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Feature
Astropedology: palaeosols and
the origins of life
Palaeosols are ancient soils formed in sedimentary successions between
events of sedimentation, erosion and volcanic activity. Soil formation is
regulated by circumstances of climate, vegetation, topographic relief, parent
material and time. These factors are quantified by nomopedology, in the
form of climofunctions, chronofunctions and other relationships useful for
interpreting conditions of the past from palaeosols. In deep time, palaeosols
reveal the timing and extent of the Great Oxidation Event of 2.4 Ga. There
is also circumstantial evidence for life in palaeosols back to 3.5 Ga on Earth
and 3.7 Ga on Mars. These are the oldest known intact profiles, but pieces
of palaeosols some 4.56 Ga in age may be represented by carbonaceous
chondrite meteorites. Astropedology is the study of very ancient palaeosols
and meteorites relevant to the origin of life and different planetary soil
systems. Complex chemical assembly, metal catalysis of organic compounds,
and the course of hydrolytic reactions as a kind of planetary metabolism
make soils an attractive theoretical site for the origin of life. Because dilute
solutions tend to an equilibrium that undoes organosynthetic reactions, life is
more likely to have arisen on a soil planet like Mars than a water planet like
Earth.
Palaeosols have long inspired awe as some of the most
picturesque landscapes known: Badlands National
Park of South Dakota, Bryce Canyon National Park
of Utah, Lago Posadas in Argentina, Olduvai Gorge of
Tanzania, Kalbarri National Park in Western Australia,
and Zanye Danxia of China (Fig. 1). The subtle colour
bands in these tourist destinations have been difficult
to explain by sedimentary processes alone, because
they have irregular mottled root traces (Fig. 2),
nodules (Fig. 3), and intrastratal deformation (Fig. 4).
Geologists have traditionally been trained to overlook
such alteration as obscuring an understanding of
igneous and sedimentary processes. In recent years,
these features have been studied in detail to reveal
that such extraordinary natural kaleidoscopes of
colour were successions of ancient soils, buried one
after another in subsiding floodplains, alluvial fans,
volcanic terrains, or coastal plains. The development
of soils is a process of nurturing ecosystems, and
the antithesis of sedimentation, which is a process
of episodic ecosystem destruction and renewal.

172

Sedimentation and soil formation are like yin and
yang of Taoism. The study of palaeosols requires
a wholly different intellectual framework than
sedimentology, basin analysis or tectonic setting,
and draws heavily on soil science, specifically the
emerging field of nomopedology, which explores the
general laws of soil formation applicable to deep time.
In very deep time, the study of palaeosols is turning
to soils of the early Earth and other planetary bodies,
a field that can be called astropedology. Virtually all
soil scientists are inspired by the ability of soil to
nurture life, including aquatic and marine ecosystems
downstream. Some of us are finding in palaeosols
very ancient evidence of life on land, and consider
soils a promising site for the origin of life itself.
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Palaeoenvironmental proxies
Hans Jenny’s youthful manifesto ‘Factors in soil
formation’ was a call to order for descriptive and
applied soil science in the mid-twentieth century. He
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Fig. 1. Multicoloured alluvial
palaeosols of the Cretaceous
(Cenomanian) Xiagou Formation
overlain by the Turonian red
Zhonggou Formation in Zhangye
Danxia National Park, northwest China. Yellow acid sulphate
soils and grey gleyed coastal
palaeosols alternate with well
drained red floodplain soils, and
pass upwards into calcareous
aridland soils.

was a young man from Switzerland on a 1927 train
excursion through the Great Plains after the First
International Soil Congress in Washington, DC, when
he mused, ‘There the rolling plains, I fancied, must
harbour the secret of mathematical soil functions. At
times I could hardly sleep thinking about it.’ His idea
was to take the soil forming factors of the Russian
school of soil geography to mathematical abstraction,
as a new brand of quantitative and predictive soil
science. To understand the role of climate in soil
formation one needed a set of soils of different
climates, but comparable in other factors such as
vegetation, topographic relief, parent material, and
time for formation. The Great Plains were ideal: low
relief, quartzofeldspathic loess of post-glacial age and
grassy vegetation, but a climate varying from humid
in Illinois to semiarid in Colorado. This climosequence
of modern soils was the basis for one of his first
climofunctions, relating depth to the calcareous
nodules in soils to mean annual precipitation. There are

now many such equations, not only for precipitation,
but for temperature, seasonality and duration of
formation. Equations predicting the duration of soil
formation have been of great utility, because they
enable mapping of landscape age, which is useful for
studying earthquake and flood frequencies.
All these equations and other relationships
constitute the discipline of nomopedology, the laws
of soil science. They have been particularly useful for
the study of palaeosols, because they allow inferences
about conditions in the past from the features of
palaeosols. The depth to carbonate for example,
once corrected for burial compaction, can be used to
infer precipitation received by ancient soils. In this
way palaeosols have proven useful in reconstructing
many aspects of the evolution of life on land. The
evolution of humans in Africa has often been tied to
the emergence of grasslands from woodlands, which
have very distinctive soils (Mollisols versus Alfisols
respectively), recognizable at sites of various early
human and ape fossils. The evolution of tetrapods
has been linked to desert ponds and woodlands, again
with distinct soils (Aridisols versus Alfisols) found at
sites for transitional fishapods. This essay concerns
the very origins of soils in deep time.

Ediacaran controversy
The interesting question of life on land, if any, during
the Ediacaran Period has been difficult to answer
because the Ediacaran was unique among geological
periods in not having a single described palaeosol
until 2011. Since that year, 354 Ediacaran palaeosols
have been described from seven different countries by
20 different authors. Sadly some of these palaeosols
have proven controversial for the same reasons that
some Quaternary palaeosols have been debated, as
noted by Peter Birkeland in 1974: ‘Many people have
had the experience in field conferences that one man’s

(a)

(b)

Fig. 2. a. Multicoloured alluvial
palaeosols of the Oligocene
(Orellan) Big Basin Member
of the John Day Formation
in Painted Hills. Red forested
palaeosols (Luca pedotype of
b) alternate with grey swamp
palaeosols.
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Fig. 3. a. Multicoloured alluvial
palaeosols of the Ediacaran,
Ediacara Member of the
Rawnsley Quartzite in Brachina
Gorge, South Australia. Red
calcareous desert soils (Yaldati
pedotype at base in a and close
up in b) are followed by red
weakly developed palaeosols,
a frost-heaved palaeosol (at
hammer in a), and more desert
palaeosols.
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(b)

[buried] soil becomes another’s geologic deposit.’
It is not as if Ediacaran rocks were considered all
marine: non-marine Ediacaran facies had long been
recognized in Mali, England, and South Australia, the
latter proposed by no less than Sir Douglas Mawson on
the basis of colour patterns and loess-like sedimentary
fabrics. It was Mawson’s graduate student Reginald
Sprigg who discovered in 1960 what he considered
fossils of soft-bodied marine worms and jellyfish
in Ediacaran rocks. Sprigg had difficulties with his
mentor and also in persuading journals to publish his
ideas, but they have since come to prevail, and all the
tremendous diversity of Ediacaran fossils known are
widely considered marine. Thus it was controversial
when Ediacaran megafossils were found at the tops
of beds that appear to be palaeosols in the classical
localities of South Australia (Fig. 3).
The now standard trinity for palaeosol recognition
of root traces, soil profiles and soil structures, are
only partly useful for recognizing palaeosols before
the Devonian evolution of roots. Nevertheless,
Ediacaran palaeosols do have very fine drab mottles
and clayey traces, similar to, although much smaller
than roots, and perhaps attributable to rope-forming
soil cyanobacteria. However the other two criteria are
well preserved in Ediacaran palaeosols: gradational
alteration down from a sharply truncated surface
(soil horizons) and calcareous nodules, sand crystals,
and complexly cracking cutans (soil structures) like
those of Phanerozoic palaeosols (Figs 2, 3). Field
recognition is just the first step in the study of any
palaeosol. The sampled beds must also survive a
battery of laboratory studies, such as thin section
study of losses of easily weatherable components
such as feldspar or rock fragments within the
profile. Whole rock chemical analyses can not only
demonstrate typical weathering reactions such as the
hydrolytic conversion of feldspar to clay and cations,
but also the characteristic loss of volume of soils as
they are weathered. Carbonate nodules with strongly
correlated carbon and oxygen isotopic compositions
are also diagnostic of soil nodules, as opposed to

the carbonate of methane seeps, marine diagenesis
and burial alteration. These tests have already been
passed by Ediacaran palaeosols of South Australia,
Newfoundland, and South Uralian Russia, but other
tests can also be envisaged. Low carbon-to-sulphur
ratios and active iron content are common tests of
non-marine versus marine paleoenvironments already
applied in Newfoundland, and of great potential for
Ediacaran rocks elsewhere. This controversy will
not be resolved soon, and at stake is whether the
enigmatic multicellular fossils of the Ediacaran were
extinct marine invertebrates or some kind of early
land vegetation, comparable with lichens. These are
alternatives with very different consequences for our
understanding of Ediacaran global change.

Palaeoproterozoic
Ediacaran life on land remains controversial, but
palaeosols are also poised to answer questions about
the nature of life on land in very deep time, the domain
of astropedology. Chemical indications now suggest
that life was present on land well back in geological
time. Loss of phosphorus during weathering has been
demonstrated by Alexander Neaman, Jon Chorover
and Susan Brantley to require organic ligands, and
applied to indicate at least microbial life in palaeosols
as ancient as 2.76 Ga in Western Australia and
2.25 Ga in South Africa. Furthermore the mobilization
of copper from the South African profile, but not the
Western Australian one, is evidence of atmospheric
oxidation, the Great Oxidation event dated at 2.4 Ga
from other studies of many Precambrian palaeosols
by Dick Holland.
The South African palaeosol within the uppermost
Hekpoort Basalt has been studied more than any
other palaeosol. It is an arresting profile—in a deep
highway cutting near the village of Waterval Onder
(Fig. 4a)—because it shows surface swales and cracked
mounds filled with sand from above, comparable with
the modern swelling clay soils known as Vertisols.
Such complexity of structure overcomes objections
that it could be a subsurface aquifer alteration or
metamorphic vein.
The Waterval Onder palaeosol also has physical
evidence of life in the form of small (1–2 mm) urnshaped fossils within its surface horizon. These are
too big to fall within a single thin section and in a
matrix too opaque to visualize in a thin slab, but their
shape was established using X-ray microtomography
in a synchrotron, enabling description as the
problematic fossil Diskagma buttonii (Fig. 4b). Six
criteria for establishing the biogenicity of Precambrian
problematica were best articulated by Hans Hoffman,
and these fossils pass all six: (1) known provenance
(in deep palaeosol outcrop), (2) plausible environment
for life (palaeosol with P and Cu depletion), (3) same
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Fig. 4. a. Heavingclay palaeosol (Waterval
Onder pedotype) in the
Palaeoproterozooic (2.2 Ga)
upper Hekpoort Basalt near
Waterval Onder, South Africa,
and b. Diskagma buttonii, a
problematic fossil within the
A horizon of this palaeosol
imaged by synchrotron X-ray
tomography.

age as the rock (fossil and matrix metamorphically
recrystallized), (4) plausible composition (carbon
isotopic composition), (5) taphonomic series (varying
degrees of inflation and completeness), and (6)
repeated complexity (hollow urn like shape above
stolon-like base and cup like apex). Life large enough
to see with the naked eye was living in well-drained
soils some 2.25 billion years ago.
Exactly what Diskagma was, in a biological sense,
is uncertain. Such size and complexity suggest that
it was at least a eukaryote, that great division of
life for creatures with nucleated cells including
fungi, plants and animals. If so, then Diskagma was
the oldest known eukaryote. A living creature most
like Diskagma is the bizarre glomeromycotan fungus
Geosiphon, which lives in the forest soils of Germany.
The interior hollow of Geosiphon houses symbiotic
nostocalean cyanobacteria. Some authorities such
as David Hawksworth, baulk at including Geosiphon
with the common lichens of today, which do not
engulf their symbiont, but bond photosymbionts with
haustorial hyphae. Nevertheless like lichens, Geosiphon
has a fungal component capable of respiration and a
cyanobacterial component capable of photosynthesis;
an ecosystem unto itself.

Archaean
The oldest known palaeosols on Earth, dated at some
3.42 to 3.46 Ga, are in the Pilbara region of north
Western Australia (Fig. 5). Best known of these is
the 4-m-thick sericitic palaeosol at the angular
unconformity beneath the Strelley Pool Formation
discovered by Roger Buick (Fig. 5a). Although these
unconformity palaeosols are weathered orange in
outcrop it is green-grey and entirely unoxidized
beneath the surface and in deep drill cores of the
Archean Biosphere Drilling Project. Other silicified
palaeosols within coastal plain sandstones are
also grey-green when seen in cores or sampled for

geochemical analysis (Fig. 5b,c). Chemical analyses
of these and other well drained palaeosols support
the ideas of Dick Holland and others for a very low
oxygen content of the atmosphere before the Great
Oxidation Event at about 2.4 Ga. Furthermore, loss of
phosphorus from these profiles is evidence that these
palaeosols also were alive, but with what exactly?
One conundrum from a detailed analysis of
Archaean cores is evidence for the formation of
highly oxidized minerals such as haematite in banded
iron formations and barite in palaeosols under such
a low oxygen atmosphere. Haematite is rare in the
palaeosols but dominates red cherts such as the Marble
Bar Chert, with fine lamination and local brecciation
suggestive of a shallow submarine deposition. Preston
Cloud is well known for his insight that the Archaean
haematite of banded iron formations was created
by microbes coupling the oxidation of iron with a
reduction in carbon dioxide, despite a lack of free
oxygen. These microbes may have been comparable
with modern purple and green sulphur bacteria,
which are capable of anaerobic photoferrotrophy in
sulphate-poor lakes. A more common metabolism for
sulphur bacteria is oxidation to sulphates such as
gypsum and barite. Such oxidized sulphate minerals
are also common in anaerobic acid-sulphate soils
today, deep within clayey upland profiles or at
shallow levels within stagnant soils of mangroves
and marsh. Perhaps this is the reason for so much
sulphate in Archaean palaeosols (Fig. 5b,c), and this
anaerobic community was driven underground and
into wetlands after the Great Oxidation Event.

Mars
The US National Air and Space Administration
(NASA), among others, has long issued press releases
about Martian soil, and some have complained that
this is a misuse of the term soil, which some farmers
define as a medium for plant growth. Does that mean
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Fig. 5. Archaean palaeosols in
in the North Pole region of the
Pilbara Craton of north Western
Australia, including a 4-m-thick
profile (Kurta pedotype) dated
at 3.42 Ga on the angular
unconformity beneath a. the
Strelley Pool Formation, and
b. thin alluvial profiles (Jurl
pedotype) with barite sand
crystals (‘By’ horizon) beneath
massive surface (‘A’ horizon)
in the 3.46 Ga Panorama
Formation in outcrop and c. a
polished slab.

a cliff with a small belay tree is a soil? Or does soil
include cotton wool used to germinate a bean seed, or
other comparable hydroponic gardens? Like home and
love, soil is difficult to define. A geological definition
of soil is a material at the surface of a planetary body
modified in place by physical, chemical or biological
processes. Thus a broader definition does not beg
the most important questions: is or was there life
on Mars?
Recent images from the Curiosity Rover in Gale
Crater on Mars have a striking similarity with
Archaean palaeosols on Earth (Fig. 6), and particularly
with Archaean alluvial palaeosols (Fig. 5). The sharply
truncated top and gradational change below is similar
to soil horizons and the obscuring of bedding by the
growth of bassanite (hydrated calcium sulphate), and
the system of cracks emanating from the top are like
soil structures. Some of the nodular features nearest
the surface are hollow like vesicular structures found
in desert soils on Earth, and attributed to flushes of
microbial gas production after rain. Unlike previous
robotic landers on Mars, Curiosity has an analytical
capability with error margins comparable with a
chemical and petrographic laboratory here on Earth.
Detailed studies of mineral abundance within the
palaeosols shows a weathering of olivine to smectite,
and concomitant gain in alumina and loss of alkalies.
The profile also shows a very modest depletion of
phosphorus, and is thus the most promising place so
far on Mars to investigate in more detail for organic
chemical and microfossil evidence of past life. These
indications of hydrolytic weathering comparable to
that on Earth are remarkable because of the great
age of the palaeosol, near the base of the 3.7 Ga
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(Hesperian) sequence preserved within the impact
crater Gale. Radiometric dating of the surface also
shows that it is some 80 million years old, and yet
barely weathered in places. Weathering by rain
comparable on Earth was thus possible back in the
era of outflow channels on Mars, but since that time,
extreme aridity and cold has limited soil formation
and life.

Carbonaceous chondrites
The most ancient likely palaeosols of our solar
system are only known from fragments in the form
of meteorites, which have been dated at mostly
4.56 Ga from high temperature minerals and no
younger than 4.51 Ga from plaquettes of magnetite,
and veins of calcite and halite. Mesosiderite and
howardite meteorites are basaltic breccias created by
impact, as in lunar soils. Carbonaceous chondrites
however have a mix of high temperature chondrules
of olivine and pyroxene and lower temperature clays,
salt and organic matter, like Archaean palaeosols.
Some carbonaceous chondrites include talc and
other minerals of hydrothermal alteration at about
250–300 °C. Most carbonaceous chondrites contain
clay and organic matter formed at much lower
temperatures, and have been considered to be cold
condensates out of the original nebula from which
the solar system formed. Evidence against this view is
the existence of rims of iron-rich clay-like weathering
rinds around the chondrules, pseudomorphic
replacement of chondrules by clay, concentric cavity
linings of clay, and birefringent fabrics of oriented clay
like those formed in the highly deviatoric stress field
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Fig. 6. a. Palaeosols in the
Hesperian (3.7 Ga) Yellowknife
Bay Formation in Yellowknife
Bay, Gale Crater Mars, with
cracked, vesicular and nodular
textures of desert soils (Yila
pedotype of b).

of soils under low confining pressures. Other evidence
of hydrous alteration are framboids and plaquettes of
magnetite, and a variety of veins and crystals of calcite,
siderite, gypsum, epsomite and halite. Also requiring
low temperature are the abundant and diverse
organic components of amino acids, dicarboxylic
acids, sulphonic acids, and aliphatic and aromatic
hydrocarbons. No convincing life forms have yet been
found in carbonaceous chondrites, and their organic
compounds have equal numbers of left-handed and
right-handed asymmetric molecules, unlike the clear
preference for asymmetry in compounds assembled
by living organisms. Such non-chiral organic matter
can be assembled abiotically, as was demonstrated
by the classic experiments first performed by Stanley
Miller and Harold Urey, and confirmed in a variety
of permutations since. Clay and salts are common
products of hydrolytic weathering, which can be
inferred for the parent bodies of carbonaceous
chondrites. These small (< 500 km diameter)
planetesimals only survived in the asteroid belt, but
may have been widespread during assembly of the
rocky planets of the inner Solar System. Degassing of
CO2 and H2O vapour from planetesimals early in the
accretion of the solar system may have resulted in
hydrolytic and acid-sulphate weathering surprisingly
like that found in Archaean (Fig. 5) and Martian
palaeosols (Fig. 6).

Origin of life
Although life, like Aphrodite, has been considered
born on the salt sea foam, or emerging like tube
worms from deep sea black smokers, the oldest
written ideas about the origin of life from Egyptian

and Sumerian texts are that life evolved in soil, as
seemed obvious following floods on the Nile and
Euphrates. Louis Pasteur scotched these theories with
conclusive evidence against spontaneous generation
of life, by showing that life was merely revived from
pre-existing microscopic propagules. Earth is still
a water planet, and its spectacular hydrothermal
cauldrons in the deeps illuminated by deep sea diving
have captured the public imagination. Thus a marine
origin of life has been widely accepted after Charles
Darwin’s famous speculation in an unpublished letter
about the origin of life in a ‘warm little pond’.
Even a pond the size of a soup bowl is too large to
overcome the problems of dissolution and equilibrium
in an extended dilute medium. The need for multiple
desiccation, acidification, and metallic catalyst
steps in the synthesis of key organic molecules has
suggested to Steven Benner that life more likely
evolved on a soil planet like Mars, than a water planet
like Earth. Furthermore, the Archaean Earth had
less continental area than now, with only scattered
volcanic islands and little granite. Research on the
controversial Martian meteorite ALH84001 did not
eventually provide convincing evidence of life, but the
delivery of low temperature clays and organic matter
from Mars to Earth suggested to Joe Kirschvink that
Martian life could have seeded Earth. Soils that are
as rich in clay and organic matter as carbonaceous
chondrites make particularly promising sites for the
origin of life.
The origin of life in soil is made clear by a parable
of A. Graham Cairns-Smith, who argued that the
hydrolytic weathering reaction of weathering itself
can be considered a primeval planetary metabolism.
Furthermore, clay abundance can be considered a
pre-phenotype, and clay composition a pre-genotype,
which could evolve in a lifelike way. The layering
and cationic substitution of smectite clays determines
their interlayer expansion upon wetting, which can
vary in ‘stickiness’ from a thin slurry to a thick
paste. Stickiness becomes important to natural
selection because it stabilizes soils within the critical
zone of energy and materials flux so that planetary
hydrolysis can persist. Cairns-Smith proposed a model
of a sandy aquifer, but his idea works better in a
primordial soil of a planetesimal, in which minerals
are weathered by carbonic acid solutions of degassed
CO2 and rain, and warmed by a faint young sun
(Fig. 7). Unlike a warm little pond or gushing hot
spring, this hypothetical primordial soil had millions
of warm little ponds suspended between and within
grains, and waxing and waning in volume between
rains. To emphasize the theoretical nature of this
model, Cairns-Smith has given different kinds of clays
phenotypic nicknames. Sloppy clay expands violently
when wet (like palygorskite) and is then washed too
deep into the soil for warmth and acid to produce
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Fig. 7. Parable of clay evolution
in soils during the origin of life
on early Mars or early Earth.

copies. Tough clay on the other hand covers source
grains in a thick inert rind (like kaolinite) so that the
mineral is no longer accessible to water and acid to
produce more clay. Lumpy and sticky clay in contrast
has a consistency that expands on wetting sufficiently
to bridge the gaps between grains, yet crack away
from the source grains to allow access for water and
acid to create more clay (like smectites). These clays
are selected by the soil-eroding forces of wind and
water because their grains are glued together by
sticky clays. In an environment where loose sandy
soils are eroded, all soils become more clayey, and
by persisting produce more clay. The first organic
molecules, produced by abiotic Miller–Urey reactions,
could also be selected in soils for their stickiness. Like
molasses on a cornfield, organic soils survive erosion
to make more organic matter and create soils with
observed fabrics of carbonaceous chondrites. The
molecules of heredity, DNA and RNA are sticky too,
and could have begun what Cairns-Smith called a
‘genetic takeover’ of the older and cruder clay system
of soil stabilization. Cells, trees and civilizations
continue to depend on the stability and bounty of soil
and its nutrients. This simple parable makes clear the
importance of natural selection by the environment
in converting the long odds of chance evolution of
complex life to a necessity.

Conclusions
Palaeosols are now known as far back as the useful
Archaean sedimentary record some 3.5 Ga on Earth
and even further back to 3.7 Ga on Mars. Traditional
geological training to unravel sedimentary or volcanic
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processes overlooks the varied profiles, staining,
nodules, clay skins and biological features of soils. Thus
palaeosols are still being discovered in unsuspected
sedimentary and volcaniclastic settings, as well as
at major geological unconformities. Circumstantial
features of soil structure and phosphorus weathering
do not rule out life in soils as long ago as 3.5 Ga on
Earth and 3.7 Ga on Mars. The idea that life itself
evolved in soils is theoretically attractive, because
soils provide millions of small reaction chambers in
the water films between grains. These microscopic
reaction chambers vary in oxidation, acidity, clay,
metal cations and desiccation, so that complex organic
molecules are assembled by wetting and drying
cycles. There is a strong natural selection for both
clay and organic matter to develop in soils, because
the least clayey or organic soils are eroded away
or covered over. Unicellular life was also naturally
selected-for in the same purpose of binding the soil. In
the same way microbial consortia, early land plants
and trees mine nutrients within the zone of energy
and materials transfer. The varied metabolic reactions
of respiration, photosynthesis, sulphotrophy and
ferrotrophy are ultimately supplied by the planetary
metabolism of hydrolytic weathering, which life itself
continues to promote.
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