go
play outside!” From the age of five I was fascinated with enigmatic, dark,
red, rocklike lumps in brown soils near Sydney, Australia. What on earth



4 G. J. Retallack

Color Photo 1.2 Oligocene (32 million years) Luca paleosols (red Alfisols) in the Big
Basin member of the John Day Formation in the Painted Hills, central Oregon

were they? These dark red nodules and concretions are difficult to characterize
succinctly because of their great variety. Their size ranges from that of peas to
tennis balls. In shape, they vary from spheres to misshapen lumps, like small
figurines that allow ample scope for childish imagination. Some are hard,
heavy and polished. Others are hollow and partially filled with dusty, yellow
ocher, a distinctive form called a paint-pot concretion (Fig. 1.2). Selected
nodules were prizes of my childhood rock collection arranged on cotton wool
in cigar boxes, or within the small compartments of boxes designed for fishing
tackle.

The nodules and concretions are widespread around Sydney, as I found in
moving between suburbs and schools, and that is one clue to their origin. It
does not seem to matter whether the soil containing them is gray and sticky,
brown and crumbly, or orange and hard. The hard, red lumps are in, on, and
under these very different soils. As the soils vary, so do their vegetation, but
soils under woodland, heath and meadow all contain similar nodules. Thus
it seems unlikely that the nodules were formed by any particular kind of soil
or vegetation. Nor does local bedrock seem to matter. They were not in any
particular rock layer, nor along faults or joints. Each excavation for building
foundations or roads in sandstone, shale, claystone or dolerite brings up a new
crop of dark reddish lumps. Unlike their surrounding shales that weather to



