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Preface 

This volume is the final outcome of a conference designed to wrap up IOCP 
Project 157 (" Early Organic Evolution and Mineral and Energy Resources ") 
after a decade of prolific activity. The picturesque solitude of Maria Laach Abbey 
in the Eifel Mountains (FRO) provided the appropriate setting for a conclave of 
some 80 specialists from the various walks of the field who, during the week of 
Sept. 19 - 23, 1988, strived hard to define the state of the art in the principal 
segments of this Earth Science frontier. 

The following pages contain the essence of the conference transactions, giv­
ing a vivid cross-section of the activities pursued by IOCP Project 157 during its 
final years. The coverage of topics is not necessarily complete, but rather eclec­
tic in part. With regard to single papers dealing with modern analogues of ancient 
processes, the book title might even be considered a grave misnomer. Neverthe­
less, all contributions relate to the subject in the widest sense, and the reader 
should be reminded that much of the heterogeneity reflected by the volume de­
rives from the fact that it is primarily a research report from a highly inter­
disciplinary field rather than a textbook. To secure at least some balance be­
tween these opposite goals, each of the four subprojects is introduced by one or 
more review papers that summarize the field as a whole (or major facets there­
of) for the benefit of those readers in need of introductory guidance. Consider­
ing the principal character of the book as a progress report from an actively 
evolving field, editorial efforts to eliminate occasional inconsistencies among in­
dividual contributions were kept to a minimum, the rationale being that there 
must be room for different viewpoints and a continuing dialogue. 

As is nowadays almost common for conference proceedings, this volume 
also had an extended gestation period. However, the potentially adverse effects 
of such delay are largely offset by the fact that most papers do not concern 
themselves with ephemeral issues, and that the authors were given ample oppor­
tunity to apply a final touch to their texts during the copy-editing procedure. 
Accordingly, we may safely claim that the gist of the concepts set out on the 
subsequent pages is contemporaneous with the year given on the copyright page. 
By summarizing our current knowledge of the field, the book as a whole will 
hopefully serve as a springboard for shifting frontiers further into the unknown. 
I am convinced that future generations of students interested in early organic 
evolution and biologically mediated geochemical transformations will detect in 
this volume several ideas that have stood the test of time. 

As organizer of the conference that has materialized in this volume, it re­
mains for me to acknowledge the generous support given by the UNESCO­
IOCP Organisation (Paris), the Alfred Wegener Foundation (Bonn), the Deut­
sche Forschungsgemeinschaft (Bonn) and the Max Planck Society (Munich). 
Moreover, special thanks are due to my subproject leaders for their unfailing 
commitment, notably as coeditors of this volume (which, in the case of Dave 
McKirdy, included the virtual rewriting of five papers of his section!). Hubert 
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Wiggering volunteered to compile the index, and a legion of reviewers (see se­
parate list) helped to secure a high scientific standard. Last, but not least, I 
should like to mention the monasterial hospitality offered by the resident Bene­
dictine community, and a donation by Mr. Harald Eckes. Nieder-Olm. which 
substantially added to both the flavour and the spirits of the meeting. 

Mainz, October 1991 Manfred Schidlowski 
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Introduction 

Early Organic Evolution and Mineral and Energy Resources: 
A Farewell Address to IGCP Project 157 

Manfred Schidlowski 

Chairman, IGCP Project 157, Max-Planck-Institut fUr Chemie, Saarstr. 23, W-6500 Mainz, FRG 

The Final Meeting of IGCP Project 157 in the form of 
the 9th Alfred Wegener Conference (Maria Laach, 
Sept. 19 - 23, 1988) was pre-eminently an occasion to 
draw a balance sheet of the work performed in a 
scientific venture that, in the terminal assessment of 
the IGCP Board (1989), has been rated "a highly 
successful project producing a number of major 
advances in the field and resulting in a number of 
important pUblications." Since the inauguration of the 
project in the late 1970s, our project community had 
understood itself as an interdisciplinary task force 
bent on exploring those blurred areas in which 
economic geology, organic geochemistry, and evo­
lutionary biology seem to blend and overlap. At this 
stage, a brief look back at a decade's activities would 
seem in order, to retrace recent developments at 
one of the most fascinating frontiers in Earth Sci­
ences. 

IGCP Project 157 had been launched in 1977 by 
an Australian steering committee composed of 
D. M. McKirdy, P. A. Trudinger and M. R. Walter, 
with M. F. Glaessner as adviser (see Walter et al. 
1979). On a first meeting of the project community at 
the occasion of the 10th International Sedimentology 
Congress (Jerusalem 1978), chairmanship was en­
trusted to M. Schidlowski, who immediately pro­
ceeded with the organization of an international 
conference in the form of a Dahlem Workshop. Apart 
from the release of a series of newsletters edited by 
J. H. Oehler and A. Button, progress reports were 
published at regular intervals (Oehler and Schidlowski 
1980; Schidlowski 1983, 1985, 1987a). Detailed ac­
counts of the principal activities have been given in a 
fair number of project-related monographs and book 
publications (inter alia Holland and Schidlowski 1982; 
Nagy et al. 1983; Retallack 1986; Johns 1986). 
Moreover, aspects of the work of Project 157 have 
figured prominently in other recent publications (e.g., 
Schopf 1983; Cohen et al. 1984; Friedman and Krum­
bein 1985). Since 1979, the project had organized a 
series of regional and international conferences some 
of which have proved seminal in the field [notably the 

Dahlem Workshop "Mineral Deposits and the Evo­
lution of the Biosphere" (Berlin, 1980) and a confer­
ence "Developments and Interactions of the Pre­
cambrian Atmosphere, Lithosphere, and Biosphere" 
(Mexico City, 1982)). 

In accordance with the "Vernadskyan concept" 
that views life as a powerful geochemical agent 
responsible for a number of large-scale transforma­
tions in the exogenic cycle (Vernadsky 1930), the 
project community had concerned itself with the 
geochemical impact of the Earth's biota on processes 
of exogenic mineral and hydrocarbon formation. By 
virtue of their accumulation of negative entropy, living 
systems are apt to impose on their surroundings a 
marked thermodynamic gradient which is the driving 
force for a number of quantitatively important and 
environmentally relevant geochemical reactions. Most 
conspicuous among these are oxidation processes 
driven by the redox imbalance imposed on terrestrial 
near-surface environments by photosynthetic oxygen. 
Another biologically mediated reaction is the dis­
similatory breakdown of organic matter by sulfate, 
which releases large quantities of hydrogen sulfide to 
the aquatic (specifically marine) realm. 

Within the broad frame of biologically powered 
geochemical processes, the work of IGCP Project 157 
has particularly addressed the timing of major quan­
tum steps in early bioenergetic evolution such as the 
emergence of oxygen-evolving photosynthesis and of 
dissimilatory sulfate reduction. It is self-evident that 
specifically these two biological innovations were 
bound to induce profound changes in the chemical 
regime at the Earth's surface by the release to the 
environment of molecular oxygen and hydrogen sul­
fide in geochemically relevant quantities. This, in turn, 
was apt to significantly affect surface processes includ­
ing those responsible for the formation of economic 
mineral and fossil fuel deposits. 

Since the initiation of the project, it had been 
practical to pursue relevant investigations in four 
working groups or subprojects, each of which focusing 
on a key topic of the field. In the following, a brief 

M. Schidlowski et al. (Eds.) 
Early Organic Evolution: Implications 
for Mineral and Energy Resources 
:c Springer-Verlag Berlin Heidelberg 1992 



2 

characterization will be given of these subprojects 
along with their principal achievements. 

1 Precambrian Weathering Horizons 
(co-ordinator: M. M. Kimberley) 

Although this subject had figured very prominently in 
the original working program (cf. Walter et a1. 1979), 
corresponding activities remained, unfortunately, 
marginal to the mainstream of the work of the pro­
ject until the mid-1980s. The significance for paleo­
environmental research of ancient weathering 
horizons derives from their character as reaction rims 
formed at the interface between crust and atmosphere 
plus hydrosphere in which the liquid and gaseous 
reactants involved in these processes (H 20, CO 2 , O2 , 

etc.) have entered, and been fixed in, solid mineral 
phases. Accordingly, fossil weathering profiles are 
storing (albeit selectively) information on the compo­
sition of the Earth's volatile envelope. Consequently, 
Precambrian weathering horizons and notably fossil 
soils ("paleosols"') may hold crucial clues to atmosphe­
ric evolution during the Earth's early history. U nfor­
tunately, the primary chemistry of weathering pro­
cesses tends to be largely clouded or even obliterated 
during lithification processes since diagenetic reconsti­
tution of sediments usually takes place in a reducing 
environment. As a result, the role played by oxygen in 
the original weathering process may be thoroughly 
masked, with the Fe3 + component of the primary 
detritus often completely reduced to bivalent iron. 

With the aim of a first systematic review of the 
field, Project 157 had sponsored an "International 
Symposium on Precambrian Paleosols" organized by 
M. M. Kimberley at North Carolina State University, 
Raleigh, N. C. (1985). Being the first of its kind, this 
conference has clearly set a milestone in paleosol 
research, its proceedings having appeared as a Special 
Issue of Precambrian Research (Retallack 1986). The 
papers assembled in this volume, as well as those 
appearing in Section 1 of the present book, reflect the 
current status of the topic and will serve to both 
stimulate and direct further work in this field. 

2 Organic Constituents of Precambrian 
and Early Paleozoic Sediments with Special 
Reference to Pre-Devonian Oils 
(co-ordinator: D. M. McKirdy) 

A principal achievement of this subproject over the 
last decade was the definitive establishment of a 
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continuous organic record in the form of kerogen and 
derivative graphite over 3.8 Ga of geological history. 
indicating that microbial (prokaryotic) life had been 
extant on Earth not long after its formation. 
Moreover. the bias in favor of the light carbon isotope e2C) inherent in the principal carbon-fixing enzyma­
tic reaction of the photosynthetic pathway could be 
traced back in sedimentary organic matter over practi­
cally the same time span (Hayes et a1. 1983; Schid­
lowski et a1. 1983; Schidlowski 1987 b; see also chap­
ters by Schidlowski and Aharon, and McKirdy and 
Imbus, this VoL). These findings give eloquent testi­
mony to the continuity on this planet of photoauto­
trophy as both a biochemical process and a geochem­
ical agent. A project-sponsored workshop addressing 
these and related questions (Organic Matter in Sedi­
ments: The Molecular and Isotopic Record olLi(e orer 
the Last 3.8 Ga) had been organized by P: Albrecht, 
G. Eglinton, and M. Schidlowski at the occasion of 
the 2nd EUG Meeting in Strasbourg, 1983 [see 
meeting report in Episodes, 1983 (3), p. 44]. At the 27th 
International Geological Congress in Moscow (1984), 
M. Schidlowski and L. M. Mukhin had convened an 
Intersectional Symposium entitled Origin and Evo­
lution o( Life on Earth [cf. Episodes, 1984 (4), p. 39]. 

On the applied side, several members of the 
community (D. M. McKirdy, R. E. Summons, T. G. 
Powell, M. G. Fowler, and others) had devoted them­
selves to a thorough survey of the biomarker geo­
chemistry of ancient kerogens and oils as a poten­
tial exploration tool in the search for pre-Devonian 
(including mid- to late Proterozoic) hydrocarbon 
deposits. Biological markers or "chemofossils", re­
spectively. are molecules or molecule fragments of the 
biological source materials that are capable of with­
standing humification process and subsequent diage­
netic alterations in the sediment with little or no 
change. Prior to the appearance of widespread De­
vonian continental floras, sedimentary organic matter 
was almost solely derived from bacteria, algae, and 
marine invertebrates, all of which have left specific sets 
of biomarker compounds in the record. 

As a result of the work performed by our project 
community. it is safe to say that the Earth's early 
microbial biomass has contributed substantially to the 
hydrocarbon-generating potential of the sedimentary 
shell and is specifically to be credited for the formation 
of the oil and gas occurrences of late Proterozoic and 
early Paleozoic rocks. Inter alia, it has been possible to 
identify individual microbial species and genera as key 
contributors to oils and oil-prone kerogens of this age. 
It was. moreover. shown that Proterozoic oils and 
sediment extracts commonly contain only low abun­
dances of the "classical" biomarker molecules (such as 
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improvement of the human condition by concerning 
itself with the increasing need of modern industrial 
societies for energy and raw materials. Moreover, the 
project was highly successful in promoting interna­
tional communication and cooperation among scien­
tists working in the field. Hence, the statement seems 
warranted that the present state of the field as a whole 
owes much to the co-ordinating efforts and stimulat­
ing effects that have emanated from our project 
community. It may be reasonably expected that the 
impetus thus imparted to the topic will radiate into 
various directions and spark off further efforts com­
mensurate with the intellectual challenge of the field. 
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Abstract 

The influx of energy from the Sun probably has 
exceeded the outflow of heat from the interior of the 
Earth since shortly after accretion. The present influx 
of solar energy is about four orders of magnitude 
greater than the outflow of internal energy. Although 
the outflow of internal energy has been limited, the 
apparently continuous outflow of volatiles, including 
carbon dioxide, has resulted in intensive weathering 
throughout most of Earth history. The Precambrian 
represents 88 % of Earth history; weathering during 
this long era played a major role in shaping the Earth 
and in creating its present condition. 

There is ample indirect evidence for Precambrian 
weathering in Precambrian sedimentary rocks. How­
ever, there is little direct evidence in the form of 
preserved Precambrian paleosols. The few well­
preserved Precambrian paleosols that have been 
studied to date can provide a record of the atmosphere 
at the time of their formation and perhaps of the 
evolution of terrestrial life. This record has not yet 
been deciphered clearly, since the study of Precam­
brian paleosols is still in its infancy. 

1 Introduction 

1.1 Definitions 

A paleosol is defined in the American Geological 
Institute (AGI) glossary as "a buried soil horizon of 
the geologic past" (Gary et al. 1974). Unfortunately, 
the word, soil, is one of the least well defined among 
common scientific terms. The definitions in some 
textbooks would not exclude a graded sedimentary 
bed, e.g., that of Brewer (1976, p.7): "Soil is the 
collection of natural bodies formed by alteration of 
sedimentary and/or igneous bodies due to exposure at 
the earth's surface and having an anisotropic arrange­
ment of properties along an axis normal to the earth's 
surface." Several textbooks define scores of soil-

related terms without defining "soil" itself, whereas 
others refrain from a serious attempt at a definition, 
e.g., FitzPatrick (1980, p. 341), "Soil: (1) the natural 
time-space continuum occurring at the surface of the 
earth and supporting plant life (2) anything so called 
by a competent authority". 

A central issue in the study of Precambrian 
paleosols is the record of ambient microbial activity. 
The Precambrian record of continental plant life is not 
yet clear, but usage of the term "soil" is restricted by 
some definitions to require organic activity, e.g., the 
AGI Glossary of Geology which notes that "the lower 
limit (of soil) is normally the lower limit of biological 
activity" (Gary et al. 1974). It is unlikely that the lower 
limit of biologic activity ever will be determined 
precisely in any Precambrian paleosol and so it is 
impractical to distinguish between organically influen­
ced "paleosol" and inorganic "paleoregolith" (cf. 
Robb et al. 1986). For the purpose of this chapter, the 
terms "soil" and "paleosol" are used without any 
biologic connotation. 

In an accompanying chapter within this Volume, 
G. J. Retallack defines soil formation as any alteration 
in place downward from a land surface. Since we know 
relatively little about terrestrial Precambrian environ­
ments, this generalized definition may be preferable to 
a more elaborate one, e.g., "all material at the Earth's 
surface which was not permanently covered with 
water and which became altered in place by surface 
processes, such as interaction with rain water, at­
mospheric gases and/or plant life". Both definitions 
imply that the weathering material did not experience 
any lateral movement other than soil creep, and so 
exclude sedimentary processes. The latter definition ex­
cludes glacial effects and may require further specifi­
cation concerning the origin and composition of the 
reactive gases. Atmospheric gases presumably always 
have included at least one species which formed an 
acid upon dissolution in water but they may not 
always have included a significant concentration of 
oxidizing species. The most important acid-forming 
atmospheric gas during the weathering of known 
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trated paleosol in the older group is the ca. 2.2 Ga 
Hekpoort (Button 1979: Retallack 1986 b) and the 
oldest paleosol in the younger group is the ca. 1.8 Ga 
Flin Flon paleosol (Holland et al. 1989). 

A 2.2 to 2.5 Ga age independently has been 
suggested to have evolutionary significance for marine 
sulfur species, based on isotopic data. Pyrite correlates 
closely with organic carbon in Archean sedimentary 
rocks, and this association is suggestive of a bacterial 
influence on precipitation (Dimroth and Kimberley 
1976): but Archean pyrite is not enriched in 32S as is 
pyrite in younger sediments (Holland 1984). One 
group of researchers interprets this evolutionary 
change to indicate that marine sulfate was essentially 
absent in the Archean oceans (Cameron 1982; Veizer 
et al. 1982: Hattori et al. 1983; Walker and Brimble­
combe 1985; Cameron and Hattori 1987). In contrast, 
Ohmoto and Felder (1987) propose that the Archean 
oceans contained at least 1 mM sulfate (compared to 
28 mM today). Holland (1984) has noted that the 
concept of a sulfate-free Archean ocean is inconsistent 
with the evidence of oxidation in some Archean 
paleosols and with the scattered occurrences of gyp­
sum casts in Archean sedimentary rocks. 

5 Lower Proterozoic Paleosols 

5.1 Paleosols Associated with Pyritic Conglomerate 

Proterozoic paleosols are considerably more plentiful 
than Archean examples; this is consistent with the 
greater proportion of Proterozoic supracrustal rocks. 
One of the oldest Proterozoic examples, on basement 
beneath the Huronian Supergroup, also is one of the 
best documented, because fresh profiles are available 
in the Elliot Lake uranium mines in east-central 
Canada (Gay and Grandstaff 1980; Kimberley et al. 
1980; Farrow and Mossman 1988). Sub-Huronian 
paleosols developed on a hilly landscape of both 
granitic and basaltic rocks, and were covered by fluvial 
clastic sediments (Roscoe 1969; Kimberley et al. 1984). 
A possibly contemporaneous paleosol formed on 
tonalite, gneiss, and amphibolite in the Mistassini 
Lake area, some 800 km northeast of Elliot Lake 
(Chown and Caty 1983). 

The Mistassini Lake paleosol developed on Ar­
chean crystalline rocks. Where it underlies fluvial 
clastic sedimentary rocks, the paleosol resembles the 
sub-Huronian paleosol. However, where the paleosol 
is covered by dolostone, dolomite replaces Archean 
mineral grains within the paleosol (Chown and Caty 
1983). A similarly calcareous Lower Proterozoic 
paleosol is developed on Archean crystalline rocks 
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about 500 km west of Elliot Lake near Keweenaw Bay, 
Lake Superior (Kalliokoski and Lynott 1987). The 
Keweenaw Bay carbonate has been attributed to a 
marine transgression over the paleosol (Kalliokoski 
and Lynott 1987). 

Pyritic uraniferous conglomerate in the Huronian 
Supergroup resembles pyritic uraniferous-auriferous 
conglomerate in the Witwatersrand Supergroup of 
South Africa (e.g., Kimberley 1978). Like the 
Huronian, the Witwatersrand Supergroup is under­
lain by thick sericitic paleosol (Robb et al. 1986; Robb 
and Meyer 1985, 1986). Paleosols in both regions are 
depleted in Na20 and moderately enriched in K 20. 
Both Al20 3 and Ti02 are enriched in the uppermost 
portion of the sub-Witwatersrand paleosol (Robb et 
al. 1986). A regional association of paleosols with 
pyritic conglomerate recurs in the Lower Proterozoic 
of Karelia, a district which covers eastern Finland and 
the northwestern Soviet Union (Koryakin 1981; 
Marmo, this voL). 

5.2 Paleosols Developed on Lower Proterozoic Iron 
Formations 

Chemically reduced ore deposits are particularly sus­
ceptible to weathering, and Precambrian paleosols 
may be expected on shallow-water ore deposits like the 
locally oolitic and sideritic iron formations which rim 
Lake Superior (Lougheed 1983). Iron formations 
which became weathered during the Precambrian may 
represent some of the most voluminous examples of 
paleosols (e.g., Sokolov and Heiskanen 1984; Cannon 
1976). The Precambrian age of the alteration is well 
established for some iron formations which suffered 
subsequent Precambrian metamorphism, but inter­
pretations of the alteration process remain controver­
sial (Morris 1985). 

The evidence for pervasive oxidation in the Lower 
Proterozoic paleosols which developed on iron for­
mations is difficult to reconcile with the concept of 
supratidal or intertidal sedimentation of siderite mud 
(cf. Dimroth 1976; Lougheed 1983). Simonson (1985) 
concludes that sedimentation of sideritic Precambrian 
iron formations occurred subtidally although water 
depth may have been very shallow locally. 

5.3 Upper Proterozoic Paleosols 

Upper Proterozoic carbonate-rich paleosols have been 
reported from a thick sequence of fluvial clastic 
sedimentary rocks and continental basalt in the 
Keweenawan Peninsula of Michigan (Kalliokoski 
1986). In a nearby area, Zbinden et al. (1988) described 
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a 1.1 Ga paleosol developed on greenstone. A sub­
Torridonian paleosol in northwestern Scotland re­
sembles a pedalfer where developed on biotite gneiss 
and a pedocal where developed on amphibolite (Wil­
liams 1968). In the Soviet Union, bauxite of Riphean 
age has been interpreted to be paleosol (Sokolov and 
Heiskanen 1984). 

5.4 Potassium Metasomatism in Precambrian 
Paleosols 

The most consistent peculiarity of Precambrian 
paleosols is their high KINa ratio (e.g., Koryakin 
1977; Sidorenko et al. 1978; Button 1979; Gay and 
Grandstaff 1980; Kimberley et al. 1980). Kimberleyet 
al. (1984) noted that similarly high ratios of KINa 
occur to depths of over 5 m in modern soil-saprolite 
which is weathering under subtropical conditions in 
the southeastern U.S.A. (Calvert et al. 1980; Lechler et 
al. 1981). Potassium is about an order of magnitude 
more abundant than sodium in Piedmont soil­
saprolite of the southern Appalachians, largely 
because of the survival of muscovite relative to 
plagioclase feldspar. Nesbitt et al. (1980) report a 
similar fractionation of sodium from potassium in 
modern soil-saprolite on granodiorite in eastern Aus­
tralia. They attribute the retention of potassium to an 
inherent preference by clay minerals for large cations. 

The relevance of modern potassic soil-saprolite to 
typical Precambrian paleosol is uncertain, because 
thick soil-saprolite in the southern Appalachians 
commonly contains only a few percent clay (Liddle 
1984), whereas the sericite in most Precambrian 
paleosols appears to be regenerated from clay rather 
than preserved from unweathered muscovite (e.g., 
Retallack 1986 a, b). Potassium is as leached as sodium 
in clayey soil on Hawaiian basalt (Patterson and 
Robertson 1961). Potassium also is scarce in intensely 
weathered soil of the Amazon basin (Kronberg et al. 
1979). However, the sub-tropical soil described by 
Nesbitt et al. (1980) from Australia is both clayey and 
potassic. 

Given the removal of potassium from the most 
intensely weathered modern soils, its abundance in 
thick and originally clayey Precambrian paleosols 
represents either peculiar Precambrian soil-forming 
processes or post-depositional alteration. Basu (1981) 
proposed that potassium would have been retained 
more readily in soil prior to the advent of vascular 
plants. However, Graustein and Velbel (1981) consi­
dered this proposal to be inconsistent with the 
potassium-concentrating processes which characterize 
modern forests, and Holland (1984) considered it to be 
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inconsistent with the age distribution of the potassium 
content of sedimentary rocks. 

Holland and Zbinden (1988) propose that the 
abundance of potassium in Precambrian paleosols 
may be attributed to late diagenetic uptake of this 
element from descending groundwater. In the case of 
paleosol burial under thick sand, they envision potas­
sium uptake by deeply descending groundwater which 
had permeated feldspar-bearing sand. The resulting 
potassium-rich groundwater could convert potassium­
poor clay in the paleosol to sericite. 

6 Conclusion 

The study of Precambrian paleosols remains in its 
infancy. There is considerable variety among the few 
examples which have been well documented and this 
variety can only be expected to increase with ad­
ditional work. Many Precambrian paleosols are as­
sociated with sedimentary ore deposits. The study of 
Precambrian paleosols may therefore prove to be 
useful for ore-deposit exploration as well as for 
reconstructing the history of the atmosphere and of 
near-surface environments. 
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Abstract 

Precambrian paleosols have been discovered in unpre­
cedented numbers in recent years and it is likely that 
many remain unrecognized for what they are. This 
essay attempts to aid the search by outlining diagnos­
tic versus common but not necessarily distinctive 
features of Precambrian paleosols. Three general 
classes of criteria can be used to recognize Pre­
cambrian paleosols: biological traces, soil horizons, 
and soil structures. 

Precambrian paleosols do not contain the root 
traces that are so helpful in identifying Phanerozoic 
paleosols. Moreover, the microbial traces in paleosols, 
such as ministromatolites, rock varnish, and microbial 
borings, are not yet distinguishable from similar 
phenomena on the floors of shallow lakes or marine 
shelves. The most diagnostic microbial indicator of 
Precambrian paleosols yet reported is the upward 
lightening of isotopic ratios of 180 vs. 160 and 13C vs. 
12C in weathered carbonate rocks. 

Soil horizons of Precambrian paleosols, like those 
of the Phanerozoic, ideally exhibit gradational 
changes in color, texture, mineralogy, and chemical 
composition downward from a sharp upper contact. 
Subsurface horizons enriched in quartz, clay, ses­
quioxides, or humus have not yet been demonstrated 
in paleosols older than the Devonian advent of trees. 
There are, however, Precambrian examples of surface 
horizons enriched in clay and of subsurface horizons 
enriched in carbonate minerals, gypsum, amorphous 
silica, or manganese. There also are Precambrian 
examples of bauxitic, kaolinitic, and iron-rich deep 
weathering. 

Some soil structures are diagnostic in that they 
demonstrate multiple episodes of breaking, infilling, 
and closure due to randomly oriented, small-scale 
extensional and compressional forces at atmospheric 
temperatures and pressures. Examples include sub an­
gular near-equant soil clods (blocky peds), veins of 
clay washed down soil cracks (clay skins or illuviation 
argillans), tepee or pseudo anticline (mukkara) struc-

tures of swelling-clay soils, sand wedges and other 
features of periglacial soils, and certain kinds of 
microfabric in which birefringent clays are arranged as 
random streaks in a less-oriented matrix (insepic, 
mosepic. and masepic plasmic fabric). 

Most Precambrian paleosols are deformed, me­
tamorphosed, and poorly exposed, so can be confused 
with upward-fining fluvial sequences, mudflow de­
posits, ash beds, marine hardgrounds, fault mylonites, 
or zones altered by either groundwater or hydro­
thermal fluids. Argillic hydrothermal alteration is 
particularly troublesome because its effects cannot yet 
be distinguished from the wide range of known soil­
forming conditions on compositional criteria alone. 
To distinguish a paleosol from hydrothermally altered 
rock, evidence is best sought from horizonation, soil 
structure, and geologic context. 

1 Introduction 

Are Precambrian paleosols rare? Compared to Pre­
cambrian komatiites, placer uraninites, stromatolites, 
microfossils, or fluvial rocks, the number of known 
Precambrian paleosols remains meager (Sokolov and 
Heiskanen 1984; Pinto and Holland 1988). However, 
Precambrian paleosols have been discovered in unpre­
cedented numbers in recent years and it is likely that 
many remain unrecognized for what they are. Few 
geologists have extensive knowledge of soil science, 
and few soil scientists have carefully studied Pre­
cambrian rocks. It is only in the past two decades that 
the expertise of soil science has been diligently applied 
to Phanerozoic fluvial rocks. As a result, literally 
thousands of paleosols have been discovered (Bown 
and Kraus 1981; Retallack 1983; Allen 1986). 

Paleosol studies have not been as successful in the 
Precambrian as in the Phanerozoic for at least two 
reasons. Precambrian paleosols lack obvious and 
diagnostic biologic features, such as root traces (Re­
tallack 1988 a) and many Precambrian paleosols have 

\1. Schidlowski el al. (Eds.) 
Early Organic Evolution: Implications 
for Mineral and Energy Resources 
(' Springer-Verlag Berlin Heidelberg 1992 
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been so obscured by metamorphic alteration that they 
are difficult to distinguish from hydrothermally 
altered rocks (Lowe et al. 1985; Duchac and Hanor 
1987). Despite these problems, considerable progress 
has been made recently on where and how to look for 
Precambrian paleosols. This essay outlines diagnostic 
versus common but not necessarily distinctive features 
of Precambrian paleosols. In looking for Precambrian 
paleosols, as in all science, fortune favors the prepared 
mind. 

Given that it is premature to judge how common 
Precambrian paleosols may be, it is difficult to predict 
their significance for reconstructing Precambrian life 
and landscapes. Precambrian, like Phanerozoic, pa­
leosols potentially may provide evidence of past 
climates, organisms, topographic relief, parent 
materials, and duration of soil formation (Retallack 
1986 b). The history of Precambrian atmospheric 
oxygenation (Holland 1984; Pinto and Holland 1988) 
and the tectonic style of continental accretion and 
differentiation (Retallack 1990) are two perennial 
problems of Precambrian geology that are being 
profitably addressed through study of paleosols. A 
comparison of Precambrian paleosols with surficial 
alteration of equivalent or greater age on the Moon, 
Mars, Venus, and other planetary bodies may eluci­
date the early history of our Solar System (Retallack 
1988 b, 1990). Paleosols also provide evidence for the 
origin and early evolution of life on land (Retallack 
1986 a, 1990). 

The discovery of additional Precambrian paleosols 
would enhance these studies. Three aspects of Pre­
cambrian paleopedology are emphasized herein to 
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facilitate such discoveries: where to look for Pre­
cambrian paleosols, what features are diagnostic of 
them, and how they are distinct from other geologic 
phenomena. 

2 Where to Look for Precambrian Paleosols 

Perhaps the most direct way to find Precambrian 
paleosols is to advertise among geologists. Holland 
(1988) has tried this, with some success. A less di­
rect, but perhaps more promising, approach in­
volves "reading between the lines" of Precambrian 
studies. As in Phanerozoic sequences, Precambrian 
paleosols may be expected along major unconfor­
mities and within nonmarine sedimentary or volca­
nic strata. 

Paleosol reconnaissance should start with a ge­
ological map. Unconformities overlain by fluvial 
rocks are especially promising candidates for 
paleosols (Gay and Grandstaff 1980; Farrow and 
Mossman 1988). Some rivers erode canyons deep 
into fresh bedrock but others bury weathered hill­
sides or plains under alluvium (Fig. 1). Colluvium 
also may bury soil. Irregularity of a mapped geolog­
ical contact occasionally records paleotopography 
rather than tectonism (Williams 1969). Highly ir­
regular contacts characterize some carbonate se­
quences and some of these irregularities have prov­
en to be ancient karst (Button and Tyler 1981; 
Schau and Henderson 1983; James and Choquette 
1987). 

Fig. 1. Sheigra clay paleosol 
beneath Torridonian (1 Ga) 
alluvial fan deposits in sea cliffs 
near Sheigra, NW Scotland. 
(Retallack 1986a) 
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alterations in place are the most obvious of a variety of 
subtle weathering effects which are detectable in 
Precambrian sedimentary rocks. 

Studies of Precambrian volcanic rocks offer yet 
another potential source of information about Pre­
cambrian paleosols. Sequences of pillow lavas are not 
a promising place to look for paleosols because pillows 
form subaqueously. However, terrestrial sequences of 
lava flows may include paleosols, as well documented 
in the Irish Tertiary (Eyles 1952). Lahars, ignimbrites, 
and ash beds also are separated by paleosols in 
Phanerozoic volcaniclastic sequences (Retallack 1983) 
and a few Precambrian examples are known (Blades 
and Bickford 1976). Surficial weathering is not the 
only cause of stratiform alteration within volcanic 
sequences. Alternative methods of alteration include 
groundwater moving through porous pyroclastics 
after burial, hydrothermal alteration driven by vol­
canic heat, and downward baking by directly overly­
ing lava (Fisher and Schminke 1984). None of these 
alternatives generally explains thick clayey horizons 
between Phanerozoic flows because the clays are less 
permeable than the columnar and tabular joints, 
because the mixing of hot lava and cool water is more 
likely to produce breccia, scoria, or lava spines than 
extensive interflow alteration, and because anhydrous 
volcanic rocks are such good insulators that baking 
generally is limited to just a few centimeters. Neverthe­
less, the foregoing nonpedogenic alternatives should 
be considered when evaluating possible paleosols in 
Precambrian volcanic sequences (Smith et al. 1982; 
Lowe et al. 1985; Duchac and Hanor 1987). 

3 How to Look for Precambrian Paleosols 

Three features of Phanerozoic paleosols are most 
useful for distinguishing them from enclosing rocks: 
root traces, soil horizons, and soil structure. Root 
traces are not found in Precambrian paleosols because 
they predate the advent of multicellular land plants. 
Nevertheless, other structures and effects of non­
marine microbes can be found. Similarly, the soil 
horizons and structures of Precambrian paleosols may 
not be as obvious or diverse as those in Phanerozoic 
paleosols, but comparable features have been found. 

3.1 Microbial Traces 

Even among soil scientists there is some disagreement 
about the exact definition of soil, but almost all 
definitions include material which supports the 
growth of vascular plants. The most diagnostic fea-
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tures of Phanerozoic paleosols are fossil roots or their 
clay or crystal-lined holes. The fossil record of roots is 
securely known only back to the Devonian (Retallack 
1985, 1986 a). Silurian paleosols contain some possible 
rhizome traces (Schopf et al. 1966; Retallack 1985). 
Paleosols as old as Late Ordovician contain burrows 
of animals so large that they probably fed on multi­
cellular plants. They also contain erosional scours 
around reduction spots that may represent clumps of 
plants (Dewey, in Boucot et al. 1974; Retallack and 
Feakes 1987). The Late Ordovician is the time of the 
earliest fossil spores ofland plants (Gray 1985). Prior 
to Late Ordovician, the land may have been covered 
with unicellular algae, bacteria, and other microbes 
(Wright 1985). 

No indisputable microfossils have yet been found 
in a Precambrian paleosol despite several tantalizing 
possibilities (Retallack 1986 a). Encouragement for 
the search comes from the discovery of traces of 
supratidal microbes in Cambrian phoscretes (South­
gate 1986). These microbial traces can be distinctive 
but are very similar in soils and shallow marine or 
lacustrine deposits (Siegel 1977; Golubic and Camp­
bell 1979). For example, some Precambrian paleosols 
contain structures like microbially produced rock 
varnish (Fig. 3). Modern iron-manganese varnish 
occurs on the upper but not lower sides of exposed 
pebbles within soils, streams, and lakes (Dorn and 
Oberlander 1982). 

Modern carbonate crusts on cliffs and in caves 
(Reams 1989) and opaque rock varnishes on exposed 
rocks (Perry and Adams 1978) are microbially lam­
inated and mounded (Fig. 4). These resemble the 
widespread Precambrian trace fossils called mini­
stromatolites (Hofmann and Jackson 1987). Mini­
stromatolites are not diagnostic of paleosols but 
neither should they be assumed to be exclusively 
aquatic. Possible Precambrian pedogenic ministroma­
tolites include the laminated andalusite caps on quartz 
grains illustrated by Grandstaff et al. (1986). 

Like ministromatolites, traces of endolithic mi­
crobes are similar in subaerial and aquatic environ­
ments. The bulbous or vase-shaped hollows created by 
endolithic algae in carbonate rocks occur in both 
marine (Knoll et al. 1986) and nonmarine settings 
(Folk et al. 1973). Subaerial endolithic algae produce 
spongy dark limestone which is known as phytokarst. 
Possible fossil examples are as old as Devonian (Folk 
and McBride 1976). Endolithic algae also are thought 
responsible for networks of surficial grooves on both 
silicate and carbonate grains in Phanerozoic marine 
and nonmarine sandstones (Ross and Fisher 1986). 
Endolithic microbes presently produce thin leached or 
ferruginized zones just below exposed rock surfaces 
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Fig. 4. Ministromatolitic rock varnish in thin section from 
exposure near Phoenix. Arizona. Field is 0.15 mm wide. 
(Perry and Adams 1978) 

Gregory J. Retallack 

Fig. 3. Possible recrystallized 
rock varnish on clay granule in 
a petrographic thin section of 
surface (A) horizon of Waterval 
Onder clay paleosol of Fig. 2. 
Bar 0.1 mm. (Retallack 1986b) 

(Friedman and Weed 1987) and similar submarine 
processes may be responsible for the discoloration of 
hardgrounds and boulders (Bathurst 1975; Bromley 
and Hanken 1981). The search for these kinds of 
microbial traces in Precambrian paleosols has just 
begun. 

An isotopic signature may be diagnostic for pedo­
genic microbial colonization of subaerially exposed 
rock and sediment. An upward increase in lighter 
stable isotopes of both oxygen eSOj 160) and carbon 
(13Cj12C) characterizes micritized limestone bedrock 
beneath modern Vertisols in Bermuda (Vernon and 
Carroll 1965; Allan and Matthews 1982) and paleosols 
which have developed on carbonate rocks ranging in 
age back to 1.2 Ga (Beeunas and Knauth 1985). 
Enhancement of the light isotopes is attributed to 
photosynthetic organisms but such isotopic fraction­
ation may be compromised by burial alteration and 
metamorphism (Vahrenkamp et a!. 1987). Precam­
brian occurrences are best evaluated by concurrent 
study of such indicators of alteration as illite crys­
tallinity, kerogen maturation, and metamorphic 
petrography. 

Paleosols may exhibit a surficial enrichment in 
either organic carbon or the trace elements which 
normally become complexed with organic matter, 
such as P, Cu, Ni and Y (Retallack 1986b). However, 
these elements also are concentrated in phoscrete and 
marine hardgrounds. Although minor-element distri­
butions and microbial traces are not diagnostic of 
paleosols, they are important evidence of life in a 
paleosol which has been recognized by other criteria. 
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A common kind of surficial horizon in Pre­
cambrian paleosols is one enriched in clay (horizon At 
in Fig. 5). In some Early Precambrian paleosols, this 
horizon is a distinctive lime green color and is chemi­
cally reduced (high Fe2+ /Fe3+), with a thick subsur­
face horizon (saprolite or C horizon) which exhibits 
the crystalline, metamorphic, or sedimentary struc­
tures of its parent material. These reduced but for­
merly well-drained paleosols are of great interest as 
evidence for a very weakly oxidizing primeval at­
mosphere (Holland 1984). 

Some subsurface horizons in Precambrian 
paleosols are enriched in carbonate minerals (calcic or 
Bk). The carbonate may resemble shallow-marine 
carbonates in being nodular or pisolitic. A character­
istic feature of pedogenic carbonate nodules is displac­
ive fabric, e.g., spar-filled cracks or wedge-shaped 
cavities which surround the nodules or clasts due to 
their movement in loose soil. Replacive fabric is 
common both in soil and marine nodules. In this 
fabric, embayed margins of grains are filled by and 
float in a micritic cement. Almost all Precambrian 
carbonates are recrystallized to some extent, and this 
may obscure original fabrics (Kalliokoski 1986). Iso­
topic (Frank et al. 1982) and cathodoluminescence 
studies (Dickson and Coleman 1980) may be useful in 
unraveling their burial alteration history. Dolomite is 
a common carbonate in Precambrian paleosols (Re­
tallack 1986 a) whereas low-magnesium calcite is char­
acteristic of calcareous Phanerozoic paleosols (Doner 
and Lynn 1977). It remains unclear whether this 
mineralogical difference is a product of burial alter­
ation or records secular variation in the chemical 
conditions of soil formation. Similarly, the primary or 
diagenetic origin of marine dolostones remains dis­
puted (Zenger et al. 1980; Given and Wilkinson 1987). 

Precambrian paleosol horizons include near­
surface enrichments in gypsum (gypsic or By: Lowe 
1983), silica (duripan or Bq: Ross and Chiarenzelli 
1985), and manganese (placic: Button and Tyler 1981). 
The classification of thick bauxitic, kaolinitic, and 
ferruginous horizons is controversial (Goudie 1973) 
but here they are interpreted to be deep weathering 
zones (Co, Cv and Ct, respectively). Bauxite, laterite, 
and china clay have all been reported in Precambrian 
rocks (Button and Tyler 1981; Bardossy 1982; Morris 
1985). 

3.3 Soil Structure 

Soil structures progressively overwhelm the structures 
of the parent material, such as sedimentary bedding, 
metamorphic foliation, or igneous crystal outlines. 
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These soil structures may prove critical for recognizing 
paleosols among their enclosing rocks. Nontechnical 
terms often used to describe soil structures in paleosols 
include "massive," "structureless," "jointy," "slick­
ensided," "veined," "mottled," and "nodular". There 
is a much wider array of technical terms for soil 
structures (Brewer 1976) but this account will focus on 
peds, cutans, mukkara, periglacial patterned ground, 
and sepic plasmic fabric. These can be used to 
characterize paleosols even as ancient as Precambrian. 

Peds are the natural aggregates (clods) of soil 
material that tumble loose when one digs in soil. 
Cutans (clod skins) are the naturally altered surfaces 
of peds, such as films of clay washed down cracks, or 
the rims of peds stained by iron oxides. Peds also are 
defined by cracks, pores, vugs, vesicles, and other open 
spaces, but these almost always collapse during burial 
of clayey paleosols. Former open spaces filled with 
later cements may be found in paleosols which devel­
oped on vesicular lava, volcanic ash, or limestone. In 
most cases, however, peds are recognized in paleosols 
by means of their bounding cutans. Peds are not 
necessarily the pieces of rock that come loose from a 
paleosol upon impact with a hammer. These frag­
ments more often reflect jointing, foliation, and other 
nonpedogenic features. 

The clearest known remnant of peds and cutans in 
a Precambrian paleosol occurs in the subsurface (AC 
in soil-science notation) horizon of the Waterval 
Onder clay paleosol, Transvaal, South Africa (Re­
tallack 1986 b). Here, blocky angular peds are defined 
by thick dark cutans of washed-in clay with opaque 
oxide grains of amorphous iron and manganese 
minerals (Fig. 7). On first inspection, one might be 
tempted to dismiss this structure as jointing, hydro­
thermal veining, secondary porosity, or tectonic brec­
cia. However, the individual peds have healed interior 
faces of former cutans and boundaries that are either 
gradational or irregular with wispy flakes. The dark 
clayey cutans (clay skins or illuviation argillans) are 
internally banded, laterally continuous, and show 
local wedge-shaped cross-sections, as if the peds had 
been loose enough to rotate slightly. Furthermore, the 
cutan material is identical to the overlying surface (A) 
horizon from which it was washed downward. The ped 
material, on the other hand, is identical to the 
subsurface (C) horizon from which it was loosened. 
These observations indicate a complex history of 
multiple episodes of breaking, infilling, and closure 
under randomly oriented, extensional, and com­
pressional stresses at moderate temperatures and 
negligible pressures. Such conditions are unlikely in 
any purely sedimentary, volcanic, igneous, or meta­
morphic environment. Other possible blocky peds in 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































