The Promise and Problems
of Precambrian Paleosols

by Greg Retallack, David Grandstaff and Michael Kimberley

"Weathering profiles” or "regoliths," in Precambrian
rocks are now inereasingly recognized as fossil soils or

~ paleosols. Studies on them are beginning to use the
standard techniques of soil science, despite many )
problems of interpretation due to their usually deformed
and metamorphosed condition. Nevertheless, as for
geologieally younger paleosols, those of Precambrian age
may reveal much about climates, organisms, parent
materials, topography, and time for soil formation in the
distant past. This review is a contribution to IGCP
Project 157 on the relationships between early organic
evolution and mineral and energy resources.

Introduetion

Paleosols are like fossil skeletons of animals (Nikiforoff,
1943), in the sense that both were once living and developing
at the surface of the earth. Only their hard parts are
commonly preserved, but from these remains much can be
learned of the past. Just as a fossil may bear evidence of the
organism's former diet or habitat, so can factors involved in
the formation of a soil be interpreted from paleosols.
Following the memorable simplification of Hans Jenny (1941),
soil formation is a function of five main factors: climate,
organisms, topographic relief, parent material and time.
Although their effects commonly overlap or are difficult to

Figute I: A 1 Ga-old paleosol developed on steeply dipping
Lewisian gneiss with pegmatite veins and unconformably
ovexlain by glat-lying Torvidonian afluvial fan deposits. The
pafeosol i the pale-coloured (bleached) zone above the rock
platform in the foreground, and is reddened at its very top.
Width of view about 5m. Near Shiegra, notthwest Scotland
{photo by G.J.R., see Willliams, 1965).

decipher, evidence of these aspects of former environments
can be found in many buried soil profiles (Retallack, 1981).
Precambrian paleosols may thus provide evidence of climate,
including temperature, rainfall and chemical composition of
the early atmosphere.

Fossil teeth, bones, and shells also are useful for establishing
stratigraphic relationships. Studies of fossil soils are now
widely applied to Quaternary sediments (Birkeland, 1974;
North American Commission of Stratigraphic Nomenelature,
1983), as well as in older rocks (Ortlam, 1971).

Despite the promise offered by the study of paleosols
(paleopedology), - very little been written about them,
especially those as old as the Precambrian. There are
certainly interpretive problems, but we believe that two
former problems, one social and one semantic, can now be
put aside. The discipline of soil science, or pedology, has
long been the preserve of agronomists and ‘geographers.
However, few agronomists have concerned themselves with
Precambrian weathering. Neither have many geologists
considered applying pedological theory to the interpretation
of Precambrian paleoenvironments, though this is now
changing. The semantie problem is, however, more complex.

Were They Soils?

"Soil" means different things to different people. To a civil
engineer it is unconsolidated material that ean be. moved
without recourse to blasting or other forms of quarrying. To
a farmer it is productive, tillable land. Some geologists and
soil scientists make a distinetion between physically and
chemically weathered material (weathering profiles or reg-
oliths) and biologically altered materials (true soils). Other
soil scientists regard only those materials penetrated by the
roots of vascular land plants as soil (Buol and others, 1980).

Because biological aetivity has not been readily apparent in
their formation, Precambrian weathering profiles have most
frequently been termed "regoliths" rather than "soils." How-
ever, some Precambrian weathering profiles are now known
to exhibit typical structures (Gay and Grandstaff 1980) and
micromorphology (Kroonenberg, 1978) of soil. As shown
below, there is also some evidence that living organisms may
have been present in Precambrian soil profiles. It is not easy
to distinguish the effects of biological and purely
physico-chemical weathering, for mierobes have profound
physical and ehemical effects. Furthermore, over. the sweep
of Precambrian time there are indications that biologically
induced changes in the physical and chemical environment
were very important (Cloud, 1976; Schopf, 1983). Labelling
Precambrian weathering profiles as "regoliths," when those of
Phanerozoic age are referred to as "soils," is begging the
important seientific question of the advent of life and its role
in modifying the Earth's surface.

The definition of soil is best left general: material at the
surface of a planet or similar body, altered in place by
physical, chemical, or biological agencies or by ecombinations
of them. This broad definition applies to almost all of the
materials usually - labelled soil, though it departs from
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engineering use. Once the term soil is agreed upon, there is

little difficulty defining paleosols as soils of the past,
covered by deposits of floods, landslides, or other sediment-
ary agencies (buried paleosols), remaining exposed to very
different soil forming factors than those operating earlier in
their formation (relict paleosols), or uncovered after burial
(exhumed paleosols).

There remain problems in distinguishing paleosols from other
kinds of alteration zones, such as those formed by hydro-
thetmal solutions (e.g. Kalliokoski, 1975, 1977). Identi-
fication of an altered horizon as a paleosol requires careful
examination of stratigraphic associations, rock textures, and
variation in mineral assemblages and chemical ecomposition.
Buried Precambrian paleosols have undergone varying degrees
of diagenesis or metamorphism, which may result in alter-
ation or destruction of soil textures, re-equilibration of min-
erals (e.g. destruction of primary clay minerals), changes in
oxidation state of elements such as iron, and possibly
metasomatie changes in bulk chemistry. The nature and
effect of these changes must be understood before accurate
interpretations can be made.

Field Recognition

Both soils and paleosols ean be considered modified surfaces;
this is one key to their recognition in the field. Except where
removed by erosion, both are laterally continuous and have a
sharp, often erosionally truncated upper surface. Below this
upper contact soils change, grading ultimately into unaltered
parent material (Fig. 1). In modern soils the modifications
are so variable as to defy simple characterization. Some
modifications are very distinctive, as in the case of a
paleosol that is conspicuously different in colour, texture or
grain size from the associated layers. For example, some
Archean and Proterozoic paleosols developed on basalt or
ultramafic rock exhibit an unusual bright lime-green colour.

Fossil root traces and burrows are useful features for the
recognition of fossil soils younger than Silurian. Older
paleosols should also be examined, not only for traces of
non-vascular plants, but also for burrows of soft-bodied
organisms of the type found in the Cambrian Burgess Shale or
late-Precambrian. Ediacara fauna. It seems possible that
algae or other organisms may have been present in or on
Precambrian soils (Campbell, 1979). Discovery of early
evidence of multicellular soil organisms would be of great
interest.

A final consideration in the recognition of Precambrian
paleosols concerns the time over which they are presumed to
have formed. Almost all known Precambrian paleosols are
major geological unconformities (Figs. 1 and 2), and addi-
tional examples may still be discovered by interpreting
existing geological maps. Unfortunately, these unconfor-
mities represent much more time than needed to form a soil,
dand many features of the associated paleosols may be relicts
of climatic or other conditions very different from those
existing prior to burial. Interpretation of past conditions
from such paleosols is also hampered by the way in which
uri'c;onformities are commonly altered, for example by
groundwater, after burial (Retallack, 1981). Although
paleosols in Phanerozoic alluvial sequences have proved good
evidence of past environments (Retallack, 1983), it may be
that well developed soils did not form on Precambrian
floodplains (Schumm, 1977). However, from observations of
early Paleozoic paleosols (Fig. 3), we are optimistic that a
determined search for paleosols in Precambrian fluvial and
" deltaic sedimentary sequences will prove worthwhile.

Paleosol Textures

Soils have characteristic structures and textures. Although
‘structures of parent rock tend to persist in weakly developed
and waterlogged soils, where these are well~developed the
bedding, schistosity, or ecrystal structure of the parent
‘material is progressively obliterated as new soil structures
develop. Compared to many parent materials, soil appears
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F{&ue 2: Basal conglomerate of the Thelon Formation lcitca
%66 Ga) capping a paleosol (up to 60m thick in places)
developed {n Archaean augen gneiss. Centwal Thelon Plain,
N.W.T., Canada. {See LeCheminant et al., 1963). A - General
view. Conglomezate i 3m high. B - Close-up of iltite and
dilica-giled shuinkage cracks in the upper patt of the
pafeosol. C - Close-up of weatheted augen gneiss in the
tansition zone to fresh 1ock, showing kaolinized geldspar
megactysts in a hematite-clay-silica matuix, Photos by J.A.
Donaldson and J.R. Chiatenzelli,

massive to hackly. On close inspection this can be seen to
result from a complex three-dimensional system of cracks
and associated filling or altered material (cutans) and the
natural clods of earth defined by them (peds). The accepted
nomenclature for soil structures is intimidating but important
for effective description and interpretation of soils and
paleosols (Brewer, 1976).

Figute 3: Paleosols lhackly, datk-1ed claystone) inter-bedded
with  gluvial paleochannels (tight-colouted, cross-bedded

sandstone) in the Late Ordovician (Ashgillian) Juniata
Formation, Potters Mills, Pennsylvania (photo by G.J.R.).
Close-up shows the sharp and ittegular gradational base of
the paleosol.
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val Onder, Transvaal {modified f§rom Button, 1979, with
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Large-scale features such as boundaries between different
soil horizons may be best observed in the field. Textures
resulting from the destruection of primary rock fabric and the
development of soil peds are best studied in thin sections or
oriented polished slabs. Mieroscopic features, such as
alignment of minerals in cutans, require petrographiec thin
sections. Some care must be taken in interpretation of
microscopic fabries to determine the order of formation of
different features. The orientation of primary elay minerals
may have been altered or destroyed if they were recryst-
allized during metamorphism. Similarly, stresses due to
compaction or teetonism may cause reorientation of clay
minerals.,

Some soils and fossil soils also have characteristic micro-
scopic textures. Elongate areas of oriented clay forming a
loose network in a matrix of unoriented, flecked clay, called
- sepic plasmie fabrie, are an indication of well-drained and
well-developed soils (Brewer, 1976; Brewer and Sleeman,
1969). The texture of clayey sediments, by contrast, usually
shows consistently horizontally-aligned clay. Other strue-
ture and textures found in soil and paleosols are not so
distinetive. For example some contain erystals, nodules, and
concretions, features also found in sediments and sediment~
ary rocks (Brewer, 1976).

Thin sections are of use not only for textural information, but
also for mineralogical indications of soil development.
Mechanical analyses for grain-size distribution routinely
performed in the analysis of modern soils are, of course,
inappropriate for lithified and metamorphosed paleosols, but
point-counting can be used to determine variations in grain
size and mineralogical composition within a paleosol profile
(Fig. 5). Changes in mineralogy and chemistry in paleosols
are primary indicators of the degree and nature of soil for-
mation as well as of subsequent diagenesis or metamorphism.

Chemical Approaches

Chemical analyses of major and trace elements, including
rare-earth element patterns, may shed much light on the
nature of Precambrian soils. The stability of minerals and
the solubility and mobility of aqueous species are greatly
affected by environmental factors such as pH and oxidation
state. Therefore, their concentration and distribution of
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elements may be indicators of conditions under which
paleosols formed. Ideally, chemical analyses of paleosols
should be compared with those of modern soils with known
characteristics. Unfortunately, however, comparable
whole-rock analyses of modern soils have long been aban-
doned in favour of analysis only of the elements freely
available to plants and animals, since these determine the
fertility and other important characteristics of the soil.
Usually only a few elements extractable by reagents (such as
iron by sodium dithionite) are determined. Such partial
analyses are of little use in lithified and otherwise altered
Precambrian paleosols. There are, to be sure, many full
chemical analyses of modern soils from an earlier era of soil
science (Marbut, 1935), but this data base is in need of
modernization and amplification.

Chemical variations within altered =zones should allow
paleosols to be distinguished from other types of alteration
zones., Subaerial weathering usually results in leaching and
progressive loss of cations such as Na, Ca, and Mg.
Retention of Mg throughout an altered horizon, for example,
might indicate that it was formed by hydrothermal alteration
rather than by subaerial weathering.

There is still little agreement on how chemical anslyses of
Precambrian paleosols should be presented and manipulated.
Ideally, determination of the amount and type of chemical
weathering in a soil or paleosol should be done by caleulation
of gains and losses of material from a constant volume.
However, most paleosols have undergone compaction, the
amount of which is generally unknown. Unless compaetion is
minor or corrections can be made (Button, 1979) such volume
calculations cannot be undertaken. In these cases chemical
analyses may be normalized relative to a chemical compon-
ent that is assumed to be conserved during during weathering,.
usually TiOg (Kalliokoski, 1975; Button, 1979), Al903 (Gay
and Grandstaff, 1980), or even ZrO9 (Schau and Henderson,
1983). In many cases choice of one normalizing element will
yield similar results to others. However, leaching may
preferentially remove one element in solution, or illuviation
may cause either Al or Ti to be moved through the profile in
clay minerals or colloids. In such cases choice of the proper
normalizing element may be critical.

Various molar ratios are often used to compare relative
intensities of chemical weathering in different localities
(Birkeland, 1974; Brewer, 1976; Retallack, 1983). Common
ratios used are that of AlgO3 to SiOg or to the sum of
K90+NagO+CaO+MgO. Such ratios have the advantage of
expressing several analytical values as a single number
(Birkeland, 1974). However, care must be taken not to use
components whose concentration may have been significantly
altered subsequent to soil formation. For example, the Si0g
concentration in paleosols may be different from its initial
amount due to addition of silica cement during lithification. .

In some previous studies, chemical analyses have formed the
basis for interpretating Precambrian soils (e.g. Rankama,
1955). While chemical analyses alone may provide invaluable
evidence of the degree and kind of weathering, it is impor-
tant that they be supported by textural, petrographie, and
field evidence.

Evidence of Early Life

The microfossil record of life in the oceans now extends baek
3500 million years, almost as far back as the sedimentary
rock record itself. Most speculation on the origin of life has
centered on the roles of the atmosphere and ocean in prebi-
otic synthesis, concentration, and organization of organie
molecules (Schopf, 1983). It seems likely that soils were also
involved in events leading to the origin of living organisms
(Nussinov and Vehkov, 1978; Bohn et al., 1979). Soils are the
principal sites of clay formation, and clays or zeolites formed
during weathering may have acted as templates or catalysts
for the formation of complex organic molecules. Moreover,
soil solutions can contain much higher concentrations of
salts, phosphate, metals and organic matter than can ocean
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or pond waters. The proportion of the four most abundant
cations (Ca, Mg, Na, and K) in soils is more like that of
animals (dominated by Ca) than that of the ocean (dominated

_bv Na), RNA in solvtiens ida n ciu;ﬂ smetalg  or-
Janie buses qud 4 en kas been experimentalfy shown
to "reproduce," and in he ’precambrian environment, such
solutions could have formed the molecular beginnings of life
(Eigen et al., 1981).

‘Many  Precambrian marine microfossils are similar to
microbes that live in soils, expecially those of deserts
(Campbell, 1979). For example, Eoastrion is a stellate
mierofossil with an opaque central body from the 2.0 Ga-old
Gunflint Chert of Minnesota. It is virtually identical in
morphology to the living manganese-fixing bacterium
Metallogenium (Barghoorn, 1977). Kakabekia is another,
presumably marine, Gunflint microfossil very similar to
‘modern soil mierobes (Siegel, 1977).

Direct evidence of Precambrian soil life such as mierofossils
or remnants of organie carbon from kerogen is currently
meagre. Cherts that fill cracks in basement rocks underlying
the 2 Ga-old Pokegama. Quartzite of Michigan, contain
microfossil nostocalean cyanobacteria and also possible bud-
ding bacteria (Cloud, 1976). However, it is not known
whether these micro-oganisms lived in cracks within a rocky
soil, or in the intertidal or subtidal zone in which the over-
lying marine rocks were deposited. Hallbauer and van
Warmelo (1974) deseribed miero-organisms from an inter- to
supra-tidal facies of the Witwatersrand Group of South
Afriea (2.3-2.7 Ga). Although the observed structures them-
selves are probably artifacts of their preparation procedures
(Cloud, 1976; Barghoorn, 1981), the carbon itself is probably
biogenic. Analyses of the 2.4 Ga-old paleosols developed in
Ontario on the unconformity between the Huronian Sequence
and the overlying non-marine rocks have also revealed traces
(from 0.014 and 0.25 weight percent) of organic carbon (Gay
and Grandstaff, 1980).

There are other possible indications of Precambrian soil life.
Soil miero-organisms and associated organic matter would be
expected to promote resistance to erosion and a character-
istic soil structure known as tilth, which is distinet in
appearance from the blocky, cracked clays, of many brick
pits and desert badlands. In soils, small aggregates of clayey
soil material (peds) are stabilized by coatings or modified
surfaces (cutans) containing polysaccharides, iron oxides and
other materials.

The difference between stable soil strueture (tilth) and
blocky eclay. is strikingly shown in a 2.2 Ga-old paleosol
developed on basalt in South Africa (Fig. 4). The AC horizon
here is transitional between the blocky, clayey C horizon and
the stable Al horizon. It shows thick, lamellar illuviation
argillans around blocky subangular peds. The Al horizon of
this paleosol has some recognizable sedimentary layering, and
also some fine ellipsoidal aggregates (erumb peds), stained
with iron and manganese (ferrimangans). The botryoidal
nature of this stain and its development on the tops (but not
the bottoms) of the peds (Fig. 5) are very like modern desert
varmsh thought to be produced by bacteria and fungi (Dorn
and Oberlander, 1981; Staley et al., 1982).

Evidence of Early Atmospheres

It is thought that life originated more than 3.5 billion years
ago when the atmosphere may have been almost entirely
devoid of free molecular oxygen. The composition of this
primitive atmosphere was then altered by photodissociation
of water vapor followed by the escape of hydrogen and by the
production by photosynthetic organisms of oxygen. The
evolution throughout time of the partial pressures of oxygen,
ozone, methane, carbon dioxide and other gases in the earth's
atmosphere has long been a topie of study and discussion
(Holland, 1962, in press; Cloud, 1976; Clemmey and Badham,
1982; Schopf, 1983). Research on Precambrian paleosols may
prove relevant in this regard.
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Figute 5: Relict bedding and gramdar ciumb peds (A) with
botwoidal ferrimangans (B) in the Al hotvizon of the paleosol
depicted in Figute 4 (photo by G.J.R.).

Paleosols may yield evidence, for example, of the oxidation
state of the Precambrian environment in which they formed.
During weathering under oxidizing conditions, iron liberated
from primary minerals will be oxidized to the trivalent,
ferric state. Oxidized iron will be precipitated and retained
as ferric oxides (hematite), hydroxides or oxyhydroxides
(goethite), producing soils and paleosols with a red, brown or
yellow colour Retention of ferrie iron increases the
Fed*/Fe?* ratio in the soil relative to the parent rock, In
contrast, under reducing weathering conditions, iron liberated
is primarily in the divalent, ferrous state. Ferrous iron
species are more soluble, and the dissolved iron ean be lost
from the soil into groundwater, creating iron-depleted soils.
In poorly drained soils ferrous iron is retained in pyrite or
ferrous silicates. Retention of the ferrous iron results in
decreased Fe3*/Fe?* ratios in paleosols relative to the
parent rock.

The high content of ferrous minerals such as chlorite or
pyrite gives the paleosol a drab, grey or black colour. How-
ever, because ferric/ferrous ratios are highly susceptable to
alteration during diagenesis, metamorphism, or recent
weathering, the colour of a paleosol in outerop should be
taken only as a preliminary and not necessarily reliable
indication of oxidation state. Thus, variation in iron con-
centration or ferrie/ferrous ratio within a paleosol may
indicate the oxidation state during its formation., Other
elements whose mobility is also influenced by valence or
oxidation state (e.g. Mn, U, V, Zn or Mo) may also be used in
this fashion.

Early workers believed that the primitive anoxiec or reducing
terrestrial atmosphere might have persisted for billions of
years after formation of the planet. Iron-depleted reduced
paleosols are common in early Precambrian rocks (Button and
Tyler, 1979; Retallack, 1981), but recent work has revealed
some weakly oxidized paleosols having ages back to 3.1 Ga
(Button, 1979; Gay and Grandstaff, 1980; Schau and Hen-
derson, 1983). The existence of weakly oxidized early Pre-
cambrian paleosols suggests that the Precambrian atmo-
sphere did contain some free oxygen. However, other studies
have found both oxidized and reduced paleosols along the
same stratigraphic horizon (Kalliokoski, 1975; Gay and
Grandstaff, 1980), indicating that soil formation is regulated
by many interacting factors.

The ecritical oxygen pressure separating production of
oxidized and reduced paleosols may not only be a matter of
equilibrium, as previously accepted. Holland (in press) has
envisaged oxidation as a secondary reaction ocecurring after
iron is released by dissolution of iron-bearing minerals in soil
solutions rich in carbonic acid derived from atmospheric
carbon dioxide. He argued that weathering in the presence of
high atmospheric 09/COq ratios (the present condition) would
first exhaust the carbonic acid content of soil solutions.
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With oxygen still present in soil solutions, oxidized soils
would result. At lower O9/COg ratios oxygen might be
exhausted first, leading to the formation of reduced
paleosols. He further suggested that it takes more oxygen to
alter the Fe3*/Fel® ratio and redden high-iron ultramafic
and basaltic rocks than low-iron granitic or gneissic rocks.
Under present conditions both granitie and basaltic soils are
oxidized and reddened by ferric oxides; however, under lower
atmospheric oxvgen pressures granitie soils might be oxidized
and nasaltic and ultramafic soils reduced.

In examples ranging in age from 2.5 to 1 Ga, drab paleosols
are developed on mafic rocks and slightly oxidized paleosols
on felsic parent materials (Williams, 1968; Gay and Grand-
staff, 1980; Kalliokoski, 1975). At first sight this also
appears to be an indieation of lower partial pressures of
oxygen in the ancient atmosphere. However, for each
paleosol there are complicating factors. Drab soils,
containing minerals with reduced iron-bearing minerals such
as pyrite and siderite are found even today where atmo-
spheric oxygen is excluded by waterlogging in marshes and
estuaries (Coultas, 1980). Some early Precambrian soils may
have been waterlogged and formed in low areas where they
would be especially favoured for burial and preservation. The
relatively large proportion of reduced early Precambrian
paleosols found may reflect this preservational bias (Gay and
Grandstaff, 1980).

Waterlogging does not, however, seem to have affected a 2.2
Ga-old paleosol from the Transvaal (Button, 1979). This
paleosol has prominent clastic dikes of sandstone and a
hummock-and-swale (gilgai) structure in the A horizon
(Fig. 4). These are both features of modern, well-drained
deeply cracking, clayey Vertisols (Stace et al, 1968),
Evidence of this type is needed to establish whether paleosols
were waterlogged before they can be considered indicators of
atmospheric composition.

Many of the mafic parent materials of Precambrian paleosols
are finer grained than are the felsic rocks from which other
paleosols along the same unconformity are derived. The soils
produced on basic rocks also consisted primarily of clays and
so were poorly ventilated compared to the sandy soils
produced on quartz-bearing granitic rocks. As in modern
soils sueh fine-grained and relatively impermeable materials
would be an additional hindrance to their weathering and
oxidation by diffusion of gases from the atmosphere into the
soil (Birkeland, 1974; Brewer, 1976) .
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