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Introduction

The Gaia concept has evolved in the 30 years since it
was first introduced by James Lovelock, an independ-
ent scientist and inventor. It was initially a rather
vague model relating to the climate and diversity of
the planet Earth, though living organisms were critical
to it. The workings of the model were initially un-
specified. The concept, however, was one of a ‘super-
organism’ operating to ‘regulate’ the planet, especially
its surface temperature, yet lacking the ‘foresight’ pos-
sessed by intelligent animals. Lovelock updated his
work in 2000, publishing The Ages of Gaia. The
discussion here is based on this later book, and it is
quite unavoidable to echo much of what Lovelock has
said, because he is the only and definitive source.

Gaia in the Twenty-First Century

Gaia is essentially about life, because life is seen to
combine with inanimate processes on Earth, affecting
and even regulating the physical state of the bio-
sphere. Lovelock found it surprisingly difficult to
find a good definition of ‘life’. Of the definitions
found in Webster — “the property of plants and
animals (ending in death and distinguishing them
from organic matter) which makes it possible
for them to take in food, get energy from it, grow
etc.” —and in Oxford — “the property which differen-
tiates a living animal or plant or a living portion of
organic tissue, from dead or non-living matter; the
assemblage of the functional activities by which this
property is manifested” — neither is satisfactory, and
the second is tautological in the extreme. To the first
might be added, before “etc.”, the words “and move,
in the case of animals”. Lovelock added to his defin-
ition of life that “living things use energy directly from
the Sun and indirectly from food” (see Origin of Life).

There is no difficulty in accepting that advanced
living animal organisms, such as humans, are made up
of intricate communities of connecting cells, and, as
Lynn Margolis has shown, that cells are derived from
micro-organisms that once lived free (see Precambrian:
Prokaryote Fossils; Eukaryote Fossils). Larger entities,
such as ecosystems, are also accepted, and space explor-
ation has contributed to this understanding by allowing
the entire planet Earth to be viewed from space. The
Gaia concept likewise involves envisaging the entire

globe as an integrated system, with the atmosphere,
the seas, the rivers, and the rocks interacting to modu-
late the planet’s physical state and thus the environment
in which life can exist, with the presence of life contrib-
uting significantly to the interactions. Gaia is thus not a
synonym of ‘biosphere’ or ‘biota’: it is a much larger
entity. When the Gaia model was originally proposed
in the 1970s, it was considered that the atmosphere,
oceans, climate, and crust of Earth were regulated to
maintain a comfortable state for life to exist, by and for
the biota. Temperature, oxidation state, acidity, and
certain aspects of the rocks and waters were kept, at
any time, constant, maintained in homeostasis, by the
organisms at Earth’s surface. This concept is now seen
to have been incorrect, because both life, which is
continually evolving, and the geological environment
are in a state of constant change, and the conditions
needed to maintain life change very rapidly, with the
changing needs of the biota, so homeostasis cannot be
maintained for more than very brief periods in Earth
history. The Earth is thus seen as being like a helicopter,
which is, unlike a fixed-wing plane, never in stable
flight. The changing and evolving needs of the biota
require that the brief periods of homeostasis are quickly
overtaken by new requirements. The concept now is of
a superorganism in which the active feedback processes
operate automatically, so that solar energy maintains
comfortable conditions for life.

Molecular Biology: The Laws of
the Universe

Lovelock regarded the emergence of the science of
molecular biology — embodied in the information-
processing chemicals that underpin the genetic basis
of most life on Earth — as having taken life science out
of a routine classificatory and descriptive pursuit into a
new and exciting study of how all the components in
life are related. Equally important are physiology, the
study of organisms seen holistically, and thermo-
dynamics, a branch of physics dealing with time and
energy, connecting living processes with universal laws.
Two fundamental universal laws of physics are that
(1) energy is conserved, however much it is dispersed,
and (2) energy is always abating. Hot objects cool, but
cool objects do not heat up spontaneously; water flows
downhill, but not uphill. Once used, energy cannot be
recovered. Natural processes always move towards an
increase in disorder, which is measured by entropy;
entropy expresses the tendency to burn out. Looking
at the relationship between life and entropy, Lovelock
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referred to Erwin Schrodinger’s conclusion that life has
the ability to move upstream against the flow of time,
apparently paradoxically and contrary to the second
universal law. In fact, what is operating is a tightly
coupled system to favour survival; energy is taken in
(e.g., oxygen from the atmosphere is breathed), con-
verted (e.g., stored body fats and sugars are trans-
formed), and then excreted (e.g., waste products such
as carbon dioxide are released back into the atmos-
phere). If the entropy of excretion is larger than the
entropy of the oxygen consumed, life continues, despite
the second universal law.

The Superorganism Concept

There is difficulty in envisaging an eruptive planet
with a molten core and other complex inorganic pro-
cesses as a living superorganism. However, the inspir-
ing ‘whole-planet’ image of Earth as seen from space
and the contrast between the environment on Earth
and the environments on the moon, Mars, Venus, and
Mercury have focused research on considering how
the significant planetary differences arose, and in par-
ticular on the question of how and why the atmos-
pheres differ. The atmospheres of the Moon, Mars,
Venus, and Mercury are a good starting point for
comparisons to Earth, because the atmospheres are
the least complex and most accessible of the zones
of all these planets; indeed, the atmospheric com-
positions on other planets were known before space
exploration commenced (see Solar System: Mars;
Moon; Mercury; Venus).

The Earth has an atmosphere of N and O, with traces
of carbon dioxide, methane, and nitrous oxide, not in
equilibrium, whereas the atmospheres of Mars and
Venus are dominated by carbon dioxide and are in
equilibrium. If the atmospheres of Mars and Venus
were heated, there would be no reaction with the sur-
face materials, whereas heating Earth’s atmosphere
would produce reactions leading to a carbon dioxide-
dominated atmosphere. Lovelock concluded that the
improbable atmosphere of Earth “reveals the invisible
hand of life”. The atmosphere contains oxygen and
methane, which should react to form water vapour
and carbon dioxide: that this does not occur, and that
constant atmospheric compositions of these gases are
maintained, reveal, Lovelock believes, that there is
regulation by life (see Atmosphere Evolution).

Scientists as early as Eduard Suess and Vladimir
Vernadsky accepted that there was continuous inter-
action between soils, rocks, oceans, lakes, rivers, the
atmosphere, and life. Much later, Stephen Jay Gould
stated that “organisms are not billiard balls, struck
in a deterministic fashion and rolling to optimal
positions on life’s table”. Living things influence

their own destiny in an interesting and complex, but
comprehensible, way. Thus the sum total of the phys-
ical state of a planet, with life, is a combination
of the inanimate processes and the effects of life itself.
JZ Young said that the entity that is maintained
intact, and of which we all form part, is the whole
of life on the planet. This statement really provided
the link between theory and consensus, on the one
hand, and Gaia concept, on the other, expressing as it
does the view that the entire spectrum of life on the
planet has to be considered alongside the geological
and inanimate physical processes, if we are to under-
stand how the planet works. This, of course, has led
to the present preoccupation in educational circles
with ‘Earth System Science’ (see Earth System Sci-
ence). Gaia goes further than Earth System Science,
which is purely a holistic educational approach, in
requiring a global system that has the capacity to
regulate the temperature and composition of Earth’s
surface, hydrosphere, and atmosphere, keeping it
comfortable for living organisms.

Criticism of the Gaia Concept

Criticism of the Gaia concept, once advanced, was by
no means slight, and the Gaia model was not taken
seriously by scientists, at all, until the early 1970s.
Fred Doolittle came out with the belief that “molecu-
lar biology could never lead to altruism on a global
scale” — altruism by living organisms being apparently
inherent to the concept. Richard Dawkins in 1982
supported him: “the selfish interests of living cells
could not be expressed at the distance of the planet”.
It was also remarked that Gaia lacked a firm theoret-
ical basis. Heinrich D Holland considered that biota
simply react to change in the state of Earth’s near-
surface environment and processes, geologically pro-
duced, and those that adapt better survive: the rest do
not. Many scientists saw Gaia as a teleological con-
cept, requiring foresight and planning by organisms,
something that the model surely never represented.
However, a major step was taken at the Chapman
conference of the American Geophysical Union in
1988, when numerous papers on Gaia were presented:
the question of the scientific testability of the Gaia
hypothesis was raised.

Holland’s statement was really an oversimplifica-
tion, because the environmental constraints to which
an organism adapts can in no way be entirely inor-
ganic in origin — geological processes are a combin-
ation of the inorganic and the organic. Lovelock
stated this when he objected that “life cannot have
adapted solely to an inert world determined by the
dead hand of chemistry and physics”. The two main
objections to Gaia were, first, the teleological one
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(forecast or clairvoyance seemed to be needed for
Gaia to be true) and, second, the fact that ecological
regulation by life could only be partial. What must be
operating is a combination of regulation by the living
and the inorganic, even though in the long term, a
wholly inorganic interference, such as an asteroidal
impact, would be reacted to by the biota, much of it
by dying off. However, some of the biota may survive,
regenerating and expanding to again affect the phys-
ical environment of the life forms continuing to exist
at or near the surface.

Other objections to the Gaia concept have been a
creationist argument, based on Schrodinger’s conclu-
sions on ‘life’, that some organisms do not need the sun,
and also a suggestion that Lovelock’s image of Earth as
a ‘spaceship’ ignores the fact that 40 000 tonnes year !
of extraterrestrial dust enters Earth’s atmosphere and
is deposited on Earth’s surface.

Lovelock’s Hypothesis
The ‘Daisyworld’ Model

Lovelock saw that he needed a simple model to illus-
trate his point. The effect of snow cover on the
ground, a purely inorganic change, had already been
modelled to show how snow cover changes the albedo
and thus the cooling in the atmosphere. Lovelock
developed a simple model, the ‘Daisyworld” model,
illustrating the way life could have a similar effect.
The Daisyworld parable of 1982 proposes a planet
like Earth in size, mass, and orbital distance from
a star that is like Earth’s sun in mass and density;
like Earth’s Sun, the Daisyworld Sun increases its
output as it ages (the nature of the H/He reaction
means that our Sun was 30% cooler at its beginning,
but will eventually heat up so as to consume Mercury,
Venus, and possibly Earth). The Daisyworld planet
has more land than sea, compared to Earth, is well
watered, and plants can grow anywhere on the land
surface if the climate is right. The sole plant is a
daisy, which may be dark, neutral, or light in colour
shade. A single parameter, variable temperature, con-
trols whether the daisy can grow — 5°C is the growth
threshold, 20°C is the optimum, and 40°C is the
upper limit. The mean temperature of the planet is a
simple balance between the heat received from the
sun and the heat lost to the cold depths of space in
the form of long-wave radiation. The complication
on the real Earth of reflection upwards and blanket-
ing downwards of heat by clouds is avoided, by
having all the rainfall on the Daisyworld planet occur
at night and having no clouds present in daytime.
There is just enough carbon dioxide in the atmosphere
for the plants to grow. The mean temperature will
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Figure 1 Regulation by white daisies. The helmet-shaped
curve (B) depicts the response of daisies to temperature. Curves
A and A1 depict the responses of planetary temperature to the
area covered by daisies, curve A1 being for a lower heat input by
the planet’s star. In the absence of daisies, the change in planet-
ary temperature (4T) would be nearly 15°C, whereas in their
presence AT is only about 3°C. Reproduced with permission
from Lovelock J (2000) The Ages of GAIA: A Biography of Our Living
Earth. Oxford: Oxford University Press.

be determined by the average shade of colour of the
daisy coverage. If the average is the dark colour
shade, the albedo is low, more heat is absorbed, and
the surface is warmed; if the average is the light shade,
70-80% of heat is reflected and the surface is colder.
In the scale 0-1, dark daisies will have an albedo of,
say, 0.2; light daises will have an albedo of 0.7 and the
bare ground, 0.4. The initial weak Sun will increase
until 5°C is attained and that will favour the dark
daisies, because they have greater absorption of sun-
light and will warm up the temperature just beyond
5°C. The light daisies will be disadvantaged and will
fade and die. Next season, there will be more seeds of
the dark strain and it will become warmer and so on,
until most of the planet is colonized by the dark
strain. However, when the upper limit temperature is
approached, the light strain, because of their high
albedo, will keep the temperature in check and so
will take over from the dark strain. The growth of
the star’s heat flux will eventually be so great that
nothing can keep the temperature below 40°C and
all the daisies will die off. Flower power will no
longer be enough. The planet will be barren and
there will be no way back. Figure 1 reproduces
Lovelock’s most important Daisyworld diagram.
The Daisyworld parable was devised to counter the
‘teleological’ criticism.

The Four Components of Gaia

Lovelock described Gaia as an automatic, non-
purposeful, goal-seeking system, and considered it
to be made up of four components:
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1. Living organisms that grow freely, exploiting any
environmental opportunities that open up.

2. Organisms that are subject to the rules of Darwin-
ian natural selection: the species that leave the
most progeny survive.

3. Organisms that affect their physical and chemical
environment. Thus, animals change the atmosphere
by breathing, taking in oxygen and breathing out
carbon dioxide. Plants and algae do the reverse. In
numerous ways, all forms of life incessantly modify
the physical and chemical environment.

4. The existence of constraints or bounds that estab-
lish the limits of life. It can be too hot or too cold;
there is a comfortable warmth in between, the
preferred state. It can be too acid or alkaline;
neutrality is preferred. For almost all chemicals,
there is a range tolerated or needed by life. For
many elements, such as iodine, selenium, or iron,
too much is a poison and too little causes starva-
tion. Pure, uncontaminated water will support
little, but neither will the saturated brine of the
Dead Sea.

Definitions and Criticisms
Lovelock advanced a set of definitions:

1. Life is a planetary phenomenon with a cosmo-
logical lifespan. On this scale, it is nearly immortal
and has no need to reproduce.

2. There can be no partial occupation of the planet
by living organisms. Such a condition would be as
impermanent as half an animal. Ineluctable phys-
ical and chemical forces would soon render (the
planet) uninhabitable. The presence of a sufficient
number of animals on the planet is needed for the
regulation of the environment.

3. Our interpretation of Darwin’s great vision is
altered. Gaia draws attention to the fallacy of the
concept of adaptation. It is no longer sufficient to
say that “organisms better adapted than others are
likely to leave offspring”. It is necessary to add that
the growth of the organism affects its physical and
chemical environment; the evolution of the species
and, therefore, the evolution of the rocks are tightly
coupled in a single, indivisible process.

4. Theoretical ecology is enlarged. By taking the
species and the physical environment together as
a single system, we can, for the first time, build
ecological models that are mathematically stable,
and yet include large numbers of competing species.
In these models, increased diversity among the
species leads to better regulation.

There are criticisms of Lovelock’s definitions. Of
definition 1, it is perhaps better to admit that there

remain possibilities of abrupt extinction of life on
Earth through physical disasters. For example, the
entire planetary biota might have been extinguished
in the latest Proterozoic; if glaciation, a complex
phenomenon attributed to Milankovitch cycles in
the Solar System, had covered the globe in the ‘snow-
ball Earth’ episode, it might well have extinguished
all life. Definition 2 begs the question, “what about
the long early period in the Archaean, when only
very primitive forms of unicellular life apparently
existed?” The planet in fact got on very well through
a vast period of time when it was only partially in-
habited by life, and that being very primitive, com-
pared with now. Regarding definition 3, surely to
the word ‘rocks’ the words ‘hydrosphere and bio-
sphere’ should be added. Finally, in definition 4, the
statement that “increased diversity leads to better
regulation” is questionable. The evidence for this
does not seem to be to be given by Lovelock: the
word ‘regulation’, which is fundamental to Gaia
concept, seems to be a problem. The concept appears
to be tantamount to accidental regulation: in the
real world, as opposed to the Daisyworld, the reality
would seem to be that the biota make a major con-
tribution to the physical and chemical environment
of the biosphere, and that, throughout Earth history
since life appeared on the planet, the bounds of liv-
ability of the planetary biota as whole have never
been exceeded, despite several mass extinctions — yet
total extinction could happen at any time. Also, like
the inorganic physical and chemical (geological)
changes, changes induced by the biota can be benign
or adverse. The biota can react to change to counter
adverse changes; initially benign changes can lead
to adverse changes in the long run (e.g., overpop-
ulation). There is no law of the sum total planetary
biota adjusting to regulate the environment, keeping
within bounds, but so far (luck?), the bounds have
not been overridden in the case of the overall biota,
not at any time in geological history, since life first
appeared.

Gaia and the Geological Record

Lovelock, in his second book, considered Gaia in
terms of the geological record, discussing the Ar-
chaean, the Middle Ages, and the contemporary
environment. Before concluding, it seems apposite
to refer to a recent contribution to the discussion by
Euan Nisbet.

Nisbet’s Essay

Euan Nisbet, in a wide-ranging Fermor Lecture to the
Geological Society in 2002, explored the question
whether the presence of life or inorganic processes
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had constituted the dominant factor in shaping the
physical development and in controlling the physical
conditions at or near Earth’s surface since life ap-
peared on the planet more than 3500 million years
ago. He found that life had a dominant role in
controlling the condition of the atmosphere through
this immensely long period, and that, in turn, the
surface temperature had a very significant control
on the tectonic evolution, especially plate tectonics.
Even so, Nisbet could not rule as to which processes,
biological or inorganic, had been the dominant
factor — the two kinds of processes had operated
together to control the physical conditions. That
life had exerted a significant effect on the ongoing
physical evolution could not be argued against.

Nisbet based his conclusions on inorganic and or-
ganic models, and in them not all the assumptions
made are necessarily correct. For instance, Nisbet
tended to extend plate tectonics back through the
Archaean, whereas there are strong arguments against
this (e.g., see the publications by Hamilton in 1998, by
Bleeker in 2002, and by McCall in 2003). Considering
the real world, rather than models, Nisbet could not
decide which had been in the driving seat, and he be-
lieved that the question was possibly not quantifiable.
The atmosphere was, however, largely the product of
the existence of life at or near Earth’s surface.

Beyond Gaia

Gaia, at the least, is a brilliant concept, and Lovelock
has provided a stimulating basis for looking at
the entire globe and for integration of the effects of
the progressive development of life and purely inani-
mate geological development through time. This con-
cept also encompasses the maintenance throughout
time of conditions suitable for life to continue to exist
throughout 3500 million or more years. However, at
this minimal assessment, it is no more than Earth
System Science under another name, but emphasizing
the special contribution of life to the changing state of
the atmosphere, hydrosphere, and geological pro-
cesses, which in sum determine the physical condi-
tions under which life of some sort can continue to
‘operate’. The Gaia concept, however, is claimed to be
more than this, and the critical word is ‘regulate’.
Lovelock never intended Gaia to have a teleological
significance, but even so, to regulate something
would seem to imply an element of design. It may be
that when an extreme condition occurs, such as an
extreme greenhouse condition (Cretaceous) or a
‘snowball Earth’ approximation (end Proterozoic),
the reactions of the living plant and animal popula-
tions that survive may be beneficial, but equally they
could actually be adverse and eliminate even more of

the global biota. One cannot escape the fact that the
physical state of the near-surface zones of the planet
has, for more than 3500 million years, been suffi-
ciently benign for some life to continue to exist;
throughout the development of life, from protozoans
to destructive humans, the physical state of Earth’s
surface has never led to extinction of the sum total of
life on the planet. Yet the history has surely been one
of reactions by life to changes, including extremely
critical situations, both inorganically and organically
triggered; changes have never reached the point of
driving life over the edge to extinction, but even so,
this is not regulation, because there is no rule in-
volved. The irretrievable end-point situation has just
not happened. In fairness to Lovelock, in his 1991
book he did include a chapter entitled “The People
Plague”, in which he argued that humans, having no
predators, had in effect become a plague on the
planet, and could well take the life on the planet to
that irretrievable end-point situation. Of course, one
could argue that humans do have predators, even if
minute ones — viruses and microbes that could blot
them out forever and leave behind an Earth smiling
with other life forms, until the Sun fulfils its destiny
and incinerates the planet.

The influence of the existence of life on the physics
and chemistry near the surface of the planet, and the
feedback to life from that — the essence of Gaia - is
well understood, but has obviously become more
complex as the spectrum of life on Earth has become
more complex, starting with the primitive prokary-
otes in the Early Archaean. For example, a plant
population limited to algae must have left bare rock
surfaces in the Archaean, whereas once higher plants
appeared, there must have been a much more com-
plex reaction of the land surface to the Sun’s radi-
ation. In fact, these relationships, though complex
and possibly unquantifiable at the present state of
the planet, are less obscure than are other processes.
For example, how does an animal obtain information
that another animal exists and has a character or
activity to which the first animal can adapt, to obtain
benefit? How does the information get into the gen-
etic process? The present author, in an unpublished
work, The Vendian (Ediacaran) in the Geological
Record, has called this mysterious process ‘cogni-
zance’. An example of this is the case of eoforamini-
fera found in Uruguay, in latest Proterozoic rocks.
These organisms agglutinated fine mineral particles
on their surface, and it has been glibly said that they
did this to make themselves less palatable to preda-
tors. But how did they know that their mates were
being eaten? It would seem that this aspect of genetics
is what scientists should now be concentrating on,
rather than ‘regulation’ by the sum total biota.
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Introduction

There are almost 4000 minerals known, of which
only about 50 are commonly used as gemstones.
Those that form crystals of sufficient size and quality
to be cut and fashioned as gems are referred to as
‘gem quality’ or ‘cuttable’ pieces; other minerals or
rocks with particularly attractive features (colour,
texture, or pattern) may be called ‘decorative’ pieces.
Crystals are usually faceted (cut and polished) to give
a gemstone with a number of flat faces, while decora-
tive stones are mainly tumbled or polished to produce
pieces for personal adornment or objets d’art.

Gemstones are formed in each of the three main
rock types: igneous, sedimentary, and metamorphic.
Mining methods depend on the type of gemstone and
its optical and physical qualities and on whether it is
being mined from the rock in which it was formed or
retrieved from secondary (placer) deposits produced
by weathering and erosion.

A study of modern-day gemstone mining and
retrieval covers every mining method, from the trad-
itional searches in streams and rivers using a pan
or sieve to the ultra-high technology and research
models used in diamond mines deep underground.
Ultimately, any source of gemstones will be mined
and exploited only if is financially viable.

Quantifying Gemstone Mining

While mineral exploration is generally well docu-
mented and statistics are available, providing figures
for production for most minerals on a country-
by-country basis, this is generally not the case with
gemstones (except perhaps for diamonds), which
have always been difficult to quantify. Much gem-
stone mining is carried out in remote places, with
secrecy and security to protect the interests (and
sometimes the lives) of the owners (Table 1). In
some areas, families or groups of villagers purchase
a licence to mine; in other areas there is little regula-
tion, and mining may be controlled by local leaders or
warlords, with all the problems associated with
regions of conflict and political unrest.

Over large regions it is difficult to assess the pro-
duction figures for particular gemstones, although
general trends in availability and value (which could
be as much a product of fashion as of supply) give
some indication of production figures. On a smaller
scale, a specialist gemstone buyer (such as a ruby
or sapphire buyer) will, by building relationships
with miners, mine owners, and local traders, gain
expertise and some knowledge of the volume and
quality of gemstones being mined in that region.
As new localities are identified and new gemstones
reach the markets, previously known localities or
gemstones may lose their appeal or a region may
become unproductive — so the market can be quite
changeable.
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Table 1 The main localities of some of the best-known gemstones (diamond, ruby, sapphire, emerald, aquamarine, chrysoberyl,

topaz, tourmaline, peridot, garnet, pearl, opal, spinel, zircon, turquoise, nephrite jade, and jadeite jade)

USA Egypt
Aquamarine Emerald
Emerald Peridot
Jadeite jade Turquoise
Nephrite jade Nigeria
Peridot Aquamarine
Ruby Sapphire
Sapphire Spinel
Topaz Topaz
Tourmaline Zaire, Angola, and Namibia
Turquoise Diamond

Canada Zambia
Diamond Chrysoberyl
Nephrite jade Emerald

Mexico Bots.wana
Opal Dlamopd
Topaz Sou{h Africa

. Diamond
Tourmaline
. Emerald
Turquoise )
Peridot
Honduras
Ruby
Opal .
, Tourmaline

Colombia )

East Africa
Emerald .
. Aquamarine

Brazil .

h | Diamond
C. rysobery Emerald
Diamond Ruby
Emerald Sapphire
Opal Tanzanite
Topaz ) Tourmaline
Tourmaline Madagascar

Germany Aquamarine
Topaz Chrysoberyl

ltaly Topaz
Tourmaline Tourmaline

Former Czechoslovakia
Garnet
Opal

Russia Myanmar (formerly Burma)
Demantoid garnet Chrysoberyl
Diamond Jadeite jade
Emerald Peridot
Nephrite jade Ruby
Topaz Sapphire
Tourmaline Spinel

Afghanistan Topaz
Aquamarine Tourmaline
Ruby Zircon
Spinel Thailand

Pakistan Almandine garnet
Aquamarine Ruby
Emerald Sapphire
Grossular garnet Zircon
Ruby China
Spinel Aquamarine
Topaz Diamond

India Nephrite jade
Almandine garnet Peridot
Aquamarine Ruby
Chrysoberyl Sapphire
Diamond Turquoise
Emerald Japan and Taiwan
Ruby Jadeite jade
Sapphire Topaz

Sri Lanka Australia
Chrysoberyl Diamond
Garnet Emerald
Ruby Nephrite jade
Sapphire Opal
Spinel Sapphire
Topaz New Zealand
Tourmaline Nephrite jade
Zircon Guatemala

Jadeite jade
Iran
Turquoise

Gem-testing laboratories, museums, and specialist
gemstone collectors are often the first to hear of a
new find. Some gemstones will be mined in suffi-
ciently large volumes to reach the marketplace world-
wide, for example tanzanite (the blue variety of the
mineral zoisite), which was discovered in 1967 in
Tanzania and is now available through many retail
outlets. Others may be mined out fairly quickly, with
most of the gemstones going to a few specialist
buyers.

Some particularly rare finds are found only in
museums or private collections. Other gems are cut
for collectors but, because of their rarity or physical
properties (for example they may be too soft
for everyday wear), do not reach the retail market.
New localities and new gemstone finds of
interest, such as a particularly fine-coloured gemstone
or a mine that is producing particularly clean large
specimens of a gemstone, are usually reported in

gemmological journals such as the Journal of Gem-
mology, Gems and Gemmology, and Australian
Gemmologist.

Alluvial and Eluvial Deposits

Gems formed in igneous or metamorphic rock may
be subject to weathering and erosion, breaking
down the rock and releasing the gemstones (see
Weathering). The gems may remain where they are
or be transported by ice, wind, or water and de-
posited elsewhere. Eluvial gem deposits are form-
ed as a result of the weathering of rock that has
remained in the same place. Alluvial deposits
are deposited by flowing water (see Sedimentary En-
vironments: Alluvial Fans, Alluvial Sediments and
Settings).

Gemstones are generally harder and heavier than
the surrounding minerals. They are not carried as far
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by flowing water and tend to sink faster, becoming
concentrated in pockets or areas along riverbanks or
within gravels (gem gravels). Therefore, alluvial gem-
stone deposits contain gemstones that are sufficiently
hard and durable to withstand the conditions without
breaking, rather than those that are heavily included
or prone to fracture or cleavage.

Because nature has already partially eliminated
the weaker specimens, the percentage of gem-quality
gemstones in gem gravels is usually high, with the
result that more gemstones are retrieved from
gem gravels than from any other type of deposit.
Alluvial deposits, such as the gem gravels of Sri
Lanka and Myanmar (formerly Burma), contain a
wide range of gemstones including ruby, sapphire,
spinel, chrysoberyl, topaz, tourmaline, and garnet.

Because gemstones associated with gem gravels are
often found together, the discovery of one type of
gemstone from a gem association (sometimes called
a tracer gem) can be used by exploration teams and
prospectors to ‘trace’ potential gemstone mining
areas. Another technique is to map the courses of
ancient river beds or present-day rivers and streams
and then follow tracer gems downstream to find areas
where the gemstones are present in large enough
concentrations to be retrieved.

The oldest and most traditional mining methods
are still practiced in areas where gemstones are near
the surface and relatively easy to find and retrieve
and where labour is cheap. In Indonesia, Malaysia,
Sri Lanka, and India, for example, local people
search rivers and streams and excavate the gravels
and sediments from now-buried riverbeds.

Panning for gems works on the principle that the
gems are generally heavier than the surrounding mud,
pebbles, or rock fragments. As the pan of water and
sediment is ‘jiggled’, the gemstones settle towards the
bottom of the pan while the lighter constituents and
water are washed over the pan’s edge (Figure 1). The
heavier concentrate may be sieved to separate larger
gems or it may be spread out on tables or cloths to be
hand-sorted.

Alluvial deposits are generally mined by similar
methods wherever they are found in the world, usu-
ally by digging shafts or pits or by collecting the
alluvium from rivers and streams using sieves and
pans. Dams may be constructed to manage the
water flow, and water may be diverted to wash the
gem gravels (Figures 2 and 3). Final sorting is done
by hand.

Often the mining and retrieval of gems in these
traditional ways is a family project, varying only
slightly from country to country. The men and boys
may work in the rivers or dig the pits, while women
and girls sieve or sort the gems (Figure 4).

Figure 1 A lady river panning, washing gravel in search of
chrysoberyl cat’'s-eyes (Kerala, India). Printed with permission
from Alan Jobbins.

Ruby and Sapphire Deposits

The rubies and sapphires of Thailand and Cambodia
are found in alluvial and eluvial gravels, derived
from highly alkaline basalt (Figure 5). The main
mining area is near the border between Thailand
and Cambodia, around Chantaburi.

Sri Lanka is a source of alluvial sapphires, which
are derived from pegmatite and gneiss and are found
in a wide range of colours, including the pinkish-
orange padparadscha. Padparadscha is particularly
rare and is named after the sinhalese for lotus flower,
whose colour it resembles.

Rubies and sapphires are members of the corun-
dum family, and different trace elements within them
give rise to the colour range. Rubies are red (coloured
by chromium and possibly vanadium); blue sapphire
is coloured by iron and titanium. Other sapphires,
such as green sapphire, pink sapphire, and mauve
sapphire, result from the addition of various trace
elements during the gem’s formation. Colourless
(white) sapphire has the simple chemical composition
aluminium oxide (Al,O3).
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Figure 2 A young worker carries the gemstone concen-
trate called ‘pay dirt’ or ‘rai’ in ‘Burmese-style’ baskets (Pailin,
Cambodia). © Alan Jobbins.

The colour does, to some extent, affect the mining,
as the more popular and valuable colours are
more sought after. It should be noted, however, that
some gemstones, including corundum, may have
their colour changed or enhanced with heat treat-
ment, irradiation (electrons, X-rays, etc.), or other
techniques.

Kashmir sapphires, which are famous for their
cornflower colour, are mined in Sanskar, an inhospit-
able mountainous area often covered by snow, north-
west of the Himalayas. The sapphires are found in
feldspar pegmatites or in gravels derived from the
pegmatites. There has been intermittent mining since
the 1920s; however, little is known about present
mining because of the political situation.

Mogok Rubies

The most famous rubies are the ‘pigeon blood’-
coloured rubies from the Mogok Stone Tract area of
northern Myanmar, about 110 km north of Manda-
lay. Documentary evidence shows that mining has
been carried out since the sixteenth century, but

Figure 3 Washing gemstone concentrate in a small pond
(Pailin, Cambodia). © Alan Jobbins.

there have been finds of prehistoric tools that suggest
that mining has been carried out for many thousands
of years.

Traditional methods involve digging a narrow pit
or vertical shaft, just wide enough for the miner to
be lowered down to dig out the layer of weathered
metamorphosed crystalline limestone (marble) that
contains the rubies. The miner removes rock (often
2-3m below the surface) and places it in a basket to
be hauled to the surface and sorted.

Following the establishment of the Burma Ruby
Mine Company in Victorian times, some mining
techniques were modernized. Water pumps were
introduced to speed the washing process, and intricate
channels were constructed from wooden planks, along
which water was sluiced to separate the rubies from
rock fragments. As a result of the collapse of the market
following the introduction of synthetic rubies and sap-
phires in the early twentieth century, the British Com-
pany failed and traditional methods were reintroduced.
In the 1990s new mines were established in the Mong
Hsu area, about 250 km east of Mandalay.
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Figure 4

Figure 5 Eluvial workings in weathered (decomposed) basalt
above basalt lava (Pailin, Cambodia). © Alan Jobbins.

Gemstones in Igneous Rocks

Where rock is harder, picks and drills may be suffi-
cient to prise loose the gemstones from the parent
rock (the host); otherwise the rock has to be mined,
crushed, washed, and sorted to retrieve the gem-
stones. Diamonds are mined on a larger scale and
with more highly mechanized methods than any
other gemstone.

Extrusive Igneous Rocks

Alluvial gem deposits derived from basaltic lavas have
been mentioned above. The basaltic lavas (extrusive
igneous rock, where magma has been erupted from
volcanoes as lava) may also be mined. Peridot is
commonly formed in basaltic lava. The peridot gen-
erally forms as small crystals or within vesicles (small
bubbles) and voids in the lava. Other gems that crys-
tallize from lavas as they cool include zircon, ruby,
and sapphire.

Intrusive Igneous Rocks

Some of the largest crystals form where the magma
is not erupted but rises sufficiently in the Earth’s crust
to cool slowly. The slower the cooling, the larger the
crystals that can form. Igneous rocks formed in this
way are said to be intrusive.

Gems may form in dykes (small igneous intrusions)
intruded into surrounding rocks, which may crop
out at the surface as a result of weathering. Mining
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of weathered rock on the surface and the retrieval of
gems from these eluvial deposits may lead to mining
of the gem-bearing rock beneath. Different mining
methods will be used as conditions and rock types
change; for example, mining of the Montana
sapphires of North America began as surface mining
and dyke digging. The harder rock of the dykes — the
intrusive igneous rocks that held the rubies — was
mined in preference to the non-gem bearing rock on
either side. As the gem-bearing rocks were followed
deeper, mining changed from surface and dyke
digging to underground mining.

Granite is a common intrusive igneous rock. Gem-
stones found in granite include quartz, feldspar, and
tourmaline, but often the crystals are not of sufficient
quality to be cuttable or may be too difficult to
remove from the rock without damage. In this in-
stance, the rock may be mined for use with the gem-
stones still iz situ and used as a decorative stone,
for example as a work-surface in a kitchen, a stone
floor in a shopping mall, or a facade on a building (see
Building Stone).

Pegmatites Pegmatites are intrusive igneous rocks.
They produce a greater range of gemstones than
any other rock type and have also been the source of
some of the largest gemstones ever mined. The large
crystals form as the water-rich portion of a granite-
like molten rock is put under increased pressure as it
is squeezed into fractures in the surrounding rock. As
the molten rock begins to solidify, the elements that it
contains begin to crystallize. The largest gemstones
and some quite rare gemstone varieties are found in
gem pockets at the centre of the pegmatite, where they
have formed from the hot concentrated mineral-rich
fluid that was the last to crystallize (Figure 6).

Pegmatites occur throughout the world, but the lar-
gest gem-producing pegmatites are those of Minas
Gerais, Brazil. Other pegmatite areas include the
Pala area of San Diego County in California, the
Nuristan area of Afghanistan, the Sverdlovsk region
of the Urals, and the Altai region of north-western
China. Gems formed in pegmatites include topaz,
tourmaline, kunzite, and members of the beryl
family, such as the blue aquamarine and the pink
morganite.

Hydrothermal gemstones Gems are also formed
from hydrothermal fluids (from ‘hydro’ meaning
water and ‘thermal’ meaning hot), which escape
from magmas and may contain rare elements such
as fluorine and beryllium. As the hydrothermal fluids
move away from the magma along fractures and
fissures in the surrounding rock, they solidify and
form mineral veins (see Mining Geology: Hydrother-

Figure 6 Workings in granite with cross-cutting pegmatite,
which is a source of aquamarine and chrysoberyl (River
Marambio Baia, Minas Gerais, Brazil). © Alan Jobbins.

mal Ores). Close to the surface, hydrothermal veins
may also include elements carried by groundwater
and other near-surface waters. Amethyst, topaz, beni-
toite, and emerald are examples of gemstones found
in hydrothermal veins.

In April 2000, while blasting for a new tunnel in
the Naica silver and lead mine of central Chihuahua,
Mexico, miners found two underground caverns
containing crystals of selenite, some of which were
more than 15m in length. Hydrothermal fluids de-
posited gold, silver, lead, and zinc near the surface,
but groundwater in these caves formed the huge
crystals. Although the caverns were kept secret, for
fear of vandalism or theft, the conditions within
were sufficiently hostile to keep most people out.
With temperatures of more than 50°C and humidity
above 85%, visitors became uncomfortable and
disorientated in less than 10 min. Mining of such
large gemstones has generally been carried out only
to supply museums and to satisfy collectors of
spectacular specimens.
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Gemstones in Metamorphic Rocks

All rocks, including sedimentary and igneous rocks,
may be altered by pressure and/or temperature to
form metamorphic rocks. Metamorphic rocks include
marble, gneiss, and schist. The gemstones they contain
will depend on the composition of the rock before
metamorphism and on the conditions of pressure and
temperature to which they have been exposed.

Ruby and Sapphire

The area affected by metamorphism may cover only a
few metres (usually as a result of local faulting or
folding) or hundreds or thousands of kilometres
(owing to larger regional tectonic events such as
mountain building). For example, the rubies of
Myanmar are associated with the mountain-building
episode that formed the Himalayas more than 65 Ma
ago, when the continent of India moved north, collid-
ing with the mainland and pushing up the highest
mountains in the world. The Myanmar rubies and
sapphires (Mogok), Pakistan rubies (Hunza Moun-
tains), Tanzania rubies (Morogoro), and Vietnam
rubies (Luc Yen deposit and Quy Chau deposits)
occur in marble formed by the metamorphism of
limestone.

Kenya rubies (Mangari area of the Tsavo West
National Park) are found in micaceous metamorphic
rocks; the main mines are the Penny Lane and John
Saul mines. The Penny Lane ruby mine is worked as
an open cast pit and, along with the John Saul mine, is
a modern and highly advanced plant. Large construc-
tion vehicles follow tracks down into the pit to collect
the rock fragments that have been blasted from the
rock face. These are then taken to the washing and
sorting plants, where the rubies are retrieved.

Mica schist, formed from metamorphosed shale
and slate, may contain gems such as garnet, andalu-
site, kyanite, and iolite (cordierite). The best jadeite
jade is from Myanmar. Formed by high-pressure
metamorphism, it is found as river boulders or
mined from dykes in serpentinized rocks.

Emerald

In Colombia, the Muzo emeralds are found in thin
layers of white limestone in soft black carbonaceous
shales. Explosives are used and enormous trucks
transport the soft shales to washing plants, where
the harder limestone is separated from the shale and
the emeralds are retrieved. Landscapes are altered as
hillsides are removed. In addition to the large-scale
removal of the rocks, groups of people also work on
a far smaller scale. As the remaining shales are
weathered, the gems are washed out and transported
downbhill into the valleys below. Local people search

the riverbeds and sediments for emeralds, often using
spades or just their hands.

The Muzo and Chivor regions are the two main
Colombian emerald-mining regions. Fine-coloured
emeralds are produced from both regions, though
those from the Muzo tend to have a more yellowish-
green colour than the bluish-green Chivor emeralds.
Private companies with government supervision run
the mines at Muzo. The main Chivor mine is pri-
vately run. The government issues short-term permits,
usually lasting only 5 years, then issues new ones.

The Colombian emeralds have a long mining his-
tory. They were used for decorative and ceremonial
purposes before their discovery by the Spanish con-
quistadors, who introduced them to Europe. After
this they became the source of most emerald jewellery
until the end of the nineteenth century.

During Roman times emeralds were mined from
sites in the Habachtal area of the Austrian Alps,
about 3000 m above sea-level. The oldest known
source of emeralds is the famous Cleopatra Mine of
Ancient Egypt, situated on the Red Sea, where mining
is thought to have been carried out as long ago as
4000 years BP. Mining was a labour-intensive prac-
tice, and it is thought that thousands of miners
worked below ground in the labyrinth of tunnels.

More recently emeralds have been discovered in
other countries, including Brazil, Australia, Pakistan
(Swat Valley), Afghanistan (Panjshir Valley), Russia
(near Sverdlovsk, Ural Mountains), South Africa,
Zimbabwe (Sandawana Valley), Tanzania, and
Zambia. They occur in hydrothermal veins, in schists
(including mica schist and weathered talc schist), and
in metamorphic limestones (including dolomitic
marble). In some areas they are associated with
pegmatite intrusions.

The quality and colour of the emeralds varies be-
tween countries and from mine to mine, but many
compete well with the best Colombian emeralds,
producing high-quality gemstones. Production has
varied, often depending upon the political situation
in a country rather than the potential of the mine.

Specimens may have characteristic inclusions that
can be used to confirm their country of origin and even
sometimes the mine from which they came (see Fluid
Inclusions). For example, emeralds from Chivor can
contain inclusions of small pyrite crystals, while those
from Muzo may contain calcite crystals. Both the
Chivor and the Muzo emeralds have distinctive
three-phase inclusions, comprising a gas, a liquid,
and a solid. Sandawana emerald is famous for
its inclusions of the mineral tremolite, which look
like a series of fine bars; they may also contain two-
phase inclusions (containing a liquid and a gas
bubble). Some Russian emeralds contain inclusions



GEMSTONES 13

of the mineral actinolite and shiny yellowish-brown
mica flakes. Indian emeralds have a characteristic
two-phase inclusion that resembles a comma with a
jagged outline.

Other Sedimentary
Gemstone Deposits

In addition to alluvial and eluvial gemstone de-
posits, gemstones may also form in veins or cavities
within rocks or as crusts on their surfaces. Following
transportation, they react with other elements to
produce new minerals or may be deposited directly
from solutions. New minerals may also form depo-
sits when water cools, evaporates, or changes level,
leaving a mineral residue. Examples of gemstones
formed in rocks as a result of the evaporation, cool-
ing, or transportation of mineral-rich fluids include
turquoise, malachite, rhodochrosite, agate, and
amethyst.

Turquoise usually forms as a thin layer or vein
within the rock. The rock is mined and the turquoise
removed for polishing or fashioning, often as beads or
small pieces for use as inlays. Malachite can occur as
large botryoidal (rounded) masses or as thin layers
and is often associated with azurite. Rhodochrosite
can occur as large outcrops, which are mined using
heavy machinery and cut and polished as smaller
decorative pieces.

Agates are fairly common and are usually found as
harder geodes within rock faces of igneous origin.
Underground mining, following rock layers con-
taining the geodes, results in a labyrinth of tunnels
and mineshafts. The agate mines in Idar-Oberstein
(Germany), which have been mined for agates since
Roman times, are now popular with tourists and
groups of visiting gemmologists.

Opal is formed in sedimentary rock where organic
remains have decomposed to leave minerals within
the rock or cavities into which minerals have been
transported by fluids. Large specimens, such as fossil-
ized dinosaur bones, may be replaced by opal, and
small irregular voids within a rock can be filled.

Australia is the best-known and most important
source of opal. The main mining areas are Lightning
Ridge, Coober Pedy, White Cliffs, Quilpie, and
Andamooka. Tourists can obtain licenses to mine,
checking the ground and riverbeds for small rock
fragments containing opal and panning rivers during
their stay. Mining companies work on a larger

scale with mechanized vehicles and diggers. In order
to escape the extreme heat, some miners live in
subterranean houses, where only the rooftops show
above the surface.

Conclusion

The mining method used depends on whether the
gemstones are found in situ (in the host rock in
which they formed) or as secondary placer deposits
eroded from or washed out of the host rock and
accumulated elsewhere. The locality, its accessibility,
the availability of a local workforce, and the political
situation are also factors. The specific properties of
gemstones — their beauty, rarity, durability, and value,
which is often a result of fashion as much as size or
clarity — will also affect the mining method used. The
method chosen should not damage fragile or particu-
larly valuable specimens, as the aim is to maximize
production and, ultimately, profit.
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Introduction

The interface and overlap between the Earth sciences
and archaeology has developed into the subject called
geoarchaeology or archaeological geology, where
geological concepts and methods are applied to
archaeology. The definition of exactly what geoarch-
aeology encompasses is still open to discussion. The
emergence of this new sub-discipline really took off
in the mid-twentieth century when geological tech-
niques began to be applied to archaeological sites
and materials, although the origins of the use of
geological principles and techniques in archaeology
date back to the nineteenth century when the two
disciplines were developing. The emergence of geo-
archaeology coincided with the development of the
‘new archaeology’ which embraced a much more sci-
entific approach to the study of antiquity. The first
approach of geoarchaeology was the application of
geological techniques to archaeology, but has since
developed into a more integrated interdisciplinary
approach. Geoarchaeology encompasses both field
and laboratory techniques and includes stratigraphy
for determining the succession of occupation levels,
sedimentological studies related to archaeological
site formation, geomorphology of archaeological
landscapes, pedology, geochronology, petrology, geo-
chemistry of sediments and artefacts to determine
composition, technology and provenance, and geo-
physics used to detected subsurface archaeological
features. Thus geoarchaeology deals with both nat-
ural materials and processes, and artificial ‘man-
made’ materials and landforms. Some definitions of
geoarchaeology only include stratigraphy, site forma-
tion processes, and geomorphology, and omit the
analysis of artefacts and geophysical techniques.
This overview with cover the broader definition of
geoarchaeology.

Stratigraphy

The principles of geological stratigraphy are equally
applicable to archaeological stratigraphy, a fact that
has long been accepted in archaeology. Geoarchaeo-
logists are able to interpret the nature of the strati-
graphic units; whether they are natural deposits or are
manmade. Most archaeological deposits can be treated
as special kinds of sediments, and sedimentological

principles and interpretations applied. A thorough
knowledge of postdepositional processes is required,
as these can significantly affect the original structures
and textures, as well as the stratigraphy. Techniques
of stratigraphy have been used to date artefacts
found in specific layers, either directly through annual
laminae, or indirectly through dating of, for example
volcaniclastic deposits.

Soils and Sediments

The study of soils and sediments in and around arch-
aeological sites provides much evidence for the land-
scape, environmental setting, as well as for human
activities and natural events. An assessment is usually
made of the types of deposits encountered including
composition, texture, chemistry, particle sizes and
shapes, sediment structures, and colour. These details
can be used to identify the type of soil or sediment,
and assess how the deposit accumulated through
time. Soil micromorphology has been successfully
used to identify areas within sites that were used for
specific activities such as cooking areas, smelting of
metals, and animal enclosures.

Site Formation Processes

Site formation processes often involve both natural
and anthropogenic processes of accumulations or de-
pletions of sediments and/or soils through time and
space. The study of these sediments and soils involves
identifying the type and composition of the deposit
and its source, as well as the identification of any
weathering, transportation, environmental, or post-
depositional processes involved. Much experimental
and ethnographic research has been conducted in
order to understand the degradation processes oper-
ating at archaeological sites, and the rate and nature
of sediment accumulation over time and space. For
example, experimental studies have examined the
way in which ditches silt up, and ethnographic studies
have been concerned with the rate of degradation of
mudbrick (adobe) structures.

Geomorphology

Changes occur in the geomorphology of the land-
scape over time, such as the position of the coastline
and the courses taken by rivers. The study of these
changes can reveal the shape of the landscape at a
particular time in history. The shape of the landscape
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would have affected the way in which ancient peoples
interacted with their environment. Therefore, the
study of the geomorphology of the area around arch-
aeological sites can provide valuable evidence about
the topography in antiquity and how ancient peoples
used the landscape in particular periods. It can pro-
vide information on the agricultural potential, the
availability of water supplies and raw materials, the
communication routes available, and the defence po-
tential of a site. Many archaeological sites that were
formerly by the sea or a river are now several kilo-
metres away from the modern shoreline or river bank.
It can also reveal evidence for catastrophic events that
may have affected past civilisations. For example,
tephra deposits on Santorini and Crete in Greece pro-
vide evidence for the 1628 BC eruption of the volcano
on Santorini (Thera) which is thought by some archae-
ologists to signify the decline of the Minoan civilisa-
tion on Crete. Geomorphological studies can also
reveal evidence for manmade structures, for example
the Iron Age Hillforts that are common in England
are manmade earthworks. The geomorphological
study of archaeological sites through the time periods
they were occupied is very important. Past landscapes
may have been very different to the pattern of the
landscapes seen today, having changed through time.
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The interpretation of how a site operated could thus
be drastically different and therefore wrongly inter-
preted, if the modern landscape was assumed to be
identical to the ancient one. For example, the ancient
Greek city of Thermopylae was located on the coast
in 480 BC when the Battle of Thermopylae was fought
between the Spartans and the Persians. Today the
coastline is some 5 km away from this site (Figure 1).

Geomorphological studies can also provide infor-
mation on how an archaeological site has changed
through time and the impact this will have had on the
preservation of a site, whether it has been preserved
by a covering of sediment or partially destroyed by
erosional processes. Geomorphological studies will
provide information on environmental changes in
areas around archaeological sites, and will thus aid
environmental reconstructions.

The exploitation of natural resources can signifi-
cantly affect the landscape. For example, the develop-
ment of quarrying and mining activities leaves behind
visible signs of human activity.

Geomorphological surveys involve mapping topo-
graphic features seen in the field and noting the drift
geology to produce geomorphic maps. The data col-
lected is supplemented by the use of aerial photography
and satellite images, as well as by analysis of core drills
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Map showing where the coastline has moved from 480 Bc to the present day. The ancient Greek city of Thermopylae was

located on the coast in 480 Bc when the Battle of Thermopylae was fought between the Spartans and the Persians. Today the coastline
is some 5km away from this site. (Kraft et al. (1987) Journal of Field Archaeology 14: 181-198. Reproduced from the Journal of Field
Archaeology with permission of the Trustees of Boston University. All rights reserved.)
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taken from specific areas of a site. Core drilling
has been used in geomorphological studies to ascer-
tain the nature, stratigraphy, and extent of human
occupation. This is a relatively rapid and cost-effective
method which is potentially minimally destructive.

Aerial Photography

Aerial photography has been used since the beginning
of the twentieth century to identify archaeological
features not usually visible at ground level, or those
that are buried. Both vertical and oblique photo-
graphs can be used, as each can accentuate different
features. Stereoscopic pairs of aerial photographs are
often used as they give a three-dimensional image of
the topography. Some buried features will be visible
through differential crop markings which result in
contrasting crop growth over the buried feature. For
example, ditches and pits are shown up by superior
crop growth.

Geophysical Methods

A number of geophysical techniques have been
adapted and applied to archaeology, since the mid-
twentieth century. These include electrical resistivity,
magnetometry, gravitometry, and ground penetrating
radar. These techniques allow the identification of
archaeological sites and their layouts thus aiding the
interpretation of ancient settlements and manmade
structures prior to potential excavation. These tech-
niques are often used on their own, with no further
need for excavation. They are used to locate and
detect the extent of archaeological sites, as well as to
map the distribution of features within known arch-
aeological sites (Figure 2). In addition to being used to
gain information about the spatial distribution of
features, geophysical methods can be used to provide
information on features buried at variable depths thus
giving information on site development and the strati-
graphic sequence of a site. The geophysical prospec-
tion of urban sites has become increasingly common
with the redevelopment of ‘brownfield’ sites within
large cities which require an archaeological survey
to be carried out before development is possible.
However, electrical and magnetic methods can prove
problematic when used in modern urban areas.
Magnetometry identifies differences in the mag-
netic properties of soils which may have been caused
by human activities such as burning, humic decom-
position, compaction, and by building of structures.
Magnetic surveying is difficult if it is carried out in an
area with nearby interfering magnetic sources such as
near modern buildings and power lines, which tend
to obscure the weaker signals from archaeological

features. Electrical resistivity detects differences in
the electrical conductivity of the soil which may have
resulted from the construction of ditches and mounds,
and compaction. The soil moisture content is im-
portant for electrical resistivity surveying, as it cannot
be undertaken if the soil is too dry.

Geohysical methods are non-destructive and more
cost-effective than test excavations. A geophysical
survey will provide valuable information which can
be used to plan an excavation programme effectively
and efficiently, as well as providing site information
without the need for excavation.

Magnetic Susceptibility

Magnetic susceptibility surveys have been used to
identify areas of human activity, as these can change
the magnetic character of soils and sediments at
the site of these activities such as cooking, metal
processing, and other activities involving heating.
This technique is usually used in conjunction with
magnetometry for optimum results.

Archaeoseismology

Archaeoseismology is the study of the effects of
earthquakes in antiquity. The devastating effects
of sizeable earthquakes can be recorded in the arch-
aeological record. The way in which buildings and
other structures collapse can give information on the
earthquake event, and can be used to date destruction
layers at some sites. The Modified Mercalli scale of
earthquake intensity is used to interpret the size of
the earthquakes that caused damage at archaeological
sites. Stone buildings tend to be more resistant to
earthquake damage than wooden buildings, and mud-
brick structures are most susceptible to earthquake
damage. In addition, the type of deposit that an
archaeological site is built upon will also affect the
intensity of damage caused by an earthquake. Most
damage is caused where buildings are constructed on
unconsolidated sediments, whereas a harder under-
lying rock will reduce the severity of earthquake
damage. The interpretation of archaeoseismic events
can be confused with other events which produce
similar patterns of destruction, such as landslides
and poor construction techniques of buildings.

Palynology

Palynology, the study of pollen, can reveal evidence
for ancient cultigens, dietary information, and the
seasonal occupation of sites. Changes in the types of
vegetation on a site may be significant and can be
used to indicate changes of use of a site or climate
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Figure 2 Sedgefield, County Durham. Fluxgate gradiometer data. 1 x 0.5 m. Romano-British settlement straddling a road. Excav-
ation by Time Team revealed a complex of workshops and a small kiln as highlighted in the inset photograph. (Reproduced from
Gaffney C and Gater J (2003) Revealing the Buried Past: Geophysics for Archaeologists, Tempus Publishing Ltd (Plate 19).)

change. Palynology has been extremely important in
aiding environmental reconstructions from archaeo-
logical evidence, particularly with the identification
of native and non-native pollen species types.

Characterization Studies

Characterization studies seek to address questions
about the raw material constituents of artefacts, their
provenance, ancient trade, or distribution routes,
their technology of production and manufacture,
and patterns of consumption. Various geochemical,
mineralogical, and imaging techniques have been ap-
plied to archaeological materials to answer these
questions. These techniques may involve taking

samples from artefacts. However, the recent trend
has been towards micro-sampling and non-destructive
analysis.

Geochemistry of Archaeomaterials

The geochemistry of a range of archaecomaterials has
been carried out using a number of different tech-
niques which are also used in the Earth sciences.
Major, minor, and/or trace elements are detected by a
number of analytical techniques. The range of archae-
omaterials include ceramics, metals, glass, lithics
(particularly obsidian), and organic materials. The
geochemical signature of these archaeomaterials
has been used to answer a number of archaeological



18 GEOARCHAEOLOGY

questions. The chemical characteristics of particular
artefacts are used to predict where the artefacts were
made, provenance their source of production, as well
as to source the raw materials used. This is done by
comparing the geochemical signatures of unprove-
nanced artefacts with the geochemical signatures of
locally available raw materials, or the geochemical
signature of artefacts that have been produced in
known localities (Figure 3). The multi-element chem-
ical data obtained from known and unknown arte-
facts is usually processed by various multivariate
statistical techniques. These techniques show how
the samples group together, thereby suggesting a
close association and possible provenance. Many
artefacts of material culture are artificially produced,
so cannot be directly compared with local raw mater-
ials sources. These include metal alloys, ceramics,
glass, and faience. Lithics may be compared directly
with rock sources. The chemistry of material artefacts
has also helped to deduce what they are made of, and
to suggest the technological processes involved in
production. The geochemical techniques used in arch-
aeological studies have included optical emission
spectroscopy (no longer used), which was superseded
by atomic absorption spectroscopy (commonly used
in the 1970s to the 1990s), and then more recently by
inductively coupled plasma atomic emission spectros-
copy and mass spectroscopy (favoured techniques
since the 1990s). Instrumental neutron activation
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Figure 3 Geochemical grouping of trace element data from
Korean Celadon ceramics dating to the Koryo dynasty (twelfth
century ap). The bivariate plot shows the concentrations of Cr
(ppm) plotted against Th (ppm) (determined by instrumental neu-
tron activation analysis) for ceramic pots manufactured at differ-
entkiln sites in Korea and Chinese Yue ceramics for comparison.
The trace element data shows that the geochemical signature of
the clays used in these two Korean kiln sites are distinguishable
from each other and the Chinese Yue ceramics. (Reproduced
from Hughes M and Joyner L (2000) In: Portal J (ed.) Korea: Art &
Archaeology, British Museum Press. Courtesy of the Trustees of
the British Museum.)

analysis has been used for trace element determin-
ation, but this technique is declining in use as reactors
are closed down. Surprisingly, wavelength dispersive
X-ray fluorescence spectrometry has not been widely
used in archaeological science. However, air-path
energy dispersive X-ray fluorescence spectrometry
has been used regularly, especially for metals, but
also for other materials, as it is a non-destructive
technique. Proton induced X-ray emission spectrom-
etry and proton induced gamma ray emission spec-
trometry analysis have also been used, as has electron
probe microanalysis. Chromatographic techniques
have been applied to the study of organic archaeoma-
terials and these include gas chromatography and
gas chromatography mass spectrometry.

Postdepositional processes can also affect the geo-
chemistry of artefacts, substantially altering their
geochemical signature. This particularly affects cer-
amics. Recycling, such as the addition of scrap metals
in metal production or the addition of cullet in glass
production, obscures the chemical signatures restrict-
ing the use of geochemistry in provenancing artefacts
made of metals and glass.

Metals and Ores

Metals such as gold, silver, lead, tin, copper, iron, and
arsenic were used in antiquity. Some were used in
their raw state, such as gold and copper, and others
were alloyed, such as copper and tin to produce
bronze. Geoarchaeologists are concerned with all
aspects of metal production, from ore sources to ex-
traction and mining, to roasting of ores, smelting,
melting, refining, alloying, casting, and the use and
trade of metal artefacts (Figure 4).

Stable Isotopes

The use of stable isotope analyses in artefact proven-
ance has increased rapidly in recent years. Carbon,
oxygen, sulphur, strontium, and lead have all be used
to provenance materials such as lithics, metals, and
glass. Marble provenancing was one of the first stud-
ies to use stable isotopic data to discriminate between
sources in the Aegean region. A large database of
the isotopic signatures of '°C and 6'®0O for marble
quarries in Greece and Turkey has been built up
which has been used for provenancing artefacts and
for associating broken pieces of artefacts (Figure 5).

Mineralogy of Archaeomaterials

Many artefacts of material culture are made from
geological raw materials such as rocks for building
and statuary, clays for ceramics, sand for glass
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production, limestone and gypsum for plaster pro-
duction, gemstones for decorative purposes, minerals
for pigments, and metals for tools. Mineralogical
techniques that are commonly employed in the
Earth sciences have been applied to the study of an-
cient artefacts. These include optical microscopy,
polarising light microscopy, and X-ray diffraction.

Figure 4 Structure of the cast silver-copper alloy of an Egyp-
tian silver figure of Nefertum (EA66818). Polished and etched
sample. Field of view 0.5mm across. (Reproduced from Cowell
M and La Niece S (1991) In: Bowman S (ed.) Science and the Past,
British Museum Press. Courtesy of the Trustees of the British
Museum.)

2]

Ephesos

w

S

Penteli

Carbon ratio 13C/12C (parts per thousand)
— n w

o

LI L L B

[

Other techniques, which are less commonly used
in the Earth sciences, have also been applied to the
study of ancient artefacts, and these include infrared
spectroscopy and Raman microscopy.

Lithic Petrology

In archaeology, the term lithic or stone is used to
describe rock that has been utilized by humans. The
use of lithics in antiquity dates back to before the
Paleolithic period and includes building stone, statuary,
tools, vessels, sarcophagi, jewellery, and pigments.
Petrological examination of lithic artefacts has allowed
potential sources of these raw materials to be sug-
gested. This allows suggestions to be made for potential
trade/exchange routes that may have been taken to
import the lithic materials/artefacts to a site where
they were excavated, as well as highlighting contacts
between past groups of peoples. For example, the iden-
tification of Preseli Mountain stone at Stonehenge has
raised the possibility that the stone was transported
from South Wales to Wiltshire specifically to be used
in the construction of Stonehenge.

Ceramic Petrology

Petrological techniques have been applied to pottery
to determine clay paste compositions, the possible
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Figure 5 Stable isotope analysis for carbon and oxygen of the marble sculptures from the mausoleum of Halicarnassus including the
horse, denoted by H (see inset), superimposed on the data for Classical marble quarries. The ellipses represent 90% confidence limits
for the samples from the named quarries. (Reproduced from Hughes M (1991) In: Bowman S (ed.) Science and the Past, British Museum

Press. Courtesy of the Trustees of the British Museum.)
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Figure 6 Thin section of an Early Byzantine pottery sherd from
a cooking pot excavated from the Sanctuary of St Lot, Deir
‘Ain Abata, Jordan. Plane polarized light. The fabric shows the
clay micromass (brown) in which rounded quartz sand grains
(white) have been intentionally added (temper). The thin elongate
structures are voids which are naturally incorporated into the
clay as it is worked (wedging) prior to vessel formation. This
vessel has been wheel-thrown and has been well-fired in an
oxidising atmosphere. Field of view is 3 mm across. (Reproduced
from Joyner and Politis (2000) Internet Archaeology 9. http://
intarch.ac.uk/journal/issue9/daa_toc.html)

addition of temper (material such as sand, shell, or
crushed pottery or rock added to the clay to improve
its workability and/or firing properties), provenance,
and firing conditions (Figure 6). The use of ceramic
petrology has revealed the complexity of pottery
making and the long distance trade of pottery, either
for itself or for the contents the vessels may contain.
The study of prehistoric pottery in the American
Southwest in the 1940s revealed a widespread trade
which was unexpected in such an early period.
Petrological techniques have also been applied to
bricks, mud bricks, plasters, cements, mortars, and
concretes.

Technology Studies

Various analytical techniques have been employed to
deduce how artefacts were made. Some of these tech-
niques include the chemical and mineralogical
techniques already mentioned. In addition, imaging
techniques are frequently used to elucidate the se-
quence of manufacture of artefacts of different mater-
ials. Microscopy, scanning electron microscopy, and
radiography are the techniques that are frequently
used (Figure 7). For example, in pottery studies, po-
larising light microscopy is used to deduce the clay
paste recipes used, the scanning electron microscope
is used to estimate the approximate temperatures
achieved during the firing process, and radiography
is used to look at the forming techniques used to
construct pottery vessels.

Figure 7 Back Scattered Electron Microscope image of a
Korean Celadon ceramic dating to the Koryo dynasty (twelfth
century ap) showing the ceramic body (grey), white inlaid decor-
ation composed of kaolinite (rectangular dark area) and alkaline
glaze (white). Note the scale bar. (Reproduced from Hughes
M and Joyner L (2000) In: Portal J (ed.) Korea: Art & Archaeology,
British Museum Press. Courtesy of the Trustees of the British
Museum.)

Geochronology - Dating Techniques

Before the advent of modern dating techniques,
archaeologists relied upon stratigraphy to determine
the relative ages of cultural deposits. Since the middle
of the twentieth century, a number of scientific dating
methods have been applied in the archaeological sci-
ences which have provided absolute ages, which are
independent of the stratigraphy. These include radio-
carbon dating (or '*C dating), 40Ar-39Ar dating,
Uranium series dating (which involves the radioactive
decay of***U, #°U & *?Th to lead), electron spin
resonance dating, thermoluminescence dating (re-
leases accumulated energy by application of heat),
obsidian hydration (the rate of absorption of water
is dependent on glass chemistry and temperature,
resulting in an hydration rim whose thickness can be
used to estimate the time elapsed since the obsidian
artefact was created), and dendrochronology (tree
rings).

Conclusions

Geoarchaeology combines both the Earth sciences
and archaeology in the quest for interpreting the ma-
terial culture of past civilizations. It has become a
broad but distinct subdiscipline within archaeology
requiring a firm knowledge of both geological tech-
niques and processes, and archaeology. It is hoped that
this broad, though not necessarily comprehensive,
review of geoarchaeology will give a feel for the range
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of work being conducted in archaeology which re-
quires a geological understanding of the environment
and ancient materials. It is a dynamic discipline in
which there is a continual interaction and cross-over
of the two subject areas.

See Also

Analytical Methods: Geochemical Analysis (Including
X-Ray); Mineral Analysis.
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Introduction

Mineral deposits are small in size, ranging in width
from several metres for a gold vein to a few kilo-
metres for a large porphyry copper deposit. The de-
posits that were not found during the early decades of
exploration are usually concealed beneath younger
geological formations. All deposits can be discovered
by grid drilling, but this would be enormously expen-
sive. Thus, a body of exploration techniques has been
developed to narrow the search to promising targets.
The exploration geologist searches for rocks and geo-
logical features that are known to be associated with
mineral deposits. The geophysicist looks from the
air or ground for patterns that may indicate mineral-
ization. The geochemist seeks element signatures
that have dispersed outwards and upwards from a
deposit. The aim is not to be constrained by the
small physical size of a deposit, but to look for evi-
dence that will enlarge the target and make it easier to
locate. Much of the globe has been assessed by
geochemical surveys guided by materials such as
soils, stream and lake sediments, waters, and plants.
Originally, the sole purpose of these surveys was to
identify targets for mineral exploration (see Mining

Geology: Exploration), but information on the
geochemistry of the environment is becoming an
increasingly important objective.

Near-Surface Dispersion of Elements

One of the most frequently used geochemical ap-
proaches for expanding target size is the sampling of
stream sediments. Where a stream cuts across a par-
tially exposed deposit, it removes mineral fragments
and disperses these downstream. Several kilometres
downstream, there may be minerals that are charac-
teristic of the deposit. These may be detected by
chemical analysis of the stream sediment or by phys-
ically separating and identifying minerals. Most
mineral deposits contain sulphides (see Minerals: Sul-
phides). These are not stable when in contact with air,
and they oxidize, releasing the constituent elements.
Some elements, such as zinc, which is released during
the oxidation of sphalerite, are soluble in water and
move downstream in solution. Other elements are
less soluble and form secondary minerals that are
precipitated close to the source or move as solids
suspended in stream waters; lead in galena, for
example, forms the secondary mineral lead sulphate.
Thus there may be ‘clastic’ dispersion, which is the
movement of solids, and ‘hydromorphic’ dispersion,
which is the movement of dissolved elements. Elem-
ents in solution can be measured by analysing the
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water in which they are dissolved, but they tend to
precipitate as the water moves downstream; analysis
of sediments can therefore identify elements that have
been dispersed in both clastic and hydromorphic
form. In areas where streams are scarce and lakes
are abundant, such as in the Canadian and Fennos-
candian shields, both lake sediments and waters are
used in analyses. Glaciers erode mineral deposits and
disperse the minerals. After melting of the continen-
tal-wide glaciers of the northern hemisphere, vast
areas of till and related glacial sediments were ex-
posed. Evidence of ‘dispersion trains’ or ‘fans’ leading
out from mineral deposits can be obtained by analy-
sis of the tills or the soils developed on the tills. Also,
because sulphide minerals may have been dispersed
with the tills, oxidation of the tills and the inclu-
ded sulphides may lead to secondary hydromorphic
dispersion from the fans into streams and lakes
(Figure 1).

Once a target is defined by stream or lake sedi-
ments, soils are usually collected and analysed to
define the target more closely. Plants can also be
sampled and analysed. Plants have the advantage of
extending their roots over an area and depth that is
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Figure 1 Uranium content of lake sediments from the uranium—
nickel deposit around Key Lake, Saskatchewan. Contours at 10,
20, and 100 ppm U. Ice has dispersed fragments of the mineral-
ization to the south-west in glacial tills. Following retreat of the
ice, the tills and the uranium and nickel minerals were
weathered, then uranium was dissolved as an anion and moved
into the lakes. Within the lakes, the uranium precipitated in or-
ganic-rich centre-lake sediment. Anomalous contents of uranium
in waters were first found in 1969. Subsequent detailed geo-
chemistry, including lake sediment sampling and boulder
tracing, led to the discovery of the deposit in 1975. Modified
with permission from Maurice YT, Dyck W, and Strnad JG (1985)
Secondary dispersion around the uranium—nickel deposit at Key
Lake, northern Saskatchewan. In: Sibbald TIl and Petruk W (eds.)
Geology of Uranium Deposits. Canadian Institute of Mining Metallurgy
Special Volume, pp. 38—47. Montreal: Canadian Institute of Mining,
Metallurgy and Petroleum.

greater than the volume comprising a soil sample, and
thus may give a more representative estimate of trace
elements present. In arid regions, some plant roots
extend to great depth to reach water, and thus may
be mineralized near a deposit. A few species of plants
grow in abundance on soils with a high content of
a particular metal and can be used to identify the
metal-rich area.

The ‘mobility’ of an element is a critical aspect of
its usefulness in geochemical exploration. Mobility
is an indication of how far an element may travel
dissolved in water and thus broaden the signal de-
rived from the mineral deposit. Some metals dissolve
as cations, others dissolve as anions. Cations are most
soluble at low pH. Sulphide deposits that oxidize at
the surface may produce waters with a pH of 3 or
even lower. In acidic waters, most metal cations
are soluble. As waters derived from such a deposit
flow from the deposit, they mix and become diluted
by other waters and their pH increases. As the pH
increases, cations are precipitated in a sequence that
corresponds to their different chemical properties. In
water that originally contains lead and zinc, lead will
be precipitated first, at a pH lower than the pH that
precipitates zinc. Elements that dissolve as anions
behave differently, because these are most soluble at
neutral and high pH; having a negative charge, they
are not adsorbed by colloids with a negative surface
charge. Because most surface waters and ground-
waters are not acidic, elements dissolving as anions,
such as uranium, molybdenum, arsenic, and rhenium,
are most useful as wide-travelling indicators.

Diamond Exploration

Diamonds are a high-value commodity. Raw dia-
monds worth six billion dollars are sold each year; a
single mine may produce several billion dollars worth
of diamonds over the life of the mine, and one-half
billion dollars is expended each year on exploration.
Diamonds come from the upper mantle. Fragments of
diamond-bearing rock are picked up by kimberlite
magma (see Igneous Rocks: Kimberlite) rising from
the deeper mantle en route to the surface. The magma
has a high content of volatiles and moves upwards at
a speed that has been likened to that of an express
train. When the kimberlite reaches the surface, the
sudden release of magmatic gas and interaction with
groundwater causes explosions, producing pipe-
shaped diatremes filled with fragmented kimberlite
and country rock. Most pipes have a small surface
area, usually 50 to 500 m in diameter, but occur in
clusters. Kimberlite is soft and easily eroded, forming
depressions that become lakes or are covered by over-
burden. The ease of erosion, which leads to their
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Figure 2 Dispersal trains of kimberlite indicator minerals in glacial tills, south-east Slave province, Canadian Shield. Triangles
indicate locations of known kimberlites. Indicator minerals first found in the Mackenzie valley, 600 km to the west, led Charles Fipke
and Stewart Blusson to the discovery of this rich diamond province. Original figure by John Armstrong.

concealment, also provides a key to their discovery:
their mineral constituents may be dispersed far by
streams, glaciers, or wind.

Being directly derived from the mantle, the min-
erals forming kimberlites are different from those of
most other rocks exposed at the surface and are of
higher specific gravity. When these minerals (for
example, pyrope garnet, chrome diopside, chromite,
ilmenite, and magnesian olivine) are identified in a
heavy mineral concentrate of stream or river sediment
or till, they may be followed to the source. In the
Slave diamond province of northern Canada,
slim, pencil-like glacial dispersal trains of kimberlite
indicator minerals (KIMs) in glacial tills can extend
far from their sources (Figure 2). Once the approxi-
mate sources of the KIMs are determined, other tech-
niques, mainly geophysical, can be used to locate
the kimberlites. Diamond, being so hard, is well pre-
served during erosion and transport, but its concen-
tration is so low in the kimberlites — less than a part per
million — that it is rarely seen in KIM concentrates (see
Igneous Rocks: Kimberlite).

Exploration for diamonds would be simple if every
kimberlite contained economical amounts of the min-
eral. But that is not the case; less than 1% of kimber-
lite intrusions is worth mining. So, how can KIMs
that relate to diamondiferous kimberlites be identi-
fied? The clue to the answer was first provided by the
electron microprobe analyser. Diamonds often con-
tain small inclusions of other more common minerals,
derived from the same source region in the mantle.
Using the microprobe, these can be identified and
their compositions determined. Thus, it was found

that inclusions of pyrope garnet in diamonds have
lower contents of calcium than do similar garnets
from elsewhere, and chromites in diamonds have un-
usually high chromium contents. Ilmenite has high
magnesium and low ferric iron contents. With the
knowledge gained from inclusions, kimberlite min-
erals with specific compositions, derived from the
part of the mantle where diamonds coexist, but
much more abundantly than diamonds, could be
sought in the KIM concentrate. Ilmenite compos-
itions have an additional significance. Diamond is a
reduced substance and can be destroyed if its host
region in the mantle becomes more oxidized, or
during transport within a kimberlite magma. Ilmen-
ite, with high magnesium and low ferric iron contents,
is thus indicative of reduced conditions that preserve
diamond. Figure 3 shows four different fields contain-
ing levels of MgO and Fe,Oj; for ilmenite from four
kimberlite localities in southern Africa. In the most
oxidized field (1), no diamonds are preserved. In the
most reduced field (4), diamond crystals are preserved
and show late-stage overgrowths.

Deep-Penetrating Geochemistry

Most undiscovered mineral deposits lie beneath some
form of cover, which may range up to several hund-
red metres in thickness. The cover may be laterite, the
product of severe modification of the underlying
rocks during tropical weathering. In this case, there
may be sufficient geochemical clues retained from
the parent material that analysis of the lateritic soils
can identify the presence of a buried mineral target.
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Figure 3 Composition of ilmenite as a predictor of the preser-
vation of diamond in the host kimberlite. Figure based on
samples from kimberlites in southern Africa. See text for discus-
sion. Modified with permission from Gurney J and Zweistra P
(1995) The interpretation of major element compositions of
mantle minerals in diamond exploration. Journal of Geochemical
Exploration 53(1-3): 293-309.

However, in many cases, the cover is ‘exotic’: it has
been derived from elsewhere and has no relation-
ship to the underlying rocks. Examples are piedmont
gravels, desert sands, alluvial deposits, and most
types of glacial deposits. Exotic cover makes it more
difficult to locate the buried target; identification
must depend on the migration of elements from the
deposit, through the cover, to the surface. The indi-
cator elements must migrate either as a gas (for
example, radon or sulphur gases) or as metals dis-
solved in water. This involves movement through a
zone that is unsaturated in water, the vadose zone,
which can be tens to hundreds of metres thick in arid
climates. In the vadose zone, the mineral grains are
surrounded by a thin film of water, which moves
slowly downward to the water table. Migration may
take place by diffusion of ions through the water
film or as gases diffusing through air space in the
vadose zone. An alternative mechanism to diffusion
is advection, which is the movement of an entire
mass of air or groundwater containing the gas or
dissolved ion.

The exploration geochemist uses a variety of gases
in soils, including hydrocarbons and sulphur gases, to
explore for buried deposits. For the migration of
gases from depth, an interesting experiment was per-
formed by CR Carrigan and colleagues at the Nevada
Nuclear Test Site. Chemical explosives equivalent to
a 1-kt nuclear charge were detonated at a depth of
400 m in bedded tuff. Two bottles of gas were placed
near the charge, one containing *He, the other con-
taining SF4. Sampling sites were established at the
surface to detect these gases. SFs was the first
gas to be detected, after 50 days, along a fault, during

a strong barometric depression. *He was first
detected at the surface 325 days later. These results
do not fit with gaseous diffusion; compared with SFg,
’He has a much higher diffusivity and should reach
the surface long before SF¢ does. The diffusivity of
SF¢ is such that it would require tens to hundreds of
years to reach the surface, yet it has happened in
days. Why? The reason is that gaseous diffusion is
overridden by a much faster advective mechanism,
barometric pumping. High barometric pressure
forces air down fractures and into pore space in the
rock, around the fractures. Gases within the rock mix
with air in the pores. When the barometric pressure
drops, air in the porous rock, now containing
the gases, returns to the fracture and, after several
cycles of high and low pressure, reaches the surface.
Pumping occurs because the volume of air entering
rock porosity is much greater, compared to the
volume of air present in the fractures. Pumping pro-
vides the “breathing volume” that permits large verti-
cal movements during high-pressure ‘inhalation’
and low-pressure ‘exhalation’. Barometric pumping
can withdraw gases from depth several orders of
magnitude faster than is possible by molecular
diffusion. But why did it take much longer for *He,
compared to SFg, to reach the surface? This is because
a gas with high molecular diffusivity can more
readily diffuse out of the upward-moving air-gas
mixture in the fractures, into porous wall rock.

In the search for buried deposits, great attention
has been given to the detection in soils of elements
that have been transported to the surface as dissolved
constituents in water. Initial studies focused on chem-
ical diffusion of ions in water. But rates of diffusion
are very low and the water films around grains in the
vadose zone move downwards at a rate that can be
several orders of magnitude faster than the rate at
which ions diffuse upwards. It is analogous to trying
to walk up a very fast down escalator. As with gases,
the most effective way to bring dissolved ions to
the surface is by advection, the upward transport of
mineralized groundwater. Capillary migration is one
such mechanism for advective transport, but it is
effective only for depths below the surface not much
greater than 10 m. A different process, earthquake-
induced surface flooding, or seismic pumping, has
been identified as being effective over much greater
depths. This process has long been known to seis-
mologists. Surface flows of groundwater occurred
along fault lines in desert areas of Iran during earth-
quakes in 1903, 1923, and 1930, and more recent
examples have been observed in Montana and Cali-
fornia. During earthquakes, stress fields can become
compressional, closing fractures in basement rocks
and forcing groundwater to the surface, up faults.
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Because many mineral deposits occur along faults,
mineralized groundwaters bathing a buried deposit
can become incorporated in the upward flow. The
Atacama Desert, a region in northern Chile of high
seismicity and hyperaridity, produces the world’s
greatest quantity of copper. The principal deposits
were found exposed at the surface, but large areas
of prospective ground are covered by piedmont
gravels of Miocene age. EM Cameron and colleagues
have found soils with elevated amounts of various
porphyry indicator elements (copper, molybdenum,
rhenium, and selenium), above porphyry deposits
buried beneath gravels. These anomalies lie along
fracture zones in the indurated gravels, which appear
to have formed during the reactivation of older base-
ment faults that were involved in the formation of the
deposits (Figure 4). These soils are more saline than
are soils away from the fracture zones. Mineralized,
saline groundwaters have been pumped to the surface
during earthquakes; these have evaporated, then the
constituents have been redistributed by the infrequent
rains. In the case of the Spence copper deposit in

northern Chile, the proportions of elements found in
the soils correspond to those found in groundwater
80 m below.

Avery different environment is found in the Abitibi
belt of Ontario, Canada. Here world-class gold and
base metal deposits of Archaean age have been min-
ed for over 100 years. The first deposits were found
exposed in areas free of glacial cover. However, large
parts of this highly prospective region are covered
by thick, impervious lacustrine clays deposited during
retreat of the ice sheet 10 000 years ago. Recent work
by SM Hamilton and co-workers has provided en-
couraging evidence that geochemistry can ‘see’
through the clays. Hamilton’s group has identified
reduced (i.e., low-eH) columns in the clays; the
columns extend from the sulphide subcrop to the
water table and represent an upward flux of reduced
substances (e.g., Fe*") derived from oxidation of
the sulphides. On reaching the water table, these
substances react with atmospheric oxygen to produce
acid: Fe*™ + O, + 2H,0 Fe(OH), + H'. The acid
dissolves carbonate originally contained in the clays,
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Figure 4 Analyses of soil samples for sodium and copper along a 5-km traverse across the Gaby Sur copper porphyry deposit,
northern Chile. The deposit contains 400 million tonnes of 0.54% Cu and is overlain by piedmont gravels of Miocene age. Sodium was
extracted by deionized water and copper was extracted by enzyme leach. Groundwater is found only in the basement below the gravel
where drill holes intersect fracture zones, such as the boundary faults (shown by dashed lines). The anomalies for sodium and copper
in the soils are interpreted to represent mineralized groundwater pumped to the surface during seismic activity.
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Figure 5 Diagram showing effects of an upward flux of reduced material from a subcropping massive sulphide body to the surface
through impermeable clay. The oxidation of the reduced material by oxygen above the water table causes formation of acid, which
removes the carbonate from the clay. Zinc and other base metals from the massive sulphide are precipitated in a thin zone of soils at
the top of the B horizon. Zinc analyses of soil after extraction were by enzyme leach.

forming a zone of low pH and low carbonate in soils
directly above the sulphides (Figure 5). Other elem-
ents from the sulphides, such as zinc and lead, also
move to the surface and are precipitated in a thin
zone, which may be the upper B horizon or Ae hori-
zon, immediately below organic-bearing soils. Iso-
topic measurements of lead in this horizon show
that it is similar in composition to the lead of sulphide
mineralization and much different from the more
radiogenic lead of the clays. Chemical diffusion is
much too slow a process to explain the upward flux
of these elements through 30 m or more of clay in a
period of only 10ky; other processes must be in-
volved, and these are currently being investigated.
This observation may be relevant to the use of clays
to cover buried nuclear waste.

Analysis of Samples

Much of the progress in geochemical exploration
has come as a result of rapid advances in analytical
techniques. Today, analysts can measure a larger
number of elements, to lower concentrations and at
lower cost, than was possible even a decade ago. Most
analyses are carried out using inductively coupled
plasma mass spectrometry (ICPMS). Commercial la-
boratories routinely analyse samples for 50 elements
at a cost of about $15 per sample. Some of the elem-
ents (rhenium, for example) are measured at concen-
trations below 1 part per billion (ppb). Rhenium
occurs in low concentrations in molybdenite, which
is present in most copper porphyry deposits. Rhenium
serves as a far-travelling indicator of these deposits,
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because it dissolves as an anion in groundwater. In
soil from the porphyry belt of northern Chile, anom-
alously high concentrations of rhenium, indicative
of porphyries, can be as low as 0.5 ppb, but this is
still above the limit of detection when samples are
analysed by a weak leach (see later) of 0.05 to
0.10 ppb Re.

As mineral deposits become harder to find, much
effort has gone into amplifying the geochemical signal
from the deposit, over the background noise. One of
the first approaches to this was the collection of heavy
minerals, as described in the preceding discussion on
diamonds. Panning for gold is another example.
A chemical method for amplification is selective re-
moval or leaching of the mobile component of a soil
or sediment, then measuring this component by
ICPMS. ‘Selective leach’ reagents remove only a
small fraction of the metal that might otherwise be
dissolved by strong acids or by total dissolution, in
the expectation that this fraction represents a more
readily dissolved mobile phase derived from an ore
deposit. The more abundant element fraction that
comes from primary minerals forming the soil is
called the endogenic phase, whereas that from exter-
nal sources, including a mineral deposit, is the exo-
genic phase. The exogenic phase is initially introduced
into the soil in water-soluble form and, as a result of
soil-forming processes, is incorporated into second-
ary minerals, such as carbonates or iron and manga-
nese oxides. Because the exogenic phase enters in
water-soluble form, one approach is to use a weak
leach that does not attack any of the minerals, but
rather dissolves water-soluble salts and elements
loosely adsorbed to mineral surfaces. Such is the
‘enzyme leach’ used to obtain the data for copper in
Figure 4 and for zinc in Figure 5. For secondary
minerals, ammonium acetate is commonly used to
dissolve carbonate, and hydroxylamine hydrochlor-
ide at different concentrations and acidities is used
separately to dissolve manganese oxides and iron
oxides. Other reagents are used to dissolve the or-
ganic material that often accumulates with metals of
exogenic origin.

From Regional Exploration
Geochemical Surveys to
Environmental Geochemical Mapping

Regional geochemical surveys using a variety of
media (stream and lake sediments and waters or
soils) have evolved in scale over time from covering
hundreds of square kilometres to surveys that cover
more than 100000km? in a field season. In the
1970s, 65% of the United States was surveyed to
identify areas of potential for uranium and other

minerals. Aircraft were key to this increase in prod-
uctivity. Helicopters can ferry crews to sites where
soils or sediments are sampled, and geochemists
in low-flying aircraft can map the distribution of
the radioactive series, i.e., uranium, thorium, and
potassium. A few perceptive geochemists, notably
JS Webb, saw early on that these surveys could
reveal more information than had been mandated as
their primary purpose (to identify mineral potential).
In 1978, Webb and co-workers published a geo-
chemical atlas of England and Wales based on
stream sediment sampling. This showed trace element
distributions that affected human and animal health.
For example, areas underlain by molybdeniferous
marine shales gave rise to pasture that caused molyb-
denum toxicity in cattle and a molybdenum-induced
inability to absorb the essential trace element, copper.
This problem was already known to veterinarians
working in the most affected areas, but the survey
revealed other areas where cattle had subclinical
symptoms. Addition of copper to the cattle feed pro-
duced an increase in animal weight. Similarly, trace
elements, either by their deficiency or their excess in
soils and waters, can affect human health. Excess
materials in the environment can have natural causes
or may be the result of pollution. (see Environmental
Geochemistry).

As the importance of environmental geochemical
mapping became increasingly apparent, geological
survey organizations began to include this purpose,
in addition to resource evaluation, as a rationale
for surveys. Today, environmental information has
become the primary purpose of many surveys. This
has resulted in modifications in the techniques ap-
plied, including the nature of the sampling media
and the sampling density. Sampling of moss is now
used to identify airborne pollution, for example, to
map the emissions from nickel smelters in the Kola
Peninsula. Early surveys for resource purposes were
generally carried out at a high sampling density, with
one sample per square kilometre being typical, but it
became apparent that useful information could be
obtained more rapidly and economically by sampling
at lower densities. In 1972, the first survey of Cana-
da’s National Geochemical Reconnaissance program
collected lake sediments and waters at a site density
of 1 sample per 23 km?, permitting 93 000 km? to be
sampled in 6 weeks. There has been a progression of
this trend to lower density sampling, particularly
where surveys are being carried out on a multi-
national or global scale for environmental purposes.
The Global Geochemical Baselines project collects
samples on the basis of 160-km by 160-km cells.
The mapping of Europe at this scale was completed
in 2004 (Figure 6). Standardization of sampling and
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Figure 6 Geochemical map of Europe, showing the distribution of uranium in soils. Uranium concentrations of 764 samples were
determined using inductively coupled plasma mass spectrometry (detection limit, 0.1 ug kg™ "). Courtesy of Reijo Salminen, Geological
Survey of Finland. Survey sponsored by Forum of European Geological Surveys.
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analytical techniques and quality control of the data
were not always given full consideration in early
surveys, but are now mandatory where comparisons
are to be made on a global basis. Just as the mobile
component of elements has been found to be most
useful for identifying mineral deposits, for environ-
mental surveys, emphasis must be given to measuring
the fraction of the element that is bioavailable. Thus,
selective leaches are used and, where waters are
sampled, speciation calculations can be made to esti-
mate the amounts of potentially toxic elements that
are bioavailable.

See Also

Environmental Geochemistry. Gold. Igneous Rocks:
Kimberlite. Minerals: Sulphides. Mining Geology: Ex-
ploration. Sedimentary Processes: Glaciers. Soils:
Modern.
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Introduction

The long and varied geological history of planet Earth
is reflected in the great diversity of its rocks, minerals,
fossils, landforms, soils, and active geomorphological
processes. In many parts of the world this diversity
is under threat from a range of human activities.
Traditionally, geological conservation has involved
the protection, management, and interpretation of
specific sites, or ‘monuments’, recognized to be of
national or international importance on scientific
grounds because of their geological and geomorpho-
logical features. More recently, a broader approach
has centred on the idea of ‘Earth heritage’ (Earth
heritage conservation) and latterly on the concept of
‘geodiversity’ (geoconservation). Geodiversity is the
variety of geological environments, rocks, minerals,
fossils, landforms, unconsolidated deposits, soils, and

active geomorphological processes in a defined area.
Geodiversity provides the foundation for life on
Earth and for the diversity of natural habitats and
landscapes, as well as for many aspects of cultural
landscapes and built environments. It is therefore
a valuable environmental, scientific, educational,
cultural, and economic resource.

It is now increasingly recognized that proper con-
servation management of the non-living parts of
the natural world is crucial for sustaining living
species and their habitats. This leads to a broader
role for geological conservation, incorporating not
only the protection of geological and geomorpho-
logical features of scientific and educational value
but also the management of natural environments
and processes that support habitats and species.
Such a role requires more integrated approaches to
nature conservation and the management of sites and
landscapes, which recognize the dependencies be-
tween biodiversity and geodiversity. It also embraces
the involvement of people and society and their
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interactions with geology, landforms, soils, natural
processes, and landscapes. Geological conservation
is therefore concerned with the protection and man-
agement of geodiversity both in designated sites and
in the wider landscape. It includes promoting
sustainable management of the natural world based
on understanding Earth system processes, as well as
influencing policy makers, planners, and land and
water managers, and raising public awareness.

The Value of Geodiversity

The value of geodiversity ranges from the narrow
scientific interest for geological research and educa-
tion to the much broader economic and societal value
of mineral resources and construction materials and
the aesthetic and cultural benefits arising from activ-
ities such as geotourism. Geodiversity also has a key
functional role in underpinning aspects of biodiversity.

Rocks, fossils, landforms, and soils are valuable
resources for scientific research and education. Geol-
ogy and its allied disciplines are fundamentally field-
based, so that exposures of rocks and landforms
are essential for continued research and education.
As part of the process of scientific advancement,
there is a continuing need for these sites to be avail-
able for further research in order to test and develop
new theories and for demonstration and reference
purposes. On economic and social grounds, such
sites are essential for the training of new generations
of geologists to help locate and develop the oil, gas,
mineral, and aggregate resources that modern society
ultimately depends upon. The applied value of
geoscience is also apparent in the use of land for
agriculture, forestry, mining, quarrying, building,
and infrastructure, all of which are closely related to
the underlying geology, landforms, and soils. Rocks,
landforms, and sediments also record climate change
and the dynamic history of the landscape. These
environmental records allow present changes to be
set in the context of past natural variations. This is
important since past landscape changes provide a
basis for understanding present changes and predict-
ing future events and risks, such as those associated
with flooding, earthquakes, volcanic activity, and
coastal erosion.

From an Earth heritage perspective, the geological
record contains a remarkable story of the Earth’s
history, including the evolution of life. This story
embraces plate tectonics, continental drift, mountain
building, volcanism, oceans opening and closing,
dynamic surface processes, climate change from ice-
houses to hothouses, and a record of life through
evolving habitats, changing biotas, and species
extinctions. It is a story that deserves to be more

widely appreciated as a fundamental part of the nat-
ural world in which we live. On a worldwide scale,
many geological sites are unique or contain excep-
tional features or landforms (e.g. the Grand Canyon,
the Burgess Shale, the Channelled Scablands, Giant’s
Causeway, and Dinosaur Provincial Park). Many sites
and areas also have great historic and cultural value
because of their crucial role in the development of
geoscience and their association with key historical
figures. For example, many important geological
principles have been developed in Scotland, through
the work of James Hutton (see Famous Geolo-
gists: Hutton; Lyell), Archibald Geikie, James Gei-
kie, Hugh Miller, Benjamin Peach, and John Horne,
and applied worldwide. Many of the names for
periods of geological time are derived from specific
geographical localities (e.g. Cambrian, Ordovician,
and Silurian) and form part of the local and national
heritage. At a local community level, geodiversity
provides the basis for landscape heritage and sense
of place. Many sites have local-amenity, aesthetic,
historical, industrial-heritage, and cultural values.
Urban landscapes, too, can have a close affinity with
geology; this is exemplified by the volcanic hills of
Edinburgh, but is also apparent in the use of local
building stone (see Urban Geology).

Rocks and landforms are the basis of landscapes
and scenery, which are highly valued for aesthetic and
practical reasons for tourism and a range of recre-
ation and leisure opportunities. Conservation of geo-
diversity therefore helps to maintain an economic
resource for geotourism and recreation activities.

Geodiversity also has much wider value through its
functional links with other parts of the natural heri-
tage. Rocks, landforms, soils, and geomorphologi-
cal processes provide the basis for the diversity of
valued habitats and species. Management of sites
for the purpose of conserving biodiversity therefore
requires an understanding of their geological and
geomorphological settings and current process dy-
namics. For example, many internationally import-
ant habitats owe their origins to geological and
geomorphological processes (e.g. species-rich chalk
grasslands, coastal sand-dune systems, and the
wintering sites of internationally important goose
populations in the estuaries and salt marshes of the
UK). Active geomorphological processes maintain
dynamic habitats and ecosystems through sediment
and water flows, nutrient cycling, and hydrology. For
example, Atlantic salmon rely on the availability of
river-channel features such as pools, riffles, and glides,
which in turn depend on the underlying geology and
ongoing geomorphological processes of floods, ero-
sion, and deposition. Maintaining natural process
systems is a key part of conserving biodiversity as
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well as of maintaining the natural landscape. Degrad-
ation of landforms or soils or the interruption of
natural processes through the building of river or
coast defences or the construction of dams can have
adverse impacts on biodiversity.

Soil is an often overlooked component of geo-
diversity but provides the medium for plant growth,
agriculture, forestry production, and habitat develop-
ment. It also performs key environmental functions
(e.g. water filtering and storage, carbon storage,
acting as a reservoir for biodiversity) and records
climate and land-use changes.

Pressures on Geodiversity

Pressures on geodiversity are many and varied and
arise principally from urban, industrial, and infra-
structure developments and changes in land use.
Geological sites typically occur as natural or man-
made exposures. Some sites are therefore created
and maintained by natural processes; others are
created by human activities such as quarrying.
While there is a view that rocks and landforms are
robust, significant damage and loss of key sites have
occurred in the past and are ongoing. The main
impacts include physical damage, destruction or re-
moval of the focus of interest, loss of visibility and
access to exposures through burial by landfill or con-
cealment by vegetation, damage to site integrity
through fragmentation of the focus of interest, and
disruption of active geomorphological processes. For
example, exposures in disused quarries can be lost
through landfill, prime glacial landforms can be des-
troyed by quarrying for sand and gravel, and key
exposures can be sealed and natural processes dis-
rupted by coastal protection measures, river-bank
protection, and flood defences.

Mineral extraction can have positive and negative
impacts. Quarries and gravel pits are a significant
geological resource, particularly in areas where nat-
ural exposures are poor or scarce. Quarrying may
reveal new sections of value, and many important
sites are in former quarries, where the focus of the
geological interest would not otherwise have been
exposed. In some cases, quarrying may pose a direct
threat to particular landforms; for example, lime-
stone quarrying may destroy parts of cave systems
and limestone pavements. In other cases, the loss of
the surface landform and morphological integrity
through quarrying, for example of an esker system,
may need to be balanced against the potential value
of new sections revealing the three-dimensional
architecture of the constituent deposits.

Planning conditions usually require the restoration
and landscaping of quarries, frequently involving

landfill. The economic value of landfill space often
competes against the value of conserving geological
exposures. It is therefore crucial that potential
geological interests are identified as far as possible
at an early stage and incorporated into site restor-
ation schemes. Road cuttings can also provide im-
portant geological exposures. Landscaping usually
involves covering the cuttings with soil, seeding
them with grass, and planting trees, leading to the
loss of potentially valuable exposures.

A range of agricultural and forestry operations
may affect geological sites and landforms. Landforms
are often concealed beneath blanket commercial
afforestation and damaged by extraction haul roads.
Soils are under pressure from land-use practices
and contamination, intensification of agriculture,
afforestation, waste disposal, acid deposition, and
urban expansion.

Traditional approaches to protecting coasts and
rivers from erosion and flooding typically involve
large-scale heavy engineering, which seals key ex-
posures behind concrete seawalls, rock armour, or
gabions. Natural processes of sediment supply
and movement are disrupted, usually displacing the
problem elsewhere.

There is a consensus that responsible fossil collect-
ing can promote the science of palaeontology, pro-
viding that a code of good practice is followed.
However, the irresponsible collecting of rare fossil
and mineral specimens, often through the excavation
of key sites for commercial gain, represents a signifi-
cant loss to science as the context of the specimens
is not recorded. Irresponsible collecting can also
damage exposures and result in the loss of other spe-
cimens. Mechanical excavators, explosives, crowbars,
and rock saws have all been used to remove fossil
material, in a search for high-quality commercially
saleable specimens.

Practical conservation therefore requires a com-
bination of statutory protection and management
for key sites and raised awareness of the value of
geodiversity.

Conservation of Key Sites
Site Assessment

The identification and protection of key localities for
research and education lies at the core of geological
conservation. This approach is based on the selection
of special or representative sites using scientific cri-
teria and has been implemented in different ways in
different countries through a variety of measures and
instruments, including national parks, natural monu-
ments, and other categories of protected site. It is
particularly well illustrated by the British system of
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national assessment, documentation, and protec-
tion of geological and geomorphological sites.
Historically, this type of approach dates back to the
mid-nineteenth century, early examples being the
enclosure of the stumps of a former forest of Carbon-
iferous lycopods at Fossil Grove in Glasgow in 1887
and the listing of erratic boulders in Scotland in the
1870s. The formal identification of key sites began in
the 1940s with the compilation of a series of site lists,
which were then added to in an ad hoc way. This
process was superseded by the Geological Con-
servation Review (GCR), a major programme of sys-
tematic assessment of the conservation value of
geological and geomorphological sites throughout
Great Britain. Site assessment was undertaken be-
tween 1977 and 1990 and was the most comprehen-
sive review of sites in any country. It was designed to
reflect the full diversity of Earth heritage in Great
Britain, spanning all the major time periods from
the Precambrian to the Quaternary. Publication of
the results in a series of 42 scientific volumes is now
nearing completion. These describe the interests of
individual sites and provide the scientific justification
for their selection. Over 3000 individual localities
were identified and form the basis of a network of
Sites of Special Scientific Interest. These are accorded
a measure of legal protection, which includes a
requirement for consultation with the statutory
conservation agencies over developments requiring
planning consent and other notifiable activities.

The aim of the GCR was to identify sites of na-
tional and international geoscientific importance in
Great Britain, based on a set of site-selection criteria
and guidelines and extensive consultations within
the geoscience community. Site selection is based
on the concept of networks of sites representing the
main features and spatial variations of geological
events and processes during the main time periods.
Three categories of site have been identified: sites of
international importance, exceptional features, and
representative features.

Many sites are of fundamental importance as inter-
national reference sites (stratotypes, type localities for
biozones and chronozones, and type localities for rock
types, minerals, or fossils), providing the building
blocks for stratigraphy and the essential reference
standards for the global correlation of rocks (e.g.
Dob’s Lin in the Scottish Borders is the boundary
stratotype between the Ordovician and the Silurian).
From a historical perspective, many sites are also
internationally important classic localities in the de-
velopment of geoscience, where features were first
recognized or key concepts developed. In Scotland,
the Northwest Highlands, Glen Coe, the island of
Rhum, and Siccar Point have all provided crucial

evidence for interpreting geological processes of
global significance — respectively, the Moine Thrust,
cauldron subsidence, magmatic processes and the
origins of layering in igneous rocks, and a classic
unconformity that provided the crucial evidence on
which James Hutton developed the foundations of
modern geology.

Some sites demonstrate unique or exceptional
features (for example, the Rhynie chert in Scotland
contains some of the oldest known fossils of plants
and insects), while other sites demonstrate classic
landforms or textbook examples of particular fea-
tures, such as the Parallel Roads of Glen Roy and
Chesil Beach. Many more sites contain nationally
important representative examples of particular geo-
logical processes, environments, or events, which are
essential for teaching and demonstration purposes
and fundamental to understanding the geological his-
tory of Great Britain. Sedimentary rocks provide a
valuable record of past environmental changes, and
many contain valuable fossil remains that have
helped to elucidate patterns of the evolution of life
on Earth.

At a local level, geological conservation is pursued
through the voluntary sector and the Regionally Im-
portant Geological/Geomorphological Sites (RIGS)
movement. Sites of local importance are selected on
the basis of their scientific and educational import-
ance, historic interest, and aesthetic and cultural
values, reflecting local rather than national values.
Although these sites do not have statutory protection,
many local authorities now have conservation
policies for RIGS as well as other local wildlife
sites. An important recent initiative has been the pre-
paration of Local Geodiversity Action Plans in
some areas. These should help to ensure greater pro-
tection for geodiversity as well as encouraging local
awareness and involvement.

At an international level, many individual countries
have compiled lists of geosites, particularly in Europe
where there is a strong lead from ProGEO, the
European Association for the Conservation of the
Geological Heritage. Work is also in progress to de-
velop international lists of sites under the auspices of
the International Union of Geological Sciences, in-
cluding a European initiative by ProGEO. In North
America and Australasia, many geological and geo-
morphological features are protected by a variety of
existing designations, including national and state
parks, National Natural Landmarks, and provincial
parks and nature reserves, although, with a few ex-
ceptions (e.g. Ontario, Tasmania, New Zealand),
geological features have not been systematically
assessed. A number of World Heritage Sites are so
designated because of their geological features or
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have significant geodiversity interests, but the list is
not comprehensive or representative. Moreover, there
are no international conventions or regional instru-
ments for geodiversity comparable to those for bio-
diversity (e.g. the Convention on Biological Diversity
or the EU Habitats Directive).

Site Management

Conservation is not only about the selection of sites
but also about their safeguard. This requires the de-
velopment of clear management objectives and peri-
odic monitoring. In conservation management, there
is an important distinction between ‘integrity’ and
‘exposure’ sites. Integrity sites include finite or relict
features, which, if damaged or destroyed, cannot be
reinstated or replaced because they are unique (e.g.
fossil beds) or because the processes that created them
are no longer active (e.g. Pleistocene glacial land-
forms). The prime management objective for integrity
sites is to protect the resource. There are usually fewer
options for compromise in reconciling conservation
and development by employing practical manage-
ment approaches such as the design of alternative
solutions (e.g. excavation of a replacement exposure
nearby). Conservation of active geomorphological
sites depends on maintaining the freedom of the
natural processes to operate across most or all of
their natural range of variability.

Exposure sites are those in rock units or sediments
that are spatially extensive below ground level, so
that if one site or exposure is lost, another could
potentially be excavated nearby. They include expos-
ures in active and disused quarries, coastal and river
cliffs, foreshore exposures, and natural rock outcrops
inland. The principal management objective for such
sites is to preserve exposure, but the precise location
may not be crucial. Exposure sites are not usually
damaged by quarrying or erosion, but are susceptible
to landfill and other developments that obscure the
sections.

In Great Britain, generic conservation management
principles have been developed for different types of
site, and site-condition monitoring is now a statutory
requirement. Where natural exposures are poor, the
appropriate restoration of disused quarries is crucial.
However, the minerals industry now increasingly
recognizes the importance of geological conservation
afteruse. Through dialogue and partnerships between
the statutory conservation agencies and the industry’s
trade organizations, good practice guidelines have
been developed and practical conservation measures
have been implemented for the retention of conser-
vation sections and the provision of access to key
geological exposures. Soft sediment exposures, how-
ever, continue to present long-term conservation

problems, and, where the resource is finite, it may be
necessary to keep the features buried and to excavate
only for research purposes.

Practical conservation approaches and methods
adopting low-impact less interventionist solutions
have also been developed for river and coastal man-
agement. With more strategic assessment of envir-
onmental impacts, planning controls on floodplain
and coastal developments, and the implementation
of catchment plans and shoreline management
plans, this should lead to outcomes that are more in
harmony with natural processes.

Guidelines and codes of conduct for responsible
collecting at fossil sites have been developed and
applied. Commercial collectors are encouraged to
work with specialists and museum curators to ensure
that material is recorded and studied.

Sustainable Management of
Natural Systems

In a wider context, the conservation of geodiversity
is an integral part of sustainable management of nat-
ural systems. It is becoming clear that the manage-
ment of sites for habitats and species cannot succeed
without reference to the underlying geology, soils,
and geomorphological processes. Understanding the
links between geodiversity and biodiversity is crucial
for conservation management in dynamic environ-
ments where natural processes (e.g. floods, erosion,
and deposition) maintain habitat diversity and eco-
logical functions. There is a strong case for more
integrated approaches to conservation that would
benefit both biodiversity and geodiversity, and this
is now recognized by conservation agencies, notably
in Great Britain, Tasmania, and Ontario, and also
by bodies such as ProGEO.

The geological record clearly demonstrates how
the Earth’s natural systems have evolved in the past
and how they might behave in the future. However,
human activity is now an important ‘geological
force’, reshaping the surface of the Earth through
the movement of rock and soil, the building of
cities, motorways, and dams, the fixing of the
coast with concrete barriers, deforestation and soil
erosion, and causing the extinctions of species. Not
only are many resources being used at a greater
rate than that at which they are being replenished,
but also there are many uncertainties about the
long-term environmental effects of the disposal of
waste from human activities. Human activity is also
having a potentially significant impact on global
climate. A major challenge is to use an understanding
of the Earth’s processes to mitigate future human
impacts, to contribute to the restoration of areas
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already damaged by human activities, and to work
with others to develop strategies for the sustainable
use of the Earth’s resources.

Geomorphological processes frequently impinge
on human activity (e.g. through flooding, coastal ero-
sion, and soil erosion), with resultant economic and
social costs. Management responses often result in
locally engineered solutions, such as riverbank and
coastal protection measures, that are unsuccessful
or simply transfer the problem elsewhere. Typically,
management timeframes are based on human ex-
perience and are not sufficiently informed by the
longer-term geological perspective. However, it is
this perspective that is vital in assessing natural
hazards and implementing sustainable management
of natural resources.

Sustainable management of natural systems there-
fore depends on the effective application of earth
science knowledge as part of the development of
more integrated approaches; for example the main-
tenance of sediment transport at the coast or of nat-
ural flow regimes in rivers. Various guiding principles
have been proposed.

® The inevitability of natural change should be rec-
ognized.

® Any management or intervention should work
with, rather than against, the natural processes.

® Natural systems should be managed within the
limits of their capacity to absorb change.

® The sensitivity of natural systems should be recog-
nized, including the potential for irreversible
changes occurring if limiting thresholds are
crossed.

® Natural systems should be managed so as to main-
tain natural rates and magnitudes of change and
their capacity to evolve through natural processes.

® Natural systems should be managed in a spatially
integrated manner (e.g. at a catchment or coastal
zone level).

Many of these principles are now being applied
through a range of approaches or programmes in
different countries, recognizing that landscapes are
mosaics of geological, natural, and cultural fea-
tures that need to be managed and interpreted in an
integrated fashion. This is well exemplified by shore-
line management plans and integrated river-
catchment management and by the comprehensive
ecosystem-based planning frameworks developed
for the Oak Ridges Moraine and Niagara Escarpment
in Ontario. The ecosystem approach, in particular,
has been adopted as a primary framework for
action under the Convention on Biological Diversity
and provides a means for the closer integration of
geodiversity and biodiversity on a wider scale. The

importance of soil conservation is also gaining re-
cognition. For example, in response to concerns
about the degradation of soils in the European
Union, the European Commission is developing a
Thematic Strategy for Soil Protection that recognizes
the value of the functions that soils perform and the
need for soil protection to be integrated with other
environmental policies.

Raising Awareness of Geodiversity

Raising wider awareness and involvement is a key
part of geological conservation. At one level, as part
of an integrated approach to management of the
natural heritage, sustainable development, and land-
scape management, public bodies, industry, land
and water managers, planners and policy makers,
and their advisors should be aware of the value of
geodiversity and its conservation, as well as having an
understanding of natural processes, so that informed
decisions can be made. At another level, there is a
need to raise awareness of the value of geodiversity
with the general public and in schools to help form the
basis of a wider constituency of support for geological
conservation. If communities value and take pride in
their local geodiversity, they are more likely to support
its stewardship and conservation, as well as contrib-
uting to public debate on the wider issues. Effective
geological conservation will ultimately depend on
better public awareness, understanding, and support.

Interpretation of geodiversity and geology-based
tourism (geotourism) are not new, as demonstrated
by the appeal of show caves, glaciers, and other nat-
ural wonders. Traditional geological interpretation,
however, was often conveyed by interpretation
boards using detailed and overly technical language,
and providing information rather than interpretat-
ion. Recent developments have seen more effective
communication, resulting in the production of more
appropriate materials that are presented in stimulat-
ing ways using a range of media and based on best
interpretive practices and sound educational prin-
ciples. Such developments may involve more inte-
grated landscape interpretation, linking geology,
landscape, human activities, and industrial archae-
ology, for example. They include the designation of
Geoparks and the promotion of geotourism (e.g.
through the European Geoparks programme and the
‘Landscapes from Stone’ initiative in Ireland). As well
as helping to raise awareness of Earth heritage, these
activities have an economic dimension. Urban geol-
ogy is also an important vehicle for raising public
awareness through the exploration of the links be-
tween geology, use of building and paving stones,
and architectural heritage.
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Conclusion

Geodiversity is an integral part of our natural and
cultural heritage that deserves to be better known
and conserved for the benefit of future generations.
However, in comparison with the conservation of
biodiversity, the conservation of geodiversity has
received much lower priority in national and inter-
national conservation programmes. This reflects, in
part, a traditional focus on site-based protection
for geological research and, in part, a lack of aware-
ness at all levels of the wider significance and value
of geodiversity. This has meant that geological
conservation has lagged behind developments in
mainstream conservation. However, there is now
growing recognition of the functional links between
geodiversity and biodiversity, and there are calls for
more unified approaches, which will hopefully
see better integration of geodiversity into conserva-
tion policy, protected area management, and sus-
tainable management of natural systems. A key
priority is to raise awareness among decision makers,
policy makers and their advisors, planners, land and
water managers, and the education sector, and at
the same time to stimulate greater public interest
and involvement.
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Introduction

This section explores the character of ‘geological
engineering’ in the context of ‘engineering geology’;

the two distinct, but closely related professional fields.
It also considers the relationships between geological
engineering and several other specializations, includ-
ing geotechnical engineering (see Geotechnical Engin-
eering), ground engineering, environmental geology
(see Environmental Geology), and hydrogeology
(see Engineering Geology: Ground Water Monitoring
at Solid Waste Landfills). The development of these
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various specialized fields reflects the complexity of
modern engineering design and construction, espe-
cially those designs involving the interface between
naturally occurring earth materials and the engineered
structure, or the use of naturally occurring materials
within the constructed facility.

Geological engineering is primarily a reflection of
legal and technological conditions within the USA.
Technological developments in Canada, western
Europe, and elsewhere generate very similar demands
for individuals with appropriate technical skills, but
without the same pressure to also meet professional
engineering registration standards. A brief historical
review of the relationships between engineers and
geologists over the past 200 years provides some
insight into the current situation surrounding the
accepted professional stature and roles for geologists
and engineers.

Individual practitioners are increasingly likely to
become involved in litigation, professional liability
has become an important concern for many profes-
sions in many countries, and geological engineers and
engineering geologists are not immune from this con-
dition. These concerns have led to increased profes-
sional registration options for both geologists and
engineers, although the exact methods of achieving
this vary from country to country.

Geological engineering has developed as a rela-
tively small and unique specialization within the broa-
der engineering profession. The skills of a geological
engineer are becoming more desirable than ever as
the technologies involved in construction continue
to evolve. So the future of geological engineering
would appear bright, except for the financial pres-
sures faced by many universities, which are restricting
the growth of ‘high-cost’ fields that attract relatively
low student numbers. These trends suggest that it may
be difficult for adequate numbers of geological engin-
eers to be trained in order to maintain a viable cadre of
professionals.

What is in a Name?

At first glance the terms ‘geological engineer’ and
‘engineering geologist’ appear synonymous. Because
the two terms employ essentially the same two words,
‘geology’ and ‘engineering’; although in reverse order,
the opportunity for confusion is great. The word
choices may be unfortunate, but the two terms repre-
sent distinct, although related, concepts concerning
educational and professional endeavours.

The following attempts to differentiate a ‘geological
engineer’ from an ‘engineering geologist’. Before ex-
ploring the details, the following points should be
understood:

® The term ‘geological engineer’ was developed in the
USA in response to a combination of technical op-
portunities and the established legal processes for
obtaining professional engineering registration in
the USA.

® The initial demands for geological engineers came
from the minerals and petroleum industries; the
demand for significant numbers of specialists to
work with civil engineers (in engineering geo-
logy) only developed in the latter half of the
twentieth century.

® The term ‘geological engineer’ is thus most widely
used in the USA. The term has been used only to a
limited extent in Canada, which has a different pro-
fessional registration structure, and only to a very
limited extent and very recently in the UK, western
Europe, and elsewhere.

® The term ‘engineering geology’ is widely used
throughout the world in two contexts: to describe
the application of geological principles relevant to
engineering works, environmental concerns, and
societal concerns, and to define specialist geologists
(‘engineering geologists’) who are involved in such
studies.

® Incontrast to the ‘geological engineer’, who is trained
as an engineer with additional geological knowledge,
the ‘engineering geologist’ remains a scientist.
This difference has ramifications for professional
licensure and legal authority.

® Because engineers and scientists may be equally held
liable for public safety and welfare issues; issues of
certification, licensure, or registration increasingly
affect the field of engineering geology, and the geo-
logical engineers, engineering geologists, and others
involved in major engineering works. These issues
are resolved in many forms in different parts of the
world.

Defining ‘Geological Engineering’

A geological engineer is trained as an engineer, but an
engineer with a broad understanding of applied geo-
logical science. The concept of geological engineering
originated in the USA in response to demands by
North American industries for individuals who could
apply both geological and engineering principles to
the evaluation and design of projects involving earth
materials, structures, and forces.

The legal circumstances in the USA related to profes-
sional practice pertaining to evaluation, design, ap-
proval, and operation of projects — in particular, the
requirements enforced by official engineering registra-
tion boards in each state — demanded that these indi-
viduals have the academic credentials suitable to meet
professional engineer (PE) registration criteria.
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These demands developed in the early twentieth
century as advances in both technology and engineer-
ing made larger and more complex engineering works
feasible. New branches of engineering, such as petrol-
eum engineering, developed in response to techno-
logical advances. Existing engineering disciplines,
such as civil engineering, increased demands for new
specialties to design ever larger and more complex
dams, tunnels, and transportation systems. In particu-
lar, the minerals and petroleum industries required
increasing numbers of exploration and production
specialists and administrators, roles for which engin-
eering training combined with geological knowledge
were the basic requirements.

Consequently, a number of universities and mining
schools in the western USA began to offer engineering
programmes leading to a degree in ‘geological engin-
eering’. Graduates from these programmes were hired
by petroleum and minerals exploration and produc-
tion companies, and placed in positions where their
combined geological and engineering training made
them uniquely qualified. Subsequently, as professional
engineering registration procedures became codified,
these geological engineering programmes became ac-
credited, allowing their graduates to later achieve the
status of PE. Geological engineers that obtained PE
status could legally approve designs for engineering
works, an important consideration in some situations.

The term ‘geological engineer’ developed in the
USA in response to both technological demands and
to legal professional engineering registration proced-
ures. Although the Canadian economy was even more
dependent on the petroleum and mineral extraction
industries, and thus experienced a similar demand for
individuals with combined geological and engineer-
ing knowledge, the ‘geological engineering’ term was
not adopted. Rather, in response to the demand for
qualified graduates, many geology departments at
Canadian universities either partially or entirely join-
ed the faculties of applied science (in other words:
engineering). This allowed many, if not all, of their
graduates to achieve registration as professional en-
gineers, and many individuals did so. The issues of
professional engineering registration and legal liabil-
ity issues are discussed more fully in subsequent
sections.

The reader should note that most of the early geo-
logical engineers did not work on civil engineering
projects. They were more likely to work on minerals
exploration and exploitation projects with mining
engineers, or on petroleum exploration and produc-
tion projects with petroleum engineers. The em-
ployment situation was similar in both Canada and
the USA. In the latter half of the twentieth century,
major civil engineering projects following World War

II placed new demands for specialists to work with
civil engineers. In response to this new demand, many
of the geological engineering academic programmes
in the USA, as well as the Canadian geological pro-
grammes, began to provide ‘options’, usually three,
with titles such as ‘Petroleum Exploration’, ‘Mineral
Exploration’ and ‘Engineering Geology’.

The majority of recent geological engineering gradu-
ates are now employed in practices focused on engin-
eering geology (civil engineering applications), and
ground water (hydrogeology) projects. Graduates may
continue to specialize with more advanced degrees in
such areas as geotechnical engineering, rock mechanics
(see Rock Mechanics) (for tunnelling and underground
construction), hydrogeology, contaminant transport
(to evaluate ground pollution issues), or various geo-
hazard mitigation studies (see Engineering Geology:
Natural and Anthropogenic Geohazards) (landslides,
earthquakes, or floods).

In all cases, the geological engineering programs
in the USA retained their accreditation as engineer-
ing programmes, and their graduates, along with
their Canadian counterparts, therefore, continued to
have the right to achieve professional engineering
registration.

Defining ‘Engineering Geology’

In contrast to the geological engineer, the engineering
geologist remains a scientist, albeit a rather applied
one. Engineering geology uses geology to create more
efficient and effective engineering works, to assess and
allay environmental concerns, and to promote public
health, safety, and welfare. The concept of geologists
advising on engineering works dates from the earliest
period of the science of geology, the historical evolu-
tion of relationships between civil engineering, and
geology is discussed briefly in a subsequent section.

The term ‘engineering geology’ became widely ac-
cepted only as the previously noted demand for geo-
logical specialists to advise civil engineers developed
in the latter half of the twentieth century. While the
geological engineering programmes adjusted their
focus to accommodate such demands, at the same
time other universities in the USA and elsewhere
began to offer an ‘engineering geology’ option within
their science-oriented geological degree programmes.
In general, the graduates from these science-oriented
programmes cannot easily achieve professional en-
gineering registration, although they often become
members of multi-disciplinary teams undertaking a
variety of construction projects and environmental
evaluations.

The engineering geologist applies geological
knowledge and investigative techniques to provide
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quantitative geological information and recommen-
dations to engineers for use during design and con-
struction of engineering works, and in related
professional engineering practice. Through cooper-
ation, the engineering geologist and the civil engineer
share the responsibility for ensuring the public health,
safety, and welfare associated with geological factors
that may affect or influence engineering works. In
most cases, the public demands that the professional
engineers be held responsible for the safety and integ-
rity of their works. Thus, the engineering geologist
may be considered as a specialist advisor to the design
team, and may hold a position similar to an architect
or other design specialist.

In this role, the engineering geologist often cannot
provide legally binding approval of a design for an
engineering project, many laws require a PE to make
such judgments. In the USA, only a few individuals
calling themselves ‘engineering geologists’ hold PE
registration credentials; such persons are more likely
to use the designation ‘geological engineer’. However,
there is a growing requirement for establishing a sep-
arate professional registration of geologists, especially
for those individuals undertaking engineering geo-
logical investigations. In Canada, the situation is
slightly different, with several Provinces having a
single entity that supervises the professional registra-
tion of both engineers and geoscientists. The issues of
professional registration and legal liability issues, for
both geological engineers and engineering geologists,
are discussed later.

Regardless of the existence of professional registra-
tion requirements, all engineering geologists carry a
serious responsibility when applying specialist geo-
logical training and experience in communications
with engineers. They must be aware of the require-
ments of the engineers during the design, construction,
or operation and maintenance of facilities. They may
be called upon to provide judgmental recommenda-
tions as well as quantitative data. The potential for
misunderstandings must always be recognized; and a
very high standard of written, graphical, and oral
reporting is crucial to a successful engineering geologist
(and geological engineer!).

In recent years the scope of engineering geology
practice has expanded beyond its original closely de-
fined connection with civil engineering. Many engin-
eering geologists currently work closely with land-use
planners, water resource specialists, environmental
specialists, architects, public policy makers, and prop-
erty-owners, both public and private, to prepare plans
and specifications for a variety of projects that are
influenced by geological factors, involve environmen-
tal modifications, or require mitigation of existing or
potential effects on the environment.

Relationship of Geological
Engineering to Associated Fields

The environmental movement has impacted on both
geology and engineering, and on how these disciplines
relate to the demands of society. In many western
countries, resource extraction has become viewed
with suspicion. At the same time, environmental con-
cerns and demands for new and renovated infrastruc-
ture to support increasingly large urban populations
(transportation, community expansion, water sup-
plies, and waste disposal) have led to demands for
new thematic products. National geological surveys
continue to grapple with policies to define an appro-
priate response to these demands. Many now host
important ‘engineering geology’ sections.

One result of the increased environmental aware-
ness has been the development of a subject called
‘environmental geology’, which most engineering
geologists consider to be largely within their field of
expertise. Entirely new types of technical reports have
been developed, aimed at the non-specialist and a
broader public audience. Another aspect of the in-
creased environmental awareness is the demand for
assurances on safe and clean water supplies on the
one hand, and their protection through the careful
disposal of wastes on the other. Water is becoming
the dominant factor for development throughout the
world as populations increase and demands are
placed on diminishing supplies. As a consequence,
many geological engineers and engineering geologists
are specializing in water-related topics, commonly
considered the realm of ‘Hydrogeologists’.

In response to the need for environmental protec-
tion on the one hand, and technological advances and
economic forces on the other, engineering projects
have become much more complex; bridges and tun-
nels have become longer, and high-speed transporta-
tion links have become common. Population growth
has pushed developments into more complex geo-
logical locations where site conditions are less than
optimal and geohazards more likely. These trends
have led to an increase in the need for engineering
specializations. ‘Geotechnical engineering’ (see Geo-
technical Engineering) is a specialty that deals with
the solution of civil, environmental, and mining en-
gineering problems related to the interaction of en-
gineering structures with the ground. Geotechnical
engineers typically have expertise in soil mechanics
and rock mechanics, and relatively little knowledge of
geological science. They are predominantly civil en-
gineers and are trained to design structures for foun-
dations in soil or rock. For some projects their
training limits their ability to account for the natural
heterogeneity or complexity of naturally occurring
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geological features. Under such circumstances, a con-
sultation with engineering geologists or geological
engineers is desirable. In many countries the term
‘ground engineering’ is used whenever soil mechanics
or rock mechanics principles are employed in actions
that modify the properties of naturally occurring ma-
terials. Usually these actions are directed toward
making the materials stronger (i.e. capable of sup-
porting larger structural loads) or reducing the per-
meability (e.g. to reduce the inflow of water into an
excavation).

These disciplines (geological engineering, engineer-
ing geology, environmental geology, geotechnical en-
gineering, and ground engineering) are frequently
involved with construction sites, especially those
for large and highly visible projects, and within or
near large urban centres. Such applications lead to the
use of two additional terms related to these typical
locations: ‘construction geology’ and ‘urban geology’
(see Urban Geology).

In summary, geological engineering refers to a
particular style of engineering that is predominantly
engineering by training and experience, but utilizes
special additional knowledge of geology. Geological
engineers can perform a variety of tasks in the re-
source exploration and production fields, but in
recent times most individual geological engineers are
employed on civil engineering and environmental
projects. They frequently work closely with engineer-
ing geologists, hydrogeologists, and geotechnical
engineers, and there is in fact a continuum in train-
ing, experience, and background among individuals
following these career paths. All such individuals may
be employed in environmental geology, hydrogeology,
or ground engineering projects and may further
specialize in particular types of project that may
be referred to as ‘construction geology’ or ‘urban

geology’.

Historical Interactions Between Civil
Engineering and Geology

Geologists and engineers have interacted with varying
degrees of support and antagonism for over 200 years.
The industrial revolution demanded the transport of
large quantities of heavy goods, first by canals and then
by railways. When constructing civil works by large
gangs of men using little more than picks, shovels, and
wheelbarrows, the engineers had a considerable inter-
est in exactly what they would be excavating, and how
difficult the work might be.

William Smith (1769-1839), during his surveys for
and construction of the Somerset Coal Canal near Bath
in southwestern England, noted the regular succession
of strata, and was able to correlate them with those

in other locations by the use of fossils (see Famous
Geologists: Smith). In 1799 Smith coloured his geo-
logical observations on a map of the Bath area: the
oldest geological map in existence! In the same year
Smith wrote a document, Table of Strata near Bath,
and for this he became known as ‘“The Father of English
Geology’, although he continued to refer to himself
as a civil engineer. In 1801, and subsequently in 1815,
Smith produced further geological maps of England
and Wales. He also conducted numerous civil engineer-
ing and geological investigations, and continued to
assert the importance of geology to engineering.

Alexandre Collin, a French engineer responsible for
the construction of several canals, conducted extensive
field surveys to determine the characteristics of slope
failures of cuttings and embankments. His 1846 trea-
tise on the stability of clay slopes recognized that the
characteristic circular failure surfaces were the result,
not the cause, of the landslide movements. Even more
importantly, he undertook laboratory experiments to
determine the shear strength of these materials. He
basically invented the subject of soil mechanics long
before it became a popular civil engineering discipline.
Unfortunately, his writings were poorly distributed and
were largely ignored until about 100 years later.

The railways also required considerable earthworks
and encouraged an ongoing close cooperation, and
friendly relationship, between civil engineers and
geologists during the latter half of the nineteenth cen-
tury. The minutes of many meetings and the subjects
of public lectures provide ample evidence of this col-
laboration — as, for example, the following quotation
from an 1841 meeting of the Institution of Civil En-
gineers in London: “Mr. Sopwith called the attention
of the meeting to the valuable Geological Sections
presented by the railway cuttings ... the crops of the
various seams of coal, with the interposing strata,
were displayed in the clearest manner, developing the
geological structure of the country which the railway
traverses.”

Beginning in the 1890s, the former close associa-
tion of geology (and geologists) and civil engineering
(and civil engineers) broke down. The introduction of
powered machinery began to change the perceptions
of many engineers, any job became feasible and ‘suc-
cesses’, such as the completion of the Panama Canal by
American engineers using much more powerful equip-
ment (and also superior medical knowledge concerning
tropical diseases) after the earlier failure of the French,
merely served to increase this ‘can do’ attitude. A mi-
nority of engineers continued to strongly recommend
that their colleagues seek geological advice. Chief
among them in this period was Karl Terzaghi, ‘The
Father of Soil Mechanics’ who strongly supported the
linkage between of geology and engineering.
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The attitudes of geologists during this period also
contributed to the breakdown in the previously close
working relationships. Increasingly, complex termin-
ology was applied throughout the science, often
based on Greek or Latin vocabularies. Engineers did
not take kindly to this new language of the geologist.
Contributions by geologists were increasingly con-
sidered to be irrelevant to the engineering design
and construction processes. This separation of discip-
lines, and breakdown in communication and mutual
respect, was most unfortunate, for the first half of
the twentieth century witnessed the construction of
major public works in many parts of the world. Yet,
only the largest projects called for any significant
geological consultation. Some spectacular failures
were the result.

The introduction, debate about, and ultimate ac-
ceptance of the plate tectonics concept in the late
1960s completely revolutionized geology, providing
a coherent underlying theory for evaluating descrip-
tive geological observations. Engineering geological
studies were able to make better predictions of sub-
surface conditions, especially in complex geological
situations and on a regional basis. At about the same
time the availability of powerful computers caused a
complete change in engineering design procedures.
No longer were dams and other structures designed
using slide rules. Today modelling and optimization
are required. These, in turn, place new demands for
accurately predicting how geological materials will
interact with the new engineered structure. At the
same time, computers provide geologists with numer-
ical analysis tools, including the ability to create and
evaluate complex 3-D models of the subsurface.

As a consequence, in recent decades, the ‘estrange-
ment’ of geologists and engineers has largely dissi-
pated and the field of engineering geology, and the
employment of geological engineers and engineering
geologists on many projects, has begun to expand
throughout the world.

Professional Liability Concerns

Liability is the legal responsibility for any loss or dam-
age from ones actions, performance, or statements.
Malpractice refers to improper, negligent, or uneth-
ical conduct or practice that results in damage or in-
jury. Negligence claims are thus basically claims of
malpractice. Court decisions are usually based on a
legal responsibility for individuals to practice accord-
ing to ‘state of the art’, ‘best practice’, or ‘standard of
practice’ criteria.

Prior to the twentieth century, geologists were in-
frequently involved or concerned with legal matters.
An exception was the involvement in 1839 of James

Hall (see Famous Geologists: Hall) of the New York
Geological Survey in assessing the conditions encoun-
tered during excavations to enlarge the Eire Canal
locks at Lockport, New York. The contract specified
a unit price for ‘solid rock’ and a lower price for ‘slate
rock and shale’; these classifications were subject to
dispute. Hall was asked to provide expert testimony.

Today, geologists and geological engineers are in-
creasingly likely to be involved in some aspect of
litigation, as members of a team or as individuals,
often as expert witnesses serving a client who is either
a plaintiff or defendant. The probability of a geologist
being sued for negligence or malpractice as an indi-
vidual varies enormously depending on the nature of
the work.

Geologists and geological engineers advising or
employed by geological or geotechnical engineering
consulting firms are most vulnerable to charges of
malpractice or negligence. These individuals must
abide by requirements for certification, registration,
or licensing before working in any location. Those not
meeting such legal requirements may be found guilty
of breaking the law, may find their work defined as
unqualified or unacceptable, and thereby be subjected
to malpractice litigation.

There are differing legal opinions concerning re-
sponsibility whenever geological problems arise. In
large firms, many junior geologists and engineers
work under a principal who is registered, and in such
cases the principal or the firm is responsible for the
actions of the staff members. Individuals working on
smaller projects sometimes seek to gain some protec-
tion from their clients by having them agree, by con-
tract, to specifically indemnify them for consequences
of their consulting services. Such actions are not
always successful. Since geologists and geological en-
gineers are increasingly involved in nearly all aspects
of construction on or within the earth, or with earth
materials, their degree of liability is growing.

Professional Registration and
Certification Issues

The topic of professional registration and certifica-
tion is complex, and is undergoing fairly rapid evolu-
tion in both North America and Europe. The pattern
and procedures of registration of both engineers and
geologists is quite different in the USA, Canada, and
Europe. The following sections briefly consider them.

Geological Engineering Professional
Registration in USA

Legal responsibility for the professional registration of
engineers of all disciplines is delegated to ‘Professional



GEOLOGICAL ENGINEERING 41

Engineers Registration Boards’ in each State. Although
requirements and regulations do vary by state, most
state boards require applications for ‘registration’ as a
PE, to have: (1) obtained a university education from
an engineering program accredited by the Accredit-
ation Board for Engineering and Technology (ABET),
(2) passed a ‘Fundamentals of Engineering (FE)’ exam,
and (3) after several of years of experience, to have
passed a PE exam. ABET has representatives from all
engineering disciplines; it ‘accredits’ (that is reviews
and approves) engineering programmes at universities
and supervises the administration of the FE and PE
exams. The Society of Mining, Metallurgy and Ex-
ploration (SME) represents the interests of geological
engineering within the ABET organization.

State laws govern most environmental and hazard
investigations, and many state laws require design
documents for such projects to be signed by a PE.
This requirement exists in spite of the fact that some
projects involve geological aspects that an engineer
is not necessarily competent to evaluate! The situ-
ation also means that a fully qualified and registered
geological engineer can carry legal responsibilities
that their engineering geologist brethren cannot. The
laws reflect a reality; that the development and ac-
ceptance of an equivalent process to provide ‘profes-
sional geologist’ registration is occurring slowly and
sporadically. However, some states, California being
the earliest and perhaps the best example, do have
considerable legal requirements for the registration of
geologists.

Competing Approaches to Geologist
Registration in the USA

Professional registration of geologists within the USA
has been debated for about 20 years. Geologists
employed in petroleum and mineral exploration have
generally been opposed to calls for registration, while
geologists involved in engineering, hydrogeology, and
environmental projects, where public health and safety
issues are readily apparent, have generally favoured
registration efforts. State-by-State registration of geolo-
gists, following the engineering ‘ABET’ model appears
to be the generally accepted method. California was the
first state to legislate registration of geologists. Cur-
rently, 26 out of the 50 states require registration of
geologists. State boards of registration, independent of
the engineering boards, supervise the registration pro-
cedures in their state, and these boards cooperate
through the National Association of State Boards of
Geology (ASBOG).

ASBOG supervises the development and scheduling
of two examinations: a ‘Fundamentals of Geology
(FG)’ exam and a ‘Practice of Geology (PG)’ exam,

which are administered by the state boards. The dis-
tribution of ASBOG examination questions reflects
the importance of tasks performed by engineering
geologists/hydrogeologists. This may be the natural
result of the importance of engineering geology to
ensuring public safety, this being the primary legal
justification for professional registration.

A disturbing result of this examination process has
been a very low pass rate for these exams, over the
past decade only about 57% of candidates passed the
FG exam and only about 68% of the candidates
passed the PG exam. The percent passing has not
materially changed from year to year over this period.
These results suggest that many university graduates
do not have an adequate grasp of the necessary geo-
logical skills. This has been used as an argument in
support of registration of geologists in other states
that currently do not require registration.

The American Institute of Professional Geologists
(AIPG) also provides a ‘certification’ of geologists,
giving those who are approved access to the title
‘Certified Professional Geologist’ (CPG). This certifi-
cation is conducted by peer review of credentials with-
out any examination. It has no legal standing in those
states requiring registration, but does provide individ-
uals with some ‘national’ credentials that may assist
them when providing expert testimony and in similar
situations.

Professional Registration
Approaches in Europe

In Europe, the idea of ‘professional registration’ is
quite different to North America. The professions gen-
erally are more self-regulating and professional cre-
dentials are tied to membership of professional
societies within each country, and these in turn re-
quire completion of university degrees. In the UK, for
example, civil engineers may become ‘Members’ of
the Institution of Civil Engineers, thereby gaining the
ability to use the designations ‘MICE’. As a result,
they qualify for registration with the Engineering
Council as a Chartered Engineer (CEng).

With the creation of the European Union, Europe-
wide credentials have evolved. European engineers
can obtain approval to use the title ‘European Engin-
eer’ and the designation ‘Eur.Ing’ from the European
Federation of National Engineering Associations
(FEANI), while in a similar fashion European geolo-
gists can obtain approval to use the designation ‘Eur.-
Geol.” from the European Federation of Geologists
(EFG). However, at the present time, whereas the
designation ‘Eur.Ing.’ provides some specific legal
standing, the ‘Eur.Geol.” designation does not. Many
European practitioners in the field of engineering
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geology advertise their membership of the Internati-
onal Association of Engineering Geology and Envir-
onment (IAEG) as a credential showing competence,
although it does not carry legal weight.

Professional Registration in Canada

Canadian registration procedures follow a path that
lies between American and European registration prac-
tice. European procedures are largely related to mem-
bership of national professional societies. Canadian
provinces have enacted registration laws in a similar
manner to the American state legislatures. However,
these laws generally designate appropriate provincial
professional associations or societies as having the
power of ‘self-governance’. In the majority of prov-
inces, a joint association supervises the registration of
engineers and geoscientists. However, Ontario and
Quebec have separate registration procedures; in the
case of Ontario this developed when the creation of a
joint registration procedure was stopped by the action
of a group of engineers. In spite of some occasional
evidence of friction between geologists and engineers,
interactions are generally good and some individuals
hold dual registration.

Conclusions Concerning
Professional Registration

Several competing registration approaches have de-
veloped in the USA, Canada, and Europe. In North
America, the professional registration of engineers
has been legislated at the state/provincial level since
the early twentieth century and has been accepted as
necessary to protect the public interest. The case for an
equivalent registration of geologists has not been so
clearly made, and in fact there has been considerable
opposition to such registration by many geologists.

In the USA, procedures to register engineers and
geologists are administered quite independently by dis-
tinct official boards of registration. Whereas all states
have engineering boards, only about one-half the
states have geology boards. In Canada, the provincial
legislatures delegate the registration process to profes-
sional associations, and in the majority of the provinces
a single association supervises the registration of both
engineers and geologists.

In the light of these developments, it is perhaps not
surprising that the concept of ‘geological engineering’
should have arisen first in the USA, allowing engin-
eers with specific geological knowledge and skills to
become registered as engineers, while in Canada those
geologists desiring registration and having the requis-
ite skills and experience could obtain registration as
geologists, engineers, or both.

The concept of professional registration is evolv-
ing in Europe. Once again, geologists are tending
to lag behind engineers in embracing the need for
professional registration.

International trends, especially the increased global-
ization of markets for consultation services as well as
goods, have placed new pressures on the existing pro-
fessional registration procedures. The requirements to
have multiple registrations in several states or prov-
inces in North America in order to undertake projects
atseveral locations impose time and cost constraints on
individual engineers and geologists, and their employ-
ers. Only limited reciprocal arrangements exist be-
tween Canada and the USA, in spite of the regulations
embodied in the North American Free Trade Agree-
ment (NAFTA). Similar trends within the European
Union have led to new developments that promote
European designations.

The concept of professional registration for geolo-
gists is still relatively young. Major constraints are the
lack of public acceptance of the need for registration,
the lack of ‘official’ legal standing, the objections of
many geologists who see registration as restricting their
mobility and freedom to conduct studies, objections by
other professions, and competition among professional
societies for authority to provide and supervise such
registrations.

A Look to the Future

Geological engineering appears to be at a crossroads.
Demand for geological engineering expertise to
solve society’s needs and desires for a better living
environment points toward a bright future. Certainly,
new and ever more challenging environmental
issues will make the design and construction of new
transportation and other facilities depend even more
on an accurate prediction of geologic conditions. The
increasingly sophisticated designs depend for their
success on the involvement and acceptance of the
geological engineer and engineering geologist.

Yet the entire capacity to educate and train fresh
geological engineers is quite limited. The majority of
the academic programmes in the USA have relatively
small recruitment. The economic pressures facing
many universities encourage the elimination of smal-
ler ‘specialist’ or ‘elitist’ and high-cost programmes
and departments. The establishment of geological en-
gineering educational programmes beyond the USA
has been, and continues to be limited because the
same combination of technological and professional
registration procedures that encouraged the estab-
lishment of geological engineering in the USA does
not occur.
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In western Europe and North America, the enroll-
ment of students in engineering and science, especially
geoscience, has been falling for several years. Many
talented students are not selecting such ‘tough’ courses
of study demanded by engineering and science fields.
Topical areas perceived as narrow specialties, such as
geological engineering, are apparently at a further
disadvantage when attracting new recruits.

Geological engineering does not have the advo-
cacy within the larger established professional societies
to ensure its growth or even survival as a designated
independent engineering specialization. Even the wider
field of engineering geology practitioners, encompass-
ing both geological engineers and engineering geolo-
gists, is facing a similar identity crisis. This is occurring
in spite of expanding employment opportunities and
the recognition of the need for such specialists by
potential employers.
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Introduction

Geological field mapping provides the fundamental
scientific basis for most geological maps. It can range
from large area reconnaissance to detailed mapping
of areas only a few metres across, and sometimes
has a specific aim such as mineral exploration. All-
purpose, ‘survey-type’ mapping involves a geologist in
the field examining rocks in their natural location,
plotting data onto a base map, and recording details

in a field notebook. Progressively, the field map dis-
plays the distribution of rocks and superficial de-
posits at the Earth’s surface, their orientations, and
the nature of the contacts between them. Fossils
and rock samples may be collected for laboratory
investigation. Analysis of structures indicates the tec-
tonic development. From such information, it is pos-
sible to draw sections in any direction across the
area, predicting geological relationships at depth,
and to compile a report detailing the geological
history. Other types of investigation, e.g., geophys-
ical, geochemical, and remote sensing, can provide
supplementary information.
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National Geological Surveys publish district geo-
logical maps at scales of 1:50000 or 1:25000,
based on field mapping typically performed at larger
scale, for instance 1:10 000 in the case of the British
Geological Survey (BGS). District maps hold a large
amount of detail from routine fieldwork, plus data
from boreholes, water wells, underground workings,
and similar. Compilations give rise to regional and
national maps, and the maps are also used by profes-
sionals requiring information on soils, economic de-
posits, land use, water supply, and hazard potential.
Hence the field geologist needs to record all aspects of
the geology.

Two points require emphasis. First, field investiga-
tions must be rigorous, making careful, comprehen-
sive examination of the geology and recording the
results accurately at the correct location. Inadequate
or wrongly positioned data will result in incomplete or
incorrect deductions. Second, a geological field map is
partly interpretative. It contains ‘factual’ data, studied
and measured in the field, but incomplete exposure
means that the nature, position, or even existence of
various boundaries depends on judgement by the
geologist in the light of field observation, experience,
and existing concepts. Further information may
dictate the need for revision.

Basic equipment comprises a mapping board with
plastic cover, base map, compass, clinometer, note-
book, black and coloured pencils, sharpener, and
eraser. Air photographs can be extremely useful.
A hammer and hand lens enable fresh rock to be
obtained and studied. A fine-line pen with waterproof
black ink will be needed to ink-in the map and note-
book, and it is helpful to record some map features in
coloured ink.

Base Map

When topographical base maps are obtainable at
different scales, the choice will be guided by the
nature of the investigation. Scales of 1:100000 to
1:50000 are appropriate for regional exploration
and reconnaissance. More detailed mapping is gener-
ally performed on scales of 1:25 000 to 1:5000. Very
detailed work in connection with mines, quarries, and
engineering sites may require scales of 1:1000 to
1:50, often available as company plans. The
1:10000 Ordnance Survey sheets used by the BGS
show contours at 5 or 10 m intervals, the positions of
streams, buildings, fences, and roads, and a numbered
grid. It is relatively easy to locate a position on
the map, record it as a grid reference, and identify
morphology by ‘reading’ the contours. Accurate con-
toured maps can be made from air photographs using
specialized photogrammetric techniques.

Where suitable topographical maps have not been
produced, have poor accuracy, or are unavailable
because of political or military restriction, the geo-
logist must find an alternative. Small-scale maps can
be enlarged photographically, or scanned or digitized
and redrawn by computer, but only have the detail of
the original.

Satellite images, obtainable for all the Earth’s sur-
face, can be processed to give a coarse resolution base
map suitable for reconnaissance work. However, the
creation of contoured maps is restricted to satellites
which ‘see’ in three dimensions, through overlapping
images.

Air Photographs

The most commonly used air photographs are
those made on black and white panchromatic film
from level flight with the camera axis vertical.
Approximate scales of contact prints are generally
on the order of 1:8000 to 1:40000. Typically,
there is 60% photograph overlap along the line of
flight and 30% overlap of adjacent lines, allowing
the area to be viewed as a three-dimensional image
through a stereoscope. As a result of spacing, the
vertical scale is markedly exaggerated, enhancing
topographical features that might not otherwise be
obvious.

Air photographs are not maps. Only the centre
(principal point) is viewed from directly above, com-
parable to a map. Away from the centre, the top of a
vertical object appears displaced radially outwards
relative to its base. The scale varies according to
terrain height relative to flying height and to camera
tilt.

Despite such limitations, air photographs can be
immensely useful for locating position and tracing
boundaries. Data recorded on overlays in the field
are subsequently transferred to the base map. In
three-dimensional view, photographs display rela-
tionships between terrain, drainage, and geology
over a broader area than can be seen from a ground
position. Variations in tone and texture, plus the dip
of strata and patterns of fractures, can be interpreted
to yield a photogeological map showing solid and
superficial units and the size, shape, and orientation
of the principal structures. Field investigation is
essential to identify rock types and measure struc-
tures, but photo-interpretation is strongly recom-
mended prior to fieldwork and each evening to give
a rapid, detailed overview and allow optimum
planning of traverses. Methods of interpretation are
described in relevant books. Photogeological infor-
mation is recorded on the base map in a colour that
distinguishes it from field data.
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Equipment
Map Board/Case

The simplest combination is an A4 clipboard or
plywood, plastic, or aluminium sheet of about
33cm x 23 cm, plus elastic bands to hold the field
maps and a large polythene bag for weather protec-
tion. More complicated map cases may have a lid and
pockets and slots to hold pencils, notebook, and other
items. Field sheets can be held by spring clips, but as
these affect a nearby compass it is better to use elastic
bands. Cut the base map to suitably sized field sheets,
say 18 cm x 25 cm, number all grid lines, and mount or
photocopy onto thin card leaving a blank protective
margin.

Pencils

Sharp graphite pencils of H or 2H hardness are re-
commended for map work because softer grades tend
to smudge. Structural readings and map notes should
be made in pencil in the field, not directly in ink.
Pencil notes can be repositioned if their map space is
needed, but ink errors are difficult to remove. At the
end of the day’s work, however, all pencilled data
must be inked. Coloured pencils for recording lithol-
ogies should be good quality, thin-leaded, and water-
proof. About 12 contrasting colours serve most
purposes. Carry spare pencils, plus a sharpener and
eraser.

Mapping Pens

Waterproof black and coloured inks (red, blue,
and green) are used to make a permanent record of
the day’s work on the map and in the notebook.
Barrel-type technical pens giving a line width of
0.15-0.2 mm are a common preference for maps and
0.2-0.3mm pens for notebooks. Fine-line, water-
proof, fibre- or ceramic-tipped pens of nominal
0.1 mm line size are an economical option for the
colour pigments.

Compass and Clinometer

A compass is used to take bearings on distant objects
to establish one’s map position and to determine the
orientation of structures. A clinometer measures the
inclination of a planar or linear feature relative to a
horizontal reference plane.

Several instruments combine both functions.
A popular unit, the Silva Ranger Type 25TDCL, has
a liquid-filled compass cell, graduated 0-360°, which
can be rotated in its rectangular baseboard. The
hinged lid has a sighting line and a mirror to view
an object and the compass simultaneously. The trans-
parent cell base has edge markings around half the

circumference, with 0° in the centre and 90° at each
end. When the ends are aligned with the baseboard
edge and the instrument is held in a vertical plane, a
centrally mounted, free-swinging arrow registers the
angle of inclination. The cell base is also inscribed
with parallels for alignment with the map grid and an
arrow shape to register the position of the compass
needle. An adjusting screw allows the arrow to be
turned relative to the parallel lines, thus correcting
for the angle between magnetic north and grid north.
The use of such an instrument is illustrated in
Figure 1. Readings taken from the rock are plotted
immediately on the map. The orientation of distant or
inaccessible surfaces can be found by moving to a
position along strike (sharpest edge view), taking a
compass reading, and then tilting the clinometer in
mid-air to match the dip.

Hand Lens

A lens is essential and it is worth paying for optics
which give a flat field and sharp undistorted image to
the edge. A magnification of x10 is the most useful
and the lens should be worn on a cord around the
neck so that it is constantly at hand to examine rock
textures, mineral grains, and the like.

Hammer and Chisel

Geological hammers are used to break off a fresh
surface of rock for examination or sampling, and
are available in a range of sizes, shapes, and materials.
For general use, a weight of 0.7-0.9kg is suitable.
Heavier ones (1.1-1.8 kg) are better suited for hard
igneous and metamorphic rocks. One end of the
head has a square face; the other may be chisel
shaped, useful for layered rocks, or pick shaped, for
prising cracks or digging into soil. Handles can be of
wood, fibreglass, or steel.

Because of the hardened steel face, one must never
use a hammer as a chisel and hit it with another, as
metal shards can fly off and cause injury. Instead, use
a soft steel chisel. Safety goggles should be worn when
hammering or chiselling rocks.

Field Notebook

The general preference is for a pocket-sized notebook
of around 12 cm x 20 cm. The paper must be of high
quality, still usable after several cycles of soaking and
drying, and securely bound between hard covers.
Books designed for geologists are stocked by relevant
dealers. Ordinary stationers’ notebooks are not
suitable. Notebooks can have an end or side hinge,
and the pages may be plain, lined, gridded, or mixed.
A 5mm square grid is useful for recording measured
stratigraphical sections and scaled plans.
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Figure 1 Use of compass—clinometer.
Other Equipment ® A scale rule and protractor for measuring distances

and angles on the map.
® A Global Positioning System (GPS) instrument. Al-
though rather expensive, this is increasingly being

For general field mapping, the following are often or
occasionally used.

e Small dropper bottle containing 10% hydrochloric seen as a standard field item for its ability to locate
acid. A drop causes calcite to effervesce, but shows position to within about 10 m.
no reaction with dolomite. ® An altimeter can assist positioning if the field map
® A 3m steel measuring tape to determine bed thick- has reliable contours, but is less useful than GPS

nesses, and perhaps a 30 m linen tape for distances. and subject to weather-related pressure changes.
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A pocket stereoscope is important if mapping in-

volves the field use of air photographs.

® A stereographic projection net assists in under-
standing structural relationships.

® Binoculars allow the study of inaccessible rock
faces and can help in locating exposures and routes.

® A camera, preferably with the ability to take close-
up as well as distant shots.

® A penknife for conducting scratch tests, amongst
other uses.

e Sampling bags.

Field Clothing

Clothing appropriate to the conditions allows the
geologist to work comfortably throughout the day
and not to be stressed by heat, cold, or wetness to the
point at which concentration lapses and safety is at
risk. Typically, a day rucksack is carried, large enough
to take spare clothing, food, water, mapping equip-
ment, safety items, reference literature, and collected
specimens. In cold wet climates, the aim is to be warm
and weatherproof by wearing items such as an under-
vest, shirt, fleece or sweater, and waterproof hooded
anorak, plus a warm hat, scarf, and gloves. Trousers
are best made of quick-drying, close-weave cotton, not
jeans, with further protection from waterproof over-
trousers. Well-cleated strong leather boots giving firm
ankle support are recommended for most fieldwork,
with wellington boots for wading activities.

Duvet clothing, warm padded footwear, and wind-
proof outer garments are used in very cold dry cli-
mates. In hot dry conditions, protection against direct
sun radiation is best given by a loose, long-sleeved
cotton shirt, long trousers, and a wide-brimmed sun
hat, but short trousers and sleeves are preferred by
many. Corresponding footwear is lightweight whilst
still providing support and grip.

Health and Safety

A doctor can advise on what inoculations, vaccin-
ations, and other medical precautions are needed for
work in different parts of the world. A first-aid kit
should always be part of the field geologist’s equip-
ment. Items which come under the general heading
of safety include goggles, a hard hat, torch, whistle,
phone/radio, and survival bag. Brightly coloured
field clothing will help a search party, should the
need arise.

Mapping Preliminaries

Preparatory work before entering the field enabl-
es the survey to be conducted more efficiently.

Administrative aspects include obtaining permits,
establishing how to contact medical and emergency
services, and arranging that others know your daily
whereabouts. Relevant literature, maps, and bore-
hole records will indicate what is known about the
rocks and the nature of uncertainties. Air photograph
interpretation and the production of a photogeo-
logical map will identify the type of terrain, the
range of solid and superficial units, and the principal
structures.

One or more days will be needed for reconnais-
sance before mapping starts to provide first-hand
knowledge of the rock types, mappable formations,
nature of exposure, and style of structures. Notes are
made on access routes, areas of good and poor expos-
ure, and parts that are inaccessible or hazardous. An
important act is to make contact with local people to
explain the work and confirm permission.

Following the field visit, decisions can be made on
mapping methods. Often the most productive tra-
verses are along streams which flow across the gen-
eral strike and have cut down to bedrock. Parts of an
area may be best mapped by tracing the outcrop of a
marker unit. Broad area reconnaissance may dictate
widely spaced traverses on parallel compass lines,
whereas a mineral prospect might need enlarged
scale mapping controlled by plane-tabling or compass
and tape. Measured stratigraphical sections and key
structural areas can be drawn at large scale in the
notebook. The overall aim is to measure and record
as many exposures as possible to cover the area
within the allotted time, constantly remembering
that the map and notebook must be easily read,
understood, and followed by another geologist.
Hence exposures must be precisely located, symbols
drawn neatly and accurately in conventional forms,
numbers legible, and notes comprehensible. Map and
notebook must both distinguish between observation
and inference. Various symbols, colours, and abbre-
viations will be used to depict the geology. Prepare a
‘key’ on the map to explain these, with formations in
stratigraphical order.

Symbols

There is no universal set of mapping symbols, but
published lists have broad similarity and an example
set is given in Figure 2. Planar structures are generally
depicted by a bar in the strike direction and a tick or
other shape in the dip direction. Linear structures are
shown as arrows, with various head, shaft, and tail
ornament. Orientation measurements for lineations
are given as an inclination angle (plunge) and its
bearing (plunge direction) in the form 20/232. Two
methods are in use for the orientation of planes. One
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Geological mapping symbols

All field sheets and final maps must have a key explaining the symbols used.
Bedding must be plotted precisely on the measured exposure: ——

Where several features are measured, bedding has priority, ))g\ﬂ
other symbols being drawn to bedding centre-point:

. Where a single arrow is plotted, the reference point is the head:
.5 mm is suitable for bar and arrow lengths, 1.5 mm for figures.

Strike or bearing is given as a three-figure number (001 to 360 in degrees
clockwise from north) and dip or plunge as a two-figure number (0 to 90
in degrees from horizontal)

. There are two notation conventions for planes: \

a) Triple: STRIKE/ DIP AMOUNT/QUADRANT e.g. 300/50 NE

b) Double: DIP AMOUNT / DIP DIRECTION e.g. N 50030

and one convention for lines: /‘ 50/030
PLUNGE AMOUNT/PLUNGE DIRECTION e.g.

Record full notation on map for ease in analysing by sub-areas

. Coloured inks are extremely useful for distinguishing between families of

features (e.g. same ages or same forms). Use dominant colours-black,
red, blue - for important elements and recessive colours for less
important. Use green for outlining exposures.

Fault uncertainty is shown by broken lines, as for boundaries.

Part 1. Basic symbols

abec

abecd

=
<

A7

e

; . Geological boundary e Minor fold axial plane
/'-’ / a) Observed (contact), Ny )
" b) Probable, c) Possible, Lo a) Axial plane trace
; d) Known but concealed A b) Axial plane trace, anticline
d (e.g. beneath drift) [ c) Axial plane trace, syncline
abec
Bedding: ¢ /
/\% —+  a) Inclined, b) Overturned®*, R ) )
Vert|ca| d) Horizontal [ th d) Axial plane trace, antiform
* see also Part 2) e) Axial plane trace, synform
d e
Cleavage/Schistosity o
Joint Dip-slip faults:
Igneous flow layering Tick shows dip.
Block on downthrow side
Lineation:

Plunging, horizontal Strike-slip faults:
dextral, sinistral

Nature of lineation:

V E.g. Bedding/ Cleavage, Low;angle fault,_ e.g. overthrust
m(f) Mineral alignment (feldspar), // Tick shows dip.

ss Slickenside Teeth on hanging wall block

y Combination of symbols ~ —=—=—%=  Foliated shear zone

)g’ ; % Minor fold axes: P Zone of structural disturbance

'S','Z','M' forms

Figure 2 Geological mapping symbols.

Part 2. For structurally complex areas

Bedding. In place of\ \K\\ Use the following:
\ \\ \ (Younging not known)

(Beds younging NE)

Sequential planar structures
\K S, Bedding, S, Cleavage, S,, S; Crenulation Cleavages

R

0 1 S

N

3
Sequential linear structures

/‘ / /fz\ (a) = age uncertain

@ L L L

Where several features are measured, plot planes,
e.g. cleavages, 'behind’ bedding and lineations in front

_ Axial surfaces
/ %'X’/ Antiformal anticline, synformal anticline

J&X/ =%

Part 3. Geomorphology and superficial deposits

Antiformal syncline, synformal syncline

Cliff, Cutting Mi&L Marsh
scree fan
-~ Alluvium
Landslip
—~ Peat
Quarry 1 .
—~ River terraces
Dump ~2
Spring —_——— Raised beach
V- Glacial till
Seepage line .
Glacial sand
Glacial striae

Sink hole (collapse into
subsurface cavity)

b) Showing sense
of ice movement

_@_
Swallow hole /@/ /@7,
a b

Block diagram showing use of slope symbols
a) Slope breaks along well-defined line
b) Rounded slope steepens along poorly-
defined line.
c) Toe of slope

ONIddVIN @131d TvIID0T03D 8F
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Figure 3 Field notebook. (a) The daily heading gives the date, weather conditions, general aim, and route. (b) Number the localities
consecutively. Do not restart each day. An eight-figure grid reference (eastings then northings) locates the position to 10m. (c)
Describe the nature of the exposure, particularly its size. A 1 m exposure of sandstone might be part of a shale formation, whereas a

Continued
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records strike / dip angle / quadrant, as in 330/30 SW.
The other gives dip angle/dip direction, as in 30/240.
The latter is advised. It has fewer components, is less
prone to error, and is in the same form as lineation
data.

Use of Field Notebook

The notebook is the essential constant companion to
the field map. While the map depicts the important
readings, boundaries, and formations in spatial
relationship, the notebook holds further readings,
detailed descriptions, drawings, and much extra in-
formation. The order of use differs amongst geolo-
gists, but a common practice is to make a thorough
examination of the exposure, record it in the note-
book, and then plot the salient features on the map.
An example of notebook layout and entries appropri-
ate to a mapping survey is shown in Figure 3. Corres-
ponding explanatory notes are also given, extended in
a few cases to cover other geological situations.
Should the field map be lost, it would be possible to
reconstruct much of it from the notebook, although
not boundaries drawn directly from field observation.
Drawings should always be made in pencil, to be
inked subsequently when the correct line has been
achieved. Notes can be in pencil or ink.

Use of Field Map

Mapping involves placing a record on the map of:
(1) the presence of rocks at the surface (exposures);
(2) the type of rock(s) exposed; (3) the orientation
of bedding, contacts, and tectonic structures; (4) the
nature of superficial cover; and (5) landform fea-
tures, such as river terraces. Information from vari-
ous sources is combined to allow: (6) boundaries to
be drawn on the map, thus giving the ‘outcrops’ of
mappable units.

At each location, proceed as follows.

1. Determine the position on the map by GPS, by

reference to nearby features and contours, or

by resection using two or three compass bearing
lines 60°-90° apart.

Outline the limits of the exposure.

. Identify the rock type(s) and formation, and

colour the exposure on the map.

4. Record the locality, grid reference, rock descrip-
tions, measurements, drawings, etc., in the note-
book.

5. If a formation contact is present, plot it on the
map. Scan surrounding country for clues to extend
the line.

6. Measure the orientation of bedding and plot
the symbol on the map, precisely where the
reading was taken. Record measurements in
1.5 mm figures.

7. Plot other features, such as cleavage, drawing the
symbols to the centre of the bedding bar. In com-
plex areas, plot the most important structures,
leaving others in the notebook. No reading should
be plotted in a position which was not the point of
measurement.

8. Add locality number and relevant notes, particu-
larly for key stratigraphical, fossil, and structural
localities. Notes can be written on unused areas,
such as the sea, and linked to the exposure by a
dotted line.

9. Move to another locality, observing continually. If
unexposed ground is thought to be of the same
formation, shade it more lightly with the same
colour.

w1

If the next exposure is of an entirely different for-
mation, there must be a boundary somewhere in the
intervening ground. Whether it is sedimentary, igne-
ous, or tectonic is commonly inferred from its geo-
logical setting. Its position is judged after assessing

30 m cliff of sandstone clearly belongs to a sandstone formation. (d) Underline key words. (Use the formation colour employed on the
map.) (e) Give size, shape, colours, and proportions of the different rock constituents, not just a rock name or mineral list. (f) Contacts
demand particular attention. Is the contact sedimentary, igneous, or tectonic, sharp, gradational, sheared, discordant, etc.? What are
the age relationships? With igneous contacts look for features such as chilling, baking, xenoliths, and veins. (g) Note the nature of
ground between localities, e.g., continuous, patchy or no exposure, type of vegetation. (h) Record specimen numbers. Collect typical
rocks: abnormal ones are additional. Make notes if a specimen has been oriented (marked in the field such that it can be oriented
identically in the laboratory). (i) Plotting symbols and figures in the margin as they will appear on the map provides a check against
possible map errors, allows easy data retrieval, and provides a visual record of changes in orientation. (j) Include deductions or
implications arising from the geological observations. (k) Proportions and thicknesses are more informative than descriptions such as
‘thinly bedded sandstones and siltstones’. If fossils are present, record their identity, size, state, distribution, and abundance. (l) In
deformed areas, record all planar and linear elements (bedding, cleavages, axial planes, fold axes, lineations). Always draw folds,
because readings alone can never convey shape. Draw accurately, label the rock types, and avoid ornamental lines that might be
mistaken for geological fabric. Incorporate a scale and an orientation (N arrow for plan views, viewing direction for sections). It helps
to show readings on the drawing. (m) Note geological features in view, as well as those at the exposure. (n) Record any evidence, or
lack of it, for a deduced boundary. (o) Conglomerates indicate which rocks were exposed to erosion at a particular time. The
proportions and shapes of the constituents provide evidence on transport and depositional environment. (p) The measurement of
bedding and truncated foresets shows younging of the sequence and gives information to calculate the current flow vector. Other
sedimentary structures have similar potential.



GEOLOGICAL FIELD MAPPING 51

close jmnts = fmhp
/ 3 no Cxpos
£4/n2 groo&
F- v

"3/; Fs
<4 %
L™

i ad
,6‘ red 55t 4
breccia bads

35179
" g red st gray Lskon
S

327185 sdby st 5‘“:’*
depressions.

J_"'_”‘_——=smkho!a7‘———- 5
‘P breccrafed 2P
Limestn @ == lsk +5%

! ST ———o_l84%__band:

ST gy gt
e

“2ifiga— —Sandy e
black g ~ ==~

~~--m = D"IB? houn) sis
@) iv7 . P2

i ozs ”6"6 f-",:“-‘-"{’;‘ fis@:{ @ —@) Measwed section
i 1w " o (Nefe book &) PG 2003
how bedds o boundaries wr black, Furst cleavaga flineal o
’ﬁu,c‘;:ro:' rad “Z::nadk;'e:’;:gz/a’reat‘;n o blae nposire ot to Seale )
outiine and. Cocal‘% nambers (emitleo above.) wPrLM UPP°’ Series Lower Serces
ltstones with thin coals Chi & Chl @ Ser
Measaremenls : Dip fdip directeon and P/uﬂ_t_l!-/,n{uﬂge derecéeon gu\ds::cr:mcIBTMQ D sr_!gsl?n X
s btdd'm’ —rm faull | Tick shows D grey sandstone ;I;"‘S b::;/iﬁdﬁadm
histng dip. Block on 3
cleavage ,schistosity downthrow side | i:'t.l;\smt_oé\ra% k;m:t%l-x:le Sorchl schist
e crenulolion cleavage Ph photogroph . :
. : [ fg green chlorikic quarkzik
A younging SP specimen g yellow s'u-'j Sandstone 9 ofeen e sl
3 Lineoks R il GhaaA d blue Lmestone, ! { i
ealion % 5 (r.:m.::EiY’ opr’nbo.bla D lorn’?ﬂc.hq_ru uncxpeSea (-M'(‘ ‘5°‘k>
> - . possible
it fald ol D g red s:tn:!stcno |DcaJ.
\ o maTl
z‘i{fi{ asymmetry S.Ltg omali:o < ™
PR

. MtonFr-ﬂ"
Axial plane traces : 4

. . Abbreviakions : Qt - quarfzike, sch - sehisk | XB - cross-bedded, F§- foresel,
—X———*—— synformal »synclinal u/c -uncenfermable | cong - congLernrrate pr.b pebble , sst Smdstone

e — P anh; Kicls Lst - limestone. , sh - shuba. Q- quarlz ,th chierite, ser -Sericike ,

* $— Formak ;ankietinal mic,-m':ca.u_r.us‘fq mg.cq —Finc,me.dlnm, coorse qrau.eu,dk bn ~dark brown

Figure 4 Example of field map entries. Map grid, contours, and locality numbers have been omitted for clarity. The map symbols
would be in coloured ink. Exposures would be outlined in a continuous, not dotted, green line.
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field evidence, such as a change in soil composition,
soil colour, slope change, topographical feature,
spring line, and change in vegetation, and recording
these on the map. Study of air photographs may help.
A boundary is pencilled on the map in a position which
fits the evidence best, drawn as a full line if well
constrained, or long or short dashes for decreasing
confidence.

It is clear that geological field mapping means
making a map in the field whilst the evidence is in
sight, not placing locality numbers on the map to plot
the data later and draw arbitrary lines between rock
changes. An example of field map entries is given in
Figure 4.

At the end of the field day, the map and notebook
are inked in to make a permanent record, using
coloured ink on the map as appropriate (Figure 4).
Ink the notebook drawings accurately to preserve the
lines made whilst the object was in view. Analyse
structural data on a stereonet and construct trial
cross-sections. Never leave a field area without draw-
ing at least one geological cross-section. Specimens
collected during the day are given permanent labels
and laid out for further reference. It is helpful at this
stage to summarize the day’s findings, place it in
context, and make notes for the final report.

Superficial Deposits

Some areas are deeply weathered and covered by
residual soils or regolith through which only the
most resistant rocks emerge at the surface. Others
are blanketed by transported materials, such as wind-
blown sands or glacial deposits. For residual soils,
information can be obtained by a study of auger
samples, recording parameters such as soil colour,
composition, and consistency. Look also for frag-
ments (‘float’) brought to the surface by fallen trees,
ploughing, or burrowing animals. Air photographs
can prove to be useful in indicating boundaries, par-
ticularly where vegetation is well controlled by soil
type and has been little disturbed by human activity.

For transported materials, the geologist aims to
outline the deposit and classify the type. The ‘drift’
maps of the BGS, for example, show various kinds of
gravel, sand, and clay deposits formed from standing,
moving, or melting ice, plus river terraces, fluvial and
estuarine alluvium, peat, and others. Some can be
clearly seen and mapped from air photographs or a

high vantage point. Relevant observations are placed
on the field map by a selection of colours, overprint
symbols, and notes. Areas of slope failure should be
marked.

Ancient soils are not commonly preserved in
the stratigraphical column but may have left traces,
such as weathered and reddened surfaces; here, a
knowledge of soil processes helps in assessing the
palaeoclimate.

See Also
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Introduction

Geological maps at their simplest are portrayals
of the distribution of geological materials at the
Earth’s surface (see Geological Field Mapping).
Any covering, say of agricultural soil or concrete, is
ignored. Such a picture of areal distributions is itself
highly useful, but the real power of geological maps
arises from the further interpretations that can be
made from them - into the third-dimension below
the ground and back into geological time. Because
of this breadth of possibilities, geological maps are a
fundamental tool of both academic and applied geo-
logists, and the governments of most developed coun-
tries underwrite a national body responsible for the
geological surveying of the nation. Indeed, geological
maps have been referred to as ‘the visual language
of geologists’. Today, yet new possibilities are blos-
soming as GIS (see Remote Sensing: GIS), spatial
databases, and digital imagery are applied to geo-
logical map methods. How best to harness all this
tremendous potential is the subject of much current
dialogue. Fundamental map principles, however, are
unchanging, and it is these that are summarized here.

The Nature of Geological Maps

The distributions of the different kinds of rocks are
plotted onto some kind of topographic base image,
traditionally a topographic map. Scales vary from
very small, such as 1:1 000000 or less (which may
summarize the geology of entire regions), through
medium scales such as 1:100 000 to 1: 25 000 (show-
ing particular areas in reasonable detail), to large-
scale maps at scales of 1:500 or even greater (typically
used for specific sites of some commercial activity).
Small-scale maps commonly have to neglect topo-
graphic relief, but at larger scales topographic con-
tours can be shown, and the interaction between the
physiography of the land surface and the underlying
geology can be important in three-dimensional inter-
pretations. The distribution plots are increasingly
being linked into Digital Elevation Models, to aid
visualisation of the interplay between geology and
topographic relief.

The areal extents of the various materials are
shown by different ornaments in the case of black

and white maps, or by different colours in the case
of most published maps, sometimes with additional
letter or number symbols to aid distinction. The geo-
logical ornaments/colours and symbols are explained
in an accompanying key or legend. While in some
cases the Earth materials in a given area fall naturally
into groups that are convenient for depiction at a
particular map scale, in many cases the surveyor has
to judge how best to make appropriate sub-divisions.
Small-scale maps commonly portray divisions based
on the geological period in which the material
formed; some more specialized geological maps may
show divisions according to the fossils contained in
deposits, or some other particular characteristic.

The majority of geological maps, however, are
litho-stratigraphic: the divisions are based on the
type of Earth material and their stratigraphic pos-
ition. The various divisions of material types are,
conventionally, arranged in the map key in order of
their genesis, upwards from oldest to youngest. The
actual geological ages may or may not be added. On
medium- and larger-scale maps, each division is com-
monly referred to as a map ‘unit’ or ‘formation’. It is
important to understand that although a particular
formation may be coloured boldly on the map, and
given some imposing name, it has been defined sub-
jectively by the surveyor. It may be quite indistinct on
the ground; another worker may have divided the
units differently. It is also the convention to make a
major distinction between solid bedrock and any
overlying, unlithified, geological materials. Some geo-
logical maps ignore the latter, except where they are
especially significant, and are thus referred to as bed-
rock or — in the UK - solid maps. On the other hand,
maps that emphasize them are variously referred to
as surficial, superficial, Quaternary or — again in some
UK usage — drift maps.

Many published geological maps, which by de-
finition depict things in the horizontal plane of the
Earth’s surface, are accompanied by geological cross-
sections. These portray the arrangement of the mater-
ial in the vertical. It is this complementarity of maps
and sections that underscores the three-dimensional
aspects inherent in geological maps, a topic expanded
in the following section.

Mention was made above of the subjectivity of the
units into which the Earth materials are divided for
the purpose of a map. Also intrinsic in a geological
map is the interpretive nature of the distributions
shown. Unlike almost all other kinds of maps, much
of the information shown is interpretive. Except in
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the most arid parts of the land surface, the covering of
soil, etc., means that the surveyor has had to judge
the areal extent of the underlying Earth materials,
from scattered exposures, in cliffs, river banks, road
cuttings and the like, and other, indirect, evidence.
Geological maps, therefore, are continually being
refined as additional evidence becomes available.

The Interpretation of Geological Maps

Many of the uses of geological maps involve dealing
with geological information in three dimensions.
New IT techniques are becoming available to facili-
tate this but much work still relies on interpreting the
third-dimension from the flat map — the sheet of
paper or computer screen. Sedimentary rocks, being
arranged in approximately tabular strata, lend them-
selves to this kind of treatment. The strata comprise
a three-dimensional configuration, originally a hori-
zontal succession but in the case of marine deposits
that have been uplifted to form land — the most
widespread situation — now in some combination of
horizontal, tilted, folded, and faulted layers. The
present-day land surface is an eroded slice, roughly
horizontal, through this array. Properly, therefore, a
geological map is a plot of the intersections or out-
crops of the strata with the present land surface, pro-
jected onto the horizontal plane of the map. Note
incidentally, in this context, the geological terms ex-
posure and outcrop differ in meaning. An outcrop of
a formation, i.e., where it intersects with the land
surface, and hence what is depicted on a geological
map, may or may not actually be exposed, i.e.,
lacking modern cover and be directly visible. From
the patterns made by the outcrops on the map, a
trained geologist can infer the three-dimensional con-
figuration of the formations, that is, how they were
arranged above the land surface before their erosion
and, more importantly, how they are disposed below
the ground, in the ‘subsurface’. The geologist can do
this in a quantitative or a non-quantitative way, the
latter by simply assessing the geological patterns on a
map and mentally visualizing — perhaps while sketch-
ing rough cross-sections — the spatial arrangements.
Some examples follow.

Visual Assessment

A sequence of map formations passing progressively
from older to younger implies: (i) that the succession
has been tilted (if they were still horizontal only the
uppermost division would outcrop), and (ii) the dir-
ection of dip (Figure 1). Even with such a preliminary
interpretation it becomes possible to gauge what
lies below the land surface in various places, apart
from those sites where the lowest, oldest known for-
mation is outcropping. This simple principle, that
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Figure 1 Block diagram and map to show how formations dip
towards the direction in which they become younger (ignoring, as
may be reasonable on a small-scale map, topographic relief). In
this example, the geological map shows that a journey west-
wards across the State of Mississippi would encounter progres-
sively younger formations. The simplest and much the most likely
interpretation is that the formations are dipping westwards, as
evident from the front panel of the block diagram. uK1, uK2, uK3,
and uK4 are progressively younger Cretaceous formations, Tx,
Te1, and Te2 are progressively younger Tertiary formations, and
Qh is the youngest formation, of Quaternary age. Air photographs
and satellite images may be helpful; geological maps of the
sea-floor commonly involve seismic surveying.

outcropping formations pass from older to younger
in the direction towards which they are dipping,
needs care with larger-scale (usually contoured)
maps of rugged country, where the topographic relief
may interfere with and complicate the outcrop pat-
terns. However, further simple principles can be ap-
plied in such cases. A dissected landscape developed
in horizontal formations can give what at first glance
is a bewildering geological map, but the outcropping
formations, discerned by their boundary traces, will
be exactly parallel to the topographic contours (be-
cause they, too, of necessity are horizontal; Figure 2).
The outcrop patterns progressively deviate from this
parallelism as the dip angle increases until, at the
other extreme, vertical formations outcrop without
any influence of topography. Their outcrops cross
topographic contour lines to give straight traces.
The more general case of dipping formations is best
interpreted by assessing the direction and shapes of
the V-shape outcrops made where they intersect with
topographic valleys (Figures 3 and 4). Note that these
are geometric principles arising from the intersections
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Figure 2 Block diagram and map to show how outcrop traces of
horizontal formations parallel topographic contours (as they
must also be horizontal). In the example shown here, the geo-
logical map is deceptively intricate. The outcrops are irregular,
despite the simple, horizontal arrangements of the strata,
because the landscape is highly dissected.

" Rushbury vy

P Diddlebury

Figure 3 Block diagram and map to show the V-shape made
by the outcrop of a dipping formation crossing a valley. The
V in map-view points in the direction of dip, here towards the
southeast. Note also the influence of land-slope on outcrop width.
For example, the outcrop of formation a, at the steep escarpment
of Wenlock Edge, is much narrower than that of formation b, at
the flat land of Hopedale, even though they have similar
thicknesses.

Figure 4 Block diagram and map to show how outcrops cross
valleys with a more open shape where the formation dip is
greater. As in Figure 3, the V in map view points in the direction
of dip, here towards the W. The outcrop of more steeply dipping
formations such as c¢® makes a more open V than move gently
dipping units such as BO. The superficial deposits (yellow) are
approximate horizontal and make the tightest V shape, parallel to
topographic contours.

of surfaces — any geological surfaces, whether or not
they are sedimentary strata. Thus geological faults
(see Tectonics: Faults) commonly appear on maps as
more or less straight traces, not because they are
faults but because fault surfaces are commonly very
steeply dipping or vertical. Gently dipping thrust
faults, on the other hand, will give traces that are
close to parallelism with the topographic contours
(Figure 5).

The relative widths of outcrops on a map of a given
scale reflect the thicknesses of the formations. Hence
the outcrop width will vary if the material was de-
posited in different thicknesses at different places.
Other things being equal, thicker units give wider
outcrops. On larger-scale maps, however, the dip
angle of the formation and the topographic slope
will further influence the outcrop width. In general,
steeper dips give narrower outcrops, as do steeper
topographic gradients (Figure 3).

Symmetrical, roughly mirror-image repetitions of
outcrops indicate folding (see Tectonics: Folding).
Older formations symmetrically flanking younger
ones imply that the strata have been downwarped
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into the structure known as a syncline; younger
formations flanking older indicate an upwarp or
anticline (Figure 5). In addition, the shape of the
symmetrical pattern contains information on the
three-dimensional arrangement of the fold. Outcrop
sequences that repeat in a translation pattern rather
than a mirror-image reflection (Figure 5) imply the
presence of a fault. The effects of faults on outcrop
patterns are diverse, depending on the nature of the
fault and its orientation with respect to the displaced
strata. On published maps, faults are normally
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Figure 5 Block diagram and map to show outcrop patterns
typical of some structures. The thrust fault is gently dipping
and hence its trace is closely influenced by topography; steeply
dipping faults crop out with relatively straight traces. The trans-
latory repetition of outcrops is a typical effect of faults. The
mirror-image repetition of outcrops is characteristic of folds.

marked by a particular symbol — commonly a heavier
line — indicated in the map key. The actual nature of
the fault displacement is commonly impossible to in-
terpret from a map, because the same outcrop patterns
can be generated by different kinds of fault motion.
Additional, often field-based, evidence is normally
needed. Unconformities are recognised on maps by
the absence of strata representing a significant length
of geological time, and also by discordant outcrop
patterns in the case of an angular unconformity (see
Unconformities). The latter is important in three-
dimensional map interpretations because the geomet-
ric arrangements will differ above and below the
surface of unconformity.

Quantitative Treatments

In practical applications it is commonly not enough
just to visualize or sketch the subsurface arrange-
ments; the actual subsurface depths of particular
formations and their thicknesses are often required.
Quantitative answers to such questions are usually
arrived at through some combination of three
methods. First, a scaled geological cross-section can
be constructed through the site of interest and the
required data measured directly from the diagram.
Larger-scale maps commonly provide symbols indi-
cating the dip angles measured at exposure by the
surveyor, and extrapolations of surfaces to depth are
based on these values. However, with cross-sections
there can be construction inaccuracies or even mis-
takes — irrespective of whether the work is done
manually or by computer — though this pictorial ap-
proach has the advantage of making errors more
readily apparent. A second approach utilises trigono-
metric calculations (Figure 6). Both these approaches
rely on assumptions, such as the dip angle as meas-
ured at exposure being maintained at depth, and they
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Figure 6 Schematic block diagram and map to illustrate how the thickness and subsurface depth of dipping formations can be

calculate trigonometrically from map information.
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only provide the quantitative information along the
specified line, in the case of a cross-section, or, with
the trigonometric approach, at the specified point.
Computer-generated visualisations can be deceptive
in their visual attractiveness: as with traditional
methods they involve assumptions and subjective
interpretations (and simplified algorithms).

Much more powerful is a third approach, using
structure contours (Figure 7). Exactly analogous to
topographic contours of the land surface, structure
contours portray quantitatively the form of some
specified surface below the ground. The surface
might be the upper boundary of a formation of
particular interest, perhaps an aquifer or a mineral-
bearing horizon; it could be an unconformity or a
fault surface. The contour values can represent the
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depth below ground of a surface or, more usefully
where the land is not flat, the elevation of the geo-
logical surface, with respect to sea-level or some local
datum. The numerical difference in altitudes between
topographic contours for the land surface and the
structure contours gives the depth of the contoured
geological surface, at any desired location in the map
area. Values for locations intermediate between con-
tour lines can be interpolated. The numerical differ-
ence between contours for the upper and lower
boundaries of a formation gives the vertical thickness
of the material. For dipping formations this value will
differ from the true thickness, at right-angles to the
bounding surfaces, but the trigonometric corrections
are straightforward. Contours that directly portray
thicknesses are known as isopachytes.

Figure 7 An example of a structure contour map: the Ekofisk oilfield, North Sea. (A) Structure contour map of the top of the oil-
bearing formation. (B) Oblique view of the form of the contoured surface (bottom level of drawing) and structure contours (drawn at an
arbitrary level) and the sea-bed (top level). Reproduced with modification from van der Bark and Thomas, 1980, American Association

of Petroleum Geologists; used by permission.
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I:I SW mass
- Granite and schist

Figure 8 Map of the Climax molybdenum mine, Colorado, to illustrate the use of cross-cutting relationships in determining
geological histories from maps. The Mosquito Fault displaces all the rock units and therefore appears to represent the youngest
geological event. The dykes of rhyolite porphyry represent the youngest rocks E of the Mosquito Fault as they cross-cut all the units
there; their relationship with the Minturn Formation, only seen to the W of the fault, is unclear from the map. Further cross-cutting
relationships indicate that the rocks are progressively older in the following sequence: porphyry, the “central mass’ of the Climax
igneous complex, the SW mass, and quartz monzonite porphyry. The latter two units are displaced by the South Fault, which must
therefore be younger than the time of their intrusion. All the igneous rocks are intruded into granite and schist, which is therefore the
oldest unit of these units. Because no igneous rocks are shown in the contiguous Minturn Formation, interpretation of the map
suggests it is the youngest unit. (In fact the Minturn Formation does contain related igneous rocks, and these have been dated as
Tertiary. The Minturn Formation is Pennsylvanian (Upper Carboniferous) and the granite/schist host rocks are Precambrian in age.)
Adapted from a map by Wallace, Dahl and others, Graton-Sales Volume, AIMME, 1968, used by permission.

Rhyolite porphyry
Central mass
Quartz monzonite porphyry

Minturn Formation

Of course, the structure contours themselves have
to be interpreted from control points such as bore-
holes or any sites where the formation of interest is
exposed (at a known altitude), and their reliability
varies with the density of control points available. If
such control data can be derived from a geological

map (e.g., by noting where outcrop traces cross
topographic contours) it is possible for the map
reader to construct structure contours for the surface
of interest. A minimum of three points is needed. The
construction is common on maps produced for
specialised purposes — depth to bedrock, for example,
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in engineering applications (see Engineering Geology:
Geological Maps), or gravel thickness in the assess-
ment of aggregates — but some general geological
maps include structure contours for selected under-
ground surfaces, to give a more quantitative picture
of the subsurface arrangements. Developed oilfields
or mineral deposits are likely to have a high density of
well information and hence can yield structure
contours of great accuracy.

The principles outlined above, utilising geometric
surfaces, apply best to tabular sedimentary materials
rather than other forms of rocks. Even so, extra-
polations of depths and thicknesses of sediments
have to be handled cautiously where the values are
known to vary laterally, and this is particularly true of
superficial sedimentary deposits. Because many such
materials formed on land, where the depositional
processes are much more localized than submarine
sedimentation and where they are soon vulnerable
to erosion, they characteristically lack lateral persist-
ence. Igneous materials of tabular form, such as lava
flows, sills, and dykes, can be interpreted using the
basic geometric ideas, as can tabular mineral de-
posits. Less regular bodies will be difficult to interpret
geometrically. Metamorphism does not itself affect
application of the three-dimensional principles, but
because it is commonly accompanied by substantial
deformation, the configurations of metamorphic
rocks can be complicated and more difficult to
interpret from maps.

Geological Histories

In addition to the sub-surface extrapolations outlined
above, another important interpretive aspect of geo-
logical maps is the reconstructing of geological histor-
ies. From the relative ages of formations normally
indicated in the key, together with principles such as
that a feature cross-cutting another must be the
younger of the two, it is possible to erect a sequence
of the geological events in the history of an area
(Figure 8). By then linking in the lithologies and the
conditions under which they must have formed, it
becomes possible to reconstruct past geological cir-
cumstances. In the case of sedimentary rocks, for
example, past depositional environments and their
evolution through time can be deduced. It may even
be possible to create a geological map for the land
surface as it was at some past time — what is properly
called a palaeogeological map. Such historical aspects
are not only of academic interest but find applications

in the petroleum industry, for example, where the
linking of geological with palaeogeological maps, to-
gether with cross-sections, structure contour and iso-
pachyte maps, is routinely used in hydrocarbon
exploration and extraction. Such manipulations are
these days largely carried out by computers, but a
geologist familiar with the principles of geological
maps still has to evaluate the output, and to be alert
to shortcomings of the software and any consequent
unnatural results.

Applications of Geological Maps

In ways mentioned above, geological maps find ap-
plications in different spheres of academic and com-
mercial geology, and a host of related disciplines.
Geological maps are relevant, to mention just a few
examples, in civil engineering, hydrogeology, and
archaeology. They help understand the landscape
around us, both physical aspects such as landforms,
slope instabilities, and building materials, and more
human aspects, such as the soils derived from the
bedrock and hence the crops that are viable, and set-
tlement characteristics — in some cases even the place
names. A recent development is the rise of geological
maps for environmental planning, in which the geo-
logical aspects of an area relevant to, say, subsidence
problems, landfill sites, contaminated ground, and
radon concentrations are highlighted. Some national
surveys (see Geological Surveys) now produce folios
of such maps, each of which emphasises a particular
environmental parameter, in an effort to foster sens-
ible forward planning. Finding such wide usage, geo-
logical maps are so much more than mere plots of
areal distributions.

See Also

Engineering Geology: Geological Maps. Geological
Field Mapping. Geological Surveys. Remote Sensing:
GIS. Tectonics: Faults; Folding. Unconformities.
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Introduction

The development of modern geology has brought into
being many types of geological institutions, ranging
in character from geological surveys and mineral
exploration companies to geological museums and
departments of geology within seats of higher learn-
ing. But among all these types of institutions, a very
special and significant niche is occupied by the
world’s geological societies. The seventeenth and
eighteenth centuries saw the establishment of many
a society dedicated to the advancement of what had
been termed ‘the New Learning’. Of these, the most
famed was — and is — the Royal Society of London for
the Promotion of Natural Knowledge, which received
its charter from King Charles II on 15 July 1662.
Phenomena such as rocks, minerals, fossils, land-
forms, and Earth history were all subjects that en-
gaged the eager attention of the devotees of the New
Learning. In the Royal Society’s Philosophical Trans-
actions number 52 (17 October 1669) is an account
of minerals found following an eruption at Mount
Etna, and in number 76 of the same periodical (22
October 1671), Martin Lister (1638?-1712) writes
from York on the subject of local fossils. Similarly,
the Histoire de I’Académie Royale des Sciences for
1771 (published in 1774) contains a paper on the
volcanoes and basalts of the Auvergne by Nicolas
Desmarest (1725-1815). In 1788, the Royal Society
of Edinburgh (founded 1783) published in its Trans-
actions the famed ‘Theory of the Earth; or an Investi-
gation of the Laws Observable in the Composition,
Dissolution, and Restoration of Land upon the
Globe’, by James Hutton (1726-97). In 1799, the
American Philosophical Society Held at Philadelphia
for Promoting Useful Knowledge (founded 1769)
published within its own Transactions a paper on
fossil bones from Virginia by its president, Thomas
Jefferson (1743-1826), who shortly was to become
the third president of the United States.

Similar eighteenth-century societies made various
other types of contributions to the development of the
Earth sciences. Within the British Isles, the Dublin
Society for Improving Husbandry, Manufactures,
and other Useful Arts and Sciences (founded 1731; it
assumed the title ‘Royal’ in 1820), between 1801 and
1832, published statistical surveys of 23 of Ireland’s

32 counties. Several of these surveys, especially the
1802 survey of County Kilkenny by William Tighe
(1766-1816), contain comprehensive essays in re-
gional geology. In 1808, the same society offered a
premium of £200 (it was never claimed) for a geo-
logical map of County Dublin, and in 1809, the soci-
ety commissioned a geological survey of the Leinster
coalfields. In London, the Society for the Encourage-
ment of Arts, Manufactures, and Commerce (founded
1754; styled the Royal Society of Arts after 1908)
offered a gold medal or a premium of 50 guineas for
the first mineralogical map of England and Wales, of
Scotland, and of Ireland. The offer was readvertised
annually until February 1815, when William Smith
(1769-1839) claimed the premium for his pioneering
geological map of England and Wales. Again in
London, at the Royal Institution (founded 1799),
the professor of chemistry, (Sir) Humphry Davy
(1778-1829), in 1805 and in subsequent years, de-
livered a course of lectures in geology; in support
of those prelections, the Institution established a
comprehensive geological museum.

The foundation of learned societies of a generalist
nature continued in Britain down to the close of
the eighteenth century. The Lunar Society of Birming-
ham was founded in 1775; the Manchester Literary
and Philosophical Society, in 1781; the Royal Irish
Academy, in 1785; and the Literary and Philosophical
Society of Newcastle-upon-Tyne, in 1793. All of these
societies brought geology with their purview, but as
science progressed, there came into being specialists
who were interested in the foundation of societies
dedicated exclusively to individual sciences. In
London, for instance, there were founded the Medical
Society of London (1773), the Linnean Society of
London (1788), the short-lived British Mineralogical
Society (1799), the Horticultural Society (1804; it
was granted the title ‘Royal’ in 1861), the Institution
of Civil Engineers (1818), the Astronomical Society
(1820; it received the title ‘Royal’ with its Charter of
1831), and the Zoological Society of London (1826).

The British Mineralogical Society was dissolved
in December 1806 after a life of less than 8 years.
One of the society’s members had been the eminent
London physician William Babington (1756-1833),
and following the society’s demise, a group of its
former members, together with other gentlemen,
began to hold informal scientific meetings at
Babington’s London home, which, from 1807, was
at 17 Aldermanbury. Most of the meetings were held
over breakfast, before the start of Babington’s busy
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daily medical rounds, but when the distinguished
Humphry Davy joined the group — he termed his
companions ‘the Geophilists’ — he urged that future
meetings should be held following a dinner arranged
within the convivial atmosphere of some favourite
hostelry. His proposal found favour. A dinner was
arranged to be held at the Freemasons’ Tavern, in
London’s Great Queen Street, on 13 November
1807. Eleven gentlemen attended. One of them was
Davy. He expected to see the Geophilists transformed
into a properly constituted dining club (what he
termed ‘a little talking Geological Dinner Club’),
but what he actually witnessed that evening was an
event of a very different order of magnitude. He saw
founded the Geological Society of London. It was the
world’s first society to be devoted exclusively to
the science of geology. The resolution adopted that
November evening read as follows:

That there be forthwith instituted a Geological Society
for the purpose of making Geologists acquainted with
each other, of stimulating their zeal, of inducing them to
adopt one nomenclature, of facilitating the communi-
cation of new facts, and of ascertaining what is known in
their science, & what remains to be discovered.

Sir Joseph Banks (1743-1820), the president of the
Royal Society, asked to be enrolled within the new
body, but he soon had second thoughts. He had be-
lieved himself to be joining a geological dining club;
he now discovered that the former Geophilists were
aspiring to become a full-blown scientific society. For
over a 100 years, geology had been a constituent of
the Royal Society’s empire of science. Now this up-
start society seemed to be laying claim to geology as its
own special preserve. Further, for a loyal Fellow of the
Royal Society to become a member of the Geological
Society was then seen as akin to being guilty of scien-
tific bigamy. Banks, Davy, and several others who in
all innocence had joined the new society promptly
submitted their resignations.

Geological Society of London

Despite so inauspicious a beginning, the Geological
Society of London prospered. Geology flourished: it
was the most ‘popular’ science of the greater part of
the nineteenth century. And for much of that century,
the Geological Society of London was a cynosure
for the world’s geological eyes. The society had
reached a membership of 450 by 1825, the year in
which the society was granted the Royal Charter of
Incorporation, under which its members were to
be transformed into ‘Fellows’. Honorary members
were elected from all over the British Isles during the
society’s early years; from 1814, overseas geologists

were elected as foreign members, and in 1863, there
was added the additional category of foreign corres-
pondent. The society first acquired its own premises
in 1808; in 1828, the government provided the soci-
ety with rent-free accommodation, first at Somerset
House (1828-74) and then at Burlington House
(1874-present). By its centenary in 1907, the society
possessed a total of 1356 Fellows and overseas
members.

From the outset, a prime function of the society
was the holding of regular meetings at which papers
were to be read and discussed. The first two papers,
by Richard Knight (1768-1844) and Jacques-Louis,
Comte de Bournon (1751-1825), were read fol-
lowing a dinner held at the Freemasons’ Tavern on
4 December 1807, and since then tens of thousands
of papers have been presented before the society.
On 5 March 1824, the society received its first
communication from a woman, Mrs Maria Graham
(later Lady Maria Callcott; 1785-1842), and from
1887, the society received many papers from female
authors. It was nevertheless March 1919 before the
society finally resolved to open its fellowship to
women geologists. The first woman to hold the pre-
sidency of the society, between 1982 and 1984, was
Janet Vida Watson (1923-835).

The young society set about the collection of geo-
logical information out of which, it was hoped, there
might emerge a true theory of the earth. To assist
geological observers, the society in 1808 compiled
and circulated a questionnaire entitled Geological
Inquiries. This 20-page pamphlet was widely noted
and was even reprinted in the United States within the
American Mineralogical Journal. As a further mani-
festation of its desire to assemble and use geological
information, the society in 1808 began the compil-
ation of a geological map of England and Wales. This
task was carried out under the direction of George
Bellas Greenough (1778-1855), the society’s first
president (1807-13). The map was published, at a
scale of 1inch to 6 miles (1:380 160), on 1 May 1820
(not 1 November 1819, as recorded on the map),
and subsequent editions were published by the
society in 1840 and 1865.

The society in 1808 founded a museum to contain
rocks, minerals, and fossils from around the world,
but unsolicited gifts eventually converted the museum
into an incubus. Inadequately housed and curated,
the collection was disbanded in 1911, part of it
being given to the Museum of Practical Geology in
London’s Jermyn Street (now the Museum of the
Geological Survey at Keyworth, Nottinghamshire)
and the remainder going to the British Museum (Nat-
ural History) (now the Natural History Museum
in London’s Cromwell Road). Happier is the story
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of the society’s library. Coeval with the society, by
1826, the library contained 1072 volumes and many
pamphlets and maps, and substantial annual growth
has continued to the present day. Today the library
houses one of the world’s most comprehensive collec-
tions of geological literature. The library is much
consulted by the Fellows and by a wide range of
individuals having need of geological information.
The library is the society’s proudest possession.

The great majority of papers read to the society
have been published in one or other of the society’s
periodicals. These include the Transactions of
the Geological Society of London (1811-56), the
Proceedings of the Geological Society of London
(1826-45), the Quarterly Journal of the Geological
Society of London (1845-1970), and, since 1971, the
Journal of the Geological Society, which appears bi-
monthly. Among the thousands of papers published
by the society, highlights include the work by William
Henry Fitton (1780-1861) on the geology of the op-
posed coasts of France and England (1826); (Sir)
Henry De La Beche (1796-1855) on the geology of
Jamaica (1827); Louis Agassiz (1807-73) on the gla-
cial theory (1840); Henry Clifton Sorby (1826-1908)
on the microscopical structure of Yorkshire grits
(1850); Joseph Beete Jukes (1811-69) on the geo-
morphology of the south of Ireland (1862); Charles
Lapworth (1842-1920) on the Moffat Series (1877);
Benjamin Neeve Peach (1842-1926) and colleagues
on the northwest highlands of Scotland (1888);
Arthur Vaughan (1868-1915) on the stratigraphy of
the Bristol region (1904); (Sir) Edward Battersby
Bailey (1881-1965) and colleagues on the cauldron
subsidence of Glen Coe (1909); Owen Thomas Jones
(1878-1967) on the evolution of a geosyncline (1938);
and John Frederick Dewey (1937-present) on the
development of the South Mayo Trough (1962).

Since 1831, the society has added another import-
ant spoke to the wheel of its activities, by assuming a
leading role within the reward system of the inter-
national community of the earth sciences. This was
first possible when, on 10 December 1828, the socie-
ty’s council learned that William Hyde Wollaston
(1766-1828), a mineralogist and a member and
Fellow of the society since 1812, had left to the soci-
ety the sum of £1000, the income from the investment
to be used “in aiding or rewarding the researches of
any individual or individuals, of any country”. Fur-
ther, Wollaston enjoined the society not to hoard the
income, but to strive to make an award every year.
The council resolved to bring into being a medal to be
struck in gold (the medal has also been struck in
palladium, a metal discovered by Wollaston), and
the first of the long line of Wollaston Medals was
awarded to William Smith on 18 February 1831.

Since 1835, one or more Wollaston Medals have
been awarded every year, and the medal is today
recognized as the premier award within the world of
geology. The roll of the medal’s recipients glitters with
distinction, as the following sample of recipients
reveals: Louis Agassiz, 1836; Charles Darwin, 1859;
Sir Charles Lyell, 1866; James Dwight Dana, 1872;
Eduard Suess, 1896; Grove Karl Gilbert, 1900; Albert
Heim, 1904; Baron Gerard Jacob de Geer, 1920;
Reginald Aldworth Daly, 1942; Arthur Holmes,
1956; Alfred Sherwood Romer, 1973; John Tuzo
Wilson, 1978. When Sir Roderick Impey Murchison
(1792-1871) died, he left to the society a bequest
sufficient to endow the annual award of a Murchison
Medal, and at the death of Sir Charles Lyell
(1797-1875), a similar bequest allowed the endow-
ment of a Lyell Medal. Today the Wollaston, Murch-
ison, and Lyell medals, together with sundry other
younger awards placed within the gift of the soci-
ety, are all made at the President’s Evening of the
society held early in May each year.

Other Geological Societies

The young Geological Society of London aspired to a
standing that was national, if not international, but it
speedily became the prototype for other more local
geological societies that soon began to arise in many
parts of the British Isles. Several of these societies of
lesser ambition were rooted in regions where a nearby
mining industry imparted to geology an especial sig-
nificance. The following represent the principal Brit-
ish and Irish geological societies founded during the
nineteenth century, in imitation of the Geological So-
ciety of London: The Royal Geological Society of
Cornwall (1814), the Geological Society of Dublin
(1831; restyled the Royal Geological Society of Ire-
land in 1864), the Edinburgh Geological Society
(1834), the Geological and Polytechnic Society of
the West Riding of Yorkshire (1837; after 1877, the
Yorkshire Geological and Polytechnic Society; after
1905, the Yorkshire Geological Society), the Man-
chester Geological Society (1838; after 1903, the
Manchester Geological and Mining Society), the
Dudley and Midland Geological Society (1842;
refounded as the Dudley and Midland Geological
and Scientific Society and Field Club in 1862), the
Geologists” Association (1858), the Geological Soci-
ety of Glasgow (1858), the Liverpool Geological
Society (1859), the Norwich Geological Society
(1864), and the Hull Geological Society (1888). One
other British foundation merits mention. At York
in 1831, there was established the British Association
for the Advancement of Science, based, somewhat,
on the model of the German Gesellschaft Deutscher
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Naturforscher und Arzte (1822). Each year since
1831, with some interruptions during the two world
wars, the ‘B.A.’, or the ‘British Ass’, has held its annual
peripatetic gatherings in cities throughout the British
Isles and in Commonwealth locations such as
Montreal (1884), Toronto (1897,1924), South Africa
(1905, 1929), Winnipeg (1909), and Australia (1914).
The Geological Section — today Section C — of the
Association has always been one of the most import-
ant, successful, and popular of the Association’s
numerous sections.

The geological societies named so far have all been
bodies dedicated to the earth sciences in general, but
since the middle decades of the nineteenth century,
increasing specialization within the earth sciences has
encouraged the development of a new generation
of societies dedicated to just one field within the
earth sciences. In Britain, the earliest of these more
narrowly focused societies was the small London
Clay Club, established in 1838 for the collection,
description, and illustration of the local Eocene mol-
lusca. Considerably more important is the Palaeon-
tographical Society, founded following a meeting
of the Geological Society of London held on 3 Febru-
ary 1847, and dedicated to the publication of mono-
graphs devoted to British fossils. Other specialized
British bodies founded within the field of the earth
sciences include the Mineralogical Society (1876),
the Institution of Mining and Metallurgy (1892), the
Institution of Petroleum Technologists (1913), the
Palaeontological Association (1957), the British
Geomorphological Research Group (1961), the Brit-
ish Micropalaeontological Society (1970), and the
Geological Curator’s Group (1974). Within the Geo-
logical Society of London there are now specialist
groups, of which the following organizations serve
as a sample: the British Geophysical Association, the
British Sedimentological Research Group, the Envir-
onmental and Industrial Geophysics Group, the
Geochemistry Group, the Geological Remote Sensing
Group, the Geoscience Information Group, the
Hydrogeological Group, the Marine Studies Group,
the Metamorphic Studies Group, the Petroleum
Group, the Tectonic Studies Group, and the Volcanic
and Magmatic Studies Group. The Quarterly Journal
of Engineering Geology (now the Quarterly Jour-
nal of Engineering Geology and Hydrogeology) has
been published by the Geological Society since
September 1967.

During the past 150 years, the pattern of geological
society foundation, evident in Britain since 1807,
has been mirrored the world over as the global popu-
lation of earth scientists has undergone dramatic
expansion. The increasing interest in higher edu-
cation, the growth of the hydrocarbon industry,

the bourgeoning demand for industrial minerals, the
incessant call for building materials, and the world’s
never-to-be-assuaged thirst for water have all proved
to be the detonators of a geological population ex-
plosion. It has been an explosion such as could never
have been imagined by those 11 founders of the
Geological Society of London who dined together at
the Freemasons’ Tavern on 13 November 1807. In six
continents, thousands of geologists have combined
within the convenient and comfortable ambiance of
geological societies. There geologists have sought
intellectual companionship, there they have relished
the inspiration of a geological milieu, there, for their
research discoveries, they have found both fora for
discussion and channels for communication, and
there, by their labours, they have earned for their
science that public prestige and influence that comes
from nicely modulated collective activity. Further, in
recent years, large numbers of enthusiastic amateurs
have been attracted into geological societies. Never
since the furore surrounding Darwin’s Origin of
Species (1859) have the earth sciences attracted as
much attention as is theirs today. Plate collision,
mass extinction, Jurassic Park, Creationist claims,
lunar rocks, Martian images — these have all served
as eye-catching billboards for geology. As a result,
internationally, droves of amateurs have joined the
ranks of the world’s geological societies, there to
make absorbing contact with a fundamental element
of the human environment.

The Republic of Ireland has a population of only
3.9 million people, but it affords a microcosm of
the type of recent institutional development that
has characterized geology throughout the world.
The Royal Geological Society of Ireland, dating
back to 1831, died in 1894, partly as a result of the
completion of the primary geological survey of
Ireland in 1890, and partly as a result of the collapse
of the small Irish mining industry as new and
more profitable mines were opened overseas. With
the second half of the twentieth century came revival.
The Irish Mining and Quarrying Society was estab-
lished in 1958 for those involved in the renewed and
expanded extractive industries. The Irish Geological
Association was launched in 1959 to offer a regular
programme of events of interest to both the pro-
fessional and the amateur. The Irish Association
for Economic Geology was founded in 1973 to serve
all those with a professional involvement in the
economic aspects of the earth sciences. In 1978,
there was founded a new journal, the Journal of
Earth Sciences Royal Dublin Society (today the Irish
Journal of Earth Sciences of the Royal Irish Acad-
emy). The Cork Geological Association was born
in 1992 out of the enthusiasm of some Cork citizens
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who had just attended an evening diploma course at
the local University College. Finally, in 1996, there
was established a Mining History Society of Ireland
(since 2000, the Mining Heritage Trust of Ireland)
“for all those persons interested in Ireland’s historical
mining industry”.

The Irish societies are little more than dust on the
international scene of geology. But on that same
scene, other societies are massive landmark boulders,
visible from all quarters of the geological world.
These are the major societies that have played no little
part in giving to the earth sciences their present char-
acter. Among those societies, pride of place must be
accorded to the Geological Society of London. As the
world’s senior such society, it sometimes emphasizes
its standing by strengthening the definite article and
by dropping the geographical designation, to become
simply ‘the’ Geological Society. It has been hugely
influential within geology. At its centenary celebra-
tions in 1907, the geological world paid a tribute
to the mother of all geological societies, and many
another tribute will doubtless be proffered at the
society’s approaching bicentenary in 2007.

Among the world’s other notable societies are the
Société Géologique de France (1830), the Societa
Geologica Italiana (1881), the Geological Society of
South Africa (1895), the Palaeontological Society
(1909), the American Association of Petroleum
Geologists (1917), the International Quaternary As-
sociation (1928), the Geological Society of Australia
(1952), the Sociedad Venezolana de Gedlogos
(1955), the Geological Society of India (1958), and
the Nepal Geological Society (1980). Finally, among
these leading societies, there is the Geological Society
of America (1888). With a membership of around
20000 geologists, it is the world’s largest such
society. The Bulletin of the Geological Society of
America (1890) is one of the world’s most significant
geological journals, and the annual conference of
the society is a major highlight in the calendar
of international geology. The headquarters of the
society was built in 1972 in Boulder, Colorado, at
3300 Penrose Place, named after Richard Alexander
Fullerton Penrose (1863-1931), who was a major
benefactor of the society. In Boulder, a fascinating
location, both the grounds and headquarters build-
ing are replete with features of geological interest.
Even the handles on the main doors are shaped in
Scandinavian labradorite!

Although not a geological society in the
strictest sense, one other geological institution, the

International Geological Congress, does here merit
mention. The story of the Congress begins in the
United States. In 1876, the American Association
for the Advancement of Science was meeting in
Buffalo, New York, when there crystallized the
notion that regular international gatherings of
geologists might prove of benefit to their science.
More specifically, the Buffalo resolution referred
to such gatherings as being “for the purpose of
getting together comparative collections, maps, and
sections, and for the settling of many obscure
points relating to geological classification and no-
menclature”. A successful congress was held in
Paris in 1878, during the Paris Exposition Universelle,
with 312 geologists present from 22 different coun-
tries. There followed seven other nineteenth-century
congresses, at Bologna (1881), Berlin (1885; a con-
gress planned for 1884 was abandoned because of
an outbreak of cholera in southern Europe), London
(1888), Washington (1891), Zurich (1894), St
Petersburg (1897), and Paris (1900). Since 1900, 24
additional congresses have been held, although
sometimes international events have interfered with
the measured regularity of the congress process-
ion. Between 1913 (Toronto) and 1922 (Brussels),
World War I prevented the holding of any con-
gresses, and the 1940 congress, scheduled for
London, was cancelled on the outbreak of World
War II in 1939. Most dramatic of all, the 1968
congress in Prague had to be abandoned on its
second day as a result of the Soviet invasion of
Czechoslovakia on the evening of 20 August 1968.
That congress, like its predecessor in New Delhi
(1964) and all subsequent congresses, was organized
under the aegis of the International Union of Geo-
logical Sciences founded during the course of the
Norden congress of 1960.
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Introduction

‘Geological survey’ is the generic term used for the
government organizations that carry out geological
mapping; in addition a survey may also provide
other basic geoscientific information and services to
government, industry, commerce, and the general
public. In the English-speaking world, survey organ-
izations are often named simply ‘Geological Survey’,
with country name as some part of the formal organ-
ization title. Elsewhere, the literal translation of the
organization name into English may also be ‘Geo-
logical Survey’; for example, the Sveriges Geologiska
Undersokning (SGU) is the Swedish Geological Survey.
Worldwide, however, there is an enormous variety in
organization names (Table 1) and most geological
entities have undergone several name changes during
their history.

The first record of a geologist being employed
by government was in late sixteenth-century Russia.
In the late eighteenth and early nineteenth centur-
ies, the French government and some of the states in
the USA employed geologists specifically to make
geological maps. This was stimulated by a need
for information to support agriculture and mineral
exploration, but when the first modern geological
survey, the Geological Survey of Great Britain
(GSGB), was founded in 1835, their remit had
broadened. Now, most countries and many states,
provinces, and regions have an organization that is
recognized by international bodies as the represen-
tative governmental geological survey group. In
some poor countries, particularly in Africa, the geo-
logical surveys are effectively moribund or are sus-
tained by foreign aid. Nearly all geological surveys
are funded by and are part of government. There is a
common core element to their work. For most, their
main purpose has been and remains to support the
minerals industry, but among the more mature
surveys this role is reducing as issues relating to the
environment become more important in society.

The Work of Geological Surveys

The principal objective of geological surveys is to
collect and interpret geoscientific data and put the
information into the public domain. The work falls
within five essential categories:

Geological mapping on land and the continental
shelf. In many countries, geochemical, geophys-
ical, and hydrogeological (groundwater) mapping
projects are also carried out by the survey.
Appraisal and assessment of mineral, energy, water,
and land resources.
® Baseline studies on geohazards (volcanic, seismic,
and ground stability) and the environment.
® Maintenance of a geoscientific archive or database.
® Publication of maps, books, reports, and data
packages about the survey work.

As a secondary objective, some geological surveys
carry out work commissioned by government depart-
ments outside the parent organization, or by the private
sector, which will pay for it at the market price.

In the USA, Canada, and several colonial African
countries, among others, many geological surveys had
to make topographic maps as a base for their geo-
logical maps. In most cases, topographic mapping
is now done in another part of government, but the
United States Geological Survey (USGS), still retains
responsibility for it as well as for biology, hydrology,
and hydrogeology. All geological surveys do geo-
logical mapping, but not all carry out work in all the
other categories. Responsibility for groundwater re-
sources is often vested in a separate body within gov-
ernment. Where hydrocarbons are important to the
economy, they are sometimes excluded from the remit
of the geological survey. A typical example is the Divi-
sion of Geological and Geophysical Surveys (DGGS)
in Alaska’s Department of Natural Resources. It has
no responsibility for oil and gas or even basin analysis,
which are covered by another division in the state
government.

Many geological surveys carry out activities beyond
those regarded as essential. Some operate a minerals
bureau, both issuing exploration licences and collect-
ing production statistics. They carry out research in
mining, mineral dressing, and metallurgy and may pro-
vide support for small-scale mining activities. Others,
particularly state surveys in the USA and Italy, have
an educational function. The Geological Survey of
Zambia has a gemmology unit. Geological surveys in
Indonesia, New Zealand, Japan, the USA, Italy, central
America, and the Andean countries all have specialist
volcanological units and carry out research in earth-
quake hazard. The British Geological Survey is one of a
small number of surveys that does research in geomag-
netism. Several surveys carry out overseas aid pro-
grammes and some, such as the Geological Survey of
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Table 1 National and federal geological surveys founded in the nineteenth century

Country Present name of geological survey Year founded Total staff?
Austria Geologische Bundesanstalt 1849 80
Belgium Belgian Geological Survey 1896 17
Bulgaria Directorate of Geology and Protection of Substrate 1880 25
Canada (federal) Geological Survey of Canada 1842 667
Denmark Geological Survey of Denmark and Greenland 1888 354
Egypt Egyptian Geological Survey and Mining Authority 1896 2600
Finland Geological Survey of Finland 1885 671
France Bureau de Recherches Géologique et Miniére 1868 848
Germany (federal) Bundesanstalt fir Geowissenschaften und Rohstoffe 1873° 660
Hungary Geological Institute of Hungary 1869 143
India Geological Survey of India 1851 2900
Indonesia Geology Research and Development Centre, Directorate General of 1850° N/A
Geology and Mineral Resources

Ireland Geological Survey of Ireland 1845 51
Italy Agency for Environment Protection and for Technical Surveys 1867 86
Japan Geological Survey of Japan/AIST 1882 c300
New Zealand Institute of Geological and Nuclear Sciences Limited 1867 258
Norway Geological Survey of Norway 1858 198
Philippines Lands Geological Survey Division, Mines & Geosciences Bureau 1886 3944
Portugal Instituto Geologico e Mineiro 1857 290
Russia® Geological Institute, Russian Academy of Sciences 1883 N/A
Spain Instituto Technolégico GeoMinero de Espafa 1849 335
Sweden Swedish Geological Survey 1858 268
Switzerland Swiss National Hydrological and Geological Survey 1872 16
United Kingdom British Geological Survey 1835 815
United States of America The United States Geological Survey 1879 1600°

4n 2002, unless noted otherwise.

5The Prussian Commission of Surveying, the predecessor organization of the Prussian (then German) Geological Survey, was

founded in 1841.

°The first government-funded geological research was initiated by the Dutch colonial government in ‘Dienst van het Mijnwezen’
based in Bogor, in 1850. The organization moved to Jakarta in 1869 and to Bandung in 1924, undergoing name changes each time.

9Total staff in 1994.

®The current organization in Russia, founded in 1883, can trace its predecessor organizations back to 1584.

fin July 2003.

India and the USGS, have work programmes in
Antarctica. The Bundesanstalt fiir Geowissenschaften
und Rohstoffe (BGR) in Germany runs a research ship
and carries out geoscientific research in the world’s
oceans.

Types of Geological Survey

Geological surveys are conducted at three levels,
national, state, and federal.

National Geological Surveys

National geological surveys are solely responsible
within their country for the national geological map-
ping programme. In most countries, the national geo-
logical survey will be the only geoscientific institution
at any level of government that carries out geological
mapping. Countries with strong regional, state, or pro-
vincial governments may have geological surveys that
are administered at that lower level of government,
but, except in certain federal nations, overall control

of the national geological mapping programme is still
retained at the national level. This applies in Brazil,
where some provinces have their own geological
surveys, but the national survey has offices in all the
provinces and controls the mapping programme cen-
trally. In Italy, all the regions have their own geological
survey as a branch of their administration and fund
them independently of the central government, but
the national geological survey, the Agenzia per la Pro-
tezione dell’Ambiente e per i Servizi Tecnici (APAT),
coordinates and provides funding for the national map-
ping programme, even though the work is done by the
regional surveys or universities.

In some countries where there is a single, national
geological survey, not all of the full range of survey
activities are carried out by the main organization. In
France, where the modern Bureau de Recherches
Géologique et Miniére (BRGM) did not come into
being until 1959, other government bodies carry out
geophysics and marine geoscience, and engineering
geology is almost entirely done within universities.
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In countries that were once part of the Soviet Union,
or influenced by it, government-funded geoscientific
research was always dispersed among several insti-
tutes, often in different academies of science, and it is
not uncommon for geophysics and geochemistry to be
done in separate institutes to geological mapping.

British Geological Survey The Geological Survey of
Great Britain (GSGB), founded in 1835 as a branch
of the Ordnance Survey, acquired independent status
within Government and the right of access to private
and public land for the purposes of making geological
maps through Act of Parliament in 1845.

The Survey’s aim, now nearly achieved, was to
produce a uniform series of geological maps at the
scale of one inch to the mile (now 1:50 000) for the
whole of Great Britain. Coalfields and other areas of
economic importance were resurveyed several times.
From the early 1860s Survey geologists used maps at
the scale of six inches to the mile (now 1:10 000) for
field recording.

A core of field geologists was supported by petrog-
raphers, mineralogists, palaeontologists and chem-
ists. The Museum of Practical Geology was part of
the GSGB until 1984. The Survey first addressed
matters relating to groundwater in 1872 and used
geophysics to aid mapping from 1926. Staff in the
two decades after 1945 was around 140.

In 1965 the GSGB was merged with the Overseas
Geological Surveys to create the Institute of Geo-
logical Sciences (renamed the British Geological
Survey in 1984), within the Natural Environment
Research Council. Disciplines brought in from OGS
included photogeology, isotope geology, applied
mineralogy, mineral intelligence, economics and
statistics, modern chemical laboratories, applied geo-
physics and responsibilities for mapping overseas.
Geomagnetism and seismology units were also
added at this time.

By 1980 major new programmes included mapping
the continental shelf, bulk and metalliferous mineral
resource evaluation, national geochemical and geo-
physical surveys, geothermal energy, offshore hydro-
carbons assessment, deep geology, environmental
pollution, radioactive waste disposal, geohazards
and urban geology.

In 1971 the Rothschild Report, recommending
that direct funding should be partly replaced by a
customer/contractor relationship with government
departments, was implemented. Direct funding fell
sharply and the Survey’s mapping programme,
which no single department would fund, was reduced
to a minimum.

The Butler Enquiry (March 1987) restored balance
to the work programme. From 1990 direct funds

were made available for a core programme of geo-
scientific surveys overseen by a Programme Board
made up of representatives of the user community.
Subsequent government enquiries led to progressive
commercialisation of the BGS. By 2004 its income
came from direct Government grants, research com-
missioned by Government departments, the Euro-
pean Union, research grants and commercial activity.

The Survey complement grew from 501 in 1965 to
1200 in 1984, declining to around 800 in 2004. Gross
turnover exceeds £30 million annually.

State Geological Surveys

At state level, geological mapping and many of the
other activities of a geological survey are carried out
exclusively within the boundaries of a state, province,
or region. Usually, state geological surveys are part of
the administration of state, provincial, or regional
levels of government and are funded by them. State-
level bodies are found in countries that have a national
geological survey, such as Italy and Brazil, as well as
in countries with federal systems of government, such
as Australia, Canada, Germany, and the USA, in
which nearly all states and provinces have their own
geological surveys.

Federal Geological Surveys

Federal geological surveys are funded by the federal
government to provide a variety of umbrella func-
tions, including the generation of nationwide cover-
age of small-scale geological maps, but they are not
responsible for the systematic, nationwide, medium-
scale geological mapping programme. The mapping is
done by the geological surveys at the lower level of
government. There are four federal geological
surveys: the United States Geological Survey, Geo-
science Australia, the Geological Survey of Canada,
and the Bundesanstalt fiir Geowissenschaften und
Rohstoffe in Germany. Typically, federal bodies pro-
vide specialist laboratory facilities and take responsi-
bility for hydrocarbons research, maritime surveys in
home and foreign waters, overseas activities, research
that has a nationwide relevance, and the compilation
of national, small-scale, overview maps.

United States of America Established within the
Department of the Interior, the United States Geo-
logical Survey (USGS) was founded in 1879. Its
remit included, “classification of public lands, and
examination of the geological structure, mineral re-
sources and products of the national domain.” To
carry it out the USGS then, as now, had to do both
topographical and geological surveys.

The USGS started with a staff of 38 and a budget of
$106 000. In its centenary year the available budget
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was $765 million and there were 12000 staff.
Funding throughout its history has come from direct
Government appropriation.

The Survey’s programme was always practically
based, but in the 1890s Director Charles D Walcott
broadened its remit to include basic scientific
research.

Originally concerned with mapping publicly
owned mineral lands, the Survey’s programme grew
by responding to national and international economic
and political pressures. It began its hydrographic pro-
gramme in 1888 after a severe drought. The first staff
sent overseas went to Nicaragua in 1897. Ground-
water became a Survey interest in 1894; oil in 1901;
coal and iron in 1905; strategic minerals in 1914.
After a period of decline from 1920 to 1939, the
USGS began a major period of expansion, partly
stimulated by the Cold War. Its focus for geological
mapping shifted to the search for radioactive minerals
and to support engineering projects in 1950. By then
there were geological maps for less than 10% of the
country and the responsibility for systematic geo-
logical mapping was taken over by the State surveys.
In 1956 the USGS began evaluating the impact of
underground nuclear explosions. Extraterrestrial
studies began in 1959 with a photogeological map
of the moon. Antarctic exploration began in 1958;
marine studies in 1962 and earthquake research after
the Alaska earthquake in 1964, adding to existing
research on volcanological and other natural hazards.
Geothermal research began in 1974 after the oil crisis.
From 1970 the USGS became increasingly involved in
all aspects of environmental geology.

The USGS has suffered and benefited from political
interference. There have been many reorganizations,
culminating in major changes in the late 1990s
following a threat to its existence. Now there are
four major divisions: Biology; Geography; Geology
and Water. The Survey’s headquarters, in Washington
D.C. up to 1973, are in Reston Virginia. There are
regional offices at Menlo Park, California and
Denver, Colorado; Earth Science Information Centers
at Rollo and Sioux Falls, and representatives in all
states.

Australia Government-appointed geologists were
working in western Australia in 1847, but the first
state survey in Australia was the Mines Department
in Victoria, which by 1861 was producing geological
maps. The federal survey, called the Bureau of
Mineral Resources (BMR), based in Canberra, was
not established until 1946. It formed by merging the
Aerial Geological and Geophysical Survey of north-
ern Australia (1935) and the Mineral Resources
Survey (1942) with the aim to increase Australia’s

metal output. It took responsibility for geological
mapping in northern Territory, Papua-New Guinea,
and Canberra, where there were no geological
surveys, and worked in conjunction with the geo-
logical surveys of Queensland and western Australia
on their mapping programmes. The BMR subse-
quently changed its name to the Australian Geo-
logical Survey Organisation and later to Geoscience
Australia. Both northern Australia and Papua-New
Guinea now have their own geological surveys.

Canada The Geological Survey of Canada (GSC)
was founded in 1842 to carry out a reconnaissance
geological survey of Canada. It made the first topo-
graphic maps and carried out biological surveys. In
1934, restructuring made the GSC concentrate essen-
tially on geological surveying. This task has now
passed to the provincial surveys, though the GSC
carries out geological mapping in provinces that do
not have their own geological survey. The provincial
surveys tend to work closely with the mining indus-
try. Many were originally closely associated with the
provincial universities, sharing staff with them.
Among the first to form, in 1864, was the Geological
Survey of Newfoundland. The youngest is the Yukon
Geological Survey, founded in 2003.

Germany The German Geological Survey arose out
of the Prussian state geological survey, which was
founded by merging the Prussian Commission of
Surveying with the Mining Academy and the Museum
of Economic Geology in 1873. The Commission of
Surveying had been carrying out geological mapping
since 1841 and had established a standard scale of
1:25 000 for its work in 1866. The Mining Academy
was removed from the survey in 1916. After the First
World War, the German Geological Survey became
more concerned with economic geology, especially
oil exploration. From 1939, all the German state geo-
logical surveys came under central control, and
throughout the war, the German Geological Survey
attempted to coordinate geological surveying and oil
exploration in all of the occupied countries. The struc-
ture collapsed in 1945, but was reconstituted by the
British military government as the Geological Survey
of the Federal Republic. Headquarters were estab-
lished in Hannover, shared with the Geological Survey
of Lower Saxony. Now it is called the Bundesanstalt
fiir Geowissenschaften und Rohstoffe (the Federal
Institute of Geoscience and Raw Materials). Before
reunification, western Germany consisted of nine
states, each with its own geological survey. The work
at state level is distinctly different from that at the
BGR, being concerned with strictly local geological
matters, including geological mapping. In the German
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Democratic Republic, there was a single geological
survey, the Zentrales Geologisches Institut (ZGI),
until reunification. Now there are five state geological
surveys in the former East Germany.

The Start of Geological Surveys

The history of government funding for geology starts
in 1584, when the Russian government set up a ‘stone
department’ (Kamenay prikaz) to regulate and en-
courage private enterprise in prospecting for mineral
deposits as it colonized Siberia. In 1700, Peter the
Great transformed that body into the Department of
Mining and later (1719), the Ministry of Mining. This
ministry continued to organize geological research
and mapping and in 1883 established a ‘Geological
Committee’, modelled on the Geological Survey of
Great Britain, to stimulate a national geological map-
ping programme. Under various names, this organ-
ization has continued to the present day. In France,
government charged the Corps des Mines to gather
geological information about the country in 1794 and
authorized the preparation of a geological map of the
country in 1822. It was not until 1868 that the Service
de la Carte Géologique de la France, the precursor to
the present BRGM, was founded to oversee the prep-
aration of a national geological map.

In the United States, federal funding for geological
work was made available in 1804 in connection with
military expeditions to unexplored territories. In 1810,
the Academy of Science in Connecticut approved the
appointment of a geologist to map the state. Work
began in 1820. Geological surveys were established in
the Carolinas in 1823 and 1825 and in 14 other states
between 1830 and 1839. In many cases, the stimulus
for the foundation of the geological bodies was to
provide support for agriculture, the mainstay of the
US economy at that time. In 1834, the United States
Congress attempted to establish a federal geological
survey by permitting the Topographical Bureau of the
US Army to spend money on a geological map of
the United States. This was abandoned after 2 years
and it was not until 1879 that the United States
Geological Survey was founded.

In Great Britain, a geologist was appointed to
the Trigonometrical Survey (Ordnance Survey) in
England in 1814, and in 1826 in Ireland. As early
as 1815, William Smith, in the memoir accompanying
his geological map of England, listed beneficiaries
ranging from agriculture to water supply to mining
and quarrying. When the Geological Survey of Great
Britain was founded in 18335, then, there was no single
justification for it. The GSGB differed from all other
similar institutions at that time. Small-scale geological
maps of Great Britain, created independently of any

government funding, were already in existence. Thus,
the GSGB founder, Henry de la Beche, proposed to
map the whole country systematically at the compara-
tively large scale of 1inch to 1 mile. He also started
a Museum of Practical Geology, a School of Mines
(now the Royal School of Mines), an educational
programme for the common people, and a Mining
Records Office. None of these now remain within
the field of responsibility of the British Geological
Survey, but de la Beche’s vision provided a model
that was copied worldwide.

Later Developments

De la Beche’s broad view had appeal throughout
Europe and directly stimulated many countries to
institute their own geological surveys on the GSGB
model (Table 1). The German states of Prussia, West-
falia, and Rhine all started geological mapping
programmes in 1841; Ireland followed in 1845, and
Austria and Spain, in 1849. By the end of the nine-
teenth century, more than half the European coun-
tries had national geological surveys. Today, all
except the small states (Andorra, San Marino, and
Liechtenstein) have them, the most recent being
Latvia, in 1998S.

Throughout the nineteenth century, the demands
of the British manufacturing economy and the de-
veloping industrial economies of Europe and North
America led to many geological surveys being es-
tablished with the purpose of providing geological
maps for use in the exploration for natural resources
for export. In the British Empire, geological
surveys were founded in Canada in 1842, India in
1851, the state of Victoria in 1861, and the Cape of
Good Hope, South Africa in 1895. Elsewhere in
the British Empire, government-funded geological
reconnaissance was carried out throughout the
second half of the nineteenth century by geologists
seconded from the GSGB. Geological surveys were
established in several parts of the Empire in the first
quarter of the twentieth century (see Colonial
Surveys), but most came in a second wave in the
1940s and 1950s during the post-World War II drive
to find resources for reconstruction. There is a similar
picture among the French colonies. In Indochina,
three organizations were established to provide geo-
logical information for what became Vietnam, Laos,
and Cambodia: Service des Mines de la Cochinchine
(1868), Service des Mines de I’Indochine (1884), and
the Service Géologique de I’Indochine (1898). In
Africa, however, the French colonial geological
surveys were either small or nonexistent until after
the Second World War, when considerable expansion
took place for essentially the same reasons as in the
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British Empire. The Dutch, Spanish, and Portuguese
administrations all started geological surveying in
their colonial possessions. In Indonesia, it was in
1850, 53 years before a national geological survey
was established in The Netherlands. Outside Europe
and its colonial possessions, most countries were late
to found their own geological surveys. Japan (1882)
was among the earliest; China’s was set up in 1913. In
central America, South America, and the Caribbean,
where there are now over 20 geological surveys, those
in Argentina (SEGEMAR) and Columbia (SERGEO-
MIN) were founded in 1904 and 1916, respectively,
but nearly all the rest were established after 1940.

By the end of the twentieth century, nearly all coun-
tries had a geological survey and, outside Europe,
many are still primarily concerned with supporting
the mining industry. Though geological mapping
remains an essential activity for all surveys, the focus
of attention in the more mature surveys has now
shifted away from providing maps and other infor-
mation to support mineral exploration and exploit-
ation to environmental issues such as groundwater
supply and quality, rehabilitation of ‘brown’ land,
and on providing information on undermined areas,
ground stability, and geohazard.

Geological Mapping

There is a natural progression in the way in which
geological mapping (see Geological Field Mapping) is
carried out in geological surveys:

® Stage 1 is reconnaissance, to find out what is there
and to construct a small-scale map for the whole
territory. Some of the early state surveys in the United
States were closed down after this stage was com-
pleted. The scale of the reconnaissance map is small.
The first map of the whole of the USSR, completed in
1956, and in China, completed in 1999, was 1:1 mil-
lion. In France, the first geological map, published in
1841, was at 1:500 000, as was the first in Portugal,
in 1876. In Czechoslovakia, the first map, completed
in 1960, was scaled at 1:200 000.

® Stage 2 is the first, detailed, systematic survey. Its
purpose is to generate medium-scale geological
maps that fit into a regular grid pattern covering
the whole of the territory. The scale chosen for this
stage was 1:200 000 in China and 1:100000 in
Argentina. Most countries, even some large ones
such as India, Pakistan, and South Africa chose a
scale of 1:50000 for complete, detailed national
cover. This is the preferred scale for most European
countries. Some state surveys, including the Prus-
sian Geological Survey and the Ontario Geological
Survey, have chosen 1:25 000 or a combination of

1:25000 and 1:50 000. In some American states,
medium-scale maps are drawn at 1:24 000.

® Stage 3 is a systematic, but local, large-scale survey.
Because this mapping is demand driven, it will not
normally lead to full, national map cover, but will be
confined to areas of particular economic import-
ance. In Great Britain, the chosen scale is 1:10 000;
in France, 1:20 000; in Russia, either 1:50 000 or
1:25000; and in India, 1:25 000. In many countries,
urban areas are mapped at 1:5000.

The Size of Geological Surveys

Among the smallest geological surveys are the Service
Géologique du Luxembourg and the Planning Direct-
orate in Malta, both with a staff of eight. The largest
was, and remains, the China Geological Survey,
which in 1994 employed 1.1 million; in 1999, it was
reorganized and staff was reduced to 6500. Much of
the work the previous organization carried out was
devolved to commercial enterprises in the provinces.
After the breakup of the Soviet Union, many large
eastern European geological surveys underwent dras-
tic staff reductions, mostly accomplished by reducing
the numbers of non-scientific staff. The most savage
reduction was in the Bulgarian geological survey,
which in 2001 was 25% of its size in 1996. Within
Europe, the large geological surveys (Table 2) employ
600 to 850 persons; medium-sized surveys employ
around 300 and small ones have 100 or fewer staff.
Outside Europe, the ratio of scientific to non-scien-
tific staff continues to vary considerably, so that com-
parisons of size using total staff numbers are not
meaningful. Turkey employs 3456; the much larger
India has a staff of only 2900. Because the prime
function of any geological survey it to make geological
maps, a useful measure of whether the survey is ap-
propriately sized for its country is to divide the area
of the country (in square kilometres) by the number of
permanent staff. Another measure is to relate the size
of the survey to population (Tables 2 and 3).

Relationships with Government

Most geological surveys are embedded within the
structure of government as a division within a depart-
ment or ministry. The home department will be most
commonly one with responsibility for mines, min-
erals, or natural resources; energy; the environment;
science and technology; or industry. Some geological
surveys are publicly funded research institutes
standing apart from government, but with a govern-
ment department acting as a supervisory body.
Among these, the Geological Survey of South Africa,
called the Council for Geoscience since 1993, is a
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Table 2 Ratios of area and population to total staff for 30 national geological surveys?

Ratio of population Rank of
Ratio of area (in thousands) country in terms of
Country (km?) to staff Total staff to staff population ratios
Netherlands 130 315 50.1 12
Greece 159 827 12.9 2
Turkey 225 3456 19.3 5
United Kingdom 300 815 72.2 17
Luxembourg 323 8 53.9 14
Malta 323 8 48.6 1
Egypt 385 2600 26.3 8
Estonia 417 108 12.9 3
Finland 502 671 7.7 1
Lithuania 567 115 31.9 9
France 641 848 69.7 15
Hungary 650 143 70.2 16
Pakistan 718 1120 139.7 23
New Zealand 1041 258 15.0 4
Austria 1048 80 102.6 20
India 1092 2900 349.5 27
Japan 1232 300 442.4 28
Ireland 1350 51 73.1 18
Poland 1431 725 53.5 13
China 1475 6500 196.5 25
Spain 1507 335 118.3 21
Norway 1636 198 22.6 7
Sweden 1672 269 33.1 10
Belgium 1795 17 597.2 29
Iran 2354 700 96.7 19
South Africa 3822 310 130.2 22
Bulgaria 4436 25 329.0 26
Brazil 7170 1187 143.3 24
Ukraine 9432 64 788.4 30
Namibia 9931 83 20.8 6

4Staff numbers taken from various sources dated 2001 to 2003. Population figures and land areas are from the GeoHive Global Data
website at www.geohive.com.

Table 3 Ratios of area and population to total staff for some state and provincial geological surveys?

Ratio of population

Ratio of area (in thousands) Rank in terms of
State or province (km?) to staff Total staff to staff population ratios
Lower Saxony (Germany) 207 230 34.3 4
Delaware (USA) 353 15 53.8 6
Indiana (USA) 1089 86 71.6 7
Alabama (USA) 2526 53 84.7 8
Tasmania (Australia) 2974 23 20.6 3
Ohio (USA) 3148 34 335.9 11
Victoria (Australia) 5685 40 121.4 9
Texas (USA) 5906 117 186.2 10
South Carolina (USA) 7326 11 373.4 12
Alberta (Canada) 11030 60 51.9 5
Western Australia 19022 133 14.4 1
Alaska (USA) 40281 38 16.9 2

4Staff levels are taken from geological survey websites in 2003. Population and land area figures are from the GeoHive Global Data
website at www.geohive.com.
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free-standing science council, and the BGS is part
of the Natural Environment Research Council, a
non-ministerial government department. The most
extreme development of this kind is the Institute
of Geological and Nuclear Sciences Ltd in New
Zealand, which is a limited liability company.
Some of the state surveys in the United States have
no organizational links with government, but are
attached to universities.

Funding

Most geological surveys are funded entirely or mainly
by a direct grant from government, and some are
prohibited by law from being involved in commercial
activity. Others, particularly in Europe, are semicom-
mercial in their mode of operation. Until 1994, The
BRGM in France owned and operated a mining com-
pany fully commercially, though no funding was
transferred from mining to the survey activity. Since
1973, the British Geological Survey has derived most
of its income from commissioned research for govern-
ment departments other than the supervisory one,
and in the past decade, by an increasing amount of
commercial activity. This pattern is repeated in many
other countries, and by 2001 nine European surveys
received less than 70% of their income as a direct
grant from government. The lowest percentage grant
from government: the lowest being Iceland, with only
30%. The balance in these surveys is made up of
income earned from the European Union research
grants, some from the private sector, but mostly on
commission from various government departments.
The Council for Geoscience in South Africa is divided
into business units and its commercial freedom
extends to allowing it to own and run hotels.

Associations and Resources

Geological surveys throughout the world have
banded together to form loose, common-interest
groups. Among these are the International Consor-
tium of Geological Surveys (ICOGS); the Common-
wealth Geological Surveys Forum (for countries in the

British Commonwealth); the Forum of the European
Geological Surveys Directors (FOREGS), which arose
out of the Western European Geological Surveys
(WEGS, founded in 1973); the Association of
the Geological Surveys of the European Union (Euro-
GeoSurveys), a lobbying group to act on behalf of
the geological surveys within the European Union;
the Asociacion de Servicios de Geologia y Mineria
Iberoamericanos (ASGMI), which consists of the geo-
logical surveys of Spain, Portugal, and Latin America;
and the Coordinating Committee for Offshore and
Coastal Geoscience Programmes in South-east Asia
(CCOP), which contains all the geological surveys
of the region, though membership is not exclusive
to them.

Information about geological surveys is dispersed.
Some geological surveys have their own written his-
tories, which can be acquired directly from them or
through a library. In most cases, the best information
is obtained through survey/association websites.
Three groups maintain gateway sites that can be used
to access geological survey information: the British
Geological Survey, at www.bgs.ac.uk/geoportal; the
Open Directory Project, a citizen-editor/contributor
database project, at www.dmoz.org/Science/Earth_
Sciences/Geology/Organizations; and McCully Web,
at www.mccullyweb.com. Other sources include news-
letters of the International Consortium of Geological
Surveys and publications of the Forum of the
European Geological Surveys Directors.

See Also

Colonial Surveys. Geological Field Mapping. Geo-
logical Societies.

Further Reading

The report on the symposium meeting on the Organization
of Geology Overseas, in the Proceedings of the Geo-
logical Society of London, No. 1633, Sept 1966, gives
a good account of the origin of geological surveys in
Australia, Canada, China, Czechoslovakia, France, the
United States, and the former USSR.
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Introduction

Geology deals with the Earth and its processes. The
variety of ways in which geologists work has been
evolving for millennia. It is now the most complex
and diverse profession in society, so that geologists
could be regarded as modern-day polymaths. The
profession continues to evolve, with many areas of
expertise, ranging from palaeontology to geophysics
and from volcanology to environmental geology.
Along with other modern professions, it has adopted
the professional qualification system, which is based
on the four pillars of academic training, profes-
sional experience, a code of ethics, and continuing
professional development (Figure 1).

Ancient History

Geology as a profession can be traced back to the
birth of civilization. At the moment that our hunter—
gatherer ancestors picked up a stone as an implement,
the profession of geology was born.

Soon, the discerning, evolving, human being real-
ized that some rocks have better properties than
others depending on the needs at hand. Some were
harder and did not shatter when used as a hammer;
others could be worked to produce a sharp edge and
wielded as axes, arrows, or spears. As an interest in
rocks developed because of their use as building
materials, metal sources, agricultural ingredients,

Title CGeol
PGeo CPG

Academic
qualification
Professional

experience

Continuing profes-
1 sional development

Figure 1 The four pillars of professional geological qualifica-
tions. EurGeol: European Geologist (Europe), CGeol: Chartered
geologist (UK), GPE: Geologo Profesional Especialista (Spain),
PGeo: Professional Geologist (Ireland) and Professional Geosci-
entist (Canada), CPG: Certified Professional Geologist (USA).

pharmaceuticals, jewellery, and wealth, the Homo
sapiens with a geological eye became valued by society.

The specialized quarryman, ore smelter, or miner
was representative of geologists for thousands of
years. Their keen observation and skill was exempli-
fied by their ability to hue megaliths and other objects
for use in many aspects of Mesopotamian, Egyptian,
Greek, Roman, Aztec, and Inca life. Their construc-
tions produced such marvels as elegant obelisks, the
impressive Parthenon, dramatic amphitheatres, and
pyramids — to mention only a few. These men knew
their geology, and they understood the nature of
bedded rocks and how joints broke up the beds into
usable blocks. So the profession was divided for a
long while into miners, quarrymen, masons, brick
makers, etc.

However, even in ancient times people thought
about the causes of phenomena such as earthquakes
and volcanoes. Philosophers such as Aristotle, Lucre-
tius, Herodotus, and especially Avicenna made astute
observations based on meagre information, and these
data were preserved through the dark ages only by
Arab intellectuals. Then, towards the end of the fif-
teenth century, Leonardo da Vinci observed that
fossils had once been living organisms and that the
land had once been covered by the sea. So it was with
the development of the Enlightenment that ancient
ideas were re-examined and new thoughts advanced
by such Italians as Vallisneri and Moro. They fol-
lowed Bishop Nicholas Steno, the founder of modern
geology, who developed the ideas of stratigraphy in
Florence in 1669. Then, in the late seventeenth cen-
tury, Descartes in France followed by Leibnitz in
Germany formulated the concept of the development
of the planet from vapour through molten rock to the
solid surface.

More Recent History

In the eighteenth century geology became the preserve
of the gentleman polymath. These men of substance,
quite a number of them questing clergymen or sur-
geons, found that they could read the rocks like a
book and could see that certain layers always
appeared above others and that they contained dis-
tinctive fossils. Gradually they put together the
sequence of deposition of the rock layers.

In France, the Académie Royale des Sciences was
the seat of the discussions that crystallized French
learning about the Earth, such as Desmarest’s 1771
memoir, in which he presented his theory of the
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volcanic origin of basalts. The founding fathers of
modern geology included men such as James Hutton
(see Famous Geologists: Hutton), who published his
“Theory of the Earth... in 1795, and Charles Lyell
(see Famous Geologists: Lyell), whose Principles of
Geology was published in 1833. In England gentle-
men organized themselves into the Geological Society
of London in 1807; this was initially a discursive
dining club, but it eventually became the home of
geology (see Geological Societies).

Geological maps were being drawn at that time in
many countries and included Tighe’s Kilkenny map of
1802 in Ireland and Mantell’s 1822 map of the South
Downs in England. However, one man who was
involved with the practicalities of the industrial revo-
lution made enormous strides. A blacksmith’s son
working on the development of canals throughout
the UK drew detailed maps of the changes in the
rocks across the countryside. So William ‘Strata’
Smith (see Famous Geologists: Smith) drew the first
geological map of most of Britain in 1815.

Thus during these times geological learning evolved
from a restricted interest in mining or mineralogy to
broader geology. For a long time, in many parts of
Europe, geology was seen as a subservient branch of
engineering, and amazingly in some countries a
geologist still cannot sign his own professional report,
but must ask an engineer to do it for him!

The Breadth of Geology

It can be seen that the practice of geology developed
and enlarged over the millennia and embraced
many disciplines. It has burgeoned into perhaps the
broadest discipline to be found in society.

Geologists include palaeontologists and palynolo-
gists who specialize in zoological and botanical sci-
ences; their understanding of the processes of
evolution is central to their work. Sedimentologists
image past processes and compare them to modern
ones. Mineralogists and crystallographers deal with
minerals and crystals. Metamorphic geologists look
at the changes that take place in rocks under extreme
heat and pressure. Hydrogeologists deal with the cru-
cial area of the movement of groundwater and our
ability to provide clean water to society; a subgroup
specialize in the disposal of society’s waste in a safe,
clean manner. Geophysicists, through mathematics
and physics, use diverse techniques, such as the
micromeasurement of gravity, the response of the
ground to electrical currents, the reflection of radar
waves, and, of course, the measurement of seismic
waves, whether produced naturally by earthquakes
or by artificial sources. Marine geologists look at
geology below the surface of the sea, imaging the

seafloor and working with their geophysicist col-
leagues to see deep into the rock strata. Petroleum
geologists understand the formation of oil and gas
and how these vital commodities are caught in traps
in the rocks; they help to deliver these resources to
society. Volcanologists or igneous geologists deal with
active volcanoes and igneous processes and with their
now fossilized equivalents in the geological record.
Geochronologists use their knowledge of the radio-
active decay of some elements as a crucial tool in the
absolute dating of rocks and sediments, for example
by using the decay of uranium into lead to date an-
cient intrusive igneous rocks that are between 1 Ga
and 400Ma old, the decay of potassium-40 into
argon do date rocks formed during the last 500 Ma,
or the decay of carbon-14 into nitrogen to date more
recent organic sediments that are a few tens of thou-
sands of years old. Geochemists specialize in the min-
eral constituents of rock, following on from the
smelting of ores for thousands of years, and this was
an important aspect of the development of the science
of chemistry. Structural geologists apply mathemat-
ical and geometrical knowledge to the way that rocks
behave under varying conditions of pressure and tem-
perature. Engineering geologists must know about
the technical properties of rocks and sediments and
be able to communicate this information to their
engineering colleagues; they also deal with natural
hazards such as danger from landslips, etc. Environ-
mental geologists have become central to the manage-
ment and development of society; their input into
land-use planning improves the quality of life for the
inhabitants and ameliorates the risks posed by geoha-
zards. Planetary geologists learn from our planet and
its moon and work with their astronomical colleagues
in investigating distant bodies. Remote-sensing geolo-
gists use satellite imagery to examine the surface of
our planet.

Our science overlaps into a plethora of other
disciplines.

Academic Education

As geology gradually evolved, existing university nat-
ural history courses began to include geological
options. In the five years after Waterloo in 1815, the
universities began to formalize matters: Buckland was
taken on as reader in Oxford, and Sedgwick (see
Famous Geologists: Sedgwick) received the chair in
Cambridge. These chairs were in natural history, min-
eralogy, geology, or a combination, but the course
was becoming a geological one. The degree awarded
was still a Bachelor of Arts, of course.

This trend continued, and colleges around the
world began teaching geology. Degree courses
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evolved until 3 years of education were required to
receive a Batchelor of Science degree, or 4 years with
Honours. Most universities now offer postgraduate
Master of Science degrees, involving 1-2 years work,
through thesis and/or examination, whilst Doctor of
Philosophy (PhD) degrees may take between 3 and 5
years of research to complete. In Europe, this may
take up to 10 years. In general it is considered that
most geologists need to complete at least 5 years of
education before becoming suitable for a long-term
geological career.

The Learned Societies

In order to cater for all the interests of these geolo-
gists, various bodies came into existence. They fall
into the categories of learned and technical societies,
but a new function or even a new type of society has
evolved with the recent birth of the professional
societies (see Geological Societies).

We see that the major national societies such as the
Geological Society of London, the Union Francais des
Geologues, and the Ilustre Colegio Oficial de Gedlo-
gos cater for many areas of geological life and inter-
est, especially when they are able to set up special
interest groups. The specific concerns of large groups
of specialized geologists, especially when these are of
a global nature, have lead to the establishment of
large organizations such as the International Associ-
ation of Engineering Geologists, the European Union
of Geological Sciences, the Petroleum Exploration
Society of Great Britain, the Micropalaeontological
Society, the International Association of Hydro-
geologists, and the Society of Exploration Geophysi-
cists. All cater for a particular area of geological
interest, and most produce a journal carrying technical
peer-reviewed articles.

The Professional Bodies

The evolution of the professional geologist, working
in academia, government, or industry, has lead to
the need for organizations to look after them. Some
learned societies, such as the Geological Society of
London, have evolved easily to cater for this new
function. In Ireland it was necessary to create a new
independent body - the Institute of Geologists of
Ireland — to look after Irish professional geologists,
and in the USA the American Institute of Professional
Geologists took on this role. The European Feder-
ation of Geologists (Figures 2 and 3) took on the
continental role of representing the national associ-
ations, some of which were professional bodies
and others learned societies. Similarly, in Canada
the Canadian Council of Professional Geoscientists

represents the professional interests of the provincial
bodies (Table 1).

All of these bodies are striving towards the same
goal of ensuring professional standards and represen-
tation. They are establishing mutual recognition and
other agreements to benefit their members worldwide.

The Profession

The practice of geology occurs in three principle
areas: academic, governmental, and industrial.

Clearly, the teaching of geology is crucial, and it is
amazing that so little is taught in primary or second-
ary schools; geology is simply seen as a small aspect of
geography! It is in tertiary education that geology
comes into its own, and universities develop courses
that give the neophyte geologist a grounding in so
many disciplines. So, most geologists working in aca-
demia are based in university geology departments,
though some may be found in the allied disciplines of
geography, archaeology, etc. Some can also be found
in Schools of Mines or Technical Institutes, where
they instruct mining geologists, geosurveyers, and
geological technicians.

In Government, the traditional area of practice has
been in geological surveys. These have long been seen
as the providers of modern geological maps, and this
is indeed one of their main functions. It has been
interesting to see the variation in the response of
geological surveys around the world to modern
changes in such areas as digital data management.
Those surveys that have remained traditional have
come under great pressure, and some have had to
close. Others that understand the demands of the
digital era have been quick to adjust to being data
managers and providers, not just map makers, and so
have become a necessary organization rather than an
‘appendix’. Consequently, geologists working in these
areas have also developed their geological skills, often
into new areas such as heritage or marine. Other
bodies have also created opportunities for geological
employment, and in the last few years departments
such as Environmental Protection Agencies have
sprung up to look after the world we live in. Geology
naturally also has a role to play in the supply of
renewable energy, allowing countries to be less reliant
on fossil fuels.

Industry is a huge area of employment for geolo-
gists. The supply of fossil fuels or mineral resources
depends on the geological setting and on the location
of the deposit to be exploited. So a geologist must be
mobile and able to travel to any part of his or her
country and even to any part of the world if necessary.
Consequently, an ability with foreign languages can
be highly advantageous at times. However, in the area
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Figure 2 Mission and objectives of the European Federation of Geologists.

of industrial minerals, geologists deal with the supply
of basic raw materials such as limestone, sand and
gravel, and aggregates; many of these materials are
supplied very close to their extraction source since
transport is the major cost.

The birth of new areas of geology, taking over to
some extent from the older ones, has lead to more
home-based occupation, including hydrogeology,
waste disposal, pollution remediation, environmental
geology, geotechnical geology, renewable energy
geology, and geophysics.

Professional Qualifications

Professional qualifications have been developed
during the last half of the twentieth century. This
profession has set up requirements that geologists
must demonstrate not only that they have a good
academic education, but also that they have achieved
a high standard of professional expertise over a
number of years and that they can demonstrate this

in front of their peers by examination of both their
work and their knowledge. Another part of this pro-
cess has been the signing by geologists of agreements to
obey codes of ethics demonstrating that they will work
to high ethical standards. These codes are backed up
by disciplinary committees. A further aspect that has
become formalized is the agreement to demonstrate
that continuing professional development is being
carried out by the geologist.

Around the world this movement has proceeded
and the standards that have been set up are very
similar in most countries, so that across Europe
there is a single standard to be achieved, and this is
recognized to be equivalent to the standard achieved
in other continents, with reciprocal rights and re-
cognitions existing between different international
groups, allowing geologists to travel and practice
around the world.

Also of importance has been the acceptance by
government and business bodies of this professional
standard. For them, this quality-assurance mark is a
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Table 1 Professional websites

European Federation of Geologists

Geological Society of London (UK)

lllustre Colegio Oficial de Gedlogos
(Spain)

Institute of Geologists of Ireland

American Institute of Professional
Geologists

Canadian Council of Professional
Geoscientists

Berufsverband Deutscher Geologen,
Geophysiker und Mineralogen EV
(Germany)

www.eurogeologists.de
www.geolsoc.org.uk
www.icog.es

www.igi.ie
www.aipg.org

WWw.ccpg.ca

www.geoberuf.de

way of ensuring high standards in the geological input
to projects.

Part of the motivation for this movement has been
the necessity to demonstrate high standards to local,
national, and continental governments. Especially in
this litigious age, the use of appropriately highly
qualified people in all aspects of life is becoming a
necessity.

Another powerful motivation has been the recent
requirement by financial bodies such as the Can-
adian, Australian, British, and Irish stock exchanges
that all sections of bankable reports on mineral


http://www.geoberuf.de
http://www.ccpg.ca
http://www.aipg.org
http://www.igi.ie
http://www.icog.es
http://www.geolsoc.org.uk

78 GEOLOGY OF BEER

deposits are signed by competent people. The holders
of these professional geological qualifications, avail-
able in Europe and North America, are accepted by
these bodies as competent people in their fields of
geological expertise. Government departments are
also beginning to recognize that these qualifications
help to ensure the quality of reports submitted to
them by professional geologists.

In Europe, the European Federation of Geologists
is the representative body for geologists, and it is
composed of the national geological associations of
each of the nineteen member countries (Figure 3). It
administers the professional title of European Geolo-
gist, which is equivalent to the professional titles
of Professional Geologist in Ireland, Chartered
Geologist in the UK, and Titulo de Geologo Profe-
sional Especialista in Spain. For these countries and
for those that have no national professional qualifica-
tion it provides a European route to a continentally
recognized qualification.

Regulation

In some countries the State has taken upon itself
to regulate the profession. In Italy and in Spain,
in order to practice, a geologist must be a member
of the body recognized by the state — the Consilio
Nazionale dei Geologi and the Ilustre Colegio Oficial
de Geologos, respectively. In the USA, many states
require a geologist to be licensed in order to
practice. The National Association of State Boards
of Geology coordinates this licensing system. The
role of the professional body, the American Institute
of Professional Geologists, then becomes the organ-
ization of a high professional standard. In Canada the
Provincial Geological Bodies have come together to
form the Canadian Council for Professional Geosci-
entists, which coordinates the professional standards
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organized by each state and formalizes their mutual
recognition.

The Future

The profession is still changing rapidly. Will the trend
towards calling ourselves Earth Scientists instead of
Geologists hold sway? I hope not! It appears to be a
fad with no practical basis except to persuade
academic bodies that real change is going on.

The geological profession has a clearly defined role
in caring for Earth resources — clean water, the envir-
onment, renewable and finite energy, geohazards, and
heritage — and in observing the continually changing
process that is our Earth.
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Introduction

The fermentation of an extract of cereal grains is
probably one of the oldest processes known to man,
with techniques stretching back to Ancient Egypt.
In the UK and parts of western, central, and eastern

Europe a wide variety of fermented barley beverages
are produced, known generally in English as beer or
ale. Much of the variety is a direct result of the
chemical composition of the water used to extract
the sugars from the barley prior to fermentation.
This variation derives from the geology of the water
sources.

The pleasures of beer consumption are encapsu-
lated in the following quotation, from an unknown
source.
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The enjoyment of a glass of beer may be received by
many senses: the sight may be attracted first by the
clarity of a pale ale or the rich creamy head of a stout.
As the glass is raised to the lips the aroma of the bever-
age, possibly the bouquet of the essential oils of the hops,
may excite the nostrils. Then, as the liquid flows over the
taste buds at the back of the mouth, and further volatile
products diffuse into the back of the nose, the flavour of
the beverage is perceived. Finally, the beer enters the
body, where the alcohol is rapidly absorbed into the
bloodstream and exerts its well-known physiological
and psychological effects.

In more formal terms, in any particular brew the
brewer is seeking a combination of five charac-
teristics: flavour (including both taste and aroma),
alcohol content, colour, head retention, and clar-
ity. The chemical nature of the water used in the
brewing process exerts a strong control over all of
these.

The Brewing Process

There are several stages in the brewing process,
and these are summarized below.The first stage is
malting, which is the conversion of barley grains
into fermentable malt. The grains are steeped in
water and spread out to germinate. This initiates
enzyme processes, which start to break down com-
plex carbohydrates into sugars. Kilning, heating to
around 100°C, arrests these processes before they go
to completion.

The malt is milled (ground) to form grist and then
mixed (mashed) in a mashing vessel or tun with hot
brewing water (liquor). Here the processes started
during malting continue.

The liquor and malt (wort) are then boiled in the
presence of hops, and bitter acids are extracted from
them and converted into resins. The wort is then
cooled by water-powered coolers, at which time
proteins and tannins separate from the hot resins.
Yeast is then added and fermentation takes place.
Fermentation adds fruitiness and fullness to the
liquid and converts the sugars into alcohol. Yeasts
may ferment on the surface, something that is char-
acteristic of most British brewing, or at the bottom
of the fermentation vessel, as is more common in
Europe. A problem with top fermentation has
always been the susceptibility of the yeast to breeding
with wild airborne yeasts. This often meant that
brewing was difficult or impossible in the summer.
A solution was found by brewers in Europe in the
late 1880s, who developed a yeast that sank to the
bottom of the fermentation vessel. Bottom fermen-
tation is generally thought to produce a clean, soft,
non-fruity beverage.

The Importance of Water

Great volumes of water are involved in all stages of
the brewing process, which is why so many breweries
were originally sited near major rivers, though it
will be a great relief to many to know that, despite
suggestions to the contrary, river water was not
necessarily used in the beer itself.

It is possible to brew beer anywhere, from any
type of grain and water, but historically the classical
area for brewing is the Beer Belt of Europe. This
belt essentially comprises six countries — Ireland, the
UK, Belgium, Germany, the Czech Republic, and
Slovakia — but also includes, to the south, parts of
Austria (Vienna), Switzerland, and northern France
and, to the north, the Netherlands, Denmark, and
Sweden.

The greatest contribution to the chemistry of the
brewing liquor comes from the brewing water, which
forms a vital and integral part of the nature of the
final product.

There are four anions that are particularly signifi-
cant, of which Calcium is by far the most important.
It has three major effects. It stabilizes the enzyme
o-amylase and helps the breakdown of starch from
the malt in the mash tun and in later processes. It
precipitates phosphate and thus increases the acidity
of the wort, which is important because acidity influ-
ences the strength and character of the fermentation
and the microbiological stability of the enzyme pro-
cesses. Lastly, it promotes flocculation (clumping to-
gether) of the yeast during fermentation. Magnesium
produces a sour to bitter taste, but retards phosphate
precipitation, which in turn stops the required drop in
pH level. Sodium in small amounts gives a salty to
sour taste, and potassium, whilst also contributing
a salty flavour, can be particularly laxative above
10 ppm.

Although, as just described, it can be seen that the
anions are important, it is really the cations that have
the major influence, and this will be illustrated, first,
using examples from the UK, before extending the
logic to cover the rest of Europe.

Brewing in the UK

Brewing was established in Burton-on-Trent in the
English Midlands in the sixth century, when beer
was brewed by the monks of the local abbey. They
drank beer rather than the more suspect river water.
The brewing waters at Burton-on-Trent (Table 1) are
characteristically very high in sulphate (SO,), derived
from the Triassic gypsiferous marls in the area. Sul-
phate is very important for the brewing of bitter beers
because it helps in the degradation of proteins and
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Table 1 Brewing-water analyses
DS Calcium Magnesium Potassium Sodium Sulphate Chloride Carbonate Location
1401 283 90 0 29 725 54 171 Burton-on-Trent
670 111 38 2 83 168 62 162 Wolverhampton
428 109 5 5 29 69 37 128 London
305 100 16 0 0 17 17 150 Dublin
800 140 36 0 92 231 60 210 Edinburgh
1011 260 23 0 69 283 106 270 Dortmund
273 80 19 0 1 5 1 164 Munich
31 7 1 0 3 6 5 9 Pilsen

All figures are in parts per million.
TDS, total dissolved solids.

starch and allows the full extraction of bitter oils
from the hops. It also reacts with magnesium carbon-
ate to give magnesium sulphate, which is in itself
bitter. The high proportion of hop oil acts as a preser-
vative, as well as a flavouring, and consequently it
was this type of beer that was exported to the colonies
in the nineteenth century as India Pale Ale.

To the west of Burton-on-Trent, in the Birmingham
and Manchester areas in particular, the predominant
evaporite deposit in the Triassic red beds is halite
rather than anhydrite, and the composition of the
ground water reflects this difference (Table 1). The
salty to sour taste provided by the sodium ion com-
bines with particular chloride sweetness giving,
at levels under 200 ppm, what brewers term palate
fullness. The brews are still reasonably high in sul-
phate, though, as it is lower than in the Burton
waters, they cannot be as highly hopped. The
resulting sweeter beer, which still retains an amount
of bitterness, is the classic mild ale of these areas.

In southern and eastern England, where Cretaceous
chalk is the main aquifer, the groundwater has a very
different composition. It is, as would be expected,
dominated by carbonate (Table 1). Clearly the use
of water of this composition for brewing presents
problems, primarily with malting and fermentation,
because of the difficulty of keeping the pH low. Ad-
ditionally, the lower sulphate means that the ex-
traction of oils from the hops is poor, giving a less
flavoured brew. A brew was developed in the 1770s
that was suited to these waters, and this was a sweet,
dark beer in which the dominant flavour came from
roasted malt rather than hops. This drink was known
as porter because of its popularity in the London
markets of Billingsgate and Covent Garden.

Brewing in the Rest of Europe

In Ireland at about the same time attempts to brew
bitter beers had failed, though it was found that the
waters used in brewing there were ideal for beers of

the porter type. The reason is that most of the waters
used in Dublin and Cork in particular are derived
from the Carboniferous limestones in the centre of
the country and are thus dominated by carbonate
(Table 1). The most famous of these brews was de-
veloped by Arthur Guinness in Dublin, who produced
his extra stout (meaning thick) porter, which on con-
traction introduced the word ‘stout’ into the language
of brewing.

Many countries in the European Beer Belt use miner-
alized groundwater for their characteristic brewing, and
this is highlighted by the following examples. Two of
the classic brewing areas of Germany are Dortmund
and Munich, where mineralized groundwater deter-
mines the brew type. In Dortmund (Table 1) much of
the water is derived from the Coal Measures, where
waters similar to those in Burton-on-Trent are found,
though they are not as strongly mineralized and have
a higher carbonate content. The classic ‘Dortmunder’
is bottom-fermenting, as one would expect in Europe,
has enough sulphate to be well hopped, and has a
high enough total mineral content to promote good
fermentation and thus produce a clean, dry beer.
Munich on the other hand draws water from more
recent rocks, which, as can be seen from Table 1, is
closer to the water of Dublin in chemical compos-
ition. The classic Munich beer is sweet, full, dark, and
brown, to all intents and purposes the equivalent of
stouts and porters. Denmark, particularly in Jutland,
has an essentially Cretaceous geology overlain by
Tertiary deposits. The naturally occurring groundwater
is similarly rich in calcium carbonate and the response
to this is the brewing of sweet, dark beers termed
Stowts.

However, in much of Europe the groundwaters,
whether derived from surface run-off, sandstones,
or impermeable lower Palaeozoic or Precambrian
strata, have very low levels of both calcium and sul-
phate. In these areas the beers that are produced are
alcoholically strong but lightly hopped and textur-
ally thin. This type of beer was developed initially in
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the town of Pilsen (Table 1) in Bohemia (now in the
Czech Republic). A critical process was the storage of
the fermented beer in cold caves — lagering — and thus
two new terms were introduced into the brewing
vocabulary, pils and lager. This direct response to
brewing with waters of low ion content spread
rapidly in the 1880s throughout those areas of
northern Europe where such waters are common.
This included the Netherlands, Germany, and
Denmark, where to this day lager is recognized as a
major beverage.

So far, no mention has been made of another
important brewing nation, and that is Belgium.
The country is fascinating, as geologically it is not
always very promising as far as brewing waters are
concerned, but it illustrates a classic example of a
unique response. Simply, in areas where there are
useful mineralized waters, use them to their best
effect; otherwise, ignore the rules. In East Flanders,
particularly around Oudenaard, there are carbonate-
rich waters, and the characteristic Brown Beers are
top-fermenting, dense, and smooth. These contrast
markedly with the Red Beers of West Flanders,
where the less mineralized waters lead to the brewing
of light and not very bitter beers. There are four
monastic Trappist breweries in the Ardennes, where
the waters are highly enriched in calcium carbonate
and as a result the typical brews are top-fermenting,
dark brown, and sweet. There is a fifth brewery at
Westmalle, north of Antwerp, where the water is
hard and a brew much closer to a bitter ale is pro-
duced. Where the waters are poorly mineralized
there are only two options. First, there is the classical
approach into pils brewing, typically around Louven,
Alken, and Lindberg where the groundwater is de-
rived mainly from superficials and surface run-off.
Second, there is a much more idiosyncratic Belgian
approach, which is the production of Lambic, trad-
itional in the Brussels area. In this style wheat and
malted-barley beers are produced using naturally
occurring wild yeasts, which ferment completely
and are very dry. Hops are used not for flavour
but purely to protect the beers from unwanted

infection. Fruit flavourings are often introduced,
the best known being black cherry (Kriek) and
strawberry (Framboise).

Scandinavian brewing is dominated by lager-style
beers, as would be expected from poorly mineral-
ized waters derived mainly from Precambrian rocks,
though occasionally a Belgian style approach is
attempted, as with the juniper-flavoured beers of
Finland.

Modern Brewing

Many breweries are turning to the use of mains water
that is deionized and then reconstituted to a given
composition for a particular brew. Commercially
there are advantages in this procedure, specifically
related to purity and continuity of supply. Where a
water grid system is in place a major disadvantage is
that the composition of the water entering the brew-
ery can change very rapidly as sources are changed,
and this completely alters the nature of the brew in
progress. Wells and springs are still used by some
breweries, but the problems of microbiological pollu-
tion, increasing nitrate content, and, near coasts, over-
pumping causing seawater intrusion are gradually
reducing this number.

An interesting thought provided by one brewer is
that, despite all that has been written about water
type, the siting of breweries initially may have been
controlled not by the analysis of the water but by the
presence of a source of abundant water at a constant
temperature in the days before thermometers were in
constant use.

See Also
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bonates; Sulphates. Palaeozoic: Carboniferous. Sedi-
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Introduction

The distillation of liquors produced by the fermenta-
tion of cereals is a process that goes back into the
mists of history. There is historical evidence from
Scotland dating the distillation of malted barley
from the middle of the sixteenth century. The distillate
was known originally by its Gaelic name uisge beathe
(‘water of life’), which has become the present-day
word ‘whisky’ (spelt variously in many countries
with or without an ‘e’). The distilling process was
legalized in Scotland in the 1830s, and since then the
manufacture of this special liquid, whisky, has been
developed to a fine degree, as is evident in the array
of unique products available today.

The manufacture of whisky occurs in many coun-
tries, but the pinnacle of success with this product
is found in Scotch whisky, a specific product of
Scotland. To qualify as Scotch whisky, the spirit
must be derived from malted and/or unmalted cereals
and be matured in oak barrels in Scotland for at least
3 years. Whiskies fall into three categories: grains,
malts, and blends. Grain whisky is manufactured
generally by a continuous industrial process from
malted and unmalted cereals. Malt whiskies are
made totally from malted barley. Blended whiskies
comprise a base of between 40 and 60% grain whisky
overlain by up to 30 malts. Malt whisky represents
probably the pinnacle in the development of the
whisky-making process and of the 100 or so distiller-
ies in Scotland, around 75 are producing at any one
time. Each of these distilleries produces a unique
spirit characterized partly by the unique source of
water for its production, and it is in the chemistry of
this that the varying geology of the water sources
comes into play.

Whisky Production

The whisky-making process essentially comprises a
brewing phase, followed by the distillation of the
resulting liquor. In fact, the result of the first stage is
the production of the equivalent of a strong beer,
though unflavoured by hops or other additives. The
first part of this process is the malting of barley,
whereby the grain is encouraged to germinate for
several days to initiate the enzyme processes that
break down starch to sugars, before the process is

stopped by heating. Traditionally, where the malting
takes place at a distillery site, a certain amount of peat
smoke is allowed to permeate the malt during the
heating process. The level of permeation is reflected
in the smokiness of the final product. Nowadays there
are larger scale centralized maltings serving several
distilleries, but the process of peating is essentially the
same. The second stage is the mixing of the malted
barley with fresh potable water to extract the sugars
and produce a liquor ready for fermentation. Fermen-
tation takes place using a combination of beer and
wine yeasts to raise the alcohol content to around
8%. The resulting liquid is then heated in the distinct-
ive onion-shaped copper stills, normally in a two-
stage process that raises the alcohol content, first to
25% and second to the final spirit alcohol content of
between 55 and 65% alcohol. The raw spirit is stored
in oak barrels of various types: new wood, European
oak barrels generally from the sherry industry in
Spain, and American oak bourbon barrels. Thus the
four crucial factors that combine to produce the wide
variety of malt whiskies are the degree of peating of
the malt, the shape and type of still, the types
of barrels used for maturation, and the chemistry of
the process waters. It is with the latter step that the
geological influence on whisky type is exerted.

Water chemistry affects three areas of the pro-
duction process: the extraction of sugars from the
malt, the nature and type of fermentation, and the
chemistry of the distillation process (which is largely
unstudied). There is an oft-quoted maxim that the best
type of water for the production of malt whisky is soft
water through peat over granite. Even a cursory com-
parison of the siting of malt whisky distilleries with
the geological map of Scotland will show that only in
comparatively rare instances is it likely that such
water will be available. In fact, only 20 distilleries,
most of which are centred in the Speyside area of
north-east Scotland, have such water. The remaining
rock types from which water is sourced cover the
whole spectrum from sandstones and schists to quartz-
ites and shales. Clearly the chemistry of the waters
derived from such a range of sources will show signifi-
cant variations up to and including significantly heavily
mineralized (hard) waters.

Distilleries

Distilleries come in all shapes and sizes and they are
situated on the coast, inland, on hills, in valleys, by
mighty rivers, near small streams, and on islands
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Figure 1 Clynelish Distillery at Brora in Sutherland.

Figure 2 The Tarlogie Spring; the source of hard water used by the Glenmorangie Distillery near Tain in Ross-shire.

(Figure 1). They use water from boreholes, rivers,
springs, and lochans (small lakes), and every water
source is unique in terms of its chemical make-up;
distillery waters vary significantly not only in the

chemistry of the major elements, but even apparently
similar waters have markedly different trace element
profiles (Figure 2). The study of malt whisky is in a
very real sense a study of the geology of Scotland.
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Starting with the Speyside district of north-eastern
Scotland, centred around the villages of Dufftown
and Rothes, there are over 20 distilleries in an area
of approximately 100 miles?. In this area are some of
the most famous distilleries of all. The whiskies fall
easily into three groups, based on taste and aroma,
and these groups correspond very closely with the
geology of the water sources. The first group taking
its water from the granites to the west of Dufftown
include Glenfiddich, Balvenie, and Aberlour. The
second group, in the west and north-west of the
region, draw spring waters from the well-bedded,
light grey, Dalradian quartzites of the Grampian
group, and include Glen Grant and Knockando. The
third group takes water from a wider range of Dalra-
dian quartzites, phyllites, and schists. Among these
are Glenlivet and Strathisla.

Moving to the west of Speyside, in the area called
the Grampian Highlands, which lies between the High-
land Boundary Fault to the south and the Great Glen
Fault to the north, is an area that stretches from
the islands of Islay and Jura in the south-west to the
Buchan coast in the north-east. Within the area there
are many igneous intrusions of granitic, basic, and
ultrabasic composition. The mountain of Lochnagar
provides water for the Royal Lochnagar distillery,
which is situated behind Balmoral Castle. At Knock
Hill, east of Keith, the water seeps out between the
Dalradian schists and the underlying gabbro. The
whisky produced has the Gaelic name An Cnoc.
To the south around Insch, 17 springs provide the
ultrabasic water source for Ardmore, an unusual
whisky.

A drive along the main road north from Perth to
Inverness highlights not only the change in geology
but also the variation of spirit and water source, in a
comparison of five distilleries. Starting in the rich
agricultural land just north of Perth, underlain by
the Old Red Sandstone, the Highland Boundary
Fault is soon crossed at Dunkeld and immediately
the scenery becomes mountainous as the Dalradian
succession is encountered. North of Dunkeld is the
town of Pitlochry, home to the Blair Atholl distillery,
and close by is the small distillery of Edradour. Both
of these draw their water from high in the schistose
hills around Ben Vrackie. Northwards through the
pass of Drumochter, the highest distillery in Scotland
is reached at Dalwhinnie; the water source is the
clear blue sparkling mountain waters of the Lochan
na Doire-uaine. Further north, near the town of
Newtonmore, is the distillery of Drumguish, and fur-
ther still, near Carrbridge, is the huge distillery of
Tomatin, taking its water from the Allt na Frith, a
stream that bounds down a rocky juniper-filled valley,
flowing through the central Highland migmatites.

To the far south-west of Scotland lie the Argyll
islands of Islay and Jura, known particularly for the
very heavily peated malts of Laphroig, Lagavulin, and
Ardbeg. However, there are other whiskies that, being
less peated, reflect more closely the differences in
geology of their water sources. The furthest north is
Bunnahabhain, the only distillery on the island to
take its water from underground springs rather than
from surface streams. These waters, rising as they do
through Dalradian dolomites, are hard, containing
substantial amounts of calcium and magnesium car-
bonates. This type of hard water, combined with the
use of totally unpeated malt, produces a markedly
unique whisky, and the water composition is con-
sidered a major influencing factor. In the far west of
Islay is Bruichladdich, the most westerly of all distil-
leries in the United Kingdom, taking its water from
the dark brown sandstones of the Colonsay group, a
group for which the affinities are not yet completely
understood.

An area of Old Red Sandstone that runs along the
north-east coast of Scotland, taking in Inverness,
Dingwall, and Dornoch, includes the Caithness
towns of Wick and Thurso and the Orkney Islands
in the far north. The waters from these sandstones
generally have a high calcium carbonate hardness,
something that the distilleries in the area claim has a
significant effect on the nature of the whisky that they
make. The red sandstones can, however, create prob-
lems, because they break down to form excellent
farmland, and where there is intensive agriculture
there is often a problem with the high nitrate content
of groundwaters. Indeed, several distilleries within
the area have closed particularly because of water
problems. The most famous distilleries in the region
are Glenmorangie in Tain, Clyneleish in Brora, Old
Pulteney at Wick, and the most northerly distilleries
of Highland Park and Scapa on Orkney.

Far to the south, beyond the Highland Boundary
Fault, lies the Midland Valley of Scotland. At the
northern edge, close to the Highland Boundary
Fault, there are Old Red Sandstones similar to those
in the north of Scotland. The distilleries in this area
may be divided into two groups, based on their water
sources. First, there are those that are situated in the
Lowlands, taking their water from either across the
Highland line or from the red sandstones just to
the south, such as Fettercairn. Second, there are
those that utilize a variety of water sources from
rocks within the Midland Valley, such as Auchen-
toshan on the Clyde (Carboniferous volcanics), Glen-
goyne (Devonian volcanics), and Glenkinchie south of
Edinburgh, which takes its water from south of the
Southern Uplands Fault from a reservoir in Ordovician
volcanics. In western and north-western Scotland, the
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lavas of the Tertiary Volcanic Province provide surpris-
ingly hard waters; these are seen in Talisker on Skye
and Tobermory on Mull and across the water at Bush-
mills in the plains of Antrim in Northern Ireland.
Rarely does a new distillery open, but the latest to do
so was built in 1995 at Lochranza in the north of the
Isle of Arran. The Isle of Arran single-malt whisky is
well into production and in one sense closes the circle
with regards to a water source, in that it utilizes soft
waters from the Easan Biorach, which flows over gran-
ite, having passed through thick peat beds.

Waters used in whisky making, though more eso-
teric than brewing waters used for beer, are certainly
less studied, and a full understanding of the effects
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of water chemistry on whisky making has still to be
achieved, but there can be no doubt that the effects
are significant and demonstrable.
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Introduction

Geology can be important for the growers of grapes
for wines; it can be ignored by the consumer. Most of
the arguments for the importance of ‘terroir’, which
includes geology, have been along the lines: “This
wine has one flavour, that wine has another flavour,
yet they are made from the same grape variety”. The
difference must be something in the ground, i.e., it
depends on the geology. Geologists have known for a
long time that this is a misguided simplification. In
the mid-nineteenth century, a distinguished French
geologist, Henri Coquand, played a joke on the
wine producers by stating that the quality of cognac
(which is a distilled product anyway) was directly
related to the quantity of chalk in the ground. The
zones of quality for cognac are arranged in circles
centred on Cognac: the strata have a roughly linear
strike NW-SE. The best cognac comes from an area
in which chalk is largely absent. In spite of the obvi-
ous nonsense of a relationship between chalk and the
quality of cognac, the idea is still being quoted today
in some books.

As with any agricultural product, there are many
factors that control the quality of wine. Geology can
play a part in three of these: the temperature around
the vines in general and the bunches of grapes in
particular; variations in porosity and permeability
around the roots of the vine, which will affect both
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the supply of moisture and the rate at which the vine
can take up nourishment through its roots; and vari-
ations in the composition of the ground, which will
control the availability of nourishment supplied
through the roots.

Temperature

It was known to Lucius Columella in the first century
AD that the quality of grapes depends on the tem-
perature around the vines. All modern work on the
relationship between heat and grapes originates from
Amerine and Winkler in California, who showed that
each grape variety requires its own heat regime to
bring out the best of its qualities. Amerine and
Winkler worked in California where, at that time,
vines were kept around 1.1m above nearly level
ground. This meant that it was the general ambient
temperature of the district which was the controlling
factor. However, in many vineyard regions, the geol-
ogy affects the mesoclimate, principally by its control
of the topography.

1. Shelter from cold winds. In more northerly vine-
yards (or more southerly vineyards in the southern
hemisphere), the better vineyards are located on
slopes which face south or south-west. Vineyards
are not extended to the top of the hill, so that the
summit can act as a break from cold winds from
the north and north-east. It is even better if there is
a clump of trees on the summit. This sheltering
effect is of value even if the local slopes in the
vineyard are to the east or north.

2. Thermal belt on slopes. With a layer of cold air at
the bottom of a valley and a layer of cold air near
the ground over the plateau above the slope, an
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intermediate zone, known as the thermal belt, is
developed on the slope. Although somewhere in
the middle of the slope, its actual height is highest
in winter and lowest in summer. Its position on
any one hillside is remarkably constant. Sites only
2 or 3 km apart horizontally may show differences
of 8°C over height differences of less than 100 m.
In vineyards, the main importance of a thermal
belt is often the maintenance of slightly higher
temperatures during the night.

. Radiant beat from the sun (Figure 1). The radiant
heat that a plot of ground receives from the sun
depends on the angle it presents to the sun. In
simplified form, the relationship is:

I =ksin(a+ f)

where I is the intensity of radiation received on the
slope, k is a constant, o is the angular elevation of
the sun, and f is the angle of inclination of the
slope to the horizontal along a meridian, i.e., to
the south in the northern hemisphere, and to the
north in the southern hemisphere.

Thus, the steeper the slope, the more radiant
heat the vineyard will receive (Figure 2). As the
direction of slope is angled away from the south
(in the northern hemisphere), the less radiant heat
the vineyard will receive. On a cloudy day in Janu-
ary in central Europe, a slope of 20° facing south
receives roughly twice as much radiant heat as a
flat surface.

This effect is well illustrated in the Mittelmosel.
Thus, near the village of Piesport, the best vine-
yards on the steep, south-facing slopes of up to
30-35° on phyllites are on the north flank of the
river. In an area of less than 3 km x 1 km, there are
seven Einzellagen (individually named vineyards
and wines), distinguished by modest differences
of angle and direction of slope, but each of high
quality (the most famous Einzellage — ‘Goldtripf-
chen’ — is not on the steepest part of the slope
because of the position of the thermal belt). The
whole of the flat area south of the river is lumped

into a single Einzellage, Treppchen, producing
quantities of undistinguished wine, with lower
concentrations of alcohol and less flavour.

4. Re-radiation of heat from the ground. Because the
ground is kept clear of weeds in most vineyards,
the effects of re-radiation of heat can be con-
sidered in terms of bare soil. The albedos (diffuse
reflectivity) of most rocks, including soils, are in
the range 0.1-0.3 (i.e., 10-30% of radiation from
the sun is reflected back). Sandy soils have higher
albedos than clays; dry ground has a higher albedo
than damp ground. Hence, a dry sandy soil reflects
back about twice as much radiation as damp clay.
Dark rocks absorb radiation more easily than
light-coloured rocks, and then re-radiate when
the sun sets or is hidden by cloud. The importance
of this re-radiation process is enhanced by the fact
that the re-radiation has a longer wavelength, i.e.,
is more warming, than the incoming radiation.

The value of re-radiation is well known to vine-
yard managers. In the Schlossbéckelheim district
of the Nahe, the growers pile pebbles and boul-
ders of the feldspar porphyry beneath the rows
of vines. In the Mosel, the dark phyllite, with a
particularly high albedo, has long been used to
enhance this effect.

However, it should be noted that the strength of
re-radiation is inversely proportional to the square
of height above the ground, i.e., doubling the
height of the grapes quarters the energy received
by them. In Chateauneuf du Pape, where many
vineyards are covered with pebbles of quartz,
many of the bunches of grapes are no more than
0.2 m above the ground. This practice is even more
marked for the sugar-rich grapes in the Montilla-
Morilles district of south-west Spain.

Figure 2 Vineyard of Schloss Bockelheimer Kupfergrube,
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north of Oberhausen, southern Nahe, Germany. An example of

Figure 1 /=k sin(a+ B), where [ is the intensity of radiation a European planned vineyard, only developed in the early twen-
received in the vineyard, « is the angular elevation of the sun, fis  tieth century, on a steep south-facing slope to gain maximum
the angle of inclination of the vineyard to the horizontal along a  advantage of direct radiation from the Sun in a relatively cool
meridian, and k is a constant. © Jake Hancock. climate. © Jake Hancock.
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Factors 1-4 can enhance the temperature during
the growing season. There is also a slope factor
during spring budding.

5. Drainage of cold air. The woody stems of vines can
withstand extremely low temperatures but, once
buds start to break from the stem, the vine is
vulnerable to damage by even modest frosts.
Bud-break is usually taken to be at 10°C but,
depending on the variety of vine and the amount
of nutriment stored from the previous season, bud-
ding may start at 3.5-7°C. Keeping in mind that
the dates of the ‘ice-saints’, 11-14 May, are long
after bud-break in northern Europe, late frosts can
be a serious problem. The slope needed to provide
a natural protection from still cold air depends on
how severe the frost will be. In the Napa Valley in
California, a slope as little as 2.5° may be suffi-
cient to allow the freezing air to drain away. In
Chablis, in northern France, a slope twice as steep
as this may not be adequate to cope with the more
severe frosts.

Water Balance

Like all plants, vines need water in the ground. How-
ever, without actually being a species of arid climates,
its need for water is small. As a result, vines will grow
almost anywhere. Nevertheless, to produce a good
crop of grapes, the plant needs a small steady supply
of moisture from the ground.

Without artificial supplies of water, e.g., by irriga-
tion, the ideal drainage involves a high porosity for
storing water, a low matrix permeability to stop it
draining away, and a high mass permeability to
ensure that excess rainwater drains away fast.
A facies with ideal drainage is chalk, a distinctive,
very fine-grained limestone, which occurs in much
of Champagne. Typical chalks have a porosity of
35-45%, a matrix permeability of 2-6 mD, and a
very high, but variable, mass permeability (normally
more than 150mD and can be several thousand
millidarcy, i.e., more than a darcy).

For the vine, such a high porosity and low matrix
permeability mean that plenty of water is held in the
pores of the sediment, which cannot escape under
gravity because the pores are less than 30-60 um.
However, plants can exert suctions equivalent to
100 m or more of water, i.e., the vines can extract
water which cannot escape under gravity. In addition,
the low matrix permeability means that the chalk
does not easily dry out.

However, when there is very heavy rain, the mass
permeability becomes valuable: it ensures that
the large volume of rainwater drains away without

leaving the sediment, and hence the roots of the vine,
waterlogged (Figure 3).

For simple survival of a vine, waterlogging is a
greater danger than a shortage of water, because the
limited root surface area can be poisoned from a
shortage of oxygen in solution. If the vine has used
all the oxygen in stagnant water, the root metabolism
starts to form poisonous alcohols. Clearly, it is essen-
tial that even the lowest roots of the vine are well
above the top of the water table. As the roots nor-
mally penetrate downwards to several metres, and
can penetrate to 20 m, vineyards can only be success-
fully established many metres above the normal local
water table. In the Médoc, land drainage is used in
vineyards which are closer to the Gironde Estuary. In
the Barossa, in South Australia, where low rainfall
makes drip-irrigation helpful, it is essential that open
reservoirs are many metres below the height of the
vineyards themselves.

Figure 3 Muscovite-rich silty sand in a vineyard of Michel
Torino, Cafayte, south-south-west of Salta, Argentina. A reliable
soil for vines: medium porosity with relatively high permeability,
holding water for roots, but allowing it to drain away before all
dissolved oxygen has been lost. It will need some nitrogen for
optimal growth. The muscovite, although not a direct source of
potassium itself, probably indicates that adequate potassium is
present from the weathered muscovite and illite. © Jake Hancock.
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Figure 4 South-north cross-section from the Wealden anticline into the London basin of Surrey, south-east England, showing the
location of vineyards ancient and modern. Note that though they planted on rocks of different ages and types, vineyards have been

located on well-drained sunny south-facing slopes. From Selley (2004).

There is another complication with the drainage
for vines because of their long roots. In many vine-
yards, most of the nourishment is obtained in the top
0.5 m, i.e., from the soil. Moisture for everyday me-
tabolism can be obtained from much lower levels,
possibly from superficial sediments, but commonly
also from bedrock. Each of these three may have
their own values of porosity and permeability. Of
course, the roots take in nourishment and water
from all levels, but the soil is likely to have the most
nourishment available, and the bedrock may have the
most steady and reliable supply of simple water. The
control of geology on vineyard location is demon-
strated in northern Surrey, England. Here vineyards
have been planted over two millennia on rocks of
various ages and types, but always on well-drained
sunny south-facing slopes (Figure 4).

Vine Nourishment

Many of those who believe in geological ‘terroir’ feel
that it must be something in the nourishment from the
ground which gives character to the wine. However,
of the three geological influences, nourishment is
the least important. Only the three major elements
required by plants will be considered here.

1. Nitrogen. A nitrogen-rich soil makes for a flabby
wine. In practice, a deficiency in nitrogen is the
most widespread problem in the nourishment of
vineyards. However, geology has little to contrib-
ute. There is some nitrogen in primary rocks,
typically 10-12 ug g~ ', but almost all the nitrogen
for plants is supplied as NHZ, NO5, and NO3,
formed in a complex series of actions by hetero-
trophic bacteria and fungi in the soil.

. Phosphorus. The most common phosphorus min-
eral is fluorapatite, usually just named apatite:
Cas(POy4)sFE  Biogenic apatite usually contains
some OH™ and/or CO3". The solubility is very

Courtesy of Petravin Press.

low: a typical soil contains 0.3 mg of phosphorus
per litre of soil solution, most effectively as
H,POy; the double negative charge of HPO3~
makes it less effective because of the negative
charge on the roots.

Vines need very little phosphorus and a phos-
phorus deficiency is almost unknown. Never-
theless, the relatively small surface area of the
roots means that vines would have difficulty in
obtaining sufficient phosphorus, but for the fact
that they belong to the group of plants which live
symbiotically with mycorrhizal fungi. The numer-
ous hyphae of the fungus penetrate the cortical
cells (but not the protoplast) and form complex
branches which increase the absorption area of the
plasma membrane. This allows the root to absorb
relatively large amounts of phosphorus. In return,
the vine gives the fungus carbohydrates and vita-
mins. The effect is enhanced still further by the
concentration of phosphorus in the fungi them-
selves, which is about three times the amount of
phosphorus in the vines.

. Potassium. Geology is a major controlling factor

for potassium in vines. The plant takes up the
element as the ion K*. The vine seems to have no
control on how much K* it absorbs: if there is a
shortage of K', the vine suffers; if there is an
excess of K available, the roots simply absorb it.

The most common potassium minerals are: mus-
covite, K2A14[Si6A12020](OH,F)4; biOtitC, which
differs in basic composition from muscovite only
in containing Mgs instead of Aly; K-feldspar
(e.g., orthoclase and microcline), K(AlISi;Og); and
the clay mineral illite, K,Al4(Sig,Al)O50(OH)4
where y < 2.

Muscovite is resistant to weathering, biotite is
quantitatively insignificant, K-feldspar is import-
ant in some vineyards (see below), and illite is
widespread and can yield K by direct proton re-
placement. However, in most vineyards, as with
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most agricultural products, K+ comes not from the
weathering of primary minerals, but from ions held
by electrostatic attraction to the negatively charged
colloidal-sized particles of clay minerals. The ease
with which a clay mineral can release cations back
into solution for plant roots is known as the cation
exchange capacity (CEC). The CEC of the smectite
group clay minerals is high (47-162 cmol. kg™,
and this can be valuable in some vineyards, e.g., on
the weathered microgranites of Beaujolais, and
possibly in soils derived from weathered volcanic
rocks in California. The CEC of the illite group is
only 2040 cmol kg, butillite is more important
in most vineyards because of the high illite content
in the clays and marls of districts such as Sancerre
and the Céte d’Or of Burgundy. Moreover, as the
surface K is removed by the roots, some K* can be
replaced from the illite itself.

There is a common myth that, because K™ has a
high solubility, it is easily washed out of a soil. This
ignores the power of illite and smectite particles to
seize K. A single dose of a potassium fertilizer can
affect the fertility of the ground 50 years after it has
been applied.

Although cationic exchange from illite is prob-
ably the main source of K* in vineyards, a remark-
able number of high-quality wines come from
vineyards which may obtain some K" from the
weathering of K-feldspar: the Méric Conglomerate
in the Médoc; the granite of Hermitage; the feld-
spathic sandstones of the Permian Rotliegend west
of Nierstein in the Rheinhessen, and some of the
grands crus vineyards in Alsace; the feldspar por-
phyry of Schlossbockelheim in the Nahe; the allu-
vial sediments in the Napa valley derived from
volcanic and pyroclastic rocks lining the sides of
the valley; and the lateritic soils developed on
granite—gneiss in the Margaret River country of
western Australia.

Summary

The fact that vines grow on rocks of all ages and types
may superficially suggest that geology has no role to
play in viticulture. Nothing could be further from the
truth. The interplay of geology and climate deter-
mines the landscape within which a vineyard stands,
and the soil on which it grows (Figure 5).
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Figure 5 Soil, referred to as ‘the soul of the vine’ (Wilson, 1998)
results from the complex interplay of geology and climate. Note
that in many vineyards it is the superficial deposits, such as
alluvium, eolian sand or boulder clay that determine the charac-
ter of the soil, as much as the solid rock beneath. From Selley
(2004). Courtesy of Petravin Press.
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Introduction

Geomorphology is the study of landforms and of the
processes that act on Earth’s surface to produce these
landforms. This article emphasizes the geomorpholo-
gic processes that form different types of surficial
deposits. For the current purposes, the range of sur-
face processes can be considered with reference to the
following four topics: fluvial processes/floods, mass
wasting/landslides, tectonic terrains, and glaciation.

Fluvial Processes/Floods

Streams play an important role in erosional processes.
The surface of Earth, over geological time, is continu-
ally and gradually eroded, and many landforms are a
result of stream erosion or deposition. During the ero-
sion process, when a stream reaches base level it begins
to meander (Figure 1) and carves out a flood plain, an
area that is subject to flooding (Figure 2) (see Sediment-
ary Processes: Fluvial Geomorphology). Only a small
percentage of Earth’s surface is subject to flooding.
The degree of inundation depends on subtle topo-
graphic features such as natural levees, oxbows, local
alluvial fans, low terraces, and mass-wasting accumu-
lations from adjacent hill slopes. Identification of these
features requires detailed geomorphological scrutiny
using aerial photographs and topographic maps.

A stream terrace is an abandoned flood plain that
results from a lowered base level. Terraces may be

Figure 1

Meanders and flood plain of the Wind River near
Dubois, Wyoming.

paired or unpaired. The continuity of a terrace along
a valley, paired on both sides, may be correlated to a
former graded condition. On the other hand, progres-
sive stream down-cutting will leave isolated unpaired
terraces along the valley sides. The surface elevation
of terraces cannot be correlated because the terraces
were never portions of a single, continuous surface.
Unpaired terraces imply continuous down-cutting ac-
companied by lateral erosion. The stream shifts back
and forth from one side of the valley to the other, and
the valley floor is gradually lowered.

Terraces are of special interest as flood hazards
because some very low terraces may be inundated
during floods. For example, alluvial stratigraphy
and geomorphology were used to evaluate the inun-
dation of low terraces along the Connecticut River
during a flood that occurred in 1936. It was shown
that the riverine terraces were hazardous but that the
higher kame terraces were not inundated. Another
example is the Missouri River. A Landsat image of
Glasgow, MO in September 1992 (Figure 3A) shows
the Missouri River meandering on the flood plain and
the terraces between the confining bluffs. A later
image (Figure 3B) was taken in September 1993,
during severe flooding. The entire flood plain and
some low terraces are inundated; though one terrace
on the north side was above the water (see Sedimentary
Processes: Catastrophic Floods).

The identification of flood-prone terraces may be
complicated by changes in aggradation or degrad-
ation. Such changes can be natural processes or can
be caused by humans. Cyclic episodes of aggradation
or degradation can be related to overgrazing or cli-
matic change. A low terrace may be practically indis-
cernible from the flood plain, and, unfortunately,
geological maps rarely discern these geomorpho-
logical features. Instead, the maps simply classify
bottomland as Quaternary alluvium (Q,). Rivers
can have complex terrace systems. For example, the
active flood plain width of the lower Mississippi
River is approximately 16 km, lying within a terraced
valley floor varying from 40 to 200 km wide. The
terraces along the lower Mississippi River were
formed by degradation accompanying sea-level lower-
ing during glacial maximum, whereas the terraces
along the upper Mississippi river were formed by
degradation that accompanied reduced sediment
loads during interglacial time.

Planners and engineers responsible for construction
projects often overlook the geomorphology and in-
terpretation of surficial deposits. For example, the
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Figure 2 Oblique aerial photograph of the Kentucky River during the 1963 flood at Hazard, Kentucky. There is a clear division
between the flood plain inundated by the 1963 flood and the adjacent hills. Courtesy of the Geological Society of America.

Figure 3 Landsatimages of Glasgow, Missouri. (A) Image taken in September 1992. (B) Image taken in September 1993, during the
flood peak. Courtesy of the United States Geological Survey.
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United States Federal Emergency Management
Agency requires communities to identify the so-called
floodway based on the estimated 100-year flood
discharge. Engineering firms use computer programs
to estimate roughness and stage for this flood, and
superimpose this stage (‘base flood elevation’) on
topographic maps. The estimate of the 100-year

flood discharge, the quality of the topographic
maps, and the other assumptions of the computer
programs limit this hazard evaluation. Further, this
process does not protect flood-prone areas just above
the 100-year flood stage.

An example of the usefulness of geological maps
showing surficial deposits can be seen in Figure 4. In

s

Figure 4 Maps of the area around Wilkes-Barre, Pennsylvania. (A) Portion of a Wilkes-Barre topographic map. The topography of
the area has been affected by coal mining; culm banks more than 30 m high and subsidence pits are abundant. The area inundated by
the June 1972 flood is indicated by diagonal lines. Courtesy of the United States Geological Survey. (B) Geological map of the same
area. Quaternary alluvium (Qg)) and outwash (Q,) are indicated. Courtesy of the Pennsylvania Geological Survey.
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1972, at Wilkes-Barre, PA, the Susquehanna River
crested at 12.4 m and the downtown area (Figure 4A)
was inundated. The 1972 floods, resulting from
Hurricane Agnes, caused over $3 billion damage in
the northern Appalachian Mountains region. A geo-
logical map of Wilkes-Barre (Figure 4B) shows glacial
outwash overlain by Holocene alluvium within the
alluvial plain of the Susquehanna River valley. The
coincidence of the two maps shows the utility of good
topographic and surficial geological maps.

Mass Wasting/Landslides

Mass wasting includes several gravity-driven pro-
cesses that act on Earth’s surface. These hill-slope
processes deliver material to a stream that ultimately
carries the eroded debris to the sea. Mass-wasting
processes include debris flow, landslides, and creep.
Debris flows typically originate in semi-arid areas
where thick soils or surficial deposits begin moving
as a landslide and become more mobilized as they
move into a stream channel. Eventually, they flow
like wet concrete. Many alluvial fans include areas
covered by prehistoric debris-flow deposits and hence
are susceptible to continued activity. The levees asso-
ciated with these deposits may get overtopped and
exceed the stage of a 100-year flood as determined by
stream discharge probability. Areas susceptible to
debris flow require detailed geomorphologic analysis
to predict the degree of hazard. A rock glacier is a
form of debris flow; it is typically found in a glacial
cirque and may have an ice core. Figure 5 is a radar
image 20km east of Seattle, WA. High-resolution
light-detection and ranging (lidar) topography is a
technology utilizing aircraft rangefinders to determine

Figure 5 Lidar topography showing landslides near Seattle,
Washington. The view is 3.5km wide. Symbols: ow, outwash;
Is, landslides (1=youngest, 3=oldest); Hf, Holocene flood
plain; gdf, glacially fluted surface. Courtesy of the Geological
Society of America (see GSA Today, November 2003, pp. 4—-10).

distance with a laser pulse. Topographic features are
enhanced, even in forested terrain.

Landslides can occur within minutes, but many move
very slowly, even over a period of years. Figure 6 shows
some of the many landslides that occurred 130 km from
the epicentre of the 1964 Alaska earthquake (M = 8.6).
The landslides developed in the Bootlegger Cove Clay, a
Quaternary marine clay. Careful mapping of surficial
deposits is an important job for the engineering geolo-
gist in earthquake areas. Landslides are particularly
common on steep hill slopes with clayey soils, or
where a hill slope is oversteepened by shoreline pro-
cesses or a river meander. Above a wave-cut cliff, an
entire hill slope may be a slowly moving complex
of landslides undergoing progressive failure. Transla-
tional landslides typically occur along bedding planes
of moderately to steeply dipping sedimentary rocks.
Geological maps, aerial photographs, and detailed
fieldwork are needed to identify landslide hazards (see
Sedimentary Processes: Landslides).

Gravity continuously acts on a hill slope, and
weathered debris is dragged down slowly, forming
colluvium. In humid areas, colluvium practically
covers the whole land surface, obscured only where
an occasional outcrop protrudes or a surficial deposit
is present. Some landslides develop in colluvium, so
the processes of creep and landslide are intermingled.
Engineering geologists can help evaluate the stability
of hill slopes for catastrophic landslides or minor
damage from creep. The classic landslide is spoon
shaped and has a bulging toe and a scarp at the
top. Ancient landslides may still show this distinct
topographic pattern.

Figure 6 Landslides at Anchorage, Alaska, caused by the 1962
Alaska earthquake. Courtesy of the United States Geological
Survey.
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Residual soils develop in situ from the weathering
of the parent bedrock (see Soils: Modern). Saprolitic
deposits develop soil-like attributes and can accumu-
late to great thickness in humid areas such as the
south-eastern United States. Transported soils, on
the other hand, are simply surficial deposits that
were moved and deposited by glaciers, running
water, wind, or coastal processes. These geomorpho-
logic processes produce deposits that have distinct
attributes. For example, loess (wind-blown silt) is
noted for its property of standing in vertical excav-
ations. Till, unsorted debris deposited directly by a
glacier, covers vast areas of northern Europe and
North America. Till is noted for its poor drainage
and often forms swamps. Its low permeability is well
known, making it useful for ameliorating ground-
water contamination plumes. Engineering geologists
who work in glacial terrain need to understand the
origin and characteristics of glacial deposits. A good
working knowledge of the Quaternary deposits in a
glaciated region is important in engineering endeavors
and a valuable asset to a geotechnical firm.

Tectonic Terrains

Much of Earth’s surface is the result of active tecton-
ism. Mountains such as the Alps and Himalayas have
been formed by tectonic uplifts . Normal faults in the
western USA have produced a distinctive ‘basin and
range’ topography; alluvial fan complexes form in the
grabens adjacent to the uplifted mountains. Active
strike=slip faults in California have resulted in diverse
topographic features. Figure 7 is an oblique aerial
photograph showing “basin and range” topography
at the Wasatch Mountains near Salt Lake City, UT.
A geomorphologist would quickly grasp the signifi-
cance of this remarkable photograph. It shows that
the terminal moraine of a mountain glacier has been

Figure 7 Oblique aerial photograph of a faulted terminal mo-
raine, Salt Lake City, Utah. Courtesy of the Utah Geological Survey.

offset by a fault. The moraine obviously is late Pleisto-
cene in age, probably deposited around 20 000 years
ago. Thus the fault displacement is relatively recent,
and the fault must be considered active. The area along
the fault will be offset again. The damage from the
earthquake will not be limited by the shearing of any
road or structure directly on the fault trace, but will also
affect nearby areas. The response of earth materials to
ground shaking varies. Figure 6, for example, shows
the response of clay deposits at a great distance from
the epicentre of the 1964 Alaska earthquake: the
marine clay broke into hundreds of landslides.

Geological deposits have a wide range of responses
to earthquakes. Surficial deposits are especially sus-
ceptible to shaking. For example, in the 1989 Loma
Prieta earthquake (M =7.1) in the San Francisco Bay
area, damage to houses was widespread where thick
residual soils occur in the mountainous terrain.
Damage to the Oakland waterfront was related to
infilling along the wharves. Condominiums collapsed
in the Marin District of San Francisco in areas under-
lain by artificial fill. Another example is at Kobe,
Japan, where liquefaction of alluvium and lagoonal
clay occurred during the 1995 earthquake (M =7.2).
Clearly, an important aspect of engineering geology in
earthquake-prone regions is the identification of
sensitive surficial deposits.

Glaciation

There are two general types of glaciers: mountain
glaciers and continental glaciers (see Sedimentary
Processes: Glaciers). Mountain glaciers form distinct-
ive erosional and depositional topographic features.
Terminal moraines mark the terminus of Pleistocene
mountain glaciers (Figure 7). Vast continental ice-
sheets covered much of the land of the northern hemi-
sphere and have left surficial deposits, including till and
stratified drift. The best aquifers in glaciated terrain are
stratified drift. Figure 8 shows an area of eastern
Connecticut where stratified drift primarily occurs in
the form of kame terraces. Where saturated, these
constitute excellent aquifers, typically yielding over
500 gallons minute ™! (2500 m® day~') to wells. Much
of the uplands in Figure 8 are bedrock (schist and
gneiss) that is thinly veneered with glacial till. Drumlins
are found throughout much of the till-covered areas
in New England. The yield of wells in these upland
areas is very low, on the order of 1gallon minute™!
(5§ m?day ). The kame terraces, primarily those along
the Willimantic River valley, are excellent aquifers.
Other surficial deposits are associated with glaci-
ation, including loess (wind-blown silt) and deltaic
deposits. Figure 6 shows a large mass of varved
clay that was deposited below sea-level during the
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Figure 8 Stereo aerial photographs of glaciated terrain near Willimantic, Connecticut. Stratified drift, primarily kame terraces, are
found in the Willimantic River valley; some are being quarried for sand and gravel. Best viewed with a pocket stereoscope.

Pleistocene Epoch. Much of Anchorage, AK, was
destroyed when the 1964 Alaskan earthquake
(M =8.3) shook these deposits and they broke into
hundred of landslides.
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Introduction

Geomythology (also called ‘legends of the Earth’,
‘myths of observation’, ‘natural knowledge’, and
‘physico-mythology’) is the study of etiological
oral traditions created by pre-scientific cultures to
explain, in poetic metaphor and mythological im-
agery, geological phenomena such as volcanoes,
earthquakes, floods, fossils, and other natural fea-
tures of the landscape. (A related field, ‘archaeo-
astronomy’, studies pre-scientific knowledge of sky
phenomena.)

Two types of geomyth have been identified: folk
explanations of notable geological features, and
often-garbled descriptions of catastrophic geological
events that were witnessed in antiquity. In the case of
geomorphic events that occurred in the pre-human
past, observation and imagination led to mythic ex-
planations that were handed down over millennia. In
the case of natural cataclysms within living human
history, descriptions were transmitted over gener-
ations, often accruing supernatural details. Because
of the mythological language of oral folklore, scien-
tists and historians have often missed the kernels of
truth and rational concepts embedded in geomytho-
logical narratives. Some geomyths are simply fanciful
stories based on imagination or popular misconcep-
tions, such as tales of creatures or humans that were
magically transformed into rock to explain the shapes
of landforms. Many geomyths, however, contain sur-
prisingly accurate insights into geological processes,
as well as important eyewitness data from the distant
past. Modern scientific investigations have revealed
that much ancient folklore about the Earth was based
on rational speculation and understandings grounded
in careful observations of genuine, but extraordinary
physical evidence over time.

Geomythology in Classical Antiquity

Although the term ‘geomythology’ was coined in
1968 by the geologist Dorothy Vitaliano, and it is
often considered a new field of study, the concept
was known and applied since antiquity. Euhemerus,
a Greek philosopher (ca. 300 Bc), held that myths
about divinities and their activities were poetic ac-
counts of real people and events. His approach, later

called ‘euhemerism’, was taken up by other classical
scholars who rationalized myths by stripping away
supernatural and impossible details to reveal an
underlying core of facts. Some of the rationalizing
deconstructions of hero and monster myths by the
Greek euhemerist Palaephatus (fourth century BcC)
may seem contrived, but others, such as his interpret-
ation of the myth of Cadmus sowing the dragon teeth,
are quite sophisticated. Palaephatus suggested that
the tale represented an ancient misunderstanding of
fossil elephant molars, which were frequently found
in the ground and treasured by kings in archaic
Greece before knowledge of elephants was brought
back from India by Alexander the Great in the fourth
century BC.

Many other classical Greek and Latin writers iden-
tified archaic myths about creation and primal crea-
tures, first written down in the eighth century BC by
the epic poets Homer and Hesiod, as symbolic ways of
describing actual events and processes in deep time
or within human memory. In his account of Atlantis
and in other works, for example, the philosopher
Plato (fourth century BC) correctly described large-
scale changes in prehistoric land masses and coast-
lines in the Aegean. In the first century BC, the
Latin poet Ovid expressed accurate conceptions of
geomorphology and the process of petrifaction in
his Metamorphoses; verses about the transformations
of mythic beings. Around the same time, the Greek
geographer Strabo regarded traditional geomyths as
cryptic historical records, observing that “the ancients
expressed physical notions and facts enigmatically by
adding mythical elements”.

In his fifth century BC tragedy Prometheus Bound,
the Greek dramatist Aeschylus recounted the myth of
Zeus burying Typhoeus (a monstrous, many-headed
dragon with many voices that embodied primal
chaos) under Europe’s largest and most active vol-
cano, Mount Etna in Sicily. The etiological account
explains Etna’s eruptions as Typhoeus’s struggles to
escape the subterranean prison: his roars and hisses
were the auditory features of the volcano, and his
fiery breath was supposed to melt rock, creating the
periodic lava flows that endangered towns on
the volcano’s slopes. In the first centuries BC and AD,
the Latin epic poet Virgil and the natural historian
Pliny the Elder suggested that the one-eyed giant
Cyclopes described by Hesiod in his Theogony (ca.
750 BC) personified other active volcanoes in the
Mediterranean.
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Contributions of Geomythology to
Modern Science

Robert Hooke was the first modern scientist known
to have employed classical geomythology as historical
evidence. To support his theory of vast geological
alterations over time, in lectures presented in the
period 1667-1688 Hooke drew on geomythology of
landform changes and earthquake-related lore re-
corded by Plato, Pliny, Strabo, Virgil, and Ovid (as
well as biblical scriptures). Hooke sought the empir-
ical evidence of mythic narratives to show that great
floods and earthquakes had repeatedly transformed
the Earth in the deep past, and could justify the pre-
sence of petrified marine remains on mountaintops.
His explanatory hypothesis was based on the idea of
pole wandering (to be tested astronomically), which
was not well received by some of his contemporaries.
It was for this reason that he collected evidence from
myths in support of his ideas about Earth history.

Another early geomythologist was the founder
of comparative anatomy, Georges Cuvier (see Famous
Geologists: Cuvier). He compiled a collection of an-
cient Greek accounts and North and South American
Indian traditions about the discoveries of petrified
bones of remarkable size to demonstrate the world-
wide distribution and longstanding observations of
the fossilized remains of immense creatures, which
Cuvier identified as extinct elephant-like creatures.
Edward Burnet Tylor (1865) was another early pion-
eer of geomythology. He called traditional legends
about natural history ‘myths of observation’ to em-
phasize that they were reasonable efforts to account
for mysterious physical evidence.

Vitaliano was the first modern geologist to system-
atically match the insights contained in various cul-
tures’ myths about geology to modern scientific
knowledge, thereby giving the study of folklore a dis-
ciplinary status. As the first stirrings of geological
observation and hypothesis-forming that would later
evolve into the Earth sciences, geomyths are signifi-
cant milestones in the history of science. As Vitaliano
and others have noted, scientific theories themselves
are analogous to etiological geomyths in that both
are efforts to explain mysterious observed facts. The
ability to link traditional descriptions with present-
day science is a notable contribution to scientific
knowledge. Geomyths can provide previously un-
known additional data for studying geological events
that were actually witnessed in the pre-scientific past.
The study of geomythology also helps reveal the pro-
cesses of transmitting cultural memories over many
generations and the origins and functions of oral
mythopoesis.

Scientific analysis of geomyths can verify the his-
torical foundations of many myths previously viewed
as imaginary products of creative storytelling. For
example, in 1999, the frozen mummy of Kwaday
Dan Sinchi (meaning ‘long ago person found’) was
discovered in a melting glacier between Yukon Terri-
tory and north-western British Columbia, Canada.
Radiocarbon dating showed that the young man had
lived in the 1400s. He carried a waterproof hat woven
of roots from the Pacific coast, a leather bag of dried
fish and plants, tools made from both coastal and
inland trees, and a cloak made from gophers that
live far inland. These finds confirmed the ancient
oral traditions of the local Champagne and Aishihik
First Nations, which describe their ancestors using
the glaciers as trade routes to travel between the
interior and coast.

Examples of Geomythology

Geomyths from around the world explicate the gamut
of geological phenomena, from seismic and volcanic
events to fossil deposits, such as shells and marine
creatures stranded far from the sea and strange, over-
sized, unfamiliar skeletons embedded in rock. Extra-
ordinary landmarks and the sudden disappearance
or appearance of islands; climatic changes; great
floods and changing watercourses; natural petroleum
fires and deadly gases emitted from the Earth; the
formation of minerals and gems underground; and
myriad other large and minute natural features of the
landscape are all featured in geomythology.

For example, legends of deadly miasmas and ‘bird-
less places’ often arose in regions where toxic natural
gases are released from vents in the Earth, affecting
plants and wildlife. The ancient image of the cave-
dwelling, fire-breathing monster, the Chimera, which
supposedly dwelled in what is now modern Turkey
was no doubt influenced by observations of spontan-
eously burning natural gas wells in Asia Minor. In
2002, a team of archaeologists and geologists con-
firmed a long-discounted classical Greek tradition
that the priestess possessed by the god Apollo at the
Oracle of Delphi was inspired by fumes emanating
from a crack in the Earth. The team discovered that
intoxicating methane and other gases escape from
fissures at the ancient site of the Oracle.

Volcanoes and earthquakes are well represented in
geomyths. The spectacular volcanoes of Hawaii in-
spired legends of the fire goddess Pele digging a series
of great fire-pits as she traveled across the islands.
Geologists point out that the legend reflects an
ancient awareness that the volcanic activity from
northwest to south-east was progressively younger.
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The Greek myths of the cosmic wars between Zeus
and the Titans, Cyclopes, and Typhoeus as described
in Hesiod’s Theogony were scientifically analyzed in
1992 by geology historian Mott T. Greene. Hesiod’s
poem contains some ancient oral stories that date to
the second millennium Bc. Greene demonstrated that
the violent battle with the one-eyed Cyclops can be
matched to volcanic phenomena associated with the
solitary Mount Vesuvius and the solfataric gas emis-
sions in the ‘fields of fire’ near Naples, Italy. In con-
trast, the god’s conflict with Typhoeus and the Titans
represents Mount Etna’s multiple cones, and the hiss-
ing and roaring features, lava flows, and deep tectonic
earthquakes. Moreover, details of Hesiod’s poem
suggest that it forms a chronological record of datable
major eruptions of Etna in about 1500 BC and in
735 BC, and the Plinian eruption in 1470 BC on the
island of Thera—Santorini, which destroyed the
Minoan civilization.

Ancient Greek earthquake lore distinguished be-
tween local, weak volcanic tremors, attributed to
struggling giants imprisoned by Zeus in the Earth,
and large-magnitude tectonic quakes with associated
tsunamis, which were attributed to Poseidon, the
Earth-shaking god of the sea. In West Africa, where
tectonic shocks typically emanate from the west,
the natives imagined a giant who tires of facing east
clumsily shifting position. Highly seismic Japan has
elaborate quake myths, with some tales attributing
the earthquakes and tsunamis to the movements of
a colossal serpent-dragon surrounding the island.
According to traditions in India and many other cul-
tures, earthquakes were caused by giant creatures
burrowing underground.

In Samos, an Aegean island with rich Miocene
mammal fossils and subject to severe earthquakes,
ancient Greeks devised an ingenious myth (fifth
century BC) to explain both features. Before the era
of humans, it was said that the island was populated
by enormous monsters called Neades, whose deafen-
ing shrieks caused the very Earth to collapse upon
them. According to ancient writers, their huge bones
were displayed in situ, and archaeologists have found
fossil relics in the ruins of the Temple of Hera on the
island. By the first century AD the great bones were
identified as the remains of Indian elephants brought
to Greece by the god Dionysus. Not only are earth-
quakes on Samos distinguished by loud roaring, but
many of the fossils on Samos are those of large,
extinct elephant ancestors and the bone deposits are
often found trapped underneath earthquake-faulted
blocks.

Fossil remains generated a variety of geomyths spe-
culating on the creatures’ identity and cause of their
destruction. Many ancient cultures, from China and

India to Greece, America, and Australia, told tales of
dragons, monsters, and giant heroes to account for
fossils of animals that they had never seen alive. Some
scenarios of their destruction in ‘deep time’ antici-
pated catastrophic extinction theories, first suggested
scientifically by Cuvier, while other ancient accounts
leaned toward more gradualist theories.

For the ancient Greeks, the Gigantomachy, the
cosmic wars in which the gods destroyed giants and
monsters and buried them underground, accounted
for abundant deposits of the fossil skeletons of enor-
mous, extinct Tertiary mammals found in ‘giants
battle fields’ all around the Mediterranean. In the
Siwalik foothills of the Himalayas, ancient Greek
travellers reported that Indians displayed bizarrely
horned dragons with sparkling gems embedded in
their skulls. The origin of the myth came to light
when nineteenth-century palaeontologists discovered
rich fossils of giant giraffids and curiously tusked
proboscids encrusted with calcite crystals. In China,
the ‘dragon’ bones collected and ground into medi-
cine turned out to be the fossils of extinct mammals
and dinosaurs. In central Asia, the legend of the gold-
guarding griffin, a creature with the body of a lion
and beak of a raptor, arose as nomadic prospectors on
their way to gold deposits came upon conspicuous
fossils of beaked quadruped dinosaurs in the Gobi
desert.

In Europe, observation of dinosaur tracks in Trias-
sic sandstones in the Rhine Valley probably influ-
enced the legend of the slaying of the dragon Fafnir
there by the Germanic hero Siegfried. For Aborigines
near Broome, north-west Australia, the footprints
of Cretaceous carnosaur and stegosaur dinosaurs in
sandstone near Broome, form a ‘song-line’ from
dream-time. The trackways are considered the trail
of a giant ‘Emu-man’ of myth. Where tracks head
out to sea and back to shore, legend tells of him
wading into the ocean and returning. Wherever he
rested, Emu-man’s feathers made impressions in the
mud, a logical interpretation of fern fossils in sand-
stone, which resemble large feathers. According
to an Aztec legend preserved by sixteenth-century
Spanish explorers, the great feathered serpent-god
Quetzalcoatl left his hand and seat prints in stone
near Mexico City, one of the earliest geomyths re-
corded in America. Pleistocene fossils of large mam-
mals are in fact abundant around ancient Aztec sites
near Mexico City and the tracks of these probably
account for the myth.

Myths of a devastating flood are nearly universal.
Recently, a team of geologists studied sediments in the
Black Sea region and concluded that Mesopotamian
and Biblical flood myths originated when the rising
Mediterranean suddenly broke through the Bosphorus,
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inundating the populous farmlands of the Black Sea
basin about 6000 years ago. The awareness that a
vast sea once covered the American south-west in
Cretaceous times is evident in Zuni Indian traditions
about the bizarre huge marine monsters of a long-past
era before humans evolved, whose remains are found
along with shells and ripple marks in the desert bed-
rock. The Zuni creation myth describes how the
sea was dried out by a great conflagration. Indeed,
giant marine reptiles of the Cretaceous are found in
Zuni lands, along with the burned stumps of great
prehistoric forests in the desert.

Remarkable landforms have long elicited folk etiol-
ogies to explain their origins and notable features.
Devil’s Tower in Wyoming, a prominent volcanic for-
mation in the American West with distinctive grooves
and facets, was said by Native Americans to have
been formed when a gigantic bear clawed at the rock
in an attempt to reach children trapped on the top.
Notably very large dinosaur claws are found in
the region. The unusual Cuillin Mountains of Skye,
Scotland, were fabled to have been formed when the
Sun hurled his fiery spear into the ground. Where it
struck, a huge blister or boil appeared and grew,
swelling until it burst and discharged molten, glowing
material that congealed to form mountains per-
petually covered in snow. Geologists have remarked
that the legend accurately recounts the formation of
a volcanic dome, which grows, bursts, and spews
glowing-hot magma. The Cuillins consist of gabbro,
crystallized molten matter, and the adjacent moun-
tains of granite, the Red Hills, are indeed snow-
capped in contrast to the steeper Cuillins. However,
the Cuillins are much too old to have been observed
being formed by humans.

Controversies and Future Directions

In recent years, the horizons of geomythology have
been expanded by Native American scholars who re-
late Amerindian geological traditions to modern sci-
entific knowledge. These scholars also grapple with
the controversial questions raised by geomyths: how
far can human memory, perpetuated in spoken trad-
itions over generations, extend back in time? Strabo
was the first to address this issue in the first century
BC. The very magnitude of time encompassed in folk
memories makes legends seem incredible, he wrote,
yet it is worth trying to decipher what the ancients
understood and witnessed.

In the Renaissance, naturalistic approaches to the
meaning of ancient geomyths vied with moralistic
interpretations; and debates over the validity of
traditional folk knowledge continued into the scien-
tific era. For example, debate raged in the nineteenth

century over Native American legends that seemed to
contain ancestral memories of mastodons hunted
to extinction in the last Ice-Age about 10000 years
ago. The possibility was supported by twentieth-
century archaeological discoveries of mammoth kill
sites that matched local tribal lore about elephant-like
monsters.

One method of testing the reliability of oral geol-
ogy traditions is to examine traditions about geo-
morphic events in specific geographic areas with
datable chronologies. Greene’s analysis of Hesiod’s
ancient volcano data provides an example of this
approach. In 2003, geologists found that Homer’s
description of the landforms around Troy, now
radically changed, is consistent with the way the
region probably looked 3 millennia ago. Another
convincing geomyth of surprising antiquity is the
Klamath Indians’ oral tradition about the largest
Holocene eruption in North America, the volcanic
explosion of Mount Mazama in the Cascades Range
of southern Oregon. About 7500 years ago, the spec-
tacular eruption blew off the top of the mountain
and rained ash over a half million square miles. The
resulting caldera formed Crater Lake. Surviving
palaeo-Indian witnesses created a detailed oral trad-
ition of the violent event, expressed in a mythological
story that has been transmitted in the original Native
American language over some 250 generations.
The Klamath myth contains geological facts about
the eruption and collapse of the mountain that
were unknown to scientists until the early twentieth
century.

Future directions in geomythology will continue
the search for evidence of very early geological know-
ledge, based on logical reasoning or firsthand obser-
vations of natural phenomena, embedded in ancient
mythologies. Some of the most interesting new re-
search trends in geomythology are the investigations
by anthropologists, psychologists, and folklorists into
the evolutionary psychology of the oral mythmaking
process itself, to learn more about the mechanisms
of preserving and perpetuating ancestral human
memories over millennia. Such studies may help
solve an urgent geological dilemma that requires
today’s scientists to think geomythologically: the
permanent and safe geological disposal of thousands
of tons of highly radioactive nuclear waste from re-
actors and weapons production. The transuranic
waste is expected to remain radioactive for 100 000
years. The plan is to bury the dangerous materials
very deep in the Earth and guarantee that the sites
remain undisturbed for at least 10 000 years. The vast
geological and chronological scale of the project
means that warnings to succeeding generations must
survive in meaningful form until the year ap 12 000.
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Scientific proposals for ensuring that inadvertent
human intrusion will not occur at such burial sites
in the far distant future have called for the creation of
new, long-lasting geomythological ‘traditions’, with
written and visual markers of menacing design, to in-
dicate to future generations the grave perils of what
lies buried underground.

See Also

Biblical Geology. Famous Geologists: Cuvier. History
of Geology Up To 1780. Tectonics: Earthquakes. Vol-
canoes.

Further Reading

Barber E and Barber P (2005) When They Severed
Earth from Sky: How the Human Mind Shapes Myth.
Princeton: Princeton University Press.

Birkett K and Oldroyd D (1991) Robert Hooke, physico-
mythology, knowledge of the world of the ancients and
knowledge of the ancient world. In: Gaukroger S (ed.)
Uses of Antiquity, pp. 145-170. Dordrecht: Kluwer
Academic Publishers.

Cataldi R, Hodgson SF, and Lund JW (eds.) (1999) Stories
from a Heated Earth: Our Geothermal Heritage. Sacra-
mento: Geothermal Resources Council, International
Geothermal Association.

Clark E (1952) Indian Legends of the Pacific Northwest.
Berkeley: University of California Press.

GEOPHYSICS

Deloria V (1997) Red Earth, White Lies. Golden (CO):
Fulcrum.

Echo-Hawk RC (2000) Ancient history in the New World:
integrating oral traditions and the archeological record
in deep time. American Antiquity 65: 267-290.

Greene MT (1992) Natural Knowledge in Preclassical
Antiquity. Baltimore: Johns Hopkins University Press.
Hale JR, de Boer JZ, and Chanton J (2001) New evidence
for the geological origins of the ancient Delphic oracle

(Greece). Geology 29: 707-710.

Kraft ] C, Rapp G, Kayan I, and Luce JV (2003) Harbor
areas at ancient Troy: sedimentology and geomorphology
complement Homer’s Iliad. Geology 31: 163-166.

Mayor A (2005) Fossil Legends of the First Americans.
Princeton: Princeton University Press.

Mayor A (2000) The First Fossil Hunters: Paleontology
in Greek and Roman Times. Princeton: Princeton
University Press.

Mayor A and Sarjeant WAS (2001) The folklore of foot-
prints in stone: from classical antiquity to the present.
Ichnos 8(2): 1-22.

Rappaport R (1997) When Geologists were Historians,
1665-1750. Ithaca: Cornell University Press.

Ryan W and Pitman W (1998) Noah’s Flood: The New
Scientific Discoveries about the Event that Changed
History. New York: Simon & Schuster.

Tylor EB (1865) Researches into the Early History of Man-
kind. London: John Murray (reprinted 1964, Chicago:
University of Chicago Press).

Vitaliano D (1973) Legends of the Earth: Their Geological
Origins. Bloomington: Indiana University Press.

See EARTH: Orbital Variation (Including Milankovitch Cycles); EARTH SYSTEM SCIENCE; ENGINEERING
GEOLOGY: Seismology; MAGNETOSTRATIGRAPHY; MOHO DISCONTINUITY; PALAEOMAGNETISM; PET-
ROLEUM GEOLOGY: Exploration; REMOTE SENSING: Active Sensors; GIS; Passive Sensors; SEISMIC
SURVEYS; TECTONICS: Seismic Structure At Mid-Ocean Ridges

GEOTECHNICAL ENGINEERING

D P Giles, University of Portsmouth, Portsmouth, UK

© 2005, Elsevier Ltd. All Rights Reserved.

Introduction

Geotechnical engineering has recently (1999) been
formally defined in a Memorandum of Under-
standing on the proposed unification of the British

Institution of Civil Engineers Ground Board and
the British Geotechnical Society. Appendix A of that
memorandum, establishing the British Geotechnical
Association, sets out the following definition:

Geotechnical engineering is the application of the sci-
ences of soil mechanics and rock mechanics, engineering
geology and other related disciplines to civil engineering
construction, the extractive industries and the preserva-
tion and enhancement of the environment.
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Geotechnical engineering plays a key role in all civil
engineering projects, since all construction is built on or
in the ground. In addition it forms an important part of
extractive industries, such as open cast and underground
mining and hydrocarbon extraction, and is essential in
evaluating natural hazards such as earthquakes and
landslides.

The use of natural soil and rock makes geotechnical
engineering different from many other branches of engin-
eering: whereas most engineers specify the materials
they use, the geotechnical engineer must use the material
existing in the ground and in general cannot control its
properties.

In most cases the complexity of the geology means
that the geotechnical engineer is dealing with particu-
larly complicated and variable materials; their mechan-
ical properties usually vary with time and are critically
dependent on the water pressures in the ground, which
can often change.

The geotechnical engineer does sometimes have the
opportunity to specify certain properties or treatment
of soils, rocks and other materials used in construction.

Geotechnics can thus be primarily considered as
the science of the engineering properties and behav-
iour of rocks and soils. Geotechnical engineering
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Materials  tectonics/neotectonics,
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Geotechnical engineering

can be considered as the professional practice and
implementation of that knowledge contributing prin-
cipally to the design of engineered structures in and
on the ground (Figure 1).

Fundamental to geotechnical engineering are the
study and practice of engineering geology, geomecha-
nics (rock mechanics and soil mechanics), the design
of foundations, the stabilization of slopes, the im-
provement of ground conditions, the excavation of
tunnels and other underground openings, the analysis
of ground behaviour, and the assessment of ground
movements.

Soil Mechanics and Rock Mechanics

Soil mechanics (see Soil Mechanics) and Rock Mech-
anics (see Rock Mechanics), together known as ‘geo-
mechanics’, involve the study and understanding
of the physical properties and behaviour of rocks
and soils. These properties will include material
strength (in tension, compression, and shear), mois-
ture content, porosity and permeability, and a des-
cription in engineering terms (including a description
of the weathered state and of the rock and soil
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The practice of geotechnical engineering encompasses a wide variety of skills. Modified from the British Geotechnical

Association (1999) Memorandum of Understanding, Appendix A, Definition of Geotechnical Engineering. Ground Engineering, Nov. p. 39

EMAP, London.



Table 1 Some typical geotechnical properties of engineering rocks

Unit weight (kN Porosity Dry UCS range Dry UCS mean Saturated UCS Modulus of elasticity Tensile strength Shear strength Friction
Rock type m~9) (%) (MPa) (MPa) (MPa) (GPa) (MPa) (MPa) angle (¢°)
Granite 27 1 50-135 200 75 15 35 55
Basalt 29 2 100-350 250 90 15 40 50
Greywacke — 26 3 100-200 180 160 60 15 30 45
Ordovician
Sandstone — 22 12 40-100 70 50 30 5 15 45
Carboniferous
Sandstone — Triassic 19 25 5-40 20 10 4 1 4 40
Limestone — 26 3 50-150 100 90 60 10 30 35
Carboniferous
Limestone — Jurassic 23 15 15-70 25 15 15 2 5 35
Chalk — Cretaceous 18 30 5-30 15 5 6 0.3 3 25
Mudstone — 23 10 10-50 40 20 10 1 30
Carboniferous
Shale — 23 15 5-30 20 5 2 0.5 25
Carboniferous
Clay — Cretaceous 18 30 1-4 2 0.2 2 0.7 20
Coal — Carboniferous 14 10 2-100 30 10 2
Gypsum — Triassic 22 5 20-30 25 20 1 30
Salt — Triassic 21 5 5-20 12 5
Hornfels 27 1 200-350 250 80 40
Marble 26 1 60-200 100 60 10 32 35
Gneiss 27 1 50-200 150 45 10 30 30
Schist 27 3 20-100 60 20 2 25
Slate 27 1 20-250 90 30 10 25

UCS, uniaxial compressive strength.
Courtesy of Waltham AC (2001) Foundations of Engineering Geology. 2nd Edition. Spon Press. London.
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en masse as well as material, a description of any
discontinuities — such as fissures, fractures, joints,
faults, and shears — and any other geological aspect
of the mass fabric).

Geotechnical Engineering

Geotechnical engineering encompasses the civil en-
gineering of the ground and deals with the interaction
of that ground with engineered structures. The prin-
cipal works undertaken are foundations, slopes,
ground improvement, and underground excavations.

Foundations

The design and construction of foundations involves
the calculation of bearing loads and capacities, the
selection of the optimum foundation type (e.g.
footing or pile), embankment design, retaining wall
design, and seepage analysis. The geomechanical
investigations required for foundation design will
include evaluating soil stiffness, lateral earth pres-
sures, consolidation coefficients, and material
strengths, together with an analysis of the effective
stress conditions.

Slopes

The study of slopes and landslides requires the design
of cuttings, analysis of slope stability (in rock, soil,
or debris), and consideration of slope stabilization
measures (which may include slope drainage sche-
mes, slope reprofiling, ground anchor and pinning
systems, and other physical support methods).

Ground Improvement

Ground improvement includes mechanical and re-
inforcement measures, chemical treatment, drainage,
bioengineering, and the use of geotextiles.

Underground Excavations

The design of tunnels and underground excavations
involves the consideration of rock mass strength,
the design of suitable excavation techniques (such as
drill and blast, use of tunnel boring machines, use
of roadheaders), and the design of suitable support
systems (such as sprayed concrete (shotcrete), steel
sets or supports, concrete segments, rock bolts).
Arrangements must also be made to monitor any
ground settlement, closure, or overstressing during
the excavation operations.

Risk Analysis

The identification of geohazards and their incor-
poration in the risk management process requires
hazard assessment and risk analysis (see Engineering

Geology: Natural and Anthropogenic Geohazards).
This work underpins all aspects of modern geotech-
nical engineering practice. The geotechnical engineer
will be responsible for compiling a risk register, which
includes an analysis and assessment of all ground-
related risks that could affect the engineering project
together with a programme of suitable responses
to prevent such risks occurring or, should such risks
be realized, suitable mitigation and management
measures that should be implemented if the event
occurs.

Ground Investigation
and Characterization

Geotechnical engineering is underpinned by the as-
sessment and characterization of ground conditions
using site and ground investigation data (see Engin-
eering Geology: Site and Ground Investigation). Geo-
technical engineers therefore need to work closely
with engineering geologists to develop conceptual
models appropriate to the ground conditions, includ-
ing the geological setting of the site and the geo-
technical variability (Tables 1-4). Detail is provided
by the site and ground investigation process, building
on the background knowledge provided by earlier
investigations, research, and the records held by
local and regional authorities (notably the British
Geological Survey). Site-specific data is used to gener-
ate factual and interpretive accounts of the ground
conditions, using both iz situ data from intrusive test
programmes and tests conducted on sample data
obtained from extensive laboratory testing pro-
grammes. These data are used to create a conceptual
model from which expected ground conditions can
be anticipated. This data analysis provides the key
geotechnical parameters and values that are used in
the subsequent geotechnical design.

Table 2 Some typical geotechnical properties of engineering
soils

Grain size Liquid Plasticity Friction
Soil type  (mm) limit (%) index (%) angle (¢°)
Gravel 2-60 N/A N/A >32
Sand 0.06-2 N/A N/A >32
Silt 0.002-0.006 30 5 32
Clayey 0.002-0.06 70 30 25
silt
Clay <0.002 35 20 28
Plastic <0.002 70 45 19
clay
Organic  Generally >100 >100 <10
amorphous

N/A, not appropriate.
Courtesy of Waltham AC (2001) Foundations of Engineering
Geology. 2nd Edition. Spon Press. London.
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Table 3 Some typical geotechnical properties of typical clay soils

State LI (%) SPT (N) CPT (MPa) C (kPa) m, (m?MN~") ABP (kPa)
Soft >0.5 2-4 0.3-0.5 20-40 >1.0 <75
Firm 0.2 to 0.5 4-8 0.5-1 40-75 0.3-1.0 75-150
Stiff —0.1t0 0.2 8-15 1-2 75-150 0.1-0.3 150-300
Very stiff —0.4 to —0.1 15-30 2-4 150-300 0.05-0.1 300-600
Hard <04 >30 >4 >300 <0.005 >600

LI, liquidity index; SPT, standard penetration test; CPT, cone penetration test; C, cohesion; m,, compression coefficient;

ABP, acceptable bearing pressure.

Courtesy of Waltham AC (2001) Foundations of Engineering Geology. 2nd Edition. Spon Press. London.

Table 4 Some typical geotechnical properties of typical sand soils

Packing Relative density SPT (N) CPT (MPa) Friction angle (¢°) SBP (kPa)
Very loose <0.2 <5 <2 <30 <30
Loose 0.2-0.4 5-10 2-4 3-32 3-80
Medium dense 0.4-0.6 11-30 4-12 32-36 8-300
Dense 0.6-0.8 31-50 12-20 36-40 3-500
Very dense >0.8 >50 >20 >40 >500

SBP, safe bearing pressure; CPT, cone penetration test end resistance; SPT, standard penetration test corrected N value.
Courtesy of Waltham AC (2001) Foundations of Engineering Geology. 2nd Edition. Spon Press. London.

Hydrology and Hydrogeology

Geotechnical engineering requires an understanding
of and the ability to control fluids. Knowledge of both
fluid type and fluid flow (hydrology) is necessary and
builds on a knowledge of the geological controls
(hydrogeology (see Engineering Geology: Ground
Water Monitoring at Solid Waste Landfills)). This
enables the design and construction of landfills,
dams for impounding reservoirs, irrigation, and
abstraction for water supply.

Geotechnical Modelling

Geotechnical modelling generally involves the con-
struction of numerical and computational models of
the ground conditions, permitting an evaluation of
alternative engineering solutions for the design and
construction of the proposed works. Computer-based
techniques may use finite element, finite difference,
distinct element, or particulate codes. These tech-
niques are used to model, analyse, interpret, and
visualize the variety of geotechnical processes and
designs.

Geotechnical engineering is therefore a multidisci-
plinary subject that critically involves the understand-
ing and application of soil mechanics, rock
mechanics, and hydrogeology and is linked to the
study of engineering geology. It is applied to civil
engineering construction, mineral extraction, and
the improvement of our environment.

See Also

Engineering Geology: Natural and Anthropogenic Geo-
hazards; Site and Ground Investigation; Ground Water
Monitoring at Solid Waste Landfills. Environmental
Geology. Rock Mechanics. Soil Mechanics.
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Introduction

Geysers and hot springs that emerge at openings on
Earth’s surface are primarily found in regions of sen-
escent or dormant volcanic activity. A second type of
activity unrelated to volcanism also produces thermal
waters; these ‘meteoric’ waters, the product of rain
and snowfall, after descending deep into the ground
through rock fissures and pores, have elevated tem-
peratures at depth due to the global geothermal gra-
dient. Both types of geothermal waters, convective
and conductive, respectively, serve as geothermal
energy resources and as resources for other purposes,
but convective waters are more commonly exploited
at present.

A unique ecology exists at geothermal sites.
Under the sea, black smokers that emanate from
geothermal vents relate closely to valuable sulphide
mineral deposits found in ancient rocks; these sites
also harbour extraordinary tube worm populations.
On land, various minerals are deposited at sites of
geothermal activity, micro-organisms thrive in the
surrounding heated environment, and the warm
waters have long been used as health spas. In addit-
ion to their popular use for health and medicinal
purposes, geysers and hot springs serve as indicat-
ors of below-surface events. Increased geothermal
activity provides a valuable warning of renewed
volcanic activity. The entire spectrum of mild erup-
tion as a volcanic process has an extension into the

energy field, into the field of geomedicine, and
into commercial enterprise. Geothermal energy is
used in a number of countries worldwide, and
some of the geothermal mineral deposits (for
example, sulphur and borates) and associated rock
formations (travertine and tufa) are of commercial
value.

Geothermal Systems

The rocks of the uppermost 2—4 km of Earth’s crust
are generally porous and/or fissured and may be
aquifers, filled with groundwater that has percolated
down from rain and snow falling onto the surface.
Those rocks that are not porous or fissured, i.e.,
are impermeable, form impermeable aquacludes,
which separate or cap groundwater bodies. Heat
within Earth is of two types: heat produced by
gravitation on accretion and radiogenic heat from
radioactive mineral decay. The transport of heat
to Earth’s surface is manifested in two ways. The
first of these is a convective process, associated with
the rise of hot magma, generated by partial melting
in the mantle or crust. The molten rock cools in
magma chambers, and this is the main source of
geothermal heat as manifested in geysers and hot
springs. The heat is passed from the cooling magma
in the chamber to the surrounding country rocks,
especially those above the chambers. Where these
chambers contain groundwater bodies, the water
expands and rises buoyantly, to be replaced by cold
water flowing in from the sides, which is in turn
heated and rises. This process establishes a ge-
othermal circulatory system, which cools the
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magma. Heat is initially brought up by the rising
magma and then by the geothermal system as
water or steam (the latter, if the water boils, which
is a factor of temperature or pressure). Volcanoes,
especially those with caldera development, are
typically underlain by shallow magma chambers,
which are fed from other larger reservoirs deeper in
the crust or mantle. Thus geothermal systems are
characteristic of regions with active, senescent, or
dormant volcanoes. Most active volcanoes have
been in action for less than a million years, so
geothermal systems are geologically very young
systems (see Volcanoes).

The second type of geothermal system is not
volcanic related, but is related to the conductive
transfer of heat outward through the crust. Because
there is a temperature gradient in the crust, increas-
ing with depth from the surface towards the
mantle and core, groundwater taken in by recharge
from rain and snowfall can be heated simply by
being carried down to depths of a few hundred
metres. These heated waters may then return to the
surface as hot springs or geysers, or else remain as
contained, heated groundwater or steam bodies in
the subsurface. Heated water bodies below the
surface are essentially unstable if they are overlain
by cold water bodies, and will tend to move upward
if not confined. Some hot water bodies may be in
artesian conditions and flow out naturally in wells
and bores. Natural outflows can be used for spa
purposes. Hot water bodies in the subsurface that
are confined by aquacludes can be tapped by bore-
holes and utilized for energy purposes and space
heating.

By far, a majority of geothermal occurrences
are related to volcanic activity and thus occur in
volcanic provinces, but some (for example, in Bath,
England) have no such obvious relationship.
The entire Paris Basin, a structure analogous to
the Cretaceous chalk-underlain London Basin, is
underlain by heated groundwater bodies that can be
exploited to a limited extent for residential heating
and other purposes.

Mild Eruption (Volcanic-Related
Geothermal Processes)

Hydrothermal

Hydrothermal relationships on Earth have been
treated concisely by Alwyn Scarth in the book
Savage Earth. On land, mild eruptions are limited
to emissions of gas (mainly carbon dioxide), steam,
and hot water and to formation of sulphurous
fields, bubbling mud pools, hissing holes, and

fissures. Such developments are associated with
dormant or dying volcanoes that have been much
more violent in the past and may become so in the
future. Where such manifestations are present, it is
impossible to say that the volcano is extinct. Lassen
Peak (California, USA), Tiede volcano (Tenerife),
and Taftan Peak (Southern Iran) are examples of
dormant volcanoes. In the Gregory Rift Valley
of Kenya, throughout several hundred kilometres,
no volcano is presently active, but geothermal indi-
cations are ubiquitous. There is a geyser accompanied
by hot pools at Lake Bogoria and a hot-water water-
fall south of the lake, at Kapedo (Figure 1). In vol-
canic provinces, to augment seismic records, ground
movement measurements, and other monitoring
systems, geothermal hot springs and geysers should
be monitored, because any increase in activity pro-
vides a valuable indicator of likely renewed volcanic
eruptivity.

Figure 1
number of hot springs immediately above the fall, the headwater
of the Suguta River, and the water is believed to travel under-
ground from Lake Baringo, ~50km to the south. Photograph by
GJH McCall.

Hot-water waterfall, Kapedo, Kenya. There are a
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Geothermal waters can be analysed to determine
their origin. Isotopic ratios can differentiate between
magmatic water (‘juvenile’ water, or water that has
been brought to Earth’s surface by upward move-
ment of rocks) and meteoric water (groundwater);
geothermal waters are almost completely meteoric.
Meteoric water is water from rain and melting snow
that has percolated downward. In many volcanic
areas, hot magma still lies close to the surface,
long after lava and ash eruptions have ceased, and
the rocks above such residual magma chambers
remain hot. As groundwater percolates down, heated
rocks increase the groundwater to temperatures of
more than 200°C, without boiling, because of the
pressure. In the simplest case, this water returns to
the surface to form hot water springs and pools,
hissing and bubbling up, or it is tapped in wells
and boreholes. Such developments at Rotorua, New
Zealand, are well known tourist and health spa
attractions.

Solfataras, Fumaroles, and Mofettes

Vent openings in the ground allow escape of heated
waters and vapours. Escaping steam may mix with
sulphurous gases and will deposit sulphur when its
emerges at the surface. Where sulphur dioxide and
hydrogen sulphide are emitted, the hissing escape
channels are ringed at the surface with yellow sulphur

deposits. Vent openings where such emissions occur
are termed ‘solfataras’ (after La Solfatara volcano,
Pozzuoli, Italy) and ‘fumaroles’. Vents that are sources
of toxic gases are termed ‘mofettes’. In addition to
carbon dioxide and sulphurous gases, inert gases
such as nitrogen and argon can also be emitted.
These gases may be almost undetectable and are in
such cases dangerous. The principal gas emitted from
most vents, carbon dioxide, can be lethal in high
concentrations. It was the cause of a disaster at Lake
Nyos, Cameroon, in 1986. Lake Nyos, the mouth of
an ancient volcano, released a lethal cloud of CO,
that asphyxiated more than 1700 people in nearby
villages.

Geysers

Where hot water cannot circulate freely below the
surface, it will gush out intermittently as pressure
builds up. The water may appear muddy if it is
mixed with material derived from the buried rock
mass in which it is contained. In the extreme case,
the phenomenon of the geyser (named after Geysir, a
locality in Iceland) occurs, and water and steam spurt
from the surface intermittently in a high-reaching
fountain. ‘Old Faithful’ at Yellowstone, Wyoming,
USA (Figure 2) reaches a height of 20 m, erupts every
60 minutes, and the eruption lasts for 5 minutes. It
erupts so regularly that timetables have been created

Figure 2

‘Old Faithful’ geyser, Yellowstone National Park, Wyoming, USA. Reproduced with permission from Green J and Short NM

(1971) Volcanic Landforms and Surface Features: A Photographic Atlas and Glossary. New York, Heidelberg, Berlin: Springer-Verlag.
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announcing the schedule of eruption. The Nordic
version of Old Faithful is Strokkur, in Iceland
(Figure 3). Geysers have individual schedules: a
geyser at the south end of Lake Bogoria (formerly

Figure 3 Strokkur geyser, Iceland. Reproduced with permis-
sion from Green J and Short NM (1971) Volcanic Landforms and
Surface Features: A Photographic Atlas and Glossary. New York, Hei-
delberg, Berlin: Springer-Verlag.

Hannington), Kenya, erupts about every 10 minutes,
whereas Beehive geyser, in Yellowstone, erupts only
once a year, and a geyser at Rotorua, New Zealand,
erupts four times a week. Changes in rainfall patterns
can affect geysers; the Lake Bogoria geyser can tem-
porally cease activity if the lake level gets too high,
and the Great Geyser in Iceland, though active for
8000 years, now has to be stimulated by an injection
of soap powder.

Sinter and Travertine Terraces

Hot waters dissolve various chemicals as they
traverse underground rock channels. When hot
waters exit at surface openings, the dissolved chem-
icals are precipitated and form cowls or cones
around the exit fissure or aperture. If the waters
stream downslope, they may form spectacular ter-
races. The pink terraces at Rotorua, New Zealand,
were long famous but were destroyed by earth-
quake action, and the best example now extant is
the magnificent organ-pipe terraces at Mammoth
Springs, Yellowstone, Wyoming (Figure 4). Such
terraces are commonly composed of calcium car-
bonate and are referred to as tufa, where they are
carious, or as travertine, where they occur in massive
layers. Where such deposits are siliceous, they are
sometimes referred to incorrectly by these terms,
and are best referred to as ‘siliceous sinter’ (calcar-
eous deposits are also sometimes referred to as
‘calcareous sinter’).

Figure 4 Mammoth Hot Springs terraces, Yellowstone National Park, Wyoming, USA. Reproduced from Science Photo Library.
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Bioherms and Stromatolites

The mounds around hot springs may accommodate
living creatures, forming bioherms. Stromatolites are
layered, built-up structures found near hot springs;
they are composed of populations of unicellular
cyanobacteria and algae, organisms that have been
dated to as far back as 3500 million years ago (see
Biosediments and Biofilms, Minerals: Carbonates).
At Lake Bogoria, Kenya, there are intermittent devel-
opments of stromatolites in the highly saline shallows
of the lake close to the cluster of hot springs, pools,

and geyser. Such stromatolites and algal fossils are
commonly preserved in travertine that is used for
ornamental building stone or cladding.

Exploitation of Volcanic-Related
Geothermal Heat

In Reykjavik, Iceland, the volcanic-sourced heat
is used to meet energy needs for general urban
purposes. This local utilization is similar to that
applied to non-volcanic-related geothermal heat in
the Paris Basin (see later). The derived energy is
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Press. (B) Diagram showing a vapour-dominated geothermal field. Reproduced with permission from Cargo N and Mallory BF (1977)

Man and His Geologic Environment. Reading, MA: Addison-Wesley.
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Figure 6
station installation at Larderello. Reproduced from Mazzoni
A (1954) The Steam Vents of Tuscany and the Larderello Plant.
Bologna: Arti Grafiche Calderini.

(A) ‘Soffioni’ blasting out at Larderello. (B) Power

suitable for space heating of homes and greenhouses
and for use in local industry. The minimum temp-
eratures of geothermal waters for various utilizations
are given in Figure SA.

Major exploitation of geothermal energy has
been so far restricted to volcanic-related occurrences.
For such utilization, a reservoir temperature of
more than 200°C is desirable. The Larderello field,
south of Pisa, Italy, initiated in 1906, is a ‘dry’
or ‘vapour-dominated’ steam field in that the deep
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Figure 7 Water temperature variations with depth. Curve A:
normal increase in boiling point. Curve B: increase in boiling
point in hot spring region; magma or hot rocks near surface.
Curve C: increase in boiling point in region where impermeable
rocks prevent upward leakage; magma or hot rocks below imper-
meable rocks. Reproduced with permission from Cargo N and
Mallory BF (1977) Man and His Geologic Environment. Reading, MA:
Addison-Wesley.

resource is under high temperature but low pressure,
not much more than atmospheric (Figure 5B).
The water boils underground and the generated
steam that is trapped in pores within the under-
ground rock can be tapped by boreholes. A
‘soffioni’ (vent) at Larderello can emit a burst with
immense power in a spectacular fashion; the steam
reservoir there is capped by impermeable rock such
as schist, and boring is hazardous in that equip-
ment and personnel can be injured when the bore-
hole reaches a steam pocket (Figure 6A). The steam
is superheated and may be corrosive, especially re-
lated to boric acid, which was formerly extracted
from Larderello for commercial use. The energy
output of the several power stations at Larderello
(Figure 6B) is very large, and most of the railways
in northern Italy were at one time reported to
utilize it. The commercial geothermal plant at the
Geysers, north of San Francisco, California, is
similar to the Larderello plant; it is the only steam-
dominated geothermal field in the United States, and
the output has now gone well beyond the original
12 500-kW capacity.

The ‘wet’, or liquid-dominated, geothermal plants
tap reservoirs under high pressure, where the
temperature may reach 350°~700°F without boiling
(Figure 7). Under these pressures and temp-
eratures, water flashes to steam up the borehole.
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The geothermal installation at Wairakei, New Zea-
land is of this type (Figure 8). Other such installations
are situated at Tongonan, Philippines, and Cerro
Prieto, Mexico.

The most efficient use of volcanic-related thermal
water is in Iceland, where ‘cascading’ applications

have been developed, i.e., each step in the process uses
a successively lower temperature (Figure 9). Chemicals
and other raw materials may be extracted during the
sequence of operations. It is sobering to realize how
small a contribution geothermal energy makes towards
meeting worldwide energy requirements. Table 1 lists
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Table 1 Use of geothermal energy worldwide?

Electric production Direct use
Country Power (MW) Annual use (GWh) Power (MW) Annual use (GWh)
Algeria — — 1 5
Argentina 0.7 3.5 — —
Australia 0.4 0.8 — —
Austria — — 21.1 84
Belgium — — 3.9 19
Bosnia—Herzegovina — — 33 230
Bulgaria — — 95 346
Canada — — 3 13
China 32 175 1914 4717
Costa Rica 120 447 — —
Croatia — — 1 50
Czech Republic — — 2 15.4
Denmark — — 3.2 15
El Salvador 105 486 — —
France 24 309 1359
Georgia — — 245 2145
Germany — — 307 806
Greece — — 22.6 37.3
Guatemala 5 — — —
Hungary — — 750 3286
Iceland 140 375 1443 5878
Indonesia 590 4385 — —
Ireland — — 0.7 1
Israel — — 42 332
Italy 768 3762 314 1026
Japan 530 3530 1159 7500
Kenya 45 390 — —
Macedonia — — 75 151
Mexico 743 5682 28 74
New Zealand 345 2900 264 1837
Nicaragua 70 250 — —
Philippines 1848 8000 — —
Poland — — 44 144
Portugal 11 52 0.8 6.5
Romania 2 ? 137 528
Russia 11 25 210 673
Serbia — — 86 670
Slovakia — — 75 375
Slovenia — — 34 217
Sweden — — 47 351
Switzerland — — 190 420
Thailand 0.3 2 2 8
Tunisia — — 70 350
Turkey 20 71 160 1232
Ukraine — — 12 92
United States 2850 14600 1905 3971
Europe 936 4309 4368 20505
America 3883 21529 1908 3984
Asia 3031 16092 3075 12225
Oceania 345 2901 264 1837
Africa 45 390 71 355
Total 8240 45220 9686 38906

“Reproduced from Arnorsson S (2000) Geothermal energy. In: Hancock PL and Skinner PJ (eds.) Oxford Companion to the Earth, pp.
437-440. New York: Oxford University Press. Data for megawatts (MW) and gigawatt-hours (GWh) are valid for 1998.
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Figure 10 The Roman bath at Bath, England, fed by hot water from King’s Spring. Reproduced from Kellaway GA (1991) Hot Springs of
Bath: Investigation of Thermal Waters of the Avon Valley. Bath, UK: Bath City Council.

Table 2 Total heat output from hot springs at Bath, England, November 1990

Source Water outout (m®day™") Temperature excess (above 10°C) Heat output (Mcalday™")
King’s Spring 1180 35° 41300

Hetling Spring 75 37° 2775

Cross Bath Spring 35 31° 1085

Total 1290 451607

aAdding 20% for losses gives a total heat output of 54 192 Mcal day .

Table 3 Basic geochemistry of geothermal waters of Bath, England

Cross Sports Hot Bath
King's Spring and Hetling Bath Kingsmead  Centre Street Weston Batheaston

Variable? Stall Street borehole Spring Spring borehole borehole borehole borehole coal shaft
Temperature  44°C 47°C 41°C 35°C 20°C 41°C 13°C 17°C

Na 187 195 183 300 550 200 420 476

Ca 390 358 380 360 296 367 110 261

SO, 1010 1015 1050 1060 1000 1020 795 940

Cl 286 340 288 440 770 350 235 964
HCO3 199 193 189 154 198 — 245 81

Mg 53 57 54 56 71 — 35 65

Si 21 21 — 17 7 13 — 10

Fe 1 0.5 0.2 1 — 2 0.2 1.5

4Mineral content is given in milligrams per liter.
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Figure 11 Doublet system with up and down circulation as used in the Paris Basin. Reproduced with permission from Albu M,
Banks D, and Nash H (1997) Mineral and Thermal Groundwater Resources. London: Chapman and Hall.

the countries that utilize geothermal resources, and
the sum total of electrical power produced is less
than 10% of the electricity consumption of Great
Britain.

Non-Volcanic-Related Geothermal
Processes

Geothermal processes unrelated to volcanic activity
are quite widespread. Because Earth’s interior has a
geothermal gradient, increasing in temperature with
depth, when precipitation in the form of rainfall and
snowfall descends deep enough through subsurface
pores and passages, it is heated. Subsurface heated
waters eventually rise to the surface under pressure,
naturally as hot springs or artificially when tapped
by boreholes. The first case is exemplified by hot
springs in Bath and Bristol, England; the Paris Basin
in France is an example of a region where ‘heat
mining’ activities have been developed.

Bath and Bristol Hot Springs

The hot springs in western England (Figure 10)
were utilized for spa purposes by the Romans, and

possibly earlier, by the Celts; after the end of
Roman rule, the baths fell into disrepair, but were
rejuvenated during the Elizabethan Era and were
an attraction in the Bath region from the seven-
teenth century onwards. The heated waters in the
natural springs of Bristol and Bath have no known
volcanic association and are widely believed to
relate to rainfall recharge in the Mendip Hills, about
40km away. In this process, rainwater is routed
downward through fissures to the Carboniferous
limestone at 600-900m below sea-level, and
beyond that, to the Lower Palaeozoic rocks. There is
up to 4600m of section above the base of the
Ordovician, and calculations show that the water
could be heated in depth to 121°C. The water
returning to the surface under Bath and Bristol
(Hotwells), through a series of fissures and aquifers,
reaches the surface (artesian conditions are locally
operative) still hot, though having lost much of
its heat. The passage to Bath from the Mendip re-
charge area is estimated to take 3000 years. Flow
measurement, temperature, and heat output and
the basic chemistry of the Bath waters are given in
Tables 2 and 3. Radiogenic elements and dissolved
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Figure 12 Geothermal utilization in the Paris Basin. Reproduced from McCall GJH, de Mulder EFJ, and Marker BR (1996) Urban

Geoscience. Rotterdam and Brookfield, VT: Balkema.

noble gases in the waters are believed to come from
Lower Palaeozoic rocks, being collected by the water
on its passage through the substrata.

The Paris Basin

Rainwater in the urban outskirts of Paris, France,
is carried down to deep aquifers in the same way as
occurs at Bath and Bristol, but instead of using the
heated waters for spa purposes, the practice in
the Paris Basin is to use the heat mainly to service
large estates of apartments. Borehole pairs form up
and down doublets (Figure 11), and the extracted
geothermal water is utilized as a direct heat source.
The waters have temperatures of 60-70°C. As shown
in Figure 12, the French have developed this
type of low-level geothermal utilization widely.
A cascading process is utilized here as in Iceland.

Geothermal heat energy is a very local resource
when used in this way. Thermal resources further
south in the Auvergne are volcanic related, but the
Paris Basin occurrences are not.

Seafloor Geothermal Activity

Hot springs emanate in volcanic parts of the ocean
floor. Volcanism occurs in mid-ocean ridges, island
arcs, and ocean islands (hotspots), but the mid-ocean
ridges have become famous for their black
smokers, regions where clouds of black mineralized
smoke accompany thermal water emissions and
strange, blind tube worms cluster feed on the emis-
sions (see Tectonics: Hydrothermal Vents At Mid-
Ocean Ridges). These occurrences are closely related
to the formation of ancient volcano-related sulphide
mineral deposits. In the Red Sea, such submarine
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Figure 13 Sites where spas were once located throughout Europe. Reproduced with permission from Albu M, Banks D, and Nash
H (1997) Mineral and Thermal Groundwater Resources. London: Chapman and Hall.

thermal springs are associated with zinc mineraliza-
tion. There is probably little potential for economic
recovery of minerals from such hot springs, though
the hydrothermal deposits of gold in the Western
Pacific might prove of economic significance.

Commercial Applications

There has been much research in Cornwall, England
into utilizing the deeply buried hot rocks as an
energy source, but this has so far not yielded any
practical results. Health spas, however, are of
economic interest. Spas were once numerous
throughout Europe (Figure 13), and most utilized
thermal waters. The Bath spa dates from Roman
times, and the Roman thermal bath there (the
King’s Spring) is still in existence (Figure 10). Good
accounts of it were written in the seventeenth
century by Celia Fiennes, John Evelyn, and
Samuel Pepys, and a recent account edited by
GA Kellaway examines geophysical evidence for the
origin of the hot springs. There were five baths

originally, according to Celia Fiennes: Hot Bath,
Lepours, Cross Bath, Kitchings, and King’s Bath,
but not all have survived. In 1978, after bathing in
the waters at Bath, a child died from meningitic infec-
tion by Naegleria fowleri, a free-living amoeba found
in hot spring water, and the spa was closed. This
danger has been eliminated following a major investi-
gation and restoration; the basis of success was correct
assessment of the geological structure of the springs
and understanding the ecological requirements of
Naegleria. Naegleria requires oxidized water for
sustained growth, thus the baths must be replenished
by drilling for amoeba-free water, preventing oxida-
tion of the water before it reaches the surface, and
isolation of this water from oxidized water. The Bath
spa is scheduled to reopen in 2004 or 2005.
Travertine and tufa, widely used as building
stones and cladding, are another important economic
contribution of geothermal features. Travertine is
particularly widely used for cladding McDonald’s
restaurants. The cream-coloured stone comes from
Tivoli, Italy; it often contains cavities made by
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Figure 14 Travertine cladding on a McDonald’s Restaurant,

Hereford, England. Photograph by GJH McCall.

GLACIERS

dissolution of reeds, and these have to be filled artifi-
cially, after which the stone makes a striking cladding,
showing sinuous algal banding (Figure 14).

See Also

Biosediments and Biofilms. Earth: Mantle; Crust. Min-
erals: Carbonates. Tectonics: Hydrothermal Vents At
Mid-Ocean Ridges. Volcanoes.
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Characteristics and Uses

Gold is a rare heavy metal that is soft, malleable,
ductile, and bright sun yellow in colour when pure
(Figure 1). The last property is reflected by its chem-
ical symbol, Au, which comes from the Latin word
aurum (‘shining dawn’). Gold resists chemical attack
and corrosion, has excellent electrical conductivity,
and reflects infrared radiation.

Humans have made use of gold for more than
40000 years. Because of its inertness and value,
most of the gold that has ever been mined (about
130000 metric tons) is still in use! Most gold is
hoarded, in the form of bullion, coins, and jewellery.
This usage stems from the metal’s aesthetics, its role
as a medium of exchange among banks and govern-
ments, and its perceived value by individuals and
families as a hedge against economic uncertainty.
Much like diamonds, gold has an emotional (and
sometimes irrational) appeal that drives its free-
market value to levels far above those that would
otherwise be justified solely by its practical uses in
technology.

Practical uses of gold take advantage of its
chemical inertness, electrical conductivity, malleabil-
ity, and ductility. Gold’s high electrical conducti-
vity and solderability make it excellent for creating
reliable electrical contacts; it can be drawn into wires
thinner than a human hair and pounded into sheets
thin enough to pass light. It is therefore used in
electronics (circuit boards, connectors, contacts,
thermocouples, potentiometers), corrosion-resistant
processing equipment (acid vats), infrared reflectors
(windows of high-rise buildings, astronaut’s helmet
visors), and dental applications (fillings, crowns,
etc.).

Pure gold is too soft, malleable, and ductile for uses
that require physical endurance, particularly jewel-
lery, so instead mixtures or alloys of gold with other
metals (copper, nickel, silver, platinum, etc.) are used
to enhance an object’s durability. The gold content of
such alloys can be defined in terms of carats, or parts
of gold per 24 parts of total metal by weight. Durable
jewellery is commonly made from 14 carat gold (con-
taining 58.3% gold). Knowing the remaining metals
used in gold alloys can be important to people who

are allergic to specific metals in jewellery, such as
nickel, particularly when the skin is pierced (earrings,
nose rings, etc.).

The term ‘gold-filled’, which is used in jewellery
making, means a layer of gold alloy that is placed
over a less valuable core of base metal — in a few
countries such layers are required by law to be at
least 10 carats. ‘Rolled gold plate’ may be applied to
layers that are less pure. Gold ‘electroplate’ jewellery
must have at least seven millionths of an inch of gold
overlaid, otherwise terms such as ‘gold flashed” and
‘gold washed’ must be used.

Ironically, during the Spanish exploitation of the
New World, comparatively ‘worthless’ platinum
objects from South America were sometimes plated
over with gold and passed off as pure. In modern
times the relative values of these two metals are usu-
ally reversed, and the opposite strategy would be
more lucrative. The consumer must be cautious at
all times!

Another scale for expressing the purity of gold
(mainly in bars, ingots, and coins) is fineness, based
on parts of gold per 1000 parts of total metal. A gold
bar that is ‘995 fine’ thus contains 99.5% gold by
weight.

The most common unit of weight for gold is the
troy ounce, which is equal to 1.097 avoirdupois
ounces or 31.10g. A typical bar of gold (such as held
by central banks and governments) weights about 400
troy ounces, or about 27.5 pounds (=~12.4kg).
A troy pound contains 12 troy ounces, and a troy
ounce contains 20 troy pennyweights, the latter
being the unit of weight most often used in jewellery.
A troy pennyweight (dwt) equals 1.555 g.

Mineralogy, Geochemistry, and
Natural Concentration of Gold

Gold, silver, and copper are often associated in
nature, because each has a lone outer S-orbital elec-
tron and belongs to the IB transition-metal subgroup
of the periodic table. Other elements commonly asso-
ciated with gold include arsenic, antimony, bismuth,
iron, lead, and zinc.

In addition to the zero-valent elemental form, gold
has two oxidation states: Au' (aurous) and Au’"
(auric). Most gold minerals contain zero-valent or
aurous gold (Table 1). About 40 natural gold min-
erals are known; native gold and electrum are the
most common forms, tellurides are rare, and other
forms are very rare. Because most gold ore occurs as
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Figure 1 Polished slab of hydrothermal gold—quartz vein ore from the Hollinger Mine, Porcupine District, Ontario, Canada. This
occurrence is typical of orogenic lode (greenstone belt) gold. The width of the image is approximately 1cm.

Table 1 Examples of gold minerals

Native gold Au
Electrum (Au,AQ)
Cuproauride (Au,Cu)
Rhodite (Au,Rh)
Amalgam AusHgs
Calaverite AuTe,
Krennerite (Au,Ag)Te,
Sylvanite (Au,Ag)Tey
Petzite AgzAuTe,
Nagyagite PbsAu(Te,Sb)4Ss g
Uytenbogaardtite AgsAuS,
Aurostibite AuSb,

Fischesserite AgsAuSe;

the relatively pure native form, smelting or roasting
of gold ore is sometimes not required.

Average gold concentrations in upper-mantle
and crustal rocks vary by about an order of magni-
tude, typically between 1ppb and 10ppb. Mafic
rocks generally contain higher concentrations than
felsic rocks, and some minerals such as magnetite
and pyrite may act as natural ‘concentrators’ to
enrich gold in rocks. Continental crust averages
about 4 ppb gold, whereas seawater contains only
about 0.01 ppb gold.

Gold can be mobilized and concentrated into eco-
nomic deposits by many geological processes, includ-
ing igneous melting and crystallization, hydrothermal
leaching and precipitation, and fluvial hydraulic
sorting. In silicate melts, gold tends to follow other
chalcophile elements and is often concentrated in
metallic sulphide and oxide phases. When magmas

ascend to shallow levels in the crust, gold may also
partition into chlorine- and sulphur-rich aqueous
fluids, which are expelled into the surrounding wall-
rock as the magma crystallizes. Vapour-phase trans-
port of gold chlorides has been observed in some
volcanic emissions. Metamorphism and consequent
dewatering of mafic rocks in orogenic zones can
also lead to gold remobilization and precipitation in
veins, along with quartz and carbonate minerals. In
shallow crustal settings where hot aqueous fluids
circulate and sometimes boil within permeable vol-
canic and sedimentary rocks (hot-spring or epither-
mal systems), gold seems to be preferentially
transported and precipitated with silica (quartz) in
veins and pores.

Most major gold deposits have resulted from
hydrothermal processes (Figure 2) or from subse-
quent erosion and hydraulic sorting of rock grains
derived from hydrothermal deposits (see Tectonics:
Hydrothermal Activity; Mining Geology: Hydrother-
mal Ores). Thus, the simplistic terms lode (vein) and
placer (sediment) for the origin of gold dominate the
rich history and legal framework of gold exploration
and mining. Lodes form when hydrothermal fluids
pass through fractured permeable rock and deposit
gold and other minerals as tabular veins and adjacent
pore fillings. Placers form where surface waters
(mainly fluvial) experience a change in hydraulic con-
ditions (especially velocity), forcing them to drop
suspended sediment grains of a certain density, size,
or shape. Tributary intersections, meander loops, and
canyon mouths are examples of locations where
placer gold can accumulate in rivers.
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Figure 2 Schematic illustration of the wide variety of occurrences of hydrothermal gold deposits in continental crust. The terms
epithermal and mesothermal refer to shallow-crustal and mid-crustal level deposits, respectively. Reproduced from Kesler SE (1994)
Mineral Resources, Economics and the Environment. New York: MacMillan.

In most hydrothermal fluids, gold is transported in
the form of aurous aqueous complexes with hydrox-
ide (OH™), chloride (CI7), and bisulphide (HS™)
anions. Therefore, gold may be precipitated from
such fluids via geochemical processes that destabilize
the aqueous complexes and reduce the aurous gold to
the elemental state, for example:

Au(HS)Z_ + HT =+ 05H2(g> = Au(s> + 2H,S.

Environmental changes that can destabilize such
complexes include cooling, pH changes, and changes
in fluid oxidation state that accompany boiling,
mixing, and chemical reaction of migrating hydro-
thermal fluids with wall rock and other crustal
waters. Many gold deposits are associated with min-
erals, such as silica (quartz), carbonate, sulphates,
and clays, that form during such geochemical
changes.

Common host minerals for gold include iron sul-
phides, oxides, and hydroxides, and such phases may
thus play a role in the local reduction of aurous gold.
For example, the oxidation of ferrous to ferric iron
can facilitate the localized reduction of aurous gold

from solution in the presence of ferrous mineral
phases:

AuCl; + Fe*" = Au) + Fe’* +2C1

The occurrence of tiny grains of gold within larger
mineral hosts (pyrite, oxides, hydroxides, etc.) and
the presence of encapsulating and metallurgically re-
calcitrant phases such as silica can be significant
factors influencing the degree to which mined gold
ores must be ground, leached, and otherwise pro-
cessed to release the gold. Failure to examine and
characterize adequately the distribution and texture
of fine gold occurrences within ores has led to
some spectacular (and very expensive) mistakes in
designing mineral processing facilities at some gold
mines.

In the past few decades, the advent of inexpensive
bulk-mining and cyanide heap leaching methods
has made rocks containing as little as 1 ppm gold
(0.3 troy ounces per ton) rich enough to be ores
profitable for mining. Many of these rocks occur in
the feebly mineralized (and previously ignored) areas
surrounding now mined-out richer vein deposits.
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Though likewise hydrothermal in origin, such bulk-
disseminated low-grade gold ores do not fall con-
veniently into the traditional ‘lode’ category, leading
to some interesting legal ambiguities in their status.
Rigid governmental regulations for the dimensions of
claim blocks, designed originally for idealized tabular
‘lode’ ore bodies, cannot be easily applied to more
disseminated and irregular forms of mineralization.

Gold Ore Deposits

Being so valued a metal, gold has been actively sought
out and mined in a wide variety of geological settings,
wherever it has occurred. Only some of the major
geological types of gold deposit will be briefly de-
scribed here; some of the articles in the further read-
ing section provide a more exhaustive catalogue of
world gold-deposit types.

Archaean Gold-Quartz Conglomerates
(‘Palaeoplacers’)

A majority of the world’s gold has been mined from
what were traditionally viewed as ancient placer de-
posits (Figure 3). While many people might envision a
wizened prospector panning or sluicing for loose gold
nuggets along a modern river bank, the most import-
ant of these ancient deposits are in hard lithified
metamorphosed coarse sediments of Archaean age
(2.3-2.8 Ga). The Witwatersrand (‘Wits’) gold fields
of South Africa have produced more than one-third of
the gold mined on Earth since 1886, and one single

Wits mine (the Vaal Reefs mine) has produced almost
as much gold as all of the gold mines in the USA and
Australia combined. Similar ancient ‘palaeoplacer’
districts include the Elliot Lake-Blind River district
in Canada. The gold in Wits ore is typically associated
with detrital pyrite, uraninite, and carbon in quartz
pebble conglomerates and quartzites that have
been subjected to peak metamorphic temperatures
of 300-400°C.

Placer and hydrothermal-replacement models
for Wits gold have both been advanced, but most
recent evidence favours a hydrothermal origin for
the gold in these ancient sediments. The emplacement
of the gold seems to have occurred at the time of
peak metamorphism, via low-salinity fluids chan-
nelled along fault structures, unconformity surfaces,
and bedding planes. Reaction with carbon- or iron-
bearing (pyritic) rocks located just above the un-
conformity surfaces caused gold precipitation. The
ultimate origin of the gold was probably underlying
mafic rocks, rather than eroded lode quartz veins
as traditionally implied by sediment clasts and the
placer model.

In addition to their significance as major sources of
gold, the Wits palaeoplacers provide strong evidence
that the Earth’s Archaean atmosphere was very differ-
ent from our modern atmosphere. Detrital grains of
pyrite and uraninite cannot survive significant fluvial
transport in our oxygen-rich modern atmosphere; their
abundance in the Wits placers indicates that the ancient
atmosphere was less oxygenated and perhaps more

Figure 3 Polished slab of Archaean quartz-pebble conglomerate gold ore from the Vaal Reefs Mine, Witwatersrand District, South
Africa. Rounded detrital pyrite is clearly visible. Curved marks across the pyrite grains are saw-blade artefacts. A US 10 cent coin is

shown for scale.



122 GOLD

enriched in carbon dioxide and/or methane than the
modern atmosphere (see Atmosphere Evolution).

Orogenic Lode Gold

The Mother Lode District of California may be the
most famous of a class of lode gold-ore deposits that
are found in metamorphic terranes associated with
accretionary plate tectonics. They have also been
called greenstone-belt and mesothermal lode ores
(Figure 1). The discovery in 1848 of placer gold at
Sutter’s Mill, downstream from this district, led to the
California Gold Rush of 1849, one of the most sig-
nificant New World social migration and settlement
events in recent history. To this day many people still
wear a popular miner’s legacy from this gold-driven
rush: Levi’s blue jeans.

Orogenic lode gold deposits range in age from Ar-
chaean (such as the Barberton district in South Africa)
to Mesozoic-Tertiary (such as the Mother Lode dis-
trict). There remain a number of theories for their
origins, but all seem to be associated with major
accretionary orogenic events (plate collisions) and
occur near major translithospheric structures (shear
zones) bounding metamorphosed terranes. Typical
conditions of formation are 250-400°C and 1-3 kbar.

The mineralization is typically of syn- to post-peak
metamorphic age, associated largely with mid-
crustal-level greenschist facies (gold plus quartz plus
carbonate) mineral assemblages. The deposits are
structurally controlled, often along splays associated
with high-angle faults; the gold is syn-kinematic and
localized near the brittle-ductile crustal transition.
Fluid pressures range from superlithostatic to sub-
lithostatic within the brittle-ductile shear zones.
Within individual deposits, the quartz—carbonate
vein systems are sometimes more than 2 km in vertical
extent. The most common alteration minerals associ-
ated with the gold are quartz, carbonate, white mica,
chlorite, and pyrite; both gold and silver are enriched
in the deposits, while the abundance of base metals is
relatively low. Fluid-inclusion data indicate that the
aqueous fluids that formed the ores were of low sal-
inity (salts) and rich in carbonic components (carbon
dioxide, methane) (see Fluid Inclusions).

These hydrothermal or metasomatic systems thus
seem to have developed during plate collisions as deep
metamorphic fluids were expelled during shearing
and deformation and transported into structurally
favourable settings where they deposited the gold.

Epithermal Gold

As the name implies, epithermal gold deposits
form in shallow (1-2km depth) anomalously hot
(100-300°C) crustal settings. Most develop around

areas of volcanic activity, with distal to proximal
magmatic heat flow driving the convective circulation
of groundwaters in brittle fractured rock. Boiling hot
springs and geysers near active volcanoes are modern
examples of the surface manifestations of such
systems. Some epithermal systems may grade with
depth into magma-hydrothermal systems that are
more characteristic of porphyry systems. The terms
‘low-sulphidation state’ and ‘high-sulphidation state’
are used to describe epithermal systems dominated by
meteoric and magmatic fluids, respectively.

Epithermal deposits form most often in volcanic
arc settings above subduction zones, where sustain-
ed high heat flow, active tectonism, and meteoric
precipitation encourage fluid heating and circulation.
The vein and disseminated gold ores in epithermal
systems are typically associated with silica, alkali
feldspar, and other secondary minerals (clays, micas,
sulphates) formed by acid alteration of the host rock.

Examples of major epithermal gold deposits in-
clude Hishikari (Japan) (Figure 4), El Indio (Chile),
Round Mountain (Nevada, USA), and Cripple Creek
(Colorado, USA).

Carlin-Type Gold

The term ‘Carlin-type’ is applied to enigmatic mid-
Tertiary gold deposits in western North America

Figure 4 Banded crustiform epithermal veins of quartz in
brecciated rock comprise the main ore type at the underground
Hishikari Mine in Japan, one of the world’s richest gold mines.
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(epitomized by the Carlin district in Nevada) whose
origin seems to fall somewhere between the epither-
mal and orogenic lode gold types. The epigenetic gold
in these deposits is finely disseminated and hosted by
Palaeozoic calcareous sedimentary rocks. Arsenical
pyrite, marcasite, and arsenopyrite are the main host
minerals. The host rocks exhibit evidence of carbon-
ate dissolution, argillic alteration, silicification, and
sulphidation. It has been proposed that reduced
hydrogen sulphide-rich auriferous fluids migrated up
pre-existing fault structures and spread laterally into
permeable reactive carbonate rocks, depositing gold
at temperatures of 150-250°C at depths of more than
2km. The direct role (if any) of crustal magmatic
processes in driving circulation and contributing
components to the fluids is not clear. More recent
models favour a metamorphic origin, driven by heat
from a mantle plume underlying the region during
crustal extension.

Though Carlin-type gold deposits are not as widely
distributed in space and time as the other types of
gold deposit described above, their more recent dis-
covery was instrumental in driving the development
of inexpensive cyanide heap leaching technology in
the late twentieth century, making these and other
lower-grade disseminated gold deposits economic
and competitive with the traditionally dominant
Witwatersrand gold deposits in South Africa.

Gold as a By-Product in Other Metal Deposits

Gold is frequently mined as a by-product from ore
deposits dominated by base-metal production
(Cu, Pb, Zn). Such deposits include porphyry, skarn,
sediment-hosted, and volcanogenic massive sulphide
types. In some cases, the addition of by-product gold
makes the base-metal deposit economic. There are also
deposits of these types that are mined only for gold.

Examples of major base-metal deposits with
significant  by-product gold include Grasberg
(Indonesia) (porphyry and skarn copper), Bingham
(Utah, USA) (porphyry copper), Red Dog (Alaska,
USA) (sediment-hosted zinc), Rammelsberg (Germany)
(sediment-hosted zinc and lead), and Mount Morgan
(Queensland, Australia) (volcanogenic  massive
sulphide copper).

Gold Mining
Placer Mining

Mining of unconsolidated placer gold at the Earth’s
surface has taken place for centuries, ranging from
the simple panning and sluicing techniques still used
by weekend ‘hobby’ prospectors to the far more mas-
sive dredging and hydraulic techniques used by

mining companies. All of these techniques involve
the use of flowing water to wash away (sluice) less
dense grains (mainly silicates) from the heavier gold
grains contained in sediment. Dredges are barges with
automated conveyor-belt mechanisms for scooping
up sediment at the front end, processing it on board
to extract the gold, and then dumping the worthless
tailings out the back end. The ecologically destructive
effects of dredges on river systems can be significant,
not only locally, but also far downstream because of
silting.

Following the 1849 California Gold Rush, uncon-
strained hydraulic mining of placers with large water
cannons (monitors) and river dredges wreaked envir-
onmental havoc on scenic landscapes and waterways
from the Sierran foothills to San Francisco Bay,
prompting John Muir to form the Sierra Club and
ultimately forcing government legislation banning
most such practices in the USA. However, such
practices still continue in less-developed countries,
particularly in Latin America and the Pacific Rim.
Offshore (marine) placers, where rivers have dis-
charged their sediment loads into the oceans, are
also mined for gold.

Relying solely on hydraulic techniques to separate
gold from sediment is not 100% effective, especially
for fine gold grains. Amalgamation, or dissolving
gold grains in liquid mercury, is far more effective
and was used extensively until the development of
cyanidation in the 1890s. Copper-lined tubs were
coated (amalgamated) with mercury and the placer
concentrate was placed in the tub along with more
liquid mercury. The tub was then agitated until the
gold amalgamated and adhered to the copper amal-
gam. The amalgam was then scraped off and the gold
was reconstituted to a solid state via evaporation
(distillation) of the mercury. Unless it was captured
by retorts that recondense the vapour, the mercury
was released into the environment and entered the
food chain (and humans) mainly via fishes. The his-
toric and modern use of amalgamation to recover
gold from placers continues to cause a serious health
problem in some areas. Areas downstream of the
Mother Lode district still suffer from mercury con-
tamination, more than a century after mining has
ceased. Amalgamation of placer gold is still used in
remote areas of Brazil by native miners who have
no other means of employment and cannot afford
retorts or cyanidation; their communities suffer
from mercury poisoning as a consequence.

Hard-Rock Mining

Upon rapid depletion of the most easily found New
World placer deposits in the late nineteenth century,
gold miners’ attention shifted to hard-rock mining
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with the discovery of South Africa’s Witwatersrand
deposits in 1886. These enormous deposits have since
been the world’s major gold source, yielding over
30000 metric tons of the metal. Hard-rock mining
involves drilling, blasting, digging, and scraping,
which increase the costs far above those of placer
mining. Open pits and underground workings need
to be shored up and stabilized, and tailings disposed
of properly. For underground operations, engine ex-
haust, dust, and rock gas must be vented and fresh air
continuously injected for workers to survive. Those
mines reaching below the water table require
constant pumping.

Surface mining of hard-rock gold ore is feasible
even at modest grades, but costs rise rapidly with
depth, and so underground mining is possible only if
the grades and tonnages of ore are high. Some mines
start out as open-pit operations and then convert to
underground workings as the shallower ore is mined
out. Though still quite rich in ore, many of the Wit-
watersrand mines are now quite deep and hot
(3-4 km and up to 65°C) adding greatly to costs and
reducing labour productivity. Dramatic increases in
gold price in the late twentieth century fuelled global
exploration and led to the discovery of many new
gold districts, some of which are amenable to inex-
pensive cyanide heap leaching techniques. These
competitive trends caused gold production from
South African mines to peak in the 1970s and steadily
decline thereafter. An ounce of gold recovered from
Wits mines now costs roughly twice as much as one
recovered from typical surface mines in the western
USA. Adding further to the woes of the South African
mining industry is the problem of a workforce
that will be significantly affected by the AIDS virus,
both in terms of reduced labour productivity and
long-term healthcare needs.

Gold Ore Processing

Once hard-rock gold ores have been blasted and
taken from the ground, their processing can involve
several steps. If the gold is ‘locked up’ in phases such
as tellurides or sulphides, then efforts must be made
to separate these minerals from the rest of the rock.
Crushing and grinding are accomplished by brute
force, using steel jaws or cone crushers followed by
ball or rod mills (giant tumblers containing steel balls
or rods). Next comes classification, or segregation of
ground mineral grains into fractions of different
sizes. This step is accomplished by using screens of
different mesh sizes, much like sifting flour. Following
that, the different minerals are separated from one
another by taking advantage of their differing dens-
ities or other physical properties. For example, an

air-driven cyclone separator can effectively segregate
dense gold and sulphide from less dense silicate min-
erals. These steps together constitute beneficiation
and result in an ore concentrate that is separated
from the worthless minerals or tailings. These steps
typically take place as close to the mine as possible.

Finally there is the finishing step, in which the
metal is extracted from the concentrate, purified,
and readied for market. The precise steps taken to
extract the gold depend strongly on the nature of the
gold in the ore.

Concentrates containing only native gold can be
treated by amalgamation (as described above). Aque-
ous solutions containing both an acid and an oxidant
can also be used to dissolve gold. For example, aqua
regia (HCl + HNOj3) dissolves gold as auric chloride

Au,) +4HCl + HNO3; = HAuCly + 2H,0 + NO.

Since the 1890s, however, the most important method
used to dissolve gold from concentrate has been
cyanidation with oxygen

4Au( + 8NaCN + O, + 2H,0 = 4NaAu(CN),
+ 4NaOH.

The concentrate is placed in vats of cyanide solution
and agitated to increase the contact time for the reac-
tion between the grains and the solution. The preg-
nant (gold-bearing) liquor is then filtered from the
solids and further processed to recover the gold,
sometimes by reacting it with powdered zinc metal
in a process known as cementation

Zn() + NaAu(CN), +H,O +2NaCN =
Aug) + NayZn(CN), + NaOH + 0.5H,.

Another method of enhancing gold recovery uses ac-
tivated carbon (such as found in aquarium filters) to
adsorb gold cyanide complexes from the pregnant
liquor. Once loaded up with adsorbed gold (up to
250 troy ounces of gold adsorbed per ton of carbon)
the carbon is leached with acid solutions at high
temperature and pressure, releasing the gold to be
recovered by cementation or electrowinning. Electro-
winning involves passing an electrical current
through steel-wool electrodes that are immersed in
the pregnant leachate, causing the gold to plate out
in place of the iron via an electrochemical reaction.
The high surface area of the inexpensive steel wool
makes the process very efficient and cost-effective.
Cemented or electrowon gold is impure (typically
70-75% gold) because it contains residual iron or
zinc along with non-aurous metals derived from the
ore, such as silver, copper, and mercury. Such impure
material is refined into nearly pure gold by heating it
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in crucibles in a furnace to more than 1000°C in the
presence of silica, oxidizers, and fluxes. The impur-
ities oxidize and melt to form a separate silica-rich
slag, which floats on top of the nearly pure molten
gold. The slag is skimmed off and the gold (contain-
ing more than 95% gold at this stage) is called dore.
Molten dore is further refined to in excess of 99%
purity by injecting it with chlorine, which picks up
the remaining metal impurities and removes them as
volatile chlorides and solid chloride salts. A final se-
quence of redissolution and electrowinning (or pre-
cipitation) improves the purity to more than 99.9%
gold, which is then remelted and cast into gold bars
for market.

When gold ores yield less than 80% of their gold
after normal grinding and cyanidation, they are
termed refractory — such ores typically contain gold
locked up in sulphides, tellurides, and arsenides. Such
ores require more expensive (finer) grinding and
sometimes roasting methods to free up the gold
prior to cyanidation. Roasting such ores in a furnace
(to break the host phases down and release the gold)
has environmental impacts because of the release of
sulphur dioxide (which contributes to acid rain) and
toxic arsenic gases.

Besides complicating the freeing up of gold during
beneficiation, host phases can interfere with the ef-
fectiveness of cyanidation by having low solubility in
the cyanide solutions, consuming oxygen or cyanide,
or competing with gold to form aqueous cyanide

complexes. Other phases in the ore, such as coatings
of carbon or silica, or the presence of clay minerals
can inhibit the reactions and adsorb gold and other
ionic constituents, causing gold recoveries to be less
than ideal.

High-pressure and high-temperature oxidation in
strong acids is sometimes used to process refractory
ores, but this adds substantially to costs. Other more
recent (and less costly) methods include microbio-
logical approaches, in which bacteria are used to
break down refractory gold-bearing phases prior to
cyanidation. Species such as Thiobacillus ferrooxi-
dans catalyze the oxidative destruction of pyrite and
arsenopyrite (see Minerals: Sulphides), freeing up
gold grains that are locked up in such minerals.

Cyanide Heap Leaching

In many modern low-grade gold mines, particularly
those of the western USA, the gold is finely dissemin-
ated in fractured near-surface rock that can be easily
mined by open-pit methods and piled into heaps after
only modest blasting and beneficiation. The clever
and inexpensive technique of cyanide heap leaching
is used to extract gold very effectively from such ore
heaps, avoiding the costs associated with grinding
and smelting more traditional high-grade hard-rock
ores.

The ore heaps are piled on top of thick plastic mats,
and a sprinkler system is installed on top of the heaps
(Figure 5). A cyanide solution is sprinkled on the

Figure 5 Heaps of low-grade epithermal gold ore are piled on black plastic mats and sprinkled with sodium cyanide solution at the
open-pit Mesquite Mine, Imperial County, California, USA. One set of steel pipes delivers fresh solution to the sprinkler systems atop
the heaps, while the other set carries away ‘pregnant’ gold-laden cyanide liquor that drains from the heaps and accumulates in the

trenches.
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heaps and trickles down through them, dissolving
out the gold and accumulating on the mat surfaces.
Drains and pipes carry the pregnant effluent from the
mats to an activated-carbon circuit, where the gold is
adsorbed and recovered; the stripped carbon and
barren cyanide solution are then reused. Such techno-
logical innovations have made low-grade near-surface
gold ores economically competitive to mine in recent
decades, especially in the western USA. Some mines
have tried combining cyanide heap leaching and micro-
biological approaches to reduce costs further. Gold
recovery via cyanide heap leaching often exceeds 95%.

Though innovative and cost-effective, the use of
open cyanide circuits in close proximity to wildlife
and water resources has led to public concerns and
calls for increased regulatory scrutiny of such mining
operations. After some mis-steps in the 1970s and
1980s, the mining industry has responded to such
concerns. Most operations now take pre-emptive
measures to keep birds and other wildlife away from
the heaps and cyanide ponds, such as using net covers
and installing propane cannons that discharge at 30's
intervals. Although natural bacteria in the soil prob-
ably decompose most escaping cyanide before it can
percolate into groundwater, the name ‘cyanide’ still
carries a very negative connotation and therefore care
must be taken to design a leaching circuit that is as
leak-free as possible.

Gold Assaying

While visible nuggets of gold found near Sutter’s Mill
were indisputable evidence of rich placers and got the
‘49ers’ of the California Gold Rush very excited, most
modern gold ores are far less dramatic and typically
contain gold that is very fine-grained and often invis-
ible, even under some microscopes. Much of this gold
is in solid solution in sulphide and arsenide minerals,
and only an assay (chemical analysis) or the use of
far more costly electron microscopy can prove its
presence.

Gold can be qualitatively detected in samples by
dissolving them in aqua regia and using a simple
colorimetic test based on the addition of tin salts.
When stannous chloride (SnCl,) is added to the solu-
tion, stannic ions are formed and hydrolyze to a
stannic hydroxide flocculant. As the tin is oxidized
to the stannic state, gold is simultaneously reduced
and adsorbed on the stannic hydroxide, turning the
solution a brilliant purple colour called the ‘Purple of
Cassius’. This is a very sensitive test for gold,
detecting as little as one part in a hundred million
(10 ppb).

The most common and traditional assay technique
for precisely quantifying gold content is the gravimet-

ric lead fire assay. A powdered ore sample is mixed
with carbon and lead oxide and fused at 900-1100°C
for at least an hour. The carbon reduces the lead in
the oxide to molten lead metal, and any metals pre-
sent in the powder dissolve (amalgamate) into the
molten lead. After cooling, the solid lead ‘button’ is
placed in a special cup called a ‘cupel’ (made of bone,
ash, or magnesia) and heated to 950-1000°C; the cu-
pellation forces any remaining lead oxide and base
metals in the remelted button to be absorbed by the
cupel. After cooling there remains a metal ‘bead’
containing only silver, gold, and platinum-group
elements. Treating the bead with nitric acid dissolves
out the silver, leaving a bead composed only of gold
and platinum-group elements to be accurately
weighed.

Other methods used for gold determination include
volumetic titration by iodine, spectrophotometric ab-
sorbance by gold bromide, and atomic emission and
absorption methods.

Making judgments of ore grades based on limited
assays of small samples can be risky because of the
nugget effect, whereby the presence of one large gold
grain in a small rock or drill-core sample can give the
misleading impression that the entire mineralized
area has high grades of gold. History is replete with
cases of such high apparent assays (or assays of
‘salted” barren rock) being used to sway and cheat
naive investors. Assaying is most accurate when per-
formed by trustworthy individuals on multiple large
samples of mineralized rock.

Knowledge of the local geology can also help in
recognizing fraudulent or misleading assay claims. In
an undercover news investigation, the author once
witnessed scam artists impressing naive potential in-
vestors with ‘representative’ vials of coarse gold
nuggets — but the nuggets were far too large and
rounded to have come from the local fine-grained
dry lake beds that were being touted as the site of
rich placer gold.

Gold Markets and Economics

Three events in human history have lead to dramatic
increases in global gold production: the discovery of
the New World in 1492; the California Gold Rush
of 1849; and the end of government-regulated gold
prices in 1968.

Governments and individuals have long valued
gold as a measure of wealth and a hedge against
economic uncertainty. Many governments back
their paper currency with gold reserves held in central
banks, and some issue gold coinage — the Canadian
Maple Leaf and the South African Krugerrand are
current examples. Gold (and other precious metal)
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prices are quoted in dollars per troy ounce for 900
fine metal.

For many years the ‘official’ value of gold was set
by the USA at $20.67 per troy ounce. The St Gaudens
Double Eagle, a $20 US coin, was minted from 1907-
1933 and weighed 34 g. In 1934 the value of gold in
the USA was increased to $35.00 per troy ounce, to
build up reserves and stabilize the dollar after the
Great Depression. Although this had a stabilizing
effect on the currency markets, it gradually devalued
gold over the next 34 years as inflation caused other
commodity prices to rise slowly. American citizens
were also prohibited from owning gold bullion,
whereas foreign parties could purchase gold from
the US government at the fixed price.

In 1968, partly because of the growing gap between
the ‘real’ value of gold and the fixed price, a two-
tiered pricing system was briefly established whereby
gold was still transferred among governments at the
‘official’ price of $35.00 per troy ounce while the
price on the private market was allowed to fluctuate.
This tiered price system soon failed (mainly because
of South African government sales at the higher
market price) and in 1971 the US government finally
abandoned the gold monetary standard, allowing
gold prices to float freely. In 1974 American citizens
were once again allowed to own gold bullion.

With the global oil crises of the 1970s, oil and gold
prices spiralled upwards dramatically, the latter
peaking at about $850 per troy ounce in 1980. Ameri-
cans were now free to invest in gold bullion and gold
futures markets, which expanded dramatically. The
increased prices and influx of investment capital
stimulated a new wave of global exploration for
gold deposits. It was during this period that South
Africa’s century-long domination of global gold
production from the Wits deposits began to wane.
Many gold districts in the USA, Australia, and other
nations were discovered or expanded, their financial
bottom lines aided by cheap cyanide heap leaching
technology.

Increases in the price of gold in the 1980s prompted
a wave of gold investment scams, with crooks setting
up temporary field operations and fancy offices that
were designed to lure investors into buying ‘future’
gold ore in lots of $5000-$15000. Enticements of
free food, alcohol, and female companionship were
often used in such ‘investment seminars’. Apparently
some investors were hesitant to report losses from

such scams because they were using money that they
did not want tax officials or former spouses to know
about.

Being highly influenced by emotion, greed, inter-
national conflict, and economic uncertainty (rather
than a more rational basis of technological useful-
ness), trends in gold price have never lent themselves
to accurate prediction. Recent years have seen down-
ward pressure on prices as some western governments
sell off some of their central banks’ gold reserves,
while continued fears of economic and political con-
flicts in Asia, Europe, and the Middle East have
pushed prices upwards. The net result is, as always,
erratic and unpredictable trends.

More than any other Earth resource, the concept
of ‘caveat emptor’ applies to gold in all of its mani-
festations. The most successful investors in gold are
probably those who buy stock in reputable gold-
mining companies with adequate reserves and low
overheads.
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Introduction

Gondwanaland existed from the 600-500 Ma accre-
tion of the African and South American terranes to
Antarctica—Australia-India, through the 320 Ma mer-
ging with Laurussia to form Pangaea, until breakup
between 180 Ma and 100 Ma (Figures 1 and 2).

The name Gondwanaland was introduced in 1885
by Eduard Suess for the regions with the Glossopteris
flora, in particular the Gondwana System of peni-
nsular India. In 1912 Alfred Wegener interpreted
Gondwanaland as the supercontinent with Gond-
wanan floras. Later there was a view that Gondwana-
land should be replaced by Gondwana, which,
interpreted as ‘Land of the Gonds’, included one
‘land’ already. Semantic confusion of supercontinent
and stratigraphical system was averted when ‘wana’
was found to stand for ‘forest’, so that Gond-
wanaland means the supercontinent and Gondwana
means the Indian kingdom of forest dwellers. The
distinction is valuable because the Gondwana
facies started only after Gondwanaland merged with
Laurussia to form Pangaea. However, not all workers
use this terminology.

This account of Gondwanaland is told through a
set of maps that stretch from assembly, through the
merger with Laurussia to form Pangaea, to breakup.

Early-Middle Cambrian (530-500 Ma)

In the Early-Middle Cambrian, Gondwanaland was
bounded to the north (at the modern coordinates
of Africa) by terranes now in Laurentia, Europe, and
Asia, and to the west and south by a trench (Figures 3
and 4). The interior was crossed by fold belts generated
during the terminal Pan-Gondwanaland (600-500 Ma)
deformation, which endowed Gondwanaland with a
thick buoyant crust and lithosphere, and nonmarine
siliciclastic deposits behind a peripheral shoreline.
Between 650 Ma and 570 Ma, stress 1 (Figure 3) was
generated from the oblique collisions of, first, Avalo-
nia—Cadomia with the West African Craton and, se-
cond, West Gondwanaland with East Gondwanaland
during the closure of the Mozambique Ocean. The
West African Craton, which was rotated counter-
clockwise, imparted clockwise rotation to the Ama-
zonia Craton, which, in turn, rotated the Congo

Craton counterclockwise. Between 550Ma and
490 Ma, stress 2 was generated first by oblique sub-
duction of the Palaeo-Pacific Plate beneath Antarctica
and second by transcurrence beneath Avalonia—
Cadomia and the West African and Amazonia
Cratons. The India—East Antarctica—West Australia
Craton was driven into counterclockwise rotation,
which imparted clockwise rotation to the North Aus-
tralia Craton, modelled by dextral shear along small
circles about a pole in the Pacific. A fold belt was
extruded between the West African and Congo
Cratons, and another between the Congo and Ama-
zonia Cratons. The cycle ended at about 500 Ma with
final convergence along the Palaeo-Pacific margin and
uplift and cooling in Gondwanaland. The heat emit-
ted during convergence, added to that generated
during the Pan-Gondwanaland cycle, built buoyancy
into Gondwanaland by underplating the lower crust
with mafic magma to promote isostatic uplift and
concomitant downwearing.

The shoreline alongside Antarctica, through Austra-
lia and north-west India, continued along the northern
margin to the Levant and north-east Africa, with mar-
ine sediment deposited in belts of terrigenous, mixed,
and carbonate facies across West Africa and south-
wards (in modern coordinates) into South America
(past the north pole) and then across the Damara fold
belt, to link with carbonate in the Transantarctic
Mountains, and over flood basalt on the Australian
platform. In the south-east, a newly generated mar-
ginal basin started to close by north-eastward-directed
subduction beneath a volcanic arc.

Above subducting slabs, the margin includes gran-
ite in the Suwannee terrane of Florida, granite in
Argentina and beside a rift projected towards the
Transantarctic Mountains, the string of Ross plutons,
the Delamerian granites, and granites in north-eastern
Australia. The Prydz-Leeuwin Belt and Mozambique
Orogenic Belt were metamorphosed.

Early Ordovician (490-458 Ma)

In the Early Ordovician the north pole lay in the Sahara
(Figure 5), but ice did not appear until 444 Ma. Aus-
tralia was crossed by the (Larapintine) sea behind
a magmatic arc generated by westwards-directed
subduction of ocean floor that was flooded by fans of
quartzose sediment from Antarctica.

Areas of Pan-Gondwanaland deformation had
cooled. The shoreline lapped the Beardmore Shelf
and Table Mountain Shelf. In the ancestral Parani
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Basin, north-east-trending rift basins filled with non-
marine detritus, including rhyolitic volcaniclastics.
Beach sand was deposited in Florida, and carbonate
was deposited around the ancestral Sierra Pampeanas,
which were intruded by granite.

The Avalonian terranes drifted away from Africa at
470 Ma in the first of many transfers of material from
Gondwanaland to the ‘northern’ continents.

Late Ordovician (458-443 Ma)

The end-Ordovician glaciation affected Saharan
Africa and southern Africa-South America (Figure 6).
Glacial advances and retreats climaxed with a big
advance at the end of the Ordovician (444-443 Ma).
In the Sahara, directional structures indicate uplands
including Sudan and Arabia. Interglacial marine in-
cursions swept over nonmarine glacigenic landforms
and sediment. Distal glacimarine deposits extend
over much of the northern margin of Africa—Arabia,
including the marginal terranes. Other ice centres on
uplands lay 3000 km away along the Pacific margin,
suggesting that proximity of uplands to the sea was a
factor. Nonmarine glacigenic deposits are found in
Bolivia and Venezuela.

The interglacial sea received marine glacigenic
sediment in the Volta and Bowé Basins, Iberia and
Cadomia, North Africa, southern Turkey, and Arabia,
which were all fringed by nonmarine basins and
uplands and scattered anorogenic igneous complexes.
The shoreline crossed northern India and continued
alongside Western Australia and the North China
Shelf. The intermittent Larapintine Seaway produced
thick halite evaporites in the west. In the east, the sea
opened onto a convergent margin and magmatic arc.
The shoreline passed the Beardmore Shelf to the
embayments of the Table Mountain Shelf and Don
Braulio area.

Early Silurian (443 Ma)

At the beginning of the Silurian, the ice-sheets
contracted to a strip in North Africa~Arabia and
advanced over Brazil. In transgressing North Africa,
the post-glacial sea accumulated glacigenic sediment,
including ‘hot shales’ (which are sources of petroleum)
with graptolites in the Fort Polignac Basin, shed from
surrounding uplifts, including the Sudan upland, which
was intruded by anorogenic complexes (Figure 7).
Uplifts in South America likewise accumulated ice.
Glacimarine diamictites and shales were deposited in
the Parand Basin, including the Iap6 Formation, and in
the Parnaiba Basin. Nonmarine diamictites were de-
posited in the eastern Parana Basin and the Jatoba
Basin. The marine diamictite of the Amazonas Basin

crops out in a 1500 km long belt in the eastern Andes.
Farther south, the uppermost Don Braulio Formation
is not glacigenic. The Malvinokaffric (zoogeograph-
ical) Realm occupied South America, southern Africa,
and Antarctica before it disappeared in the Middle
Devonian.

In Antarctica, the nonmarine Crashsite Group in
the Ellsworth Mountains lay behind a zone of de-
formation and metamorphism that extended through
Marie Byrd Land and New Zealand into Eastern and
Central Australia, including the Melbourne Terrane
and Benambran Highlands (BH). Evaporites were
deposited in the Bonaparte Basin.

Early Devonian (418-394 Ma)

In the Early Devonian the south pole lay off Pata-
gonia but glacigenic deposits are unknown. Laurentia
was about to make contact (Figure 8). Shelves in
Arabia and North Africa widened during a marine
transgression from the Lochkovian (415Ma) to the
Emsian (400 Ma) that formed a wide embayment
with its head at Accra. Carbonate sediment indicates
warm to moderate water, consistent with the tropical
latitude. The Sudan upland, which was peppered with
ring complexes, shed sand into nonmarine basins,
including the Kufra Basin, which lay inland of the
marine Ghazalat Basin. Past Arabia, the shoreline
continued through the Chitral area of Pakistan and
northern India to north-west Australia.

The Emsian shoreline passed the Lolén Formation
and Bokkeveld Group. The rest of South America was
crossed by the arms of a shallow sea between large
islands that faced the Pacific margin on the west.
Granite was emplaced in the Sierra Pampeanas.

The shoreline passed the Ellsworth Mountains and
Ohio Range and was backed by nonmarine sandstone
in the Pensacola Mountains, Beardmore Glacier area,
and South Victoria Land. In New Zealand, marine
sediment was deposited on terranes that amalgam-
ated at 415Ma. Amalgamation of north-east and
west Tasmania followed at 400 Ma. In south-east
Australia, rivers deposited sediment in the wide
back-arc region of granite intrusion behind a volcanic
arc and subduction complex. Beyond a group of non-
marine deposits in the centre, evaporites were de-
posited in the Bonaparte Basin, aeolian and playa
deposits in the Canning Basin, and nonmarine
redbeds in the Carnarvon Basin.

Late Devonian (382.5-362 Ma)

In the Late Devonian (Figure 9), the sea, initially (in the
Frasnian) still in North Africa and South America and
accumulating black shale, retreated in the Strunian
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(enclosed by wide broken line): a, West African Craton; b, Congo Craton; ¢, Amazonia—Rio de la Plata Craton; d, India—East Antarctica—West Australia Craton, bisected by the
Prydz-Leeuwin belt; e, North Australia Craton. Pan-Gondwanaland (600-500 Ma) fold belts are orange. Ages are given in Ma. Circled numbers indicate stresses 1 and 2. DML, Dronning
Maud Land; LB, Leeuwin block; MOB, Mozambique orogenic belt; TAM, Transantarctic Mountains; WA, Western Australian Craton; BAS, back-arc spreading. Reproduced with permission
from Veevers JJ (2003) Pan-African is Pan-Gondwanaland: oblique convergence drives rotation during 650-500 Ma assembly. Geology 31: 501-504.

VNVMANOD ANV ANVIVNVMANOYD ctl



Figure 4 Early Cambrian—-Middle Cambrian (530-500 Ma) palaeogeography, with shorelines (blue line—dots away from the land) skirting fold belts (orange). Prospective terranes run from
West Avalonia to Cadomia and from Apulia to Sibumasu/North China. From west to east, the terranes on the north include: Ap, Apulia; Ma, Mani; Mn, Menderes; Ta, Taurus; Ki, Kirshehir;
SS, Sanandaj-Sirjan; Al, Alborz. Facies indicated as: t, terrigenous; m, mixed; and COg, carbonate (Red Vs indicate volcanics, red squares granite). Other abbreviations: D, Damara fold belt;
S, Suwannee terrane; DE, Delamerian granites; R, Ross plutons and M, metamorphism. Reproduced with permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly
through 320 Ma merger in Pangaea to 185-100 Ma breakup: supercontinental tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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Figure 5 Early Ordovician (490-458 Ma) palaeogeography. N, position of north pole; orange horizontal shading, areas of Pan-Gondwanaland deformation. Reproduced with permission
from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma merger in Pangaea to 185-100 Ma breakup: supercontinental tectonics via stratigraphy and radiometric
dating. Earth Science Reviews

VNVMANOD ANV ANVIVNVMANOYD 1t



0 2000 3000 k
LIMIT OF GLACIMARINE DEPOSITS ellli14q00][[]2000 1113000 [ 14000 || | 6o

- > ICE FLOW “44.. SHORELINE

MAXIMAL
ICE LIMIT MARINE

MINIMAL 7 NONMARINE

+ ANOROGENIC i ——==""""=-. JPLAND
.COMPLEX —

+30 0

Figure 6 Late Ordovician (458-443 Ma) palaeogeography: DB, the glacimarine Don Braulio Formation; AR, Arabian upland; SU, Sudan upland; E, area of evaporite deposition;
+=anorogenic complex. Reproduced with permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma merger in Pangaea to 185-100 Ma breakup:
supercontinental tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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Figure 7 Early Silurian (443 Ma) palaeogeography. Shading as in Figure 6, with brown cross-hatching representing deformation and metamorphism. NM, nonmarine sediment in the
Sierra de la Ventana of Argentina; G, glacigenic sediment; FP, Fort Polignac Basin; SU, Sudan upland; red crosses, anorogenic complexes; |, lapé Formation; DB, Don Braulio Formation; M,
Melbourne Terrane; BH, Benambran Highlands; E, evaporites. Reproduced with permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma merger in
Pangaea to 185-100 Ma breakup: supercontinental tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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Figure 8 Early Devonian (418-394 Ma) palaeogeography: AC, Accra; SU, Sudan upland; KB, Kufra Basin; GB, Ghazalat Basin; CH, Chitral; LO, Lolén Formation; BG, Bokkeveld Group; EM,
Ellsworth Mountains; OR, Ohio Range; PM, Pensacola Mountains; B, Beardmore Glacier; SVL, South Victoria Land; E, evaporites; horizontal orange shading, large islands separated by
shallow sea; screw symbol, amalgamation of terranes. Reproduced with permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma merger in Pangaea to
185-100 Ma breakup: supercontinental tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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Figure 9 Late Devonian (382.5-362 Ma) palaeogeography: GN, glacigenic nonmarine sediment; GM, glacigenic marine sediment; A, Arunta block; M, Busgrave block; D, Drummond
Basin; K, Kimberley block; P, reef facies. Reproduced with permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma merger in Pangaea to 185-100 Ma
breakup: supercontinental tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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(latest Devonian). Terranes started to break off in the
north-east leading to the generation of Palaeo-Tethys.
The Centralian Superbasin, which had been subsiding
since 840 Ma, was initially dismembered during crustal
shortening, and sediment flowed into the convergent
eastern Australia. Laurussia touched Gondwanaland.

In South America, black shale was deposited during
the Frasnian, and glacigenic nonmarine sediment (gla-
cimarine sediment in the Amazon Basin) was deposited
during the end-Famennian regression. Glacigenic sedi-
ment extended into adjacent Africa. In North Africa—
Arabia, the depositional facies changed from detrital in
the south to carbonate in the north. In southern Africa
and Antarctica, the shoreline and nonmarine depocen-
tres remained in the same place as before. During con-
tinuing westward-directed subduction, granite was
intruded in North Victoria Land and northwards,
where volcanic rifts opened after the contractional
Tabberabberan Orogeny. Farther north a magmatic
arc and subduction complex developed behind the
trench.

In central Australia, the overthrusting Arunta block
disrupted the wider Amadeus Basin and culminated
in § km of uplift reflected in extensive alluvial fans.
Similar sediments were shed southwards from the
overthrusting Musgrave block. In the Amadeus
Basin, eastward flow joined the northward flow in
the Drummond Basin to debouch on the margin. In
the Bonaparte Basin, alluvial fans were succeeded by
a reef complex. Likewise in the Canning Basin, gravel
fans from the Kimberley block mingled with a reef
complex on a platform in front of a deep axis; in the
south, paralic sediment was deposited in an arm of
the sea. In the Carnarvon Basin, shelf limestone gave
way to reef facies.

Early Carboniferous, Visean (335 Ma)

In the Early Carboniferous, the Moroccan salient of
Gondwanaland collided with the Armorican salient
of Laurussia. Palaeo-Tethys further separated the
Chinese blocks (Figure 10).

In North Africa—Arabia, the shoreline, bounded by
nonmarine sediment, penetrated almost to Nigeria. In
the east, uplifts include the Sudan Arch, the Central
Arabian Arch, and the Summan Platform; igneous
centres include rhyolite.

In South America, an Early Carboniferous con-
traction with arc magmatism (not shown) led to
deformation and uplift that drove out the sea. Flood-
plain deposits with coal are found in the Lake Titicaca
area. Glacigenic nonmarine sediment was deposited
in the Pimenta Bueno, Jaur(, Solimdes, central Ama-
zonas, and Parnaiba-Itacaja areas. The pole was in

north-east Africa, so the tillitic beds in North Africa
were within 30° of the pole, but the glacigenic local-
ities of South America, between 25° and 60° from the
pole, all nonmarine, reflect alpine glaciation.

South-eastern Australia was subjected to the
Kanimblan east—west contraction, followed by wide-
ning of the volcanic arc and finally north-south con-
traction in megakinks. Similar events took place
in northern Queensland. In between, nonmarine de-
position in the Drummond Basin continued until
330 Ma, when it was terminated by gentle folding,
part of the Alice Springs terminal folding and thrust-
ing that dismembered the Centralian Superbasin, a
distant effect of the collision in north-west Africa.
The youngest preserved sediment in the foreland
basins of Central Australia is the 330 Ma Mount
Eclipse Sandstone.

Mid-Carboniferous, Namurian
(327-311.5Ma)

In the Namurian, Laurussia and Gondwanaland
merged to form Pangaea by definitive right-lateral
contact along the Variscan suture, and the collisional
stress and subsequent uplift was felt as far afield as
Australia (Figure 11). The south pole had moved 60°
since 335 Ma to a location in Marie Byrd Land, and
ice sheets developed on the tectonic uplands south of
25°S in South America and south of 45° S elsewhere.
The collisional uplands of equatorial north-west
Africa and adjacent Europe were subjected to intense
rainfall and backwearing.

Rapid wuplift and concomitant downwearing
must have produced copious sediment, yet the de-
positional record over the Australian platform is
blank. Where could the sediment have gone? The
paradox can be resolved by postulating that uplift
combined with rapid polar movement triggered a
continent-wide glaciation so that sediment shed
from the nunataks of the central uplifts and from
the eastern cordillera was carried away in the ice-
sheet. Only in the east was nonmarine glacial sedi-
ment deposited by glaciers that broke through the
eastern cordillera. During its retreat in the earliest
Permian the ice released its load of sediment. Ice-
sheets continued across Antarctica through the
Ross and Gamburtsev areas, and into adjacent
India and southern Africa, through uplands called
Windhoek, Cargonian, and proto-fold belt.
A separate ice-sheet covered uplands in South
America, which shed glacimarine sediment in front
of a volcanic arc.

Now part of Pangaea, Gondwanaland underwent
a (Pangaean) cycle of tectonic and climatic events.



Figure 10 Early Carboniferous (335 Ma) palaeogeography: SA, Sudan Arch; CAA, Central Arabian Arch; SP, Summan Platform; RH, rhyolite; LT, Lake Titicaca; GN, glacigenic nonmarine
sediment; PB, Pimenta Bueno; J, Jaur(; IT, Itacaja; G, tillitic beds; KA, Kanimblan contraction; D, Drummond Basin; AS, Alice Springs; MES, Mount Eclipse Sandstone; red shading, igneous
centres; orange = upland; lime-green = nonmarine fringe behind shoreline. Reproduced with permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma
merger in Pangaea to 185-100 Ma breakup: supercontinental tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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Figure 11 Mid-Carboniferous, Namurian (327-311.5 Ma), palaeogeography. Pink arrows in central and eastern Australia indicate farfield stress. GN, glacigenic nonmarine sediment; R,
Ross area; G, Gamburtsev area; W, Windhoek upland; C, Cargonian upland; PFB, proto-fold belt; GM; glacimarine sediment; vertical orange shading, collisional stress and uplift.
Reproduced with permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma merger in Pangaea to 185-100 Ma breakup: supercontinental tectonics
via stratigraphy and radiometric dating. Earth Science Reviews

7L VNVMANOD ANV ANVIVNVMANOD



142 GONDWANALAND AND GONDWANA

Tectonic-Climatic Model of the
Pangaea-to-Dispersed-Continents
Cycle

The heightened radioactivity of continental rocks led
to the idea that a system of ascending convection
(‘monsoonal’) currents beneath an insulating super-
continent would spread out at the top and eventually
break the supercontinent into individual continents.
Changes in the pattern and vigour of mantle convec-
tion would increase atmospheric carbon dioxide, cre-
ating a greenhouse effect. Heat was released in five
stages (Figure 12).

® Stage 1 (platform lacuna). The Earth comprises the
single continent (Pangaea) and ocean (Pantha-
lassa). The amounts of spreading and subduction
are minimal. Minimal turnover of mantle material
leads to minimal venting of carbon dioxide and
an icehouse climatic state. Maximal continental
freeboard is due to, first, the short and narrow
mid-ocean ridge displacing less water, second, the
continental crust having a maximal mean thickness
because its ocean frontage of thin (rifted) crust is
minimal, and, third, the self-induced Pangaean heat
store and accelerated mantle plumes generating a
geoid high. The Earth is dominated by dry land.

® Stage 2. The heat impounded beneath Pangaea soon
leads to localized thinning of the Pangaean crust and
lithosphere, initially by sagging of cratonic basement
and rifting of orogenic basement (extension I).

® Stage 3. Continued crustal thinning leads to rifting
between the incipient continents (extension II).

® Stage 4. Pangaea breaks up by spreading of intra-
Pangaean rift oceans to form dispersed continents
and oceans. The mid-ocean-ridge spreading and
subduction are maximal, leading to maximal carbon
dioxide venting and greenhouse conditions. Low
continental freeboard arises from, first, the mid-
ocean ridges displacing more water, second, the
crust of the continents having a minimal average
thickness because its ocean frontage of thin crust is
maximal, and, third, the rapidly depleting Pangaean
heat store and decelerated mantle plumes supporting
a lower geoid. The Earth is dominated by ocean.

® Stage 5. The depleted heat store leads to slower
spreading and subduction and preferential closing
of the rift oceans, so that eventually the continents
reform Pangaea and the oceans reform Panthalassa
in a return to Stage 1.

Earliest Permian (302-280 Ma)

Following a lacuna (Pangaean stage 1), the heat be-
neath Pangaea drove differential subsidence of the

Gondwanaland platform (stage 2, extension I) to
trap sediment released from the ice (Figure 13). Ter-
ranes left the northern margin, and rift zones pene-
trated East Africa and between India and Australia.
Granite moved into transtensional rifts, driven by the
right-lateral shear between Laurussia and Gondwa-
naland. Coal with the Glossopteris flora succeeds
glacigenic sediment in all parts of Gondwanaland
except tropical South America and Africa. A mag-
matic and orogenic zone along the Panthalassan
margin (Alexander Du Toit’s Samfrau Geosyncline)
developed in South America.

The Sakmarian (288 Ma) postglacial shoreline ran
along the margin in North Africa and made broad
indentations across Arabia and India (the India-
Australia Rift Zone) and narrow indentations across
north-west Australia. It lapped the magmatic zone of
eastern Australia and enclosed a gulf between Australia
and Antarctica and another between Antarctica and
South America.

The Gamburtsev upland shed glacial sediment into
southern Africa, India, and south-west Australia, and
the Beardmore-Ross upland continued to shed sedi-
ment into south-east Australia and New Zealand. Ice
extended across the Congo Basin into North Africa
and Arabia, with outwash material along the margin.

The inception of Gondwanan glaciation is linked
to the lowered input of carbon dioxide in Pangaean
stage 1, the removal of atmospheric carbon dioxide
during accelerated erosion and weathering of the
uplands, and the blocked oceanic circulation at the
equator.

Glossopteris of the Gondwana palaeobotanical
province made voluminous coals during the entire
Permian (Figure 14). The FEurameria province
extended into northern South America and Africa,
and all three provinces — Eurameria, Gondwana, and
Cathaysia — were juxtaposed in Arabia. The boundary
between the Eurameria and Gondwana provinces
approximates the ice limit (Figure 13). The Variscides
also contain coal but without Glossopteris.

Late Permian (255-250 Ma)

In the Late Permian the sea retreated to the margins
except in the north-east (Figure 15). The magmatic
orogen (Gondwanides I) had propagated past north-
ern Queensland. It was backed by the Karoo foreland
basin, which was occupied by a vast lake with en-
demic nonmarine bivalves (preserved in the Water-
ford Formation, which extends into the Estrada
Nova Formation of South America). Smaller lakes
crossed the rest of southern and central Africa.

In eastern Australia, volcanogenic sediment
flowed across a foreland basin and forebulge into
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Figure 15 Late Permian (255-250 Ma) palaeogeography: The pink vertical shading indicates the magmatic orogen of Gondwanides |, the red open circles anorogenic igneous complexes,
the red square pattern the central Gamburtsev upland. K, Karoo foreland basin; W, Waterford Formation; EN, Estrada Nova Formation; G, Galilee Basin; C, Cooper Basin; P, Perth Basin; Ca,
Carnarvon Basin; BL, Beaver Lake Basin; M, Mahanadi Basin; P-G, Pranhita-Godavari Basin; Z, Zambezi Basin; PT, Panjal Traps, IND-AUS RZ, India—Australia Rift Zone. Reproduced with
permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma merger in Pangaea to 185-100 Ma breakup: supercontinental tectonics via stratigraphy and
radiometric dating. Earth Science Reviews
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the epicratonic Galilee and Cooper Basins, and the
Kin Kin Terrane docked. The Gamburtsev upland
continued to send sediment into the Perth and Car-
narvon Basins, through Beaver Lake to the Mahanadi
Basin, and into the Pranhita-Godavari, Zambezi, and
Karoo Basins. Broad fluviolacustrine basins covered
North Africa. Volcanics, including the Panjal Traps,
erupted in the India-Australia Rift Zone and in
Arabia. Anorogenic complexes erupted in North
Africa.

Early Triassic (250-235 Ma)

The end of the Permian saw a much lowered sea-level,
and Glossopteris vanished as part of the end-Permian
extinction event (see Palaeozoic: End Permian Extinc-
tions). The Triassic saw global warming and the
deposition of redbeds. The tectonic situation was
unchanged. The Triassic sea returned to its former
level, and nonmarine deposition resumed in most of
the previous areas (Figure 16).

Mid-Triassic (234-227 Ma)

In the mid-Triassic the Panthalassan margin was
terminally deformed (Gondwanides II). Deposition
continued in South America and in North Africa-
Arabia, which was intruded by anorogenic magmas
(Figure 17).

Late Triassic (227-206 Ma)

During the late Triassic, the platform relaxed in
Pangaean stage 3 (Extension II), and, following the
Early and Middle Triassic coal gap, plant diversity
and peat thickness recovered. Coal measures found
accommodation space in Gondwanides II as the
Molteno Coal Measures, the Lashly Formation, the
Topfer Coal Measures, the New Town Coal Measures
of Tasmania, and the Ipswich Coal Measures of
Queensland (Figure 18). On the craton, the Leigh
Creek Coal Measures were deposited on Neoproter-
ozoic basement, and the carbonaceous sediment of
the Peera Peera Formation filled the initial Eromanga
Basin. Carbonaceous material is found in the
McKelvey Member and the Dubrajpur and Colora-
dos formations. Northern South America was crossed
by volcanics, and North Africa was dotted with
anorogenic magmas.

An arm of the sea crossed North America—Africa
to produce evaporites; along its edge, grabens (Ex-
tension II) from Texas to Nova Scotia and Morocco
filled with sediment that contained coal, as in
the Productive Coal Measures of Maryland and
Virginia.

Early Jurassic (200-184 Ma)

The vast 200 Ma Central Atlantic magmatic province
of tholeiitic flows, dykes, and sills preceded the 190-
180 Ma breakup of Pangaea (stage 4; spreading of
intra-Pangaean rift oceans) by seafloor spreading
(Figure 19). Another vast province of tholeiitic flows
and sills was erupted between 184 Ma and 179 Ma
in the back-arc region between southern Africa and
south-eastern Australia, and southernmost South
America was covered by felsic volcanics that have
been dated at 187 Ma and younger.

End-Jurassic (145 Ma)

By the end of the Jurassic, the Central Atlantic had
reached a width of 1000km and was continuous
through the Straits of Gibraltar with Neo-Tethys
and its complex of marginal basins (Figure 20). The
north-eastern Indian Ocean had opened at 156 Ma by
seafloor spreading, wedging Argo Land off Australia,
and the western Indian Ocean had begun to open at
150 Ma by seafloor spreading in the Natal and Somali
basins.

The Chon Aike volcanics and a granite in Chile
provide evidence of continuing subduction. The Ant-
arctic margin was rifted in the Explora Wedge and
Byrd Subglacial Mountains. Scattered magmatism
continued in North Africa—Arabia. Nonmarine sedi-
ment was deposited in large areas of South America
and Africa, on the north-western margin of India, in the
rifts at the triple junction between India, Antarctica,
and Australia, and in north-west and eastern Australia.

Mid-Cretaceous, Albian-Cenomanian
(ca. 100 Ma)

Mid-Cretaceous shorelines, nonmarine basins, and
igneous rocks are shown here on a pre-breakup base
to maintain the same scale as previous figures; the
space occupied by the oceans is denoted by a red
broken line except between Antarctica and Australia,
which were about to break up (Figure 21).

By the mid-Cretaceous, Gondwanaland had split
into four pieces, with one of these about to split into
two. Earth had entered the state of dispersed contin-
ents. The 94 Ma end-Cenomanian shoreline made its
maximum penetration into North Africa and north-
ern South America and its minimum into Australia.
Earlier, in the Aptian (115 Ma), two-fifths of Austra-
lia had been covered by an epeiric sea; in the Ceno-
manian, the shoreline retreated to the present coast
and beyond because uplift outpaced the eustatically
rising sea; other continents sank passively beneath
the rising sea. Australia’s behaviour was caused by a



Figure 16 Early-Middle Triassic (250-234 Ma) palaeogeography. The orange vertical shading indicates uplands, the purplish wiggly lines zones of deformation, and red dots granitic
plutons. Reproduced with permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma merger in Pangaea to 185-100 Ma breakup: supercontinental
tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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Figure 17 Mid-Triassic (234-227 Ma) palaeogeography. Reproduced with permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma merger in

Pangaea to 185-100 Ma breakup: supercontinental tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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Figure 19 Early Jurassic (200-184 Ma) palaeogeography (ages are given in Ma). Areas covered by tholeiitic flows and sills (shown in pink, with outcrops in red) include the 200 Ma Central
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Subglacial Mountains; TM, Thiel Mountains; DP, Dawson Peak; RE, Ross Embayment; PV, Pearse Valley; VL, Victoria Land; KD, Kirwans Dolerite; orange = upland; lime-green = nonmarine
fringe behind shoreline. Reproduced with permission from Veevers JJ (2004) Gondwanaland from 650-500 Ma assembly through 320 Ma merger in Pangaea to 185-100 Ma breakup:
supercontinental tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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Figure 20 Late Jurassic (150 Ma) palaeogeography: EW, Explora Wedge; BSB, Byrd Subglacial Mountains. Reproduced with permission from Veevers JJ (2004) Gondwanaland from
650-500 Ma assembly through 320 Ma merger in Pangaea to 185-100 Ma breakup: supercontinental tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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supercontinental tectonics via stratigraphy and radiometric dating. Earth Science Reviews
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change in the vector of the Pacific Plate with respect
to Australia, from head-on collision in the Aptian to
transcurrence or side-swipe in the Cenomanian, with
concomitant cessation of subduction-related volcan-
ism and uplift.

In Antarctica, coal is found on Alexander Island
and in Prydz Bay; nonmarine sediment with Aptian
palynomorphs is found in offshore Antarctica, with
marine deposits on the opposite side of the continent.
The Pacific arc glowed. Magmatic activity elsewhere
was confined to volcanism in Brazil and anorogenic
intrusion in North Africa—Arabia.

Cenozoic Aftermath (65-0 Ma)

During their dispersal (Figure 2), the Gondwanaland
continents made new connections: South America
with North America, India and Africa—Arabia with
Eurasia, and Australia (almost) with south-east Asia.
Antarctica alone remained unattached. Microconti-
nents (terranes) from the northern margin of Gond-
wanaland crossed successive generations of Tethys to
lodge in Eurasia; New Zealand and New Caledonia
remained isolated in the southern Pacific Ocean.

See Also

Africa: Pan-African Orogeny; North African Phanerozoic.
Antarctic. Argentina. Australia: Phanerozoic; Tasman
Orogenic Belt. Brazil. New Zealand. Palaeozoic: End
Permian Extinctions. Pangaea.
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Introduction

Orogenies are defined by extended periods of moun-
tain building, usually resulting from convergence of
tectonic plates. Such episodes in Earth’s history typic-
ally involve a series of geological environments that
reflect changes in the tectonic setting as convergence
proceeds. The Grenvillian Orogeny is named after the
village of Grenville in Québec, and the term is widely
used to refer to a range of Mesoproterozoic tectonic
events that occurred between 1.3 and ~1.0Ga,
resulting in development of a series of orogens that
may have stretched across the globe for nearly
10 000 km. Within the Grenville Province of south-
eastern Canada, which is the most thoroughly studied
portion of this composite orogen, this period of oro-
genesis included (1) an early accretionary stage at
1.3-1.2 Ga, (2) an interval of widespread magmatism
at 1.18-1.08 Ga, (3) and a period of continent—
continent collision at 1.08-0.98 Ga that was rapidly
followed by uplift and exhumation of the orogenic
core. Development of the widespread Grenville oro-
gen was the last major tectonic event to affect the
Precambrian core of Laurentia, and marked the final
stage in assembly of the Mesoproterozoic supercon-
tinent of Rodinia. In North America, this widespread
tectonism is recorded by a broad swath of igneous
and metamorphic rocks extending 2000 km from the
Atlantic coast of southern Labrador to Lake Huron
in Canada and the Adirondacks in the United States
(Figure 1). The belt of affected rocks continues
south-westward for another 1500km, mostly in
the subsurface, to the Mississippi embayment in the
United States, reappearing to the west in Texas and
Mexico. Igneous and metamorphic rocks of similar
age and tectonic affinity also occur in a series of
internal and external massifs associated with the Ap-
palachian orogen in the United States (Figure 2).
Grenvillian rocks also constitute the Sveconorwegian
Province of southern Norway and Sweden and are
recognized as inliers within the Caledonides of
Northern Ireland, Scotland, and Norway. Recent
palaeogeographic reconstructions suggest that frag-
ments of the dismembered orogen are also present in
Antarctica, South America, and Australia.

Major geological events such as the Grenvillian
Orogeny that result in assembly of supercontinents

are relatively rare events in Earth’s history, and the
causal mechanisms are not yet well understood. Such
events may be driven by global-scale geodynamic
mechanisms, such as mantle downwelling, or may
involve periodic random amalgamation of cratons
resulting from subduction of the oceanic lithosphere.
Geological studies of orogens and of the orogenies
that produce them are typically spurred by economic
factors, because orogenic belts contain much of the
world’s metallic mineral resources. Because orogens
and orogenies are manifestations of large-scale Earth
processes, enhanced understanding of the geological
factors involved in their genesis also provides import-
ant evidence bearing on the mechanisms of plate tec-
tonics and the physical evolution of the planet. The
Grenvillian Orogeny represents an episode of un-
usually widespread tectonism that profoundly
affected Earth’s palaeogeography; like other major
orogenies, such as the Permo-Carboniferous Appa-
lachian Orogeny, the Grenvillian Orogeny marked
the end of a major era in the geological time-scale of
Earth’s history.

Definition of the Grenvillian Orogeny

Geologists working in south-eastern Ontario and
western Québec recognized in the early part of the
twentieth century that the Grenville Province was
structurally distinct from the rest of the Canadian
Shield. Advances resulting from detailed field map-
ping, structural studies, and application of isotopic
dating techniques in the 1960s and 1970s led to a
more comprehensive understanding of the internal
geology of the province and the timing of the Gren-
villian Orogeny. During this time, researchers recog-
nized that many areas of the orogen preserved tracts
of older recycled crust that had not been completely
overprinted by the effects of Grenvillian orogenesis.
By 1980, geologists had determined that deposition
of the Flinton Group, a Precambrian succession of
metamorphosed clastic and carbonate rocks, was con-
strained to the interval 1080-1050 Ma, and that
this deposition occurred during a tectonic hiatus sep-
arating two major episodes of orogenesis: (1) a pre-
1080-Ma period of arc-related magmatism, uplift,
and erosion and (2) a post-1050-Ma period of wide-
spread regional metamorphism (see column A in
Figure 3). The earlier episode of orogenesis was
referred to as the Elzevirian Orogeny; the later epi-
sode is known as the Ottawan Orogeny. Both periods
of orogenesis were considered part of the Grenville
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Orogenic Cycle, which is widely defined as encom-
passing the interval 1.3-1.0 Ga. Definition of the
Grenvillian Orogeny has evolved as new information
has become available and as new perspectives have
been presented (Figure 3). For example, in the Adir-
ondack massif, where the age brackets on orogenesis
closely resemble limits originally defined in the Can-
adian Province, the time interval between Elzevirian
and Ottawan orogenesis did not involve widespread
deposition of sediments; instead, this time interval
was dominated by intrusion of large volumes of igne-
ous rocks that collectively define the anorthosite—
mangerite—charnockite-granite (AMCG) suite (see
column B in Figure 3). Such rocks of similar age
also occur in the Canadian Province. More recently,
researchers recognized that evidence of Elzevirian
orogenesis is limited to only a relatively small part
of the Canadian Grenville Province and is indeed
absent from much of the remainder of the Gren-
villian orogenic belt. As a result, and because post-
1080-Ma orogenesis (‘Ottawan Orogeny’ of the
original definitions) is now understood to have been
primarily responsible for the present geological con-
figuration of the Grenville Province, this later period
is referred to by many geologists as the ‘Grenvillian
Orogeny’, although the time-frame for this activity
and the existence of pulses of crustal shortening
remain subjects of debate (compare columns C and
D in Figure 3).

The evolution in the availability and inter-
pretation of data has led to the term ‘Grenvillian
Orogeny’, conveying different meanings to different

geologists. To some, it refers to the ca. 1.3- to 1.0-Ga
period of multistage orogenesis that ultimately
resulted in amalgamation of the Grenville Province
and creation of Rodinia; to others, it refers only to
the culminating (typically post-1080Ma) events of
this large-scale process. In the following discussion
of the tectonic events associated with creation of
the Grenville Orogen, the 1.3- to 1.0-Ga interpret-
ation is used because it is necessary to describe the
sequence of convergent tectonic events that took
place during closure of the ocean that bordered this
part of Rodinia and to document more fully the
nature of rocks constituting the orogenic belt. In
this usage, the Grenvillian Orogeny (or Grenville
Orogenic Cycle) includes two or more major periods
of orogenic activity that have been given status as
both ‘pulses’ and ‘orogenies’ by various authors
(Figure 3). The terms ‘Grenvillian Orogeny’ (sensu
lato) and ‘Grenville Orogenic Cycle’ are widely used
in the geological literature to encompass the 1.3- to
1.0-Ga time-span of multiphase orogenic events.
However, use of the latter term should be regarded
with caution because orogenies are now understood
to be lineally progressive phenomena in which
crust evolves geologically from one state to another.
In this way, orogenies differ from the more cyclic
evolutionary history of ocean basins, which may in-
volve successive periods of opening, closure, and
reopening. Although unidirectional in modify-
ing crust, orogenic tectonic activity is nevertheless
typically diachronous along the length of an oro-
gen, as illustrated by geological evidence from both
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Figure 2 Map showing locations of major occurrences of
the Grenville-age basement (shaded areas) in eastern North
America, including inliers within the Appalachian orogen. 1,
Long Range massif; 2, Adirondack massif; 3, Green Mountains
massif; 4, Berkshire massif; 5, Reading Prong—New Jersey High-
lands—Hudson Highlands; 6, Honey Brook upland; 7, Baltimore
Gneiss antiforms; 8, Blue Ridge province, including Shenandoah
(8a) and French Broad (8b) massifs; 9, Goochland terrane; 10,
Sauratown Mountains anticlinorium; 11, Pine Mountain belt.
Modified with permission from Rankin DW, Drake AA Jr., and
Ratcliffe NM (1990) Geologic map of the U.S. Appalachians show-
ing the Laurentian margin and Taconic orogen. In: Hatcher RD
Jr., Thomas WA, and Viele GW (eds.) The Appalachian-Ouachita
Orogen in the United States: The Geology of North America, vol. F-2,
plate 2. Boulder, CO: Geological Society of America.

the Palaeozoic Appalachian and Mesoproterozoic
Grenville belts.

Tectonic Evolution of the Grenvillian
Orogeny

The most complete geological record of the Gren-
villian Orogeny is preserved in the Grenville
Province of Canada and the adjacent Adirondack
massif in New York (Figure 2). Tectonic events in
this region occurring within the 1.3- to 1.0-Ga time-
frame record subduction of oceanic crust, closing
of an ocean basin, accretion of magmatic arcs (Elze-
virian Orogeny), sedimentation (Flinton Group and
related metasedimentary successions) and AMCG
magmatism, Himalayan-style continent—continent

collision (Ottawan Orogeny), and uplift of the oro-
genic belt.

Elzevirian Orogeny

The culminating sequence of tectonic events that
resulted in closure of an ocean bordering proto-
North America and, ultimately, in creation of the
Grenville orogen in its present form began between
1250 and 1230Ma with a period of orogenesis
termed the ‘Elzevirian Orogeny’. (In this article,
‘proto-North America’ refers to the cratonic core of
the eventual supercontinent Rodinia, prior to accre-
tion of the Grenville orogen. ‘Laurentia’ came into
existence following addition of the Grenville orogen.)
Evidence for this orogeny is limited in Canada to the
south-western portion of the province, and is un-
equivocally present in the United States only in the
vicinity of the Llano Uplift in Texas (Figure 1). The
Elzevirian Orogeny was preceded by subduction of
oceanic crust and development of associated, possibly
extensive, magmatic arcs that constitute the Compos-
ite Arc Belt in Canada and parts of the Adirondack
Highlands (Figure 4) and Green Mountains in the
United States (Figure 2). The Composite Arc Belt
(Figure 4), where the most diverse assemblage of
metamorphosed arc-related lithologies is recognized,
consists mostly of <1300-Ma volcanic, plutonic, vol-
caniclastic, carbonate, and siliciclastic rocks derived
from arcs and marginal basins. The inferred origin of
many of these metamorphic lithologies as arc-related
igneous rocks is based on the unique assemblage of
lithologic types and chemical similarities between
these rocks and calc-alkaline andesitic to tonalitic
suites from modern arc terranes such as the western
Americas, Aleutians, and Japan.

Prior to amalgamation with proto-North America,
a composite Elzevirian volcanic-arc assemblage was
separated from the main proto-North American
craton by a back-arc basin and bordered by a subduc-
tion zone that dipped beneath the arc terrane and was
responsible for production of the characteristic calc-
alkaline magmatism (Figure 5A). This tectonic scen-
ario bears similarities to the present Taiwan region in
the western Pacific. The cessation of arc and back-arc
magmatism at ca. 1230 Ma is interpreted to mark
the termination of local subduction of oceanic litho-
sphere, an event that was followed by the Elzevirian
Orogeny, which, by most recent estimates, occurred
at 1230-1180 Ma, and is associated in the Canadian
region with closure of the back-arc basin and accre-
tion of the outboard Frontenac-Adirondack-Green
Mountains crustal block (Figure 5B). Possible slices
of the oceanic crust that previously separated the
arc terrane from the continent are present as ophio-
lites within the accreted arc block. An important
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compiled, and the type and quality of geochronological information available. AMCG, Anorthosite—-mangerite—charnockite—granite.
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consequence of closure of the back-arc basin was the
shifting of the zone of active subduction outboard of
the newly accreted crust and the establishment of a
dominantly compressive tectonic setting; these events

resulted in crustal thickening through thrust imbrica-
tion and the likely formation of a fold-thrust belt
along the eastern (present coordinates) portion
of the Composite Arc Belt, where rocks were locally
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metamorphosed at amphibolite-facies conditions dur-
ing Elzevirian orogenesis. A similar sequence of arc
accretion accompanied by fold-and-thrust tectonism
and metamorphism occurred during the Taconian
orogenesis that affected much of the Appalachian
region during the Ordovician. Such accretion of sub-
duction-related arcs commonly occurs during the
early stages in the tectonic evolution of collisional
orogens involving closure of oceans. The regional
scope of the Elzevirian Orogeny is a matter of debate
because geological evidence of similar terrane amal-
gamation is generally lacking in the eastern Canadian
Grenville Province. A possible arc-related assemblage
of rocks is recognized in the Mesoproterozoic New
Jersey Highlands (Figure 2), but is undated by modern
isotopic techniques. The existence of a volcanic arc
similar in age to the Elzevir Arc is documented in
Texas, where it is believed to have docked with proto-
North America at about 1150 Ma, producing poly-
phase deformation and high-pressure metamorphism
within the Llano uplift.

Post-Elzevirian Activity

The period following Elzevirian orogenesis from
1180 to 1080 Ma is marked only by penecontempora-
neous local sedimentation and widespread AMCG
magmatism. In Canada, three small and isolated sedi-
mentary successions of fluvial to shallow marine
origin preserve evidence of crustal extension oc-
curring across a broad area of the south-western
Grenville Province. These rocks include the Flinton
Group in eastern Ontario (Figure 5C), which is rec-
ognized as originally deposited unconformably on
older basement rocks of Elzevirian affinity and subse-
quently isoclinally folded and metamorphosed to
varying grade with the basement. Studies of detrital
zircons indicate that the Flinton Group rocks, consist-
ing of quartz-pebble conglomerate, pelite, quartzite,
siltstone, and carbonate units, were deposited after
1150 Ma in a local fault-bounded basin. Studies of
similar rocks exposed north-west of the Flinton
Group indicate a likely comparable age of deposition.

The association of crust thickened by orogenic
processes, deposition of sediments within encratonic
basins, extensional faulting, and emplacement of
mantle-derived AMCG igneous rocks led researchers
to propose that subcontinental lithosphere beneath
the Grenville orogen was probably replaced by as-
thenosphere during crustal shortening. Such juxta-
position of hot asthenosphere against thinned
continental lithosphere would have profound effects
throughout the overlying crust, and could have
resulted from either lithospheric delamination or con-
vective thinning of the lithosphere. These models

produce similar consequences, including (1) estab-
lishment of steep temperature gradients in the contin-
ental lithosphere, (2) increases in surface elevations,
and (3) creation of a thermal anomaly in the extended
crust. In either case, magmatic activity such as repre-
sented by the Grenvillian AMCG suites is a likely
result. In the southern Grenville Province and adja-
cent Adirondacks, where AMCG rocks are abundant,
trends in crystallization ages of plutons indicate that
the delamination model is more likely to account for
this important period of igneous activity. The com-
bination of overthickened crust and lithosphere
resulting from Elzevirian orogenesis, and subsequent
relaxation of contractural strain throughout much of
the Grenvillian region, established conditions condu-
cive to local delamination of upper mantle litho-
sphere (Figure S5C). Such delamination, which
appears to have been concentrated in the southern
Grenville Province-Adirondacks-Green Mountain
region, resulted in crustal rebound and local struc-
tural collapse, forming isolated, fault-bounded basins
in which the Flinton Group and related sedimentary
successions were deposited. As delamination pro-
ceeded towards the south-east, the direction indicated
by crystallization ages of related plutonism, high-tem-
perature asthenosphere rose into the delaminated
zone, bringing relatively hot, mafic melt towards
the base of the crust. Tholeiitic gabbroic magmas
produced by depressurization melting of the rising
asthenosphere ponded at the base of the crust and
underwent fractional crystallization within a rela-
tively quiescent, nonorogenic environment, resulting
in the production of plagioclase-rich crystal mushes
through flotation and concomitant sinking of olivine—
pyroxene-rich cumulates (Figure 6). Heat from the
gabbroic magmas resulted in partial melting of
the lower crust, producing relatively anhydrous felsic
magmas that intruded to shallow levels to form
plutons of syenitic, monzonitic, and granitic compos-
ition, which, on crystallization of orthorhombic pyr-
oxene, locally yielded mangerites and charnockites.
Ultimately, plagioclase-rich magmas originally pro-
duced through the aforementioned crustal melting
used crustal fractures and other weaknesses to ascend
to the level of the felsic melts, producing anorthosites
and the related AMCG suites that are characteristic of
the Grenville Province. Some of the anorthositic com-
plexes form very large, petrologically diverse plutonic
bodies, such as the Lac St. Jean AMCG suite in the
central Grenville Province and the Marcy Massif in
the Adirondacks. Further fractional crystallization of
the plagioclase melts may have resulted in the forma-
tion of mafic-rich residual liquids represented by fer-
rodiorites (also referred to as ferrogabbros and
jotunite), which, through immiscibility, may have in
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anorthosite—-mangerite—charnockite—granite rocks.

turn been responsible for the production of associated
ilmenite-magnetite ores.

AMCG magmatism was widespread throughout
the south-western Grenville Province and the Adiron-
dacks during the 1180- to 1080-Ma interval, and
marked an abrupt change in the nature of plutonic
activity within the region. Igneous activity related to
the Elzevirian magmatic arc was calc-alkaline and
thus characteristic of rocks associated with modern
convergent plate margins. In contrast, the AMCG
suites are dominantly tholeiitic and are similar to
igneous rocks associated with modern within-plate
tectonic environments. Such contrasts in composition
reflect the differing nature of the sources involved in

petrogenesis. These differences underscore the useful-
ness of geochemical studies of ancient igneous and
meta-igneous rocks to decipher both the modes
and the environments of origin. Massif anorthosites
and associated mangerites and granites have trad-
itionally been considered to constitute an ‘anorogenic
trinity’, the formation of which is indicative of crustal
conditions in which orogenic effects are absent. How-
ever, considering the entire Grenville Province, it is
clear that metamorphism and contractural deform-
ation occurred in some parts of the province at the
same time that AMCG suites were emplaced in other
parts. Such contrasting styles of tectonic activity
should perhaps be expected in an area that is as
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large and complex as the Grenville Province is. The
preponderance of available data indicate that such
suites are a likely consequence of orogenesis and
result from deep-seated lithospheric mechanisms
that originated in response to previous orogenic
processes. Viewed in this light, the Grenvillian
AMCG suites represent postorogenic magmatism
with origins that relate directly, albeit locally, to
Elzevirian orogenesis.

Ottawan Orogeny

Final closure of the ocean bordering proto-North
America occurred as a result of continent-to-
continent collision beginning at 1080 Ma, involving
a series of events referred to as the Ottawan Orogeny
(also as the ‘Grenvillian Orogeny’ by some geologists;
see Figure 2). Compressional tectonic forces resulted
in telescoping of the continental margin and the
formation of large thrust slices and ductile folds
with dominant direction of transport towards the
north-west (Figure 5D). Multiple lines of evidence
indicate that the orogen propagated north-westward,
with the youngest faults located in the vicinity of the
Grenville Front Tectonic Zone (Figure 4). Meta-
morphic assemblages in the Grenville Province gener-
ally indicate recrystallization at granulite-facies
conditions in the hinterland (region located towards
the south-east), where large-scale, recumbent nappes
were developed and most plutonism occurred.
Thrusting was more common in the foreland (region
located towards the north-west), where metamorphic
conditions were more variable, ranging from gree-
nschist to high-pressure amphibolite facies, with
eclogite-facies conditions developed locally. Many
of the north-west-directed thrusts were of large
scale, including the Allochthon Boundary Thrust
(Figure 3) that is associated with high-pressure min-
eral assemblages. Results from many studies through-
out the province indicate that metamorphism and
deformation were ongoing across the entire province
during the interval from 1080 to 980 Ma. However,
disagreement exists regarding the nature of these tec-
tonic processes. Some researchers suggest that meta-
morphism and deformation occurred in at least three
discreet pulses (see column C in Figure 2) separated
by intervals of extension. The first two pulses of
crustal shortening were concentrated in the hinter-
land, whereas the latest pulse caused north-westward
propagation of the orogen into its foreland. Abun-
dant magmatism, including emplacement of anortho-
site complexes, occurred during the intervening
extensional periods. A different interpretation of the
tectonic evolution of the eastern Grenville Province
suggests that orogenesis peaked at different times in
different places, and that, as the crust yielded through

thrusting in one location, stresses were transferred
elsewhere. Thus, instead of separate orogenic
pulses, this model proposes that the ‘pressure point’
responsible for compressional tectonism shifted
periodically as the crust yielded locally to the forces
of deformation.

The effects of the Ottawan Orogeny were generally
more intense in the Adirondack massif, where evi-
dence of ductile structural fabrics and high-grade
metamorphism is widespread. Studies of meta-
morphic rocks indicate that the crust beneath the
Adirondack Highlands nearly doubled in thickness
as a result of Ottawan orogenesis. Such extreme
crustal thickening, considered together with the
general lack of Ottawan-age calc-alkaline rocks of
possible arc affinity in the Adirondacks and contigu-
ous Grenville Province, constitutes important evi-
dence in support of continent—continent collision as
the primary cause of the orogeny. The Adirondack
Highlands represent one of the world’s classic granu-
lite-facies terranes, where peak metamorphic con-
ditions during the Ottawan Orogeny reached
temperatures of 750-800°C at pressures of 6-8 kbar.
Metamorphism was associated with recumbent iso-
clinal folding and development of intense penetrative
fabrics that typically overprinted features developed
during the Elzevirian orogenesis throughout the
Adirondacks (Figure 7A and B). However, the an-
orthosite complexes in this area, all of which were
emplaced at about 1150 Ma, are typically not struc-
turally overprinted (Figure 7C) because these gener-
ally anhydrous, dominantly monomineralic plutons
acted as rigid bodies that deflected stresses during
Ottawan orogenesis. Such kinematics that result in
plutonic rocks that appear to be relatively un-
deformed when, in fact, they predate deformation,
must be considered carefully by field geologists inter-
ested in deciphering the sequence of local structural
events. Field relations and isotopic ages of plutonic
rocks indicate that Ottawan orogenesis occurred
from 1090 to 1030 Ma in the Adirondacks. The oc-
currence of thick allochthons and associated high-
pressure belts in the Canadian Grenville Province
stands in contrast to the dominantly ductile deform-
ation and large recumbent fold nappes of the Adiron-
dacks. Such differences are attributed to variations in
style, metamorphic grade, and ductility between the
mobile interior of the orogen to the south-east and the
foreland to the north-west, as well as to the thermal
softening effects imparted on the Adirondacks by
intrusion of the Hawkeye granitic suite at 1100 Ma.

Post-Ottawan Activity

Tectonic activity associated with the Ottawan Or-
ogeny did not terminate simultaneously throughout
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Figure 7 Deformation features developed during Ottawan orogenesis in the Adirondack Highlands. (A) Refolded isoclinal fold
developed in Elzevirian-age migmatitic metapelite. Dashed line outlines the fold, which is about 1 m in length. (B) L-Tectonite (also
referred to as ‘straight gneiss’), developed through extreme grain-size reduction accompanying ductile deformation in migmatitic
metapelite located between the Piseco anticline and Glen Falls syncline in the south-eastern Adirondacks. This is the deformed
equivalent of the rock shown in A. Pen is oriented parallel to the tectonic transport direction and is 14cm in length. (C) Inequigranular
anorthosite from the southern edge of the Oregon dome in the south-eastern Adirondacks. Large blue—gray andesine crystals are

typical of Grenvillian massif anorthosites. Pen is 14cm in length.

the Grenville orogen, but rather ended with a series of
sporadic events. Within Canada, north-west-directed
thrusting and shearing along the Grenville Front
Tectonic Zone (Figure 4) occurred as late as 1000-
980Ma, and weakly deformed 980-Ma AMCG
plutons document the waning stages of orogenesis
in the north-eastern Grenville Province. In contrast,
undeformed 975-Ma granitic intrusions that spread
across the southern part of the eastern Grenville
Province appear to be postkinematic, signalling a
likely end to contractional tectonics. Unmetamor-
phosed and undeformed 1045-Ma fayalite granite,
part of the late synkinematic to postkinematic Lyon
Mountain granite suite, provides a minimum age for
the end of widespread Ottawan activity in the Adi-
rondacks, although localized high-temperature
events occurred until about 1015 Ma. Rapid uplift
followed Ottawan orogenesis in the Adirondacks
and neighbouring Grenville Province, possibly
caused by a second cycle of lithospheric delamination
(Figure 5E). This uplift was accompanied by exten-
sional collapse, especially along the Carthage—Colton
shear zone, where amphibolite-facies rocks of the

Adirondack Lowlands were displaced downwards
to the north-west to become juxtaposed against the
granulite-facies Adirondack Highlands.

Appalachian Inliers

Grenville-age rocks within the Appalachians pre-
serve evidence of geological processes that are grossly
similar to those documented in the Canadian
Grenville Province and Adirondacks. Rocks of
AMCG affinity are present in some massifs, and a
major period of metamorphism and deformation
that is roughly contemporaneous with Ottawan oro-
genesis in south-eastern Canada has been docu-
mented in most areas. However, direct evidence of
accreted arc terranes and orogenesis that might have
been contemporaneous with Elzevirian activity in
Canada is lacking in most massifs. Indeed, some re-
searchers have used results from Pb and Nd isotopic
studies to propose a non-Laurentian origin for the
Appalachian inliers, in spite of the similarities in
lithologies and tectonic evolution observed between
these massifs and areas of the Adirondacks and
Canadian Grenville Province.
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Plate Tectonic Setting

The tectonic truncation of Precambrian geological
belts in the south-western United States led to the
search for possible continuations of the Grenville
Orogen on other continents. Such investigations ul-
timately resulted in palaeogeographic reconstructions
of a possible supercontinent named Rodinia (from the
Russian verb ‘rodit’, meaning ‘to beget’ or ‘to grow’),
the amalgamation of which was marked in part
by the collisional Grenvillian Orogeny. Two such re-
constructions, the south-west United States—East
Antarctic (SWEAT) and Australia—south-west United
States (AUSWUS) hypotheses, extend the Precam-
brian geology of the south-western United States to
the Australia—Antarctic shield region, but differ in the
proposed position of the Australian craton relative to
the conjugate margin. Another reconstruction, based
largely on sedimentological patterns, proposed a Pro-
terotozoic connection between Siberia and western
Laurentia. Such palaeogeographic reconstructions,
which depend on many lines of multidisciplinary geo-
logical evidence, are constantly refining geologists’
view of Mesoproterozoic Earth.

Figure 8 Plate tectonic reconstruction of Rodinia at about
1000 Ma, with Laurentia located in its present-day North Ameri-
can coordinates. Orogenic belts are depicted in random-line
pattern and include the Grenville belt (1), LIano belt (2), Namaqua
belt (3), Albany/Fraser belt (4), and East Ghats belt (5). Labelled
cratons include Baltica (B), Amazonia (AM), Rio de Plata (RP),
Siberia(S,), Australia (AUS), East Antarctica (EANT), India (IND),
Madagascar (M), Kalahari (K), and Congo (C). Modified with
permission from Dalziel IWD, Mosher S, and Gahagan LM
(2000) Laurentia—Kalahari collision and the assembly of Rodinia.
The Journal of Geology 108: 499-513.

The sequence and style of structural and magmatic-
thermal events, extended time-span of development,
and considerable degree of crustal thickening that
characterized Ottawan orogenesis are consistent
with the case histories of other major mountain
belts, including the Himalayas. Although the cause
of the Ottawan Orogeny is not yet rigorously identi-
fied, there is general agreement that it involved colli-
sion with a large outboard continental block located
to the south-east. Recent palaeogeographic recon-
structions indicate that Grenville orogens defined a
segmented belt that resulted from convergence of
multiple cratons at 1.2-1.0 Ga. The type-Grenville
belt of eastern Laurentia and its possible southern
continuation, the Llano-Namaqua Orogen of Texas
and south-west Africa, formed a major part of this
orogenic global network (Figure 8), resulting from
accretion of the Amazonian and Rio de Plata
cratons to the large nucleus of Rodinia (consisting
of Laurentia, East Antarctica, and the Grawler
Craton of south-eastern Australia) at ca. 1.1 Ga. The
Llano-Namaqua Orogen formed nearly synchron-
ously as a result of collision with the Kalahari Craton
(Figure 8). These tectonic events were part of a series
of cratonic collisions that took place on a global scale
at 1.2-1.0 Ga during a relatively short period in
which most of most of Earth’s continental lithosphere
was amalgamated to form the supercontinent of
Rodinia, the continental shelves of which were later
to give rise to many of Earth’s earliest organisms and
the eventual dismemberment of which produced all
subsequent continents.
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Introduction

Ancient civilisations in contact with nature inquired
about their origins and about particular geodynamic
phenomena. In most cases they satisfied themselves
with empiric explanations; they even used deities in
order to understand inexplicable situations.

Little by little humans learnt how to observe their
environment and arrange processes. During the Re-
naissance the first geologic principles were born and
this knowledge spread rapidly. Natural phenomena
were understood in terms of dynamic cause—effect,
although many dogmatic and magic interpretations
persisted.

Many authors agree that geology, began to be
structured as a science in the second half of the eight-
eenth century with Abraham Gottlob Werner (1749-
1817), father of Neptunism (Figure 1). However,
some geologic paradigms such as diluvialism existed
before neptunism; all of them contained countless
mistakes and ambiguities.

This article outlines the period up until 1780,
which thus incorporates the work of James Hutton
(see Famous Geologists: Hutton). His ideas were im-
portant in the development of geology, more
specifically relating to the origins and dating of
rocks. Geology was not completely defined till the
birth of Stratigraphy at the end of the eighteenth
century and Palaeontology at around 1830.

The Dawn of Geology

Thinking about the Earth first occurred when man,
faced with natural phenomena such as earthquakes
and volcanoes, posed questions about such phenom-
ena and sought to provide answers in naturalistic
terms. Practical matters, such as the task of prospect-
ing for mineral resources, also stimulated interest in
the Earth.

Figure 1 Abraham Gottlob Werner (1749-1817). Father of
Neptunism.
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The Greek philosophers thought that the universe
was governed by unchanging principles and with
intelligible and discoverable natural laws. This con-
trasted with the mythopoeic or magical explanations
of nature found more generally in the ancient world
and in non-scientific cultures today.

In his Histories, Herodotus of Halicarnassus
(Ca 484-425 BC) spoke of the sedimentary loads of
the Nile and of the slow growth of its delta. This
was perhaps the first recorded statement based on
observation indicating an awareness of the magni-
tude of geological time. But myth and naturalistic
explanation were intertwined in Greek thought.

Plato (427 or 428-348 BC) (in Phaedo, 111-112)
described the Earth as having internal passages carry-
ing “a vast tide of water, and huge subterranean
streams of perennial rivers, and springs hot and cold,
and a great fire, and great rivers of fire, and streams of
liquid mud, thick or thin”, as well as a great internal
chasm, Tartarus. Water moved with a ‘see-saw’
motion within the Earth, like the tides, and produced
springs that fed rivers and streams, and returned to the
sea and thence to Tartarus. The surging waters also
generated great winds inside the Earth. Volcanoes
were produced by the escape of rivers of fire from
within. These speculations were naturalistic, but also
explicitly said by Socrates to be ‘myth’. Such ideas
were to endure until the eighteenth century.

Along similar lines Aristotle (384-322 Bc), a pupil
of Plato, suggested that earthquakes were caused by
subterranean winds passing through cavities within
the Earth. Fossils were nature’s failed attempts in the
creation of living beings (the theory of vis plastica).

Although some authors consider Theophrastus of
Ephesus (ca 371-ca 287 Bc) to have written the first
mineralogical treatise, Perilithon, there are references
to a work, now lost, written by his teacher Aristotle. In
the surviving Meteorologica, Aristotle ascribed the
origin of minerals and metals to dry/smoky or moist/
vaporous exhalations from within the Earth.

Minerals’ curative purposes were considered in
Dioscorides’ De materia medica (ca 77 AD). Processes
such as saline crystallization or exfoliation were
remarked upon, and origins of substances of sup-
posed medicinal value were mentioned. This medical
tradition was to continue in the attempted mineral/
chemical cures advocated by Paracelsus in the
sixteenth century.

The Romans were less interested in abstract know-
ledge than were the Hellenes, but were practical, and
skilled in the use of stone for building. The most
notable Latin ‘scientific’ text was Pliny the Elder’s
Historia naturalis (first century), consisting of 37
books, uncritically compiled from 2000 works of
antiquity. The last five books dealt with the mineral

kingdom, with mining and smelting practices, and
with the characters, occurrences, and uses of many
mineral substances.

On observing sea shells in the mountains, Ovid (43
BC-17 or 18 AD) inferred that those lands had for-
merly been covered by the sea. He also realised how
fluvial valleys could be formed and how water
gradually reduced relief. The materials swept along
would be deposited, lower down, in flooded areas,
where on drying and hardening they would become
rocks. We have for the first time the pattern: erosion,
transportation, sedimentation, and lithification.

The idea of the regeneration of minerals and ores
in mines was advanced by Pliny’s teacher, Papirio
Fabiano, an idea still maintained in the seventeenth
century, as in the case of Alvaro Alonso Barba in E/
arte de los metales (1637). In this work, the Earth
supposedly had the ability to ‘reproduce’, as envis-
aged in antiquity.

During the Dark and Middle Ages, Aristotle’s influ-
ence continued in the West, but linked with Christian
viewpoints. Thus, for example, St Isidore of Seville’s
(560-636), in Etymologies (a work considered to be
the first encyclopedia), pointed to the organic origin
of fossils, but connected them with the Flood.

Alchemy coming from Persia (eighth-nineth cen-
turies) influenced the works of Ibn Sina (Avicenna)
(930-1037) and subsequently Christian authors like
Alfonso X (1221-1284), Raymond Lully (1235-
1315), Arnaldo Vilanova (ca 1238-1311), Ulisse
Aldrovandi (1527-1605), Andreas Libavius (1560-
1616), and Alonso Barba (1569-1662). There de-
veloped the so-called theory of the opposites whereby
things combined or repelled one another according to
their ‘sympathies’ or ‘antipathies’. Some spoke of the
gender of minerals. For example, the word ‘arsenic’
derives from the Greek word for male. Minerals sup-
posedly formed from the appropiate combinations.
Alchemy was the forerunner of inorganic chemistry.

Another feature of the Middle Ages was the pro-
liferation of ‘lapidaries’: list of stones, etc., with
descriptions of their properties, uses, etc. Ibn Sina
wrote De lapidibus, in which minerals were classified
according to the quadrichotomy: stones/earths;
metals (‘fusibles’); sulphurous fossils (combustibles);
salts (‘solubles’). Ahmad Al Biruni (973-after 1050)
mentioned more than 100 minerals and metals in his
treatise on gems (Kitab-al-Jamabhir), and accurately
determined specific gravities for several types. Also
Alfonso X of Castile (1221-1284) (Alfonso the Wise),
translated numerous Arab lapidaries, where the prop-
erties of minerals supposedly varied according to the
positions of the heavenly bodies. Al Biruni, born in
Uzbekistan and a great traveller, was also notable
for his studies of rivers. He recorded evidence for
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changes in the course of the Amu Darya River, and the
decrease of sediment size down the Ganges. So (ana-
chronistically) he could be called a fluvial
geomorphologist.

The greatest Mediaeval author on the mineral king-
dom was Albertus Magnus (St Albert of Cologne),
Bishop of Ratisbon and doctor of the Church
(1193-1280). Anticipating Renaissance authors, he
stated that experience alone was the source of know-
ledge of physical things. He tried to link faith and
reason when he pointed out that the sea could never
have covered the whole Earth by natural causes. In
De mineralibus he recognised about 100 mineral
species. Both minerals and rocks were thought to
have formed from molten masses.

The First Geological Principles: The
Observation Phase

With the Renaissance, the geocentric Aristotelian
and Thomist universe collapsed in the ‘Copernican
Revolution’, and observation rather than ‘authority’
became central to science. For example, Bernard
Palissy (1510-1590), pointed out “I have never had
any other books than the skies and the Earth whose
pages are open to all”. Systematic ordering of the
observations facilitated the establishment of the first
geological principles. Information also spread faster
thanks to the printing press. This was particularly
true of great natural catastrophes, such as the erup-
tion of Vesuvius in 1538, which prompted interest in
the Earth.

Leonardo da Vinci (1452-1519) visited the Alps
and realised that the geological structure was the
same on both sides of the fluvial valleys. The rivers
carried away materials to the sea, where they might
bury shells. When land rose up it formed hills that, on
being cut by rivers, reveal layers or strata. Shells in
such strata were not carried there by the Flood. We
have one of the first visions, albeit incomplete, of the
geological cycle.

Palissy showed that what are today called rudist
lamellibranchs are ‘lost” species. This recognition of
extinction was an important contribution towards
recognition of the Earth’s antiquity. Interest in fossils
developed little by little, as when Father Jeronimo
Feijoo y Montenegro (1676-1764) also cited discov-
eries of lost species. There was still a long way to go to
before fossils were used to determine the relative
chronology of the landscape.

In his Principia philosophiae (1644) the French
philosopher René Descartes (1596-1650) considered
the Earth as an old cooling star. There was incandes-
cent material in its interior, around which there was a
layered structure (metallic, heavy material, air—water,

and outer crust). As the globe cooled, the crust cracked
and collapsed, thus creating mountains and seas. In
this speculative theory we have the first attempt to
explain the internal structure of the eEarth in mechan-
ical terms (i.e., in terms of the ‘mechanical philosophy’
according to which all natural phenomena were ex-
plained in terms of matter and motion). Descartes also
saw the planet as a great ‘still’, heated by its internal
material. So sea water penetrating into the Earth was
distilled in the interior, leaving the salt there.

Descartes’ theory of a central heat re-appeared in
the work of the Jesuit Athanasius Kircher (1601-
1680), Mundus subterraneus (1665), which proposed
a great central pyrophylacium or repository of heat,
linked also with ideas going back to Plato. The main
repository was connected by channels to other lesser
fires, and the network of interconnected channels
served as conduits for volcanoes at various places on
the surface. In addition to the pyrophylacium, there
were aerophylacia, through which circulated the sub-
terranean winds that supposedly caused earthquakes;
and hydrophylacia, or water-containing caverns,
which were fed from the sea and sustained springs.
(The model had similarities to that in Plato’s Phaedo.)
Earthquakes gave rise to the formation of mountains.
Kircher also revived the organicist theories, speaking
about the uterus of the globe, and vis petrifica and vis
seminalis (petrifying and seminal powers). The Earth
was a living organism with a capacity for reproduc-
tion and the other functions of a living being (so inside
the Earth salt water becomes fresh through a quasi-
‘metabolic’ process). Thereby both external and
internal ‘geodynamic’ phenomena were explained.

Niels Stensen (1638-1686) (Nicolaus Stenonis or
Steno) (see Famous Geologists: Steno), a Danish
physician in the service of the Medici family in Flor-
ence, was less speculative and more original. He
authored De solido intra solidum de naturaliter con-
tento dissertationis prodromus (1669), in which,
from the study of quartz crystals, the law of the
constancy of interfacial angles was first recognized.
With Steno, we also have what might be called the
first ‘stratigraphic diagram’. Sediments accumulate,
forming horizontal layers in which marine or terres-
trial fossils were buried, the oldest layers being below
and the younger ones above. These layers could be
undercut by erosion, fracturing and collapsing. Then
new horizontal layers were deposited, at an angle to
the earlier ones. One of geology’s main problems, to
establish a chronological order of events, had begun
to be resolved. (Steno’s principle of superposition was
relatively trivial: the lowest layer of bricks in a wall
is put in place before the upper ones. But it required
imagination to apply this idea to the easily observed
layered rocks.)



170 HISTORY OF GEOLOGY UP TO 1780

But stratigraphy had still to be put together.
Giovanni Arduino (1714-1795) made the first chron-
ostratigraphic division (with geological plan and
section included) when he divided the rocks of the
Alpine landscape into: 1) Primary: formed by quartz-
ites, and slates; 2) Secondary: formed by limestones,
sandstones, and shales; 3) Tertiary: formed by lime-
stones, sandstones, gypsums, and clays; and 4) Allu-
vium. The idea was set forth in two letters addressed
to Antonio Vallisnieri (published 1760).

The seventeenth century was also characterized in
the West by attempts to reconcile observations of
natural history with the Bible, aligning ‘faith and
reason’, in what was called ‘physico-theology’, or
the attempted interweaving of natural philosophy
(science) and religion. Such work continued well
into the nineteenth century, and even to the present.

Thomas Burnet’s (1636-1715) work Telluris theo-
ria sacra (1681) provides a good example. For this
Anglican cleric, the Earth’s initial chaotic material
was ordered by gravity, with the heaviest parts in
the centre and the lightest parts at the surface. The
result was a concentric structure: 1) a Kircherian or
Cartesian igneous core; 2) liquid; 3) an oily layer; and
4) an outer crust hardened by the sun (ossatura
telluris montium). When the central vapours acted
on the outer crust it cracked and broke, giving rise to
the Flood (“all the fountains of the great deep [were]
broken up”: Gen. 7, 11). If the Earth had not been flat,
it could not have been covered by the waters (here
reason and design were introduced). After the Flood,
the waters supposedly withdrew, taking much with
them, thus causing the Earth’s relief. Such theories,
connecting the Noachian Flood with geological obser-
vations, came to be called ‘diluvialist’. An antecedent
of ‘classical’ diluvialism was perhaps the Spaniard
José Gonzalez Salas (1588-1651) who, in 1650,
stated that the Flood changed the face of the Earth.

For Isaac Newton’s successor at Cambridge,
William Whiston (1671-1752), a comet caused
water escape from the Earth’s interior, while for
John Woodward (1665-1728), the waters supposedly
dissolved the Earth, which was then converted to its
present layered state as matter separated out
according to the law of gravity (Essay Toward a
Natural History of the Earth, 1695).

The age of the Earth was calculated in accordance
with the biblical records, as Alfonso X the Wise had
done in his General History. This was likewise done
by the Cambridge classicist John Lightfoot (1642-
1644); the Anglican Primate of Ireland, James Ussher
(1650); and William Lloyd, Bishop of Worcester
(1701). They arrived at various values between
3928 and 5199 years old. These authors, who today
may seem detached from reality, were in fact careful

scholars who sought to reconcile Jewish, Christian,
and pagan historical records. Ussher’s date for the
Earth’s creation (4004 BC) became the best known,
as printed in the margins in Lloyd’s edition of the
‘King James’ Bible (1701).

Outside the religious arena, Gottfried Liebniz’s
(1646-1716) Protogea (1684) proposed that rocks
had been formed by two processes: 1) the cooling of
fused material to give an Earth with a ‘glassy’ surface;
2) the action of waters on this hard surface and the
concretion of solid elements contained in aqueous
solution. Leibniz’s ideas thus anticipated the late
18th century debate between ‘Plutonists/Vulcanists’
and ‘Neptunists’.

José Vicente del Olmo (1611-1699), in his New
Description of the Orb (1681), stated that the moun-
tains were raised up due to internal exhalations. The
elevated areas were then eroded by rain, wind, and
river floods. Thus a balance was established in nature,
rather than a single progression of change such as
Burnet envisaged. But let it be remembered that Seneca
(ca 3 Bc—65 AD) and the Epicureans had long before
envisaged a ‘balance of nature’.

Geology as a Science is Born

The eighteenth century was characterized by the eco-
nomic development of the western nations and the
development of democratic ideals. Inspired by the
accomplishments of science and technology, the En-
lightenment world-view, which saw things as essen-
tially intelligible with problems being capable of
solution by rational beings with minds unclouded by
superstition, was to be driven on by the idea of pro-
gress, which was born with it. New centres of teach-
ing such as Gottingen University were founded, and
scientific publications for the technical and educated
bourgeoisie, such as Denis Diderot’s Encyclopédie,
appeared. Experimentation also acquired greater
importance, even in the study of the Earth. It was a
period of glorification of the rational, where it
seemed that the only things that mattered were
those that could be counted, measured, weighed, or
rationally calculated.

The end of the eighteenth century coincided with
the Industrial Revolution (England) whose founda-
tions were iron, coal, steam, and textile manufac-
tures. The need for additional natural resources
boosted mining, and between 1766 and 1788 the
mining academies of Freiberg, Chemnitz (now Banksa
Stiavnica), St Petersburg, Almaden, and Paris were
founded in that order. ‘Subterranean geometry’ and
mineralogy were taught and mineralogy began to
develop into petrography, stratigraphy, palaeon-
tology (later), and, eventually, geology (around the
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end of the eighteenth century). Curiously, Britain was
backward in such centralized technical education.

Abraham Gottlob Werner (1750-1817) was ap-
pointed to the Mining Academy of Freiberg in Saxony
in 1775 where he developed his Neptunist theory
(1777), which proposed that all rocks, even basalts,
were formed by chemical precipitation from a
primordial ocean or allgemeines Gewaesser. (There
were, however, precursors of this theory, such as the
Frenchman Benéit de Maillet [1755].) According to
Werner, by successive sedimentation onto an irregular
terrestrial core, four types of formations were sup-
posed to be deposited: 1) Primitive: crystalline rocks
such as granite and gneiss; 2) Transitional: lime-
stones, slates and quartzites; 3) Fldetz: formed from
what we consider today to be the layered rocks from
the Permian to the Cenozoic; and 4) Alluvial: (super-
ficial) deposits. (The “Transition’ category was absent
from initial exposition of Werner’s theory.) These
‘chronostratigraphic’ divisions had previously been
adumbrated in Germany by others such as Johann
Lehmann (1719-1767) and Georg Christian Fiichsel
(1722-1773), and also by the German traveller, Peter
Simon Pallas (1741-1811), in the Urals (1768). The
Primitive formations would be found in the central
parts of mountain ranges, from which the water
would have withdrawn first.

Werner’s theory gave an approximation to the
order of rocks observed in the field. But there were
questions that Werner’s theories couldn’t solve:

1. Where did the water of the supposed primordial
ocean go to?

2. Is the Earth inactive? (For Werner, sloping strata
corresponded to margin sedimentation.)

3. How were rocks such as basalt, found on the tops
of hills, to be explained? (Werner thought that
basalt was also precipitated from his ocean, the
level of which supposedly rose again for some
unexplained reason.)

4. How were mineral veins and dykes to be ac-
counted for? (Werner thought that material
might have precipitated from above filling rents
in the crust.)

5. How were volcanoes to be explained? (Werner
thought that they might be due to the combustion
of subterranean coals, etc.)

6. How could the universal ocean dissolve so much
silicecous matter? (This question was never
answered satisfactorily, though the occurrence of
siliceous springs and quartz veins in some rocks
suggested precipitation from solution.)

Not everything that came from Werner was
wrong. He praised observation and the use of scien-
tific method and he assisted into the emergence of

geognosy or geology, ‘oryctognosy’ or mineralogy.
With Werner (and before him in Russia with Lomo-
nosov [1711-1765]), mineralogy acquired its own
body of doctrine. He classified minerals according
to their external characteristics (physical properties),
as Linnaeus (another important Enlightenment
figure) had done with plants and animals, between
1735 and 1760. The observation of crystalline forms
was to lead to the birth of crystallography. This sci-
ence had taken its first steps beyond Steno thanks to
the Swiss naturalist Moritz Anton Capeller (1685-
1769) with his Prodomus cristallographie (1723)
and the Frenchman Jean Baptiste Louis Romé de
I'Isle’s (1736-1790) Essai de cristallographie (1772),
soon to be developed further by René-Juste Haiiy.

Werner was to have many disciples who would
write important pages in the annals of geology during
the nineteenth century, such as Guyton de Morveau
(1737-1816), Horace Bénédict de Saussure (1740—
1799), Déodat Gratet de Dolomieu (1750-1801),
Juan José Elhuyar (1754-1896), Fausto Elhuyar
(1755-1833), Andrés Manuel del Rio (1765-1849),
Alexander von Humboldt (1769-1859), Leopold von
Buch (1774-1853), Robert Jameson (1774-1854),
etc. They tried to use his stratigraphic order, worked
out in Saxony, as a ‘paradigm’ for examining and
interpreting rocks in other parts of the world.

Another notable eighteenth-century authority was
the keeper of the Jardin des Plantes in Paris: Georges
Louis Leclerc, Comte de Buffon (1707-1788), author
of a great 36-volume Histoire naturelle. In a supple-
ment of this work entitled Epogues de la nature
(1778) he put forward three basic ideas: 1) a longer
duration of geological time (compared with the Bib-
lical account); 2) organic evolution, preparing the
way for transmutationism and evolutionism; and
3) palaeogeography.

Like Descartes, Buffon thought that mountains
were formed by contraction during the Earth’s
cooling. He also examined the problem of the age of
the Earth experimentally, heating spheres of different
sizes and measuring how long they took to cool until
they could be touched; and by analogy he estimated
the possible age of the Earth. He arrived at the con-
clusion that it would have taken 74 832 years to have
cooled to its present temperature (and privately
speculated on the possibility of a much greater age).

Through further experimentation Buffon obtained
silicates by melting clays. Nevertheless, he held to
some older ideas, such as the view that earthquakes
were caused by explosions of gases in the Earth’s
cavities or that volcanoes were produced by the
combustion of sulphur and bitumen.

The hydrological cycle was also quantified, in ac-
cordance with the calculations of Edmé Marriotte
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(1690), Pierre Perrault (1674), and the suggestion
of Edmund Halley (1714-1716) that one could meas-
ure the rate of increase of salinity in lakes that had
no discharge rivers, and then gauge how long it
might have taken for the oceans to acquire their
salinity. Nevertheless, eighteenth-century geology
was not obviously an experimental science. It was
not then possible to reproduce variables such as pres-
sure, temperature, or time, which reach very high
values in many of the processes occurring in nature.

In the eighteenth century there were still authors
who regarded fossils as ‘figured stones’, as did the
French physician Pierre Barrére, author of Observa-
tions sur l'origine et la formation des pierres figurées
(1746). The diluvialist school was also active. Thus,
for the Spaniard, Father Antonio Torrubia, in his
Aparato para la bistoria natural (1754), fossils were
represented as remains of the Flood. Nevertheless, a
significant rejection of diluvialism occurred in the
mid-eighteenth century, mainly in central Europe,
with authors, such as the Géttingen professor Samuel
Christian Hollmann (1753), while the Swiss cleric
Johan Georg Sulzer (1762), pointed out the marine
origin of fossils. Numerous examples were described
and the natural history cabinets were filled with spe-
cimens, but without an agreed system for their cata-
loguing. Although the influential Werner rejected
fossils as the basis for the study of stratification,
they began to gain in importance, and increased
knowledge began to pave the way for the birth of
stratigraphy, at the end of the century, and of scien-
tific palaeontology, which entered at the end of the
eighteenth century.

Practical matters were also important in the En-
lightenment. Between 1778 and 1782, Jean Etienne
Guettard (1715-1786) and Inspector General of
Mines Antoine Grimoald Monet (1734-1817) jointly
published their Atlas minéralogique de la France,
which showed the distribution of deposits of eco-
nomic significance across their country. In Sweden,
the chemist Torbern Bergman (1777) initiated general
methods of mineral analysis in the ‘humid’ way,
bringing mineral substances into solution by the
action of acids or alkalis and then identifying com-
ponents by a sequence of precipitation reactions. Pro-
specting for coal was enhanced by boring techniques,
but without palaeontological control the results
were not always useful through misidentification of
strata.

The great catastrophe of the Lisbon earthquake on
1 November, 1775, sowed pessimism in the scientific
world. There were many, including Buffon, who
thought of the progressive degradation of the cooling
globe. But in Spain, the naturalist Brother Benito
Feijoo y Montenegro, in his Cartas eruditas y curiosas

(1760), tried to calm things down by pointing out the
greater the force of the previous one and that repeti-
tions of earthquakes are less likely. In Germany, Im-
manuel Kant argued that earthquakes had natural
causes and had nothing to do with the moral condi-
tion of mankind. But they could remind us not to try
to find happiness in worldly goods. Old earthquake
myths endured nevertheless, and it was only at the
end of the nineteenth century that geologists began to
suspect the main causes of tremors.
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Introduction

The years 1780-1835 mark the period when geology
emerged as a science sui generis, distinct from miner-
alogy. It began to have an institutional base in the
form of scientific societies and began to be taught at
universities (though there was earlier tuition in cog-
nate subjects at mining academies in Europe). 1835
saw the establishment in England of the world’s first
national geological survey (though there were a few
earlier ‘private’surveys, or national ‘mineral surveys’).
The period concerning us here has been called the
‘hinge of history’, with its shift from the eighteenth
century Enlightenment to the Romantic Movement,
the Gothic Revival, and extensive industrialization. It
was also a time of political upheaval, with the French
Revolution and the Napoleonic Wars. There was a
great expansion of European horizons, both in space
and time. It included notable explorations, such
as those of Flinders and Baudin around Australia,
d’Orbigny and von Humboldt in South America, and
Darwin’s Beagle voyage. America was extending west-
wards, and Russians were consolidating their hold
in Siberia. Much of India was under British rule and
exploration was getting underway in Africa. These
explorations had economic and military imperatives,
but were also of great scientific significance. By 1835,
the bounds of time of earlier theological constraints
were truly burst by geologists, and during this ‘hinge
period’ the Earth began to be seen as an object whose
history could be revealed by empirical examination
of rocks, fossils, and strata. The cultural movement
known as ‘historicism’ came to the fore, according
to which things (like the principles of law) could sup-
posedly be best understood by studying their his-
tory. In this sense, geology fitted into the ‘spirit
of the times’. Understanding of the Earth became
‘historicized’.

That is one way of looking at the period of geology’s
emergence. But geology can also be seen as having
emerged within the context of the Industrial and
Agricultural Revolutions: it was the practical men
concerned with mining, quarrying, surveying, agricul-
ture, etc., who were responsible for many of the dis-
coveries on which rested the intellectual achievements
of the ‘geological elite’, who established learned

societies and developed high theory. The “little men’,
on this view, did as much to found the science as did
the ‘gentlemanly geologists’ whose writings have since
become well known to historians.

The period 1780-1835 is also interesting for the
appearance of important rival geological theories,
and the contests between supporters of the competing
doctrines. The so-called Neptunist and Vulcanist the-
ories, associated particularly with the names of
Abraham Gottlob Werner and James Hutton (see
History of Geology Up To 1780, Famous Geologists:
Hutton), offered radically different geological theor-
ies and effectively functioned as competing para-
digms. Likewise, there were strong differences of
opinion (amounting to substantial philosophical dif-
ferences), summarized by the terms ‘catastrophism’
and ‘uniformitarianism’. Debates on these matters
ranged into the issue of the age of the Earth; the
question of whether geological discoveries could or
could not be reconciled with, or support, theological
beliefs; and questions about the appropriate method-
ology for the geosciences. Rocks and minerals were
first clearly distinguished by Alexandre Brongniart
(1827).

The ‘Little Men’ and a Geological Map

The name of William Smith has long been remem-
bered for his discovery that different strata could be
recognized and discriminated by means of their fossil
contents (see Famous Geologists: Smith). Smith, who
came from south-west England, was a surveyor and
engineer who worked on road and canal projects,
land drainage schemes, coal and ore prospecting,
etc. Living near Bath, he came to realize that there
were two kinds of oolitic limestones with similar
appearances but different fossils. Further afield,
chalks and greensands showed similar distinctions. Ac-
cordingly, as his work gave him ample opportunity for
observing and collecting, he began to assemble and
arrange fossils according to what we would call their
stratigraphic horizons. He drew up a table (1799)
listing the lithologically different strata of southern
England (from coal to chalk), along with their charac-
teristic fossils. He then embarked on the huge project
of trying to identify and enter on a coloured map the
strata of the whole of southern Britain. This single-
handed, hand-painted, map was issued in 1815. But the
intellectual elite of the Geological Society (founded
1807) hardly gave credit where credit was due, and
set about making their own map, which was issued in
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1819, making some use of Smith’s results. But in 1831
Smith was dubbed the ‘Father of English Geology’ by
Adam Sedgwick (see Famous Geologists: Sedgwick).

Apart from his map (and sections), Smith should be
recognized for his practical and economic contribu-
tions. On the basis of his biostratigraphic knowledge,
he knew where coal might or might not be expected
to be found and could advise entrepreneurs accord-
ingly. He was not much interested in why the rocks
and fossils were distributed as they were or how old
they were. Smith was only one of the many practical
men who contributed to the emergence of geology,
but most of them left few historical traces and are
little known. There were also skilled artisan fossil col-
lectors, the best known of whom was Mary Anning
working on the south coast of England, who extracted
specimens of ichthyosaurs and lesser fossils for sale to
connoisseurs and museums.

Neptunism

In Germany, lithostratigraphy was chiefly deployed
during the late eighteenth century, according to the
system of Abraham Werner, which was taught at
the Freiberg Mining Academy in Saxony. It postulated
the existence of a standard ‘formation sequence’ of
rocks: Primitive rocks (especially granite); Transition
rocks (schists, greywackes, etc.); Floetz (layered) rocks;
Basalt; and Alluvial deposits. His observational work
was chiefly undertaken in Saxony and Silesia, and
through the influence of his many distinguished pupils
this area of Europe came to be regarded as an exemplar
(paradigm) for studies further afield. Werner was a
gifted mineralogist and teacher, but his lithostrati-
graphic theory was based on the misconception that
vast amounts of rock could formerly have been dis-
solved in a hypothetical universal ocean. He thus
denied the igneous origin of rocks like granite or basalt,
and because basalt caps were found overlying sand
beds on hills near Freiberg he imagined that basalt
could have been deposited from water (an idea perhaps
encouraged by its frequent columnar jointing). This
meant that the supposed mineral-bearing ocean
would have had to have risen to deposit the hilltop
basalts. So the theory of a falling universal ocean was
implausible, both chemically and physically. Neverthe-
less, Werner’s mineralogical exactitude and lithostrati-
graphy were appealing and influential.

But already in the eighteenth century visitors to
central France such as Jean-Etienne Guettard had
recognized the existence there of former volcanoes,
and their associated basalts were interpreted as igne-
ous products by Nicholas Desmarest, who deduced
the historic sequence of lava flows in the area, the
older ones being substantially eroded while the

younger ones were fresh and had run down previously
formed valleys. Pupils of Werner such as Leopold von
Buch started off their careers as Neptunists, but
turned against their master’s ideas when they reached
the Auvergne.

From about 1820, there were few who still advo-
cated Neptunism, but later in the nineteenth century
there was renewed interest in the role of water in the
formation of rocks, and again in the migmatist/mag-
matist debates of the twentieth century: Werner’s
ideas had intellectual descendants. In Edinburgh,
they had a strong advocate in the Professor of Natural
History, Robert Jameson.

Vulcanism

Vulcanism (to be distinguished from the modern term
volcanism) was the sobriquet for the theory that
ascribed primacy to the agency of heat in geological
processes. Such ideas were strongly argued by the
Scottish Enlightenment geologist, James Hutton. As
a farmer, Hutton saw soil being washed into the sea,
and he supposed that if weathering and erosion con-
tinued indefinitely all the fertile land would be lost,
and what he regarded as a world ‘devised in wisdom’
for human habitation would eventually be destroyed
(he took a very long view of geological history). He
therefore contemplated a cyclic theory that would
allow for replenishment of soil.

In Werner’s theory, volcanoes were ‘weakly’ ex-
plained by the combustion of underground coal de-
posits. But Hutton advocated a great central source of
heat, in a way similar to Kircher’s ‘Pyrophylaciorum’
(see History of Geology Up To 1780), and analogous
to the fires of the machines of the Industrial Revolu-
tion, which made the wheels of industry turn. Hutton
envisaged the Earth as a kind of great machine. After
his death, his ‘Plutonist’ theory achieved support from
the experimental work of Sir James Hall, and from
measurements of temperature gradients within mines,
such as those made by Louis Cordier, which showed
increased temperatures with depth supporting the
idea of the Earth having a hot interior.

The Vulcanist-Neptunist Dispute

This controversy was prosecuted with greatest vigour
in Edinburgh, between supporters of Hutton and
Jameson. From today’s perspective, it would seem
that Vulcanism would be the easy winner, but the
results of Hall’s attempted experimental vindication
of Hutton’s doctrine were somewhat ambiguous.
When granite was fused and slowly cooled the product
did not look exactly like the starting material.
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It is interesting to remark that a place like the Isle of
Arran, near Glasgow, had exposures that were broadly
compatible with both the Huttonian and Wernerian
theories (see Figure 1). But unconformities such as the
famous one examined by Hutton at Siccar Point (see
Figure 2) could only be well explained in Huttonian
terms. And granitic veins, such as those famously
examined by Hutton at Glen Tilt, and anastomosing
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Figure 1 Sketch of the geology of the northern part of Arran.
The exposures can be accounted for in terms of either the depos-
ition of ‘transitional’ rocks (schists) and Floétz sediments round a
central granitic core; or the intrusion of granite into sediments,
forming a dome structure with partial metamorphism round the
granite.

mineral veins, could hardly be accounted for by the
Wernerian theory.

Reconstruction of Past Environments

The chemist Antoine Lavoisier accompanied Guettard
during his travels for the purposes of compiling a
mineralogical map of France and acquired some
knowledge of geology. Lavoisier became interested
in the conditions that might be expected to occur at
the bottom of the sea, at different depths and different
distances from the shore, with cobbles near the edge of
the sea, sand further out, and fine sediment some
distance offshore. An idealized profile was published
(1789) showing the occurrence of pelagic and littoral
deposits. Such different sediments could also be seen
in the strata observed inland, and the analogies were
clearly understood. Thus we have the beginnings of
attempts to reconstruct past environments on the basis
of what was visible in the strata. Work of a similar
kind was undertaken in the Paris basin in the early
nineteenth century by Alexandre Brongniart and
Georges Cuvier (see below). They recognized marine
and fresh-water sediments on the basis of the fossil
shells they contained (fresh-water forms generally
having thinner shells). The arguments were based on
analogies made with modern forms. Later, Charles
Lyell (see below) realized that the processes of lime
formation in freshwater lakes in his property in Scot-
land resembled similar depositions occurring in
modern France. Examination of coal deposits sug-
gested hot and humid swamp conditions. Or desert
sandstones could be recognized for what they were.
The beginnings of palaeoecology occurred during the
‘hinge of history’.

Figure 2 Hutton’s Unconformity at Siccar Point, south-east of Edinburgh. ‘Old Red Sandstone’ with basal conglomerate lying
almost horizontally on upright ‘schistus’ (Silurian greywackes). After Secord JA, Controversy in Victorian Geology. Copyright © 1986 by

P. U. Press. Reprinted by permission of Princeton University Press.
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Palaeontology and Comparative
Anatomy

Organic fossils had been known for centuries and by
the eighteenth century few doubted that they were
former living organisms. Fossil collecting became a
popular, and even lucrative, pastime, especially when
large specimens of ammonites, ichthyosaurs, ancient
fishes, mammoths, etc., were discovered. Many collec-
tions, in private or public hands, were initiated. It was
Georges Cuvier, Professor of Zoology at the Muséum
d’Histoire Naturelle in Paris, who began to establish
some fundamental principles for the study of fossils (see
Famous Geologists: Cuvier). He started by trying to
reassemble collections of mastodon bones from Amer-
ica. They were manifestly creatures rather similar to
modern elephants, so he used the known arrangement
of elephant bones for purposes of comparison, in order
to reconstruct the mastodon skeleton. In this work, he
recognized that the total structure must be one in which
all the parts fit together to form a ‘working whole’; and
the structures must be such as to enable the creatures to
live successfully in their ‘conditions of existence’. This
‘goodness of fit’ necessarily applied to the lost soft parts
as well as those that had become fossilised. So Cuvier
enunciated his principle of ‘co-ordination of parts’.

However, most fossils were shells, etc., and it was
Cuvier’s colleague Jean-Baptiste Lamarck who was re-
sponsible for collecting and studying these. He was the
first to make a formal distinction between vertebrates
and invertebrates and state the major divisions of the
latter. Only then could invertebrate palaeontology
make a proper start. It was less easy to make com-
parative anatomical studies for fossil invertebrates
than for vertebrates, though Charles Darwin (see
Famous Geologists: Darwin) later famously did so
with barnacles.

In examining the fossil record, Cuvier found that
there were substantial and apparently sudden changes
in the fossil record as one ascended the stratigraphic
column. This finding largely holds to this day for
macrofossils, though smooth trends are known for for-
aminifera. The biostratigraphic ‘breaks’ were, in fact,
convenient for stratigraphic investigations and map-
work such as that conducted by William Smith, but
their theoretical explanation was difficult, using
modern analogies as Cuvier had done for his mastodon
work. Cuvier’s explanation was couched in terms of
sudden and catastrophic events (which we might call
mega-tsunamis), of unknown cause, perhaps of global
extent (Cuvier was inconsistent in his statements as to
the universality or otherwise of his catastrophes). Fam-
ously, he wrote that in these supposed events “the
thread of operations is here broken; the march of
Nature is changed”. His doctrine was later dubbed

‘catastrophism’ by William Whewell, and there was
the suggestion that the very laws of nature were broken
or suspended during such catastrophes; or past events
were quite unlike anything occurring today.

Seventeenth- and eighteenth-century writers such
as Steno (see Famous Geologists: Steno) had some-
times propounded ‘catastrophist’ theories of the
Earth because they had a greatly compressed time-
scale for Earth history, supposedly in line with the
‘Biblical’ age of the Earth, of some 6000 years. This
was not Cuvier’s view. He wrote: “Genius and science
have burst the limits of space;. .. Would it not also be
glorious for man to burst the limits of time, and, by
means of observations, to ascertain the history of this
world, and the succession of events which preceded
the birth of the human race?”. This was the voice of
modern geology. His theory envisaged geological dir-
ection and progress, taking place over unspecifiably
great periods of time. However, he was unable to
account for the origin of new living forms (unlike
Lamarck, he was no evolutionist). He thought there
was a catastrophe some 5000-6000 years ago.

Geology and Religion/Theology

It is easy to overplay the connections between geo-
logy and religion in the early years of the nineteenth
century. But they certainly existed and were interest-
ing and important. One line of approach, taken by the
Swiss naturalist Jean-André de Luc, who was greatly
concerned to ‘harmonise’ geology and Biblical his-
tory, was to suppose that there had been a great
catastrophe, perhaps 5000 years ago, which separated
history into antediluvian and postdiluvian eras, the
division being associated with the Noachian Flood.
The period since the Flood could be estimated by the
rate of lake infilling, or thickness of peat accumula-
tions. Such evidences almost allowed the date of the
Flood to be quantified empirically. Antediluvian time
could be regarded as virtually limitless, the ‘days’ of
Creation being of unspecified duration. De Luc’s em-
pirical work was, in fact, leading him towards a date
corresponding with what we regard as the end of the
last ice age. Nature was playing him a cruel trick!
At Oxford, there had been lectures in geology for
many years. The field fell into desuetude in the late
eighteenth century but the Reverend William Buck-
land gave popular lectures there from 1814 to 1849,
and particularly in his early years he endeavoured to
show linkages between Cuvierian geology and Bib-
lical history, identifying Cuvier’s last catastrophe with
the Noachian Flood. Buckland specially interested
himself in cave deposits, supposing that the animal
bones found therein might be the remains of animals
that had sheltered in the caves or had been washed
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into them. His lectures were popular, in that they
seemed to show that Biblical history could find sup-
port in the latest findings of science. The convenient
occurrence of coals, limestones, and ore bodies sup-
posedly evinced divine wisdom. Regarding the Flood,
Buckland believed that it was an historical event of
divine origin and humans were of recent origin, as
described in Mosaic history (though, following Cuvier,
he denied that there were any evidences of fossilized
antediluvian humans, such as might be expected if
Mosaic history were correct). But, along with this ‘nat-
ural theology’, Buckland was a dedicated scientist,
doing much fieldwork. He showed that the marks on
his cave bones were compatible with those left by the
teeth of modern hyenas. He even let a tortoise walk
across pastry, claiming that the marks it made were
comparable to those found on sedimentary rocks
from Scotland, suggesting that the latter were imprints
of an ancient reptilian analogue. This was a kind of use
of Cuvier’s ‘comparative method’. Buckland was one of
many who made geology a highly popular science in the
early nineteenth century.

Lyell and Uniformitarianism

But Cuvier’s and Buckland’s geology was an anathema
to the followers of Hutton, notably Charles Lyell, in
his Principles of Geology (1830-1833) (see Famous
Geologists: Lyell). Lyell, a lawyer turned writer and
geologist, envisaged an open-ended time-scale, without
direction to geological change. Land could rise and fall
in an irregular fashion, with consequent climatic
changes, as high land happened to be chiefly near the
poles or the equator. With changing conditions of ex-
istence, new species would be formed (by an unknown
process — perhaps God-caused?) or become extinct, the
forms approximately tracking the changing conditions.
Hence, the proportions of extant forms would grad-
ually decrease into the past, so that the percentage of
present types could be used to provide divisions of
Tertiary time. Cuvier’s great palaeontological breaks
were thought by Lyell to be due the loss of strata by
erosion; or not all living forms having been preserved.
Lyell was a gradualist and a non-progressionist. He was
also dubbed a ‘uniformitarian’ or ‘actualist’, i.e., he
thought that the proper mode of reasoning in geology
was to explain the past by using analogies with the
knowable circumstances and constant laws of nature
of the present. (Use analogies from knowledge of cir-
cumstances as they actually are; or use ‘the present as
the key to the past’—an aphorism not coined by Lyell
himself.)

An important example of Lyell’s actualist geology
is provided by his examination of Etna to argue for
the great age of the Earth. He could observe recent

eruptions and lava flows and historical records of
eruptions. Hence he had an idea of the rate of accu-
mulation of lava and the build-up of the volcano.
Knowing the height of the mountain and its approxi-
mate rate of formation (assumed to be constant), he
could estimate its approximate age: some hundreds of
thousands of years, which was very ancient in human
terms. But the lava flows lay on sediments containing
fossils of recent appearance, similar to organisms in
today’s Mediterranean. Therefore, the sediments at
the top of the stratigraphic column were very old in
human terms. Therefore, the Earth itself must be ex-
ceedingly ancient. In this manner Lyell argued for the
Earth’s enormous antiquity. Geological time had been
‘proved’, on the basis of uniformitarian argument. It
should be remarked that Cuvier, Buckland, and Lyell
all used ‘actualist’ arguments, even though the first
two were ‘catastrophists’ while Lyell was a ‘uniformi-
tarian’. Thus, there was some unity within geological
thinking, even though many have thought that the
early nineteenth century was divided into two hostile
camps (as was undoubtedly true to an extent). Lyell
was a religious man, and believed that humans were
divinely created. But he had no truck with such ideas
as universal catastrophes or the ‘thread of operations’
being broken.

Mountain Building

Lyell was a Huttonian, and accepted the idea of a hot
interior to the Earth, and Hutton’s cyclic geohistory.
But he did not have much to say about the formation
of mountains other than the build-up of lava-cones
such as Etna. In 1829-1830, however, an influential
theory of mountain formation was published in France
by Léonce Elie de Beaumont (‘Recherches sur quelques-
unes des revolutions de la surface du globe’). He envis-
aged a slowly cooling and contracting Earth, with the
contraction of the fluid interior leading to occasional
bucklings of the solid external crust (like the wrinkles
on the skin of a drying apple, we might say), and hence
the formation of linear mountain ranges and ocean
trenches. It was suggested that the several mountain
ranges, running in different directions, might represent
different ‘wrinklings’ of the crust (or orogenies), oc-
curring at different times. The idea was that parallel
mountain ranges might have formed at about the
same time. Consequently, one could develop a kind of
‘tectonostratigraphy’. The theory was subsequently de-
veloped, with the idea of a vast geometrical pattern
of foldings eventually forming around the globe. It
became especially influential in France, and was the
forerunner of tectonic theories subsequently developed
in the nineteenth century, such as that of Eduard Suess
(see Famous Geologists: Suess), which envisaged
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cooling and contraction as the major cause of mountain
formation. In essence, cooling/contraction theories held
the field until the arrival of ‘drift’ and plate tectonic
ideas in the twentieth century.

Minerals, Rocks, and Crystals

Werner and his school concentrated on the study of the
external features of minerals, and developed elaborate
schemes for their description and classification. The
late eighteenth century saw the emergence of chemistry
successfully applied to minerals. The older methods of
pyro-analysis with the help of the blowpipe, though
useful in the field, could give little quantitative infor-
mation. But in Sweden Torbern Bergman (1784) pub-
lished a general method for the chemical analysis of
gems. They could be brought into solution by fusion
with alkali and then, by a sequence of precipitation
reactions, and heating and weighing the several prod-
ucts, the different constituent ‘earths’ (silica, magnesia,
alumina, lime, etc.) could be ascertained as percent-
ages. Bergman’s results were inaccurate, but the prin-
ciples of his procedure were valid and were soon
applied more successfully by chemists such as Richard
Kirwan, Nicholas Vauquelin, Martin Klaproth, and
Jons Jacob Berzelius, both to minerals and rocks.
Aided by Lavoisier’s theory of elements as simple sub-
stances, obtained as the last terms of chemical analysis,
mineralogy had a satisfactory theoretical and practical
basis for chemical understanding. But old problems
remained. A substance of one chemical composition
could have many different mineral forms and sub-
stances of similar crystalline form could have numerous
different chemical compositions. The question of the
best way to characterize mineral species remained con-
tentious. Geology per se did not take a great leap
forward through the progress in chemical mineralogy
before 1830.

In petrology, the distinction between bedding and
cleavage was understood by the English geologist
Adam Sedgwick by the 1820s, but he probably learnt
it from quarrymen. Following Ami Boué (1819), the
category of metamorphic rocks was introduced by
Lyell (1833): ‘altered stratified’ rocks—the alteration
being due to heat and pressure. He referred to ‘hypo-
gene’ (formed-at-depth) rocks, instead of ‘primary’ or
‘primitive’, and he divided them into those that were
‘unstratified” (plutonic, e.g., granite) and ‘stratified’
(metamorphic, e.g., gneisses or schists).

In crystallography, the most important contribu-
tions came from the Frenchman René-Juste Haiiy, the
Englishmen William Wollaston, William Whewell, and
William Miller, and the German Eilhard Mitscherlich.
Haiiy (1784, 1801, 1822) supposed that crystals were
made up of a small number of fundamental ‘molécules

intégrantes’ (tetrahedron, triangular prism, and paral-
lelipipedon), which could be revealed by crystal cleav-
age and the ‘conceptual analysis’ of crystals. From these
starting points, he hypothesized the ‘building’ of many
different crystals forms from similar basic building
blocks, according to assumed rules of decrement for
the addition of the ‘integrant molecules’. His reasoning
was in part circular, but it gave intelligibility to crystal-
lography. Haiiy’s ‘integrant molecule’ foreshadowed
the modern chemical concept of molecule.

Haiiy used contact goniometers, which were of
limited accuracy. Wollaston (1809) devised the more
accurate reflecting goniometer, and its increased preci-
sion led him to question Haiiy’s methods and results.
But Whewell (1824), developing Haiiy’s concepts,
was able to use co-ordinate geometry to describe crys-
tals, arriving at the equations x/h+y/k+z/I=1 or
px + qy +rz=m to represent crystal faces, all coeffi-
cients being integers. The indices p, q, and r are now
known as the Miller indices, being reciprocally related
to the co-ordinates of a vector perpendicular to the
plane of a crystal face. By such analysis, crystallog-
raphy could become mathematized and quantifiable,
while geology remained in an ‘historical’ and largely
qualitative mode. Mitscherlich was responsible for
introducing the concepts of isomorphism, dimorphism,
and polymorphism, which assisted understanding of
the complexities of empirical mineralogy.

Volcano Theory

Chemistry also offered ideas about the Earth’s in-
ternal heat. With the discovery of the alkali metals
by Humphry Davy (1807), the suggestion was made
that the heat might be generated by the action of
water penetrating into subterranean stores of these
metals, sufficient to produce volcanic eruptions. This
accorded with the idea that volcanoes might be pro-
duced by the expansion of gases within the Earth,
causing localized ‘swellings’ of the crust (theory of
‘craters of elevation’ as advocated by Alexander von
Humboldt and Leopold von Buch). There was exten-
sive controversy concerning this issue, but Lyell’s
theory of volcanoes being produced by successive
accumulation of lava flows (or ash emissions) eventu-
ally prevailed. Chemical theories of the Earth’s heat
gradually declined in the nineteenth century, but im-
proved suggestions were not really forthcoming until
the twentieth century.

See Also

Biblical Geology. Famous Geologists: Cuvier;
Darwin; Darwin; Hutton; Lyell; Sedgwick; Smith; Steno;
Suess. History of Geology Up To 1780.
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National Geological Surveys

The year 1835 is important in the history of geology,
being the date when the first national survey was ini-
tiated in England and Wales by Henry De la Beche.
There had been earlier ‘private’ surveys, such as that of
John Macculloch in Scotland and Richard Griffith
in Ireland, but De la Beche’s was the first national survey
to receive direct government funding. So with De la
Beche, geology (as opposed to mining engineering)
became a paid profession rather than a gentlemanly
pastime or learned avocation. His enterprise was pos-
sible because by 1835 Britain had a good set of 6-inch
‘Ordnance Survey’ maps, produced for military pur-
poses. Mapping was extended to Scotland in the
1860s, a Scottish Branch being established there
(1867) under Archibald Geikie (see Geological Surveys).

The early British survey was an almost single-
handed effort, but by the 1840s new staff were being
taken on and the band of ‘hammerers’ gradually
spread their work across the country from the south-
west. By the end of the century, England, Wales, and
Ireland had all been covered, and much of Scotland.
The objective was to identify different divisions of the
stratigraphic column and represent them on cut-up
portions of the ordnance maps (field-slips), and then
enter the information on full-sized maps, before re-
duction to 1-inch maps, which were issued hand

coloured until the end of the nineteenth century. The
survey thus had the task of standardizing nomenclat-
ure and colour symbolism for the nation’s geology.
Large collections were amassed and specimens ex-
hibited at the fine Geological Museum in Jermyn
Street, London, with which was associated the Royal
School of Mines.

By 1900, most American states had established
surveys, as had the main British colonies and the lead-
ing countries of Europe, Argentina, and Japan. The
US Federal Survey was established in 1879. To an ex-
tent, stratigraphy worldwide was dominated by the
ideas of British geologists, building on the work of
William Smith (see Famous Geologists: Smith). How-
ever, there was confusion in nomenclature and diffi-
culty in international correlations, for there was no
reason in principle why, if Lyellian geology were cor-
rect, the stratigraphic columns should correspond in
different parts of the world. The International Geo-
logical Congresses, the first of which was held in
Paris in 1878, had as one of their main goals the
rationalization and co-ordination of international
stratigraphic nomenclature. But this project was
hardly successful in the nineteenth century.

Stratigraphy

The major subdivisions (eras) of the strati-
graphic column (Palaeozoic, Mesozoic, Kainozoic)
were proposed by John Phillips (1840). The periods
were proposed as follows: Carboniferous (Conybeare/
Phillips in 1822); Cretaceous (d’Omalius d’Halloy in
1822); Eocene, Miocene, and Pliocene (Lyell in 1833);
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Triassic (Alberti in 1834); Silurian (Murchison
in 1835); Cambrian (Sedgwick in 1835); Devonian
(Sedgwick and Murchison in 1839); Jurassic (von Buch
in 1839); Pleistocene (Lyell in 1839); Permian
(Murchison in 1841); Oligocene (von Beyrich in
1854); and Ordovician (Lapworth in 1879). The Pre-
cambrian was suggested by Jukes in 1862. The
“Tertiary’ (Arduino in 1760) survived for the units
Eocene-Pliocene. Some of the units (e.g. Cretaceous)
had previously been recognized by their lithologies, but
were not formally ‘introduced’, with palaeontological
criteria, before the foregoing dates.

The introduction of several of the Periods involved
well-known geological controversies. Notably, there
was a battle between the ‘professional’ De la Beche
on the one hand, and the ‘amateur’ gentlemanly geolo-
gists Adam Sedgwick (see Famous Geologists: Sedg-
wick) and Roderick Murchison (see Famous
Geologists: Murchison) on the other, over the estab-
lishment of the Devonian. The Old Red Sandstone
(ORS) had long been recognized as a distinctive
red sandstone unit, but there were marine rocks in
Devonshire that seemingly had a similar age. De la
Beche argued on lithological and structural grounds
that the Devon rocks were not relatable to the ORS,
but his opponents successfully argued otherwise using
palaeontological criteria.

But then Sedgwick and Murchison fell out, with
even greater rancour, over the Welsh strata. Sedgwick
studied the rocks of north-west Wales and envisaged a
Cambrian system there. It was not, however, well
characterized by distinctive fossils. Murchison started
from the fossiliferous Welsh Border region and
worked towards Sedgwick’s territory. They failed,
however, to establish a clear section, or boundary,
between the two systems and Murchison began to
extend his Silurian downwards, eventually extending
it to the time when shelly fossils first appeared.
Sedgwick, on the other hand, maintained the integrity
of his Cambrian and tried to extend his Cambrian
upwards into the Silurian domain. The controversy
was only resolved after their death by the schoolmas-
ter geologist, Charles Lapworth, who proposed
(1879) a threefold subdivision of the Palaeozoic, by
analogy with a similar threefold division described
for Bohemia by the palaeontologist Joachim Bar-
rande. The ‘debatable’ ground in the Cambrian and
Silurian became the new System, the Ordovician.

Finer biostratigraphic subdivisions (stages) were es-
tablished by Alcide d’Orbigny in France and Albert
Oppel in Germany. D’Orbigny was a grand traveller
in France and South America, and amassed huge col-
lections; while Oppel particularly made a detailed
survey of the available literature to establish what
fossils occurred in which parts of the various systems,

notably the Jurassic. It became evident that the Juras-
sic (for example) could be subdivided into stages, each
with its own characteristic suite of fossils; with even
finer subdivision possible into zones. D’Orbigny’s 27
stages were named according to the localities chosen
to ‘define’ them (by standard sections). Zones, with
their characteristic fossil assemblages, were named
by Oppel according to their most characteristic (or
index) fossil species. Ideally, index fossils should
be of wide geographical and short temporal range.
Ammonites served this purpose well for the Jurassic.

The work of d’Orbigny and Oppel was fundamen-
tal for stratigraphy (and the aforementioned mapp-
ing), but it depended on the existence of ‘breaks’ in
the stratigraphic sequences, such as Georges Cuvier
had previously envisaged (see Famous Geologists:
Cuvier). In fact, d’Orbigny willingly accepted this
‘catastrophist’ stratigraphy, but did not attribute
metaphysical significance to the ‘breaks’. They were
simply useful for the practical purpose of stratigraphic
subdivision and delineation of strata. It did seem, how-
ever, that the fossil record manifested some kind of
‘progress’, with organisms in the stratigraphic column
gradually becoming more like those found alive today.

Darwinism and Evolution

As is well known, Darwin published his theory of
evolution in 1859 (see Famous Geologists: Darwin).
It explained the nature of the fossil record well in some
respects (‘progress’, extinction, and the appearance of
new forms). But it did not lead one to expect that fossil
transitions would be quite ‘jerky’. To account for the
observed fossil record, Darwin took the view that
there were innumerable gaps, where organisms had
not been preserved in the first place, or had been lost
by subsequent erosion. This point was neither
provable nor disprovable, and thus to some degree
the catastrophist/gradualist distinction remained
metaphysical in character. Even now, smooth ‘trends’
in fossil forms are rare, but have been found for for-
aminifera, where numerous specimens may be found
in small thicknesses of sediment. (D’Orbigny made
important collections of forams but did not use them
to discuss this theoretical issue.) In his later work,
Darwin increasingly deployed Lamarckian ideas, sup-
posing that the environment ‘caused’ increased vari-
ation (as apparently occurred under domestication),
and that acquired characters were inherited. In the late
nineteenth century, a significant number of writers
turned away from ‘classical’ natural selection theory
and supposed that the stratigraphic record revealed
‘directedness’ towards apparent goals (e.g., greater
size) in a process that apparently occurred independ-
ently of natural selection. Where organisms were
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seemingly ‘trying’ to adapt themselves to the condi-
tions of existence, as it were taking charge of their own
destinies, this could be construed as a version of La-
marckism. So there were neo-Lamarckians, such as
the American palaeontologist Edward Drinker Cope.
A variant of their theory was ‘orthogenesis’ (straight-
line evolution), advocated by the German biologist
Theodor Eimer. It suggested that evolutionary trends
might continue until they became maladaptive, as
perhaps in the evolution of the Irish elk to the point
that its horns became so heavy as to drive the species
to extinction. The empirical background to such ideas
was the discovery of gigantic dinosaur skeletons in
America by (among others) Cope and his bitter rival,
Othniel Marsh.

Glacial Theory

Lyell’s theory allowed for periods of terrestrial
warming or cooling according to where the highest
mountains happened to be on the Earth’s surface at
any given time. But there was no ‘direction’ to the
process. In the early nineteenth century, some little-
known Swiss men, observing moraines, etc., drew
attention to the former extent of the Swiss glaciers.
This suggestion was picked up by the Neuchitel pro-
fessor Louis Agassiz (1837) (see Famous Geologists:
Agassiz). His idea was that the Earth was cooling, but
did so in such a way as to fall, at times, below the
temperature of an ordinary cooling curve, and then
reverted to the ‘normal’ temperature of a cooling
body. So not long before the present (in geological
terms) the temperature could have been significantly
lower than today, low enough to produce an ‘ice age’,
with widely extended glaciers. The hypothesis could
explain many of the curious phenomena of the super-
ficial deposits of northern Europe: the spread of
‘boulder clay’ over the northern plains; vast gravel
deposits in the valleys running north from the Alps;
scratches on rock surfaces now without ice cover;
boulders distant from places where such rocks oc-
curred in situ, etc. So Agassiz promoted the idea of
an Eiszeit or Ice-Age, which could account for phe-
nomena formerly explained by the action of Noah’s
Flood. Agassiz attended a British Association meeting
in 1840 and attracted some converts, notably William
Buckland and even (temporarily) Lyell.

But the land-ice theory did not receive immediate
acceptance. Icebergs were also proposed to transport
‘erratic’ boulders. So arose the ‘glacial submergence’
theory: that there was simultaneous global cooling
and lowering of land surfaces or rise in sea levels.
The iceberg hypothesis gave rise to the notion of
‘drift’ deposits. Loose marine shells were found atop
some hills in North Wales, and some submergence

seemed necessary for them to have got there. Agassiz’s
land-ice theory seemed incredible and incompatible
with uniformitarian doctrine.

However, the land-ice theory began to make more
progress after about 1860 when it was taken up by the
British Surveyor Andrew Ramsay. For several years it
contended with the glacial-submergence doctrine,
eventually winning out over the latter. In Switzerland,
the stratigrapher Adolf Morlot (1856) noted what
appeared to be multiple glacial deposits near Lau-
sanne, occurring in the ‘Quaternary’ (so named by
Paul Desnoyers in 1829 for deposits of the Seine
Basin, thought to be younger than Tertiary). The
idea of four major glaciations (Giinz, Mindel, Riss,
and Wiirm) became almost paradigmatic through the
publications of Edouard Briickner and Albrecht Penck
(1901-1909) on the outwash gravels of the Alps and
the Pyrennees, having been given an attractive astro-
nomical explanation by James Croll (1875) in terms of
the changing ellipticity of the Earth’s orbit and preces-
sional motion. The fourfold Quaternary glaciation
was repudiated in the twentieth century, to be replaced
by the more complicated theory of Milankovich cycles.
But already in the nineteenth century glacial theory
had largely solved the riddle of ‘diluvial’ deposits and
put paid to a global Flood as a geological agent.

Geomorphology and Landforms

Attention to landforms and river patterns in the nine-
teenth century, coupled with ideas about slow land
elevations and denudations, allowed explanation of
many geomorphological peculiarities. Joseph Jukes in
Ireland (1862) emphasized the role of rivers (rather
than the sea) in eroding away its former Carboniferous
cover, producing river patterns that could not have
been caused by the sea (though the rivers supposedly
eroded a surface that had undergone marine penepla-
nation). He also enunciated the principle that rivers
transverse to a geological structure are generally older
than their longitudinal or strike side branches. Rivers
excavate their own valleys, but adjust their courses to
fit underlying geological structures. At about the same
time Ramsay successfully argued that glaciers could
have excavated rock basins in relatively soft strata,
forming lakes that are presently being filled with
sediment after the end of the glacial epoch.

Notable advances in geomorphological under-
standing were made by the geological explorations
of the American West by the likes of J.W. Powell,
G.K. Gilbert, C.E. Dutton, and W.M. Davis. Powell
in 1875 had the idea of ‘base-levelling’, and that
drainage patterns could be older than the mountains
through which the rivers run. Thus rivers could cut
down at a rate equivalent to that at which land was
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rising, explaining otherwise anomalous drainage pat-
terns. Gilbert introduced the idea of graded rivers and
tried to educe laws governing the sculpture of the
Earth’s surface. Dutton in 1882 drew attention to
the influence of differences in the hardnesses of strata
on the cross-sections of river valleys and hence the
development of canyon profiles. Davis, considering
evidence from the Appalachians (1889), wrote about
the ‘life-cycles’ of land-forms, from ‘youth’, through
‘maturity’, to ‘old age’. But rivers could be ‘rejuven-
ated’ by land elevation. He spoke of ‘antecedent drain-
age’ and in general considered the evolution of
landscapes almost as if they were living entities.

In 1859, back in England, Darwin had given
greater emphasis to marine erosion, proposing an
excessive estimate of the age of the Weald valley
near his home on the assumption that it was cut
by the sea. Earlier, during his Beagle voyage, he had
successfully explained the origin of coral atolls by
supposing that coral could grow upwards at about
the rate that land was subsiding, hence explaining the
peculiarities of fringing reefs.

Mountain Formation and Isostasy

The idea of the major features of the Earth’s surface
being due to cooling, contraction, and wrinkling of its
crust dominated the nineteenth century from the
work of Léonce Elie de Beaumont and Eduard Suess
particularly. But the work of the American James
Dwight Dana was probably more influential world-
wide than that of Elie de Beaumont. Well travelled
through his participation in the Wilkes expedition, in
1847 Dana recognized a fundamental difference be-
tween continents and ocean basins, thinking that they
formed early in the planet’s history. North-west and
north-east trending island chains supposedly marked
‘cleavage lines’ originating back in Archaean (prim-
aeval) times, which still influenced the evolution of the
crust. The continents cooled and solidified first,
whereas ocean basins were situated where subsequent
cooling and contraction were concentrated and where
volcanoes were still chiefly active. Basin subsidence
caused lateral pressure, folding, and uplift of the
continental margins.

In 1856 Dana envisaged growth of the North
American continent, starting from the V-shaped an-
cient core or Azoic nucleus of the metamorphic rocks
of the Hudson Bay region, to which additions were
successively made from the south-east and south-
west. (This was the forerunner of the twentieth
century concept of ‘cratons’.) Further, he thought of
continental interiors as relatively stable, so that
folding and faulting were concentrated at their
margins, as exemplified by the Appalachian range.

The whole process of contraction and accession of
new land was supposedly divinely guided or teleo-
logical.

Dana was challenged by his countryman in 1859,
James Hall (see Famous Geologists: Hall), who saw
vertical movements of the crust as responses to gravi-
tational loading. Sediment could be deposited in long
trenches (later called geosynclines), parallel to the
continental margins. Global contraction caused
crumpling of the upper sediments, while the down-
ward-bulging trench bottoms would be fractured and
intruded by igneous matter. Linear mountain ranges
such as the Appalachians might have accumulated
their sediments in geosynclinal structures, but the
process of their uplift following sediment deposition
was obscure. Elie de Beaumont’s lines of mountain
elevation were Hall’s lines of original accumulation.
But, as Dana in 1866 complained, Hall offered a
“theory of the origin of mountains, with the origin of
mountains left out”.

In 1873 Dana coined the term ‘geosynclinal’ (later
geosyncline), and its complement ‘geanticlinal’. The
evolution of the two, and concomitant growth of a
continental margin as envisaged by Dana, is illustrated
in Figure 1.

Meanwhile, in Switzerland, and especially in the
Glarus Canton, geologists such as Arnold Escher had,
since the 1840s, been finding substantial evidence for
lateral earth movements, and seeming inversions of
the usual order of strata, according to the palaeonto-
logical evidence. In 1878 Albert Heim proposed a great
double fold for the Glarus region with two mountain
masses moving together. He was addressing a real struc-
tural problem, but his solution was mechanically im-
plausible. The great synthesis for the Alps, and, indeed,
worldwide, was provided by the Austrian geologist
Suess’s Das Antlitz der Erde (1883-1909) (see Famous
Geologists: Suess).

By Suess’s theory, global contraction gave rise to
subsidence in parts of the Earth, with generation of
tangential forces, manifested as thrust faults. Thus,
the Alps might thrust northwards over the ‘foreland’
region of Germany, while in the ‘backland’ of the
Mediterranean and Adriatic seas there could be fur-
ther collapse and volcanic activity. Likewise the Car-
pathians could ride over the Russian foreland. But in
China the lateral movement was southward, as in
Yunnan. Suess’s theory was also linked to stratig-
raphy. Collapses of ocean floor regions would cause
worldwide marine regressions. But an oceanic col-
lapse would stimulate erosion of the more exposed
land surfaces, and the increased sediment supply
would fill up the basins and produce marine transgres-
sions. So there would be cycles of erosion and de-
position, and since all the oceans interconnected the
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Figure 1 Representation of Dana’s 1873 theory of mountain building, as reconstructed by Robert H. Dott (1997, p. 299). Reproduced

by courtesy of the American Journal of Science.

worldwide nature of the major divisions of the strati-
graphic column could be explained. In 1888, Suess
thus introduced the notion of ‘eustatic movement’ or
eustasy.

Additional ideas were furnished by the trigonometric
survey conducted in India in the nineteenth century,
when it was discovered that there was a discrepancy
between the results of astronomical and geodetic deter-
minations of latitude along the line of meridian being
determined. In 1855, the mathematical Archdeacon
of Calcutta, John Henry Pratt, ascribed this to the
Himalayas’ attraction of the plumb-line used in the
astronomical determinations. The point was noticed
by the Astronomer Royal, George Airy, who thought
that mountain ranges might have underlying ‘roots’ in
the Earth’s fluid interior, with mountains being held up
rather like floating icebergs. Pratt also assumed a bal-
ance between Archimedean upthrust and the weight of
crust, but the two models were different. Pratt assumed
a common ‘depth of compensation’, with the less dense
parts of the crust standing higher, while Airy’s model
had deeper roots for the higher mountains.

The general idea was taken up by Dutton in 1871
and in 1892, who introduced the term ‘isostasy’ or
‘equal standing’. An inhomogeneous spinning earth
would not be perfectly spheroidal but would have de-
pressions where the crust was more dense and bulges
where it was less dense. The form of the Earth (geoid),
determined for North America by the US Coast and
Geodetic Survey and eventually published early in the
twentieth century by John Hayford, suggested that the
Earth was generally in a state of isostatic balance. But
the Pratt model was assumed for ease of computation,
and it entered the thinking of William Bowie (who

succeeded Hayford) and subsequently stood in the
way of acceptance of continental drift theory.

The Formation and Age of the Earth

After Lyell, most geologists were willing to accept an
indefinitely large age for the Earth, and the Biblical
age was only upheld by theologians and non-geolo-
gists. Darwin thought he could assume as much time
as he required for the processes of erosion and depos-
ition and organic evolution. His figure of 1859 for the
time taken for the marine erosion of the valley of the
Weald was some 300 million years, a figure with
which he and other geologists were comfortable.
However, in 1862 the physicist William Thomson
(Lord Kelvin) argued that the sun acquired its initial
heat from meteoric impacts, and had subsequently
been cooling. It might be somewhere between 10 and
500 million years old. He estimated that a cooling
Earth with temperature gradient and heat loss as at
the present could be 20 to 400 million years old. In
1871 he also suggested that if the Earth acquired its
spheroidal shape when it was still molten, one could
estimate its rotation rate at the time of solidification.
Subsequently, it had been slowing its rotation, due to
tidal friction, to the present value. By estimation of
the decrease of rotation rate and thermal contraction
it seemed that the age might be of the order of
100 million years. This was just about acceptable to
evolutionists and geologists, but both would have
preferred more time, while being unable to argue
with Kelvin’s calculations. The matter rested thus
until 1909, and the work of John Joly, where the
effect of radiometric heat was considered and the
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supposed rate of terrestrial cooling was seen to
need revision. Thus, physical objections to the great
age of the Earth, which seemed substantial in the
second half of the nineteenth century, subsequently
receded.

The eighteenth-century theory of the Earth’s origin
was that of Laplace and Kant, which supposed a co-
alescence of matter under gravity from a primaeval
spinning ‘cloud’ of nebular matter. Thus, the Earth
originated as a spheroid of hot gas, which cooled to
a liquid and then to a solid state. This had dynamical
problems, and at the end of the nineteenth century the
influential American geologist, Thomas Chamberlin,
in collaboration with the astronomer Forest Moulton,
proposed their theory of ‘planetesimals’ (miniscule
planets), according to which matter dragged out
from the spinning sun by some other star could have
accreted to form small solid bodies, which could
have collided to form the several planets. This was
the beginning of planetary geology, or the conflation
of geology, cosmology, and astronomy.

Rocks and their Formation

There were few major contributions to sedimentary
petrology in the period here under review. The Irish-
man Patrick Ganly’s 1830s discovery of the ‘way-
upness’ criterion offered by current bedding was not
utilized until the twentieth century. In 1839 Christian
Ehrenberg published his microscopic studies of chalks
and limestones. Formal distinction of sedimentary,
igneous and metamorphic rocks was made by Henri
Coquand in 1857.

Various igneous rocks such as basalts, granites,
gabbros, syenites, or porphyries had been recog-
nised since antiquity and many classifications were
proposed in the nineteenth century, according to chem-
ical and/or mineral composition, texture, or supposed
mode of formation, but the field was confused. Exam-
ination of rocks in thin section by Henry Sorby assisted
in a sense, but the proliferation of information also
added to the confusion. While Huttonian theory was
triumphant as regards Werner’s original theory, there
was continued interest in the role of water in the for-
mation of igneous and metamorphic rocks. Notably, in
1857 and 1859 Gabriel Auguste Daubrée of the French
Mines Department subjected materials to high tem-
peratures and pressures, with or without water, and
concluded that new minerals could crystallize without
wholesale melting. He thought that past conditions
could have been radically different from those at pre-
sent and that there might have been an ocean primitif.
Granite was thought to be produced by ‘aqueous plas-
ticity’, not igneous melting. At Freiberg, Bernhard von
Cotta held analogous views. But in 1860 Daubrée

thought that foliations were due to pressure during
‘regional metamorphism’.

The variety of igneous rocks raised the question
whether there were different kinds of subterranean
magma, or whether some processes of differentiation
occurred from essentially the same starting material.
In 1844 Darwin had the idea of differentiation of
magma by gravity settling of first-formed crystals;
and in 1846 he distinguished cleavage, foliation, and
stratification (while regarding gneisses as stratified
rocks). Dana thought that differentiation of magma
might precede crystallization. By contrast, on the basis
of observations in Iceland, in 1851 and 1853 the
chemist Robert Bunsen proposed that there were two
separate magma chambers under the island, produ-
cing ‘trachytic’ and ‘pyroxenic’ rocks or intermediate
mixtures. In 1853 Wolfgang Sartorius von Walter-
shausen hypothesized the existence of different sub-
terranean zones; and the eruption of more siliceous
types preceded the more basic, thus relating igneous
compositions to age. In 1857 Joseph Durocher
asserted the liquation model and priority for the idea
over Bunsen. Metallic lodes were ascribed to ‘éman-
ations’. Following work in Hungary and California,
Ferdinand von Richthofen envisaged a succession of
magmas, the earliest being more siliceous, the great
outpourings of Tertiary basalts being due to earlier
depletion of siliceous magma. In 1878 in America,
Clarence King thought pressure release could facili-
tate fusion. In 1880 Dutton suggested that fusion
could follow pressure release, local temperature
elevation, or water absorption.

The master petrologists of the period were Harry
Rosenbusch in Strasbourg, Ferdinand Zirkel in
Leipzig and Ferdinand Fouqué and Auguste Michel-
Lévy in Paris, who specialized in the study of feldspars.
All were adept with the use of the petrographic micro-
scope. In 1873 Rosenbusch published a catalogue of all
then known magmatic and metamorphic rock types.
Rosenbusch’s 1877 study of metamorphism around the
Barr-Andlau granite in the Vosges was important for
his recognition of zones of contact metamorphism
(schists, knotted schists, hornfelses), seemingly without
feldspars. But Michel-Lévy found feldspars in the
contact aureole of the Flamandville granite in
Normandy and he and Fouqué thought there was no
fundamental distinction between contact and regional
metamorphism. Throughout this period Continental
petrologists continued, in the Wernerian tradition, to
try to find relationships between age and ‘hard-rock’
composition, whereas their British counterparts chiefly
concerned themselves with biostratigraphy.

However, in 1893 the British surveyor George
Barrow, working on metamorphic rocks in the
southern Scottish Highlands, found characteristic
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metamorphic minerals (sillimanite, kyanite, and
staurolite) around a granitic mass, and this gave him
mappable subdivisions of the region. These were de-
veloped in the twentieth century as ‘Barrovian zones’,
but the useful idea was not initially followed up.

Experimental petrology was undertaken in the
nineteenth century, but until high-pressure and pres-
sure techniques were developed in the twentieth cen-
tury for simulating rock formations, work on phase
diagrams was developed, and ideas about the struc-
ture of the Earth’s interior could be pursued through
seismology, petrological understanding remained
speculative and somewhat at the level of natural
history.
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Introduction

The period prior to the plate tectonics revolution of
the 1960s has been said by some historians of science
to have been a time of stagnation for geology. This
supposed stagnation is based on the idea, then largely
held, of the fixity of the continents and oceans, which
some have extended to suggest that geologists in the
main remained rather fixed in their ideas and were

concerned only with mundane geological matters.
Was this so? It might be partly true, in that only a few
people were attending to ‘large questions’. However,
many unsolved geological problems were studied, and
one could argue that these had to be tackled before
fundamental concepts could be challenged. The first
half of the twentieth century was marked by two
world wars and the disruption of scientific contact for
much longer than just the war years. However, even in
these years two things happened that would benefit
geology: techniques were developed that allowed the
quantification of many aspects of geology; and geology
was increasingly applied to engineering problems.
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Aerial photography is a prime example. It led to more
rapid geological mapping, and by the mid-1920s it was
applied to the search for gas- or oil-yielding structures.
Later, systematic photographic coverage contributed to
the understanding of regional, and even supra-regional,
problems. Likewise the geophysical instruments used
to detect spatial changes in rock strata were improved
through research during the First World War. Geolo-
gists during that war introduced environmental geo-
logical maps, the forerunners of many variations of the
geological map later developed by engineering geolo-
gists. Attention was also given to locating strategic
minerals, especially during the Second World War.
In the interwar period, explosion seismology was used
in oil prospecting (first in Oklahoma in 1921), and
other geophysical techniques were brought into use.
Although modern ocean research had begun in the
1930s, the development of radar during the Second
World War quickly produced the first significant infor-
mation about the ocean floors, seamounts, and deep
trenches. The accumulation of data required more
technical expertise, and in general the 1950s saw the
rise of ‘team’ efforts and multiauthored publications.
To some extent, this heralded the demise of the geo-
logical polymath, and few people attempted to gener-
alize from the new information that was forthcoming,
preferring to be one of a consensual group.

The Age of the Earth, and
its Subdivisions

Determining the age of the Earth was perhaps the
most significant achievement of geological research
in the early twentieth century. The geological signifi-
cance of radioactivity was recognized in 1903, when
Pierre Curie and his researchers found that radium
salts release heat constantly, and Ernest Rutherford
and Frederick Soddy saw that energy was released by
radiation from radioactive materials. These findings
implied that the Earth was not necessarily cooling.
Rutherford also noticed that helium was trapped in
radioactive minerals and thought that measuring the
content of this gas might be used to determine geo-
logical ages. Lord Rayleigh and Bernard Boltwood
were the first to study the radioactivity of rocks, and
in 1905 Boltwood noted that lead was invariably
associated with uranium and might be an end-product
of the radioactive decay of uranium. Experimenta-
tion, mostly with ‘home-made’ equipment, indicated
that there were two uranium isotopes, which decayed
at different rates and produced different lead iso-
topes while releasing helium. By 1907 Boltwood was
working on the uranium-lead ratios, while Rayleigh
dated minerals using the helium produced. However,
the gas could escape, leading to errors in the ages

determined. In 1913, Arthur Holmes published the
first full review of the methods and became personally
involved in the experimental work.

Not all geologists liked the idea that the Earth might
be billions of years old, and Holmes faced opposition
to his conclusions about the Earth’s age. Only in the
late 1920s did his work begin to be accepted, when he
calculated that the Earth was about 3300 Ma old. One
of the problems attending radiometric age determin-
ations was the uncertainty as to whether the rate of
breakdown was constant, an issue raised by Joseph
Barrell in 1917. In 1919-1920, Frederick Aston built
the first mass spectrometer, which separated atoms
according to their weight, but it was nearly 20 years
before consistent results were obtained, using a ma-
chine built by Alfred Nier, with newly developed
vacuum pumps. In 1956 Clair Patterson calculated
the generally accepted age of the Earth (4.55 x 10°
years) and the age of the solar system, based on lead-
isotope ratios measured from iron meteorites. Later
workers took up the study of various other isotopic
relations, such as rubidium-strontium (mainly in the
1950s and 1960s), potassium—-argon, and potassium—
calcium (between 1920 and 1943). Different methods
proved suitable for determining the ages of differ-
ent parts of the stratigraphical time-scale. For the
most recent 20000 years or so, the radiocarbon
(**C isotope) method, developed by Walter Libby in
1952, has proved to be an effective dating tool. Radio-
carbon is formed when atmospheric nitrogen is bom-
barded with neutrons and taken into organic material
by photosynthesis, radioactively decaying after death.
By the late 1950s the field of geochronology was well
established. However, the expensive equipment re-
quired made it a somewhat exclusive field, and it has
remained so.

Petrology (Igneous and Metamorphic)

The diversity of igneous rocks led to many attempts
to explain the varieties and to classify the rocks
into meaningful groups. Experimental petrology as
a special branch of geology began in the 1890s, as the
chemical analysis of rocks and minerals became more
precise and more closely linked to the identification of
the relationships of rocks using the petrological micro-
scope. Controlled high-temperature and high-pressure
studies commenced at the Geophysical Laboratory of
the Carnegie Institution, established in Washington in
190S5. Classifications were proposed on the basis of
mineral content and texture, and more particularly
chemical content, as assay methods became easier
and cheaper. The so-called ‘CIPW normative classifica-
tion’, the result of research by Charles Whitman Cross,
Joseph Iddings, Louis Pirsson, and Henry Washington
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in 1902, was one of the first classifications to be widely
accepted. It depended on the recalculation of the 10 or
so oxides most commonly found in igneous rocks
by analysis, and assigning the values to particular
minerals. It was particularly valuable for glassy
rocks, where the minerals were not easily identi-
fied. The ‘norm value’ contrasted with the ‘mode’ or
actual mineral composition. Although it was an artifi-
cial system, norm calculations allowed ready compari-
son, based on the rocks’ chemistry, and grouping and
subdivision without the distraction of minor mineral
or textural variations. It was thought to give clues
about the order of mineral crystallization in magmas.

Variations of the normative approach were proposed
by researchers such as Samuel Shand, who suggested a
classification of igneous rocks based on the proportion
of silica present. While this was a ‘logical’ classifica-
tion, it did not explain the origins of such variations.
Classifications were also proposed based on rock tex-
tures, such as flow-banding, porphyritic content, and
crystallinity.

There was widespread acceptance that the compos-
itional and textural variations were caused by mag-
matic differentiation. This was thought to result from
the presence of immiscible liquids within the magma,
or from the separation of minerals in crystallization
order by, for example, the sinking of heavier early-
formed minerals. Others placed more emphasis on
crystal-liquid fractionation (which was subsequently
regarded as more important). A major influence from
1910 was the experimental work of Norman Bowen at
the Carnegie Laboratory; one of his results is encapsu-
lated in Figure 1. His classic book The Evolution of the
Igneous Rocks (published in 1928), which summarized
much of his experimental work to that time, influenced
several generations of petrologists.

In the 1940s, Herbert Read reintroduced the idea
of granitization, rather than magmas, as the major
source of ‘igneous’ rocks. He argued that there was a
space problem in the emplacement of large batholiths
and suggested that igneous rocks were often earlier-
formed rocks that had been altered by the action of
active fluids that caused recrystallization. Read sug-
gested that there was a ‘continuum’ from regional-
metamorphic rocks to igneous rocks through what he
called ‘migmatitic’ rocks (a term introduced by Jakob
Sederholm). The role of volatiles consequently began
to attract more attention, and Bowen, with Orville
Tuttle, studied partial melting (hydrothermal activ-
ity) in addition to magma fractionation. Laboratory
work, using pressure cells, contributed to the study
of metamorphism, simulating conditions of pressure
and temperature deep within the Earth. So, work
on metamorphism proceeded hand-in-hand with the
studies of igneous rocks.
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Figure 1 Phase diagram for plagioclase feldspar at one atmos-
phere. (Reproduced from Bowen N (1913) The melting phenom-
ena of the plagioclase feldspars. American Journal of Science,
Series 4 35: 577-599 [Figure p. 583].)

In 1912, Victor Goldschmidt recognized that meta-
morphism essentially depended on two physical vari-
ables, pressure and temperature, and that most changes
occurred while the original rocks remained essentially
solid. A few years earlier Friedrich Becke had clearly
described different metamorphic fabrics (distinctive
patterns of minerals caused by different degrees of
metamorphism). While Goldschmidt’s ideas were valid
in most cases, there were exceptions. In 1936, Dmitrii
Korzhinskii and others showed that some melting
could occur and that the mobility of some fluids, par-
ticularly in low-temperature hydrous activity, was
important, although it had been dismissed at the begin-
ning of the century. Related to this was the study of
diagenesis, or very low-temperature metamorphism,
which occurs as sediments are converted to sedi-
mentary rocks. Serious study of this topic began in the
1920s, when certain mineral associations were recog-
nized as indicators of the changes taking place through
time. The work of Douglas Coombs in New Zealand
in the 1950s played a major role in understanding these
processes.

Geochemistry

The study of geochemistry began in the second half of
the nineteenth century with the collecting of analyt-
ical data from rocks, minerals, and mineral waters by
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a few chemists and geologists, including, at the turn
of the century, Frank Clarke. In the 1920s, attention
turned to attempting to understand the distribu-
tions and abundances of the elements in the Earth’s
crust, led by Goldschmidt in Germany and Vladimir
Vernadsky in Russia. Goldschmidt’s Geochemistry
(published in 1957) brought together the essentials
of the subject, although it had already moved on
with the studies of isotopes begun at the University
of Chicago, immediately after the Second World
War, by Harold Urey and his co-workers. An inter-
national Geochemical Society was formed in 1955,
and important seminars were held in 1957 and 1958
at the Carnegie Institution. The study of organic geo-
chemistry also developed, with practical work related
to deleterious substances in coal, mine dusts, and
petroleum, and their dispersal into the atmosphere.

Stratigraphy and Sedimentology

Stratigraphy and the attempt to write the history
of the Earth’s crust had been the essence of geology
since the late eighteenth century. But the rock layers
and their enclosed fossils called for further study.
During the first part of the twentieth century, the
field mapping of the late nineteenth century was
extended to many parts of the Earth that had been
previously untouched. A major improvement in the
maps was the attention to structural and sedimento-
logical detail. Around 1920, it was shown that fea-
tures such as cross-bedding and graded bedding could
indicate the order of superposition, particularly in
vertical and highly folded non-fossiliferous strata. The
difference between cleavage and bedding in meta-
morphic rocks also had to be recorded. Thus previous
interpretations of important regions, such as the Scot-
tish Highlands, had to be re-examined. The structural
geologist Marland Billings wrote “one clear contact or
key bed is more valuable than a hundred petrofabric
diagrams”.

To make sense of the observable history worldwide,
international agreement was needed about naming cer-
tain features and presenting them on maps and cross-
sections. Stratigraphical commissions were established
to set down rules for such things as identifying ‘type
localities’. The study of facies — the total nature of a
volume of strata (rock composition, fossil content, type
of bedding, sedimentary structures, etc., usually re-
flecting the conditions of origin) — was developed by
Johannes Walther and others. Walther recognized that
facies relations were dynamic. He stated that only rock
types that can be deposited side-by-side can overlie
each other directly in a vertical sequence. This led to
the study of time-stratigraphical units, with the re-
cognition that rock boundaries did not necessarily

correspond with time. In this work, and in sedimenta-
tion studies in general, Amadeus Grabau was an ac-
knowledged leader. Statistical analysis, long neglected
by geologists and first used in petrology by Paul Niggli
in 1924, became widely applied in stratigraphy, with
information about rock-layer thickness (isopach) and
lithofacies variation (e.g. sand-shale ratios) being
presented in graphical form.

Closely related to stratigraphical studies was the
examination of the materials of sedimentary rocks.
Pioneers were Johann Udden and Chester Wentworth,
who, in about 1920, studied size distributions and
the shapes of grains, devising a quantification chart
that was useful in the interpretation of sediment histor-
ies. Ralph Bagnold’s study of the physics of blown sand
in 1941 brought together considerable earlier research.
Between 1900 and the 1950s, the heavy accessory de-
trital minerals of sedimentary rocks were widely used
for stratigraphical correlation by William Rubey, Percy
Boswell, and others. Laboratory work began to supple-
ment field studies. From the 1930s flumes were widely
used by Henry Milner, Paul Krynine, and others to
examine the behaviour of sedimentary materials under
different conditions. One problem, not always adequ-
ately addressed but worked on by Francis Shepard, one
of the first US marine geologists, and M. King Hubbert,
was the scaling from the actual geological dimensions
to the laboratory dimensions.

In the early 1940s, Krynine attempted to set up a
sediment research laboratory in the USA, bringing
together the skills of oil companies, academics, and
government geologists. This did not eventuate, and
separate laboratories continued. In 1950 experimental
flume work by Phillip Kuenen and Carlo Migliorini
showed how ‘turbidity currents’ occurred, carrying
materials rapidly downslope from a shallow source.
This led to a ‘turbidite revolution’ in interpreting
many types of stratigraphical occurrences, particularly
greywackes, graded bedding, and other sedimentary
features, and to an understanding of how some sub-
marine cables might have been cut on continental
shelves following earthquakes.

Palaeontology

The study of invertebrate fossils continued apace
during the first half of the twentieth century. Initially
palaeontologists were concerned mostly with tax-
onomy and classification, but additional fields opened
up with the study of the evolution of particular
groups. The Jurassic ammonites provided an example
of a rapidly evolving fauna, which helped to pin down
time zones, while the Ordovician and Silurian grapto-
lites facilitated correlation between sedimentary rocks
from these periods in widely separated parts of the
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world. Palaeoecology began to develop, with the con-
sideration of relations between fossil groups and sedi-
mentary facies, and researchers began to lean heavily
on the study of present-day environments.

From the 1920s, the importance of previously neg-
lected organisms, such as microfossils, in identifying
sections of the Tertiary epochs with the potential
for oil productivity was recognized. Palynology, the
study of plant spores, was also taken up, along
with the parent study of palaeobotany. The period
from the late nineteenth century to 1930 has been
called the ‘heroic period’ of vertebrate palaeontology.
Led by Henry Osborn, there were major discoveries
on all continents. In 1910 Osborn proposed that
Central Asia was the cradle of mammalian evolution,
and much research was devoted to testing this theory.
Asiatic discoveries expanded the fossil vertebrate
(especially mammalian) record back to the Permian.
Of particular significance was the discovery of human
remains near Peking in 1926. Important work in
palaeoanthropology was also carried out in Europe,
Africa, Indonesia, Australia, and elsewhere.

Structural Geology

Structural geology made considerable progress in the
first half of the twentieth century, often as a result of
studies of metamorphic rocks. In the early 1930s,
Bruno Sander and Walter Schmidt initiated ‘petrofab-
ric analysis’: the study of spatial relations, including
those between the individual minerals making up a
rock, and the movements that could have produced
these relations. The methods were used to investigate
rock deformation and were taken even further to
consider the genesis of both sedimentary and igneous
rocks. Thus a special field of structural petrology was
born, dealing with deformed rocks and their tectonic
history.

Analysis of thin-sections using the ‘universal stage’
allowed the determination of the three-dimensional
orientations of mineral grains relative to the original
positions of rock specimens recorded in the field,
and their representation on stereograms. This led to
the recognition of various phases of deformation by
workers such as Coles Phillips and Lamoral de Sitter.
In structural geology, bedding planes, joints, and
foliations could be represented graphically, and data
could be averaged by the contouring of data points
on the stereograms; hence polyphase deformations
could be revealed. However, there were controver-
sies about the significance and order of particular
deformation events thus interpreted. Broad aspects
of folding and even mountain building were studied
in laboratory experiments by Rollin Chamberlin,
Bailey Willis, and David Griggs, among others, using

theories of scaling from engineering, but this pressure-
box work suffered to some extent from the use of
unsuitable materials and scaling problems.

Geomorphology

The development of landforms was widely studied in
the early part of the twentieth century. In the first half
of the twentieth century William Davis’s erosion-cycle
concept was widely accepted. This was the idea that
the landscape tended to be worn down, but with
decreasing speed, to a ‘base level’: the peneplain. The
concept of Davis’s stages — youthful, mature, and old-
age landscapes (followed by rejuvenation by uplift) —
became widely accepted, and various topographical
levels were thought to represent the end points of
separate cycles of peneplanation, recognizable back
to the Mesozoic.

However, workers such as Albrecht Penck (1924)
suggested other possible methods of surface evolution,
including scarp retreat, the preservation of original
depositional surfaces, and the formation of pediplains
by the coalescence of pediments below scarps. It was
not until the 1940s that Davis’s concepts were signifi-
cantly challenged. In 1945, Robert Horton published
an article on the development of drainage networks,
which marked the beginning of studies concentrating
on the mechanisms of denudation rather than descrip-
tion. Arthur Strahler encouraged ‘dynamic methods’ of
study, in which landscape units were treated as open
systems in equilibrium, where a change in the system
caused an adjustment to offset the effects of the
change. Measurement of modifications in river pro-
files, slopes, and runoff began to provide evidence of
landscape evolution. A decade of research on river-
channel patterns followed, by workers including Luna
Leopold and Markley Wolman (1957), using methods
borrowed from engineering (such as fluid mechanics).
This work was linked to experimental studies in
sedimentology by workers such as John Allen, Alan
Jopling, and notably William Krumbein in 1963, who
treated beach morphology and processes as part of a
system, whose changes could be computed.

Glaciation, Climate,
and Palaeogeography

While the question of the existence of an Ice Age was
resolved in the nineteenth century, studies during
the twentieth century in Europe, North America,
and New Zealand showed that it was an event with
considerable variations, involving a series of intense
glaciations with intervening interglacial periods. Of
perhaps greater significance were the studies of earlier
glaciations, particularly the Late Palaeozoic event,
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which was first recognized in India, then in Australia
and South Africa, and a little later in South America.
These discoveries gave considerable support to the
concept of continental drift. Evidence of Late Precam-
brian glaciation was also recognized early in the cen-
tury in China, Norway, and Australia. These studies
encouraged research into climate change through
geological time.

Palaeogeography was developed in the early 1900s
by Auguste de Lapparent. He published maps of
France, Europe, and the world. Preparation of the
maps required knowledge of the three-dimensional
extents of rock units and their environments of
deposition. The point of time chosen depended on
identification of fossils. A particular exponent was
Charles Schuchert. However the maps were general
and usually covered too much time (because of a lack
of secure age determinations). Nevertheless they were
studied by petroleum geologists, and, thanks to the
detailed stratigraphical studies that resulted, in return,
from oil-search drilling, maps of specific ‘slices of
time’ became possible.

Petroleum Geology

By 1900, some of the basic concepts of petroleum
geology were understood. Oil was clearly of organic
origin, from both vegetable (dominantly) and animal
sources, and had formed at normal rock tempera-
tures. It occurred in reservoirs within sandstones
and limestones, and permeability was important,
with the limestones usually being ‘tighter’. A rela-
tively impervious roof of rock, such as shale, was a
primary requisite for oil to accumulate. Many reser-
voirs showed a separation by gravitation into three
layers: gas, oil, and saltwater. A particular problem
demanding explanation was the enormous pressures
sometimes encountered in oil fields. Edward Orton
was one of the first to relate these pressures to
artesian conditions.

It took many years to determine how the organic
material was transformed into oil. In the 1930s
Parker Trask argued that only certain organic mater-
ial could produce petroleum, while J. M. Sanders
thought that almost any organic material could be
converted to petroleum, given the right conditions.
It seemed that specific sedimentary deposits, such as
dark marine shales, were likely source beds. Studies
showed that petroleum formed slowly, with solid
matter being converted to heavy and viscous fluids.
In time these thick fluids were changed by heat and
pressure into lighter oils. Oil ‘pools’, containing im-
mense accumulations of oil, contrast with the dissemin-
ated nature of the oil forming in the source beds. Thus
geologists began to study the migration from source

beds to reservoir rocks. Differential pressure was rec-
ognized as the essential cause of the movement of the
fluids through porous beds, and permeability was an
essential condition.

A wide variety of oil ‘traps’ was described: struc-
tures such as anticlines or domes were important, but
there were also depositional traps in which particular
favourable beds thinned out between impermeable
beds or were partly eroded and covered by ‘tighter’
beds. Faulting could also cause traps to form. Many
traps were produced as a result of a combination of
various causes. After the Second World War oil com-
panies devoted considerable attention to the study of
modern environments (especially deltas) to elucidate
many of the fundamental aspects of the accumulation
of organic materials and their conversion to oil, while
also investigating the complexities of oil structures
and the pressure—temperature regimes that contributed
to the variation in types of oil or gas accumulations.

Exploration Geophysics

In parallel with developments in petroleum geology,
there were major advances in exploration geophysics
during the first half of the twentieth century, par-
ticularly between 1925 and 1929. Although concen-
trating on oil and mineral prospecting, some of these
practical advances also contributed to the broader
studies of the Earth’s interior, to seismology, terres-
trial magnetism, hydrology, geodesy, and meteor-
ology. Four geophysical methods were widely used
in mineral and oil exploration: seismic, gravimet-
ric, electric/electromagnetic, and magnetic. After the
Second World War other methods, such as radiomet-
ric, also began to be used. Each of these has been
applied in different ways. The seismic methods used
artificial shock waves: seismic reflection records the
rebound from a reflecting surface, while seismic re-
fraction records the path of waves refracted along
high-speed layers. Although seismic reflection is sim-
pler in theory, seismic refraction proved to be more
useful in practice. Gravity methods used an Eotvos
torsion balance or a gravimeter. Electrical methods
measured natural or artificially induced earth currents.
The electrical methods were combined and extended to
logging the variations in resistance and electric poten-
tial down a drill hole. The resistance gave an indication
of the type of bed (high-resistance oil sandstones and
coal beds contrast with salt-water-bearing sandstones
and shales). These electrical tests often gave consistent
results within particular beds, allowing the correl-
ation of both stratigraphy and structure (Figure 2).
Two magnetic methods were used: one measured
anomalies caused by ore bodies containing significant
quantities of magnetic minerals; the other measured
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slight variations in the magnetic properties of common
rocks (basalt is normally more magnetic than other
rocks) to construct structural maps, which had the
potential to locate salt domes and volcanic plugs.
A pioneer of geophysical prospecting was Conrad
Schlumberger, who developed his electric methods
between 1908 and his death in 1936. Surveying for
structure using the Eotvos balance began in 1921
when the Anglo-Persian Company tested it in Hungary.
The Royal Dutch Shell Oil Company took up the
method the following year in Egypt and later in Texas
and Mexico. There was similar interest in Germany
and Russia at about the same time. The formation of
the American Association of Petroleum Geologists
in 1917 led to increased communication between
geologists and spread their enthusiasm for testing
geophysical methods.

Economic Geology

The considerable close study of metalliferous mineral
deposits and related geological aspects early in the
century led to the formation of the Society of Eco-
nomic Geologists and the Journal of Economic Geol-
ogy in 1905. Mineral deposits were often associated
with igneous bodies, and Waldemar Lindgren’s (1913)
hydrothermal classification (hypothermal, mesother-
mal, and epithermal: that is, deposits formed from
high-, moderate-, and low-temperature/pressure fluids
emanating from igneous bodies) was widely accepted
and applied and in many cases was an effective tool in
the recognition of variations within an ore body and
was useful in the search for new ore bodies. Import-
ant work was done by William Emmons on the sec-
ondary enrichment and zonation of ore bodies. There
was general acceptance that deposits showing evi-
dence of original sedimentary bedding were the result
of ‘replacement’ of the bedding by later-introduced
ore-bearing fluids from a nearby igneous source. In
the 1950s the ‘replacement’ theory of the formation
of certain ore bodies was challenged by Haddon King,
who with his associates studied the massive Broken
Hill ore body in Australia. King proposed that the
lead and zinc layers were deposited as sediments and
that the only major change had been later folding.
This idea has become widely accepted for many of
the world’s largest base-metal deposits and the major
iron-ore bodies. The significance of micro-organisms
and their ability to concentrate and deposit metals
were uncovered by laboratory experiments such as
those by Lourens Baas-Becking. The use of reflect-
ance microscopy (mineragraphy) to identify opaque
ore minerals, study the relationships between such
minerals, and find clues about the deposition of ores
began with J. der Veen in the 1920s. It reached a high

level in the 1940s and 1950s through the work of
Hans Schneiderhohn and Paul Ramdohr in Germany,
and Frank Stillwell and Austin Edwards in Australia.

Engineering Geology

The failure of the St Francis Dam in California in
1928 drew attention to the need to assess foundation
conditions and rock quality. After the Second World
War there were numerous attempts to quantify,
for example, the rate of weathering of stone, joint
distributions, and other weaknesses within rock
masses. The field of rock mechanics grew from these
developments through the efforts of workers such as
David Griggs, Karl Terzaghi, Charles Berkey, John
Jaeger, J. Talobre, and Robert Legget as well as re-
searchers in South African mines and Australian
hydroelectric schemes.

In the late 1930s geophysical methods (electrical
and seismic) were adapted by engineering geologists
to determine the depth to solid rock at dam sites and
elsewhere, while electrical methods were used to de-
termine the depth to the water table in arid areas. Such
uses continued to develop after the Second World War.

World Views

Despite the growth of specialization, there were,
of course, attempts to develop global theories, and
global structural patterns were particularly discussed
in the early twentieth century. The most famous of
these studies was Eduard Suess’s Das Antlitz der
Erde. Tt became influential in the English-speaking
world following its translation in the early 1900s.
A particular aspect of Suess’s theory, based on the
study of major features, such as mountain ranges
and the patterns of coastlines (Atlantic and Pacific
types; the former ‘fractured’, the latter with fold
mountains parallel to the coast), was the idea of an
Earth that had been contracting since its formation.
Suess rejected the idea that the present continents and
oceans had existed from earliest times, believing that
the Pacific Ocean was the oldest, possibly formed
when the Moon separated from the Earth. Hans Stille
also believed in a contracting Earth, but majority
opinion held to a fixist concept and the permanence
of the continents and oceans. This was questioned,
albeit cautiously, by some. Reginald Daly was more
adventurous in Our Mobile Earth (published in
1926) and was supported by the seismologist Beno
Gutenberg in proposing mobility of the Earth’s crust,
even though the processes were unknown.

The associated concepts of geosyncline (mobile
fold-belt) formation and isostasy to explain the
accumulation of enormous thicknesses of (mainly)
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shallow-water sediments and mountain building, al-
though formulated in the second part of the nine-
teenth century, continued to be developed, and were
widely applied in the period up to 1950, particu-
larly in North America. There were arguments as to
how the geosynclines had contributed to continental
growth. Was it by accretion on the oceanic edges of
supposedly stable continental cratons? Or was a geo-
syncline formed within a continental mass when one
side had subsided? Such subsidences were often in-
voked to explain the cutting off of routes of animal
and plant migration between continental masses.
While the geosynclinal concept as the basis of a tectonic
theory has, since the acceptance of plate tectonics, been
dismissed by many, the descriptive aspects of geosyncl-
inal sedimentation are still useful (see Famous Geolo-
gists: Hall; History of Geology From 1835 To 1900).
The meteorologist Alfred Wegener published his
famous book, Die Enstehung der kontinente und
Ozeane (The Origin of Continents and Oceans) in
1915, proposing a tectonic theory based on lateral
movements of the Earth’s continental crust. Others,
such as Frank Taylor, had previously made similar
suggestions, but had not set out their ideas as fully
as Wegener did. Wegener’s theory became more
widely known when his book was published in Eng-
lish in 1924. In the following 30 years or so, geo-
physicists, led by Harold Jeffreys, claimed that the
forces postulated by Wegener were insufficient to
cause horizontal movements of the continents, and,
therefore, the theory should be forgotten. However,
it was taken up by some European geologists in the
1920s, one supporter being the Swiss geologist Emile
Argand, who made a ‘spirited defence’ at the first

Continental block

post-war International Geological Congress in 1922,
discussing the ‘Tectonics of Asia’. Argand’s nappe
theory, which was generally accepted by then (although
general ‘mobilism’ was not), indicated that large hori-
zontal movements (extending through a considerable
thickness of crust) caused by strong lateral compression
had occurred in parts of Europe and North Africa.
However, he could not suggest how the forces required
to cause these movements, or by the theory of con-
tinental drift, could be generated. He was unaware
that a solution for the Alpine deformations had been
suggested by Otto Ampferer in 1906 — the action of
massive convection undercurrents within the upper
mantle causing what Ampferer called ‘subduction’.

In 1925 Ampferer told Wegener that these currents
must be contributing factors in the mechanism of
continental drift. Although it was accepted only in
about 1950, Arthur Holmes, in the late 1920s, essen-
tially explained how massive slow-moving convec-
tion currents could operate within the upper mantle
(Figure 3). Holmes recognized that the radioactivity
of continental rocks was generally greater than that of
oceanic rocks, causing higher temperatures below the
continents. This unequal heating of the mantle would
cause ascending currents under a continental region,
which would spread out at the top in all directions
towards the cooler peripheral regions. The down-
ward currents would be strongest beyond the contin-
ental edges. Thus the continental block could be
ruptured, and portions could be carried apart on the
backs of the currents.

While supported by some European geologists,
Wegener’s idea was rejected out-of-hand by the
majority of North American geologists, and some

Borderland New
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Figure 3 Holmes’s convection model. The top figure shows a postulated system of convection currents in the mantle rising at A
beneath continental crust and moving horizontally to edges of the continental block before descending at B and C (incidentally causing
the formation of eclogite, because of high temperature and pressure). The lower figure shows the consequence of this movement. The
horizontally-moving currents have split the old continental block into three, forming two new continents (and a minor remnant). The
outer edges of the new continents are deformed during down-dragging. (Reproduced from Holmes A (1931) Radioactivity and earth
movements. Transactions of the Geological Society of Glasgow for 1928-29 18: 559-606 [Figure p. 579]).



194 HISTORY OF GEOLOGY FROM 1900 TO 1962

German geologists, particularly Stille, also opposed
Wegener. It was left to southern-hemisphere geologists,
particularly the South African Alexander du Toit, to
accumulate evidence, such as the similar widespread
Late Palaeozoic glaciations, Permian coals, and Meso-
zoic continental successions in the southern continents
(and India), that substantiated Wegener’s views, but
this work interested few northern-hemisphere geolo-
gists. The idea of continental drift was kept alive into
the 1950s by the South African Lester King and the
Australian Warren Carey, who were not taken ser-
iously, in the early 1960s, by many North American
geologists. However Carey’s symposium on continen-
tal drift, held in Tasmania in 1958, attracted attention
at a time when ideas in many fields of geology were
fomenting.

Ironically, one of the American scientists opposed
to Wegener’s ideas, William Bowie, was responsible
for getting one of the pioneers of plate tectonics,
Maurice Ewing, into ocean-floor exploration. In
1934, Bowie (with Richard Field) asked Ewing if he
could study the outer edge of the continental shelf.
Was it a basic geological feature, such as a fault, or
just superficial — the result of outbuilding of sedi-
ment? Ewing said that the problem could be studied
using seismic-refraction geophysical methods and
proceeded to do so. Ewing’s work in the ocean basins
was to be crucial in resolving the continental-drift
controversy.

Around 1900 the phenomenon of palacomag-
netism, and field reversals preserved in lavas, were
recorded by Bernard Brunhes, but their significance
was ignored until the 1920s. A key to change came
with the publication of the ‘pole-wander’ studies of
John Graham in 1949. These results were dismissed
as ‘impossible’ by prominent mathematicians, but
by 1955 Keith Runcorn and Paul Blackett provided
evidence that the poles had indeed wandered during
geological time. Runcorn maintained that movement
of the magnetic poles relative to the crust had oc-
curred, in contrast to Blackett’s idea that portions of
the crust had moved many thousands of kilometres.
But there was a problem: the studies on different
continents gave different sets of results. These sets
could, however, be reconciled by rotating the contin-
ents, bringing the various sets into coincidence. There
had to be something in the idea of continental drift.
The resolution of the problem is discussed in History
of Geology Since 1962.

The Inner Earth

An important breakthrough in determining the con-
stitution of the Earth’s interior and particularly the
size of its proposed liquid core was made by Richard

Oldham in 1906, using data from various earthquake
records. Oldham showed that there were three separ-
ate records from a major earthquake, caused by three
distinct forms of wave motion, propagated at differ-
ent rates and along different paths, forming three
distinct phases in the record of the earthquake at a
distant point. The latest record was due to waves
propagated on or near the Earth’s surface. The other
two were due to waves that had travelled through the
Earth. Oldham indicated that the crust was thin and
non-homogeneous and therefore did not transmit
mass waves. Below this crust, the records suggested
that there were two distinct zones, the outer three-
fifths (mantle) differing from the inner two-fifths
(core). “The core appeared to be liquid....shadow’
and: ‘The S waves (Figure 4) were delayed in arriving
on the opposite side of the Earth’. Oldham, at the
time thought that they travelled more slowly through
the core for some unknown reason, but recognized
that if the core were liquid this would prevent the S
waves travelling through and they would be diverted

Earthquake focus

Mantle

Core

Figure 4 Richard Oldham’s simplified figure showing the
transmission of seismic waves through the Earth. The figure
represents the deducted paths of what Oldham called second-
phase waves (i.e. S waves) travelling through a central core
occupying. 4 of the radius of the earth at half the original speed
of propagation. He pointed out that ‘there should be a zone, at
about 140° from the origin where the second -phase waves would
be so dispersed, and consequently so feeble, that it would
amount to a shadow, and the second-phase should be absent in
records from this distance, or [only] feebly marked.’ (Reproduced
from Oldham R (1906) The constitution of the earth as revealed by
earthquakes. Quarterly Journal of the Geological Society of London 62:
456-475 [Figure p. 468]).
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(refracted) around the core (and thus delayed). It was
not until 1913 that he accepted the idea of a liquid
core which caused the ‘shadow’ for S waves if the
angular distance from the focus of the earthquake
were more than 120°. Oldham and most other re-
searchers were unaware that the Russian Leonid
Leybenzon had suggested the same idea in 1911.

There then followed the recognition of the ‘Moho
discontinuity’, discovered by Andriya Mohorovicic
in 1909, separating, he thought, the crust from the
mantle. However, what was the nature of this discon-
tinuity? Was it the result of chemical or merely phys-
ical differences? Were the concepts of two separate
crustal layers, the heavier ‘sima’ (silica and magnesium)
and the lighter ‘sial’ (silica and aluminium), introduced
by Suess, still valid? Ideas and terms remained in tur-
moil, as some, such as Bailey Willis, equated ‘crust’
with sial. Did such crustal divisions explain the major
differences in magmas and the resultant intrusions
and extrusions that could be observed at the surface,
or were deeper levels involved in the evolution of
surface geology?

Other workers suggested different models of the
Earth’s interior, and in about 1914 Joseph Barrell
introduced the concept of the ‘lithosphere’ as a thin
crust, underlain by the ‘asthenosphere’, a relatively
weak 100km or so, with an even weaker layer of
unknown thickness beneath, in which adjustments
to isostasy took place. Between 1940 and 1942
Keith Bullen divided both the mantle and the core
into three separate zones, but there were still unre-
solved questions. In 1954, a conference ‘The Crust
of the Earth’ was convened at Columbia University,
New York, and many prominent geologists and
geophysicists contributed, reaching some agreement
on terms and directions for future research into the
crust and mantle. However, the question of the
Earth’s inner composition remained largely unsolved.
The increasing sophistication of geophysical equip-
ment, particularly seismic, showed that the ‘Moho’
was not a continuous feature, but was ‘replaced’ in
places, such as below mountain belts, by a disturbed
‘mixed’ zone. In the early 1950s, evidence from
marine surveys showed that the ocean floors were
covered in many areas by only a thin layer of sedi-
ments. With the increasing ability to drill deep
within the Earth it was suggested in the late 1950s
that some ‘real evidence’ of the nature of the Moho
discontinuity could be obtained by drilling a hole 5 or
6 km through the crust on the seafloor. The ‘Mohole
project’ was taken up with enthusiasm, but eventually
failed because the ideas of the geologists involved
differed from the approach advocated by the
preferred drilling company, and the project was
terminated in 1966.

While the records of earthquakes were used to
study the Earth’s interior, seismologists also devoted
considerable efforts to predicting and classifying
earthquakes. In the 1930s a number of seismologists
began work at the California Institute of Technology.
They included Harry Wood, Beno Gutenberg, Hugo
Benioff, Frank Press, and Charles Richter, who were
essentially the founders of modern seismology, al-
though there were important researchers such as Fiu-
sakichi Omori in Japan. Nevertheless the accurate
prediction of earthquakes has not yet been achieved
(see Seismic Surveys).

Impact Craters

While actualism (uniformitarianism) ruled during the
early part of the twentieth century, there was still a
suspicion that ‘catastrophes’ might have played a part
in shaping the Earth. Late in the nineteenth century
Grove Karl Gilbert argued for impacts as the origin of
most of the Moon’s craters. However, it was a long
time before such features on the Earth’s surface were
accepted as being due to meteorites. Specimens from
small craters at Henbury in Central Australia were
described in 1932 and accepted as meteorites, but it
was not until the 1950s that the larger famous Bar-
ringer (Meteor) Crater in Arizona was accepted as an
impact crater, despite information obtained from
drilling in the early 1900s. As early as 1942, Harvey
Nininger argued that large impacts might have influ-
enced the evolution of life. This idea was not really
taken up until the 1980s, although when the Yucatan
Puerto Chicxulub crater was investigated for oil in the
1950s the drill cores showed impact melt material,
and, in 1970, Digby McLaren also talked about the
idea. In the mid-1950s research on craters began in
earnest, initially in two independent fields: photo-
graphic and field studies investigated the origin of
craters and the possible significance of accretion
of impact bodies in the formation of heavenly bodies;
and the mode of formation of craters was investigated
by nuclear and chemical explosions and detailed stud-
ies of shock-wave propagation. Important research-
ers in the former (geological) field included Ralph
Baldwin, Robert Dietz, and Eugene Shoemaker;
Donald Gault’s experimental work on hypervelocity
impacts was typical of the latter. By the late 1950s
there was considerable interaction between these two
groups, and the first international impact symposium
was held in 1961. Pioneering work in the 1940s and
1950s by George Baker and others on the glassy
meteorites (tektites), notably their shape, proved im-
portant in the study of the problem of re-entry by
spaceships into the Earth’s atmosphere.
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The International Geophysical
Year, 1957-1958

The years after the Second World War saw a rapid
increase in air travel, which enabled researchers to
meet, face-to-face, other workers with similar interests
but different backgrounds, and a considerable amount
of international collaborative work began. The Inter-
national Geophysical Year, beginning in 1957, was a
significant event. Following international cooperation
in 1882-1883 and 1932-1933 in gathering data about
the polar regions, it was first suggested that 1957-1958
should be the Third Polar International Year. However,
it became much larger, as a result of the encouragement
of the UN-supported International Union of Scientific
Unions. Between July 1957 and December 1958 (a
period of high solar activity) 13 scientific programs
investigated the Earth, the atmosphere, and space, and
their interrelations. At least 60 nations participated,
and thousands of scientists were involved, most under-
taking national problems, but there was, as in the earlier
“Years’, a concentration on Antarctica and the Arctic,
with new work along the equator and on selected
meridians. Tuzo Wilson, President of the International
Union of Geodesy and Geophysics, played a consider-
able part in helping to coordinate the results of the
research. One of the best-known events of the Inter-
national Geophysical Year was the launching of Sput-
nik, which produced significant scientific data and also
inspired the ‘space race’. A second, and happier, result
was the Antarctic Treaty to protect that continent. The
18-month ‘year’ provided the impetus for work that
has continued to the present.

Summary

The period considered here saw many advances.
While broad concepts were initially tied to the idea
of a generally ordered Earth with fixed continents and
oceans, facts that were accumulating hinted at the
need for major changes in thought. The increased
ability to measure, thanks to much improved technol-
ogy, meant that rapidly acquired data could be quickly
analysed and disseminated through more easily ac-
cessible scientific media. Coming towards the end of
the period, the International Geophysical Year was
the culmination of a long phase of gestation. The

plate-tectonics revolution could not have occurred
until many years later were it not for the accumulation
and analysis of more than 60 years of data. There was
conservatism, and new ideas took time to be accepted.
Nevertheless, much was achieved.
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Introduction

The theory of plate tectonics postulates that the
Earth’s outermost layer, the lithosphere, which con-
sists of the crust (see Earth: Crust) and the uppermost
mantle, is about 100 km thick and is broken into rigid
plates that slowly move and change their configur-
ation in response to thermal instabilities in the
mantle. The theory holds that the ocean floors are
youthful due to their continual creation at spreading
ridges and destruction as they plunge back deep into
the mantle (see Earth: Mantle). The continents, in
contrast, are buoyant sialic blocks with components
of all ages, which ride passively on the surfaces of the
plates. This theory, established in 1968, has unpre-
cedented power for making quantitative calculations
of past crustal motions and predictions of future ones.
The immediate precursor of plate tectonics was the
hypothesis of seafloor spreading proposed separately
by two scientists in 1960 and 1961. Seafloor spread-
ing was based primarily on information provided by
geophysical explorations of the ocean basins during
and after World War II. This article reviews the dis-
coveries that led to plate tectonics, and the changing
climates of opinion that led to a new era in the geo-
sciences.

Post-war Explorations of the
Ocean Basins

The geology of the ocean basins, which occupy more
than 60% of the Earth’s surface, remained largely
unknown until after World War II. Despite the early
hypothesis of continental drift, a majority of geolo-
gists regarded the ocean basins, particularly the
Pacific Basin, as primordial features, formed when
the Earth’s crust first cooled. In 1946 the Dutch
geologist, Philip Kuenen, calculated that if the Earth
is 3 billion (3 x 10°) years old, the ocean floors should
be covered with a layer of sediments 5 km thick. In
1956, when radiometric dating showed the Earth to
be ~4.55 billion years old, many expected the sedi-
ments to be much thicker. Indeed, as late as 1958,
some of the scientists who were planning Project
Mohole, to drill to the Mohorovi¢ic discontinuity
through the Pacific floor, anticipated that the cores

would reveal the entire sequence of sediments de-
posited during the Lipalian interval from the end of
the Precambrian to the beginning of the Cambrian
Period — a time of severe erosion on the continents.

In the latter 1940s, the United States Navy provided
generous funding for oceanographic research includ-
ing ships, state-of-the-art equipment, laboratories,
and scientists. Two of the four institutions credited
with founding plate tectonics began sea-going explor-
ations: the Scripps Oceanographic Institute at the
University of California in San Diego, and the Lamont
Geological Observatory (now the Lamont-Doherty
Earth Observatory) at Columbia University in New
York. The other two institutions contributing to the
establishment of plate tectonics were the Department
of Geophysics at Cambridge University in England,
and Princeton University.

Preeminent scientists directed both of the oceano-
graphic institutes: Roger Revelle at Scripps, and
Maurice Ewing at Lamont. Both began intensive pro-
grammes of mapping the submarine topography by
echo depth soundings, displaying the layering of the
ocean floors by seismic profiling, and collecting
samples by piston coring. Scientists aboard Scripps
vessels also measured heat-flow values, while those
from Lamont focused more on measuring gravity
at sea. Both organisations towed magnetometers
behind their ships. At the beginning, these scientists
were not testing hypotheses; they were performing
the first comprehensive investigations of the last
unknown domain of the Earth. There were many
surprises in store for them.

The ship Horizon, which left Scripps in July 1950,
with Revelle and several other now-famous scientists
aboard, made its first discovery 300 miles south-west of
San Diego. There, in deep water, its companion Navy
ship fired the first explosives and Horizon’s seismic
profiler showed that the Pacific sediments were not
5 km or more thick: they were only 260 metres thick.
The profiler detected three layers in the ocean floor:
Layer 1, consisting of sediments ~0.25 km thick; Layer
2, of consolidated sediments or volcanics or both, 1-
2 km thick; and Layer 3, the authentic bedrock of the
ocean floor, which ultimately was shown to maintain a
uniform thickness of ~4.5km throughout the ocean
basins.

From the beginning, the echo soundings showed
the ocean floor to be unexpectedly crowded with
hills, 10-30 or more km long, 2-5km wide, and
50-500m high. Further explorations showed that
these so-called ‘abyssal hills’ occupy more than 30%
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of the floors of all oceans, placing them among the
Earth’s most abundant topographic features.

Revelle and Arthur Maxwell measured heat-flow
from the ocean floor and observed, to their astonish-
ment, that the values averaged within 10% of those
from the generally granitic and consequently more
radioactive continents. For want of other possibilities,
they suggested that the heat in the ocean floor must
be carried there by rising limbs of convection cells in
the mantle, an idea compatible with the earlier ‘drift’
model proposed by Arthur Holmes in the1920s.

In the mid-Pacific, Horizon dredged the surfaces
of guyots — volcanic cones with flat summits, sub-
merged 1-2km below sea-level. These curious fea-
tures had been discovered and named by Harry Hess,
of Princeton University, who located 160 of them
while he was on naval duty during World War II. At
first, Hess assumed they were Precambrian islands,
erupted long before reef-building corals evolved, that
had been eroded at sealevel and then drowned by the
rising of water due to the deposition of 2-3km of
oceanic sediments. The rare opportunity to study and
describe the dredged materials fell to Edwin Hamilton,
to whom Robert Dietz, on the Horizon, had assigned
this topic for his PhD thesis. The hauls brought up
fragments of Cretaceous corals, only about 100 my
old. Suddenly, the ‘ancient’ ocean basins were seen
to be much younger than the continents.

In the final days of the cruise, the Horizon steered a
course to allow the youthful Henry Menard, of the
US Naval Electronics Laboratory, to determine the
nature of the Mendocino escarpment, a long narrow
feature, striking westward from Cape Mendocino in
California. On a S-N traverse of ~60km, the echo-
sounder showed that, starting in deep water the ship
passed over a low ridge tilted to the south, a narrow
trough, a steep scarp 18 km high, a high ridge tilted to
the north, a low swale, and then it arrived in relatively
shallow water. This ‘fracture zone’ was a new class of
submarine structure of which Menard and others
would find several similar examples farther south
in the eastern Pacific Ocean. They appeared to be
strike-slip faults with a component of normal faulting
(see Tectonics: Faults), but they terminated before
slicing into the American continents. Eventually, frac-
ture zones, long and short, would be found in all the
ocean basins.

Meanwhile, Lamont ships had begun producing the
earliest detailed topographic charts of the mid-Atlan-
tic Ridge and its linkage to what would prove to be a
world-encircling succession of submarine mountain
ranges, with various spurs, nearly 60000km long,
1-3000 km wide at the base, and 2km high, with
peaks rising to 4 km above the ocean floor. In 1956,
Maurice Ewing and his colleague, Bruce Heezen,

reported finding a deep rift valley (see Tectonics: Rift
Valleys) occupying the ridge crests. Subsequently, the
rifts proved to be discontinuous but, where present,
they were zones of shallow-focus seismicity, strong
magnetic anomalies, and higher than average values
of heat-flow. The ridges are offset horizontally into
segments by transverse fracture zones, which were
assumed to be strike-slip faults.

The Navy prohibited publication of contoured
bathymetric charts, but two Lamont scientists, Heezen
and Marie Tharp, began drawing ‘physiographic dia-
grams’ showing how the ocean floors would look with
the waters drained away. These diagrams, published
in the 1960s, astonished both non-scientists and scien-
tists, who found them remarkably useful for inter-
preting the structures and history of the ocean basins.
Heezen and Tharp both won gold medals for their
work.

The East Pacific Rise (or Ridge) is unique in being a
huge bulge (nearly 13000km long, 3000 km broad,
and nearly 4 km high) with no sharp crest, no central
rift, and no mid-ocean position - it lies close to the
margins of the American continents. In 1960, Menard
proposed that convection currents had moved the
northern portion of the Rise beneath western North
America where its presence would account for the high
plateaus of Mexico and Colorado and the Tertiary
Basin and Range topography of Utah and Nevada. It
followed that the floor of the eastern Pacific Ocean, cut
by the great E-W fracture zones, was the western flank
of the buried Rise.

Many of the observations, made in the 1950s, sug-
gested youthful, mobile ocean floors, but contrary
explanations were offered in each case, puzzling sci-
entists who were trying to piece together the dynamic
history of the Earth. Then in 1960 and 1961, Hess
and Dietz independently but simultaneously, pro-
posed hypotheses that addressed global dynamics in
terms of moving seafloors driven by convection in the
mantle.

Sea-floor Spreading: 1960 and 1961

In 1960, Hess circulated the preprint of a book chap-
ter in which he described the ocean floors as the
exposed surface of the mantle. He proposed that
large-scale convection cells in the mantle create new
ocean floor at the ridges, where the rising limbs di-
verge and move to either side until they cool and
plunge down into the mantle at the trenches (see
Tectonics: Ocean Trenches) or beneath continental
margins (see Tectonics: Convergent Plate Boundaries
and Accretionary Wedges). He now explained guyots
as volcanic peaks eroded on oceanic ridge crests and
carried to the depths by the moving seafloor. Where
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limbs rise beneath continents they split them apart
and raft the granitic fragments in opposite directions
until grounding them over zones of down-welling.
Hess suggested that inasmuch as granite is too buoy-
ant to sink into the mantle, some fragments of
continents have survived since the beginning of geo-
logic time, while the ocean floors have been swept
clean and replaced by new mantle material every
300-400 my.

Hess further theorized that the mantle consists of
peridotite, an olivine-rich rock that becomes hydrated
to serpentinite at the ridges by reaction with heated
waters released from depth. He favoured serpentinite
partly because of its ease of recycling and partly be-
cause he believed it would be impossible to achieve
the uniform 4.5 km thickness of the ocean floors with
dykes and lava flows. Hess acknowledged that mantle
convection was regarded as too radical an idea to be
widely accepted by geologists and geophysicists, but
he pointed out that his model would account for many
phenomena in a coherent fashion: the formation of the
ridge-rift system and the trenches, the youth and uni-
form thickness of the ocean floors, the thinness of
pelagic sediments, and moving continents. Hess called
his chapter an essay in ‘geopoetry’.

In 1961, Dietz published a three-page article in
Nature in which he, too, argued that convection in
the mantle, moving at a few centimetres per year,
could produce the overall structure of the ocean
basins: the ridges form over sites of rising and diver-
ging limbs; the trenches form at sites of converging
and down-welling limbs, and the fracture zones are
shears between regions of slow and fast creep. Dietz
suggested that the mantle consists of eclogite, a dense
pyroxene-garnet rock, and that the ocean floors are
built of basaltic dykes and pillow lavas, formed by the
partial melting of the eclogite at the ridges. But he
added that the actual rock compositions were of less
importance than the fact that the ocean floors must be
recycled mantle material. Dietz pointed out, as had
Hess, that rising convection currents rift continents
apart and carry the sialic fragments en bloc to sites of
down-welling and compression, where folded moun-
tain ranges form on their margins. He added that
the pelagic sediments ride down into the depths on
the surfaces of the plunging oceanic slabs where they
are granitized and welded onto the undersides of
the continents — thus contributing to the persistent
continental free-board, despite steady erosion of the
continental surfaces toward base level.

Dietz called this process ‘sea-floor spreading’. This
concept, he argued, requires geologists to think of
Earth’s outer layers in terms of their relative
strengths, so we should begin referring to the ‘litho-
sphere’, a historic name for Earth’s outermost layer,

which is relatively strong and rigid to a uniform depth
of about 70km (now generally taken as 100km)
under both continents and oceans. Beneath the litho-
sphere lies the weaker, more yielding, ‘asthenosphere’
on which the lithosphere moves in response to con-
vection currents. The asthenosphere had previously
been hypothesized on the basis of seismic evidence.

Dietz made the first suggestion (later confirmed)
that the oceanic abyssal hills are a chaos topography,
developed when strips of juvenile sea floor have rup-
tured under stress as the floors move outward. Finally,
he referred to two papers in press, one by Victor
Vacquier et al., and one by Ronald Mason and Arthur
Raff, reporting the discovery of linear magnetic anom-
alies on the Pacific floor. Some of the magnetic linea-
tions appeared to be offset by up to 1185 km along the
Mendocino fracture zone. Dietz suggested that the
lineations are developed normal to the direction of
convective creep of the ocean floor. Noting that nei-
ther the fracture zones nor the magnetic lineations
impinge upon the continental margins, he suggested
that both lost their identity as the Pacific floor slipped
beneath the American continents.

Rarely are ideas subsequently seen as basic to a
grand new system of thought in science, appreciated
at full value when they first appear. That was the case
with sea-floor spreading, which failed to catch the
attention of more than a few readers at a time when
most geologists and geophysicists were unprepared to
take seriously the idea of mantle convection, much
less that of the new notion of spreading seafloors.
However, Dietz’s paper elicited a favourable letter
to Nature from ] Tuzo Wilson at the University of
Toronto, and it inspired Ewing to redirect a large
portion of Lamont’s research into testing the sea-
floor spreading hypothesis. Ewing outfitted two
ships with upgraded seismic reflection profilers to
measure the thickness of pelagic sediments across
the oceans. He was to find virtually no sediments on
the ridges and a modest thickening of the layers to-
wards the edges of the continental shelves. Ewing
took the earliest photographs of deep sea sediments
and observed ripple marks, which, until then, had
been used as diagnostic of shallow waters.

In the next few years, as data favourable to sea-
floor spreading accumulated, a regrettable negative
reaction developed toward Dietz. Even though his
model differed from that of Hess, the belief spread
that he had ‘stolen’ Hess’s basic idea and rushed it
into print under his own name. This impression still
persists to some degree, even though Dietz’s choice of
basaltic rather than serpentinized ocean floors is the
one universally accepted today.

In 1986, Menard reviewed this controversy in
his The Ocean of Truth, a personal account of the
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sequence of events that led to plate tectonics. Menard,
who had refereed the pre-publication manuscripts of
both Hess and Dietz, wrote that he felt certain — and
said so at the time — that Dietz was unaware of Hess’s
preprint when he wrote his own paper. Nevertheless,
Menard believed that only one person can have prior-
ity for anidea and it should be Hess, so he urged Dietz,
if only for appearances sake, to add a footnote to his
next publication on seafloor spreading conceding
credit for the idea to Hess. Dietz did so, and the two
men made their peace in print. Subsequently, Menard
came to realise that, in fact, more than one person
can be struck with the same idea, particularly at a
time when new data are coming in and are being freely
discussed. He cited several additional examples that
took place during the race towards plate tectonics.

Finally, Menard remarked that the priority for this
idea probably should go to Arthur Holmes in Britain,
who had favoured convection in the mantle as a ruling
factor in global tectonics from the late 1920s until he
died in 1965. Holmes described a basaltic layer which
becomes a kind of endless travelling belt as it moves
from ridges to trenches carrying continental frag-
ments along with it. Over the years, Holmes changed
his diagrams somewhat, but they all show the limbs
of a convection cell rising under a continental slab,
which is stretched and pulled apart into two fragments
that are rafted to either side leaving behind new ocean
floors. Holmes did not depict the creation of new ocean
floor at a spreading oceanic ridge; he showed the ridges
as being wholly or partially sialic. In that important
respect his idea differed from those of Hess and Dietz.
Nevertheless, Holmes’s basic model was, without
question, a predecessor of sea-floor spreading.

History books do not necessarily aid us in resolving
disputes. In 1973, Allan Cox of the US Geological
Survey omitted Dietz’s article from his collection of
the landmark papers that led to plate tectonics. And
in the entry on Hess in Volume 17 of The Dictionary
of Scientific Biography, published in 1990, we read
that his hypothesis of sea-floor spreading was the
most important innovation leading to plate tectonics,
but that it was given its name by Dietz who, “with
Hess’s preprint in hand”, published the first article on
it in 1961. Fortunately, others knew better. In 1966,
the Geological Society of America would present its
highest honour, the Penrose Medal, to Hess for his
research on the petrology of ultramafic rocks and for
his provocative tectonic hypotheses including that
of the spreading ocean floor. In 1988, the Penrose
Medal went to Dietz for his “world-class, innovative
contributions in three divisions of the geosciences:
sea-floor spreading, recognition of terrestrial impact
structures, and the meteorite impact of the Moon’s
surface”.

Magnetic Anomalies on the Ocean
Floors: 1961, 1963

In August, 1961, the paper by Mason and Raff, of
which Dietz had seen a preprint, was published by the
Geological Society of America along with a compan-
ion paper by Raff and Mason that included a particu-
larly striking diagram showing long, narrow, mostly
vertical black and white ‘zebra stripes’ of alternating
high and low magnetic intensities measured on the
floor of the north-eastern Pacific Ocean (Figure 1).
The authors suggested that the contrasting intensities
might reflect structural ridges and troughs or a system
of sub-parallel dykes, but subsequent topographical
and gravity surveys failed to detect either one. This
research project, which proved to be momentous, was
undertaken when Mason, a visitor to Scripps, casually
asked a seismologist over morning coffee if anyone
had thought of towing a magnetometer behind a
ship to gather data while the ship was engaged in
other operations. Revelle overheard the question and
offered Mason the assignment, then and there. Mason
soon learned that Lamont already had towed a mag-
netometer behind a ship in the Atlantic, and he could
borrow it pending acquisition of an instrument by
Scripps.

One reader, Lawrence W Morley of the Geological
Survey of Canada, who had conducted extensive aero-
magnetic surveys over lands and seas, remained mys-
tified by this pattern for nearly two years until he
discovered Dietz’s paper on sea-floor spreading. Mor-
ley immediately wrote a short article and submitted it
to Nature in February 1963, proposing a test of sea-
floor spreading. He argued that the magnetic stripes
form at the crests of spreading ridges where the
erupting lavas acquire the magnetization of the Earth’s
ambient field (a detail Dietz had not specified). Today,
the Earth’s magnetic field is north-seeking, but in the
1950s it had become clear that some rocks have cooled
during periods of south-seeking polarity, so Morley
proposed that the parallel stripes on the moving sea-
floor record the periods of normal and reversed polar-
ity. And, inasmuch as Cretaceous rocks were the oldest
yet recovered from the ocean floors, he speculated that
such stripes have recorded the history of the ocean
basins for the past 100 my or so. Morley tentatively
calculated the rates of spreading and lengths of reversal
periods. Nature rejected his paper saying they had no
space available. Morley then sent it to the Journal of
Geopbhysical Research, which kept it for some time and
then rejected it, with a message from one referee saying
that such speculation was more appropriate to cocktail
party chatter.

On 7 September 1963, Nature published the now
famous paper by Frederick Vine and Drummond
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Magnetic anomalies offshore from Cape Mendocino, California, to the north of Vancouver Island, British Columbia. In 1961,

Raff and Mason interpreted these stripes as most likely due to high and low magnetic intensities in linear patterns of mafic oceanic
rocks. They drew the lettered lines as fault traces. In subsequent years, such ‘zebra stripes’ would be seen as evidence of magnetic
field reversals with normally magnetized rocks (black) alternating with reversely magnetized ones (white). (Reprinted by courtesy of

Raff and the Geological Society of America.)

Matthews of Cambridge University: ‘Magnetic Ano-
malies over Oceanic Ridges’. Like Morley, Vine and
Matthews assumed that convection, sea-floor spread-
ing, and reversals of magnetic polarity all occur, and
that the ocean floors consist of basalt that becomes
strongly magnetized at the ridge crests. Today, the
Vine-Matthews paper is widely seen as the founding
paper of plate tectonics, but at the time it was poorly
received and largely ignored for the next three years.
It was not even included by their Department of
Geophysics at Cambridge University in its list of

important contributions for 1963! Years later, when
attitudes changed, and Morley’s story came out, the
Earth science community began to speak of the Vine—
Matthews—Morley (VMM) hypothesis. Morley then
realized that he had gained more fame by having his
paper rejected than he would have by its publication.

In 1963, all three of the basic assumptions listed by
Vine and Matthews were suspect to geoscientists.
Professor Harold Jeffreys, at Cambridge University,
argued in every edition of his book, The Earth, begin-
ning in 1924, that the mantle of the contracting Earth
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is too stiff to allow for convection. In his sixth and
final edition of 1976, he added several pages arguing
against plate tectonics. In 1963 and again in 1964,
Gordon MacDonald, of the Institute of Geophysics
and Planetary Physics of the University of California,
published a detailed paper, “The Deep Structure of the
Continents’, in Reviews of Geophysics and a short
version of it in Science. He intended this paper as a
death-blow to continental drift and sea-floor spread-
ing. MacDonald argued that isostasy prevails; thou-
sands of measurements made on the surface and by
satellites show that gravity over continents is equal to
that over oceans — despite marked difference in their
compositions and densities. This, together with the
equal values of heat-flow determined worldwide in-
dicated that the continents must have formed by ver-
tical segregation of the mantle directly beneath them,
which, therefore, must differ from the mantle under
ocean floors to depths of 400 to 700 km. MacDonald
concluded that no significant horizontal motion, due
to convection or any other process, has occurred.

Magnetic Field Reversals, Isotopically
Dated: 1964

Since early in the twentieth century, many advances
had been made in techniques of measuring the reman-
ent (permanent) magnetization of rocks and interpret-
ing the results. In the 1950s, polar wandering curves
had yielded evidence in support of continental drift.
Nevertheless, inasmuch as Earth’s magnetic field varies
in alignment, intensity, and polarity, many geoscientists
still viewed palaeomagnetism as an incomprehensible
property, studied by ‘black box’ techniques, and
scarcely to be trusted. However, by the early 1960s,
measurements had begun to show that whereas recent
basaltic lavas from widely spaced sources behave as
north-seeking compasses, those of Early Pleistocene
age behave as south-seeking compasses. Clearly, rever-
sals of the magnetic field have taken place and the
search was on for reliable means of dating them.

In June 1964, Allan Cox, Richard Doell, and Brent
Dalrymple of the US Geological Survey at Menlo
Park, California, published a paper entitled, ‘Rever-
sals of the Earth’s Magnetic Field’, in which they
reported that they had dated rocks of normal and
reversed magnetism by the K/Ar method. Their
results documented the occurrence of two epochs of
normal polarity and one of reversed polarity during
the past 3.5 my. They named the epochs in honour
of pioneers of palaeomagnetic studies (see Palaeo-
magnetism): the Bruhnes normal epoch, from the
present to 1.0my ago; the Matuyama reversed
epoch from 1.0 to 2.5 my ago; and the Gauss normal

epoch from 2.5 to 3.4my ago. Both the Matuyama
and the Gauss epochs were interrupted by short
‘events’ of opposite polarities — named, respectively,
the Olduvai and the Mammoth events — each lasting
250-300000 years. Later, in February 1966, Doell
and Dalrymple revised this time-scale by shortening
the present Bruhnes normal epoch to 700000 years
and adding the newly discovered ‘Jaramillo normal
event’, which occurred about 0.85 my ago in the early
part of the Matuyama reversed epoch. Since then,
additional epochs and events have been dated for
the past 180 my, back to the mid-Jurassic Period.

Cox and his group dated their basaltic samples using
a mass spectrometer of the type designed in the late
1950s by John Reynolds of the University of California
at Berkeley, which opened a new age in isotopic geo-
chemistry. Reynolds’ all-glass instruments could be
heated to evacuate all traces of atmospheric argon in
order to yield accurate measurements of the small
amounts of argon produced by the radioactive decay
of potassium. The work by Cox and his colleagues
persuaded many scientists that palaeomagnetism must
be taken seriously. Once again, however, another group
was doing the same research. Within weeks of its ap-
pearance, Nature published ‘Dating Polarity Geomag-
netic Reversals’ by Ian McDougal and Donald Tarling,
who had established a palaeomagnetism laboratory at
the Australian National University, and were friendly
rivals of the group at Menlo Park.

Transform Faults: 1965

In June 1965, Nature published a paper by Wilson
entitled: ‘A New Class of Faults and their Bearing on
Continental Drift’, in which he proposed what he
called ‘transform faults’ as a test of sea-floor spread-
ing. These are faults with large horizontal movements
that appear, along with their seismic activity, to
terminate abruptly. He wrote that instead of just
terminating, these faults are ‘transformed’, at each
end, into mid-ocean ridges (see Tectonics: Mid-
Ocean Ridges), mountain ranges, trenches, or island
arcs (see Tectonics: Ocean Trenches), which together
make up the network of mobile belts that divide the
Earth’s surface into large, rigid plates. Wilson cited
the San Andreas as a transform fault on land with
its southern end connected to the oceanic ridge in
the Gulf of California and its northern end to one
north of Cape Mendocino. But his clearest examples
of transform faults were those that connect offset
segments of spreading oceanic ridges. As shown in
Figure 2, all the slabs of ocean floor on each flank
of a ridge move side-by-side down-slope and across
the seafloor. Nevertheless, along the transform fault
plane connecting the ridge crests, and only there, the
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Figure 2 An evolving transform fault (A) Two expanding ridges
are connected by a transform fault along which rocks moving
down the eastern slope of the upper segment move in the oppos-
ite direction from those moving down the western slope of the
lower segment. (B) After a lapse of time, spreading has advanced
but the offset of the ridge has not changed, and movement along
the fault still is confined to the ridge-ridge section. The dashed
extensions of the fault have become aseismic fracture zones.
Note that along a transform fault, the hot eruptive zones on
the ridge crests lie adjacent to cold walls of older, subsiding
rocks on the flanks. (After Wilson (1965) combined by Mason in
Oreskes, 2001; reproduced by permission of Oreskes to Mason
and Westview Press.)

rock walls move in opposite directions. Wilson noted
that in 1963 Lynn Sykes at Lamont had shown that
along the fracture zones cross-cutting the ridges, seis-
mic activity is strictly limited to these transform fault
planes. Wilson attributed this to the relative motions
of the rock walls and also to the marked differences in
temperature, elevation, and age of the rocks across
the fault — where hot rock beneath a ridge is juxta-
posed with a cold wall of much older seafloor. How
did the ridges become offset into segments? Wilson
and Sykes both argued that the offsets formed in place
when the lithosphere first split open at the beginning
of the present cycle of ridge building. No strike-slip
faulting separated them, nor has there been any along
the fracture zones, which now were recognized as
topographic continuations of transform faults that
became aseismic when spreading carried them
beyond the ridge crests.

Wilson’s paper led to a major change in the history
of structural geology. Its reception was mostly posi-
tive as geoscientists looked at their problems from the
new perspective. But in March 1965, Alan Coode, at
Newcastle University, had sent a short note illustrated
with a block diagram of ridge segments connected by
a transform fault (although he gave no new name to
it) to the Canadian Journal of Earth Sciences. That

journal appears quarterly, so Coode’s article was
published, to little notice, a week or two after
Wilson’s paper appeared in Nature. Great honours
would be showered on Wilson; none on Coode,
although he had submitted his paper first.

The Eitanin Profile: 1966

Sea-floor spreading got off to a slow start partly
because neither the Vine-Mathews nor the Mason—
Raff papers showed obvious symmetry of linear mag-
netic anomalies across oceanic ridges. Early in 1966,
James Heirtzler, Xavier Le Pichon, and ] G Baron at
Lamont published the results of an aeromagnetic
survey over the Reykjanes Ridge, south of Iceland,
which yielded a beautifully symmetrical pattern of
magnetic stripes across a spreading ridge. They com-
puted the spreading rate at slightly less than 2 cm per
year of separation.

In December 1966, Walter Pitman III, and Heirt-
zler, at Lamont published the magnetic profiles
recorded by the research vessel, Eltanin, during four
passes over the Pacific-Antarctic Ridge, south of
Easter Island. All four profiles gave similar results
but the most southerly one, Eltanin-19, was so spec-
tacularly symmetrical, both in the topography of the
ridge and its record of magnetic reversals that it seems
to have prompted mass conversions to sea-floor
spreading, first at Lamont and then elsewhere. The
profile showed each of the dated magnetic epochs of
the past 3.4my, for which it yielded a computed
spreading rate of 9 cm per year of separation. Assum-
ing a constant spreading rate within 500 km on either
side of the ridge, the profile made it possible to extend
the series of geomagnetic reversals back to 10 my.
Pitman and Heirtzler documented a good match be-
tween the anomalies in the South Pacific and those on
the Reykjanes Ridge, adjusted for the slower spread-
ing rate in the Atlantic. Today the Eltanin-19 profile
is ranked as one of the most important pieces of
evidence in the history of geophysics. And further
confirmation was at hand. Approaching the problem
by an independent method, Neil Opdyke and his
colleagues at Lamont, plotted the magnetic polarities
of fossiliferous strata from deepsea cores of the South
Pacific floor. Early in 1966, they found a definitive
match with the dated record in the basaltic oceanic
bedrock.

In February 1966, Vine visited Lamont where
Heirtzler gave him a copy of the Eltanin-19 profile.
Vine incorporated it into his paper ‘Spreading of the
Ocean Floor: New Evidence’, which appeared in Sci-
ence the following December, shortly after one by
Pitmann and Heirtzler. In it, Vine presented six
symmetrical profiles of magnetic anomalies across
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ridges in the Atlantic, Indian, and Pacific Oceans, and
showed that the linear anomalies on the East Pacific
Rise match those on the Juan de Fuca Ridge off-
shore from British Columbia, even though they lie
11000 km apart. His computed spreading rates for
all the ridges ranged from about 2.0 to 3.0cm of
separation per year in the Atlantic and Indian Oceans
to 8.8 cm per year across the East Pacific Rise. Vine
speculated that the whole history of the ocean basins
in terms of ocean-floor spreading must be ‘frozen-in’
as paired magnetic anomalies in the oceanic crust.
Meanwhile, Vine had given a summary of his results
in November at the annual meeting of the Geological
Society of America, where it startled many geologists
with their first serious introduction to sea-floor
spreading.

A Matching of Continents: 1966

At the same GSA meeting, Patrick Hurley, a geochron-
ologist at the Massachusetts Institute of Technology,
presented a paper, with nine co-authors, offering
radiometric evidence for continental drift. After
attending the Symposium on Continental Drift, or-
ganised in 1964 for the Royal Society by Patrick
Blackett, Edward Bullard, and Keith Runcorn, Hurley
said: “I went to London a fixist and came home a
drifter”. Bullard had displayed a map that had been
programmed by a computer to apply Euler’s theorem
to find the best fit of the continents across the Atlantic.
The map showed an especially close fit between Brazil
and Ghana, where Hurley knew that a sharp contact
had been mapped between two rock provinces that
were 600 million years old and 2000 million years old,
respectively. If Bullard’s map were applicable, the
same two provinces should occur near Sdo Luis at
the easternmost tip of Brazil. Hurley gathered a
group of Brazilian and other collaborators who
obtained rock samples from the region of Sdo Luis
and dated them. The results showed an excellent
match between the petrology and dates of the two
rock provinces now on opposite sides of the Atlantic.
Hurley’s research was crucial in persuading many
American geologists to accept continental drift via
seafloor spreading. In America, the doctrine of the
permanence of continents and ocean basins, founded
by James Dwight Dana at Yale in 1846, finally expired
in 1967.

Plate Tectonics: 1967-1968

Of the many papers published during the emergence in
1967 and 1968 of plate tectonics from sea-floor
spreading, four of them often are cited as milestones.

The earliest of the four, “The North Pacific: An Exam-
ple of Tectonics on a Sphere’, by Dan MacKenzie and
David Parker, applied the concept of transform faults
to motions on a sphere on which aseismic areas move
as rigid plates. They, too, applied Euler’s theorem
(with which Wilson acknowledged he had been un-
familiar when he wrote of the movement of rigid
plates) to the effect that any displacement of a plate
on a spherical surface may be considered as a rigid
rotation about a fixed vertical axis. It follows that the
slip vectors of moving plates must describe small
circles around the Euler pole. McKenzie and Parker
used fault-plane solutions for earthquakes in the
North Pacific to work out the actual directions of the
slip vectors and found that they wholly conformed to
the sea-floor spreading model.

The remaining three papers, all of which review the
evidence in broad fields, appeared early in 1968, in
Volume 73 of the Journal of Geophysical Research. In
his paper entitled ‘Rises, Trenches, Great Faults,
and Crustal Blocks’, Jason Morgan at Princeton
presented the first depiction of the entire surface of
the Earth divided into rigid blocks, each having
three types of boundaries: ridges where new crust is
formed; trenches or mountain ranges where crust is
destroyed by sinking or shortened by folding; and
great faults. His diagram showed twenty rigid blocks,
large and small, identified by the seismicity at their
boundaries.

Morgan’s interpretation required that the seafloors
must move as rigid blocks, for which the thin oceanic
crust lacks the required strength. Therefore, he envi-
sioned the outer layer of the Earth as a rigid ‘tecto-
sphere’ about 100km thick, sliding over the weak
asthenosphere. He argued that the location of an
oceanic ridge is determined, not by the activity of
some deep-seated system of thermal convection, but
by the motions of the blocks themselves: wherever
tensional forces fracture the tectosphere to a depth of
100 km, hot mantle material wells up between the
blocks and serves as a zone of weakness. Subsequently,
each new intrusion of mantle material is injected into
the centre of the most recent one, thus maintaining a
median position for a spreading ridge in most cases.
He argued that the emplacement of new ocean floor
would be reflected in the symmetry of its magnetic
anomalies and from these he charted the history of
motions that brought the blocks to their present
positions.

In an article titled: ‘Sea-floor Spreading and Con-
tinental Drift’, Xavier Le Pichon, then a visitor at
Lamont, asked whether large crustal blocks do, in
fact, move for significant distances without any de-
formation of the sea-floor sediments or the continen-
tal interiors. He adopted a simple model of six large
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blocks (rather than Morgan’s twenty), analysed their
slip vectors, and found the results in reasonable ag-
reement with the globe’s physiographic, seismic, and
geological data. Le Pichon then extended his analysis
back over the past 65my, looking for patterns of
continental drift and sea-floor spreading. He reported
evidence for three major episodes of spreading — one
in the Late Mesozoic, one in the Early Cenozoic, and
one in the Late Cenozoic — with a major reorganiza-
tion of the global pattern occurring at the beginning
of each cycle. He correlated the slowing down of each
cycle of spreading with the onset of mountain-build-
ing. Le Pichon’s analysis of surface motions provided
a coherent and intelligible history of interrelated plate
motions over the entire globe.

Lamont’s group of seismologists contributed ‘Seis-
mology and the New Global Tectonics’, by Bryan
Isacks, Jack Oliver, and Lynn Sykes. Sykes previously
had shown that not only was seismicity limited to
transform fault planes but that first motions on
spreading ridges also confirmed Wilson’s predictions
for transform faults. Now the group reviewed the full
range of seismological evidence that supports plate
tectonics. The spreading oceanic ridge-rifts are loci
of shallow-focus normal faulting. The East Pacific
Rise, which has no rift and few earthquakes, appears
to be spreading rapidly by ductile flow. Deep-focus
earthquakes occur only on planes dipping beneath
continents and into trenches. At first the group had
been surprised to observe that these quakes generate
high-frequency seismic waves which travel faster and
more efficiently along the seismic zones than had
been expected. This led to their realisation that the
quakes are generated within slabs of rigid lithosphere
as they descend into the yielding asthenosphere —
the process called subduction (see Tectonics: Ocean
Trenches). These seismologists concluded that the
sinking of cold, heavy plates plays a dominant role
in generating plate motion. Their task of analysing
earthquakes globally was aided immeasurably by the
establishment by the US Coast and Geodetic Survey
of the World Wide Standardized Network (WWSSN)
of 125 stations from which data was continually
transmitted to a central location for digitising and
archiving. By the mid-1960s, the data were available
on microfilm. The original purpose had been to dis-
tinguish between earthquakes and underground
nuclear explosions, but the Network was an invalu-
able source of high-quality data for seismologists.
The mid-1960s also saw the development of high-
speed computers and of programs, capable of redu-
cing reams of data from continuous recordings of
many kinds. These, along with other technical ad-
vances, played an essential role in developing the
theory of plate tectonics.

Plate Tectonics Today

Plate tectonics rapidly became the dominant model
of geoscience. It simplifies our understanding of the
three principal igneous rock types that make up the
Earth’s crust: the basalts of the ocean floors are de-
rived by partial melting of the peridotite mantle and
erupted at the spreading ridges; the more siliceous
andesites are derived by partial melting plus dehydra-
tion of descending slabs of lithosphere and are erupted
over subduction zones, where they continuously con-
tribute to island arcs and continental margins; the still
more silica-rich continental rocks arose from the
growth of andesitic landmasses and their subsequent
reworking by metamorphism and metasomatism
to form granitic plutons and rhyolitic volcanics, with
no contribution from the mantle. Beginning with
the first andesitic volcanoes, the buoyant continents
have grown in area throughout geologic history while
the oceans floors have lost area to subduction. By one
estimate, the rapidly moving Pacific floor may disap-
pear about 200 million years from now, when North
America will collide with Asia.

Our understanding of the mechanism driving plate
tectonics remains incomplete. Many scientists have
abandoned the idea of rolling convection cells, which
would not form a coherent system beneath the seg-
mented oceanic ridges. However, we know that the
asthenosphere is close to the melting point, so some
scientists argue that global stresses rent the litho-
sphere into the pattern of mobile belts resembling
the seam on a tennis ball. To them, the cracks came
first and the basalts of the spreading ridges arose from
decompressional melting of the mantle. They also see
the gravitational pull of the cold, heavy slabs of sink-
ing lithosphere as a prime factor in maintaining plate
motion.

But the mantle is by no means a quiescent domain.
It includes very deep-seated ‘hot spots’ from which
vertical plumes arise and erupt as volcanoes. Each hot
spot persists for millions of years. A dramatic example
is the hot spot beneath the big island of Hawaii, which
has remained fixed-in-place for 60 my while the Pa-
cific plate has moved over it carrying a long line of
islands and seamounts with ages steadily increasing
toward the north-west. There is even a bend in the line
showing that about 46 my ago the plate shifted its
motion from northwest to almost due north. We now
know of more than 100 mantle plumes under contin-
ental areas, oceanic ridges, and islands (Figure 3).
Surely these long-lived sources of magma make a
powerful contribution to the thermal instabilities in-
volved in plate motions. Today, with or without our
having to specify details of the causal mechanism, the
theory of plate tectonics seems secure.
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Is Plate Tectonics Unique to
the Earth?

Only two of the more than 100 planets that we have
discovered outside our solar system have actually been
seen as black spots passing in front of their suns. All
the rest are inferred from irregularities in the orbits of
their suns. Therefore, a search for plate tectonics out-
side the Earth must be limited to our four rocky neigh-
bours in the inner Solar System — our Moon, Mercury,
Venus, and Mars — and some of the moons of the outer
planets. We have analysed samples collected on the
Moon, and analysed those rare meteorites that have
been projected to Earth by impacts on the Moon and
Mars. In addition, we have landed analytical instru-
ments on the surfaces of the Moon, Venus, and Mars.
All our results show that the crusts of these bodies
consist of basalts and related rocks that are akin to
those of our ocean floors. As yet we have found no
evidence of granitic continents.

Scientists have searched in vain on images of these
bodies for patterns indicative of plate boundaries (see
Tectonics: Convergent Plate Boundaries and Accre-
tionary Wedges): long ridges like spreading zones,
chains of folded mountain ranges, or lines of volca-
noes. Our Moon and Mercury are volcanically dead
and pockmarked by impact craters. Venus, beneath its

thick layer of clouds, appears to have been resurfaced
with fresh basalts about 5 my ago, but it shows no
linear pattern of features resembling ridges or subduc-
tion zones. Mars has the largest volcanoes in the Solar
System, but they are scattered over a large area, and
we see no evidence there of linear mountain ranges or
trenches. Even less promising are the icy moons of the
giant planets. We conclude that plate tectonics is
unique to the Earth.

In this, we are fortunate, because plate tectonics is
one of the essential factors that enable our planet to
support complex forms of life. Volcanic eruptions
continually renew Earth’s waters and its atmosphere,
including ozone, that shields us from lethal solar radi-
ation, and the greenhouse gases that moderate the tem-
perature and maintain it within a livable range for
mammals. The creation of new islands and splitting
and rearranging of continental areas generate a great
variety of habitats which, in turn, minimizes the effect-
iveness of mass extinctions from whatever cause.
Were plate motion to cease, mountain building (see
Tectonics: Mountain Building and Orogeny) would
cease, and uninterrupted erosion would begin to
wear down the continents. Ultimately, the deposition
of sediments in the oceans would presumably raise
sea-level enough to flood much of the land surface.
We literally owe our lives to plate tectonics.
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Introduction

All phenomena that involve rock in the liquid (molten)
state are igneous processes. Molten or partially molten
rock at depth in the earth is called magma; if erupted
onto the surface at a volcano, it is then called lava (see
Lava). Igneous processes involve making magma from
previously solid source rocks, moving magma from one
place to another, and freezing magma to produce igne-
ous rocks. Although all of these steps may overlap, it is
convenient to separate a discussion of igneous pro-
cesses into three separate processes: melting processes,
such as decompression melting, flux melting, conduct-
ive heating, and impact melting; magma transport
processes, such as porous flow, dike injection, pluton
emplacement, and volcanic eruption; and differenti-
ation processes, such as fractional crystallization,
magma mixing, and assimilation.

Igneous processes are distinguished from meta-
morphic processes, in which minerals react to form
new rocks but melting does not occur, and from aque-
ous or hydrothermal processes, in which the compos-
ition of the fluid phase is dominated by water or other
highly volatile components rather than by molten
rock-forming minerals, although both metamorphism
and hydrothermal activity are closely associated with
igneous activity. Igneous processes are an essential
part of the rock cycle; they lead to the formation of
the wide diversity of observed igneous rocks and they
constitute the fundamental process by which Earth
and the planets differentiate into crust and mantle.
The surface of the Earth reflects sources and processes
at depth; by delivering material to the surface, igneous
processes provide geologists and geochemists with
essential information from which to constrain the
compositional, mineralogical, and thermal character
of Earth’s interior. On Earth, igneous processes are
closely related to plate tectonics, in that igneous ac-
tivity is concentrated at divergent and convergent
plate boundaries, although intraplate magmatism
occurs as well. The types of igneous processes that
occur in particular tectonic environments and the
types of igneous rocks that result are generally
characteristic of those environments. Therefore, dis-
tinctive associations of ancient igneous rocks, to-
gether with distinctive structural, metamorphic, and
sedimentary features, can be used to identify ancient

tectonic environments by comparison to modern
examples.

Igneous processes are closely linked to the igneous
rocks that are their final products. Basaltic magma-
tism (creating rocks such as basalt, gabbro, and
komatiite) results from partial melting of planetary
mantles of ultramafic composition; on Earth, this is
seen at mid-ocean ridges, back-arc basins, large igne-
ous provinces, continental rifts, intraplate hotspots,
and subduction zones. Intermediate and silicic mag-
matism (creating rocks such as andesite, diorite, rhyo-
lite, obsidian, and granite) is restricted to continental
crust and is most common above subduction zones
(see Igneous Rocks: Granite; Obsidian). Many eco-
nomically significant ore deposits are associated with
silicic magmatic activity; these are known as mag-
matic ores (see Mineral Deposits and Their Genesis).

Melting Processes

An important aspect of the modern understanding of
igneous processes is that the interior of Earth is pre-
dominantly solid. This has not always been recognized,;
early geologists supposed that volcanic eruption of lava
resulted from tapping of some permanently molten or
glassy layer within Earth. Seismology, however, shows
that Earth’s crust and mantle transmit shear waves,
which requires them to have rigidity. It is also known
that the source regions of magma in the interior of
Earth are too hot for glass to persist over geologic
time. The shallow part of the mantle magma is less
dense than solid rock and will rapidly separate and
ascend rather than be stored for long times, whereas
the pressure in the deeper part of the mantle is high
enough to keep rocks in the solid state despite their high
temperatures. Therefore, regions of volcanic activity
are not simply areas where magma is tapped, but, first
and foremost, are areas where magma is being created
by melting of previously solid rocks.

In common experience, a solid material (e.g., an ice
cube) is melted by first increasing its temperature to
the melting point and then supplying the latent heat
of fusion to transform the solid into a liquid. Intui-
tively, then, it might be imagined that melting of rocks
is accomplished by increasing the temperature of the
source rocks or by heat flow into the melting region. In
this case, intuition is misleading; the dominant melting
processes inside Earth are decompression melting and
flux melting, both of which occur without increase in
temperature or flow of heat, because the energy neces-
sary to drive melting under the right circumstances is
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already present in the source material. Furthermore,
the phase relations of rocks are somewhat more com-
plicated than can be understood by thinking of a single
melting point, such as that of ice at ambient condi-
tions. First, even for a pure substance such as ice, or for
certain model mineral systems, the melting tempera-
ture is a function of pressure; for most substances, the
melting temperature increases with pressure. Also,
natural rocks are not pure substances but are mechan-
ical mixtures of several minerals, each of which is a
solid solution of many chemical components. This
causes the melting temperature to widen into a range
of partial melting temperatures, even at constant pres-
sure. The point at which melting of a given rock begins
with increasing temperature is called the solidus; the
locus of such points at various pressures is the solidus
curve. The point at which melting is complete and the
last crystal disappears with increasing temperature is
called the liquidus; the locus of such points at various
pressures is the liquidus curve.

The solidus and liquidus curves for the most
common composition in Earth’s mantle are shown in
Figure 1. These curves provide a context for much of
the discussion of melting, because they show the pres-
sure and temperature conditions at which mantle
rocks partially melt, as well as the temperatures that
actually occur in Earth’s upper mantle in various tec-
tonic regions. The gradient of temperature over the
first several hundred kilometres in depth below a
given place on Earth is divided into two intervals.
The lithosphere generally encompasses the entire
crust and that part of the upper mantle that is cold
enough to act as a rigid material. The lithosphere can
deform by faulting, but vertical motions are limited
and hence heat transport through the lithosphere is
dominated by conduction. Transportation of the
geothermal heat flow by conduction causes the litho-
sphere to sustain a large thermal gradient; tem-
perature increases with depth in the lithosphere by
SO0K GPa~' (16°Ckm™"') or more. With increasing
temperature, the plastic strength, or viscosity, of
mantle rocks decreases to the point at which it be-
comes more efficient to transport geothermal heat
flow by convection (in other words, by upwards ver-
tical flow of hot material and downwards vertical
flow of colder material at plate-tectonic rates of up
to tens of centimetres per year). Heat transport by
convection tends to drive the vertical temperature
gradient towards the value that a parcel of material
follows when its pressure changes without addition or
removal of heat, the adiabatic gradient, which for
mantle minerals is about 10K GPa~!. The part of
the mantle dominated by convective transport and
displaying a nearly adiabatic temperature gradient is
called the asthenosphere.

The temperature within the asthenosphere is char-
acterized by a quantity called potential temperature,
which is the temperature obtained by extrapolating
the adiabatic gradient to the surface as if there were
no lithosphere (and no melting). The potential tem-
perature of the upper mantle sampled by mid-ocean
ridges is thought to vary between about 1250° and
1400°C, whereas hotspots such as Hawaii may be
underlain by hot plumes with potential temperature
up to 1500°C. The temperature gradient and heat
flow in the lithosphere are governed by the age and
thickness of the lithosphere. For a normal potential
temperature of 1350°C, Figure 1 shows a mid-ocean
ridge thermal profile, wherein the zero-age litho-
sphere is only 10-30-km thick and the asthenosphere
temperature profile extends nearly to the surface.
Note that this temperature profile crosses the dry
solidus of peridotite. Also plotted are an old oceanic
thermal profile with a roughly 100 km-thick litho-
sphere and a stable continental thermal profile with
a 150-km-thick lithosphere, both of which cross the
water-saturated solidus of peridotite but stay well
below the dry solidus.

Decompression Melting

Decompression melting drives basaltic volcanism at
mid-ocean ridges, hotspots, back-arc basins, and may
contribute to some extent in subduction-related is-
land arcs and continental arcs as well. To understand
decompression melting, it is necessary to consider the
temperature structure of Earth, the phase relations of
mantle rocks, and the existence of vertical flows in the
asthenosphere that are fast enough to move material
around without significant heat exchange with the
surroundings.

The surface of Earth is cold, too cold for molten
rock to be stable. At depths of more than a few
hundred kilometres, the interior of Earth is every-
where at high enough temperature that, at ambient
pressure, mantle rocks would be at least partially
molten. However, at these depths, the pressure is
high enough to raise the solidus temperature well
above modern asthenosphere temperatures. In other
words, although the temperature increases with in-
creasing pressure in the asthenosphere by about
10K GPa ™, the dry solidus temperature of mantle
rocks increases by about 130 K GPa~'. Conversely,
then, if solid material in the asthenosphere can flow
upwards more quickly than heat can be conducted
out of it, it will cool by only 10K GPa~' while
the solidus temperature decreases by 130K GPa ™'
and the upwelling material will intersect the solidus
and begin melting. Therefore, the expectation is to
find basaltic magma anywhere that horizontal exten-
sion of the lithosphere allows the asthenosphere to
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Figure 1 The pressure-temperature structure and physical locations of major igneous processes on Earth. Curves shown in
pressure—temperature space include the liquidus of peridotite, the major rock composing the Earth’s upper mantle; the solidus of
peridotite under dry conditions; the solidus of peridotite in the presence of excess water; and the breakdown of the hydrous mineral
amphibole, which can store water and prevent wet melting as long as it is stable. Compared to these underlying phase relations, the
temperature structures of lithosphere and asthenosphere underlying mid-ocean ridges, hotspots, and continents are shown. This
shows that melting of peridotite is expected at low pressure and dry conditions under mid-ocean ridges (1), at high pressure and either
hot or damp conditions at intraplate hotspots (2), and at wet and cold conditions above the water-saturated solidus and amphibole
stability limit within subduction zones (3).

flow upwards with minimal cooling and fill the
resulting gap. This is the case at mid-ocean ridges
(region 1 in Figure 1) and in well-developed con-
tinental rifts (region 4 in Figure 1). At higher potential
temperatures or higher mantle water contents, the
asthenospheric temperature profile will cross the
peridotite solidus at higher pressure, so that up-
welling flow can drive melting even beneath a thick
lithosphere. This is the case at hotspot localities such
as Hawaii (region 2 in Figure 1) and in large-scale
igneous provinces such as the Ontong-Java plateau
or the Columbia River flood basalt (see Large Igneous

Provinces). Whether decompression melting occurs
in any particular environment depends on the po-
tential temperature, the water content of the
source rocks (see later), and the extent to which the
lithosphere is thinned or removed to allow the as-
thenospheric temperature gradient to extend close to
the surface.

It is important to realize that decompression
melting is always a partial melting process; there
is always a solid residue left behind in the mantle.
Although a completely liquid magma can separate
from the residue, this is the result of magma transport
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(see later), not of complete melting. With continued
decompression above the point of intersection with
the solidus, partial melting continues and reaches
higher extents of melting for longer melting columns.
Thus, the volume or flux of magma generated
depends on the same variables that determine
whether melting occurs in the first place (lithosphere
thickness, potential temperature, and water content)
as well on as the flow rate of mantle source rocks
through the melting region.

Flux Melting

At subduction zones, a cold slab of old oceanic litho-
sphere flows down into the mantle and induces down-
wards corner flow of the mantle wedge above the
slab and below the thick lithosphere of the overlying
plate. The shape of the dry solidus of peridotite and
the energetics of decompression melting show that
melting is to be expected under thin lithosphere,
where the mantle is hot, and where the flow direction
is upwards. Subduction zones presumably show none
of these characteristics, yet most of Earth’s most
recognizable volcanoes and nearly all of the hazard-
ous ones form above subduction zones. Clearly, a
great deal of melting occurs in such settings. This
primarily results from the introduction of water into
the mantle wedge via subduction of oceanic sedi-
ments and hydrothermally altered oceanic crust. At
high pressures, when water can readily dissolve in
magma, it acts as a flux; Figure 1 shows that the
water-saturated solidus of peridotite is several hun-
dred degrees below the dry solidus. At intermediate
water contents, melting begins on a damp solidus
curve between the two limits shown. The process of
melting by addition of water to material below its dry
solidus, but at or above the wet solidus, is called flux
melting, which is the second most efficient source of
magmatism on Earth.

Subduction zone magmatism is complex, but gen-
erally, there is consensus on the essential elements.
The subducting slab remains relatively cold, and
only the sedimentary component is thought to melt
directly, creating a mobile liquid that ascends into the
shallow part of the overlying mantle wedge and re-
freezes, modifying the composition of the wedge. At
somewhat greater depth, the basaltic component of
the slab undergoes a series of dehydration reactions
that create a water-rich fluid. The stability limits of
hydrous minerals in peridotite are different from
those in basalt, so that as this fluid ascends out
of the slab and into the immediately overlying cold
part of the mantle wedge, it may also freeze in place
and generate an enriched, hydrated mantle source.
However, with further downflow along the slab, or if
the fluid can migrate far enough into the hot interior

of the mantle wedge, this material crosses the hydrous
solidus (region 3 in Figure 1) and partially melts to
create primary arc basalt.

Heating by conduction At locations remote from
plate boundaries and hotspots (for example, in
continental interiors), volcanism and magmatic intru-
sion do occur, requiring a mechanism other than
decompression or flux melting. These locations in-
clude large rhyolitic caldera-forming systems such as
Long Valley, in California. Their source materials are
embedded in the lithosphere (which is both too cold
and too rigid for decompression melting to be effect-
ive) and, on a stable long-term geotherm, sit below
even the water-saturated solidus curve. Direct heating
by conduction is therefore the most likely mechanism
for bringing these sources into their melting range.
Why should conduction deliver more heat in one
place than in another? The answer generally goes
back to decompression melting in the underlying
mantle. Geochemical and geophysical evidence typic-
ally shows that, although the principal source of
intraplate volcanism may be within the crust, there
is often a mantle component. Ponding of basaltic ma-
gma and subsequent underplating of basaltic rocks at
the base of the crust are the most efficient ways to
focus a large heat flow into a specific region of the
crust. Because basalts crystallize at temperatures
above 1000°C and the rocks of the continental crust
can begin melting (in the presence of water) near
700°C, it is clear that crustal melting is a likely con-
sequence of the arrival of a large mass of basalt at the
base of the crust. If the basalt actually intrudes the
crust and assimilates or mixes with the resulting
melts of surrounding crustal rocks, the process may
be described as a differentiation process (see later)
affecting the basalt, as well as a melting process
affecting the wallrock.

Magma Transport

The transport of magma from regions of melting to
regions of emplacement or eruption is a fundamental
aspect of igneous phenomena; indeed, the outpouring
of lava or explosive eruption of volcanic ash is the
most obvious and hazardous manifestation of igneous
activity. Most of the melting processes that occur
inside Earth are partial melting processes, producing
a mixture of liquid and residual minerals. Somehow
the liquid component of this mixture is physically
separated from the residue and is transported, gener-
ally to shallower depths. Thus, for example, a mid-
ocean ridge basalt created by 10% melting of its
mantle source may erupt as a 100% liquid, because
the liquid and residue have been separated by melt
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migration. Indeed, in the absence of separation be-
tween melts and residues, igneous processes would be
unable to drive differentiation of Earth into mantle
and crust, and would be unable to produce many of
the eruptive phenomena associated with volcanism.
There are several mechanisms of magma transport
to discuss (Figure 2), but all of them are driven es-
sentially by the same force: gravity acting on the

buoyancy of melts or melt—gas mixtures relative to
residual minerals or wallrocks. That is, when a rock
partially melts, at least at the pressures at which most
melting takes place inside Earth today, the liquid is
less dense than its surroundings are. Gravity will
therefore cause the melt to rise, if a pathway is avail-
able that allows it to do so. Such a pathway can be
established by intergranular porous flow, if the liquid

Melt
tubule

(A)

(€)

Figure 2 lllustrations of magma transport mechanisms. (A) During partial melting of mantle rock, the melt phase organizes into an
interconnected network of tubules along the intersections where three or four solid crystals of the residual rock meet. This allows the
melt to move by porous flow. (B) Bands of dunite (light colour, olivine only) and harzburgite (dark colour, olivine plus orthopyroxene) in
a section of former oceanic upper mantle exposed in the Sultanate of Oman; the adjacent diagram is a numerical model of the
development of such structures by porous flow, in which melt is able to develop preferred flow pathways by dissolving orthopyroxene.
(C) Sketch of a buoyant diapir of partially molten rock rising through denser asthenosphere containing less melt. (D) A dyke of basalt
intruded into sedimentary rocks in the Grand Canyon, Arizona, USA. (C) Reprinted with permission from Basaltic Volcanism Study
Group (1981) Basaltic Volcanism on the Terrestrial Planets, p. 499. (B) Reprinted with permission from Braun MG and Kelemen PB (1992)
Dunite distribution in the Oman ophiolite: Implications for melt flux through porous dunite conduits, with permission from American
Geophysical Union. (D) Reprinted with permission from Kelemen PB, Hirth G, Shimizu N, Spiegelman M, and Dick HJB (1997)
Philosophical Transactions of the Royal Society of London, Series A 355, p. 296.
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forms an interconnected network along the grain
boundaries of the partially molten rock, or by opening
a crack or dyke in the overlying rock to create a
conduit for melt flow. Also, the partially molten as-
semblage is less dense than is the unmelted rock of the
same bulk composition, and therefore melts can rise
by diapirism, or upward flow of the entire partially
molten region, so long as the surroundings are weak
enough to allow such flow. Finally, as melts containing
dissolved volatiles reach low pressures in the crust, the
dissolved gas components form bubbles. This leads to
a runaway drop in density, increase in buoyancy,
faster uprise, and continued bubble growth; the end
result may be fragmentation of the magma as bubbles
begin to touch each other, and the explosive eruption
of tiny shards of volcanic glass called ash.

Porous Flow

The initial stage of the melt separation process is
presumably porous flow. Experiments on the texture
of partially molten mantle-like rocks shows that, at
mantle temperatures and small degrees of partial
melting, the melt phase organizes into a network of
tubules along the boundaries of crystals that make up
the solid residue (Figure 2A). The melt thereby estab-
lishes an interconnected network through which it
can migrate relative to the solid. Such porous flow is
driven by pressure gradients, principally due to grav-
ity but also due to shearing forces as the host rock
deforms, and resisted by the viscosity of the magma
and the permeability of the host rock. Although the
exact relationship is unknown, permeability is an
increasing function of the fraction of melt present,
such that more melt can flow through a region
where more melt is present. Porous flow is a rather
slow melt migration process and is thought to allow
continuous chemical equilibration between melts and
solids, under mantle conditions. Such chemical equili-
bration can, in some cases, lead to extra melting and
an increase in local melt fraction. Because this in-
creases the permeability, increased flow can lead to
yet more extra melting and an instability can develop
whereby a porous flow system evolves into a set of
high-porosity, high-flux conduits embedded in a low-
porosity, low-flux matrix. This process is thought to
be important in the rapid extraction of basaltic
magma from the mantle, in determining the chemical
characteristics of mid-ocean ridge basalt, and in ex-
plaining the rock types and distributions seen in
outcrops of former oceanic mantle rocks (Figure 2B).

Diapirism
In addition to relative flow between melt and solids in

a partial melt, the bulk partially molten assem-
blage can migrate relative to surrounding regions

(Figure 2C). When a mass of bulk partial melt flows
upwards because of its thermal or melt-induced buoy-
ancy, this is called a diapir. The significance of diapir-
ism in many magmatic settings is unclear. There may
be a component of active, buoyancy-driven flow be-
neath mid-ocean ridges, but, in general, this is not
necessary to explain the existence of ridges or the
eruption of magmas on-axis. There may be buoyant
upwellings of hydrated and/or partially molten ma-
terial from near the slab in subduction zones, and this
may help to explain the large degrees of melting and
large volumes of melt emplaced in such settings, but,
again, this is controversial. The most likely setting in
which diapirism is essential to explaining observed
field relations is in the emplacement of granitic
plutons within continental crust.

Dyke Injection

In the lithosphere, porous flow becomes an inefficient
means of moving melts. The low temperatures and
conductive heat flow imply that melts migrating
slowly through the lithosphere will begin to freeze.
This reverses the permeability feedback that occurs in
the asthenosphere, and chokes off melt conduits
where melt is able to react with wallrocks. Also, the
plastic strength of minerals increases with decreasing
temperature to the point at which the host minerals
are unable to compact or expand to accommodate
changes in melt fraction. On the other hand, this
allows differential stresses to accumulate rather than
relax. As pressure decreases, the differential stress
needed to cause brittle failure and crack propagation
decreases as well. Hence, at shallow depths, melt
migration becomes dominated by the formation of
cracks and the flow of melt through the resulting
conduits. This process is called dyke injection, and
the tabular bodies of igneous rock that end up frozen
in such crack-related conduits are called dykes
(Figure 2D). By its nature, dyke injection is an episodic
process; it requires stress to build to the point of
failure and it requires a large pool of melt to flow
suddenly into the dyke and maintain stress at the
crack tip. On the other hand, porous flow is a continu-
ous process. The transition from porous flow to dyke
injection, which is associated in some way with the
transition from asthenosphere to lithosphere, is there-
fore a likely location for melt to pond and accumulate
in some temporary storage reservoir. This is one mech-
anism for developing a magma chamber, the primary
site where differentiation takes place (see later).

Eruption

When the products of igneous activity within Earth,
in the form of lava or ash, flow or explode onto
the surface, the site of eruption is called a volcano.
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This is a type of igneous process, clearly involving
melt transport. (see Pyroclastics, Volcanoes).

Differentiation Processes

Much of the diversity of igneous rock compositions
found on Earth results from the evolution of magmas
once they have migrated away from the melting
region of their source and have arrived at a shallow
enough depth to begin crystallizing. The sets of pro-
cesses that act on a primary magma after separation
from its source are collectively called differentiation,
and they include partial crystallization, assimilation
of foreign material, and mixing of various magmas.

Just as the melt phase composition is distinct from the
residue composition during melting, allowing separ-
ation of chemical components by partial melting, so
the crystals that form during differentiation differ in
composition from the liquid, and so by mass balance
cause the liquid to evolve in composition as it cools
and crystallizes. During crystallization, the liquidus is
the temperature at which the first crystals appear and
the solidus is the temperature at which the last bit of
liquid freezes.

Fractional Crystallization

The dominant process relating a suite of igneous
rocks within a given locality is often fractional
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Figure 3 lllustration of complementary formation of plutonic and volcanic rocks by fractional crystallization. The graph shows MgO
and Al,O3 contents measured in a suite of samples of volcanic glass recovered from a small area of the Mid-Atlantic Ridge. The solid
double-headed arrows show the evolution of magma composition that results from the withdrawal of particular combinations of
minerals, and the dashed arrows point towards the rocks that form by accumulation of the fractionated minerals. The first mineral to
crystallize from the parental liquid is olivine (pale green). Olivine is high in MgO and low in Al,O3, and its removal causes the liquid to
evolve towards lower MgO and higher Al,O3. A rock consisting entirely of olivine is called dunite. The second mineral to join olivine in
the fractionating assemblage is plagioclase (white), which is high in Al,O3; removal of olivine and plagioclase causes the rock to
decrease in MgO and Al,O3. A rock consisting of olivine and plagioclase is called a troctolite. Finally, a composition of clinopyroxene,
called augite (black), joins the fractionating assemblage, driving the liquid along a shallower trend of decreasing MgO and Al,Os.
A rock containing olivine, plagioclase, and augite is a gabbro. Eruptions of liquid occur at different stages in this process, whereupon
rapid cooling by contact with seawater forms basaltic glass (shiny black) that can be collected and measured.
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crystallization. This is the process whereby, on
cooling, crystals grow from a liquid and become
chemically and physically separated from the evolv-
ing liquid. Accumulating the resulting crystals results
in plutonic igneous rocks called cumulates, such as
the gabbro of the lower oceanic crust or the layered
basic intrusions. Sampling the remaining liquid by
eruption at various stages of fractionation results in
a series or suite of liquids with compositions that can
be related by subtraction of the crystal phases that are
being fractionated. An example is shown in Figure 3;
the compositions of a suite of basalt glasses dredged
from a small region of the Mid-Atlantic Ridge show
evidence of removal first of olivine, followed by oliv-
ine and plagioclase, and finally by olivine, plagio-
clase, and augite. The lower crust and upper mantle
beneath mid-ocean ridges contain the rocks that
result from removal of these combinations of min-
erals: dunite, troctolite, and gabbro, respectively.
Thus, the fractional crystallization process in this
case explains the mineralogy both of plutonic rocks
formed from the fractionated crystals and of erupted
volcanic rocks formed from the complementary evolv-
ing liquids. From the same primary liquid, a diversity
of evolved rocks can result, whether by continued
evolution along a particular liquid line of descent or
along different liquid lines of descent determined by
the conditions of fractionation. The important vari-
ables determining which fractionation trend a given
liquid follows include the pressure, water activity,
and oxidation state in the magma chamber.

Assimilation and Magma Mixing

Some suites of igneous rocks display compositional
relationships, textures, or other field relations show-
ing that they did not evolve by simple removal of
fractionating crystals from a single primary liquid.
Many other processes can affect the evolution of
igneous rocks in the lithosphere. These include as-
similation (the melting and dissolution of surround-
ing rocks with lower melting points) and magma
mixing (the combination of various batches of pri-
mary liquid that may have been created by melting of
different sources) to different extents and/or at differ-
ent conditions. Generally, magmas do not arrive in
the crust with very much superheat; i.e., they are on
their liquidus and will begin crystallizing if energy is
taken out of the magma. On the other hand, assimi-
lation of solid wallrocks requires transfer of energy
from the magma to the assimilant in order 