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FOSSIL SOILS: INDICATORS OF ANCIENT
TERRESTRIAL ENVIRONMENTS

Greg Retallack

INTRODUCTION

The study of fossil soils, particularly those older than Pleistocene, is
now gaining widespread recognition as an emerging area of earth science.
Such studies have great potential for reconstructing ancient environments.
Fossil soils can provide evidence for the size and structure of ancient
vegetation and its location relative to sedimentary environments, for paleo-
topography, for depth to the water table and its chemistry, for rates om
relative sedimentation, subsidence and uplift, and for paleoclimate. Fossil .
soils are proving abundant and widespread in nonmarine rocks of all ages
and are the only aspect of the geology of many areas remaining completely
undescribed. Studies of fossil soils may commonly be combined with
existing studies of fossil plants and vertebrates, sedimentary m:sno:—:o:a,.
paleocurrents, and paleoclimates to give a detailed impression of ancient
environments and ecosystems.

As research on older fossil soils gains impetus, there is also the prospect
of documenting the diversification of the world’s soils through geological
time. Studies of fossil soils may provide critical evidence for understanding
the development of the modern atmosphere during the Precambrian and
early Paleozoic, the origin of terrestrial organisms during the late Precam-
brian and early Paleozoic, the first vascular land plants and the first forests
of the mid-Paleozoic, the emergence and spread of savanna and grassland
during the Tertiary, and the recent impact of human beings on the land
surfaces of the earth,

Compared to other branches of earth sciences so little is known of fossil
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FOSSIL SOILS | 57

In Quaternary Sediments

Fossil soils of Pleistocene and Recent age have been used for strati-
m_.wv:mom_ mapping in many parts of the world (Ruhe 1965; Gibbs 1971;
Paepe 1971; Jessup and Norris 1971). The “Sangamon soil” of North

‘America has been mapped from Ohio through Illinois to Texas over a

distance of more than 3,000 km. This and other fossil soils are useful
correlation surfaces in complex glacial and periglacial sediments. As map-
ping units these have usually been labeled “soil,” in accordance with the
American Code of Stratigraphic Nomenclature (American Commission on
Stratigraphic Nomenclature 1961). Suggested alternative names include
“pedoderm” (Brewer, Crook, and Speight 1970), “geosol” (Morrison _.comv.
and “profile”; the latter specifically for deeply weathered rock units of
uncertain relationships (Senior and Mabbutt 1979). The problems of
mapping Quaternary paleosols are ably discussed by Ruhe (1965). Similar
fossil soils may have formed under similar conditions and may not be the
same age everywhere. Soil formation may be progressively or locally
interrupted by sedimentation at different times and places. Particular care
must be taken when following fossil soils along strike as they may change
character where they formed in different parts of the landscape. .

Quaternary paleosols have also been used to reconstruct mzn_ﬂ:
environments. Ruhe (1970) found that the evidence of fossil soils was in
agreement with palynological and other evidence that ch: of Zo.:r
America now under prairie was wooded and received more rainfall a:ﬂ:m
the last interglacial. Similarly, LoZek (1967) has reconstructed the o:m:.m.:m
Pleistocene climate and vegetation of Czechoslovakia, largely on the basis of
fossil soils. One great advantage in interpreting younger fossil soils is that
they can often be matched closely with modern soils.

The problems with interpreting ancient environments ?oq.: Quaternary
paleosols are due largely to their occurrence on stable cratonic areas. m:o.:
land surfaces may be so stable that the same surficial material is w:ﬂ&. in
different ways by successively changing climates and vegetation. Such soils,
formed under conditions unlike those of today, are called relict soils. The
different phases of weathering in them can be very difficult to .&mmimnm_a. As
many cratonic areas subside only slowly or may even be rising, paleosols
may only be partly buried or even exhumed. Even soils that are completely
buried may be covered by such a thin layer of sediment that they are
subjected to additional weathering at depth. Quaternary paleosols are not
easy to interpret, although they are geologically young. ,:..amo various
difficulties make it easy to become pessimistic about studies of older
paleosols. These difficulties apply to all fossil soils, but fortunately they are
not as severe in other geological settings.

At Major Unconformities .
Fossil soils are also commonly recognized at major unconformities. The
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flood deposits. With slow steady subsidence large numbers of fossil soils may
become superimposed. The buried Eocene forests of the northeastern part of
Yellowstone National Park, Wyoming, consist of about 27 successive buried
surfaces containing petrified tree trunks in about 400 m of stream gravel,
mudflows, and tuffs (Fig. 3.1). Although some of the petrified trunks may
have been transported (Fritz 1979), at least two of the surfaces (which I have
personally examined on Specimen Ridge) have a leached horizon overlying a
clay-rich horizon and large petrified tree trunks in growth position. Dorf
(1964) has counted as many as 500 growth rings in some of these buried
stumps, indicating at least that many years of soil formation on some of the
surfaces. N

Recognizing and interpreting paleosols in such sedimentary settings is
not without problems. Some features of a fossil soil may be relicts from the
formation of another fossil soil (or pedorelicts in the terminology of Brewer
1964). For example, nodules or clods of an older soil may have been eroded
and incorporated in the parent material of a younger soil. If the sediment
overlying a buried soil was only thin, the upper portion of the buried soil
may also have been altered by soil formation at the higher land surface. This
may result in a B horizon of one soil containing structures of the relict A
horizon of an older buried soil, as documented in the type Long Reef clay
paleosol in the Triassic rocks near Sydney, Australia by Retallack (1977b).
In immature paleosols many sedimentary features of the parent material
may not have been obliterated. These sedimentary relicts (as they are termed
by Brewer 1964) are most commonly bedding and ripple-drift cross-
lamination. The upper layers of fossil soils may also have been removed by
erosion. This soil material may have been transported and deposited to form
a pedolith (in the sense of Gerasimov 1971), a rock unit with sedimentary
organization but soil mineralogy and clast microstructure. In some sedimen-
tary successions pedoliths are difficult to distinguish from ordinary sedi-
ments, in others they are distinct. Fortunately, subsidence rates in many
sedimentary basins are such that these various problems are not insuperable.
In such basins, not only fossil soils, but also fossil plants and animals may be
well preserved. These can then be integrated into surprisingly detailed
reconstructions of past environments (Fig. 3.2). Fossil soils in thick sedimen-
tary successions have been the least studied in the past, but show most
promise for the future.

Roeschmann (1971) has indicated that later alteration by diagenesis,
metamorphism, or intrastratal solution can also be an obstacle to the
interpretation of older paleosols in sedimentary sequences. Each feature of
the fossil soil must be assessed separately to determine whether it is due to
original soil formation or later alteration. Physical field relations and
petrographical textures are usually more convincing evidence in such
deliberations than mineralogy or geochemistry. For example, in the Avalon
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FIGURE 3.3. Scale drawing of a well-differentiated Early Permian paleosol at the contact
between the Minnekahta Limestone (brick pattern) and the underlying Opeche Formation, near
Boulder Park, Black Hills, South Dakota. The fossil soil is overlain by siltstone (horizontal
dashes) and contains conspicuous cradle knolls (stipple). The profile includes an upper leached
zone with thin ferruginized surfaces (wavy lines), yellow shale with relict bedding (long lincs),
red shale (vertical lines), and dark purple shale (black). Brick-red siltstone (vertical dashes) with
numerous white mottles forms the parent material of the paleosol. Scale in meters, with no
vertical exaggeration.

or rocks of different nature or age, as might arise if paleosols were named by
letters or numbers, as is often a way of naming sedimentary facies (for
example by Turner 1970; Miall 1977, Gorter 1978). Finally, the units of
classification are already defined and widely accepted by soil scientists.

By this system, paleosols of a similar kind are grouped into a series
named after a locality, such as the Avalon Series paleosols (of Retallack
1977b). The series is a most convenient unit for classification of paleosols in
the field. Individual paleosols may be named by combining the series name
with a term for the grainsize distribution in its A horizon, such as the Avalon
silt loam paleosol. If individual paleosols need to be distinguished on bases
other than the grainsize distribution in the A horizon, then variants and
stages can be named from a variety of soil features, for example the Avalon
silt loam egg-cup variant paleosol. On the other hand, series of paleosols can
be grouped into associations on the basis of unifying characters, such as the
Avalon Association paleosols.

Petrographical Thin Sections

Perhaps the most useful method of studying lithified older fossil soils is
by petrographical thin sections. Microscopical features are often extremely
helpful in deciding which features of the paleosol are originai and which are
due to later alteration. In addition, particular micromorphological features,
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FIGURE 3.5. Omnisepic plasmic fabric with numerous channel organo-sesquans (after roots)
in the B horizon of a well-differentiated palcosol in the mid-Cretaceous upper Dakota
Eormation, in blufls 10 m above the river bank north of the Saline River, near U.S. highway
281, north of Russell, Kansas. X 50.

Geochemistry and Mineralogy

As with modern soils, an understanding of the mineralogy and geo-
chemistry of fossil soils is important to their interpretation, although not
always diagnostic (Power 1969). Mineralogical determinations are usually
based on elemental chemical analysis and on optical properties in petrogra-
phical thin sections. The ratios of heavy minerals separated from the aomm:.
soil and its parent material may also be useful in indicating the degree of
weathering. For example, zircon and tourmaline are more rapidly weathered
than amphibole and pyroxene (Ruhe 1965). X-ray diffraction m:m_«mmw .om
clay minerals is also very useful. Clay in the upper horizons of fossil soils
commonly gives broader, more diffuse peaks on an x-ray &3&883&@.“
trace than clays lower in the same profile or in adjacent sediments. j:m is
probably due to small crystallite size, poor crystallization and mixed-
layering common in the upper horizons of soils (Retallack 1977a) and can be
another useful indicator of weathering. Such weathered minerals may be
more difficult to identify than fresh ones. The geochemical conditions for the
stability and origin of each mineral phase must be carefully cross-checked
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FIGURE 3.13. Oligocene paleosols of the Pinnacles area of the Badlands National Monu-
ment, South Dakota: A, well-differentiated paleoso! of the Chadron Formation. B, weakly
differentiated paleosol, with sparse gray mottles, in the Scenic Member of the Brule Formation.
C, weakly differentiated caliche-bearing paleosol, with sparse gray mottles, in the Poleslide
Member of the Brule Formation. D, weakly differentiated caliche-bearing paleosol, without
larger gray mottles, in the Sharps Formation. Scale measurements refer to a measured section
in the Pinnacles area in which the uppermost non-redeposited Cretaceous marine rocks are at
about 8.3 m, Lithological key as for Figure 3.11.

The Impact of Humans on the World’s Land m:_.?a.mm

Even if the species Homo sapiens soon becomes a diagnostic fossil of
one of the briefest biostratigraphical zones in geological history, its effect on
soils of the world is already conspicuous and irreversible. Modern cities,
dams, parking lots, and highways are reshaping the landscape. Plowing,
chemical fertilizers, forestry, irrigation, flood mitigation works, waste
disposal, acid rain, and introduced animals and plants are altering the nature
of soils, usually to our detriment. These problems are not new. More than
2,300 years ago, Plato lamented the spread of rocky, barren wastes in the
Greece of his day, compared to the fertile soils that had been cleared of
forest and cultivated by his ancestors (Glacken 1956). About 4,000 years ago
much of the mighty cedar forests of Lebanon had been cut for Phoenician
ships, towns, and export, and farmers terraced the steep cultivated slopes in
an unsuccessful attempt to prevent more serious soil erosion (Lowdermilk
1943). Until about 5,000 years ago parts of the Sahara Desert were far less
forbidding wastes than they have been since. Neolithic nomadic tribesmen
have left numerous rock drawings which indicate that elephant, rhinoceros,
lion, panther, giraffe, antelope, cattle, ram, and ostrich once lived there
(Huzayyin 1956).

Much has been learned about the effects of ancient clearing and
civilizations through the study of Quarternary fossil soils (see, e.g., Lo¥ek
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nonwaterlogged soils become waterlogged when they subside cmEs the
water table. Such early diagenetic gleization is the best explanation for
siderite nodules, spherulites, crystal tubes, and replacement of the iw.__m @m
earthworm burrows in the A and organic horizons of others of the Triassic
paleosols mentioned. Diagenetic gleization (or vmn:amm_Q of Roeschmann
1971) may also be responsible for the greenish and Ec_m: hue of many o_an.n
pedoliths and unoxidized soil horizons wanncoaam.a with .nnaca.am. .j_nR is
no evidence from the Triassic study cited that a_m.mosﬁ‘_n m_m_Nm:o.s pro-
ceeded to the extent of reducing original ferric ox._aa E.:nnm._m. This is in
agreement with other studies indicating that ferric oxide :::Sm_m,. once
formed, are highly insoluble and unlikely to be reduced by the¢ action of
normal groundwater alone (Eaton 1942; Millot 1970).

Clay Diagenesis

Q.mw minerals are notoriously susceptible to &m.ma:n:o m.:ﬂm:o:m of
such a scope and complexity (Millot 1970) that it is very 932:. to be
certain of the original clay mineralogy of older paleosols. In Gw&o:;ﬁocm
clayey paleosols of the Ruhr district of West Onlsm:vm o:_.o:H :mm. cm.ns
regarded as a diagenetic alteration product of Bo::do:.__o::P <n::_oc_:n
and biotite, and kaolinite has been regarded as an alteration product of illite
and muscovite (Roeschmann 1971).

Silicification

A variety of cherty rocks, cemented by m.Enm, are 3:.:& in or s.aqw
formed by ancient soils. The silcretes of >=m.:m:u, South Africa, E.m c:.:.n
States, and Europe are the most problematic of these. The nﬁ.:nsczm silica
as well as the cemented orthoquartzites of mzonnﬂo.m may be mn:xoa ?.oB the
weathering of stable land surfaces over long periods of mno_o.m_om_ time. In
some cases it seems that the silica was transported great distances ?o.a
where it was leached out of a variety of soils, so it i :.o” :nonmmmq.__w
genetically related to the material which it has :mzm.»oqaoa. into a Bmmmzm
flinty rock. This process is probably at least partly diagenetic, m::o:.m. :o~
yet completely understood. Different i?.zm on the :m:.:a and origin 0
silcretes have been conveniently collected in a volume edited by Langford-

ith (1978).
mB:O“:mmﬁnw is a coal miner’s term for indurated mzmmmmna mmzaﬂo%. no
thicker than 1.5 m, with over 90 percent angular grains of EEZN in the
grainsize range 0.5 to 0.15 mm. They commonly contain fossil roots N:E
underlie coal seams in the Carboniferous coal measures of m:m._m:@ (Wil-
liamson 1967). These are evidently the upper horizons of momm_._ soils wqa
could not have supported the vegetation, indicated by the fossil roots, in
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and nature of the early savanna and prairie communities and also of the
coevolution of mammals and plants in these environments. David L. Dilcher
and 1 have recently initiated a project with this exact aim, based on the
Oligocene succession exposed in the Badlands National Monument of South
Dakota. This is one of the richest fossiliferous areas in the world for the
remains of extinct mammals, whose teeth and limbs appear adapted initially
to forest and woodland and later to more open savanna or prairie conditions
(Webb 1977). Apart from endocarps of hackberry (Celtis), possibly cached
by rodents, almost all the leaves, trunks, and pollen of this vegetation appear
to have decayed away long ago (Clark, Beerbower, and Kietkze 1967; Bjork
and Leopold, personal communication). Our preliminary mapping in the
area indicates that there are at least 87 successive fossil soils in the succession
exposed in the Pinnacles area of the Badlands National Monument (Fig.
3.12). Laboratory examination of these is not complete, but some conclu-
sions can be made from field observations. The thick fossil soil developed on
the erosional unconformity between the latest Eocene to Oligocene Chadron
Formation and latest Cretaceous marine rocks (Wanless 1923; Pettyjohn
1966) and most of the paleosols excavated in the Chadron Formation, have
leached A horizons and reddish B horizons and numerous thick and deep
root mottles (Fig. 3.13A). These fossil soils probably developed under
forests and woodlands. In the overlying Scenic Member of the Brule
Formation, such soils are only found in close association with sandy levee
and channel deposits, indicating that gallery woodlands lined watercourses.
Fossil soils of the floodplain at this level have much sparser large root
mottles, abundant fine rootlets, and less pronounced. B horizons (Fig.
3.13B), and probably were formed under savanna vegetation. Similar
paleosols have also been recognized in the Orella Member of the Brule
Formation in nearby Nebraska (Schultz, Tanner, and Harvey 1955; Schultz
and Stout 1955; Harvey 1960). The whitewashed appearance of outcrops of
the Poleslide Member of the Brule Formation, higher in the Badlands
succession, is largely due to abundant carbonate nodules. Although there is
some overlap of these from higher into lower paleosols, these nodules are
most common in the lower portions of the paleosols (Fig. 3.13C). Some of
the rare reduced root mottles of these paleosols have also been found in the
nodules, and are evidence that they are caliche nodules in place. Caliche is
also common in many younger Tertiary formations of the Great Plains of
North America (Swineford, Leonard, and Frye 1958; Reeves 1970). It
probably indicates increasingly warm and semiarid climate. Higher in the
Poleslide Member there are some fossil soils of this kind in which I have not
seen any of the large reduced root mottles over considerable lengths of these
extensive outcrops (as in Fig. 3.13D). At the level of the Rockyford Ash
Member of the Sharps Formation, a thick stream channel deposit, largely of
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mann (1971), the gleyed paleosols underlying Carboniferous coals of the
Ruhr district of West Germany were compacted from 25 percent in sandy to
70 percent in clayey sediments. Such values need to be derived independently
for each particular case, using deformation of structures and comparing the
bulk density of the fossil soil with that of analogous modern soils.

Slickensides and prismatic jointing can form both at the surface in a
soil, and during deep burial. The nature of the bounding surfaces (cutans) in
petrographical thin sections is the best way of discriminating i:n:.aq they
were formed in the original soil or during later diagenesis. On this basis, the
tessellated pavements and prismatic jointing in massive B :olNoam of the
Long Reef Series paleosols from the Triassic near Sydney, Australia appear
to be diagenetic in origin (Retallack 1977a).

Copper, Uranium, and YVanadium Mineralization

Certain metals are commonly mobilized and reprecipitated in fossil
soils during diagenesis. Within the Long Reef Series paleosols mentioned
previously, paratacamite, atacamite, and rare native copper may fill the cleat
of coalified stick debris and the central portion of gray root mottles.

The uranium and vanadium ores. of the Chinle and Morrison Forma-
tions of the western United States may be similar. Most of the mottled beds
and redbeds of these units which 1 have seen are fossil soils, although not
generally recognized as such. Many of the fossil logs in these formations,
sometimes heavily mineralized, are scattered about on the surface of E.mmm
fossil soils. Some of the impervious layers which confined ore-bearing

FIGURE 3.6. Ferric mottles (black) outlining gray mottles after roots, from the later Early to
earlier Middle Triassic, Turimetta clay slightly eroded phase paleosol, north of Sydney,
Australia: A, horizontal section including a root with clay-filled cortex, scparating carbona-
ccous remnants of woody stele and periderm. B, vertical section. Natural size. Aw.ma:::_ a.:::
Retallack [1977a] with permission from the Journal of the Geological Society of Australia.)
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8 / PALEOBOTANY, PALEOECOLOGY, AND EVOLUTION

and Triassic of the U.S.S.R. from the southwestern flanks of the Ural
Mountains south to the Donetz Basin (Danilov 1968; Chalyshev 1969); from
the early Cretaceous of England and France (Allen 1959; 1976; Batten 1973;
Meyer 1976); from the late Cretaceous of Mexico (McBride 1974); and the
Eocene and Miocene of South Carolina (Johnson and Heron 1965).
Laterites may be formed in several ways, but are apparently initiated as an
horizon of deep forested soils (McFarlane 1976). Such soils were evidently
widespread during the Cretaceous and early Tertiary (Phillobos and Hassan
1975; Singer 1975; Abbott, Minch, and Peterson 1976; Thompson, Fields,
and Alt 1977; Nilsen 1978; Nilsen and Kerr 1978; Blank 1978, McGowran
1979; Cox 1979). The so-called “karst bauxites” may be genetically similar to
laterites and have been extensively reviewed by Nicholas and Bildgen (1979).

Organic soils (or histosols of the U.S. Dept. of Agriculture) are
evidently more ancient than trees. The early Devonian Rhynie chert of
Scotland is a petrified peat with remains of vascular land plants in growth
position (Kidston and Lang 1921). However, the appearance of swamp
forests and woodlands was probably a great stimulus to the development of
thick organic horizons in wetland soils. The paleosols of the Euramerican
Carboniferous coal measures have been given a number of nongenetic
names, such as underclay, seat earth, fire clay, tonstein, and ganister (each
explained. by Williamson 1967). These fossil soils are limited in variety.,
Many of them were forested and most of them more or less gleyed (Huddle
and Patterson 1961; Roeschmann 1971; Feofilova 1977).

Thick organic horizons and oxidized forest soils were additions to an
expanding array of soils forming on the earth after the Devonian, but more
ancient kinds of soils continued to form on other parts of the landscape.
Caliche-bearing paleosols have been found in Permian and Triassic rocks of
Scotland (Steel 1974; Watts 1976, 1978); in the Late Triassic and Jurassic of
Connecticut and Massachusetts (Hubert 1977a, 1977b); in the late Creta-
ceous and early Tertiary of France (Freytet 1971, 1973); in the early Tertiary
of France, England, Belgium, and the Netherlands (Buurman 1975); and the
early Tertiary of California (Peterson and Abbott 1979). Fossil soils
developed on limestone with karst topography have been found in the
Middle Devonian of western Canada (Maiklem 1971; Wardlaw and Reinson
1971); in the Carboniferous of England (Walkden 1974), Kentucky (Walls,
Harris, and Nunan 1975), and Missouri (Keller, Wescott, and Bledsoe 1954);
in the Permian of New Mexico (Dunham 1969; Estaban and Pray 1977); in
the Triassic of ltaly (Bosellini and Rossi 1974); in the Jurassic of Italy
(Bernoulli and Wagner 1971); in the Cretaceous of Greece (Faugeres and
Robert 1969); in the Cretaceous and early Tertiary of France (Freytet 1971);
and in the Eocene of Spain (Estaban 1972). Weathered zones at unconformi-
ties have also been reported on pre-Pennsylvanian surfaces in Colorado
(Hubert 1960; Power 1969); within the Permian of New South Wales
(Loughnan 1975); within the Jurassic of Italy (Folk and Mc¢Bride 1976); and
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not enough time to form a B horizon. If this is the case, then sedimentary
relicts and other indications of immaturity should also be in evidence.

Soil Chemistry

Assessing the original chemistry of a fossil soil is often a major obstacle
to interpretation. Features such as base saturation, cation exchange capac-
ity, and pH are critical to parts of classifications of modern soils. These
chemical features are irreparably changed upon burial, and further changed
during compaction, diagenesis, and metamorphism. For example, buried
Quarternary soils in lowa are often completely saturated with bases
throughout the profile, but analogous modern soils are only 40 percent
saturated in the B horizon, but completely saturated at depths of about
1.5 m in the C horizon. The pH is usually over 6.0 throughout the buried
soils, but in analogous modern soils it is 5.3 in the A horizon, 4.0 in the B,
and 5.0 in the C horizon (Ruhe 1965).

These chemical features are better assessed from the mineralogical
phases thought to have been in the original soil. The original pH or Eh can
be assessed from the ranges of values in which these minerals form or are
stable, as outlined by Krumbein and Garrels (1952) and Baas-Becking,
Kaplan, and Moore (1960). Acidic conditions (neutral to low pH) are
indicated by kaolinite, by ganister or other siliceous A horizon without
carbonate, and by red ferric oxide mottles, concretions, nodules, surface
crust, and diffusion ferrans. Alkaline conditions (neutral to high pH) are
indicated by carbonate (including siderite nodules) and by other features
indicated by Northcote and Skene (1972). Oxidizing conditions (positive Eh)
are indicated by red ferric oxide mottles, concretions, nodules, surface crust,
and diffusion ferrans. Reducing conditions (negative Eh) are indicated by
gley colors, by pyrite framboids, and by siderite nodules, intercalary crystals,
spherulites, and crystal tubes. Sodic and saline soils (with Na+ as the
dominant exchangeable cation) may be characterized by surface salt crusts
or casts of such crystals in sediment, by prominent domed columnar peds in
an argillic B horizon or by other features indicated by Northcote and Skene
(1972). Additional investigations into these and other indicators of original
soil chemistry would be of great value for identifying fossil soils.

Soil Fauna

The variety of traces of soil fauna discovered in fossil soils to date
include Triassic burrows of earthworms, cicada-like insects and large
vertebrates (Retallack 1977a), Eocene dung beetle boli (Andreis 1972), and
Oligocene land snails and coprolites (Wanless 1923: personal observations).
The spectacular vertical corkscrew-like burrows (called Daemonelix) often
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accentuated soil-forming processes associated with preexisting vegetation of
lesser stature. With woodlands and forests appeared the first well-
differentiated soils, such as podzols (of conventional terminology) or
spodosols, ultisols, and alfisols (of the U.S. Dept. of Agriculture classifica-
tion, Soil Survey Staff 1975). These are soils with two clearly recognizable
layers, an upper or A horizon leached of materials such as iron, aluminum,
and clay, and a lower or B horizon in which these materials accumulate.
Further study of such mid-Paleozoic paleosols may clarify how, when, and
where the first woodlands and forests arose.

Theoretically this could have happened during the mid-Devonian. At
this time there were many plants with limited amounts of secondary wood
(Banks 1968). Large, poorly preserved stumps of Eospermatopteris have
been found in later Middle Devonian (Givetian) rocks of New York State
(Banks 1966). The more massive progymnosperm wood, Callixylon, may
also be as old as the late Givetian (Banks 1968). During the Late Devonian
this wood was widespread, and individual trees grew up to 1.6 m in diameter
(Beck 1971). This is not to say that these trees necessarily formed woodland
communities, although this is likely. Among outcrops of Late Devonian
rocks in the area of New York and Pennsylvania described by Woodrow and
Fletcher (1967), 1 recently discovered a number of intriguing, well-
differentiated paleosols during preliminary fieldwork with J. D. Grierson.
This would be a particularly suitable area for a study of fossil soils and plant
paleoecology, as the fossil plants from here are exceptionally well under-
stood (as reviewed by Banks 1966, with continuing contributions by Skog
and Banks 1973; Grierson 1976; Bonamo 1977).

Paleosols with distinct leached A horizons and reddish B horizons are
common and widespread in Carboniferous and younger terrestrial sedimen-
tary rocks. As an example, the type Long Reef clay paleosol (Fig. 3.11)
evidently formed under coniferous forest on volcanogenic sandstone in
moderately well-drained rolling land near Sydney, Australia during the
earlier Triassic (Retallack 1977a, 1977b). This has a thin brownish yellow
(Munsell color 9YR6/ 8) surface crust (A)), overlying 33.5 cm of very coarse
subangular blocky and slickensided greenish gray (8G6/ 1) claystone with
vomasepic porphyroskelic fabric. This passes gradationally down into 20 cm
-of weak red (1YR4/2) fine clayey sandstone (Byi; ) with isotic porphyros-
kelic fabric, penetrated by numerous light greenish gray (8GY7/1) vermicu-
lar mottles of sandy material around old root channels. Deeper in the B
horizon there is 41 cm of apedal red material with only rare gray mottles
(B,i;) and below that, 67 cm of dusky red (3YR3/2) claystone (Bs;; ). This
lowest level contains relict pedotubules and undulic porphyroskelic fabric of
the A horizon of an underlying paleosol, the rest of which forms a C horizon
to the type Long Reef clay paleosol, more than 181.5 cm below its preserved
surface. Clays of the paleosol are mainly kaolinite, probably weathered from
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In relating occurrences of well-preserved fossil plants to fossil soils 1
make one basic assumption. As in the modern world, different kinds of fos-
sil soils probably supported different communities of plants, and the same
soils supported similar vegetation. Some quantitative approaches have been
devised for reconstructing Carboniferous plant communities from their
dispersed compression remains (Scott 1977, 1978, 1979) and from their
representation in peats petrified in calcareous coal balls (Phillips et al. 1974).
In my own studies of Triassic fossil soils and plants of eastern Australasia
(Retallack 1977a, 1977b, 1977¢, 1978), 1 found that interpretation of
communities from named recurrent fossil associations of plants gave a more
balanced appraisal of different kinds of vegetation. This largely,qualitative
approach was particularly effective when the named associations were based
on specific collections of fossil plants which did not appear to have been
transported far, and also when combined with studies of fossil soils and
depositional sedimentary environments. The different kinds of fossil plant
associations and fossil soils can then be matched according to their nature,
or preferably by direct correlation with plant fragments associated with the
fossil soil.

Type of Soil

If a fossil soil can be identified with a modern soil, then presumably it
formed under similar conditions of topography, drainage, vegetation, and
climate. Even if complete identification is not possible because of later
alteration or lack of diagnostic features, comparison with modern soils may
still provide useful information about the ancient environment. Interpreta-
tions of fossil soils based on this principle of uniformitarianism have been
presented by many authors (LoZek 1967; Ruhe 1970; Allen 1974b; Retallack
1977b).

There is still some debate concerning the classification of modern soils.
Some of these uncertainties should be considered when interpreting fossil
soils, but ultimate identification of a fossil soil in a classification of modern
soils rests on a literal interpretation of a cited authority. The classification of
the United States Department of Agriculture (Soil Survey Staff 1975), the
more conventional Australian classification (Stace et al. 1968), and the
nongenetic classification of Northcote (1974) represent a range of viewpoints
on soil classification. The so-called “ecological method” of Duchafour (1978)
also shows much promise, particularly if expanded into a more comprehen-
sive form.

Fossil soils should not be strained to fit into a classification of modern
soils, as some kinds of soils once formed on the earth are now extinct. The
only extinct kinds of paleosol reported to date are the Precambrian
paleosols thought to have formed in an anoxic atmosphere (Roscoe 1968;
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FIGURE 3.9. Late Ordovician palcosols from the Dunn Point Formation, near Arisaig, Nova
Scotia; A, red soil material (black), with surficial hollows filled with redeposited soil material
(stipple) and near surface reduction spots (white ovals), overlying spheroidally weathered
andesite. B, red soil material swept up into overriding andesite flow. Scales in meters. (Redrawn
from Boucot et al. [1974] with permission from the author and the Geological Society of
America.)

unconsolidated red soil was also prone to slumping, as it forms thick rubbly
mudflows filling in ancient channels. The original soils were evidently
exposed to the surface with no overlying horizons, and were also unindu-
rated. For these reasons, they should not have been called laterites (by
Dewey, in Boucot et al. 1974), as that term is usually understood (McFar-
lane 1976). Without additional details these fossil soils cannot be accurately
identified, but are probably better compared with some of the less differen-
tiated oxisols (Soil Survey Staff 1975) or red earths, calcareous red earths, or
krasnozems (Stace et al. 1968). It is quite possible, as suggested by Dewey,
that the reduction mottles and the surficial erosion scours indicate clumps of
vegetation. This also deserves further attention.

There are also fossil soils in the Red Member of the Moydart Forma-
tion of likely latest Silurian age, also in the Arisaig area (Boucot et al. 1974).
These consist of about 2 m of red micaceous siltstone with numerous very
light gray ellipsoidal calcareous nodules which become more numerous and
even fused toward the top of the profile. This kind of fossil soil is also
characteristic of Devonian rocks such as the middle Downtonian to middle
Dittonian K noydart Formation, also in the Arisaig area (Boucot et al. 1974)
and in many other parts of the late Silurian and Devonian Catskill and Old
Red facies of the Northern Hemisphere (Friend, Harland, and Gilbert-Smith
1970; Woodrow, Fletcher, and Ahrnsbrak 1973; Allen 1973, 1974a, 1974b;
Leeder 1976). These paleosols resemble modern soils with caliche horizons,
forming in warm to hot regions (mean annual temperature 16-20°C) of
limited rainfall (mean annual rainfall 100-500 mm). Tepee structures in
some of these paleosols indicate periodic wetting, probably during more
than one season of the year (Fig. 3. 10). These fossil soils also have numerous
vertical and branching pedotubules and crystal tubes up to several millime-
ters in diameter, probably formed by both plant roots and burrowing
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However, caution is advisable when interpreting climate from fossil soils for
at least two reasons. Firstly, the climatic regime of a soil, particularly of the
broader categories at the level of a suborder (of Soil Survey Staff 1975), is
usually a generalization which may not apply strictly to each case. Secondly,
climate is only one of a number of other factors which must be considered:
time of formation, topographical position, soil fauna, vegetation, and parent
material.

Caliche-bearing paleosols have been widely considered to indicate
warm, semiarid conditions (Allen 1974b; Hubert 1977a, 1977b), and lateritic
paleosols to indicate hot, seasonally humid conditions (Abbott, Minch, and’
Peterson 1976; Peterson and Abbott 1979). While broadly true, there are
complications and exceptions to these generalizations which must be
considered before applying them to specific paleosols (Reeves 1970; Paton
and Williams 1972). As another example, the dominance of podzolic
paleosols, even on a variety of parent materials, as well as evidence from
associated flora and paleolatitude indicated by paleomagnetic data, indicate
that the climate of the area around Sydney, Australia was moderately humid
and cool temperate during the early Triassic (Retallack 1977b). Until fossil
soils can be identified with greater precision, only such general impressions
of paleoclimate will be gained from them.

DIVERSIFICATION OF SOILS THROUGH TIME

Much can be learned from the uniformitarian interpretation of fossil
soils. Perhaps the most exciting prospect of continuing paleoenvironmental
studies of fossil soils will be gaining a better understanding of the diversifica-
tion of soils through geological time. As knowledge of fossil soils has lagged
so far behind that of other geological and paleontological sciences, such
studies can be expected to integrate evidence from a variety of sources into a
better understanding of the evolution of terrestrial ecosystems. The critical
events for such a scenario were probably the evolution of the atmosphere,
the origin of terrestrial -organisms, the emergence of rooted plants, the
development of woody plants, the expansion of grasslands, and the impact
of human beings on the land surfaces of the world. Broadly similar scenarios
have been postulated by Yaalon (1971) and Hunt (1972). Existing studies of
fossil soils pertinent to these critical events are few, but show much promise”
for the future. .

Abiotic Soils of the Precambrian

Precambrian fossil soils are difficult to recognize with certainty, because
one of the most diagnostic features of Devonian and later fossil soils, roots
in growth position, are not found in them. Most Precambrian paleosols
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enormous. Erosion resistance of cyanobacterial mats of modern deserts was
demonstrated by Booth (1941), who found that runoff from them was clear,
while that of adjacent areas was muddy. Today these mats may precipitate
carbonate crusts in arid areas (Campbell 1979). As in modern soils (Bloom-
field 1964; Zajic 1969), Precambrian microorganisms were probably capable
of forming soluble metal chelates (particularly of iron) which could then be
transported in solution to other parts of the profile or washed out entirely.
Like modern microbes, they were probably also active in decomposing
aluminosilicate minerals, releasing different elements at different rates and
controlling other chemical processes by regulation of pH. Local oxygen
produced by soil microorganisms may have been critical in the formation of
insoluble oxides of aluminium and iron, thus fixing these elements within the
soil.

Campbell (1979) has suggested that microbial influence of soils may
have begun as long as 2.4 billion years ago, on the basis of 0.25 percent
reduced organic matter informally reported to her by D. Grandstaff from a
paleosol of that age in the Blind River Formation of Ontario, Canada. It is
also possible, although presently impossible to prove, that the oxidized
surface and likely caliche of younger Precambrian paleosols, and perhaps
the surficial sulfides of older ones, owe their clear differentiation to the
action of soil organisms. Direct evidence of Precambrian soil microbiota is
inconclusive. Cherts filling cracks into basement rocks unconformably
underlying the Pokegama Quartzite, a little more than 2 billion years old,
contain nostocacean cyanobacteria and also possible budding bacteria
(Cloud 1976). However, it is uncertain how often, or if, this material was
exposed when the organisms lived. There are similar problems with the
supposed terrestrial fungi described by Hallbauer and Van Warmelo (1974)
from the base of the 2.3-2.7-billion-year-old Witwatersrand Group of South
Africa. Although the carbon is evidently biogenic, the structures are more
likely artifacts of their preparation procedures, as are several other such
claims (Cloud 1976; Barghoorn, Chap. 2 [this volume]).

Future micromorphological studies of Precambrian terrestrial rocks
may be more revealing, judging from discoveries of soil microorganisms in
younger rocks. The symbiotic relationship between land plants and endotro-
phic fungi may be as old as early Devonian, as fungi of that age are
preserved within vascular land plants of the Rhynie chert in Scotland
(Kidston and Lang 1921; Pirozynski 1976). In the late Devonian Caballos
Novaculite, near Marathon, Texas, a variety of filamentous cyanobacteria,
green algae, and possible fungi were found in jasper-filled cracks of a
paleosol developed on older sabkha deposits (Fairchild, Schopf, and Folk
1973), although these identifications were later doubted by Schopf (1975).
Callixylon wood found in the Caballos Formation indicates that trees also
grew in the area, but it is unclear if, or which, vascular plants grew in the
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Although some oxygen in the primitive atmosphere may have come
from the photodissociation of water by ultraviolet light, a more productive
source of oxygen was probably photosynthesis by marine microorganisms
(J. W. Schopf 1975, 1978). There is much that could be learned about this
process from fossil soils. Was there more oxygen in and near the sea than on
land? Was oxygen dispersed or limited to certain areas? With very low
amounts of oxygen, were some elements and minerals of Precambrian sojls
affected more than others? ‘ ;

The atmosphere evidently contained appreciable amounts of oxygen by
about 2 billion years ago, as redbeds began to appear at about that time. In
the Huronian sequence north of Lake Huron the advent of a’'more oxy-
genated atmosphere is indicated by monazite-rich, hematitic conglomerates
of the Lorrain Formation, about 2.1 billion years old (Roscoe 1968). Other
Precambrian redbeds of about this age are mentioned by Davidson (1965).
Some of these may prove to be paleosols. All deserve more critical attention.
Donaldson (1969) and Fraser et al. (1970) have reported a hematitic altered
zone on crystalline basement underlying the Athabasca Formation, proba-
bly 1.7 billion years old, in northwestern Saskatchewan, Canada. Hematite-
stained, altered zones are also widespread just below the base of the Grand
Canyon Series in the Grand Canyon, Arizona (Sharp 1940), at a surface
older than 1.15 billion years and possibly as old as 1.4 billion years
(Livingston and Damon 1968). Other paleosols which may provide evidence
on the nature of primitive atmospheres are those mentioned by Hoffman,
Fraser, and McGlynn (1970) interbedded with volcanic flows of the Seton
Formation, 2.0 to 1.75 billion years old, in the Great Slave fold belt,
Northwest Territory, Canada and also by Blades and Bickford (1979) from a
I.5-billion-year-old sequence of volcaniclastic sediments and rhyolitic ash-
flows in Missouri, U.S.A. .

By about | billion years ago, weathering was becoming more like it is
today. Williams (1968) has described a fossil soil from the Cape Wrath
district of northwest Scotland, probably about a billion years old (Anderson
1965). This was developed on an old topographical surface of Lewisian:
biotite gneiss, amphibolite, and microcline pegmatite with a relief of at least
600 m, and covered by Torridonian alluvial fan deposits (Fig. 3.8). In the
profile developed on biotite gneiss, the upper 30 cm is usually stained very
dark red and is massive. Underlying this is a bleached zone of very pale green
or grayish green rock with relict gneissic foliation. The bleached zone passes
gradationally into light gray, fresh gneiss. The altered zone extends | to3m
below the surface, and up to 6 m locally along joints and around unaltered
corestones. Quartz and microcline persist throughout the profile with some
corrosion and cracking, but biotite and plagioclase of the original gnciss are
extensively altered. The profile developed on greenish black amphibolite is a
soft dark greenish gray rock, 1.0 to 1.3 m thick and laced with veins of white
carbonate up to 5 mm wide. Quartz and microcline are also little altered in
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