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When I have heard small talk about great men
I climb to bed; light my two candles; then
Consider what was said; and put aside
What Such-a-one remarked and Someone-else replied.

They have spoken lightly of my deathless friends
(Lamps for my gloom, hands guiding where I stumble),
Quoting, for shallow conversational ends,

What Shelley shrilled, what Blake once wildly muttered. . . .

How can they use such names and be not humble?
I have sat silent; angry at what they uttered.
The dead bequeathed them life; the dead have said

What these can only memorize and mumble.

Grandeur of Ghosts—SIEGFRIED SASSOON

14



Soul of the World, inspir'd by Thee,
The jarring Seeds of Matter did agree.
Thou didst the scatter’d Atoms bind,
Which, by thy Laws of True Proportion join’d,
Made up of various Parts
One Perfect Harmony.

Ode for St. Cecilia’s Day—NICHOLAS BRADY

Philosophy begins when men are perplexed. At first they

puzzle about things near at hand, then gradually extend

their questioning to greater matters. A man who is puzzled

and amazed recognizes his own ignorance. Thus, since

. men turned to philosophy in order to escape from a state of

ignorance, their aim was evidently understanding, rather
than practical gain.

Metaphysics, I. I.—ARISTOTLE

I5



Authors’ Foreword

We published the first volume of this series (The Fabric of the Heavens)
with some trepidation: knowing that our story had been told a number
of times before, we had to hope that it was worth telling again from our
own particular point of view. In embarking on the present volume we
have felt an equal but different trepidation, for this time our story is both
vast and largely unfamiliar. To the best of our knowledge, in fact, this
is the first recent attempt to give a coherent general account of the whole
field we have called ‘matter-theory’ (i.e. the physics, chemistry and
physiology of material things, both inanimate and animate) as it has
evolved since the very beginnings of science.

Until recently, many scholars doubted whether the continuity of
ideas evident in astronomy and dynamics had any counterpart in the
history of chemistry and physiology—rather, these sciences seemed to
them to have evolved independently and from scratch in the years
following A.D. 1600. Recent research by historians of scientific thought
makes it possible, however, to paint a more unified and more intelligible
picture; and five years of first-hand work have convinced us that in
matter-theory also there exist continuous traditions coming down from
Ionia to the present day. Over the centuries, there has been a continuity
of problems, of interests, of questions, of answers—in short, a continuity
in modes of thought. If this fact has not always been evident, that seems to
be because historians have so often considered the different sub-branches
of matter-theory (e.g. atomic physics, chemistry and physiology) in
isolation, instead of recognizing them as united by a common body o
problems and concepts.

Current research is already beginning to fill in some of the details of
our story: for example, Henry Guerlac’s book Lavoisier, the Crucial Year,
which makes clear beyond doubt the paramount importance of Stephen
Hales’ ideas for the development of Lavoisier’s thought, appeared while
this volume was in press. In the next ten years the whole picture we have
sketched here in first outline may be expected to become far crisper and
more precise. Meanwhile we hope that, where the details are still obscure
today, our first dotted lines will prove to have been reasonably well

placed.
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We were very grateful to all those colleagues who, after the appearance
of The Fabric of the Heavens, took the trouble to write to us drawing
attention to questionable statements and interpretations in the original
edition. We have tried to meet their criticisms in the American edition of
the book, and the necessary revisions will be incorporated (together with
an index) in all subsequent English editions. We shall, of course, continue
to welcome similar criticisms and suggestions for improving the present
volume. We are already in considerable debt to a number of friends who
have read and commented on parts of the typescript; as well as to Miss
Helen Mortimer, Mrs. Ann Goddard, and Mrs. A. Alvarez, for their
marathon feats of transcription and retyping. But our greatest debt—as
always—is to all the historians and philosophers of science on whose
researches any general survey such as ours is inevitably dependent. It is
because of the reliable and scholarly tradition which they are so rapidly
establishing that the history of scientific thought is at last winning in the
world of learning the recognition it rightly deserves.

STEPHEN TOULMIN
JUNE GOODFIELD
London, 1962



INTRODUCTION
The Problems of Matter-Theory

at times on the celestial backcloth to their lives, at times on the

objects and creatures whose world and fate they share, at times
on the historical process in which they—and all things—are involved.
A persistent curiosity about the scale and layout of the cosmos has
ultimately forced them (by the arguments we studied in The Fabric of the
Heavens) to contemplate spatial dimensions larger than the imagination
could at first contain. In the present volume, we must watch the same
persistent search for understanding shrinking the focus of attention to
dimensions as unimaginably small.

This scarch for understanding has created—science. And, by now,
the development of man’s cosmological ideas has established the chief
spatial relationships in his universe so firmly that they have become part
of our ‘common sense’. In this way, the Frame of Nature has been defined.
Yet the sequence of events by which this came about has had an almost
fictional simplicity, which must be recognized and discounted if one is
not to approach the history of other sciences with false expectations.

From the very outset, the heavens presented men with a clear contrast
and a crucial problem. The unrelenting sweep of the constellations led
them to believe in a natural order, binding all things together in a
harmonious system. In direct contrast, the planets moved across the sky
in a manner irregular, anomalous, for long unpredictable and for even
longer inexplicable. Their movements struck them as perfect examples of
those out-of-the-ordinary events which cried out for explanation. And
hits theme, announced at the opening, dominates the counterpoint of
astronomical theory right up to the time of Einstein. So the story of
astronomy has a natural unity and form, from the Babylonian ephem-
erides and Plato’s Myth of Er to Newton and beyond.

But if the history of cosmology imitates fiction, the story of matter-
theory is more like real life—at once more rambling and more confusing.
For our experience of material things is varied and complex. Their
behaviour displays no single outstanding regularity nor any single
striking anomaly. Instead, a variety of happenings and changes, processes
and techniques demand to be understood, and incorporated into a

18

T IEN are by nature inquisitive: turning their eyes and their minds



INTRODUCTION 19

common framework of ideas. The craft of the iron-smelter and the art of
the physician; the ripening of crops and the vagaries of the weather;
earthquakes and rainbows; birth, growth and death; the amber and the
magnet; freezing and evaporation—men faced this bewildering carnival
of Nature with no immediate clues to guide their attention. Consequently,
the first chapters in the story we have now to examine were bound to be
tentative and spasmodic. The starting-points for a theory of matter took
a long time to locate. Initially, indeed, all possible and plausible views
about the nature of material things did equally much, and equally little,
to explain the facts of everyday experience.

Long before the birth of science, men were acquainted with snow,
wind, rain, mist and cloud; with heat and cold, light and dark; with salt
and fresh water, wine, milk, blood and honey, ripe and unripe fruits,
fertile and infertile seeds. Farmers were familiar with birth, growth and
decay; craftsmen knew how to liquefy or solidify; techniques for smelting
ores, for producing gold ornaments, glass, perfumes and medicines were
well established. To our eyes, this list appears a mixed bag, containing
changes and processes of many different kinds, which we broadly dis-
tinguish as physical, chemical and biological. Yet the distinctions we now
draw, and regard as fundamental, are not self-evident: they could be
established only in the light of experience. Even some of the most obvious
properties and processes took the longest to explain. The colours of
flames emitted by different substances were well-known from early
times, yet only in the last few years have they found a full and precise
explanation, in terms of the quantum theory; and the equally familiar
process by which wounds heal is one which, even today, presents
physiologists with a whole range of unsolved problems. So, whereas the
men who first speculated about the heavens could at once grapple with a
problem of crucial theoretical importance, those who contemplated the
nature of material things were less fortunate. Where should they begin?
What distinctions should they draw? Which phenomena should they
study first? There was really no way of telling.

This overriding complexity in the world of material change inev-
itably affects both the story to be told in this volume, and the manner of
telling it. The plot has no natural and inevitable thread; and, if our
account is to be coherent and intelligible, we shall have to exercise the
historian’s prerogative and determine for ourselves what—in any period
—are the significant episodes to recount.

How shall we make our choice? By what criteria can we identify
‘significant’ episodes? There is always a temptation to make this selection
retrospective: that is, in the light of subsequent discoveries and of our
contemporary theoretical insights. Knowing, for instance, the light shed
by the study of combustion on the theoretical problems of eighteenth-
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century chemistry, we might attempt to chronicle the changes in ideas
about burning, trusting that the results would adequately reflect the
. development of our ideas about matter in general. But such a selection
is unprofitable, for it inevitably suggests that everything in matter-theory
before 1630 was so much chaos and folly. In this way, we are distracted
from the more fundamental question, why combustion—of all processes
—aultimately turned out to be the simplest and most revealing starting-
point for the construction of a chemical theory.

All attempts to follow the story of matter-theory backwards lead to
a similar result. The doctrine of atomism can likewise be traced to the
seventeenth century; but, apart from isolated appearances in the ancient
world, it was largely unfashionable—and unconvincing—before that
time. And, if it was unfashionable for so long, this must not be put down
to the blindness of earlier philosophers and scientists. Rather, one should
ask, what particular merits finally commended the atomistic view to
scientists, and what part has it played in the development of contemporary
ideas about matter? We need here some principle of selection which
will allow us to penetrate behind the changing doctrines that scientists
have put forward to a more fundamental level. Only then can we hope
to understand how the focus of interest has shifted, and why the forms of
the best-attested scientific theories have altered so drastically over the
centuries.

As in our earlier volume, we shall attempt to capture the intellectual
attitudes of our predecessors. We must try once again to reconstruct the
problems of men for whom all our own inheritance of ideas was . . .
something in the future. For these men, our common-sense distinctions
about matter, far from being established and fundamental, were still
unmade; and only by setting aside these distinctions, at any rate initially,
can we hope to see the material world through their eyes. Then at last we
may be able to recognize the truly significant figures in our story, placing
them in the context of their own times, rather than looking only for those
thinkers who apparently anticipated the doctrines of today.

The basic difficulty is to acknowledge to onmeself just how many
intellectual skins must be sloughed off in the process. It is easy to ignore
the hyperons, mesons and other sub-atomic particles of modern physics.
Nor, for that matter, is it hard to forget the results of Dalton’s work, and
to look at the world through the eyes of men for whom chemical
atomism itself was still highly speculative. Even the distinction between
elementary substances, compounds and mixtures can be laid aside without
too much heart-break; for it really makes very little difference to our
vision of the world whether we regard iron as the element and rust as the
compound, or vice versa. Yet to have got so far—to have cast off the
basic categories of today’s elementary chemistry—is merely to have begun
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the necessary intellectual undressing. For there are other, deeper ideas
which have taken so firm a hold on all our minds that the textbooks no
longer bother to mention them.

E. M. Forster has written an entertaining essay about Voltaire’s
scientific work, depicting that great Frenchman embarking—barely two
hundred years ago—on a vain series of experiments to determine ‘the
weight of fire’. Voltaire burnt substances of different kinds, weighing
them before and after the process. In some cases the weight increased, in
some cases it diminished, and in a few it remained (so far as he could tell)
unaltered. He was extremely perplexed by this result, and did not know
what to make of it. Any twentieth-century schoolboy could tell him: the
point Voltaire found so obscure was soon afterwards cleared up by
Lavoisier. (Fire is not a form of ponderable matter, on a par with water or
air—still less with iron, or hydrogen, or sulphur.) Yet if we laugh at
Voltaire now we must do so sympathetically, for he was not just a literary
man meddling in something he did not understand. He had a thorough
grasp of the ideas current among the leading scientists of his time, and his
account of the scientific work of Isaac Newton was the channel by which
Newtonian theories at last achieved a foothold in France.

Voltaire’s experiments thus pose a problem for us, as well as for him.
One could not have explained to him just what was at fault with his
investigations, in terms which he—or the best-trained scientists of the
time—could have accepted. The difficulties were finally resolved only
when a radically new theory had been introduced.

A scientific colleague of ours, when asked how he would have persuaded
Voltaire that his experiments were pointless, replied light-heartedly:
‘I should have told him to use his common sense.’ But the common sense
of Voltaire’s time was not, and could not have been, identical with the
common sense of our own period. For Lavoisier helped to create our
contemporary common-sense ideas about matter, just as Newton, earlier,
had helped to establish our common-sense picture of the planetary
system. If, in retrospect, it seems to us obvious that fire is not a substance,
we should regard this ‘obviousness’ with grave suspicion. Indeed, we need
only list the great chemists—ranging from Robert Boyle up to Lavoisier
himself—who provided either fire or heat or both with some sort of
material incarnation, to realize what a profoundly difficult and important
achievement it was to establish the distinction between processes (such as
burning) and substances (such as coal and smoke and flame).

If we can already take for granted a theoretical revolution less than
two hundred years old, how much more firmly rooted are the ideas and
distinctions established earlier. We never question, for instance, the belief
that elementary chemical substances are inanimate, and normally change-
less, rather than developing like living organisms. Iron is iron, and will
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remain so, turning into rust only if acted on from outside. It is, no doubt,
capable of changing its physical nature also if interfered with violently—
e.g. by the beam from a linear accelerator—but the interference does have
to be definite and violent. Its natural tendency (we all assume) is to
remain the substance it is. Yet before 1650 this distinction between
physico-chemical change and biological development was far from clear:
it was firmly established only after 1780, and it is still open to reinterpreta~
tion. And, if we are to start our enquiry from scratch, we must strip off
from our minds this further layer of theory, and abandon for once the
distinction between inert, physico-chemical substances and self-developing
organisms.

Our starting-point is a world in which material things apparently
come into being, change and disappear spontaneously; and one over
which we have acquired a certain degree of control. To understand this
world, we need a consistent and embracing set of ideas which will make
intelligible both spontaneous material changes and the deliberate manip-
ulations of the craftsman. The central question of all matter-theory thus
becomes: ‘In what sort of terms should we think about the architecture
of Nature and the activities of material things?’

This question has faced men with a tangled skein of problems, which
have only gradually been unravelled into separate strands. Yet certain
recurrent questions and themes—certain patterns of thought—have arisen
repeatedly in different contexts. Three such themes can usefully be stated
at the outset. There is, first, the contrast between two groups of theories:
those that treat the development of living creatures as the pattern charac-
teristic of all material change, and those which find the fundamental
pattern in the behaviour of passive, inanimate objects. A second, and
related, contrast marks off ‘structural’ theories from ‘functional’ ones:
the one explaining the behaviour of material things by showing how
they are constructed, the other accounting for their form and design by
the purposes they have to serve. Lastly, there has been a continuous
oscillation between ‘atomistic’ and ‘continuum’ theories: some scientists
treating material things as aggregates of corpuscles or particles, others
choosing as their intellectual model a continuous fluid or field. Though
other sub-plots will be important from time to time, these three funda-
mental problems serve as central strands for the story that follows.
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Crafts and Rituals

material things, we must go back a little further in history. For

the period of conscious theorizing was preceded by an earlier,
more practical phase; and this did something—but only something—
to influence the speculations of later, more intellectual centuries.

To begin with, the relations between ‘natural philosophy’ and the
craft tradition were distant ones, and their union into our contemporary
scientific technology is something quite new in history. The alliance is
still not entirely easy, for there is a natural opposition between the
practical craftsman and the speculative scientist, which nowadays we
tend to forget. The basic crafts—agriculture, medicine, metal-working,
weaving, dyeing, perfumery and glass-making—are among the oldest
elements in human society, and the proudest. There one can still hear the
voice of the authentic practical man, suspicious of upstart theories only a
few centuries old. For five thousand years and more, men have been
tilling the soil, working metals and brewing beer; they have developed
well-tried recipes, experimented with most of the imaginable variations;
and they are at first sceptical whenever an outsider presumes to tell the
guild how better to conduct its business. Such men manipulate Nature
skilfully, ingeniously and economically: they are prepared to leave
abstract speculations to more rarefied souls.

In this, they have some justification. For, however spectacular the
influence of science on a few branches of technology, one can easily
exaggerate its impact on industry at large. Hero of Alexandria made
hydraulic toys for his patrons, Galileo made calculations about the
strength of beams, but the age of applied science proper began only after
A.D. 1850. In the interaction between theory and practice, science has
again and again been in the position of debtor, drawing on the craft
tradition and profiting from its experience rather than teaching craftsmen
anything new. It has been said that ‘science owes more to the steam-
engine than the steam-engine owes to science’, and the same thing is true
more generally. In its early stages, especially, the craft tradition was—so

25
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far as we can tell—devoid of anything which we would recognize as
scientific speculation. :

The Sources of our Knowledge

When no written records have survived, past ideas can be reconstructed
only painfully and partially: intellectual activities have an enduring exis-
tence only in their expression, and affect our practical activities indirectly.
About practical skills and crafts we can be more certain: even where no
recorded recipes or other written documents have survived, the end-
products remain and are sufficient testimony. So, by examining the
material relics of earlier societies, we can discover a fair amount about
their technical understanding of material substances, and the manner in
which they manipulated them. From these clues it is clear that, as early as
3500 B.C., men had become highly competent—above all, in the tech-
niques of metal-working.

In many cases the products of craftsmen are our chief evidence of life
in early periods. Archaeologists have for a long time labelled the stages
of human development as ‘the Middle Stone Age’, ‘the Early Bronze
Age’, and so on—referring to the most advanced craft-techniques in
use at each time. The reason is clear. For, of all the things that men
contrive, shaped objects of stone and metal are the most enduring.
Pottery, too, though its fragments need to be reconstructed, will survive
for thousands of years; and, for their more detailed time-divisions,
archaeologists frequently rely on the ‘typology’ of ceramics—recognizing
the age and affiliations of a particular site by the shapes and decorative
patterns of its pottery. Metals and pottery apart, the processes of decay
quickly do their work; and only by special good fortune do books and
parchments, fabrics, furniture or even houses survive for more than a
thousand years. In looking back to the ancient civilizations of Meso-
potamia and Egypt, we are to some extent fortunate: the sand of Egypt
has yielded papyri which in a more humid climate would have disin-
tegrated long since, and the baked-clay tablets of Mesopotamia, with their
cuneiform inscriptions, have likewise survived for a remarkably long
time. But the prime evidence of early technology still comes from tools,
weapons and pottery fragments.

The justification of archaeology, as of any other science, is the
questions it enables us to answer; and the imaginative scrutiny of such
finds can teach us much about the practical knowledge and techniques at
the command of early man. We can photograph the surface of ancient
metallic objects through a microscope, and study the crystalline structure
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of the surface: this tells us the temperature at which the objects were cast
or moulded, and whether they were hammered or annealed. And, by
analysing the alloys used in their tools, we can establish (for instance) that
as early as 3000 B.c. Mesopotamian craftsmen deliberately mixed pure
copper with varying amounts of tin, to produce bronzes suitable for
different purposes.

Archaeological finds are, however, not the only source of our
knowledge. Some written records are also available. Early Egyptian
papyri depict farmers and craftsmen at work, though these pictures are
usually so sketchy or stylized that their interpretation calls for a good deal
of guesswork. Some early handbooks of instructions and recipes have also
survived: notably a tablet dating from the seventeenth century B.c. which
recordsarecipe for making green glaze. Apart, however, from the computa-
tional methods of astronomy, craft-techniques were rarely committed to
writing. Cuneiform records were laborious and expensive to produce,
and the art of writing was mastered by only a small minority of the
population, being used principally for State documents, legal records,
contracts and religious texts. So the average craftsman was probably
illiterate and could obtain a permanent record of his procedures only with
the help of a professional ‘scribe’.

Then, as later, craftsmen learned the arts of their trades by apprentlce—
ship—living with a master and progressively acquiring the skills by word
and by example. To this day, the industrial arts and crafts have not yet
been reduced to infallible, written recipes. The kitchen is not the only
place where individual experience can crucially affect the quality of the
end-product, and a master brewer (for instance) has to exercise his
personal judgement similarly—telling by eye as much as by the
thermometer when to cut short a particular fermentation. To the early
craftsman, accordingly, permanent written records were of less im-
portance than training, practice and experience. Yet, even given the
records we have, our knowledge of ancient technology might be greater
than it is. Few scholars have mastered the ancient scripts and languages of
the Middle East, and only a handful of these know enough about the
industrial arts to interpret the technical documents that have already come
to light. Half a dozen qualified scholars who deliberately gave their
attention to the available tablets and papyri could make a great difference
to our knowledge.

For the moment, then, our resources are as follows. From both
Egypt and Mesopotamia, we have metal and pottery objects dating from
before 3000 B.c. From Mesopotamia, we have cuneiform tablets, of
which a few refer directly to technical processes. Some early medical
texts are preserved on Egyptian papyri, together with a number of
pictures of early craftsmen at work. The material relics from Crete and



28 POSSIBLE WORLDS

Greece date well before 1000 B.c.—and for much longer in the case of
the Minoan Empire. Written records also survive from Minoan Crete
and Mycenean Greece, but until recently these have been useless to us, for
the scripts in which they were written had not even been deciphered. In
the case of China and India, too, we have archaeological remains dating
back to around 1500 B.c., but the labour of interpreting the literary
records is only beginning.

So any picture built up from the material at present available
inevitably contains large blank areas. Still, its general form can be
sketched in with reasonable confidence, especially where it concerns the
relationship between science, craft and religion. What follows is an
attempt to draw such an outline picture.

The Artificial Crafts in Antiquity

Our practical skills and activities fall into two general classes, which may
be called the natural arts and the artificial crafts. In every age, the farmer
and the doctor are concerned with natural processes which would
continue, of their own accord, whether we interfered with them or no.
Their task is to exploit these natural processes to the best of their ability—
to steer them in a favourable direction, and to remedy the worst disasters
that afflict our agriculture or health: in these natural arts, all we can
hope to do is to take advantage of certain natural powers stronger than
ourselves. But the men who run factories and produce artefacts have more
direct control over the timing and end-products of their activities. Left
to itself gold does not turn into helmets, nor malachite into copper; but
provided that we manipulate these materials in the correct way, we can
bring about these changes whenever we please. This distinction between
natural and artificial techniques may not be absolute, since no craft can
be divorced entirely from the influence of the environment; yet in the
ancient world we do find rather different attitudes towards them, and it
will be convenient to discuss them here separately.

We have substantial knowledge about three ancient crafts: metal-
working, glass-making and perfumery. The Sumerian society of southern
Iraq was firmly established soon after 4000 B.c., and we have metal
objects displaying a high degree of craftsmanship dating from about that
time. The Sumerians learned to handle two metals with great skill—gold
and bronze. To begin with they obtained the gold from alluvial deposits
of gold-dust, later by extraction from crushed rocks; while the first
bronze, too, was probably made from copper found naturally in metallic
form. Around 3500 B.c., the potters of Mesopotamia possessed kilns
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producing temperatures of at least 1100°C., and from then on copper ores
could be smelted, and bronze alloys formed, by melting together copper
and tin. (The first genuine ‘tin-bearing’ bronzes we know of date from
3150 B.C.) Once this point had been reached, the chief methods of the
craft were quickly developed. Charcoal was introduced into the crucible
to speed the smelting process, bellows were employed to create a forced
draught, and bronze objects began to be cast in moulds of sand. (The
moulds were formed around beeswax cores of the desired shape, and
these were subsequently melted out to leave space for the metal. This ‘lost
wax process was certainly in use by 2800 B.c.) Most significantly, by
photographing the bronze and gold objects through a microscope, one
can show that the mixtures used for each alloy were carefully controlled,
copper being alloyed with different amounts of tin, and gold with silver
and copper: indeed, a complex nomenclature grew up for referring to the
different varieties of ‘gold” in current use.

In the case of metals, we have the end-products of the craft and many
indirect references in texts, but few direct accounts of the processes
employed. So we cannot reconstruct the attitude of the ancient metal-
workers towards their craft and materials. In the case of glass we have
been more fortunate. A cuneiform tablet recovered from a site near
Baghdad and written during the reign of Gulkishar (1690-1636 B.c.)
preserves a recipe for the manufacture of green glaze. The text is frag-
mentary, yet what remains is striking enough: it can be transcribed as
follows:

Take a mina [pound] of ‘zuku-glass’ [the basic glass made from
sand and ash] together with ten shekels [one-sixth Ib.] of lead, fifteen
shekels [one-quarter 1b.] of copper, half a shekel of saltpetre, and half
of lime. Fire them together in the kiln and the result will be ‘lead
santu-glass’ [a red glass].

Take a mina of zuku-glass, together with ten shekels of lead,
fourteen shekels of copper, two shekels of lime and a shekel of
saltpetre: fire them in the kiln and the result will be ‘Akkadian
santu-glass’,

Green the clay [to be glazed] by keeping it in vinegar and copper,
taking it out on the third day when it deposits a bloom. Pour off the
liquid and dry the clay: if it appears marbled, all is well. Now take
equal parts of Akkadian and lead santu-glass, and blend them
together. When they are melted together, blend them further with a
mina of the molten mixture formed from a shekel and a half of zuku-
glass, seven and a half grains of saltpetre, seven and a half grains of
copper and seven and a half grains of lead. Melt them together, keep
the mixture for one day, and then take it out and cool it . . .
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Here follows an obscure sentence, apparently referring to ‘embryos’,
which we can leave aside for the moment. The recipe continues:

Dip the pot in this glaze, then lift it out, fire it and leave it to cool.
Inspect the result: if the glaze resembles marble, all is well. Put it back
into the kiln again . . .

[As an over-glaze] take a mina and two shekels of zuku-glass,
together with fifteen grains of copper, fifteen grains of lead and
fifteen grains of saltpetre: no lime should be included. Examine the
resulting glaze, then place it for storage in an old wine-skin.

This tablet is the property of Liballit-Marduk, son of Ussur-an-
Marduk, priest of Marduk, a Babylonian. Dated on the twenty-
fourth day of the month of Tebet, in the year after Gulkishar became
king.

This recipe is a remarkable document for two reasons. First—despite
the antiquity of the tablet—the procedure it describes is one which can be
repeated to this day. Though there are slight ambiguities about the raw
materials, the recipe has been followed step by step using modern
materials, and it gave a wholly-adequate result. The pot to be glazed was
placed in a solution of copper acetate, until it acquired a layer of verdigris;
and the resulting ‘greened’ clay was then glazed twice in succession. The
first glaze resulted in a dull finish, but when heated up to 1000°C. the
second over-glaze gave a bright smooth surface.

The second remarkable point about this tablet is this: the bulk of the
text consists of a straightforward technological recipe. The writer lays
down the steps to be followed, confident that the procedure specified will
lead to the desired result, without any particular need for Divine assistance
or intervention by the Gods. At this point in the text, we have left behind
the realm of spells, prayers or rituals: effective command has been
achieved over the techniques in question.

The same is true of the glass-recipes recovered from the library of
the Assyrian king Assurbanipal, who reigned a thousand years later.
Once again we are here given a series of practicable and ingenious recipes,
presented in the spirit of a craftsman—not to say of a chef. (The language
is, after all, very much that of a cookery book: ‘Do this: and the result
will be that’) The whole thing is severely workmanlike, and the
documents contain no trace of philosophical or theoretical speculation.

A similar housewifely precision reappears in the surviving perfumery-
texts, which date from about 1200 B.c. Indeed, there is evidence that in
Mesopotamia this craft was practised by women, and even that it grew
out of the kitchen. The post of court perfumier was held by a woman,
and many instruments of the craft resemble earlier cooking-vessels.
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The techniques employed by these perfumiers have one special
interest. Here, for the first time, we find evidence of distillation, a tech-
nique which was to play a special part in alchemy and chemistry much
later. Until very recently, scholars believed that true stills were first
employed only in the Alexandrian period, around the beginning of our
era. However, we now have evidence that, as early as 3000 B.c., primitive
pots were in use for extraction and distillation. These pots had double
rims, and the secret of their operation lay in the circular trough enclosed
between them. In the extraction-pot this trough was perforated by a
number of drainage-holes which led back to the body of the pot: plants
from which oils were to be extracted were crushed and placed in the
trough. The pot was filled with water and placed on the fire: steam
condensed on the lid and percolated back through the plants into the pot

Mesopotamian
extraction-pot from the
fourth millennium s.c.

(See article by Martin
Levey in Isis, 57, 31, 1960)

by way of the drainage-holes. The process was kept going until all the
oils had been extracted, the principle being precisely that of a modern
coffee-percolator. Other pots contained no drainage-holes, and were used
for straightforward distillation. The mixture was brought to the boil,
and the liquid condensing on the lid ran down into the trough for
collection.

In the light of these discoveries, we can make much clearer sense of
the early perfumery-texts. Evidently liquids were distilled repeatedly, so
as to increase their concentration:

The thirteenth time the ingredients are mixed together, remove
the oil and purify the body of the still. Heat water, clean out a storage-
pot, pour the water into the pot and then add two cupfuls of balsam
condensate. Leave it to stand all day. At the end of the day, transfer
the mixture to a shallow bowl and add a pint of balsam. Leave it to
stand overnight, and in the morning wipe out a still-pot, and place
into it the soaked aromatic material which stood in the shallow bowl
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overnight. Light a fire under the still: the aromatic material will
become hot. Pour in the oil, stir and cover. Do not remove the
plants or the charcoal. As the fire burns up, the oil will begin to
bubble. Keep wiping round the trough of the still with a hand-cloth.

The shape of the pot gives us a clue to the process. The last sentence is an
instruction to soak up the distilled fluid in a cloth, from which it can
be wrung out into a separate vessel. And the same process became part of
the craft tradition of the Middle East, remaining in use for at least two
thousand years. The real innovation in Alexandrian times was the
development of a still having a head with ‘beaks’, through which the
distillate could run off continuously into collecting-vessels.

A closely related technique was that of sublimation, in which vapours
were driven off from solid substances directly, instead of first liquefying
and then evaporating. (This transformation occurs naturally on a fine day
in winter, when a bank of snow turns directly into water-vapour, without
forming water on the way.) Sublimation was especially used for the
production of mercury from cinnabar—the sulphide of mercury found
i Nature. In the Chinese ‘rainbow vessel’, shown in Plate 1, the mineral
cinnabar was heated: metallic mercury sublimed off, condensed in the
top half of the pot, and then ran down into collection-tubes.

One other artificial craft familiar from early times was later to
influence men’s theoretical ideas. This was the craft of dyeing. Many
substances were used for this purpose—animal, vegetable and mineral:
scatlet from cochineal-insects, purple from the shellfish Murex, tree-bark,
shrubs and plants, lime and chalk. Clothes of fine, bright colours were
expensive and sought after, and Joseph’s ‘coat of many colours’ may have
been the cause of his undoing, for a young man who so conspicuously
came from a rich family and went around unprotected was an obvious
target for robbers.

One thing links many of the early crafts. Metal-workers, glass-
makers and dyers alike had the task of imitating Nature, and of creating
products which were indistinguishable by eye from the best natural
materials. The earliest glass objects known are certain Egyptian beads,
which were used as personal ornaments in place of precious stones; even
then they were known as ‘sparklers’. Glass-making thus began as the
production of artificial jewels, and since gold and jewels were always in
short supply men continued to think of the crafts in this light as late as
classical times. The metal-workers of Alexandria, for instance, produced
silver and copper alloys having the appearance and properties of gold; and
they developed for this purpose a whole range of techniques for depositing
a durable golden colour on a relatively cheap alloy. There was nothing
necessarily fraudulent about these techniques. Men were paying for the
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appearance, not for the ‘atomic weights’, so that craftsmen and cus-
tomers alike were entitled to be satisfied with the results. But, though
there were many other kinds of ‘gold’ on the market—green gold, white
gold and red gold—natural gold remained the most valued, being
untarnishable, and having the greatest density. The best natural gold
usually cost six times as much as silver, and three thousand times as much
as copper; and when, much later, Archimedes of Syracuse devised his
hydrostatic balance, he relied on the greater density of natural gold to
prove that the king’s original crown had been replaced by an imitation.
The fraud lay, of course, not in passing off an alloy as a chemical element,
but in substituting a cheaper substance for a more valuable one.

The Natural Arts

In ancient times, however, the artificial crafts played a much smaller part
in men’s lives than the natural arts. Given flint tools and weapons, and
some pottery, life was supportable at a primitive level without metal,
glass or perfumes, even in an English winter. It was much more urgent
for men to master the arts of medicine, agriculture and husbandry, and
this obliged them to relate their practical activities to their wider beliefs
about the universe. Smelting, dyeing and the like exploited self-contained
processes, which could be carried out with the same results at any time of
the day or the year. The situation in medicine and agriculture was very
different: there, all a man’s efforts were in vain, unless he acted at the
correct time, in step with the ruling cycles of natural change.

From the moment that people settled in the valleys of great rivers,
and began to improve their agriculture by co-operative irrigation, the
fundamental problem became to keep in step with these natural cycles.
The first achievements were inevitably precarious. For the soil, the sea
and the sky were unpredictable, and seemingly wilful. They could be
wonderfully beneficent, or implacably destructive. Settled agriculture and
social life were at the mercy of natural forces and agencies: if the new
communities were to survive, their life had to be synchronized with the
tides and seasons. From this necessity sprang the myths by which people
in the Middle East interpreted their experiences, and the great cycles of
ritual by which they governed their lives. These things were, in fact, two
aspects of a single phenomenon.

Reading about the pre-classical myths in books, we are in danger of
divorcing them from the pattern of social life out of which they grew;
and, as a result, of regarding them as merely arbitrary and fantastic. But
the men concerned did not first record the recurrent cycles of natural
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change, as detached observers might do, and then subsequently postulate
concealed divinities as theories by which these cycles might be explained.
In describing Nature mythologically, they were simply speaking of what
they knew—testifying to the undeniable existence of natural powers with
which they were forced to wrestle, and which they sought to propitiate;
and, understandably, they spoke in the terms to which they were most
accustomed, namely, the language of personal relations. So there was
nothing hypothetical or speculative about the statement that Demeter
sprang from the union of Zeus and Gaia: it reported the essential fact on
which an understanding of agriculture depended—that the corn-harvest
depended on the soil being fertilized by rain from the sky. The name
‘Zeus’ called to mind the many-sided capacity of the heavens to influence
our lives; and the same manner of speaking persisted in later centuries,
when changes in the weather were no longer regarded as the deliberate
expressions of a divine will. (Aristotle—we saw—while insisting that the
rain does not fall from choice, but because it must do, still retained the old
vocabulary: ‘Zeus rains, not in order to make the crops grow, but of
necessity.’)

The secret of a successful life lay, therefore, in walking the tightrope
between the various natural agencies which could affect one’s fortunes.
People who believed that these powers could be influenced by ‘diplomacy’
set a corresponding importance on acts of intercession and propitiation;
yet even those who were sceptical about sacrifices as a means of changing
the weather were exposed to the same practical necessities. It was still
essential to understand the seasons and to order one’s life in step with
them.

The documents which enshrine this point of view remind us less of
recipes in a cookery book than of the traditional sayings in which country
lore is customarily preserved: there is in both cases the same mixture of
sound sense and credulity. We possess a Greek poem, dating from before
800 B.C., which gives a good idea of this attitude—Hesiod’s Works and
Days. In places, the poet is content to record the traditional time-table of
the farmer’s year:

When the Pleiades, daughters of Atlas, are high in the sky [i.e.
early in May], start on your harvest, and plough when they are about
to set [i.e. in November]. For forty nights and days they are hidden:
when they first reappear after the turn of the year, sharpen your sickle.
This is the rule which holds for the plains, and for those living near the
sea, and for those further from the sea who live on rich country or in
valleys or protected places: strip for sowing, and strip for ploughing,
and strip for the harvest, if you wish to gather in all Demeter’s gifts
in due time. . . .
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When the Sun’s sharp strength and humid heat abate, all-powerful
Zeus brings the rains of autumn [i.e. in October] and men begin to
feel far more comfortable . . . then, when the trees lose their leaves and
stop growing, the timber you cut will be least liable to worm. So
remember to cut your wood then: that is the season for such work. . ..

When you start on your ploughing—holding the end of the
plough in your hand and driving the oxen as they haul on the yoke by
the harness—pray to Zeus of the earth, and to Demeter the pure, to
make her holy seed sound and heavy. Arrange for a hand to follow
behind you with a mattock, hiding the seed to make trouble for the
birds: good husbandry serves men best, bad husbandry the worst. So,
if Olympian Zeus himself finally gives a good yield, your corn will
bow its ears to the ground, and, sweeping the spiders’ webs from
your cornbins, you will take in your harvested crop with joy. In this
way you will be well provided for until grey springtime comes
round once more. You will not need to envy others: others will need
your help. But if you leave ploughing the good ground until the
winter solstice [December], you will reap a sparse harvest, by hand,
bound into rough sheaves, and have no cause for joy, as you bring
home your single basketful: few will then admire you.

Elsewhere Hesiod gives more general advice. This is the usual mixture of
useful and sensible tips (‘Do not get yourself known as being either over-
hospitable or inhospitable’, ‘Do not relieve yourself into springs’), with
others whose value is less obvious (‘At a wine-party, never place the ladle
on top of the punch-bowl, for it brings bad luck’) and others which are
now ambiguous (‘Do not eat or wash from un-blessed [unsterilized?]
pots: there is mischief in them”).

Only at the end of the poem does it become clear how far Hesiod
accepted a complete harmony between terrestrial and celestial happenings.
The motions of the sun, moon and planets, going through their endless
permutations, determined for him the ‘character’ of each moment: and
the cycle of the month brought with it a sequence of auspicious and
inauspicious days.

Everyone praises a different day, but few fully understand their
nature. One day may be like a stepmother, another like a mother. A
man will be happy and lucky if, having an eye to all these things, he
completes his work without offending the gods, reads the omens of
the birds and avoids all transgressions.

The twelfth day of the month Hesiod recommended for shearing sheep
or reaping crops; and the twenty-seventh day as the best for opening a
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wine-jar. The thirteenth was bad for sowing, yet the best for setting
plants. Boars and bulls should be gelded on the eighth day, but mules on
the twelfth. You should bring your bride home on the fourth day of the
month, provided the other omens are favourable, and this was also a good
day for laying down a ship. And, even though the calendar no longer
possesses all its former tyranny over men’s lives, countryfolk to this day
associate special taboos and obligations with the full moon.

Ritual and Cosmology

We are faced here with a curious blend of good sense and astrology;
and a similar mixture can be found in the medical texts of ancient
Mesopotamia and Egypt, where one and the same papyrus could record
both effective prescriptions for dealing with wounds and also ritual
incantations or spells. For the foundation of all successful arts and crafts
consisted in a proper understanding of the natural powers; and, if the
support of these powers could be assured by libations or sacrifices, so
much the better. Sir Arthur Grimble has told how Gilbert Islanders
today, when secretly slipping a drug into an enemy’s food, will take care
to utter the appropriate spell to ensure its efficacy. In our eyes, this
murmuring of words is a needless formality: if the drug is going to work,
it will do so whether the spell has been uttered or not. But this point of
view is 2 modern one, relying on recent physiology for its justification.
It is better to be safe than sorry, and craft traditions have always preferred
to err on the conservative side. So long as there is any chance of his
drug failing to act through his neglecting to utter the spell, the Gilbert
Islander must in all prudence utter it. When one is employing a practical
procedure hallowed by long tradition, deep theoretical insight is required
before one can justifiably omit even a single step of the traditional recipe.

To some extent, a ritual element can be found also in the artificial
crafts of the ancient world, where at first sight the recipes looked so much
more direct. For example, in the Mesopotamian recipes for glass and
glazes referred to earlier, instructions for the necessary technical proced-
ures are accompanied by other injunctions of a ritual kind. The recipes
from the library of Assurbanipal (seventh century 8.c.) begin by explain-
ing that the glass-furnace must be built at the auspicious time: a shrine
to the appropriate Gods must be installed, and care must be taken to keep
the goodwill of the deities in the daily operation of the workshop:

When laying out the ground-plan for a glass-furnace, find out a
favourable day in a lucky month for such work. While the furnace
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is being built, supervise the workers and work alongside them
yourself. In the furnace-building, place figures of the embryo-gods.
Do not allow any stranger to enter the building, nor should anyone
who is unclean walk before them. Offer the due libations to the gods
daily. On any day when you put minerals into the furnace, make an
offering to the embryos, setting a censer of pine-incense before them,
and pouring out beer to them. Then kindle a fire underneath the
furnace and put the minerals into it. The men whom you employ
to supervise the furnace shall purify themselves, before you set them
to work.

The reference to ‘embryo-gods” has a history. In the earlier set of
recipes, dating from 1600 B.C., there is a very obscure passage in which
some scholars have seen evidence that actual human embryos—possibly
still-born infants—were buried in the furnace. What could have been the
point of this? There is little contemporary evidence, but perhaps we may
read back into this association beliefs which are quite explicit later on.
For, if one contrasts the brilliancy and cohesion of new-poured glass or
metal ingots with the dirty and chaotic pile of ore, ash and sand from
which they are made, the change is most striking: it is as though one had
transformed a dull, lifeless agglomeration into a living unity. The sparkle
of gold and glass had something of the vital spark visible in the human
eye, so that it was not mere fancy to see, in the artificial production of
these materials, the creation of something superior—if not actually alive.

This, at any rate, was the interpretation placed on these processes by
the alchemists of the early Christian era:

There is nothing incredible [wrote Aeneas of Gaza, in the sixth
century A.D.] about the metamorphosis of matter into a higher state.
For men who are skilled in the material crafts take silver and tin,
change their appearance and transform them into an excellent gold.
Glass, likewise, is manufactured from fragmented sand and soluble
soda-ash, which are transformed into something quite new and
shining.

In the regeneration of sand and ash to form glass, the embryos might well
have a part to play. The life which in them had been frustrated could be
transferred to the glass-maker’s mix, and find an alternative mode of
fulfilment through his agency.

As the centuries passed, men’s beliefs about the ‘sympathies’ between
divine and terrestrial things hardened into a complete intellectual system
—notably in Babylonia. A cosmological picture was eventually built up
in which the seven chief heavenly bodies (the sun, moon and planets)
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moved and changed in harmony with seven metallic substances on the
earth, seven principal parts of the human body, seven colours and seven
days of the week; and each group was apparently associated with a
particular pattern of numbers, arranged in the forms still known to
mathematicians as ‘magic squares’ (see Plate 13). And it is possible that
this whole system of beliefs found a material embodiment in the ziggurats
of Mesopotamia—that these giant temples each comprised seven super-
imposed platforms, with areas corresponding to one of the seven magic
squares, cach platform symbolizing also one of the seven colours, and one
of the seven metals. The ascent from ground level to the pinnacle of the
temple took place (it seems) in seven stages, each with its appropriate
ritual; and the progress of the soul itself involved passing through seven
successive stages of enlightenment, from the lowest and basest state
symbolized by lead, to the most noble and untarnishable represented by
gold.

As an intellectual system, the result was something more than a naive
mythology, but something less than a scientific theory. It reflected a
genuine conviction that happenings in different realms of Nature are
connected—as they indeed are—but it over-simplified their relationships.
In Alexandrian times, we shall find these ideas playing a more influential
and more nearly scientific part. For the moment, the tradition was
almost entirely practical, and the centre of the picture was still occupied
by the craftsmen.

Technigue and Understanding

It will be convenient to clarify the relationship between the crafts and the
natural sciences before we go any further; otherwise, some aspects of our
later story may appear needlessly surprising. Again and again we shall
find the intellectual tradition of science exploiting the skills, instruments
and experience of the craftsmen, while yet maintaining a quite indepen-
dent existence. So any picture which presents matter-theory as growing
directly out of a craft background, and immediately serving the practical
needs of industry in return, is seriously unbalanced. Theoretical chemists
have, of course, found subjects for research in the workshop or the
factory, and they have also (though only recently) been able to propose
technical innovations; but craft experience has been only one of many
separate stimuli giving rise to reflective scientific thought about matter.
Never in the past has it been a necessary test of a good scientific theory
that it should at once lead to the improvement of industrial processes and
techniques.
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The spirit of the early craftsmen was throughout that of a mediaeval
guild, rather than that of a scientific academy. In one craft after another,
we find the same formula repeated: “The initiated may tell this to the
initiated, outsiders shall not have it explained’; and, on top of this
declaration of secrecy, the cryptic abbreviations and the use of a dead
language (Sumerian, of course, rather than Latin) remind us of modern
medical prescriptions. We are emphatically in the world of practical men.

What is missing in all this? The answer is: any persistent attempt to
theorize about, or make general sense of, the inherited experience of the
guilds. The iron-founder, for instance, needs to know only that the
smelting of iron ore can be accelerated by adding charcoal to the melt.
The theoretical chemist seeks to understand why this is so, by relating this
observation and others to a common general theory. The efficacy of
techniques—whether metallurgical, agricultural, medical or astronomical
—in this way provides scientists with fresh phenomena: for these practical
achievements are evidence of natural relations and connections which are
being exploited without being understood.

So, while the connection between matter-theory and the crafts is
unquestionable, it is nevertheless indirect. The instruments and proced-
ures developed by craftsmen during the first millennia of settled society
became the common property of all their successors; and, in due course
we shall find the natural philosophers of Ionia and Athens citing as
evidence not only observations of Nature but also contemporary tech-
niques. Brick-making, sculpture, medicine and agriculture were as
familiar to them as rainbows, constellations and earthquakes. But in
drawing on this body of common knowledge they were not acting as
craftsmen, nor did they see themselves as such. They wanted, not to make
things, but to make sense of them.

The task of winning practical men over to the cause of natural science
has been a slow one. Before A.D. 1850, intellectual advances within the
sciences of matter no more led to immediate improvements in the
crafts than had Newton’s theory of planetary motion at once led to
better planetary forecasting. If, during the last few decades, scientists have
at last been able to supplement, and even to revolutionize, the age-old
craft traditions, this has been an incidental—and largely uncovenanted—
fruit of scientific success. For it was necessary first that disinterested men
should spend many centuries developing a theoretical insight into the
nature and structure of matter, whose soundness could be established
by observation, reason and experiment, quite independently of its
technological dividends. ‘

In the present chapter, we have been concerned with two kinds of
human activity: crafts—the development of techniques designed to serve
men’s practical needs; and rituals—the attempt to control the powers of
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Nature, not only for comfort or convenience, but rather so that man
shall live in harmony with the cosmic order. So far as we know, these
represented the whole of man’s understanding of the material world,
until about the year 600 B.c. After that time, we find a parallel, intellectual
tradition growing up, with very different aims. The growth of this
intellectual tradition, and the manner in which its ideas were eventually
re-applied for practical ends, will be our theme for the remainder of this
book.
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First Principles

not guarantee deeper understanding, yet our grasp of Nature will

be extended only if we are prepared to welcome them and give
them a hearing. If at the outset exaggerated claims are made on their
behalf, this need not matter. Enthusiasm and deep conviction are necessary
if men are to explore all the possibilities of any new idea, and later
experience can be relied on either to confirm or to moderate the initial
claims—for science flourishes on a double programme of speculative
liberty and unsparing criticism.

The enthusiasts who first declared that ‘Everything is water . . . or
atoms and the void . . . or number’ were in the same position as—say—
today’s advocates for the ideas of cybernetics: the scientists who translate
all descriptions of natural events into their own novel terminology of
‘negative feed-back’, ‘entropy’ and ‘bits of information’. There is in each
case the same passionate belief in a new principle of order, intended to
carry us beyond former perplexities to a new level of understanding. Yet
just how much does any new theory achieve? Only time and experience
can show. The indispensable motive is this initial conviction: the faith
that there are unchanging principles of Nature, about which a rational
theory can be built up—principles that are within our intellectual reach,
and can actually be stated and discussed.

This new approach, and the critical curiosity associated with it, were
the foundations of ‘natural philosophy’ among the classical Greeks. In
their speculations about the nature of matter, as in their astronomy, the
first philosophers did not question the existence of ‘eternal principles’:
the point at issue between them was, how they should be conceived. It
may seem surprising that, for all their acute observations and painstaking
arguments, they remained so divided. Yet this surprise would be mis-
placed. Confronted by the full complexity of Nature, the Greeks were
fully occupied in exploring the possibilities and implications of different
types of theory. All their conceptions promised new understanding in
one direction or another: it was—inevitably—a task for later generations

41

NEW ideas are the tools of science, not its end-product. They do
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to discover in what fields each of these ideas would yield most intellectual

profit.

The New Climate of Thought

The most profound historical changes rarely come about because earlier
social or intellectual systems have been torn down and rebuilt from the
ground. They are more often the result of quite small readjustments
operating by a kind of leverage. For the moment comes when changes
which, individually, had been too small to have any lasting effect suddenly
combine to produce radical changes in men’s outlook. When this happens,
we need to look less for the initial canse of the historical change than for
the attendant circumstances which allowed it to have effect.

Something of this pattern can be discerned when we turn to classical
Greece and study the origin of the speculative tradition in science. For
this did not begin with a flood of revolutionary ideas: the crucial change
lay, rather, in men’s attitudes towards the existing tradition. People
have been tempted to picture philosophy before the days of Socrates
as a deliberate attack on earlier mythologies by a group of angry
young rationalists—a brand-new liberal enlightenment sweeping away
reactionary superstitions about Marduk and Thoth, Jahweh and Zeus.
Closer examination shows a different picture. At the beginning we find
not so much a torrent of new ideas as a change in emphasis. The long-
term results were certainly to be far-reaching, but this was chiefly due to
intellectual opportunities which opened up during the next three hundred
years. For, in science as elsewhere, original thought acts like a yeast.
Placed in one environment it will be stifled: in another, it will produce
a ferment.

Individual men in the great Middle-Eastern empires were (as we
know) quite capable of speculating in novel scientific ways; yet, by itself,
thisdid not create a tradition of scientific theorizing. For the ideas were not
perpetuated, and no intellectual chain-reaction followed: circumstances
discouraged the spread of heterodox ideas about the natural powers at
work in the world. The Greek experience was different. Even though
scientific and philosophical argument remained activities of a minority,
and were regarded by some as heretical or dangerous, novel ideas never-
theless had the opportunity to spread and make their way. So it was
possible for the new conceptions about Nature, fanning out from Ionia
and Italy in the years after 600 B.c., to be criticized, developed and
incorporated into wider systems of matter-theory, first in Athens during
the fourth century and later in Rome and Alexandria.
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To begin with, there was little in the way of a head-on attack. The
philosophers wanted to rationalize the earlier traditions, rather than to
destroy them—sifting them by critical thought and logical examination
in the hope of placing them on a firmer foundation. They were quite
prepared to take over many of the traditional ideas and, if they were
dissatisfied with the mythological tradition, this was on account of its
methods rather than its ideas. For they were no longer content with bare
assertions. Aristotle, for instance, discussed the dogma that the ‘first
principles’ are either Gods or born of Gods, those things which did not
taste nectar and ambrosia becoming mortals. To this, he objected:

But it is not worth scrutinizing too seriously the subtleties of
mythologizers. Instead, we must find out how the same principles
could possibly give rise both to immortal and to perishable creatures,
by cross-questioning those who are prepared to offer arguments for this
view.

In due course, it is true, the new philosophical movement did attract
men with an iconoclastic cast of mind. The sun—if regarded as the
supreme arbiter of human destiny—might well be numbered among the
undying divinities, or ‘Natural Powers’: when reduced to the status of
a lump of flaming rock it was at best a ‘natural power’. Anaxagoras,
by making this suggestion, was certainly redirecting men’s attitudes
drastically: and this scepticism was carried further by Epicurus when he
argued that men need no longer regard the Gods with fear, since they had
better things to do than worry about the human race. Even the medical
men, pragmatic as always, picked up the same critical attitude. People
suffering from fits had hitherto been regarded as ‘possessed by spirits’, and
the Delphic Oracle herself delivered ‘divinely inspired’ prophecies while
in a state of induced frenzy. So epilepsy and other conditions in which the
patient was temporarily ‘out of his mind’ seemed to be quite unlike those
other diseases whose causes were clearly physical. But by the middle of
the fifth century, the great physician Hippokrates could dismiss this belief
as superstitious. Writing of epilepsy, he said:

I do not believe that the so called ‘Sacred Disease’ is any more
divine or sacred than any other; on the contrary, it has specific
characteristics and a definite cause. . . . All diseases are alike divine
and all human: each has its own nature and character, and there is
nothing in any disease intrinsically unintelligible or resistant to
treatment.

So the determination of the philosophers to regularize and make sense
of the older tradition was fated, in the end, to destroy it. At the outset,
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they were prepared to distinguish two kinds of myths: well-founded
rational myths, and baseless implausible ones. But, as time went on, the
suspicion arose that all myths of the traditional type—involving the
personification of natural forces—were equally doomed. Those ‘rational
myths’” which survived into the new era did so in the form of impersonal
theories.

The continuity of the ‘mythological’ and ‘scientific’ traditions is
apparent in the ideas of the very first natural philosopher. As Aristotle
tells us, Thales of Miletos

. declared that water was the underlying principle of things . . .
probably deriving this opinion from the fact that all things are
nourished by moisture, even heat being generated by it . . . and also
from the fact that the seeds of all creatures are moist by nature, water
being the underlying element in all moist things.

Yet the idea itself was not novel:

The men of the very earliest times, who first speculated about the
Gods long before the present age, accepted the same view of nature.
They made Okeanos and Tethys the parents of creation and the
oath of the Gods was by water, under the name of Styx.

The same primary belief is found in many Middle-Eastern Creation
stories, as in the Hebrew Book of Genesis. There, the dry land appeared
directly out of the waters, while in the Sumerian account the Gods built
a reed-mat as a first habitation. In each case the beginning was the same:
a formless chaos consisting entirely of that liquid, mutable, ubiquitous,
fertilizing substance—water.

In one further respect the first systems of natural philosophy resembled
the earlier myths which they were to displace. Questions about the
ultimate structure of things were still closely interwoven with questions
about the original creation of the universe. The very same word (archai)
was used, not only for the ‘origins’ of the world and for the ‘axioms’ of a
scientific theory, but also for the basic ‘units’ or ingredients from which
the material world was built. The philosopher saw his task as a double one:
to identify the fundamentals of material objects, and at the same time to
explain how, at the very beginning, these came to be organized as they
are—forming the earth, the sea and the sky with which we are familiar.
In this respect, the first theories were indeed rational myths.

Yet, at the same time, they were rational myths. Though the philos-
opher’s job was to produce a rival to the Book of Genesis, he imposed on
himself one fresh, crucial demand: the new tale must not be dependent
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on miracles or Divine commands, ‘too deep for human understanding’.
The Jehovah of the Old Testament had only to issue his orders: ‘God
said, Let there be Light, and there was Light.” In Plato’s Timaeus, the
Creator was no longer free to work in so arbitrary a manner. His world
had a rational, logical and discoverable structure; and, by using their
intelligence, men could indeed discover it. So what mattered now about
the Creation was not the Deity’s initial act of will, but the rational
specification to which His Creation conformed.

What sorts of problems, then, faced the Greek philosophers when they
set out to explain the nature of the material world? These were not
practical problems of technique or control, originating in any craft or
art, for Greek philosophy began, essentially, as an intellectual movement
—though one which always had some religious associations. The crafts-
man, as we have seen, need not demand rational understanding of
natural processes: ‘the point is, to change the world, not to understand it’.
But, as Aristotle firmly insisted, the motive of the original philosophers
was quite different:

Men began to philosophize in the first place—and still do—out of
perplexity. To begin with, they puzzled about problems near at hand;
then went on, bit by bit, to perplexities about larger things: for
instance, the phases of the moon, the motions of the sun and stars, and
the origin of the universe. Now, a man who is puzzled recognizes
his own ignorance—so that, in a sense, even a man with a taste for
myths is a sort of philosopher, a myth being made up of wonders.
Thus, since men turned to philosophy in order to escape from a state
of ignorance, their aim was evidently knowledge, rather than any sort
of practical gain. The evidence of history confirms this: for, when
the necessities of life were mostly provided, men turned their minds
to this study as a leisure-time recreation.

And what sort of understanding were the philosophers seeking? Once
again, Aristotle is quite explicit, and his account still holds good of
modern scientists.

In some ways, the effect of achieving understanding is to reverse
completely our initial attitude of mind. For everyone starts (as we
said) by being perplexed by some fact or other: for instance, the
behaviour of automata, or the turning-back of the sun at the solstices,
or the fact that the diagonal of a square is incommensurable with the
side. Anyone who has not yet seen why the side and the diagonal have
no common unit regards this as quite extraordinary. But one ends up
in the opposite frame of mind . . . for nothing would so much



46 POSSIBLE WORLDS

flabbergast a mathematician as if the diagonal and side of a square
were to become commensurable!

The nature of intellectual understanding has rarely been better
described, and this ‘reversal of attitude’ is strikingly paralleled elsewhere
—for instance, in our aesthetic experience. Encountering a new school of
painting or a new style of music for the first time, we often find that we
‘can make nothing of it’. The picture appears formless, and the noise
tuneless. Yet, once we have acquired the ability to follow the music or
understand the painting, our whole frame of mind alters and we can no
longer put ourselves back in our former position. The forms in the paint-
ing and the tunes in the music now ‘stick out a mile’, and we wonder how
anyone could miss them. As Gertrude Stein wrote in her biography of
Picasso:

It is strange about everything, it is strange about pictures, a picture
may seem extraordinarily strange to you and after some time not only
does it not seem strange but it is impossible to find what there was in
it that was strange.

So paint comes, with the growth of experience, to present itself to the
creative eye as a woman'’s face; and a sequence of sounds hitherto strange
comes to be heard as a cadence. Science in the same way has as its goal
an intellectual grasp based not just on bare theories, but on a new vision of
Nature—a new harmony of the reason and the senses, by which we can
not only state, but see with our own eyes, the working-out of natural
principles. '

The Problem of Change

The tradition of matter-theory springs ultimately from certain general
problems which perplexed the Greek philosophers. Certainly, some
individual phenomena caught their interest—the phases of the moon, the
mathematical properties of the square and so on—but these specific
problems were important chiefly on account of their general implications.
For a satisfactory conception of the material world should, they felt,
unify our understanding of all the variety in Nature. The mainspring of
their science (which has been one of the motive forces in all subsequent
science) was the search for this ‘unifying principle’. To a man without a
theory, the world is no more intelligible than the sequence of patterns in a
kaleidoscope. As the Greeks put it, experience presents us with a flux. The
fundamental problem was to discover the enduring, unchanging entities
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behind this flux: for, if we could only understand the ways in which

these entities interacted and developed, we should then be able to make
sense of the world around us.

This approach to Nature gave rise to problems at three levels, so ‘the
problem of change’ was for the Greeks a multiple one.

(1) In the first place, there was one entirely general question. Any
theory of the natural world must have two contrasted features: it must
both give an account of the unchanging ingredients in things, and explain
how these unchanging ingredients can give rise to the changing flux we
perceive. In other words, one’s explanations must contain both elements
of stability and elements of change. It was very difficult, as they soon
found, to define the ‘enduring elements’ in Nature, and in some respects
their problem is still with us—for instance, in the persistent difficulties
that arise when we try to characterize the unity of a human personality.
(If the infant of 1880 and the greybeard of 1950 are both Rupert Jones,
what continuing element is responsible for this common identity?)

(i) At a slightly less abstract level, they were faced with another
question: How can we frame a set of concepts which will apply
universally, so that we can explain all kinds of change in terms of a
common vocabulary? In building up their new theories, experience
offered them many starting-points, and intelligence thought up many
lines of attack. The immediate problem was not to search for one single,
correct account: it was, rather, to find the most promising starting-point
and direction. Should we cast all our explanations in the ‘eternally true’
formulae of mathematics? If so, how can these formulae be related to the
changes in the flux? Or are the persisting elements in Nature, perhaps,
unobservable particles, lacking all properties detectable by the senses? If
s0, how can our account explain the actual colours and smells of the
objects around us?

(iii) Only when they had satisfied themselves about these general
questions, did the Greek philosophers turn to specific scientific problems:
such as the cause of earthquakes, the formation of the rocks, the action of
fire, the relation between liquids and gases or the mechanism of vision.
And in every field they were faced as much by problems of method as by
problems of substance. They were not yet in a position to ask questions of
the form: ‘Given that perception involves physical processes between the
object and the eye, what are the detailed mechanisms that enable us to
see?’ Instead, they had to ask the preliminary question: ‘Is perception to be
explained as a physical process, or as a psychological one?” At this first
stage, the exact potentialities and limitations of each sort of explanation
were impossible to foresee.

To recount all the ways in which the Greek philosophers tried to
meet these difficulties would involve us in the whole history of Greek



48 POSSIBLE WORLDS

philosophy, including metaphysics. For our present purpose, what matters
is this: they introduced for the first time certain patterns of thought
which have been, ever since, the staple of scientific speculation about the
nature of matter. :

The Raw Materials of the World

The starting-point for the men of Miletos—Thales, Anaximander and
Anaximenes—was provided by everyday objects and substances familiar
to them; and initially they looked for an equally familiar type of
explanation—what might be called a ‘culinary’ explanation. As we our-
selves might contemplate a remarkable new plastic, or a delectable
soufflé, and wonder what ingredients had gone into it, so, too, the Ionians
began by asking: What are the raw materials or ingredients which go to
form the objects of the natural world?

At first glance, of course, different things seem to be made of quite
different stuffs—flesh and bone, water and ice. Yet to some extent these
substances are evidently capable of changing into one another. This fact
was at once suggestive: for perhaps they might all turn out to share a
common material basis. And, immediately, we find Thales and his
followers putting forward speculations of the greatest daring and
generality, only to find that these gave rise to almost insuperable
difficulties. The resulting debate is still continuing.

Thales (we saw) regarded water as the fundamental substance of the
world, and the reason is not far to seek. Undoubtedly the first mythol-
ogizers and the first philosophers were impressed by the same thing: the
crucial part played by water and watery liquids in so many familiar
natural processes. Water is widespread in Nature, occurs in many different
forms and plays a central part not only in the weather and the cycle of the
seasons, but also in the lives of animals and men. It appeared to surround
the world in which men lived entirely, both welling up out of the
ground and falling down from above: so that many of the traditional
mythologies placed the earth mid-way between ‘the waters above the
firmament’ and another equally extensive, subterranean ocean. Further-
more, it occurred naturally in all three states—solid, liquid and vapour—
and, far from appearing a sterile, inanimate substance, composed only of
inorganic elements in combination, it seemed to be both alive and
versatile—the indispensable agent of germination and growth. Finally, as
candidate for the position of ‘basic stuff’, water had a particular
philosophical merit, and one which Anaximander was shortly to turn
against Thales. It was in many ways indeterminate: colourless, tasteless,
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transparent and without any shape of its own. Yet it could easily be given
both a colour and a taste, and it would take up the shape of any vessel
into which it was poured.

At this point the difficulties began. Any unique ‘basic stuff” must have
the powers both of a chameleon and of a magician. The trouble was that
even water could not be sufficiently versatile. As Werner Heisenberg still
points out, a ‘universal stuff” can be satisfying to the intellect only if it
is entirely devoid of all individual properties of its own. And in that case
(as Anaximander retorted) it could not even be ‘water’.

We possess only fragments of the arguments by which Anaximander
criticized Thales, but the same point was to be made later in Plato’s
Timaeus:

Consider first the stuff we call water. When this is compressed, we
observe it—or so we suppose—turning into earth and rock, and this
same stuff, when evaporated and dispersed, turns into wind and air;
the air catches fire and turns to flame; while, reversing the process,
the fire will revert to the form of air by being compressed and
extinguished, the air condensing once more as cloud and mist. From
these, still more compressed, flows water; and from water come earth
and rock again: so that (as it seems) they take part in a cycle of
reciprocal transformation.

Now, since no one of these material substances ever retains its
original character unchanged throughout these transformations, which
of them can we without embarrassment assert to be the real ‘this’—the
ultimate constituent of the thing in question?

If all liquids contained water, this fact might explain their common
liquidity; but it would do so precisely by contrasting substances which
contained much water, and were liquid, with others which contained less
and were solid. When the presence of water is used to account for the
special properties of liquids, it cannot at the same time be used to explain
the properties of solids, flames and vapours also. Accordingly, the basic
substance cannot be identified with common water, or fire, or any other
determinate stuff: rather, it must be capable of taking on liquid or fiery
properties interchangeably.

One may reconstruct Anaximander’s arguments as follows. Thales was
right in looking for some unchanging element behind the cycles of birth
and death, summer and winter, but he was mistaken when he attributed
these entirely to the transformations of water. The world as we know it
alternates between wet and dry, hot and cold, and neither gets the upper
hand—for, surely, a world composed entirely of water must be
predominantly wet.
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The different kinds of matter are opposed to one another—air is
cold, water moist, flame hot—so, if any one of them were unlimited
[in quantity and power], the others would by now have ceased to
exist. The unbounded material of the world is, accordingly, some-
thing distinct from the four elementary substances [earth, air, flame
and water]. It is eternal and ageless, and encompasses all worlds. And
into it the elementary substances pass away once more, as is only
fitting; since—putting it somewhat poetically—they in this way make
reparation and satisfaction to one another, as time requires, for their
former inequities.

So, at the very outset, the fundamental starting-point of all matter-theory
was faced with its fundamental difficulty. As the price for being com-
pletely universal, an explanation in terms of a basic stuft threatened to
become completely abstract.

Grecks being Greeks, this was the beginning of a prolonged dispute,
and in the debate which followed three alternative theories were put
forward. Each tried to improve on Thales’ doctrine in a different way, and
each is the ancestor of an intellectual tradition that has lasted down to
the present day.

(i) The Pendulum Theory

For Anaximander, as we have seen, the basic stuff was something entirely
characterless: an anonymous neutral basis, from which everyday sub-
stances were formed by a ‘separating-out’ of opposing qualities. (Its
nearest modern equivalent is the physicist’s generalized idea of ‘energy’.
In itself, energy is neither magnetic nor electric, neither kinetic nor
potential, neither matter nor radiation; but it is capable of manifesting
itself alternatively, either as electromagnetic radiation, or as mass, or as
the energy of motion.)

Anaximander applied his idea to account for the cycle of the seasons.
Summer and winter represented alternate swings of a pendulum,
upsetting the equilibrium between hot and cold, wet and dry. Such
‘inequities” were only temporary. For having gone to one extreme, the
pendulum turned back, so the separating-out of opposites was never
complete or permanent. The force of Anaximander’s model will be
obvious to anyone who has built a sand-castle at the tide’s edge. You begin
with a mixture of solid and liquid. You dig a trench to hold back the
water, and pile the sand up in a mound. But the more you separate the
two substances, the more rapidly they in turn undo your work. As the
mound of sand gets higher and the trench of water deeper, they revert
ever faster to the original undifferentiated sludge.

Only in one case was there a permanent separation of the different



FIRST PRINCIPLES SI

forms of matter. At the Creation, the sea and the land, the atmosphere and
the fiery matter of the heavens, were set apart in an enduring manner; and
this stability was maintained by the whirling of the heavens. These formed
a sort of centrifuge, in perpetual rotation, the denser and more sluggish
stuff remaining at the centre, while the more volatile substances were
flung out to the periphery. It was this eternal motion which brought
about the original stratification of the universe, and so long as the motion
continued the different layers of the cosmos would never fall together
again. (For the relevant passages from Anaximander and Anaxagoras, see
The Fabric of the Heavens, pp. 65-9.)

(ii) The Breath Theory

Anaximenes, Anaximander’s immediate successor, put into circulation
two further influential ideas. He accepted both the picture of the heavens
as a whirling eddy and the concept of a single basic, undifferentiated stuff.
But this common substance (which he called the preuma) was not, after
all, completely distinct from more familiar substances, for it possessed
many properties of the ordinary atmosphere. Both were material, invisible,
colourless and odourless:

Anaximenes said that the underlying substance . . . was pneuma
(air). From this, there first arose the things whose existence is eternal
—past, present and future—the gods and the divine things; while
other things came from these in turn. Just as the soul, being a kind of
air [or breath], holds our bodies together, so the universal pneuma
encompassed the whole universe.

Pneuma takes the following forms. When it is entirely homogen-
eous, we cannot see it; but the effect of heat and cold, moisture and
motion, is to make it visible. It is always in a state of change; for
otherwise it would not alter its form so much.

What distinguishes the pneuma in different substances is its degree
of rarefaction and condensation. When it is so dilated as to be ex-
tremely thin, it becomes fiery; while, by contrast, compression of the
pneuma causes the winds. Felting of the pneuma [ie. a multiple
compression or squeezing together of the layers] produces clouds—
and these, still further compressed, turn to water. Water, when
compressed even more, turns to earth; and this, when comp essed to
its greatest extent, to rock.

In this passage we see Anaximenes employing two distinct ideas,
which were later to become the starting-points of rival intellectual
traditions: atomism and the continuum theory. His view that different
states of matter correspond to dilated or compressed states of a single basic
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stuff was later to be taken over by the atomists. (They thought of solids
as composed of atoms packed closely together, and of vapours as formed
of the same atoms separated far apart.) Yet, unlike the Greek atomists, he
recognized the need for some agency capable of maintaining things in a
stable pattern. His concept of the pneuma was to be greatly developed by
the Stoics, and it has most recently evolved into the ‘force-fields’ and
‘wave-functions’ of contemporary matter-theory.

But Anaximenes had not really escaped the objections pressed against
Thales. As the basic form of matter, air was just as arbitrary as water;
and, significantly enough, one finds Herakleitos of Ephesos making out an
equally plausible case on behalf of fire half a century later.

(1) The Mixture Theory

The third alternative was the most successful, and, though it may seem
obvious now, it was none the less revolutionary at the time. Its fundamen-
tal supposition was that the raw material of the world is not all of one
single kind, but comes naturally in several different varieties, which are
free to mix and combine, dissociate and separate, in varying proportions.

The reputed author of this view was Empedokles, who lived at
Akragas in Sicily in the fifth century B.c. Like Pythagoras, who had left
the island of Samos (across the straits from Miletos) and established a
fraternity in southern Italy, Empedokles was a religious teacher as well
as a philosopher and doctor: he has, in fact, been called a ‘medicine-man’.
He may even have been a heterodox follower of Pythagoras, for his
preaching resembled Pythagoreanism (and Buddhism) in its doctrine of
rebirth and nirvana. Like other religious teachers before and since, he
combined preaching with healing, and ended up convinced of his own
immortality. According to a hostile rumour, he leapt into the crater of
the volcano Etna, in the hope of strengthening his reputation for divinity
—and so became the subject of a poem by Robert Browning.

His teachings formed a series of poems some five thousand verses in
length. Only three hundred and fifty verses have survived from his poem
On Nature yet, even so, the relics are more substantial than those from
any other early Greek philosopher. From them we can extract a theory
which, in its own distinctive way, tackles all three central problems of
Greek science. As we have seen, the questions were: (a) What are the
stable principles behind the flux? (b) What process is responsible for the
changes in the flux? (c¢) What agencies control this process? To these
questions Empedokles replied in turn: (a) The enduring principles in the
natural world are the four basic types of matter—solid, liquid, fiery and
aeriform. These are ‘the four roots from which all material things spring’,
they are conserved in all material transformations. (b) Change comes about
through the mingling and separation of these four basic materials, which
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unite in different proportions to produce the familiar objects around us.
(c) The agents responsible for this process are two universal powers acting
in opposition, which he called, allegorically, Love and Strife.

Empedokles wrote his poetry in the tradition of Hesiod, and it is not
surprising that he speaks of his four basic stuffs as personified natural
powers. (Zeus certainly represented the fire and light of the sky, but
scholars are still arguing about the identification of Hera, Aidoneus and
Nestis.)

Hear, first, about the four roots of all things: gleaming Zeus, and
life-bringing Hera, and Aidoneus, and Nestis whose tears form a
spring of water for mortals. And let me tell you another thing: in the
birth of mortal things nothing is really created, nor in dreadful death
is there any true destruction. All that occurs is a mixture, and an
exchange of ingredients; and ‘substance’ is only a name given to
things by mankind. For, when the elements have beeh mixed and
come to light in the form of a man, or as some kind of wild animal, or
plant, or bird, then men declare that these have ‘come into existence’;
and when the elements separate, men call this sad destiny ‘death’. . ..

Fools! For they do not take the long view: imagining that things
can be born which had previously no existence at all, or that things
which die are utterly destroyed. From what is wholly non-existent,
nothing can arise: and for what truly exists, to perish is impossible and
inconceivable; for it must always continue to exist, wherever one may
put it.

The elements alone truly exist; but, coursing through one another,
they develop into the forms of men and the other breeds of animals.
Sometimes, under the influence of Love, they are united into an
organized whole. At other times, through the action of hostile Strife,
they are forced apart; until once more they grow into a unity and are
governed. So, through their ability to form units out of parts, and in
due course to separate once more, they may be said to ‘come into
existence’ and to be ‘mortal’; yet in another sense, taking part as they
do in a continual exchange, they exist continually unaltered, as they
follow out the cycle of changes.

The importance of this theory for the origins of science lies in the
conception of material things as mixtures of several distinct stuffs, which
are conserved throughout all natural changes, and which from time to
time combine to form different organized wholes. Empedokles’ list of
elementary substances is, no doubt, far too short by our standards.
Still, the originality and significance of his theory must not be under-
estimated. For this was the first appearance in our scientific tradition
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of an important intellectual model. However much we have to
qualify it, the theory that all material things are organized mixtures of
different elementary substances ultimately derives from this poem by
Empedokles. No doubt some practical conception of this sort was
common form among craftsmen, yet, as an explicit theory, this is its first
appearance on our intellectual stage. Having said this, we must add two
immediate qualifications. Empedokles’ poem was as much a rewriting of
Genesis as a contribution to chemistry and physiology. Also, when he
came to apply his ideas to actual examples, they inevitably lost a good deal
of their first precision; for he was determined to extend his theory to
cover all natural happenings—the origin of species, human embryology,
the mechanisms of vision and comparative anatomy, as well as astronomy
and meteorology. Yet, in its essential form, the theory of mixtures and
combinations is undeniably there. And, as developed by his contemporary
Anaxagoras, and later by the atomists, this type of matter-theory has been
in circulation ever since.

Empedokles’ formative agents, Love and Strife, remained person-
ified natural powers, like the three Fates in Plato’s Myth of Er, who kept
the heavenly spheres spinning. And this, as Aristotle in due course
complained, left the creation of material objects from the four elements
essentially mysterious. Once again, this objection does not entirely destroy
the significance of Empedokles’ doctrine. For a theory which prompts us
to ask fruitful questions has great merits and, provided it does this, we can
excuse a few vague answers. Led by Empedokles, philosophers were now
able to turn their enquiries in profitable directions: asking, in the first
place, how many (and of what kinds) the underlying elementary sub-
stances were; and, in the second, what sorts of agencies and forces caused
them to unite into organic wholes—whether living or non-living. Indeed,
these further questions were immediately taken up by other thinkers.

Philosophy had already come a long way in the century or more
since Thales. By the time of Empedokles and Anaxagoras, men possessed
a whole arsenal of ideas with which to attack the problems of the flux, and
the central issues of matter-theory were emerging with some clarity. The
philosophy of matter was still far from being ‘physics’ or ‘chemistry’, as
we know those subjects, but it had at any rate established itself as a
hopeful field for rational enquiry.

The Ultimate Units

The doctrines we have looked at so far concentrated on questions about
the ultimate ingredients of material things. From shortly before soo s.c.,
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however, an alternative intellectual tradition was developing, whose
approach was less ‘culinary’ and more abstract. It originated with the
mathematical teachings of Pythagoras and, in contrast to earlier theories,
looked for a quantitative account of material change. The world was
composed of fundamental units, whose nature could be fathomed only by
studying their numerical or geometrical properties. The flux of the
world was an illusion, which resulted from our relying too much on the
evidence of our senses. Colours, sounds, tastes and smells no doubt varied
continually, but the man of insight looked past these sensory changes to
the stable mathematical order behind.

The founding fathers of Greek science reached a great deal further
than they could grasp, and none more so than Pythagoras. Again and
again they felt they were on the verge of explaining all the manifold
processes of Nature, but, when it came to the point, they could show only
that their ideas provided a possible account of the nature of things, and
over questions of detail they were forced to rely more on imagination
than on solid proof.

In the case of Pythagoras, the gap between promise and achievement
was almost grotesque. His conviction that the crucial properties of material
things were mathematical, and best expressed in formulae, in due course
bore fruit which his original groundwork alone made possible. But to
begin with (as we saw in The Fabric of the Heavens) even geometry resisted
the Pythagoreans’ assaults, and Aristotle commented unkindly on their
lack of progress. It was harmless enough to say that material objects
were ‘describable in mathematical terms’, or ‘constructed according to
numerical ratios’—and that, according to Pythagoras’ widow, was all he
had meant to claim. But, watered down in this way, the view was too
vague, for at once the question arose: In what respects are the objects of the
everyday world describable in mathematical terms, and how do numerical
ratios and formulae apply to the architecture of Nature? It was the further
step, of declaring that all objects in the natural world ‘are’ or ‘are made up
from’ numbers, which landed them in insuperable difficulties. And these
Aristotle kept rubbing in:

There are some people who would even construct the whole
universe out of numbers, as do some of the Pythagoreans. Yet
manifestly, physical objects are all heavier or lighter, whereas unit-
numbers [being weightless] cannot go to make up a body or have
weight, however you put them together.

In matter-theory, then, the more enthusiastic Pythagoreans under-
estimated the gulf between pure mathematics and the world of Nature.
This gulf could be bridged only by discovering fundamental material
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units, which could serve as physical counterparts of their mathematical
units. And this was one starting-point for the novel, and profoundly
influential, system known as atomism, an intellectual novelty which was
first introduced in the fifth century B.c., by the philosophers Leukippos
and Demokritos.

It must be emphasized straight away that the original atomistic theory
was neither more nor less ‘scientific’ than the speculations of the Ionians
and Empedokles. If, since A.D. 1800, Demokritos has acquired a reputation
for being somehow more of a scientist than other Greek philosophers,
this is only because of a transient and partial similarity between his
doctrines and those of nineteenth-century science. (The physics of our
own day, as we shall see later, rests on fundamental concepts of a very
different form.) The atomists, like other philosophers, were solely
concerned to construct a plausible and possible system of Nature.

The ultimate constituents of the world, as Leukippos taught,
were:

. . . innumerable, ever-moving units, viz. the atoms. There is an
infmite number of them, and they are invisible on account of their
small size. The material of the atoms themselves is packed entirely
close, and can be called what is; while they are free to move through
the void (which may be called what is not). By coming together in
association, they are responsible for the creation of material things:
by separation and dissociation, for their disappearance.

These atoms had several well-defined properties. First, they represented
the limit beyond which no homogeneous substance could be divided.
The word ‘atom’, indeed, originally meant ‘uncuttable’, and those
physicists who in the 19205 were said to have ‘split the atom’ proved
—in Greek terms—that the chemical elements are not made up of true
atoms after all. Secondly, the atoms were separated by ‘the void'—i.e.
regions of space devoid of all properties whatever—so they could affect
one another only by direct contact, collision or interlocking. Thirdly,
although all atoms were composed of the same basic stuff—the usual
undifferentiated ‘sludge’—individual kinds of atoms had different shapes
and sizes, whose number and variety were unlimited. Finally, every homogen-
eous substance had atoms of its own characteristic shape, and the sensory
qualities it appeared to have simply reflected the effects produced on our
bodies by interacting with these atoms.

The theory based on these axioms had great intellectual power.
For, instead of vague references to ‘mixture’ or ‘Love’, one could now
suggest detailed mechanisms to explain how material objects came into
being.
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These atoms exist in the unbounded void, being entirely separate
from each other; they differ in shape, size, position and arrangement;
and they move through the void, overtaking each other and colliding.
Sometimes they bounce off in random directions, at others—because
they fit together in shape, size, position or arrangement—they
become interlocked and so remain in association. This is the origin
of composite bodies. . . .

The atoms have all kinds of shape, appearance and size. . . . Some
are rough in texture, others shaped like hooks; some are concave,
others convex; and there are innumerable other varieties.

We do not know how far Leukippos and Demokritos developed their
theory, since their views are now known only from second-hand frag-
ments—the passage just quoted, for instance, comes from Simplicius,
nine centuries later. The only complete statement of atomism to have
come down to us from antiquity is Lucretius’ long poem On the Nature
of Things (c. 50 B.C.), and even this was greatly influenced by the work of
other philosophers much later than Demokritos. Only on a few subjects
can we reconstruct the original doctrine with some degree of confidence.

This first atomistic theory was still only a beginning. And it is interest-
ing that the cosmological picture accepted by its founders was far cruder
than that taught by non-atomists, such as Anaxagoras. But the significant
thing for our present purpose is the general form of the theory, not its
detailed application to particular facts; and, in its intellectual methods, it

.introduced two novelties which were later to be of the highest impor-
tance. One of these was made explicit by Demokritos: the other, though
to begin with only implied, was stated clearly by Epicurus about
300 B.C.

The first of these innovations has become a commonplace: namely,
the idea that the sensory qualities of material objects are as dependent on
the properties of our bodies as on the inner make-up of the objects them-
selves. So far as we know, Demokritos was the first man to distinguish
clearly between ‘primary’ qualities—those which figure in a physicist’s
description of an object—and ‘secondary’ qualities, which arise from its
interaction with the sense-organs of an observer. (This distinction was
revived in the seventeenth century by Galileo and Locke.) As authentic
primary qualities Demokritos would recognize only size, shape, motion
and arrangement: tastes and colours were qualities of the secondary kind.

Galen quotes a famous remark by Demokritos and comments on it:

‘Sweetness exists only by convention, bitterness by convention,
colour by convention: the atoms and the void alone exist in reality.
. . . We have no accurate knowledge of anything in reality, but can
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be aware only of the changes which correspond to it in the conditions
of our bodies, and of those things that flow on to the body and collide
with it.”

That is what Demokeritos tells us, and he adds that all the qualities
of the objects we perceive result from these atomic collisions. In
reality, there is no whiteness or blackness or yellowness or redness;
nor any bitterness or sweetness. For his phrase ‘by convention’ means
‘in our usage’ or ‘from our point of view’, as contrasted with ‘as
things really are’.

Demokritos’ second novelty sprang from the implications of his first.
Most of his atoms were invisibly small, and our senses could not penetrate
far enough to observe them directly. It followed that the way to acquire
true knowledge of the realities of the world was not by sensory observa-
tion, but only by rational, theoretical enquiry:

There are two kinds of understanding, one authentic, the other
bastard. Sight, hearing, smell, taste and touch all belong to the latter:
but reality is distinct from this. When the bastard kind can help us
no further—when we can no longer see, nor hear, nor smell, nor
taste, nor feel more minutely—and a higher degree of discrimination
is required, then the authentic variety of understanding comes in,
giving us a tool for discriminating more finely.

This doctrine has one further important consequence. Only by using our
reason to ‘discriminate more finely’ can we adequately explain the
properties of visible and tangible objects. With our intellects as the only
guide, we must explore the world of the invisibly small, where the
motions, shapes and interlockings of the atoms are the only true reality.

This intellectual method—of explaining directly-observable happen-
ings by appealing to insensibly minute but hypothetical constituents—has
played a key part in the development of physics and chemistry; and, from
its earliest days, it gave rise to philosophical questions which are still with
us. Supposing the constituent atoms of things are insensibly minute, how
can we know anything about them? Are they just too small to be seen? Or
should they be regarded solely as creations of the intellect? Even in
Demokritos himself, there is a certain ambiguity about their status.
Sometimes he speaks as though their minute size alone prevented us from
seeing or feeling them. At others, he argues that they both do and must
escape our senses—that we could never possibly discover anything about
them, except by inference, since ‘Man is severed from Reality’.

On the first of these interpretations, it follows that creatures blessed
with finer and more discriminating senses could see and feel what we can
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only infer. The second interpretation, on the other hand, implies that
atoms are purely ‘theoretical’ entities—fictions or hypotheses, rather than
real bricks. Atomism then becomes a kind of fable, which interprets the
world of Nature allegorically, and we are not justified in making any
downright assertions about the granular structure of the natural world.

As things were, Demokritos exploited both interpretations. Like
Eudoxos, whose celestial spheres had a similar ambiguous status, he
invited men to think about his atoms in two ways. They were, he
implied, unobservable both for reasons of fact and as a matter of philo-
sophical principle. Although they really existed, they were too small to
be seen; and, in any case, they only ‘existed’ in 2 manner of speaking, since
one could discover what was really going on in the world only by
hypothesis and rational inference.

This ambiguity in atomism has never been wholly resolved. When-
ever scientists have introduced hypothetical, sub-microscopic entities in
order to explain their experiments or observations, two alternative
schools of interpretation have grown up. One school hesitates to treat
these entities as any more than hypotheses—the dramatis personae in a
scientific fable representing one stage along our march towards under-
standing. The other school takes the entities entirely seriously and
literally, attributing their unobservability solely to the limitations of our
senses and instruments. And there are reasons to believe that this
ambiguity can never be finally resolved. This oscillation between the
‘phenomenalistic’ interpretation, which makes the entities creatures of our
minds, and the ‘realistic’ interpretation, which treats them as tiny bricks,
seems itself to be part of the process by which scientific understanding
advances.

The Debate is Thrown Open

By 400 B.C., then, the main characters in Greck matter-theory had made
their appearance. From then on, the philosophical schools were to serve
as a perpetual court, in which rival claims were pleaded. For the beginning
period, we are lucky to have Aristotle as a self-appointed, though severe,
Clerk of Court. His records may not always be complete, or completely
just; but, by comparing them with other ancient sources, we can recon-
struct the essentials of the debate with reasonable confidence.

As Aristotle saw, each of the earlier theories had great attractions, and
could be supported by powerful arguments. Yet, somewhere along the
way, the original ambition of natural philosophy—to find some single
conception which could do justice to all our experience—had suffered
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shipwreck. To give a satisfactory account of the natural world, men must
evidently face problems more profound and more varied than they had
realized when they set out.

Consider, first, the ‘culinary’ approach of the Ionians. To this, one can
immediately reply: a list of ingredients alone is not a recipe. It is undoubt-
edly important to recognize the fundamental materials of Nature, but that
is only the beginning. A comprehensive account will have also to explain
how these raw materials take the forms of men and beasts, trees, rocks and
stars. Moreover, our resulting picture must be something more than a
‘snapshot’: we are entitled to ask for a ‘cinematographic’ account
(Aristotle’s own word is ‘kinetic’), which will make sense of the con-
tinually-changing character of the flux.

If Aristotle is to be believed, philosophers soon became aware of these
difficulties:

One might suppose [on the Ionian view] that the only explanatory
factor required was the ‘raw material’. But, as they followed up this
idea, the very nature of the case forced further enquiries on them: for
if all things are formed from, and fall back into, some one substance
(or perhaps several), how does this come about and what is the
explanation? The underlying substance itself is surely not responsible
for its own transformations. I mean: neither wood nor bronze (say)
has the power to transform itself, so that the wood turns into a bed or
the bronze into a statue. No, something else is responsible for this
transformation. The study of this problem is the search for the second
kind of ‘natural principle’—the ‘origin of change’, as we should say.

Yet this ‘origin of change’ must not be too abstract or general. Our
explanations must show, not just that the universal matter can be shaped
into a man or a tree, but why it takes one form on one occasion and a
different form on another. '

These early thinkers seem to have grasped two of the necessary
explanatory factors: the material basis of things, and the agent of
change, but only dimly and uncertainly. Like untrained recruits in a
battle, who wander about and occasionally strike excellent blows,
these thinkers display the same lack of understanding, and do not
appear to be entirely at home even with their own doctrines: for
evidently they found little or no occasion to apply them. Anaxagoras,
for instance, brings in Mind as an artifice to account for the order
in Nature, dragging it in when he is stuck for any other explanation
but at other times using anything rather than Mind to explain the
way things develop.
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As for the Pythagoreans and the atomists, Aristotle found their sug-
gestions interesting and worth considering, but concluded that, at most,
they gave us only a part of the truth:

Leukippos and his disciple Demokritos . . . hold that ‘atomic
variables’ are the explanation of everything else. There are three
variables, they say: shape, order and placing . . . for instance, A and N
differ in shape, AN and NA in order, and H and T in placing. But
as for change—how and why it affects things—this they casually pass
over in the same way as the others.

Aristotle’s verdict, though fierce, is understandable. At this stage, a
great deal of thought had been given to the possible forms which a matter-
theory might take, but the dispute between the different approaches
remained a rather barren rivalry. The remarkable thing is that, during
their discussions, the early Greek philosophers should have put into
circulation so many of the ideas which recent science has exploited.
Certainly Demokritos did not anticipate Dalton: for before A.D. 1700
nobody could distinguish between physical and chemical processes, still
less recognize the basic facts of chemical change that Dalton in due course
explained. Yet Leukippos and Demokritos did launch some of the ideas
which Dalton put to good use later: these men created an intellectual
tradition which, as a consequence of Dalton’s work, rooted itself firmly
in our knowledge of Nature. And the same point can be made about other
novel ideas; such as the pneuma of Anaximenes and the mathematics of
Pythagoras. All these traditions, created by the Greeks, have developed
down the centuries to provide 'the vocabulary of theoretical discussion
during the modern scientific period.

It was becoming clear around 400 B.c. that, if men wished to go
further, they must abandon—at least temporarily—some of the ambitions
of the first philosophers. The ambition to find stable principles behind the
flux remained, but a comprehensive picture of matter could not be built
up using only one single basic principle—whether material, mathematical
or atomistic. For none of the initial theories was in itself rich enough to
cover bodies and processes of all kinds. Instead, a composite theory was
required—one which brought together explanatory factors and intellec-
tual conceptions of several different kinds. The next step was not to
multiply the number of rival theories still further, but to arrange the
pieces already in circulation into a more comprehensivc and convincing
pattern.
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Atoms and Organisms

OME scientific problems are born, resolved and forgotten within a
S century. Others, like the poor, are always with us. The project of

weaving into a single fabric the separate intellectual threads spun by
the scientists of Ionia and Italy at once ran up against one fundamental
snag; and the resulting quandary, far from being easily resolved, has
persisted in one form or another ever since. For a comprehensive
‘philosophy of matter’ has to embrace in its categories material things
from the simplest to the most complex, from the utterly inert to the most
animate and rational, from the completely uniform to the most delicately
and exquisitely structured. It must show us stones and leaves, air and men,
all patterned within a consistent framework of ideas and exemplifying the
same basic principles.

That was the task the Ionians had set themselves from the very begin-
ning, and it was already proving a tall order. For it meant finding the
intellectual link between the shapeless raw materials of the world—the
‘four roots’ of Empedokles—and such finely ordered structures as the
human eye. And what could this link be? Had solids, liquids, flames and
vapours the capacity to form themselves into organisms unaided? Or must
some immaterial agency act on them from outside, moulding them into
the shapes and consistencies on which the proper functioning of the
organism depends? Both views involved difficulties. Either one could
refuse to recognize any essential distinction between animate and
inanimate, structured and homogeneous things; in which case it had to
be explained how uniform matter could transform itself into living
creatures. Or alternatively one could treat these distinctions as absolute,
and regard the structure of organs as something imposed on the inert
raw materials from outside; and in that case some clear and intelligible
account was required—less vague and poetic than the ‘Love and Strife’ of
Empedokles—of the agency responsible for this transformation.

In the two following chapters we shall see how, in their different ways,
the Greek philosophers of succeeding generations came to terms with
this problem. But first it is important to locate the point of difficulty more

63
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exactly. We can best illustrate it by showing how it affected the atomistic
system taught by Demokritos and Epicurus in Greece and later by the
Roman poet Lucretius. For the classical atomists, however ‘scientific’
they may now appear, did not escape this problem. On the contrary, it
floored them. The difficulties about organization and organisms arose for
them in a peculiarly sharp form, which they were never able to cope with
at all satisfactorily. They did their best to embrace the structure and
behaviour of living things within their theories, but the range of their
ideas was too limited, and they ended by evading the central issues
instead of meeting them. This was no historical accident: rather, it was a
direct consequence of the very purity of their doctrines. For there is
something in the internal logic of a purely atomistic theory which
necessarily debars it from solving the problems of organization and
directed activity. If we are to see why the later development of matter-
theory took the course it did, we must understand the nature of this
obstacle—since at the time it made atomism as implausible as the
heliocentric astronomy of Aristarchos, and left the field wide open for
the continuum theories which were to eclipse atomism for nearly two
thousand years.

The claim that pure atomism cannot explain the organization of
living things must not be misunderstood. Biologists today, of course,
accept modern atomic theory as wholeheartedly and sincerely as do
physicists and chemists, nor do they despair of applying it to biological
structure and activity. Why, then, was Greek atomism incapable of
solving these problems?

The answer is easily given. Our own atomism—first sketched by
Newton and Boyle, and later developed into the basis of chemistry by
John Dalton—is not the pure atomism of the Greeks. For them, it was
axiomatic that the individual atoms of the world, when left to them-
selves, raced freely through the void in straight lines without interacting.
Only if they collided or became interlocked did they produce any effect on
one another. So a pair of atoms had only three possible states. Either they
were not in contact at all, in which case their mutual influence was zero;
or they were colliding and rebounding; or, finally, they were jammed
together, their excrescences interlocked, and would remain so until
knocked apart. With the laudable obstinacy of all Greek scientists, the
atomists were determined to keep their theories consistent, and refused to
compromise on these principles. Interlocking and impact were the sole
permissible modes of interaction between atoms, and nothing as in-
tangible as the electrical or gravitational fields of modern physics was
admitted into their system. Our own atomic theory presents a striking
contrast. Its great explanatory powers are a direct result of the very
variety of interactions which it admits. Far from recognizing impact
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alone, the theory acknowledges gravitational, electric and magnetic fields,
not to mention ‘exchange forces’ and other more recondite influences.
Indeed, this variety of bonds, attractions and fields sometimes threatens
to obscure the unit ‘bricks’ between which the interactions take place.

But to return to our earlier assertion: if we follow Lucretius’ account
of the atomistic world-picture, in his poem On the Nature of Things—
beginning with the simple physics and gradually moving over to biology
and psychology—we shall see how the critical obstacles press more and
more into the foreground.

At first the theory is entirely convincing. Just because atoms cannot
be seen, Lucretius argues, it does not follow that they are not there:

Lest you yet
Should tend in any way to doubt my words
Because the primal particles of things
Can never be distinguished by the eyes,
Consider now these further instances
Of Bodies which you must yourself admit
Are real things, and yet cannot be seen.
First the wind’s violent force scourges the sea,
Whelming huge ships and scattering the clouds . . .

Winds therefore must be invisible substances
Beyond all doubt, since in their works and ways
We find that they resemble mighty rivers
Which are of visible substance. Then again

We can perceive the various scents of things,
Yet never see them coming to our nostrils:
Heats too we see not, nor can we observe

Cold with our eyes nor ever behold sounds:

Yet must all these be of a bodily nature,

Since they are able to act upon our senses.

For naught can touch or be touched except body.

Behind all natural phenomena, however static they appear, lies the
random jostling of the atoms. And the results of this movement may
even sometimes be visible:

An image illustrating what I tell you

Is constantly at hand and taking place

Before our very eyes. Do but observe:
Whenever beams make their way in and pour
The sunlight through the dark rooms of a house,
You will see many tiny bodies mingling
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In many ways within those beams of light
All through the empty space, and as it were
In never—ending conflict waging war,
Combating and contending troop with troop
Without pause, kept in motion by perpetual
Meetings and separations; so that this

May help you to imagine what it means
That the primordial particles of things

Are always tossing about in the great void.

Such waverings indicate
That underneath appearance there must be
Motions of matter secret and unseen.
For many bodies you will here observe
Changing their course, urged by invisible blows,
Driven backward and returning whence they came,
Now this way and now that, on all sides round.

So far, so good: the properties of vapours may well be explained by

the random motion of atoms. But solid materials—ordinary stones and
metals, for instance—are coherent and rigid. How does Lucretius account
for this contrast? The most rigid solids present few difficulties:

Furthermore things which seem to us hard and dense
Must needs be made of particles more hooked

One to another, and be held in union

Welded throughout by branch-like elements.

First in this class diamond stones, inured

To despise blows, stand in the foremost rank,

And stubborn blocks of basalt, and the strength

Of hard iron, and brass bolts which, as they struggle
Against their staples, utter a loud scream. . . .

The closest unions are formed by those bodies
Whereof the textures mutually correspond

In such wise that the cavities of the one

Reciprocally fit the other’s solids.

Moreover it is possible that some things

Are held together linked and interwoven

As though by rings and hooks; which seems more likely
To be what happens with this iron and stone.

Yet in other cases this appearance of utter solidity may be misleading. A
striking analogy shows how an unchanging visible outline may conceal a
flux of independent atomic movements below the level of our vision:
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Thus often on some hill the woolly flocks

Creep onward cropping the glad pasturage
Whichever way the grass pearled with fresh dew
Tempts and invites each, while the full-fed Jambs
Gambol and butt playfully; yet they all

Seem to us, blent by distance, to stand still

Like a white patch upon the green hillside.
Again, when mighty legions fill wide plains
With rapid movements, waging mimic war,

A glitter rises therefrom to the skies, . . .

And horsemen, wheeling suddenly about,

Gallop across the middle of the plains

Shaking them with the violence of their charge.
And yet high up among the hills there must be
Some point from which they seem to stand quite still,
Resting a patch of brightness on the plains.

The image is attractive, but the first discrepancies are already creeping
in. The sheep in a pen may seem to resemble the atoms of an enclosed
vapour; but—unlike those atoms—they do not disperse in all directions
when the ‘container’ is removed. The very gregariousness of sheep makes
them crucially unlike pure atoms. They are not mechanically interlocked,
nor are their motions entirely random: to our modern eyes, they
resemble much more closely the molecules of a liquid.

Indeed, the Greek atomists found the liquid state itself hard to explain.
Of the three normal states of matter, only the solid and gaseous fitted
naturally into their system. In a solid, the greater part of the atoms had
become so rigidly interlocked that the overall shape of the body remained

“the same; while in a vapour the atoms were dissociated and, apart from
elastic collisions, were moving freely. Since interlocking and collision
were the only permitted interactions, the atoms of a solid, when separated,
should at once go over into the gaseous state: forming, so long as they
were still close together, a sluggish gas, but a gas none the less. And the
very existence of liquids can be reconciled with atomism only by
supposing—as we do—that attractive forces act between neighbouring
particles even when they are not in contact.

Over magnetism, another non-mechanical action, similar difficulties
arose; and we find Lucretius putting forward a view which the atomists of
sixteenth-century Europe were to revive with no greater success. On this
theory, magnets are continually sending out streams of minute particles
capable of moving the bodies on which they impinge; but they can do so
only if the ‘pores’ in those bodies are neither too large nor too small to be
affected by the magnetic particles.
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[Some materials]
Stand firm by their own weight, gold for example;
Others again, because theirs is a body
So porous that the current unresisted
Flies through them, can in no wise be propelled;
And to this class wood, it is clear, belongs.
Between these two then lies the nature of iron:
So when it has absorbed certain minute
Bodies of brass, then the Magnesian stones
Are able to propel it with their stream.

In magnetism and electric attraction the Greeks were already en-
countering two of those species of ‘action at a distance’ which ultimately

compelled

Newton to dilute the concepts of atomism with concepts of

force. But the irremediable weaknesses of undiluted atomism are most
clearly revealed when Lucretius turns to the problems of biological
integration and the action of the mind. As he admits, an animated body is
quite unlike a mindless or lifeless corpse:

Moreover by itself the body never

Is born, nor grows, nor is it seen to last
Long after death. For never in the way
That water’s liquid often throws off heat
Which has been given it, yet is not itself
For that cause riven in pieces, but remains
Uninjured—never thus, I say, when once
The soul has left it, can the frame endure
That separation, but it perishes

Utterly, and riven in pieces, rots away.

In trying to explain the self-maintenance of the living body and the
operations of the mind, Lucretius at any rate knew what view he would

not accept:

Some would have it that the sense of the mind
Resides in no fixed part, but deem it rather

A kind of vital habit of the body,

Which by the Greeks is called a harmony,
Something that causes us to live and feel,
Though the intellect is not in any part;

Just as good health is often spoken of

As though belonging to the body, and yet

It is not any part of a healthy man.
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This view made the mind something intangible. But, if it was to act on
the body at all, then it must do so only in those ways a good atomist
would recognize. This meant treating the mind as one more material—
and therefore atomic—part of the human frame:

The intellect, wherein resides the reasoning

And guiding power of life, I assert to be

No less a part of man than feet and hands

And eyes are part of the whole living creature. . . .

Its seat
Is fixed in the middle region of the breast.
For here it is that fear and panic throb:
Around these parts dwell joys that soothe. Here then
Is the intellect or mind. The rest of the soul,
Dispersed through the whole body, obeys and moves
At the will and propulsion of the mind.

The fundamental difficulty is now apparent. The ‘mind’ was brought
in to account for the integration of living parts and activities: but, in
Lucretius’ hands, it has simply become one more thing to be integrated.
‘Where before we had to explain how eyes, ears, hands and heart operate
in harmony, we are now faced with the more complex question, how all
these organs and the ‘mind-stuff’ remain integrated. Lucretius is trembling
on the verge of a ‘regress’—a string of pseudo-explanations each of which
merely describes the phenomena to be explained in a more complicated
way than its predecessor.

For a little while he postpones the evil moment, by discoursing about
the wonderfully fine atoms of this ‘mind-stuft”:

And now, what is the substance of this mind,
And of what elements it is composed,

I will go on to explain to you. First I say

It is extremely subtle, and is formed

Of particles exceedingly minute.

That this is so, if you consider well,

You may be thus convinced. No visible action
Takes place with such rapidity as the mind
Conceives it happening and itself begins it . . .

But that
Which is so very mobile, must consist
Of seeds which are quite round and ‘quite minute. . . .
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A light and gentle breath has force enough

To blow down a high heap of poppy seed

From top to bottom, but on a pile of stones

Or corn-ears it has no effect at all.

Therefore the mobility of bodies

Is in proportion to their littleness

And to their smoothness; while the greater weight
And the more roughness bodies may possess,

The stabler will they be. Since then we have found
The mind’s nature pre-eminently mobile,

It needs must be composed of particles
Exceedingly minute and smooth and round.

But to say only that the mind consists of minute, smooth, round particles
is no explanation of life or mental activity. Lucretius is obliged to go
further.

Let us not think however that this substance

Is simple; for a certain tenuous breath,

Mingled with heat, quits dying men: moreover
The heat draws with it air; since there can be
No heat with which air also is not mixed:

For seeing that the nature of heat is rare,

There needs must be many atoms of air
Moving about within it. Thus we have found
The substance of the mind to be threefold.

Yet all these three combined are not enough

To create sensation, since indeed the mind

Does not admit that any one of these

Is able to create sense-giving motions,

Far less the thoughts it ponders in itself,

So to these must be added some fourth substance. .

By now, the ‘mind-stuff” has become a complex of at least three
substances—breath, heat and air—which, if the mind itself is not to fall
to pieces, in turn require integrating: and this despite the fact that it was
introduced in the first place simply to explain the integration of the body.

So to these must be added some fourth substance.
And this is altogether without name:

Than this nothing more mobile can exist,
Nothing more subtle, nor composed of smaller
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And smoother elements . . .

Nor is there anything within our body
Farther beneath our ken than this; and so
This is the very soul of the whole soul.

Just as mingled together within our limbs

And our whole body are latent the mind’s force
And the soul’s power, because they each are formed
Of small and few particles; so, you see,

This force without a name, being composed

Of minute particles, is lying hidden;

Nay, in a sense, it is the very soul

Of the whole soul, and rules throughout the body.

The source of the regress should now be obvious. Even this nameless
agency, introduced to hold together the component substances of the
‘mind-stuft’, is itself ‘composed of minute particles’. How are we to
account for the inner cohesion linking these particles? If Lucretius had
pursued the matter, his principles would have compelled him to
mntroduce yet a fifth, more anonymous substance, itself corpuscular;
whose constituent particles were held together by a sixth, even more
anonymous substance, itself corpuscular. . . .

But in this direction there is no end, nor any true enlightenment. It
was a mistake to introduce the ‘mind-stuff” in the first place. So long as
we confine ourselves to a purely atomistic picture, the integration of
organic behaviour will remain mysterious, however subtle and mobile
we suppose the ‘mind-stuff” to be. Yet the problem of the mind was only
an extreme illustration of the general problem which proved fatal to
Greek atomism. Whether we are discussing molecules, chromosomes,
cells, organs or organisms, we can retain the atomistic picture only by
supplementing collision and interlocking with other kinds of interaction.

To say this is, of course, to be wise after the event. The best the
atomists could do to explain the structure and working of organisms,
without abandoning their fundamental axioms, was to offer the
hypothesis of a corpuscular ‘mind-stuft”. This being so, it is not surprising
that most philosophers from Plato right up to Descartes looked elsewhere
for an understanding of living things. And they were right to do so. In
astronomy the heliocentric theory put forward by Aristarchos of Samos
was neglected until Copernicus’ time only because enough evidence was
not then available to establish its soundness: Aristarchos had in that sense
‘guessed right’. But the same cannot be said on behalf of Demokritos and
Epicurus. Atomism in the ancient world was too narrow a system, and
the axioms on which it was based were too inflexible, to explain any but
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simple physical processes. The range of interactions it admitted—the
collision, jamming and unlocking of solid atoms—was too restricted to
account for many familiar experiences; and modern scientists could no
more abandon their ‘fields of force’, and go back to the pure principles of
Demokritos, than they could give up the hundred material elements of
chemistry for the four of Empedokles.

Why did the Greek atomists not explore for themselves the new path-
ways we now take for granted? What made it so important for them to
restrict the interactions between atoms to collisions and interlocking? The
reason is that their theory had metaphysical tasks to perform as well as
scientific ones. Leukippos wished to explain (as the Greeks put it) the
difference between ‘what is” and ‘what is not’, between those things that
can claim some enduring reality and those which cannot. Reality, he
declared, was synonymous with ‘volumes fully occupied by matter’; and
avolume entirely full of matter, of whatever shape, was in his terminology
an atom. All the rest was void—empty space, devoid of matter, the home
of ‘what is not’, and so incapable of either acting or transmitting action.
For how could anything produce (or hand on) physical effects unless it was
real? And what was reality but the atoms? . . . This was the intellectual
circle within which the Greek atomists were trapped, and more recently
science has broken out from it only at the cost of postponing the

metaphysical questions which had highest priority for the Greeks.

FURTHER READING AND REFERENCES

The quotations from Lucretius in this chapter are taken from the translation
of his poem De Rerum Natura by R. C. Trevelyan. Another translation is
available also in the Penguin Classics.
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Likely Stories

N 600 B.C., when Thales of Miletos was in his twenties, the traditional
:][mythologics had not yet been seriously questioned. Two hundred

years later the intellectual environment was very different. Athens
had become the focal point of Greek intellectual life, drawing to itself
philosophers with utterly-contrasted outlooks; and any serious-minded
Athenian with a critical interest in the workings of Nature—for instance,
Plato, who was born in 429 B.c.—was faced with an embarrassing variety
of rival world-pictures. He could follow Parmenides, the metaphysician
from Elea in southern Italy, whose conversation with Socrates later
became the subject of one of the dialogues; or the radical Anaxagoras
from Klazomenae in Ionia, who taught Pericles and lived in Athens for
some years, until the unpopularity of his views led to his banishment.
Alternatively he could study the mathematical doctrines of Pythagoras,
or the intellectual novelties of the atomists—for Demokritos still had
thirty years to live.

The raw materials of the Ionians, the logical axioms of the Eleatics,
the unit-numbers of the Pythagoreans, the atoms of Leukippos and
Demokritos—how was one to choose between them? Socrates himself,
concluding that this chaos of opinions could not be resolved, gave up the
attempt. Philosophers, he declared, should concentrate on problems of
personal and political conduct, and he was not alone in his scepticism. One
group of men as intelligent and articulate as the philosophers shared his
attitude—namely, the doctors. Hippokrates of Kos was well aware of the
new theories, particularly those of Empedokles who tried to apply his
ideas to medicine. But he could see no medical value in them, arguing
that they stood in the way of impartial reporting, and that their applica~
tion led to no cures. The conscientious physician could not afford to waste
time on such hypotheses.

In all previous attempts to speak or to write about medicine the
authors have introduced certain arbitrary suppositions into their
arguments and have reduced the causes of death and the maladies

73
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that affect mankind to a narrow compass. They have supposed that
there are but one or two causes; heat or cold, moisture, dryness or
anything else they may fancy. From many considerations their
mistake is obvious; indeed, this is proved from their own words. . . .
I do not think that medicine is in need of some new hypothesis
dealing, for instance, with invisible or problematic substances about
which one must have some theory or another in order to discuss them
seriously. In such matters medicine differs from subjects like astronomy
and geology, of which a man might know the truth and lecture on it
without he or his audience being able to judge whether it were the
truth or not, because there is no true criterion.

Fortunately, two great teachers at least did not take the easy way
out—of complete scepticism. Faced with all these rival doctrines, they
tried to combine the merits of earlier theories into more comprehensive
systems, instead of setting them in opposition. Where Hippokrates
expressed the enduring scepticism of the craftsman towards theoretical
speculation, Plato and Aristotle were to be the prophets of future scientific
ideas. Both men realized that an all-embracing system of thought
must be built up around certain novel theoretical conceptions, which
could provide a ‘logical skeleton’ for scientific explanation. But they
approached Nature with different backgrounds and preoccupations, and
this affected everything else in their theories.

Plato found his inspiration in geometry. According to him, an
account of the natural world would be intellectually satistying only if it
took the form of an ordered mathematical system—Ilike electromagnetic
theory or quantum mechanics today. The scientist then had a double task.
In the first place, he had to explore the logical consequences of his different
ideas in the abstract—so as to find out what properties any circle or cube
(or chair, for that matter) must have, as a result of being a circle, cube or
chair. In this way a body of knowledge would be built up whose validity
was established by the reason alone; and Plato hoped that the greater part
of science would respond to treatment in this mathematical way. But
there was also a second task. For in some fields pure mathematical
reasoning was not entirely conclusive, and one could conceive alternative
explanations for the same phenomenon, all equally possible. In these
cases, a scientist could not hope for the full certainty of mathematics; all
that he could ask for was a plausible account. As Plato makes Timaeus say:

So, Socrates, if there are many things about the world—the nature
of the divine powers, and the origin of the cosmos—of which we
cannot give an entirely precise and self-validating explanation, you
must not be surprised. Provided the explanation we give is as
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plausible as any other we should be satisfied, secing that I, the speaker,
and you, my critics, are only human: in these matters, it is appropriate
that we should accept the likely story and demand nothing more.

Aristotle, on the other hand, did not believe that all theories should
be based on abstractions of a mathematical kind. On the contrary, the
‘unchanging principles” of mathematics would apply only to similarly
unchanging objects in Nature—such as the planets. To understand the
creatures of earth, which are born, mature and die, one needed concep-
tions whose form reflected the processes of development and change. So
he himself worked from a quite different starting-point: his first-hand
knowledge of living things. The life of any individual develops through a
sequence of stages which—if not drastically interfered with—succeed
one another in a constant, natural order. Even single organs go through
their own phases of development and have parts to play in this life-cycle.
Now we cannot lay down in the abstract what kinds of living creature
there must be, and just how the phases of their life-cycles must succeed one
another: we can discover such things only by reflecting on our observa-
tions, and distinguishing the essential features of the typical life-cycle
from the accidents which affect the lives of individuals.

Thus Plato and Aristotle embarked on science with very different
ideals and explanatory models. For Plato, the logical backbone of science
was to be provided by geometry: for Aristotle, by classification. Both
men incorporated into their systems the positive achievements of their
predecessors but, working on such different principles, they ended by
arranging them in very different patterns. And the contrast between their
methods, and their conclusions, is particularly striking in the field of
matter-theory.

Plato’s Theory of Matter

Plato’s account of the nature of material things in his dialogue, the
Timaeus, falls into two sharply-contrasted halves. The first part deals with
the raw materials of the world, the second with the structure of organized
beings—especially the human frame. He evidently saw no way of relating
the forms of organs and organisms to the properties of homogeneous
substances alone, and the explanations he gave in the two cases were of
radically different kinds.

He presented the first part of his theory, not as axiomatic and self-
evident, but only as ‘a likely story’. One could certainly explain the
properties of geometrical figures, and possibly the motions of the planets
also, in mathematical terms alone; but the nature of the differences
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between solids, liquids, flames and vapours could be established only with
the help of some intelligent guesswork. As a result, the theory of matter
could give a plausible explanation of the differences between these sub-
stances, but that was all one was entitled to expect. Whereas the steps
within a mathematical system were rigorous deductions, whose validity
could be checked for certain, when we applied such systems to explain
the properties of materials our results must inevitably remain tentative
and provisional.

With this qualification, Plato set out to fit Empedokles’ four elements
into his own intellectual framework. His ambition was to match the
familiar properties and transformations of these material substances to
more fundamental—geometrical—principles. The stepping-stone he
required was provided by Theaetetus—his discovery that there are, and
can be, only five regular convex solids: the tetrahedron, the cube, the

ATIS ED

Fire Solid Air Liquid Cosmos

octahedron, dodecahedron and icosahedron. Taking this theorem as his
starting-point, Plato saw how a highly plausible account could be given
of the characteristic properties of matter.

He argued that, since material substances were three-dimensional, the
units of which they were composed must similarly be three-dimensional:
i.e. solids of characteristically different shapes. And he proceeded to ask
what set of relations in the eternal world of geometry could then be
correlated with the properties of the four basic kinds of matter. He tried
out the following hypothesis: Each of the four Empedoklean forms of
matter is associated with one of the regular solids, the differences between
them arising from the geometrical properties of their atoms. On this
basis, the first problem was to decide which solid goes with which
element.

Three of the solids have triangles for their faces, whereas the cube is
bounded by squares; and this gave him his first clue.

To the solid state let us allot the cubical shape; for earth is the least
mobile of the four kinds [of matter]| and retains its shape best. This
description calls for a shape having the most stable base, and . . . the
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square is certainly a more stable base than the triangle, both in parts
and as a whole.

So our theory will maintain its plausibility if we allot this shape to
the solid state; and—as to the others—give water the least mobile,
fire the most mobile and air the intermediate shape. Again, we may
assign the smallest shape to fire, the largest to water and the middling
one to air; or the sharpest-cornered one to fire, the next to air, the last
to water.

Now, of the figures we have taken, the one with the fewest
faces [tetrahedron] must be the most mobile, for in every direction
its edges and corners are the sharpest, and it is also the lightest, being
made up of the smallest number of unit-triangles. On all these counts,
the octahedron stands second, and the icosahedron third. So we seem
to have real [i.e. mathematical] grounds, as well as plausible guess-
work, to justify choosing the pyramid from among the regular solids
as the atom or seed of fire; the second figure [octahedron] as that of
air; and the third [icosahedron] as that of water.

These unit-bodies must be thought of as being so minute that a
single atom of any one form is too small to be visible to us, though a
large number taken together form a mass which we can see. And, as
for their numbers, motions and other properties, we must assume that
the Creator determined these in the most appropriate manner.

In this theory, Plato wove together separate threads from three earlier
philosophers: the mathematics of Pythagoras, the atomism of Demok-
ritos, and the four elements of Empedokles. As happens with the best
scientific syntheses, the resulting theory transformed the components
from which it started, and was intellectually more powerful than any of
them. For these geometrical atoms differed from those of Demokritos
in having a limited number of definite shapes, governed by precise
mathematical theorems; and, furthermore, they were no longer immut-
able, but could change into one another in ways that could be related back
to their geometrical compositions. As a result, Plato could envisage
transmutations of a kind that Demokritos did not allow for, and so
introduced anew, quantitative element into the analysis of material change.

In Plato’s view these transformations were a direct consequence of
the geometrical shapes of the ultimate units into which matter can be
analysed. For the regular solids can all be built up from two simple
triangles, and these plane figures—rather than the solids themselves—
were the fundamental elements of his theory.

Anyone can recognize that earth, air, fire and water are material
bodies, and all body has volume. Further, a volume must be bounded
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by a surface, and any surface bounded by straight lines can be made up
from triangles. Now, all triangles can be constructed from two basic
triangles, each of which has one right angle, the other angles being
acute. One of these two triangles, being isosceles, has base angles of
45°: the other has unequal sides, and so unequal base angles.

The first triangle he employed was the ‘half-square’, with angles of 90°,

45°

to

and 45° respectively. The other triangle now had to be identified.

There is only one right-angled triangle with equal [short] sides,
but an endless number having unequal sides. If we are to make any
progress from our first principles, we must choose the most suitable
out of this innumerable collection. . . . For our own part, leaving the
rest aside, let us postulate as the most appropriate of these triangles
one particular sort—namely, the half-equilateral triangle [ie. the

2
3
e 1

1 1

triangle having angles of 90°, 60° and 30°, two of which placed side by
side form an equilateral triangle].

The reason for this choice is too long to tell at present; and if
anyone should look into the matter and establish that our view is
incorrect, he is very welcome to the credit for his discovery. So much,
then, for the selection of our basic triangles, out of which are con-
structed the shapes of fire and the other substances—one of them
isosceles [the half-square], the other having its shorter sides in the
ratio 4/3:1 [the half-equilateral].

Now the atomic shapes corresponding to the four kinds of matter had
be constructed. Three of the regular solids can be formed from

triangles of his second sort, while only one of them (the cube) is formed
from half-squares. The pyramid (or tetrahedron), the octahedron and the
icosahedron, which have equilateral triangles as their faces, can all be made
from half-equilateral triangles. By rearranging these triangles, it should
in principle be possible to change matter from one form to another; and
Plato specified two ways in which this might happen:

When liquid matter is broken up under the action of fire, or
perhaps air, its parts may be recombined to form one atom of fire and
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two of air: while a single unit atom of air dissociates into fragments
that can form two atoms of fire.

These ‘reactions’ correspond exactly to possible reshufflings of unit-
triangles. Atoms of the liquid state had twenty faces (i.e. forty half-
equilateral triangles), compared with eight faces (sixteen units) for
aeriform matter, and four (eight units) in the case of fire. So, when
liquid atoms were broken down into their units, and these were re-
ordered to form atoms of air and fire, each atom of liquid provided
triangles for two of air and one of fire.

— S DD

L->2A+F (40=2 X 16 + 8).
Similarly, each atom of air could be converted to two of fire:
A— 2F (16 =2 X 8).

But the triangles composing the cube are of a different shape from the
others, so that solids could only be transformed into other solids.

Solid matter, on colliding with fire, is dissociated, on account of
the sharpness of the fiery atoms, either into its invisible atoms or even
further into its basic triangles: and it then drifts about within the
surrounding mass of fire, air or water, until its constituent parts
somewhere meet again and are combined and become earth once
more; for they can never be transformed into any other sort of matter.

One effect of these transmutations was to produce an exchange of
matter between the different parts of the cosmos:

For, while the greater part of each different kind is separated
out to its own region on account of the cosmic motion, those parts
which are at any moment changing their nature are sifted out and
carried towards the region appropriate to their new form.

A water atom, being heavy, will run down to the sea; but the atoms of air
and fire into which it divides will move in the opposite direction into the
atmosphere and the heavens.
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Up to this point, one of the five regular solids has been ignored—the
dodecahedron, whose twelve faces are pentagons, and cannot simply be
broken down into the two unit-triangles of Plato’s theory. Since this last
figure did not seem to correspond to any substance within the cosmos,
Plato associated it with the boundary of the universe, each of the faces
corresponding to one of the twelve principal constellations. (The close
approximation of the dodecahedron to a sphere was well known to the
Greeks, who made their footballs from pentagons of leather sewn together
in sets of twelve.

Why, of all the innumerable triangles, did Plato choose the half-
square and the half-equilateral as his ultimate units? Scholars have
discussed this question at length, and probably it can never be settled
conclusively. But one attractive suggestion of Karl Popper’s should be
mentioned, since it may help to explain why Plato hesitated to claim
more for the theory than he did. The arithmetical system of Pythagoras
had run into difficulties over the discovery that 4/2 is an ‘irrational’
number (which can be expressed numerically only as the unending
decimal 1-414 . . .) and this irrationality provided a strong motive for
Plato to build his own theory on geometrical rather than arithmetical
foundations. Now, if some of the ultimate units of matter were half-
squares, that would provide a natural place for this number which had
caused such intellectual heart-break, since the sides of the half-square are
in the proportion 1: 1 :4/2. But the same difficulties which arose over
V2 reappeared in the case of other irrational numbers, e.g. V3 (r732...)
and 7 (3142 . . .). By using the half-equilateral triangle as his other
‘atomic shape’, Plato found a place in his world-system for multiples of
/3 also, since its sides are in the ratio 1:2:4/3. And perhaps he hoped
to do even more—to find a place for #, and all other irrational numbers
as well. The Grecks had no way of calculating the value of 7 exactly;
and if one adds 4/2 to /3 the resulting number (3:146 . . .) is very close
to their best estimates. It was a daring speculation that all irrational
numbers could be expressed as sums or multiples of 4/2 and 4/3; and
Plato acknowledged that he could not prove it. In the end, it turned out
to be wrong, but if it had proved well founded it could have been the
heart of a dramatic union of mathematics with atomic theory.

What is the positive significance of Plato’s theory of homogeneous
material substances? Two things about it should be emphasized. First, he
succeded in showing that the views of earlier scientists could not only be
reconciled, but could reinforce one another. What principles govern the
shapes of the atoms, and how do these affeet their properties? On these
questions, Demokritos had been vague, but Plato—marrying atomism
with geometry—could be more explicit. How, and why, do different
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forms of matter change into one another? Once again, Plato envisaged
possibilities which his predecessors never foresaw. His theory might still
be tentative—and certainly did not carry one to a point where craftsmen
would have taken much notice of it. All the same, like a skilful chairman
guiding the deliberations of an unruly committee, he ordered the rival
views of earlier philosophers into a more comprehensive intellectual
framework than had seemed possible.

So, around 350 B.c., we find ourselves for the first time with a
mathematical atomism. In all its details, Plato’s own theory has died a
natural death. Yet its method—of starting from observed properties of
matter, and conceiving a mathematical structure of invisible units to
account for them—is one that the modern atomists were to revive. For
Plato as for Newton, mathematical atomism provided the bricks from
which the Creator constructed His universe. Plato supposed that at the
Creation the precise ‘numbers, motions and other properties’ of the atoms
were settled by the Divine Architect ‘in the most appropriate manner’, so
as to produce a truly harmonious world. And this view was to be echoed
by Newton two thousand years later:

All these things being consider’d, it seems probable to me, that
God in the Beginning form’d Matter in solid, massy, hard, impen-
etrable, movable Particles, of such Sizes and Figures, and with such

other Properties, and in such Proportion to Space, as most conduced
to the End for which he form’d them.

Yet, for all its scope, Plato’s geometrical atomism did not provide him
with a fully comprehensive theory of matter. The differences between
wine and honey, flame and light, gold and water, might indeed depend on
the figures of their constituent atoms alone. But in the structure and
behaviour of living things he saw clear evidence of design, which could be
understood only by going beyond matter and atoms to explanations at
another level. The organs of the body conformed to a plan, which seemed
to have been framed deliberately, as it were by an architect or landscape
gardener.

Next the Higher Powers . . . constructed throughout the body a
network of conduits like irrigation channels in a garden with which
it might be (so to speak) watered by the incoming fluids.

In Plato’s system, then, the science of matter remained divided. About
the raw materials of the world he was prepared to offer a geometrical
theory, specifying the fundamental shapes of their atoms and the
mechanisms by which they combined and separated. But he could give
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no such mechanical account of the organization of the world: that was
something decreed at the original Creation.

All these raw materials, then, with the properties determined by
their constitution, were employed by the Maker of the best and most
beautiful of mortal creatures [i.e. the cosmos] when He created the
universe as a self-sufficient and perfect divinity. He subordinated these
materials to the functions which He Himself contrived for all His
creatures.

All things in the universe worked together for good, and had been
given forms appropriate to their functions. So the scientist must work out
the nature of these ‘forms’—the blueprints—according to which the
objects of the natural world were made. For instance: the function of the
gullet is to serve as a funnel, channelling the food from the mouth into
the digestive tract. This being so, it is only reasonable that it should have
the form of a funnel: only by being made with that form could it perform
its allotted function. Indeed, one could even define the gullet as ‘the funnel
by which food passes from the mouth to the stomach’. Having said that
much, Plato supposed, no further explanation of its structure need be
sought. For everything essential to an understanding of the bodily organs
would follow from similar specifications, as certainly as the properties of
geometrical figures followed from their initial definitions.

Aristotle’s Conception of Science

Plato’s account of the natural world had made use of two contrasted
patterns of thought: mathematical and functional. In Aristotle’s system,
functional explanation was given a greatly extended scope, and acquired a
more fundamental importance. In this respect, Aristotle was perhaps a
truer disciple of Socrates than Plato. For Socrates had not been much
interested in mathematics. The foundation of his teaching was a con-
viction that even men have a function to perform, both in the state of
which they are citizens and in the wider universe. A proper definition of
‘man’ would specify these functions, and so enable us to reason out the
principles which should govern our conduct. And this idea was developed
by Aristotle into a general principle of all science.

During the period after Plato’s death, Aristotle left Athens for
Macedonia and Asia Minor. There, working in his favourite field of
marine biology, he tried to apply the principles that he had learned
from Plato in Athens. But he soon despaired of accounting for the
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things he discovered in terms of abstract mathematical principles, and in
the end was forced to conclude that his teacher’s programme could
not be realized. Plato, he argued, had been led astray by the analogy
between mathematical ideals and other theoretical conceptions. One
cannot simply define animals, organs and bodily fluids, and explain their
behaviour in the abstract—as one can do for geometrical figures. The
understanding of living Nature calls for a detailed and profound study of
the processes going on under our eyes. The quasi-mathematical study of
‘eternal forms’ can throw no light on the directed development by which
organisms grow, mature and die. ‘Philosophy,” Aristotle commented
tartly, ‘has turned into mathematics for present-day thinkers, despite their
claim that mathematics is to be treated as a means to some other end.’

It is evidently not shapes that mark the different elementary sub-
stances off from one another. The most important distinctions
between different bodies lie in the properties and functions and
capacities which we recognize as characteristic of every natural
creature. These are the things to which we must pay attention first.

There can be no doubt that Aristotle underestimated the possibilities
of a mathematical science. Yet there is something true and important in
his objections. If we preoccupy ourselves exclusively with the physical
aspects of Nature, we may even today conclude that, when these have
been mastered, the whole story will have been told. Yet this is rarely the
case. Consider, for instance, colour: we can account for the formation of
rainbows, the colours of different materials, and so on, using the theories
of mathematical physics. Yet there is a whole side to the study of colour
which optics and atomic physics leave untouched; and two important
groups of questions at least can be answered only by looking in other
directions. There are, in the first place, questions about the physiologyof
colour vision; and, in the second, psychological questions about colour-
sensations. So a complete account of any natural process must mention
factors of several different kinds, and the material make-up of a body or
the shapes of its constituent atoms represents only one of the relevant
factors. Aristotle in fact distinguished four sorts of explanatory factor,
all of which had legitimate places in science, and in later centuries these
came to be known as his ‘four causes’. The name is unfortunate, since
nowadays we usually restrict the term ‘cause’ to one of his four types of
factor alone: they would have been better called his ‘four becauses'—since
he was concerned to distinguish, not the different varieties of cause and
effect, but rather the different senses in which the question “Why?’ can be
asked in science.

Suppose, for instance, we build a fifty-foot statue from butter, to be
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displayed as an object-lesson in human frailty. We erect it in the cool of
the night: calculating that next day, as the sun warms the butter, it will
soften and the statue will collapse. In reply to the question “Why did the
statue collapse?” we could then give four different answers, whose rele-
vance would depend on our precise interpretation of the question. We
could refer to:

(i) The material constitution of the statue, or ‘From what?—Tt
collapsed because it was made of butter.’

(1) The form, essence, or “What was it?"—°It collapsed because it was
an oversized statue.’

(i) The precipitating cause or ‘By what?—It collapsed because the
sun’s warmth softened it.”

(iv) The end, or ‘In aid of what?—It collapsed as a portent to men.’

These four types of explanation are not necessarily rivals. Factors of all
four types can frequently be cited without inconsistency. Indeed, apart
from a few phenomena, such as eclipses, which have no function and so
‘just happen’, Aristotle thought that all natural events called for explana-
tion in all four ways.

Of these four kinds of explanatory factor, Aristotle himself was
predominantly interested in the second and the fourth, and his whole
conception of science was built around them. The mechanical interactions
between atoms were irrelevant to the problems which were his chief
concern, and any attempt to discover universal elements composing all
things whatever struck him as running too far ahead. The first task was
taxonomy: to classify all the different things in the world. The second was
physiology: to study the stages by which the individual comes to maturity,
and the contributions made to this growth by the different parts of the
body.

A satisfactory explanation would start by identifying the object of
study as being (or being part of) an individual of a particular species—
whose characteristic nature or form was known. Common observation
revealed that living creatures of different kinds displayed quite different
sets of capacities; and the “form’ would specify, among other things, the
set of capacities (or psyche) with which mature members of the species
were endowed. Most plants have only a fairly primitive psyche, com-
prising the capacities to grow and reproduce alone. Animals are endowed
with powers of motion, vision, hearing and touch, and have therefore a
more complex psyche. Finally, in the higher animals, such as man, powers
of thought and reasoning also appear, for these forms of life possess a
‘rational’ psyche in addition to ‘sensitive’ and ‘vegetative’ ones.

Any particular structure or activity must now be related to the life-
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cycle of the individual in question: by showing that it was either a
manifestation of the adult form, or a typical immature phase in which
the adult was as yet only ‘potential’. Taking the life-cycle as a whole, the
adult state was the destination (or felos) in which both bodily structure
and behaviour were at last fully realized. This was the goal of all devel-
opment, both its conclusion and its fulfilment; and the central part which
this notion of the telos played in Aristotle’s work explains why his ideal of
explanation is often labelled ‘teleclogical’. The point at issue can be
misleading, but it is important. The oak-tree is the telos of the acorn:
but if one translates ‘telos’ as ‘final cause’, one may give the impression
that the future somehow exerts a compulsion on the present—the acorn
being obliged by some mysterious psychic force to turn into an oak-tree.
Aristotle, however, was not concerned with hidden forces or psychic
mechanisms: he was preoccupied, rather, with the conditions of devel-
opment. The future oak-tree does not exert any moulding influence on
the present acorn: but the existence of the acorn is an indispensable
condition for the ultimate appearance of the adult oak-tree. A full
account of the nature of an acorn must include this reference to the future.
Only in later centuries, when Aristotle’s ideas had been taken over by
other philosophers, was the psyche transformed into an ‘immaterial
agency , forcibly directing the organism towards its telos.

Aristotle’s Functional Matter-Theory

In his own particular fields of interest, Aristotle’s intellectual methods
served him very well and, if we too confine our attention to zoology and
physiology, we find his way of thinking congenial and intelligible. But,
when we follow him into the chemical field, his whole approach appears
strange. During the last two hundred years, the mathematical and
atomistic approaches have succeeded so dramatically that Aristotle’s
physiological approach to matter-theory has been entirely displaced, and
it is only by a conscious effort that we can set aside more recent ideas and
see what he was trying to do.

Where Plato had treated earth, air, fire and water as distinct types of
material substance having atoms of different shapes, Aristotle treated them
as species of a genus: instead of asking questions about the units from
which matter is composed, he was concerned with the characteristic
qualities marking off one substance from another. In this, he was simply
applying his general method to the particular field of chemlstry For if
animals can be classified in a natural system, why not substances equally?
(Centuries later, Mendeléeff was to do just that.) The only problem was
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to discover the significant properties of different substances, which can best
be used as a basis of classification. Whereas, in the case of an animal, the
most fundamental questions had been ‘Does it have red blood?” and ‘Are
its young born alive or in eggs?’, the corresponding questions about a
material substance were ‘Is it hot or cold?” and ‘Is it wet or dry?” On
these principles, substances fell naturally into four main groups: hot and
dry, hot and moist, cold and moist, and cold and dry; and Aristotle at once
identified these as corresponding to fiery, aeriform, liquid and solid
respectively. ;

Aristotle regarded heat and cold as ‘active’ qualities, whose function
was to promote growth and decay, combination and separation; while
moisture and dryness were ‘passive’. But a theory of matter could not
limit itself to classifying forms: it must also identify functions. This was
casy enough when the substances concerned came from organisms, for
secretions such as blood and chyle play identifiable parts in the working of
the body. But it is far less easy to identify ‘functions’ for substances in
general, and when Aristotle applied his physiological analogies in
inanimate substances in detail, he was led into unavoidable ambiguities.
He himself remarked on this difficulty in the case of vinegar. The un-
formed material was clearly water, which is turned into grape-juice by the
vine. This grape-juice is in its turn an ‘infantile’ substance, which has to
mature, and its proper nature is manifested only when it achieves the
‘adult’ form of wine. Yet, as Aristotle sees, if we are going to say that
water or grape-juice is the ‘embryonic’ substance of wine, ought we not
also to say that wine is the ‘adolescent’ substance of vinegar? Perhaps some
of the potential qualities of wine are still concealed, being finally realized
only when the wine has turned to vinegar. Yet, though he saw the
difficulty, he had few qualms about his answer. ‘A living man is not
potentially a corpse. Death and decay are not part of the proper devel-
opment of 2 man, but an accident that overtakes him. The corpse is just a
successor to the living body, not its fulfilment. So also with wine and
vinegar: wine turns into vinegar, not by maturing further, but simply by
going bad. Vinegar is, so to speak, the corpse of wine.”

Although extending physiological modes of explanation to matter-
theory in general gave rise to difficulties, the programme had its attrac-
tions. For the parallels between organic and inorganic processes are
extensive and striking. The Grecks knew the similarity between com-
bustion and respiration, and it is natural to ask: Why did Aristotle not
draw our modern conclusion—namely, that the chemical processes going
on inside animals are essentially similar to those in the inorganic world?
The answer is: he did—but, having done so, he interpreted the conclusion in
the reverse direction to ours. Instead of treating inorganic reactions as the
fundamental model or ‘paradigm’, and going on to explain physiological
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processes in terms of these, he took organic development as his paradigm
tor explaining all material change: any parallels between organic and
inorganic processes only served to reinforce his initial commitment to the
physiological model. .

While there was nothing mysterious about the ripening of crops or the
growth of an infant, the action of heat outside living bodies was something
greatly in need of explanation. He dealt with this particular problem by
his theory of ‘concoction’. Concoction was his term for the process by
which heat caused bodies to ripen, cook or otherwise mature.

Concoction, then, is the production of a mature form out of
passive material by the action of a body’s natural heat. For a thing
becomes fully mature when it has been concocted. The process of
maturation originates in the body’s own heat, even though it may be
assisted by outside agencies—e.g. digestion may be helped by taking
hot baths and the like, but the principal cause remains the body’s own
heat. . . .

Ripening is a kind of concoction: this is-the name we give to the
concoction of the nutriment in fruit. Since concoction produces
maturity, ripening is complete when the seeds in the fruit are capable
of producing another fruit of the same kind. . . .

Roasting and boiling are of course artificial processes, but
generally-similar processes occur in nature—for the changes that take
place are similar, although we have no word for them. In this way
human arts imitate nature: the digestion of food in the body, for
instance, resembles boiling, being produced in a hot, moist medium by
the action of bodily heat.

The consistency and apparent ease with which Aristotle applies his
physiological model to the most far-fetched examples is almost ex~
asperating. Yet what about the motion of heavenly bodies? This—surely
—was an entirely non-functional process, devoid of anything resembling
organic development, and governed by purely mechanical principles.
Unfortunately, the very examples which in retrospect appear as fatal
exceptions to theories often seemed to confirm what in our eyes they
refute. So, while it is second nature for us to regard the heavenly bodies
as inanimate, unthinking chunks of matter, the picture presented by
Aristotle is very different. ‘

The fact is that we are inclined to think of the stars as mere bodies
or units, having a certain order about them but completely lifeless;
whereas we ought to think of them as possessing both life and
initiative.
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What appears to us mere lifelessness, Aristotle interpreted as ultimate
maturity: the divine cosmos and its celestial inhabitants ‘enjoying without
interruption the best and most independent life for the whole eons of
their existence’. Exempt from the changes and chances of our mortal
earth, the heavenly bodies were able to continue in a state of maturity
indefinitely, free from alteration and the accident of death.

Had the elements of the heavens been the same as the ordinary
terrestrial elements, then, of course, some change would have been
inevitable; and Aristotle used this to support one further conclusion—
that the matter of the heavens must be of some different kind. Over and
above the four terrestrial elements, there must therefore be a fifth, distinct
type of matter, having an unchanging form or essence of its own. This was
the ‘quintessence’, and everything composed of it shared its eternal
unchangeability. Before long, the quintessence was destined to play an
important part, not only in matter-theory, but in genetics and theology
also.

The Inheritance of the Psyche

The problem which confronted Aristotle over the material constitution
of the heavenly bodies was waiting for him, also, in his own field of
biology. Given the belief that air, flame, water and earth are the pure
forms of raw matter, there is nothing to explain either the permanent
stability of the heavenly bodies or the more limited stability of living
organisms and species. At first, Aristotle could afford to ignore the
biological aspect of the problem. Having dismissed as irrelevant all
attempts to relate material properties to invisible micro-structures, he
could take the existence of plants, animals and humans as a fundamental
fact of nature and the very starting-point for science. Nature just was the
totality of organized beings, each developing towards its own individual
destination. Only at one point did he find himself in grave difficulty—over
the problem of heredity.

In the case of the simpler organisms, the problem was not particularly
acute. Aristotle envisaged the spontaneous generation of the lowest forms
of life as a process which took place continually under the influence of
heat, along the banks of rivers and in compost heaps. (There is a reference
to this belief in Shakespeare’s Antony and Cleopatra, during the drunken
banquet:

Antony: Thus do they sir: they take the flow of the Nile
By certain scale, in the pyramid; they know
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By the height, the lowness, or the mean, if dearth
Or foison follow. The higher Nilus swells,
The more it promises; as it ebbs, the seedsman
Upon the slime and ooze scatters his grain,
And shortly comes to harvest.

Lepidus: You’ve strange serpents there.

Antony: Ay, Lepidus.

Lepidus: Your serpent of Egypt is bred now of your mud by
the operation of your sun; so is your crocodile.)

But in the case of higher organisms the problem is inescapable. The
resemblances between parents and offspring cry out for explanation; and,
faced with this problem, Aristotle could no longer utilize the pattern of
explanation—the individual’s life-cycle—which up to this point had
served him so well. For, clearly, you cannot give a full explanation of
conception by relating it solely to the life-cycle of either the parent or the
child. Given Aristotle’s basic method of explanation, conception was—
inevitably—a point of mystery; and, for once, he was compelled to
consider questions about the material basis of life.

The material link between father and child is the semen; and how the
father’s capacities and potentialities—in a word, his psyche—can be
transmitted to the offspring in a drop of liquid was a problem which
Aristotle could no more escape than we. His belief that the form of the
offspring is determined entirely by the paternal contribution, while the
mother provides solely the matter of the infant, is neither here nor there:
so long as the father’s seed is responsible in part for its form and psyche,
the problem of mechanism has to be faced. Once again, he did not
believe that the whole answer lay in the four terrestrial elements, for these
were bound up in his mind with change and decay. So ultimately he was
forced to postulate a novel constituent material to account for the stability
of living species. This was the pneuma; and he assumed that it was similar
to the quintessence of his astrophysics.

The natural principle in the pneuma is analogous to the element of
which the heavenly bodies are composed. Whereas terrestrial fire
cannot generate animals, and we never find living things being formed
in solid or liquid media through its action, solar heat and animal heat
are capable of generating them. As well as the heat which is active
in the semen, all other organic residua retain in them something
capable of generating vital activities [e.g. spontaneous generation in
compost heaps]. From these considerations it is evident that vital
heat in animals is neither identical with, nor derived from, terrestrial
fire.
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The properties of the pneuma could be found out only by studying its
effects. But it was evident from the start that it was complex, and varied
from creature to creature:

Let us return to the material of the semen, which comes away
from the male, containing in itself that which carries the principle of
the psyche. This principle is of two kinds: one of these is not associated
with matter, belonging as it does only to those animals which have
something divine about them—viz. rational and intellectual capacities,
which do not require bodily limbs and organs for their expression.
The other is necessarily associated with matter.

This pneuma, ‘inborn’ with the new embryo, was present in the organism
so long as it lived and, when the time came for a further generation,
budded off part of itself. In this way, a material agency was provided to
explain the chief facts of heredity: so the stability of the psyche could be
preserved from one generation to another, and the constancy of the
species would be guaranteed.

The hypothesis ~f the pneuma completed, and set the seal on,
Aristotle’s whole matter-theory. This can now be summarized as follows.
(1) The raw materials of inanimate terrestrial objects are the four elements
of Empedokles. (ii) The terrestrial elements have their own levels and, as
a result of their natural motion, form a sequence of superimposed layers.
(iii) Heavenly bodies are distinct from them, in their natural movement
and in their unchanging appearance. The matter of the outer heavens is
the ‘fifth essence’ or quintessence. (iv) Animate terrestrial bodies manifest
different grades of psyche in their directed activities and coherent struc-
tures. (v) The activities of the psyche show themselves in the life-cycle of
the individual organism, which can transmit to its offspring the capacity
to repeat the same life-cycle. (vi) The form and the psyche are not them-
selves material. They are, rather, the patterns of structure and activity
characteristic of the species. (vii) However, there must be some material
mechanism underlying heredity, and this presumably involves a higher-
grade material—the pneuma—to ‘carry’ the psyche from one generation
to the next. This material is closely associated, but not identical, with the
natural warmth of all higher animals. (viii) There are several varieties of
preuma, corresponding to the different grades of psyche—vegetative,
sensitive and rational. (ix) Regarded as a raw material, the pneuma is
closely analogous to the quintessence of the celestial bodies, which shares
its power to stimulate the growth of organisms (and even minerals) on
the earth.

Thus, rightly or wrongly, Aristotle’s matter-theory and cosmology
reacted on each other. In preserving the traditional divinity of the
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heavenly bodies, the final picture was conservative; and the theory of the
pneuma eventually imported the notion of divinity into matter-theory
also. For when the philosophical theories of Athens crossed the
Mediterranean to Alexandria, to be transmuted by that omnivorous
fancy which Lawrence Durrell describes in his Alexandrian Quartet,
they became the intellectual justification both of alchemy and of a novel
religious mysticism.

Between the execution of Socrates in 399 B.c. and Aristotle’s death in
322, natural philosophy had become a great deal more systematic and
methodical. Those philosophers who continued to work in Plato’s
intellectual tradition were bringing together the isolated discoveries of
earlier mathematicians into a coherent scheme of ‘axioms’ and ‘theorems’.
Meanwhile, Aristotle had created almost single-handed a method and a
tradition for the biological sciences, establishing the techniques of
taxonomy and systematics, embryology and physiology. Unfortunately,
though the two traditions were potential allies, they were still thought of
as competitors, and were slanted from the outset in opposite directions.
So we shall find that just as Plato forced all the phenomena of Nature into
a mathematical or quasi-mathematical mould, Aristotle’s successors in
the Middle Ages compressed all experience—with a similar artificiality—

‘into a physiological or quasi-physiological framework.
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The Breath of Life

us to a certain Dr. James, who works at a London hospital. Like human

beings in all ages, Dr. James is much perplexed by the phenomenon
of death. Hoping to discover what precisely happens at the moment when
life is extinguished, he devises an ingenious apparatus: he attaches the
mortuary slab to a delicate balance, so as to display the minutest changes
of weight by the motion of a spot of light. Over it he erects a glass dome,
which at its peak is constricted to a neck before opening up again into a
globe. There is a tap in the neck so that the globe can be shut off from the
dome and detached.

Dr. James now arranges for patients who are at their last gasp to be
transported to the mortuary slab a few moments earlier than is customary;
he lowers the dome over the slab, opens the tap and waits. Each time the
same thing happens: shortly after the moment of death the spot of light
gives a kick—indicating a sudden, though barely perceptible, change in
the weight of the newly-dead body. Dr. James closes the tap, removes the
globe and takes it away for study. The climax of the story comes when
two young lovers are brought into the hospital, dying as the result of a
suicide pact. In turn they breathe their last below his dome; but this time,
instead of changing the globe, he leaves the tap open and detaches it only
after they have both expired. And here follows the climax: when the
globe is now irradiated, the contents glow with an unearthly beauty.

We do not need to have the point of this story explained to us, and
that very fact is significant. The problems of life and death have per-
plexed man throughout the millennia of his existence and, among the
early forms of speculation, one idea is almost universal. “While there’s
breath, there’s life’, we say; and ever since Old Testament days it has
seemed that the breath we inhale and exhale must in some way be the
agent or carrier of life itself—a dollop of lifeless clay being transformed
into a living being when the Divine Creator infuses the Breath of Life into
its nostrils.

This picture of the living creature as the union of a brute, insensible
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matter with an all-pervading and sensitive (but invisible) life-breath has
a persisting influence. In some parts of the world, when a man dies the
window of his room will be opened so that his spirit, released from the
mortal clay, may escape to the heavens. And however much we ourselves
may dismiss the Breath of Life as being no more than a striking image,
we cannot dismiss the problem which it was intended to solve. For, taken
by themselves, the raw materials of living things do not grow, reproduce,
feel or think; and some further explanation is needed of the mechanisms
responsible for these capacities. At its widest, we have gone today only
part way towards solving this problem, and we should sympathize with
the first scientists who stated, faced and tried to answer the profound and
profoundly difficult questions in which it involves us.

The Stoic Theory of the Pneuma

Aristotle died in the year 322 B.c. By A.D. 100, the predominant centre of
intellectual discussion had shifted to Alexandria. Between these dates lies
a transitional period which is still not fully understood—a period of
intellectual cross-currents. During the classical period at Athens, the
philosophers—however theological their interests—were nevertheless
rationalists. If their arguments led to results conforming with their
religious predispositions, so much the better: indeed, many of them took
it for granted that this would happen. Still, they were determined, so far
as they were able, to follow an argument wherever it might lead them:
they did not wish to force science into line with religion, nor to accept
revelation or mystical insight as a substitute for arguments and evidence.
By the later Alexandrian period, however, salvation had become
paramount and men doubted whether, without the benefit of Divine
Revelation, their perplexities about Nature and conduct could be resolved
at all. Evidence and argument alone could not be relied on to lead to
truth: even in scientific matters, understanding would be granted only to
the pure in heart, whose state of mind was pleasing to God. The principle
for which the classical Greek philosophers had fought—that men who
made general assertions about the world must offer cogent arguments in
support of their statements—had been abandoned.

In the intermediate period we find currents flowing in several different
directions. Such men as Archimedes, Hipparchos and Euclid retained the
rational scientific ideals of the classical philosophers, and carried their
analyses to new levels of refinement and sophistication. But alongside
their work we find the beginnings of gnosticism—the claim that one can
more certainly achieve a reliable knowledge of the truth by way of
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asceticism, purification and mystical practices. Between these extremes lie
two major schools of philosophers, whose teachings could be interpreted
in alternative ways—either as rational systems of natural philosophy or
with an eye to their religious significance. These two aspects were already
present in the case of Epicurus, for whom atomism was as much a weapon
against the terrors of contemporary religion as it was a detailed theory of
Nature. And a similar double purpose is apparent in the world-system of
the Stoics.

The beginnings of Stoicism date from around 300 B.c.: its doctrines
developed for some five centuries, though without fundamentally
changing their character, and, though largely eclipsed by neo-Platonism in
Alexandria, Stoicism remained an important influence in Imperial Rome:
the Emperor Marcus Aurelius himself was the leading Stoic philosopher
of the late second century A.p. At the heart of the Stoic doctrine lay a
conviction which was, in itself, highly favourable to the development of a
systematic natural science. For, first and foremost, the Stoics believed in
‘determinism’; there was nothing wilful about Nature, and everything
happened according to law. The secret of human life was to fathom the
general character of this universal order and to live in harmony with it.
This conviction led certain of the Stoics to elaborate the scientific ideas
inherited from their predecessors, but at the same time it reinforced them
in beliefs which, to our eyes, appear superstitious. (Their belief in
astrological divination, for instance, was justified by appealing to the
harmony and interaction between celestial and terrestrial events.)

Before going any further we must state as simply as possible the
fundamental scientific ideas which were incorporated into the Stoic
world-system. For these have a significance, and a later history, quite
independent of the Stoic religion which grew up around them. To our
own generation, which is still to some extent under the spell of nineteenth-
century atomism, the Stoic conceptions are comparatively unfamiliar;
and, on that account alone, they may appear obscure and unintelligible
unless we come to them step by step.

As our starting-point, we can take the existence of human beings.
On the face of it, human beings are genuinely organized systems: men
can think, feel and argue, and their bodies are composed of numerous
organs which are connected and interdependent. We habitually talk
about human beings as integral wholes, in a way which implies that they
have properties, and are capable of doing things, as complete individuals.
They are intelligent or stupid, cheerful or glum, sick or in good health;
and all these descriptions apply, not to one toe-nail, but to the whole
functioning system we call the human being.

Now all this might be a sad misunderstanding—human beings
perhaps do not really operate as organized wholes at all, and we have
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supposed that they do only through some kind of a misapprehension.
Their appearance of being genuinely organized systems might be an
illusion; and this, in effect, was what the Greek atomists implied. The
human body was an unusually large conglomeration of atoms which,
purely by chance, happened to stay interlocked for as much as sixty or
seventy years until—again by chance—they fell apart. The only eventsin the
world significant from a scientific point of view were those which took
place ataninvisiblelevel: the collision, jamming and tearing-apart of atoms.

Now this (argued the Stoics) could hardly be the whole story: not
surprisingly, they preferred to start at the other end. There are genuinely
organized systems in the world on several levels; and any comprehensive
scientific system must be intellectually rich enough to find room for
them. Such organized systems do have ‘integral properties’, which are not
derived ent1rely from the properties of their various parts. (Whereas, for
instance, a man’s weight is the sum of the weights of his various organs,
his glumness is nof the sum of their respective glumnesses.) At once, the
question arose: if these integral properties do not derive entirely from the
properties of the tangible parts of the organism, from what do they
derive? This question was of central importance to the Stoics.

Their answer should be taken in several steps. To begin with, they
would reply: “They derive, not from the solid and liquid materials which
compose the human body, certainly; but rather, from something which
is present in the human being through and through.” What is this some-
thing? “This something we call the pneuma.’ But to say no more than
that is only to give the ‘something’ a name: what, then, is the pneuma
like? ‘Strictly speaking, we can discover what the pneuma is like only
by studying the effects it produces. It is not itself one more observable
organ of the human body, which can be scrutinized directly; it is a
continuous, dynamic agency, responsible for maintaining the cohesion
of the body; and since it is hypothetical, quite as much as the atoms, it
can be described only by producing models and analogies.” (This reply
may seem to evade the question, but it is in fact fair enough. The same
answer has been given many times in the history of science, notably about
Newton’s gravity and Bichat’s vitality.)

One such analogy might be the membrane forming the head of a
drum. As we tighten a drum-head, the sound it gives out when struck
rises in pitch, and this does not happen because the material ingredients
of the drum-head have changed: the same solid parts are in fact present
all the time. What alters is the tension in the head—that is, the manner in
which the various parts are held together—and the different sounds
emitted by the drum reflect the varying tensions of the head. Now tension
is not itself an additional ingredient of the membrane, solid or liquid: it
is a state, and this, rather than the ingredients, is what determines the
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musical properties of the drum. The pneuma likewise exists in various
difterent states of tension or ‘tones’, and the different integral properties
of any genuinely organized system similarly reflect the varying tones of
the pneuma in question.

So far, we have indicated only the starting-point of the Stoic theory
—the bare intellectual form of the doctrine they put forward. In some
respects we can think of this as an extension of the Pythagorean theory of
musical harmonies. The Pythagoreans knew how the sound emitted by a
string depended on its length and tension, and they used this discovery
to explain in a numerical manner the qualitative character of the
sounds we hear. Once such ‘mixed’ explanations were admitted, the
Stoics could see no reason to restrict them to sounds and strings. All
aspects and properties of natural objects could now be associated with
different tensions: not only two-dimensional ones—such as those on a
drum-head—but also three-dimensional ones, wave-patterns formed
throughout the whole volume of a material body by the active tension
of the pneuma.

The analogy with a drum-head can also be extended to three
dimensions. If you blow across the neck of a bottle, it will resonate at a
definite pitch, depending on its size and shape. This happens because the
sound-waves travelling to and fro across the bottle do so at a fixed speed,
and will reinforce one another only when their wavelengths are an
appropriate fraction of the length of the bottle. By exciting the air in the
cavity of the bottle, you can store energy within it, in the form of
standing-waves; and when you stop blowing this energy is dissipated as
the resonance dies away. By ‘overblowing’, you can excite the air at a
higher resonant frequency, and so alter the pattern of standing-waves and
the pitch of the sound. With waves of pneuma substituted for waves of air,
this was just the explanatory model the Stoics relied on to explain the
different qualities of material bodies.

Several kinds of pneuma coexisted in any body: each controlled a
different aspect of its behaviour, their wave-patterns being (so to speak)
superimposed on oneanother, like coexisting sound-waves or light-waves.
The ‘cohesive pneuma’ was responsible for the unity of a body, and
for the fixed pattern of properties typical of its raw materials; the ‘vital
pneuma’ gave it animation; while the third, ‘rational pneuma’ was present
only in men and other thinking beings. In this way, the Stoics developed
a strikingly-novel picture of material things, different aspects of any
individual creature being related to different underlying wave-patterns,
and the possible states of the body to alternative tones of the appropriate
pneuma.

But the discussion of the pneuma was never entirely confined to this
high intellectual plane. From the outset the Stoics also thought of the
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pneuma in another way, as a special kind of material substance—an
extremely-tenuous, but none the less physical, agency spread continuously
throughout an organism, like an intangible but elastic perspex, or a highly
penetrative gas. They did so for several reasons. In the first place, like
physicists in all ages, they believed that some genuine material agency
must lie behind their abstract theoretical ideas. But they had two further
reasons. If the pneuma was capable of producing physical effects at all
(they agreed), 1t must itself have a material character. You cannot, for
instance, blow up a balloon using abstractions alone: the fact that it
expands when you puff into it is evidence that your breath—though
invisible—is nevertheless material. But the changes produced in a balloon
by the air we breathe are no more striking than those for which the
pneuma was responsible—so the pneuma, it seemed, could hardly be less
material than air. Furthermore: the pneuma theory also provided a natural
explanation for one other striking contrast—between the tangible forms
of matter (solid and liquid) and the intangible ones (fiery and aery). The
material ingredients of the body were presumably solids and liquids, and
these were customarily classed as ‘passive’ forms of matter: by comparison,
the ‘active’ forms—fire and air—were intangible, tenuous, imponderable
and elusive. Completing their theory in an elegant way, the Stoics allotted
to these forms of matter the active tasks of holding together inert materials
in stable, functioning wholes, and concluded that the different sorts of
pneuma were composed of varying blends of fire and air.

However, treating the pneuma as a material medium landed one in
fresh difficulties. Firstly, it apparently spread not through empty space
alone, but equally through ordinary material objects. This implied that
several different forms of substance could be present in the same volume
at the same time: one of them being solid or liquid, and the remainder,
as many as three in the case of human beings, being ethereal. (The
Stoics themselves, for instance Chrysippos, grasped this nettle without
hesitation. When the ethereal pneuma held the solid parts of a body
together in a coherent pattern, it did more than fill the gaps between
them: it entered into a ‘total union’ with them.) Secondly, it was hard to
imagine any material as tenuous as the pneuma also being cohesive and
elastic enough to hold together the parts of an organism. But in the time
of the Stoics the conception of a ‘material substance’ was not clear-cut,
and the differences between fire and breath, life and air, were not under-
stood. So long as this remained so—that is, until the eighteenth century
A.D.—this objection to the theory could not be pressed to a conclusion.

Armed with this general theory, the Stoics could attack the problems
of physiology in a more comprehensive way than ever before. Aristotle
had introduced the pneuma with the restricted task of explaining
heredity. Yet, if the elements of Empedokles were too disorganized to
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carry the psyche at the moment of insemination, they presumably
remained unsuitable for this task throughout the whole life of the
organism. Some physical agency was required as the material basis of
the psyche at all times; and, since the psyche itself could hardly act on
the bodily frame except in a direct physical manner, the Stoics drew the
natural conclusion—that the psyche and the pneuma were simply two
aspects of the same thing. Thus, psyche and pneuma became interchange-
able terms, which referred equally to a pattern of observable characters
and to the hypothetical medium presumed to underlie it.

This same intellectual step was repeated—all the way along the scale
which extended from simple inanimate matter to the whole cosmos—to
account for every variety of organization and order. At one end, the
Stoics drew religious conclusions, which will concern us in the next
section. At the other, they recognized and tackled questions in matter-
theory which have come to the fore again only in the twentieth century.
Consider, for instance, the question: why do the chemical substances
existing in the world have fixed constitutions? Why does iron (say)
always display the same combination of qualities and properties; and why
do we find only a limited range of metals in Nature, instead of substances
with every conceivable—and even changing—combinations of density,
ductility, tensile strength, colour and melting-point? Nineteenth-century
physicists and chemists never faced these questions. They treated the
ninety-two chemical elements as distinct species—as though created by
God in fixed kinds, with permanent combinations of properties. Yet the
stable patterns of physical properties in the inorganic world (correspon-
ding to different ‘tensions’ in the stoic ‘cohesive pneuma’) can no more be
taken for granted than the organization of living things, and twentieth-
century science has an explanation for them. Significantly enough this
has to come, not from chemical atomism, but from the novel theories of
quantum mechanics, in which the idea of wave-patterns is once again
used to account for the properties of matter.

Stoic Cosmology and Religion

To understand the religious aspects of Stoicism, one must sece how the
idea of pneuma fitted into the wider framework of their cosmology. For
it embraced the whole universe—heavens and earth, Gods and men, body
and soul, metals and stones. Once again we must follow out an argument
in successive steps.

The first step runs as follows. Every ordered system is the manifesta-
tion of a psyche, and every psyche is carried by a pneuma, which holds
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the parts of the system in their order. The cosmos is an ordered system,
in which all things are interlinked. Ergo, the universe itself must have a
psyche; and this “World-Soul’ must be carried by a universal pneuma,
which binds all the objects of heaven and earth in a common destiny.
Naturally enough, the Stoics regarded this universal, omnipresent pneuma
as belonging to the highest grade of all: it was the ultimate source from
which every lesser, localized body drew its individual pneuma, and many
of them actually identified it with the Deity.

One might have thought that this last doctrine, which treated God
Himself as a material medium, would have made Stoicism obnoxious to
Christian theologians. Yet in many respects the system was congenial to
them. First and foremost, it was a monotheistic view, in a world which
was still predominantly polytheistic: it transformed the personified
natural powers of Greek popular religion into so many aspects of an all-
embracing agency—the interdependent parts of a single cosmic fabric.
Furthermore, the Stoics foreshadowed the Christian doctrine of a Divine
Providence, since their ‘cosmic organism’ was a system of perfectly co-
ordinated organs, ordered in such a way as to operate for the best.
Starting as they did from this conception, the medical theories of Galen
readily found a place in the intellectual framework of early Christianity.

The argument now continues. The pneuma is a compound of fire and
air, and these are the two active, celestial forms of matter; the various
grades of pneuma differ, presumably, in the ratio of fire to air in their
respective constitutions. A higher-grade pneuma contained a larger
fraction of fire and a smaller one of air, and the highest grade of all was
the pure intellectual pneuma: this could survive the death of the body, and
its substance was most like that of the outer heavens.

So the Stoics rejected any absolute distinction between the unchanging,
superlunary heavens and the mortal, sublunary earth. They believed that
similar agencies operated in all parts of the universe, linking heaven and
earth in a single causal network. Far from the matter of the heavens being
a unique ‘quintessence’, it was identical with the highest grade of terres-
trial pneuma, and consisted almost purely of fire. Thus, the upper regions
were composed of the two creative elements; and the ‘change and decay’
of the terrestrial world were due only to the abundance of the passive
elements, earth and water. The difference between the two realms was
accordingly only a matter of degree; and even the markings on the
surface of the moon could be explained by terrestrial analogies:

The moon consists wholly of a mixture of air with a soft fire . . .
the appearance [of a face in the moon] comes from a blackening of the
air, as when ripples run across the surface of the sea in the middle of a
dead calm,
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The last step in the argument united the individual human with the
cosmos. All life comes from the World-Soul, and eventually returns to it.
Where, in Aristotle, the soul had no real existence apart from an organized
body (since the psyche was just the individual’s integrated pattern of
activity) the Stoics by contrast treated the soul as a separable entity—a
tenuous substance, which could lead an independent existence. Having
entered the individual at conception, the pneuma remained there through-
out his life, sustaining itself on draughts of warm air from the surrounding
atmosphere. At death, respiration ceased and the pneuma, which alone
could prevent decay, departed from the body. Finding their own natural
levels, the corpse sank down to the earth, while the fiery vapour of the soul
sped freely upwards to the sky. Thus the pneuma, escaping from the
prison of the body, was free to rejoin the celestial reservoir from which
it had originally sprung.

For the Stoics, as for Heraclitus, the supreme agency of creation and
destruction in the world consisted of pure fire:

The Ruler of the Cosmos is fiery and hot by nature, the Deity and
the very Creator being a physical agency identical with the powers
in fire.

Some of them even predicted an apocalypse—a destructicn of the whole
world, when the overmastering fire would consume all things in one
great conflagration. Afterwards, when the fire quieted down, a new cycle
of creation would begin, with a fresh ‘separating-out’ of the material
elements. Each phase in the history of the cosmos began in a state of
undiluted fieriness, and ended with a return to the same condition; within
each phase, the four elements were first created, shaping themselves into
material objects under the influence of the active energy; but, as the cycle
approached its end, the balance between fire and the other elements
tilted once again, and the very material elements themselves were
consumed in a purifying conflagration.

Stoic ideas undoubtedly helped to rehabilitate the ancient ‘astral
religions’, which had long been established in Babylon and Egypt. With
the rise of Alexandria, it was this aspect of Stoicism which flourished
most readily. For there the claims of astrology had long been accepted
without question, and Oriental religion had a prestige at least equal to
that of Greek philosophy. From that day to this, in the countries of the
Middle East, the conviction has survived that men’s fates are intimately
bound up with the aspect of the heavens:

How dark it is tonight [says Leila in Lawrence Durrell’s Alex-
andrian novel, Mountolive]. I can see only one star; that means mist.
Did you know that in Islam every man has his own star which appears
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when he is born and goes out when he dies? Perhaps that is your
star, David Mountolive.

Or yours?

It is too bright for mine; they pale, you know, as one gets older.
Mine must be quite pale, past middle age by now, and when you
leave us, it will become paler still.

The Scientific Legacy of the Stoics

Away from Hellenistic Alexandria—a city rivalled only by Los Angeles
in the variety and eccentricity of its religious sects—the scientific side of
the Stoic world-picture remained more influential. Until the revival of
atomism around A.D. 1600, much of the dominant intellectual tradition,
in matter-theory and in medicine alike, can in fact be traced back to the
doctrines examined in this chapter. The key word is ‘spirits'—the Latin
translation of the Greek word preuma being spiritus—and as late as the
seventeenth century ‘spirits’ of many different kinds still haunted the
theoretical debates in chemistry and physiology.

In the physiological story the most influential figure was Galen, who
came from Pergamon to Rome in the second century A.p., and was
personal physician to the Emperor Marcus Aurelius. Galen’s theories were
based on two central ideas, both of them derived from Aristotle by way of
the Stoics. One was the belief that the structures of bodily organs are
perfectly adapted to their functions, and must be explained in terms of
them. (For this, see the note at the end of this chapter.) The other was the
pneuma.

In his hands, this notion acquired a more precise and definite
physiological role. According to him, two varieties of pneuma sustained
the characteristic activities of our bodies, and in due course these became
best known from their Latin names, as the ‘vital spirits’ and the ‘animal
spirits’. The two agencies were located in the two interpenetrating
networks of organs which play so large a part in the operation of the
body: the nervous system and the blood-vessels. The functions of these
two systems had been studied to some extent in earlier centuries, but
Galen brought the results of his predecessors together, and extended them.
He cut the spinal cords of animals at various levels, and observed the
effects, he established the relations between the blood-vessels and the
nerves, and he finally proved that the control of psychic functions was
localized in the brain.

With these demonstrations behind him, he distinguished the three
primary needs of the bodily tissues—food, breath and ‘nervous stimuli’—



102 POSSIBLE WORLDS

and traced the channels by which these were supplied. The continuance of
life, as everyone knew, depended upon an animal inhaling some tenuous
matter from the surrounding environment: this material, with which the
blood became charged in the lungs, Galen called the vital pneuma (or
‘vital spirits’). If breathing were forcibly prevented, death would follow
quickly, so it was natural to suppose that these vital spirits were drawn
from the external reservoir of life—the Stoic World-Soul. The nervous
system was equally essential for life. He showed that the cranial nerves,
which lead to and from the brain, control the higher sensory and motor
activities, whereas the autonomic or sympathetic nervous system is
connected with the brain only indirectly. Sensation and deliberate action
are maintained only so long as the necessary cranial nerves are intact; and
even these functions can be interrupted by stopping the flow of blood to
the brain. So the physical agency responsible for these activities must be
nourished by the blood, centred in the brain, and carried to and from it
through the cranial nerves. This second agency he called the psychic
pneuma (or ‘animal spirits’).

About nutrition, Galen’s views were similar to our own, though of
course lacking the biochemical detail discovered since 1840. Food was
broken down in the digestive system, where the useful part was ‘con-
cocted’ and absorbed into the blood, leaving the waste products behind.
The nutrients were carried from the liver by the bloodstream, some of
them being deposited in the tissues ‘like silt laid down by a flood tide’,
while the rest were carried on and returned to the liver again. Galen
himself did not regard the solid and liquid nutrients as varieties of pneuma
or ‘spirits’; they were not ‘active’ elements in the body, but only “passive’
ones—its raw materials—and they played a part in the life of the body
only through the activity of the genuine ‘spirits’, vital and animal. Only
later did the Islamic physicians adopt the term ‘natural spirits’ as a name
for these nutrients: this step perhaps made physiological theory appear
more symmetrical, but it did so only at the cost of obscuring the original
significance of the pneuma.

The End of an Era

Before leaving Rome and the Stoics for Alexandria and the alchemists,
let us take stock. At the beginning of our present enquiry, we posed three
questions. The first of these concerned the ways in which men disting-
uished between the animate and the inanimate. By the beginning of our
era, the systematic zoology of Aristotle and Theophrastus, together with
the medical tradition of Hippokrates and his followers, had established
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well enough the special character of organic beings. Whereas men
recognized that an eclipse was a merely physical process—a ‘coincidence’
—the processes going on in living things had specific functions. And it
was in their respective degrees of ‘organization’, and the functional
character of living processes, that the crucial differences between living and
non-living thingslay. Ata ‘chemical’level, onthe other hand, the Greekssaw
no absolute distinction between the raw materials of animate and inanimate
things, or even between the processes going on within them. Galen himself,
in fact, pointed out the parallel between respiration and combustion:

It is common knowledge that flames, as much as living things, are
swiftly extinguished when deprived of air. If a doctor’s cupping-glass
or some other narrow or concave vessel is placed over the flame so as
to prevent the access of air, it is quickly snuffed out.

Now if we could find out why flames are extinguished in these
cases, we should perhaps discover how it is that respiration helps to
promote animal heat.

Our second question was, how did men in each epoch think about the
relation of structure to function? Plato had explained the properties of
homogeneous substances by the structures of their minute atomic units;
but when he discussed the human frame he anticipated Aristotle and
Galen, reversing the procedure and explaining bodily structures by the
functions they performed. The Stoic theories blurred the distinction
between functional questions and structural ones, by identifying the
pneuma and the psyche: faced with the question whether one should
account for structure in terms of function or vice versa, the Stoics would
probably have replied: “What is the difference? The pneuma and the
psyche are the same thing. If a functional agency is to operate in the body,
it must play some part in its structure, so the two terms of the distinction
are no more than two faces of a single coin.” In Galen, finally, the emphasis
is once again on function. In his hands even the theory of the pneuma lost
some of its ambiguity: vital and animal spirits were simply two more
material ingredients in the complex framework of the body, and their
properties—like those of any other organ—had to be explained in terms
of their functions.

Finally, as our third index, we must look at the opposition between
atomistic and continuum views. During the three hundred years following
the death of Aristotle, this contrast was stated more sharply and clearly
than ever before. Epicurus and his followers would admit into their
natural philosophy only atoms and the void. Impact and contact were
the fundamental processes by which all changes were brought about:
other forces were foreign to their system, and crept into their explanations
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only inadvertently. Applied to simple physical phenomena, involving
mechanical forces only, the resulting theory had great attractions: it
could be applied easily and consistently, for instance, in hydraulics and the
study of air. Hero of Alexandria, in his best-seller on the subject, cited
the compressibility of air as evidence of its atomic nature, and went on to
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propose a series of ingenious machines, operated by air, water or steam-
power: these were designed to flap the wings of a model bird, to rotate
a jet-propelled ball, or to open the doors of a temple ‘miraculously’,
using heat from the altar fire to force water into a bucket (M in figure).
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But the world does not consist entirely of such simple mechanical
systems. Wherever men looked they saw bodies preserving a structure
and form more organized and permanent than Greek atomism could easily
explain. This was true at every level—from the coherence of the simplest
liquids up to the intelligent behaviour of human beings. The continuum
theories of the Stoics focussed attention on this other aspect of Nature: they
explained how bodies held together and preserved their functions by
assuming them to be permeated by continuous, active, physical agencies.
In part, these agencies imposed patterns on bodies whose behaviour
would otherwise be random—as a magnetic field of force might do: in
part, they were thought of as diffuse tenuous materials like the nineteenth-
century ether. Some, like Galen’s ‘vital’ and ‘animal spirits’, occupied
intellectual niches which were to be filled later by gases or by electrical
impulses: others were to degenerate into dead metaphors—of which a
phrase like ‘high spirits’ is one fossilized example.

Thus the opposition between atomistic and continuum theories was
posed, and for the time being the Stoic approach had a head start. This
was not necessarily because of any intellectual superiority; but rather
because it kept man in the centre of the picture, and took problems of
great human significance as its starting-point. So the atomism of Epicurus
and Lucretius was supported only by a small minority right up to the
seventeenth century; and there was no way of knowing that in the long
run the study of gases, with their simple material constitution, would
eventually prove a more fruitful starting-point for a general theory of
matter.

The theories of material substance passed down from classical antiquity
to mediaeval Europe were accordingly dominated by two ideas: first, by
Aristotle’s conviction that every significant natural process is a kind of
development—so that all matter is engaged in a process of self-realization
and perfection comparable to that of living organisms; secondly, by the
Stoic pneuma or spirits, which acted as the material agent of this devel-
‘opment. Taken together, these two ideas turned matter-theory away
from questions of structure and mechanism, and towards questions of
function and development; and this was the direction in which most
speculation proceeded for the next fifteen hundred years. A few philos-
ophers carried on the pure tradition of Plato, and kept fresh the geo-
metrical atomism expounded in his Timaeus. More of them, however,
concentrated on the detailed problems which had arisen in the course
of Aristotle’s discussions of matter. Others, influenced by theology,
identified the pneuma in things with their ‘soul’, and interpreted all
natural processes in animistic terms. Finally, others again married the
physiological models of the Athenian philosophers with the practical
experience of the Alexandrian craftsmen—and so produced the system of
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ideas and techniques we know as alchemy. The results of this first marriage
between intellect and craft will be our subject in the next chapter.

NOTE: GALEN DEMONSTRATES THE FUNCTION OF THE KIDNEY

Galen’s ‘principle of perfection’ governed his method of enquiry, and
shaped his ideal of scientific explanation. ‘The forethought and art shown
by Nature in relation to animals’, he taught, ensures that all bodily
organs function in every detail as well as they possibly can. If we are to
explain the structure and modus operandi of any part, we must discover
what it is good for—its use: only then shall we fully understand it. We
believe nowadays that this principle is sound only with limitations: the
human spine, for instance, is imperfectly adapted to the stresses imposed
on it since our ancestors adopted an erect posture. Yet, in Galen’s own
time, this ‘teleological’ principle was of great value, serving asan
indispensable guide to the intellect in both anatomy and physiology.
Guided by his faith in the efficacy of the bodily organs, Galen conducted
many original experiments, dissections and vivisections, some of which
—like Harvey’s later—are masterly examples of experimental medicine.
In this way he analysed in detail the forms of the principal bodily organs
and their contributions to the living process.

The following passage comes from Galen’s treatise On the Natural
Faculties. He asserts that the ureter is a one-way passage which carries
urine from the kidneys to the bladder but not in the reverse direction.
(This view was disputed by certain followers of Asclepiades, who had
tried to apply atomistic and mechanistic doctrines to medicine.) As
evidence for his view he quotes the results of an experimental vivisection.

Those who are slaves to dogma do not merely lack all sound
knowledge: they will not even stop to learn. Instead of being prepared
to listen (as they ought) to the reason why liquid can enter the bladder
through the ureters, but cannot return along the same channels—
instead of admiring Nature’s artistic skill—they refuse to learn. They
even go so far as to scoff, maintaining that the kidneys, and many
other organs also, have been made by Nature for 110 purpose! Some of
them, who had agreed to be shown how the ureters come from the
kidneys and are implanted in the bladder, even had the audacity to say
that these also had no purpose; while others said that they were
spermatic ducts, and that this was the reason why they were inserted
into the neck of the bladder rather than into its cavity.

When we had gone on to show them how the real spermatic
ducts enter the neck of the bladder lower down than the ureters, we
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supposed that now at least, even if not before, we should wean them
from their mistaken suppositions and convert them at once to the
opposite view. But they had the presumption to dispute even this:
it was no wonder (they said) that the semen remained longer in the
latter ducts, for these are more constricted, or that it flowed quickly
down the ducts from the kidneys which are well dilated.

We were accordingly compelled to show them clearly, in a living
animal, urine passing out through the ureters into the bladder; though
we scarcely hoped to put an end to their nonsensical talk, even in this
way. The method of demonstration is as follows. First, one must
divide the peritoneum in front of the ureters and close these with
ligatures: next, having bandaged up the animal, let him go—for he
will not continue to urinate otherwise. Subsequently, one loosens the
external bandages, to show that the bladder is empty, while the
ureters are quite full and distended—in fact, almost on the point of
rupturing; when the ligatures are removed, one can plainly see the
bladder filling with urine.

After this has been clearly demonstrated, and before the animal
urinates again, one must tie a ligature round its penis and then squeeze
the bladder all over: still nothing will pass back through the ureters
into the kidneys. Evidently, then, the ureters are prevented, not only
in a dead animal but equally in a living one, from receiving back
urine out of the bladder. When these observations have been made,
one next loosens the ligature from the animal’s penis and allows it to
urinate, then ligatures one of the ureters again, leaving the other
free to discharge into the bladder. Then, when some time has elapsed,
one can demonstrate plainly that the ligatured ureter is full and dis-
tended on the side towards the kidney, while the other—from which
the ligature had been removed—is flaccid, having filled the bladder
with urine. . . .

Now, if anyone will only test this on an animal for himself I
believe that he will condemn the rashness of Asclepiades; and if he
recognizes also why nothing flows back from the bladder into the
ureters, I believe that this will convince him also of the forethought
and art shown by Nature in relation to animals.

These results appeared to Galen to demonstrate that the kidney and
bladder conform to a design. Certainly he succeeded in showing that the
urino-genital system of mammals displays a regular anatomical pattern,
and that this pattern is functional—contributing in a highly effective way
to the elimination of urine from the body. The question is, whether adding
‘So Nature must have made them that way for a purpose’, was anything
more than a fagon de parler.
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FURTHER READING AND REFERENCES

Few recent studies exist of the Stoic theories of Nature. The outstanding and
indispensable book is

S. Sambursky: The Physics of the Stoics

On the wider aspects of religion and philosophy in the Stoic and Epicurean period,
see

A. J. Festugitre: Epicurus and his Gods
L. Bréhier: Chrysippe

The chief work of Galen to be consulted is his treatise On the Natural Faculties.
edited for the Loeb Classical Library by A. J. Brock. See also Source Book in Greek
Science, as before, and the papers by Donald Fleming in Isis (1955).



6

The Redemption of Matter

LCHEMY has too often been given summary justice—dismissed as
Aunworthy of prolonged attention, and scorned the more for being
subtle and sophisticated. Men who took for granted the truth of
nineteenth-century atomism and the impossibility of transmutation saw
in alchemy a lamentable series of errors justified by impenetrable mumbo-
jumbo; while its association with religious beliefs of a kind they despised
only confirmed their original prejudices. Taking refuge in laughter, they
echoed Chaucer’s worldly mockery, ridiculing it as a waste of time and
money:

This cursed craft who so wil exercise,

He shal no good have that may him suffise:
For al the good he spendeth thereaboute.
He lose shal, thereof I have no doute.

(Chaucer, one suspects, would have tarred much twentieth-century
research with the same brush.) In this way the alchemists could quickly
be disposed of as scoundrels, dupes, charlatans or fools, and their pretended
science written off as a bogus parade of verbiage.

To take this particular short cut is, however, not only philistine and
unjust, but a serious intellectual blunder; and it is a course we cannot afford
to take here. For, if we did, we should pull down the curtain on matter-
theory just when men were first attempting to unite natural philosophy
with the craft tradition; and we should then snap it up again, around 1600,
to reveal the actors on our intellectual stage right in the middle of a scene
—in postures which we had disqualified ourselves from understanding.
For alchemy was, in fact, a natural and intelligible offspring, bred by
Greek philosophy out of Middle-Eastern technology. It provided a
direction, an incentive and a terminology for centuries of work in
metallurgy and the chemical arts. It conceived, in some form or other,
much of the chemical apparatus we know today. And, most important of

109



I10 POSSIBLE WORLDS

all, the problems it left unsolved helped to shape the intellectual environ-
ment in which seventeenth-century scientists had to work.

The Transition to Alexandria

In all branches of science and philosophy there is a significant change of
tone, when the focus shifts from the dry and temperate light of Athens
and her intellectual dependencies to the cosmopolitan and iridescent
splendours of Hellenistic Alexandria. The difference is plain enough in
astronomy and mathematics, where one can contrast the elegant proofs
devised by Archimedes of Syracuse (c. 225 B.c.) or the honest perplexity
of Hipparchos of Rhodes (c. 125 B.c.) with the more laboured ingenuities
of Ptolemy’s Almagest and Tetrabiblos. It is even more striking if one looks
instead at ideas about matter: its constitution, purification, transformation
and ultimate destiny. Indeed, the very factors which restored astrology to its
former prestige and influence stimulated a new and intense interest in the
processes and techniques of chemistry. One man’s meat is another man’s
poison: astrophysics was hampered, speculation about matter encouraged.

What were the operative influences? Some of them were rather
general, arising out of historical and social differences between Athens and
Alexandria. Such factors as these cannot, of course, shape novel ideas
directly; but they can change the focus of men’s attention, and in
Alexandria they did just that. By diverting men’s preoccupations, they
encouraged a demand that philosophy should produce not only intellec-
tual insight, but also spiritual salvation. So problems which had never
impressed the Athenian philosophers as of great significance now occupied
the centre of the stage.

These general influences sprang from the amalgam of ancient and
modern, flux and tradition, with which Alexandria was endowed by
history and by birth. The circumstances of its founding gave it much of
the character of present-day New York. But, unlike New York, it
inherited and assimilated strong local traditions; and these, even in 300
B.C., were already more ancient than those of our own so-called Eternal
City—present-day Rome.

By comparison with the inhabitants of Alexandria, the classical
Greeks were a homogeneous group, with a common language and
traditions and a short collective memory. The distinctively pre-Greek
elements in Cretan and Mycenaean civilization left few conscious marks on
the culture and beliefs of classical times: the earliest historical event with
a permanent place even in the legends of the Greeks was the Trojan war,
which had taken place as recently as 1250 B.c. Yet by that time the
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settled and recorded life of the Egyptian kingdom had certainly lasted for
more than two thousand years. (When Hecateus of Miletos visited the
temple at Thebes about 500 B.c., the Egyptian guides deflated his national
pride by showing him three hundred and forty-five statues commem-
orating successive high priests, each of whom had reputedly been the son
of the one before.)

In its population, Alexandria was as different from Athens as New
York is from London. Greek of a sort was the official language until the
Roman conquest in the time of Cleopatra, and it remained the medium
of academic discussion as late as A.D. 500; but the people using the
language were frequently not Greek at all, either in racial origin or in
background. There were, of course, plenty of Greeks: some descended
from Alexander’s army of occupation, others from the merchants and
traders who settled in this great new commercial port. But, as in New
York, there was a large Jewish community, which played a notable part
in the intellectual life of the city; and there were also Berbers and Libyans,
Syrians and Mesopotamians, and Nubians from present-day Sudan, in
addition to the indigenous Egyptians or Copts. (The great Arab invasions
had not yet taken place.) These varied peoples shared no common
traditions, and practised a bewildering variety of religions. Furthermore,
there was much coming and going between Alexandria and the cities
with which it traded—not only with Rome and the other Mediterranean
cities, but also with the countries of the East which supplied the luxury
markets of the Roman Empire with silks, dyes and spices. Throughout
the Imperial period, in fact, Rome suffered from an adverse balance of
payments: there was a continual eastward flow of gold and silver (librae,
solidi and denarii, the original £ s. d.). Most of this passed through
Alexandria and much of it stayed there.

In an environment so different from Athens the position of scholars
and the character of intellectual life were inevitably changed. In Athens
scholars and scientists found their pupils among the sons of leading
families, and it was quite easy for them to take up the detached and
theoretical attitude recommended by Plato and Aristotle. They were free
to concentrate on intellectual problems for their own sakes, without
particular regard to the demands of commerce or the scruples of religion.
In Alexandria things were very different. The rich merchants and traders
of the delta, like the meat-packers and automobile-kings of the U.S.A.,
were happy enough to patronize the arts and scholarship, provided they
were presented in a way which meant something to them; but the sons of
wealthy and powerful families themselves were less often drawn into the
disinterested pursuit of learning.

What sorts of knowledge caught the interest of patrons? Curiously
enough, not mechanical inventions yielding an immediate financial return.
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Even so simple a device as the horse-collar, which permits draught-
animals to exert their full strength without strangling themselves, came
into use in Europe only centuries later. It seems that the reserves of
unskilled human strength were so great that people gave little thought to
labour-saving gadgets. So practical and intellectual skills found a profit-
able outlet in other directions: in preparing and imitating precious metals
and other luxuries, and in refining the spiritual techniques for personal
salvation. In such a society, the atomists found themselves with little to
‘sell’: they had an advantage only in the realm of hydraulics, and Hero’s
more perversely ingenious designs for water-powered singing-birds may
have been intended for the dining-tables of status-seekers. On the other
hand, there was an obvious future for any intellectual movement which,
at one and the same time, met the demand for religious teaching and
consumer goods alike.

The difficulties which plagued astrophysics in the period between
Aristotle and Ptolemy themselves helped to redirect men’s speculations.
Since the Greek philosophers had apparently failed in their attempt to
emancipate astronomy from mythology, and to submit even the Gods
themselves (i.e. the stars in their courses) to rational scrutiny, older
Middle-Eastern traditions could keep their long-standing ascendancy in
Egypt despite repeated injections of Greek thought. Within the limited
circles of the Museum and Library, individual scholars at Alexandria
remained faithful to the rational ideals of Greek philosophy. But out in
the busy streets and rich suburbs the public at large looked for something
with a more powerful appeal, something it could feel upon its pulse.

One last sociological factor must be mentioned. The Eastern religions
had always had a certain vogue at Athens and a social influence com-
parable to that of Freemasonry, as well as a more direct intellectual in-
fluence upon the teachings of Pythagoras and Plato; but the official
religion of the Athenian Establishment was the cult of the Olympian
deities, and as time went on this was taken less and less seriously. In
Egypt religious traditions had to be treated with more circumspection,
not only because they were so much stronger, but also because the clergy
had a monopoly of learning. In the Nile valley as in Mesopotamia, the
clergy had served for many hundreds of years both as the religious
priesthood and as the literate minority—they were the ‘clerks’ as well as
the ‘clerics’. Metallurgy, astronomy, astrology, medicine, flood-
prediction: all these were fostered and developed in the shadow of, and
sometimes actually inside, the Temples. And, significantly, the preface to
the most famous collection of alchemical recipes, On Natural and Secret
Things (originating about 200 B.c.), claimed that it had been found in
‘the Temple’—apparently as a guarantee of authenticity.

So began that alliance between religion and technology which makes
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alchemy so mysterious—and even repellent—to the modern reader. Yet,
in seeing here an unnatural union, we are ourselves in danger of one more
anachronism: reading back into the Alexandrian way of life distinctions
which have won general acceptance only more recently. Until our
modern period, only a handful among all the thinkers of Europe and
Western Asia—the intellectuals of classical Greece and Rome—had ever
distinguished sharply between natural knowledge and religious under-
standing, or between science and theology.

Oriental religions [write Bidez and Cumont in a recent study]
made no separation at all between speculations about the nature of
Gods and Men, and investigations into the material world. Faith and
learning being closely linked, the theologian was also a scientist. The
‘clerks’ engaged after their own fashion in research on all three natural
kingdoms. Animals, vegetables and minerals were united by hidden
affinities with the celestial powers, which conferred mysterious
properties on them. Divine wisdom would reveal to devout souls the
manner in which these hidden influences gave rise to all the
phenomena of nature.

The philosopher Porphyry has preserved a revealing account of the
manner in which the Temple priests spent their days under the Roman
Empire: he is quoting Cheremon the Stoic, who had first-hand know-
ledge of the Egyptian priesthood.

They choose Temples as the most suitable places for philos-
ophizing. Their tradition is to remain always near the Temple altars,
this proximity being favourable to meditation, and also giving them
security. The Holy sanctuary protects them, and everyone honours
them as a kind of holy being. So they live in peace, free from contact
with the world at large, except at the great festivals and holy days: for
at most other times the Temples are barred to profane persons . . .
These priests, then, have renounced all secular activities, all lucrative
work, and give themselves up entirely to meditation, and contempla-
tion of Divine things. Contemplation makes them revered, and
imposes on them a tranquil and pious existence; meditation and
contemplation together impose on them a somewhat withdrawn and
old-fashioned manner of life. . . .

Their nights [Cheremon continues] are given up to observing
things in the heavens, or to carrying out some holy office; their days
to the divine service, which involves singing hymns in honour of
the Gods four times a day—at sunrise, at vespers, when the sun is
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at his zenith, and when he begins to drop towards sunset. For the
remainder of their time, they study arithmetic and geometry: they
can always be seen at work on some investigation. In short, they give
themselves up entirely to the exact sciences.

On winter nights they do the same—giving over their evenings
to literary labours, like men uninterested in financial gain, liberated
from cruel enslavement to the costs of living. The most impious thing,
in their eyes, is to travel far from Egypt, for they fear the softness of
foreign fare and the customs of other countries: such travels are
permissible, they say, only for those obliged to go abroad in the
service of the Kingdom. They place great importance on conformity
to traditional practices: if convicted of the smallest offence against
them, they are expelled from the Temples.

Unkind readers may see some analogy between the Egyptian Temples and
our own Western universities, in the days when all dons were in Holy
Orders and unmarried; and this analogy is not entirely far-fetched. For the
Temple régime closely resembled that of the monasteries and schools
where science and learning were to take root once again in mediaeval
Europe.

Cheremon’s description reminds us that the schools and academies of
classical Greece were quite exceptional in being organized on a secular
basis. Elsewhere, learning had always been the property of the sacred
hierarchy, and men of scholarly temperament had automatically gone
into Holy Orders—as they continued to do in England right up to the
nineteenth century A.D. So, except in those restricted circles where the
rational impulse behind Greek philosophy kept its original force, it was
only to be expected that philosophy in Alexandria should adapt itself
more closely to the religious traditions of the Egyptians. Yet one surprise
remains—if it really comes as a surprise. The devout souls who looked to
Divine Wisdom (Hagia Sophia) for an understanding of the nature of
matter proved often enough to be skilled, ingenious and scrupulous
craftsmen, practical and inventive in devising recipes, and with the
passage of time extending them over a wider and wider range of
chemical skills.

This accumulated knowledge was built up within the bounds of a very
definite intellectual system. So we must look now, in turn, at the ways in
which Greek philosophy changed when transplanted to Alexandria; at
the craft-skills which the alchemists inherited and developed; and at the
intellectual system in terms of which they interpreted all their practical
experience.



The Transformation of Greek Philosophy

In Alexandria the rapprochement of philosophy and astral religion was
accelerated by the revival of Platonism. However, the Plato we find in
the writings of the ‘neo-Platonists’ was a very different teacher from the
geometer, logician and political theorist of the original dialogues. At
every point his system of ideas was now given a twist which fitted them
to the preoccupations of the Alexandrians: men looked to his teachings
less for a lucid understanding of the heavenly motions and an explicit
appreciation of the principles of conduct, than for a spiritual method
—a recipe for salvation by self-unification with the Divine Word. Step by
step, rational argument was replaced by spiritual exercises. The problem
was no longer to free oneself from perplexity and come to understanding:
it was now to free oneself from sin and achieve blessedness.

The transformation was gradual. Even in the third century A.p.,
Plotinos could still protest against the attitude of the gnostics of his time.
These men, he grumbled,

no longer accept the old Greek method: the Greeks had clear ideas and
spoke without cloudy arrogance of the stages by which the soul
climbed from the cavern of ignorance to a contemplation of the
highest truth. [Instead, the gnostics] boast of their ability to banish
diseases by spells, and make a business of it: this certainly impresses
the common herd, who will always gape with admiration at the secret
powers of Magi, but men of good sense will not be shaken in their
belief that the true causes of diseases are fatigue, over-eating, starva-
tion, corruption and—in brief—changes whose source lies either
outside or inside our bodies.

By now, however, the tide was flowing strongly in the other direction.
Men of varied creeds and backgrounds—followers of Isis and Mithras,
Christians, Jews and even agnostics—shared a single religious ambition:
to purify the soul, preparing it for unity with the Divine Nature by
frecing it from dross. Plato had taught that intellectual ideas are quite
distinct from—and logically independent of—the material objects of the
terrestrial world. Refracted through the Alexandrian prism, this doctrine
took on a new shape: the intellect now became the ‘immaterial’ part of
the human being, conferring life and form on the brute matter of the
body, but fulfilling its destiny only when separated from it, whether in
the after-life or in mystical ‘ecstasy’. (The word literally means ‘standing-
outside’.) His further thesis, that ideas can be grasped by the intellect
alone, likewise became a dogma: that only a pure soul is fit to receive the
11§
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Divine Word. Not for the last time, men began to regard the body as an
impediment: a material cage in which the immaterial soul was trapped, a
fetter holding it down to the earth. For the pure in heart, death would be
an escape; and the wise man would seek peace of mind during life by
preparing for this release. Properly pursued, even intellectual enquiries
could contribute to this state:

All those—Greeks or Barbarians—who have trained themselves
in wisdom by leading a blameless life and are fully determined neither
to suffer harm from neighbours nor to cause it in return, avoid both
the company of mischief-makers whose time is spent in intrigue, and
those places where such men pursue their business—law courts,
parliaments, public squares, assemblies: in short, all leagues and
meetings of common people. Following a peaceful life, they
admiringly contemplate Nature and her creatures, fathoming the
secrets of the earth, the sea, the air and the heavens, together with the
laws which govern them—accompanying in thought the Moon, the
Sun and the choir of planets and fixed stars through their orbits.
Though held down to the earth by their bodies, they give wings to
their souls. So, traversing the ether, they survey the powers residing
there; they have become authentic citizens of the cosmos, making the
whole world their city, and regarding all other friends of wisdom
[philosophers] as their compatriots.

This union with Eastern religion transformed matter-theory along
with the rest of Greek philosophy. The following invocation (c. A.D. 200),
originally forming part of a prayer to Mithras, illustrates the use which
theology made of Stoic ideas:

First Beginning of my beginning, First Principle of my principle;
Breath [pneuma] of breath, First Breath of the breath within me;
Fire which, among the compounds which form me, was given by
God for my own compound, First Fire of the fire within me; Water
of water, First Water of the water within me; Earthy Substance,
model of the earthy substance which is within me; O my Perfect
Body, fashioned by a glorious arm and an immortal hand in the world
of darkness and light, lifeless and living—if it please Thee to transmit
and communicate a rebirth to immortality to me, who am still
constrained by my natural condition, O that I may, after the violent
constraint of my impending Fate [ie. death], contemplate the
immortal Principle thanks to the undying Breath. . . .

(We can stop at this point: the passage quoted represents in the original
rather less than half the first sentence!) Here in this prayer, the four roots
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of Empedokles—the four fundamental forms of matter—have become
attributes of the Deity and objects of supplication to be invoked and
worshipped. Philosophy has become, in every sense of the metaphor, the
‘handmaid of religion’.

For an understanding of alchemy, one thing is especially significant:
the connection between matter-theory and the theme of redemption by
regeneration. As we have seen, substances of every sort—inanimate as
well as animate—were held together by a pneuma: all of them could be
more or less perfect, more or less corrupt. Metals seemed more perfect
and ‘alive’ than the crude ores from which they were manufactured, and
there were degrees of perfection even among the metals themselves: gold,
which was least readily tarnished and corroded, appeared the ‘noblest’ of
them all. Thus men came to see a parallel between degrees of spiritual
perfection in men and degrees of material perfection in substances, and
the art of handling ores and metals became a symbolic counterpart of the
religious art of self-perfection.

This religious attitude towards matters of ‘mere chemistry’ may seem
less bizarre, if one recalls that—for the philosophers as well as the
theologians—things in the heavens and on the earth were bound together
in a single causal network. Aristotle himself believed that the same pair of
material agents (the two ‘exhalations’) brought about both atmospheric
happenings above ground and mineralogical ones below:

The dry exhalation produces through its heat all the “fossiles’: for
example, all kinds of infusible stones—realgar, ochre, ruddle, sulphur

and other substances of this kind. . . . Metals, on the other hand, are
produced by the vaporous exhalation, and are all fusible or ductile:
for example, iron, gold, copper. . . . They are in one sense liquid and

in another sense not: their substance might originally have turned into
water, but it can no longer do so—nor are they, like tastes, conse-
quences of a change of quality in water that has already been formed.

As early as Babylon, too, the seven chief metals had been treated as
terrestrial counterparts of the sun, moon and planets: in Chaucer’s words,

Sol gold is, and Luna silver we declare;
Mars yron, Mercurie is quyksilver;
Saturnus leed, and Jubitur is tyn,

And Venus coper, by my fathers kyn.

Transplanted to Egypt and united with Aristotle’s teaching, this doctrine
became a theory of the formation of metals. Proklos of Byzantium
(c. A.D. 450) stated this theory quite explicitly:
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Gold and silver, as found in nature, as well as all other metals and
substances, are engendered in the earth by the celestial Divinities and
the effluvia that come from them. The Sun produces gold; the Moon
silver; Saturn lead; and Mars iron.

The parallels between the planets and metals were extended to in-
clude creatures in every grade of being. Some of the ‘astral influences’
were obvious enough: e.g., the motion of the heliotrope, whose flowers
turn to follow the sun in its passage across the sky. Other parallels were
less obvious. Yet for Proklos all were equally genuine, providing channels
for the action of Divine Power, and needing to be understood if one was
to place oneself in harmony with the cosmos and achieve a personal
knowledge of the Gods.

By the year A.p. 500 the ideas of the Greek philosophers had been
woven into an elaborate network of superstitions. Later neo-Platonism
had become a repository, not just for the geometry and astronomy of
Euclid and Ptolemy and the logic and zoology of Plato and Aristotle, but
also for an extraordinary assortment of pagan doctrines and magical
recipes—some of them genuine enough, others frankly in the realm of
‘black magic’. This being so, one may perhaps understand better the
reasons which prompted Justinian to suppress the Academy. We may
regret the suppression, and even regard it as a sad blunder; but we should
not suppose that by that time “philosophy’ consisted purely of Platonic
and Aristotelian doctrine, or that its exponents were moved any longer
by a passion for cool understanding and rational proof alone.

The Craft Element in Alchemy

In our own times there is a clear distinction between the men who work
at chemistry and chemical technology and the few remaining adepts who
continue to dabble with ‘alchemy’—pursuing in secret laboratories at Fez
or Marrakesh the Philosophers’ Stone or the Elixir of Life; and there is a
temptation to apply the same distinction unthinkingly when looking back
at earlier periods. Some historians of science have, as a result, supposed
that one could distinguish the decent, upstanding, practical-minded
craftsmen in Egypt, Islam and mediaeval Europe—who made an honest
living working in metals or perfumes, and kept their heads free of
rubbishy ideas—from a secret fraternity of avaricious fools, wholly
lacking in the common sense of the guild craftsmen, who allowed
themselves to be deluded by alchemical dreams.

This contrast is in fact artificial. The evidence we possess of chemical
and metallurgical techniques in late antiquity comes predominantly from
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alchemical sources. The processes recorded in these books of recipes take
over and extend craft-procedures known for centuries in the earlier
empires of Mesopotamia and Egypt. If there is a distinction to be made,
it is between those professional craftsmen who accepted the alchemical
theories, and those who did not theorize about their art at all. The wildly-
impractical amateur alchemist, wasting his substance on fruitless researches,
was emphatically a creature of mediaeval Europe: one more by-product of
the intellectual indigestion which afflicted Europe from the twelfth century
on—resulting from the sudden influx of manuscripts which presented
them with a vast but jumbled picture of ancient science and literature.
Again: in presenting the technical side of alchemy, it is not always
easy to keep a historical perspective. Some of the basic recipes current in
Egypt at the beginning of the Christian era remained virtually unchanged
thirteen centuries later—having in the meantime been twice translated,
from Greek into Arabic, and from Arabic into Latin. Yet there was a
continual growth in the range of techniques available, and in the number
of substances known, described and handled. Changes in terminology can
also cause trouble. The word ‘alcohol” was put into circulation by the
Arabic alchemists, but it acquired its present meaning only in the
eighteenth century A.p. (Its first appearance in English as a synonym for
aqua ardens or ‘spirits of wine’ dates to 1753. Similarly, with its colloquial
equivalents—agqua vitae, eau-de-vie, lebenswasser, aquavit, or uisgebeatha
(whisky)—this began as a name for the ‘medicine of immortality’
mentioned by Diodoros of Sicily in the last century B.c.; later it referred
to a milky fluid which would allegedly turn silver into gold and prolong
life indefinitely; and only in 1309 did Arnald of Villanova identify it with
alcohol in the modern sense. Flavoured with rosemary and sage, he
declared, this wonderful fluid had a healthy influence on the nerves.)
With these cautions in mind, let us glance briefly at three groups of
techniques. The first is concerned with the handling of metals, the second
with the production of artificial jewels and dyes, the third with distillation.
(Some of the actual recipes appear in the note at the end of this chapter.)

(2) Precious Metals

The early alchemists say little about the business of extracting ores and
smelting metals: these techniques they took for granted. They were
engaged rather in a ‘secondary industry’, handling, purifying and
colouring these common primary substances. This has always been the
most lucrative side of the metal-worker’s craft: from the earliest times
men have had to eke out the limited supplies of natural gold and silver,
and satisfy some of the public demand for these metals with artificial
substitutes. Many of the mediaeval recipes consist, like their Babylonian
precursors, of formulae for producing man-made metals: particularly,
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ersatz substances indistinguishable from—and if possible identical with—
the gold and silver found in Nature.

There was, of course, a certain air of sharp practice about the industry,
since the man-made metals were in general inferior to natural gold and
silver. Like the earliest man-made fibres and artificial silks, which
resembled natural wool and silk when new but quickly lost their qualities
in use, the alchemists’ artificial metals would rarely wear as well, or keep
their colours as fast, as natural metals. Yet an element of positive charl-
atanry entered only comparatively late, and we must not credit the
alchemists with conscious dishonesty, at any rate to begin with. Few of
the craftsmen supposed that their artificial substances were identical with
natural gold; but, since they were required only to pass as ‘gold’ in
commerce, no one was particularly deceived.

The alchemical metal-workers did not, however, restrict their work to
producing substitutes for gold and silver. Like an economical housewife
who minces meat together with bread to make it go further, they looked
for ways of ‘inflating’ a limited quantity of gold without seriously
spoiling its appearance: for instance, adding to gold an equal quantity of
silver and a half-quantity of copper leaf, and melting them all together
to form an alloy. Other recipes, both more elaborate and more econom-
ical, involved repeated meltings and the use of a mixture of substances,
some mineral, some animal in origin: for instance, goat’s and bull’s bile.
One whole class involved the use of the mineral known as auripigmentum
or orpiment, commonly nicknamed ‘saffron’: this is still called King’s
Yellow or yellow arsenic—or, in chemical terms, arsenic trisulphide. A
third group of metallurgical recipes concerned itself with surface effects:
either with cleaning and polishing precious metals, or with producing
silver and gold surfaces on baser metals. Then there were recipes for gold
and silver inks to be used for illuminating manuscripts, and others for
invisible inks. Most schoolboys today know about writing in milk, as
suggested in the Liber Sacerdotum:

If you wish to w***e *n g**d, either on parchment or on wood,
take a jar of milk and mix into it a little saffron. Write letters or figures
with it, and put them aside until next day. Then take a small piece of
gold and place it on the milk letters you have formed, pushing it to
and fro across them with one finger. What you previously wrote will
then come up in gilt.

(b) Dye-stuffs and Jewels

Throughout the Roman Empire there was a strong demand for pigments
and dyes: white lead, verdigris, blue woad and especially the rich crimson
misleadingly known as ‘purple’. The natural purple obtained from the
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juices of the mollusc Murex was unquestionably superior to all imitations,
but it was scarce and expensive. So there was the same incentive as with
gold and silver to search for substitutes. A long tradition of dyeing and
tanning existed in the Middle East, and it is hard to know just how original
the alchemical recipes were; but a papyrus at Stockholm dating from the
third century A.D. contains one hundred and fifty-two recipes, setting out
procedures for dyeing and mordanting fabrics and imitating precious
stones. (Many fabrics will not take a dye unless first suitably prepared with
a chemical known as a ‘mordant’: iron dross and pomegranate juice are
recommended here.) As one possible artificial purple the recipes prescribe
madder, an extract from the root of the plant Rubia tinctorum. This
remained the principal source of red dye-stuffs throughout Europe until
1869, and no branch of agriculture has ever been ruined more suddenly
and more completely than its cultivation—as a result of the discovery that
vivid dye-stuffs could be synthesized cheaply from coal-tar.

The Stockholm papyrus also includes instructions for producing cheap
jewellery. Close imitations of the more precious stones were very difficult
to achieve, but one could produce coloured -glass by following the
ancient recipes and subsequently work it into the shape of gems. A
cheaper and just passable substitute was produced by coating rock crystal
and other semi-precious stones with a colouring agent. This gave
something like the desired appearance, at any rate temporarily, and a
topaz coated with verdigris could in this way be passed off as an emerald.
Techniques of this kind can hardly have had very lasting results, still less
the others for producing artificial pearls, but they remain interesting both
for the glimpse they give us of the Egyptian craftsmen and on account
of the light they throw on the sources of alchemical theory. For the
theories of the alchemists also were largely concerned with surface-
appearances: the crucial question for them being, how the visible prop-
erties of an object—of which colours are the most obvious—are related
to its inner structure and constitution.

(c) Distillation

Crude distillation-pots certainly existed in Mesopotamia as far back as
3000 B.C., and presumably their use had been widespread long before
100 B.C. They remained adequate for many purposes, continuing in use
in mediaeval Europe, where they were known by the Arabic name of
aludel. But the alchemists were interested also in more complex processes.
For these it was necessary to work at a higher temperature, keeping the
distilling surface at a greater distance from the furnace and cooling it
more drastically; so a larger and more elaborate kind of still had to be
designed. Typically, this comprised a pot which could be heated in a
furnace and supported a tall cylinder: on top of this was the distilling-head,
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from which one, two or more ‘beaks’ led the distillate down
into collecting-jars. Very soon, we find water-condensers used to
cool the beaks and increase the rate of condensation. Zosimos (third
century A.D.) described the ‘tribikos’ or three-tubed still designed by
Maria the Jewess (see p. 134), and the continuity of the technical
tradition is evident when we find Abuqasim of Cordova (about A.p. 1100)
describing an exactly similar apparatus, for the preparation of rosewater.

Alongside the stills, the alchemist’s laboratory contained other
essential pieces of equipment. His furnaces were of many kinds. Some
processes demanded a fierce heat, with the flames actually playing over
the substances being handled. Others required an indirect and gentle heat:
for example, the ‘rusting’ of mercury to form the red calx, which was
studied later by Lavoisier. Some of the alchemist’s furnaces would
therefore be large and complex, like the furnaces in a modern glass-
factory. Others would produce an indirect but closely-controlled heat, by
way of sand-baths or water-baths. The water-bath used in our kitchens
still preserves the name of its supposed alchemical inventor, Maria the
Jewess, being referred to as a bain-marie.

Strictly speaking, alchemical procedures of the kind we have been
studying here belong in a history of technology rather than of scientific
122
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ideas. But they are relevant to the development of scientific thought in
two ways. First, they show how in the centuries before A.D. 1600 the
range of apparatus and substances in general use increased and widened,;
so that, when in the eighteenth century the fundamental questions of
modern chemistry were stated clearly for the first time, men had ready to
hand a whole battery of instruments and techniques. Secondly—and this
is more important—the particular selection of processes on which the
alchemists concentrated was closely bound up with their system of ideas,
and so with the problems which they left to their successors.

The Aims and Axioms of Alchemical Theory

Growing up at the dawn of Alexandria’s greatest prosperity, the first
fathers of alchemy—such as Bolos of Mendes, the Demokritean (c. 200
B.C.)—inherited two traditions about the nature of matter: the tradition of
Egyptian craft and religion, and that of the Greek philosophers. Each of
these traditions was strong where the other was weak. The scientific
speculations of the Greek philosophers were general and plausible, but
rarely got down to particular phenomena in enough detail to help the
practical man. The techniques of the Egyptian craftsmen, on the other
hand, were in many cases effective, without having any intellectual roots
in a general theory. To an intelligent man who had read his Aristotle and
Demokritos, this was a paradox which posed a problem. It was evidence
that, for all their clarity and force of reasoning, the theorists had not yet
mastered andassimilated the craftsmen’sless articulate knowledge of matter.

Athenians, with their intellectual preoccupations, might ignore this
gap, but in Alexandria, where the whole tone of life and society was more
commercial, the paradox was more challenging: by uniting Greek theory
with Egyptian craftsmanship, surely one could hope to achieve a new and
more powerful understanding of matter. And the crucial thing to recog-
nize about alchemical theory is, in fact, this: that its intellectual principles
were derived almost wholly from Greece.

The alchemists, then, were attempting to fit together theoretical ideas
and practical experience. Though the results of this attempt were destined
ultimately to be rejected, it nevertheless had to be made. For, in the long
run, the weakness of Greek natural philosophy could be demonstrated
only by pinning its general ideas down in some precise relation to the
facts. As with the astronomy of Aristotle, this attempted union of craft
and theory was necessary even though premature, and much can be
learnt by locating its exact points of weakness. Still more can be learnt by
recognizing its points of strength—for in a few, but significant, respects
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alchemical doctrine was actually sounder than the classical physics and
chemistry of the nineteenth century.

The first starting-point for alchemical theory was Aristotle’s
principle of development: the conception that all material things, unless
interfered with, will naturally change and develop—turning, when
properly fed and nurtured, from an immature to a ripe or adult form.
Rather than treating elementary matter as naturally inert and static, they
thought of all things equally in a fundamentally physiological way. Every
material part of the world was developing—animal, vegetable and
mineral, too—while the cosmos in its entirety was like a gigantic
organism in course of perfecting itself.

If men were going to apply the physiological mode of explanation to
minerals, one question immediately arose: what is the length of the life-
span? Any physiological theory of mineral change would be falsified if
one could easily demonstrate the stability of inanimate substances, and so
show that no such life-cycle was recognizable. But this was not easily
done. In the laboratory, chemicals can normally be preserved in a stable
condition—even though this may mean drying out, sealing and even
evacuating their containers. But conditions underground, in the mineral
strata of the earth, are unlike those in a sterilized bottle with a ground-
glass stopper. Slow mineral changes are always going on: pressure, heat,
water-scepage and gas-formation produce inexorable changes in the
material content of the earth’s crust. The alchemists were well aware of
geological change, and recognized how slowly it occurs. This very
slowness helped to conceal from them the crucial differences between
geological and physiological change. According to Vincent of Beauvais
(fourteenth century),

Avicenna explains in his Alchemy that gold is produced in the
bosom of the earth with the help of a strong solar heat, shining
mercury being joined to a clear red sulphur and concocted for a
hundred years and more, away from stony minerals.

If a single step in mineralogical development could take a full century, it
was difficult, geological records being so short, to find solid evidence
against a physiological theory of mineral growth. Pending evidence to
the contrary, everything in mediaeval science inclined men the other way.
Mines penetrated into the very ‘entrails’ of the earth, to the point where
the minerals were conceived and gestated:

White mercury, fixed by the virtue of white, incombustible
sulphur, engenders in mines a matter which on fusion is turned to
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silver. Pure sulphur, red and clear, robbed of its burning power, and
good clear mercury fixed by the sulphur, engender gold.

And the fundamental idea of this theory, that the earth forms a ‘matrix’
or ‘womb’ for the gestation of mineral substances, lasted on for many
centuries. We still talk today of ‘the womb of the earth’, though in our
mouths the phrase is a dead metaphor. Yet right up to the eighteenth
century men took it literally, believing that, when metals were removed
from the earth, the lodes or veins from which they were taken grew again
by a subterranean regeneration.

Vincent of Beauvais makes it quite clear how crucial this idea was for
the system of alchemical doctrine:

These operations, which Nature achieves on minerals, alchemists set
themselves to reproduce: that is the very substance of their art.

If we can take this initial ambition seriously, there is little difficulty in
what follows. Suppose minerals were formed under the earth by a kind
of gestation: then, provided the natural conditions of their growth were
reproduced exactly, the alchemist might hope to manufacture them for
himself. Indeed, he might even find ways of accelerating the leisurely
development of these geological ‘embryos’, bringing about in a few days
or weeks changes which Nature accomphshed only in centuries. At any
rate, the idea appeared not impossible, and was worth trying. In all
centuries many of the basic processes of industrial chemistry have
reproduced and accelerated changes already occurring somewhere in
Nature. Indeed, if we ourselves could imitate the conversion of hydrogen
to helium which takes place in the sun, we should be very thankful: the
possibility of ‘thermo-nuclear’ power-stations depends on our devising
just such a technique. So, given a physiological theory of chemical
change, the alchemists set about their own chemical engineering in a
perfectly intelligible way.

The aim was: to reproduce in the laboratory the operations which
Nature achieves on minerals in the womb of the earth. Artificial
embryology called for apparatus in which mineral substances could be
incubated. The womb of the earth had to be replaced by an artificial
womb: preferably one in which the changes could be watched, to make
sure that they took place at the proper speed and in the right order.
Clearly, the simplest device was a glass globe with an airtight seal. Such
an ‘hermetically sealed’ vessel would be transparent, and could be heated
in a sand-bath or water-bath to a high temperature. Renaissance descrip-
tions of the Great Work (as the quest for artificial gold came to be called)
took for granted that the process was an embryological one. A typical
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seventeenth-century account ‘of the appearances in the matras [retort]
during the nine months’ digestion’ describes one phase in the long
process:

Next succeeds the reign of Mars, which shows a little yellow,
mixed with luteous brownness; these are the chief colours, but
transitory ones of the rain-bow and peacocks-tail, it shows most
gloriously . . . Now the mother being sealed in her infant’s belly [sic],
switls and is purified, but because of the present great purity of the
compound, no putridness can have place in this regimen, but some
obscure colours play their part as the chief actors in this stone and
some middle colours do pass and come, pleasant to behold. Now
know, that this is the last tillage of our virgin earth, that in it the fruit
of the sun might be set and maturated; therefore continue a good heat,
and thou shalt see for certain, about thirty days off, this regimen, a
citrine colour shall appear, which shall in two weeks after its first
appearing, tinge all with a true citrine colour.

To make an artificial womb, and reproduce exactly the necessary mineral
processes, was clearly a very complicated and delicate business. Even
granted that the fundamental theory was correct it could succeed only
with the help of carefully-made furnaces which could be accurately
controlled. No wonder that ‘pyrotechnics’—the art of managing one’s fire
so as to produce precisely-graded degrees of heat—played an extremely-
important part in all attempts at transmutation.

There was, however, an alternative way of exploiting the processes by
which minerals were supposed to be formed. This was to ‘farm’, or
‘culture’, them. It was a popular saying among alchemists that ‘gold begets
gold, just as corn produces corn, and man engenders man’. They hoped
to do for precious metals what today is frequently done in the manu-
facture of antibiotics and similar substances. One takes a nutrient broth
or jelly, places a few spores of the required mould on the surface, and
keeps it at the appropriate temperature. The spores feed on the broth or
jelly, and proliferate at such a rate that one soon has a regular harvest.
Similarly, the alchemists looked for two things which should allow them
to culture gold: on the one hand, a suitable nutrient medium, on the other,
a fertilizer or catalyst to accelerate the natural process of proliferation.
Most frequently, they tried to ‘feed” gold on base metals such as lead and
copper. The processes by which the Egyptian metal-workers had made a
little gold go a long way were then reinterpreted; applying the new
theory, that the superior metal would actually digest the baser stuff, and
transform it into its own nature.

If a catalyst could have been found which would speed up the natural
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transformation of baser metals into gold without even a small quantity of
gold as a ‘seed’ or ‘starter’, that would have been the best solution of all.
So, finally, the search for techniques of ‘multiplication’ gave way to the
quest for the Philosophers’ Stone, which would function as this crucial
catalyst.

A second element in Greek philosophy also provided another
starting-point for much in alchemical theory: namely, the analysis of
tlnngs into a ‘soul’ and a ‘body’—especially the Alexandrian idea that
‘the aim of philosophy consists in . . . the separation [by religious
exercises| of the soul and the body’. If material substances as well as
human beings have a spiritual and a material aspect, then (thought the
alchemists) it should be possible to effect the same separation in the
case of minerals, by corresponding quasi-religious operations. From
the very beginning of alchemy right up to the fourteenth century,
it was a general adage among alchemists that bodies must be made
incorporeal.

A whole class of alchemical enquiries drew their theoretical signif-
icance from this distinction. The task was to discover which parts of a
material substance corresponded to its ‘spirit’, and which to its ‘body’, and
then to master the processes by which they could be combined, separated
and recombined again. On this side, the alchemists got off to a promising
start; for it was soon evident that some parts of the substances they
handled were highly volatile, while others were stable and earthy.
Furthermore, when an object with a well-defined form—for instance, a
tree-trunk—was destroyed in the fire, a volatile vapour was commonly
driven off, leaving behind only a shapeless pile of ashes. This familiar fact
seemed to justify their fundamental analogy, and confirmed the Stoic
idea that the form of an object came from a tenuous, breath-like ingredient
which escaped to the heavens at ‘death’. As one text put it, a material
stuff when burnt loses its soul—the cinders being the caput mortuum or

‘dead head’; but

these cinders will become green again through a rebirth, as with all
new-made beings—animals, plants and trees. Dye-stuffs equally make
use of spirits, when heated on a gentle fire and transformed into
spiritual cinders. This spirit derives benefit from the fire and air, just
as the head of an animal inspires the spirits from the air. In both cases,
fire and air act in the same way.

The secrets of death and rebirth, destruction and regeneration, seemed
accordingly to lie in the art of separating and reuniting the volatile
¢ « .9 . 3 . ’
spirits” with the earthy ‘bodies’.
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This emphasis on the role of ‘spirits’ in chemical processes helps to
explain why the alchemists placed such importance on distillation. For,
by distillation, one could drive off the ‘spiritual’ part of a body and
collect it separately in a pure form. In this way, the ancient techniques
of the perfumiers acquired a new theoretical significance. The oils and
perfumes driven off when rose-petals were boiled in a closed vessel
appeared to embody the very soul (or essence or attar) of the original
plant. This is in fact how phrases like ‘essential oils’ and ‘vanilla essence’
originated.

But metals remained the alchemists’ chief concern. Bright, glittering,
cohesive, springy: they seemed in their own way alive, whereas the calces
(oxides) from which they were manufactured crumbled to dust and
looked like cinders. Theory at once suggested a natural analogy. The
metal was formed from the calx by the incorporation of a pneuma or
spirit; and this theory of metal-formation long remained in favour, being
revived around 1700 as the ‘phlogiston’ theory. The central problem
about metals was to identify the volatile constituents which combined
with calces to form the finished metal. For a long time, the status of
quicksilver was ambiguous. It is, after all, very unlike all other metals
known to the ancients, resembling much more the volatile reagents
which corrode metallic surfaces: mercury, in fact, forms an amalgam
with other metals, and is even capable of dissolving gold itself. So the
Alchemy attributed to Avicenna classed mercury as a “spirit’ rather than

a ‘body’:

In the entrails of the earth, by reason of their mineralizing virtue,
are engendered the spirits and the bodies. There are four spirits—
mercury, sulphur, arsenic [i.e. yellow arsenic] and sal-ammoniac—and
six bodies: gold, silver, copper, tin, lead, iron. The first two bodies
are pure, the others impure. . . .

The spirits are engendered by the four elements and the four
qualities, associated in unequal proportions. Sulphur and mercury,
according to their relative proportions, purity and colour, engender
in turn the six metals.

Before long, mercury and sulphur came to be regarded as essential
constituents of all metals. Metals showed their ‘mercurial’ character by
liquefying when heated—turning to a molten mass similar in appearance
to quicksilver. They displayed their ‘sulphurous’ character in the reddish
colour of the ores from which they can be smelted. So quicksilver was
supposed to be not so much a fully-formed metal as the essential
ingredient responsible for all metals being liquefiable—in fact, ‘the

principle of liquidity’.
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As to mercury [writes one Islamic alchemist] we have already
mentioned it in speaking of Bodies [i.e. metals]. It must be classified
among them, because it is the First of them—from it they derive and
draw their fundamental principles. But it must be classified also among
the Spirits, because it volatilizes under the action of fire and is not
fixed: that is the reason for adding it to them.

For the term ‘body’ covers things which are liquefied by fire
without disappearing, while ‘spirits’ volatilize by fire and do not stay
fixed. The term ‘body’ applies most exactly to metals because they are
heavy [gravitate], while spirits are light [levitate]—bodies return to
their [terrestrial] principle, spirits fly off to their [celestial] world.

The term “principle’, as used in the phrase ‘principle of liquidity’, had
a long future ahead of it: even Lavoisier was to use it in defining oxygen
as the ‘principle of acidity’. Behind the phrase lay the belief that sub-
stances get their properties from corresponding ingredients, one for one
—in the way that common salt makes things salt. (Common salt might
indeed be called ‘the principle of salinity’.) The term continues in use
even today in pharmacy, where the drug digitalin is referred to as ‘the
toxic principle’ of the foxglove plant Digitalis—i.e. the ingredient in
its tissues which renders them poisonous. The alchemical problem of
converting base metals to gold could therefore be restated in another way:
what ‘principle’ can confer on other substances the essential properties of
gold? To discover an ingredient which would confer on another substance
the colour, ductility and other characteristics of gold, would be—in effect
—to discover the Philosophers’ Stone.

The Wider Influences of Alchemy

‘Spirits’ are celestial, ‘bodies’ are terrestrial. This maxim provided a link
between alchemical theory and the traditional cosmology. And we soon
find men looking for parallels between geological processes and the
movements of the heavenly bodies. Stephanos of Byzantium (seventh
century A.D.) is quoted as saying:

The passage of the seven planets across the twelve signs [of the
Zodiac] governs the mutations of the four elements, causing them to
change and permitting their prediction.

An understanding of chemical change was in this way bound up with an
understanding of the entire universe. Correspondingly, the practical
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alchemist was thought of as re-enacting the Divine Creation. In ancient
Egyptian myth, the Creator-God gave birth to the world in the form of
an egg; and the history of the universe was the life-cycle of the creature
into which this egg developed. The glass womb into which the alchemist
sealed his raw materials was a more or less conscious imitation of this
original egg—an artificial ‘microcosm’—so one can understand why
many Christian theologians regarded alchemy with a jaundiced eye.
Attempts to discover and exploit the secrets of the Creation struck them
as grossly presumptuous, not to say impious, and this taint spread from
alchemy to all the chemical arts: as late as 1530, an official decree in
Venice made it a capital offence to practise them.

From A.p. 500 on, the main tradition in alchemy, as in astronomy,
moved eastwards. For a few years the last relics of Hellenistic science—
including alchemy—survived under the protection of the Temple of Isis
at Philae (the modern Aswan) far to the south of Alexandria. But, with
the rise of Islamic culture first round Damascus and later at Baghdad, the
centre of gravity had moved decisively. In Islam new elements entered
alchemical thought. According to tradition alchemy was introduced to
the Islamic world by an Umayyad Prince of Damascus, Khalid Ibn Yazid,
towards the end of the seventh century, but the flowering of Islamic
alchemy came at Baghdad more than a century later, being associated
particularly with the teacher Jabir Ibn Hayyan.

Jabir became a hero-figure: by now it is impossible to disentangle
authentic facts about him from the legends of later generations. We do
know that his chief patron was Jafar the Barmecide, vizier to Harun al-
Rashid—the Khalif of Baghdad famous from The Thousand and One
Nights—and that he was a member of the Shi’ite sect, whose intellectual
traditions were most sympathetic to Alexandrian neo-Platonism. Nor
can one separate the books Jabir wrote himself from those which
were fathered on him, first by his followers among the Brethren of
Purity (who flourished around Basra about A.D. 9oo) and later in
Burope by the mediaeval Western alchemists, who knew him as
‘Geber’.

However, by digging down through later accretions, scholars have
discovered something of Jabir’s original ideas. Here in a new environment,
only a few miles from the site of ancient Babylon, we see the Alexandrian
theories branching out in a new direction. Jabir set out to build
alchemical ideas into a mathematical theory, which would explain the
observable properties of substances in terms of a numerical structure.
The theory owes something to the mathematical tradition of earlier
Babylonia: particularly the ‘magic squares’ already associated at Babylon
with the seven planets and the seven metals. In Jabir’s writings one finds
the relations between the different metals analysed in the terms of a series



Alchemical diagram from Libavius, Alchymia (1606), illustrating the
persistent influence of Babylonian symbolism

of numbers: 1, 3, 5, 8, 17 and 28. This series of numbers is derived from a
simple, nine-celled magic square composed of the first nine digits:

4 2

O

-

3 7
8 6
This square can be divided into a four-celled square and a ‘gnomon’:

Jabir’s number-series then comprises the figures in the four-celled square
—1, 3, 5, 8—together with their total (17), and the total of the ﬁgures in
the gnomon (28). Every metal possessed a particular numerical constitu-
tion, having an ‘inner’ and ‘outer’ nature represented by different
numerals. The secret of transmutation lay in ‘balancing up’ this numerical
constitution so as to yield the ‘perfect number’ (28), associated with gold.

Alchemy remained, however, a compromise between technology and
religion, and was unable to turn itself into theoretical chemistry. For a
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fruitful science must always be both speculative and critical; and the
religious associations of alchemy tended to stultify the critical powers of
the theorist. This is not to say that alchemists were more muddle-headed
or credulous than they should have been: too often their hesitation to
reject a theory or recipe sprang from the best of reasons. If they were to
succeed in their work four separate conditions had to be fulfilled: the
right materials must be used, the right procedures must be exactly
followed, the right time of day and year must be chosen—as in farming
—and, finally, the operator himself must be in a state of spiritual purity.
Where success depended on so many factors, it is no wonder that
repeated failures did not shake the theories. For the attitude of the
alchemists was like the attitude we ourselves adopt towards (say) the
recipes in Escoffier. If an attempt at Sole Véronique does not come off, we
blame our own clumsiness rather than Escoffier: the fact that we are
unable to make a recipe work is not by itself sufficient reason to condemn
the recipe. But science has to start from a study of processes whose out-
come does not depend upon the time of day or year, let alone the spiritual
condition of the observer; for the scientist hopes to state the general
principles underlying the changes he studies. If he is to explain the success
or failure of a technical process, it is not enough to refer only to the skill
or personal character of the craftsman. So, in one respect, the intellectual
methods of alchemy represented a step backwards from the level of
rationality achieved by the Greeks.

All the same, there was an element of scientific nobility about the
original alchemical ambition and something of the disinterested spirit of
science in the manner of its pursuit. The mediaeval picture of the
avaricious fool and the modern portrait of the introverted mystic are
equally caricatures. We should not forget how much the sciences of
matter owed to the alchemists, for their apparatus and techniques as well
as for their ideas. This debt was clearly recognized by the Dutch chemist
Bocrhaave, writing at the beginning of the eighteenth century:

We are nevertheless exceedingly obliged to them for the immense
pains they have been at, in discovering, and handing to us, so many
difficult physical truths. . . . Credulity is hurtful, so is incredulity: the
business therefore of a wise man is to try all things [and not to] assign
bounds to Nature.

The unforgivable sin of alchemy, as of scholastic philosophy, was that
it lasted too long, so that nowadays men recall only the figure of fun it
became in its senility. History can be very unjust; and the verdict which
it passes on ideas which outlive their time is frequently merciless.



NOTE: CHEMICAL RECIPES FROM THE ALCHEMICAL PERIOD

(a) To make Artificial Gold and Silver

The foundation of this art was a cheap alloy which was capable of taking
on a gold or silver sheen. This alloy commonly had a tin or copper base.
For instance, one could smelt six parts of tin, and stir into it one part of
white clay and two parts of mercury, so obtaining a tin amalgam with the
beginnings of a silvery appearance. The following alternative recipe, for
a gilt-tinged bronze with a lead base, comes from a tenth-century Latin
source:

Take 2 parts of pyrites [still known as Fools’ Gold] and one part
of good-quality lead. Melt the pyrites, until it flows like water; then
add the lead, and keep the mixture on the furnace until they are
perfectly mixed. Now take 3 parts of this mixture and 1 part of chalcite
[a copper ore] and heat them together until the mixture turns yellow.
Melt a quantity of purified brass, and add the mixture to it, as your
judgement dictates. In this way you will obtain gold.

(b) To prepare Mercury

Mercury was obtained from the mineral, cinnabar (HgS). This was
heated slowly from above: the sulphur formed sulphur dioxide and was
driven off, while the mercury dripped into receivers below. The following

=
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Hg Use of bamboo stem in early
China for preparation of
mercury by sublimation (see
article by Joseph Needham in
——  Ambix VII, 57, 1959).

recipe is taken from a Chinese text, dating at latest from the ninth century
A.D.: similar procedures were in use in mediaeval Europe from about the
same period.
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From 16 oz. of high-grade cinnabar, 14 oz. of mercury can be
extracted. The method is to make a pipe from bamboo, which is cut
s0 as to leave three joints. In the middle diaphragm, perforatlons are
made the size of a pellet, or small holes about the size of the thick end
of a chopstick, so that the mercury may flow downwards. To begin
with, two layers of wax paper are placed over the middle diaphragm.
Then the cinnabar is finely ground and introduced into it. The pipe
is now wrapped around with hemp cloth and steamed for one day
before being plastered over with yellow mud to a thickness of about
three inches. It is buried underground so that its upper end comes
level with the ground. The pipe must be tightly sealed all round to
prevent leakage. Firewood is then piled up on top and burned for
a day and a night, until the heat has penetrated the upper section.
Mercury will flow into the lower section without any loss.

Cinnabar, which occurs widely in Nature, played a much larger part
in the early history of mercury than did the red calx of mercury (HgO).
However, an early reference to the process of calcmmg mercury—causmg
its red calx to form on the surface, by heating it very slowly in an
enclosed vessel—appears in the treatise on alchemy attributed to Avicenna:
“When mercury is heated in a closed vessel’, he tells us, ‘it loses its liquidity,
acquires a fiery character and turns vermilion.”

(c) To make a Tribikos (Three-beaked Distillation Column)
Here is Zosimos™ description of the tribikos, as devised at the very begin-
ning of the alchemical period—probably between 100 B.c. and A.D. 100.

I will describe the tribikos to you. (This is the name of the copper
apparatus traditionally attributed to Maria.) Her instructions are as
follows: ‘Make three tubes from thin copper sheeting, of a thickness
similar to that of a baking-tin, and one-and-a-half cubits in length.
Three such tubes are required, and also another having a diameter of
about one palm whose aperture will fit into the copper head. The
apertures of the three tubes fit into the necks of small receptacles, one
of which is keyed on to the front down-tube, while the other two
tubes are fitted at either side. Near the bottom of the copper head are
three orifices, which are carefully adjusted so as to fit on to the tubes.
Solder the tubes at an angle to the upper recipient, which receives the
volatile distillate. Place the copper head on top of an earthenware
matrass [distilling column] containing the sulphur [for the reaction in
question |. Having sealed all the joins with flour paste, fit large glass
receptacles at the lower ends of the tubes: these must be strong enough
not to crack under the heat of the distilled liquor.’
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(d) To prepare Alcohol

Although Aristotle knew that wine gave off ‘a light exhalation’, and that
this was why it could burn, recipes for preparing alcohol (aqua ardens)
appear only in the Middle Ages. The following comes from Mark the
Greek (twelfth or thirteenth century) in his Book of Fires:

Take old wine of good quality, and of any colour. Distil it in a
cucurbit and an alembic [pieces of alchemical equipment related to
Maria’s tribikos] over a gentle fire, having scaled the joints carefully.
The distillate is called aqua ardens [burning water].

It has this characteristic virtue and property—soak a linen rag in
it, and then set fire to the cloth: it will burn with a great flame, yet
after the flame goes out the cloth will remain intact, just as it was
before. Dip your finger into this liquid and then set light to it: it will
burn like a candle, yet will not injure you. Plunge a lighted candle in
the liquid and it will not be extinguished.

Notice that the part of the liquid which distils off first is the most
active and inflammable; while the later distillate is useful medically.
One can use it to make an excellent salve for spots and inflammation

of the eyes.
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7
The Debate Reopens

up the ideas about matter first fashioned in Greece and Alexandria

without fundamental alteration. During the intervening centuries
men had not been idle, but their work had been only a series of variations
on themes stated by ancient philosophers and craftsmen. As a result,
Renaissance Europe inherited a number of rival visions of the material
world: the crucial steps, which transformed these into competing scien-
tific theories, had yet to be taken. For all that, the classical inheritance was
indispensable.

So the new scientific movements of the sixteenth and seventeenth
centuries did not originate in an intellectual vacuum. The founders of the
Royal Society abjured all authority in science—claiming to reject any
doctrine which they had not probed for themselves, no matter how
revered and distinguished its origins. But however sceptical and critical
a scientist may be he must approach Nature with some questions in mind;
and the very framing of these questions inevitably shows the intellectual
tradition within which he stands. For at the heart of any ‘system of
Nature’ lies an attitude of mind—a definite intellectual stance, which
determines the general limits within which a man is prepared to theorize
and the questions which appear to him relevant or urgent.

Looked at from this point of view, the new scientists were ‘natural
philosophers” quite as much as their predecessors. They were as passion-
ately curious about the mechanisms of natural things as the Ionians Kad
been about their ingredients, or Galen about their functions. But though
the years between A.p. 1500 and 1700 saw a swing of opinion away from
mediaeval orthodoxy, with its Christian amalgam of ideas from Aristotle,
Galen, Ptolemy and the Scriptures, the new ‘mechanical philosophy’ had
by 1700 produced few positive chemical and physiological discoveries.
These were to come later. Where at the beginning of the period men
had posed their questions in terms of ‘spirits’ or ‘potentialities’, many of
them spoke now of ‘corpuscles’ and ‘attractions’ instead; but—astronomy
apart—they did so with scarcely more scientific justification.

137

:l[N THE years following A.D. 1500, European scholars and scientists took
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This may seem a surprising verdict to pass on the period of the
‘scientific revolution’. But it does no good to assume that the new
seventeenth-century perspectives, which transformed dynamics and
astronomy, must have borne immediate fruit in other branches of science;
nor should we read back into the hopes and manifestos of the late 1600s
the new discoveries and the clearer vision of the years between 1780 and
1850. The seventeenth century was a time of great activity in physics and
chemistry, anatomy and physiology alike; in matter-theory, independent
thrusts forward were made on several different fronts, each from a base
within one of the earlier philosophical traditions; but these attacks failed to
link up. A coherentsystem of chemical theory wasstilla century off, and the
union of physiology with physics and chemistry had much longer to wait.

In retrospect, we can see the salient points round which chemistry
was later to grow, but throughout the seventeenth century men were in
no position to recognize these for what they were. For the basic categories
of matter-theory were still confused: an intellectual fog lay over the
whole field of study, obscuring from view things which later became
fundamental intellectual landmarks. To understand the tasks facing those
men who—a hundred years later—dispelled these obscurities and
established chemistry as a science in its own right, we must first recon-
struct the positions from which the seventeenth-century debate began
and locate the obstacles which stood in the way of knowledge.

The Inheritance from Antiquity

In logic, mechanics and astronomy, radical new conceptions were
discussed throughout the high Middle Ages: in matter-theory there was
little but embroidery on antique positions. How are we to explain this
contrast? This question is one about the pace of scientific development,
rather than about its direction, and we shall be returning to it in a later
volume; for it obliges one to look, above all, at the inducements for
original thought in mediaeval Europe. But social factors were not all:
the very range of problems having a bearing on the nature of matter was
itself significant. The channels by which Greek and Islamic ideas reached
the West in this case operated selectively. They favoured some of the
classical traditions and largely ignored others; and, as a result, it was a
long time before the classical debates—between Aristotelians, Stoics and
Platonists, alchemists and atomists—could once again be joined.

Since mediaeval learning was carried on under the patronage of the
Church, intellectual and abstract studies were encouraged at the expense
of practical ones. (Even in mechanics, the mathematical analysis of
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motion reached a high level of sophistication without stimulating any
experimental work.) Yet others besides philosophers and theologians had
an interest in matter—for instance, doctors and metallurgists; and each
group of men, thumbing through the manuscripts which enshrined the
learning of the ancients, extracted and elaborated on those aspects which
they could best appreciate and understand. Before the sixteenth century,
however, there was little serious debate between supporters of different
classical systems. Aristotelians might argue with Aristotelians, alchemists
with alchemists: but only after 1550 was battle joined at a level fundamen-
tal enough to stimulate deliberate experimentation.

The Scholastic Tradition

A certain air of orthodoxy attached to the doctrines taught in the cathedral
schools and universities: these had, naturally enough, to be harmonized
with the theological teachings of the mediaeval Church. In this rarefied
atmosphere the teleological theories of Plato and Aristotle won most
attention, while the alchemical tradition came off worst. From the fourth
century A.D., when Aristotle was known only for his treatises on formal
logic, Plato’s theory of geometrical atomism was already available in
Latin. But, with the recovery of Aristotle’s scientific works from Greek
and Arabic sources, 2 new phase began. By the end of the thirteenth
century Aristotelian ideas had become orthodoxy and atomism had lost
much of its earlier support; the high Middle Ages saw an intellectual
synthesis of several traditions—scientific ideas drawn from Aristotle,
medical ideas from Galen, and theological doctrines handed down from
the Christian fathers.

In all matters of natural history, Aristotle came to be accepted as ‘the
master of them that know’. For the most part, the scholastics confined
themselves to questions arising naturally out of Aristotle’s own matter-
theory and metaphysics. Thomas Aquinas, the dominant figure in
mediaeval studies, discussed chemistry hardly at all: one of his few
excursions into this area dealt with the question, in what sense the
elementary forms of matter continue to ‘exist’ in a compound. (His
problem can be paraphrased in terms of a modern example: “When
hydrogen and oxygen go to form water, does the hydrogen which seems
to disappear retain some real existence in the compound? Has it been
annihilated? Or, seeing that—although its original properties are no
longer observable—it can always be recovered, should we attribute to it
some intermediate kind of existence?’) In answering this question,

" Aquinas defers to Aristotle:

Thus the substantial forms of the elements retain their powers in
compounds. Accordingly, the forms of the elements are present in
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compounds potentially rather than actually; which is what Aristotle
teaches in the first book of his De Generatione. “Two clements entering
into a compound do not retain their real existence, as whiteness and
body do in a white body, yet they are neither of them destroyed or
transmuted; for their potentialities are all preserved.’

In matter-theory, as in astronomy, the Church’s commitment to
Aristotle was in due course to prove an embarrassment. In both branches
of science his speculative distinction between terrestrial and celestial matter
was insecure from the very beginning. His own most loyal commentator,
Alexander of Aphrodisias (c. A.D. 200), had already dreamt of a theory
unifying all material things, and John Philoponos (c. A.p. s00) had
rejected the distinction between terrestrial and celestial matter outright.
Nevertheless, it was still an axiom of scholasticism almost a thousand
years later.

The Alchemical Tradition

Chemical theory, however, could make no progress without a solid
basis of practical experience. The Aristotelian doctrines rested on a very
limited acquaintance with metals, salts and other minerals. The alchemists,
on the other hand, knew a great deal about the properties of material
substances and the techniques for handling them; so, on the practical
side, alchemy did much to determine the questions of seventeenth-
century matter-theory. But it was an influence which respectable scholars
took care to deny. Throughout the high Middle Ages alchemy remained
under a cloud for several reasons. Few of the scholars in the universities
were drawn towards practical science. The claims of the alchemists
appeared delusive, as Albertus Magnus (1206-1280) even tried to demon-
strate experimentally:

Alchemy cannot change species, but can only imitate them:
tinting a metal yellow to resemble gold, white to resemble silver, and
so on. I have tested alchemical gold: after being heated six or seven
times it burned up and was reduced to faeces.

But the objection went further. From the very beginning of Christianity
the chemical arts had been regarded as materialistic, magical, even
sacrilegious, and many Christians believed that the human race had
learned the crafts of metallurgy, dyeing, herbalism and astrology from
‘fallen angels’ cast out of heaven. Tertullian, for instance, declared that
these fallen angels

betrayed the secrets of worldly pleasures—gold, silver and. their
products; instructed men in the art of dyeing fleeces . . . laid bare the
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secrets of metals, the virtues of plants, the force of incantations and all
the knowledge coveted by men, including even the art of reading
the stars.

(He condemned even mathematicians as idolators, who should be
expelled from any decent Christian community.) Cursed with a single
breath by the early fathers, the practical arts remained suspect for
centuries; and few mediaeval schoolmen could afford to be sympathetic
towards alchemy. Those few—such as the Catalan, Ramon Lull of
Majorca (1235-1315)—lived and worked outside the main centres of
learning.

The alchemical arts appealed more to practically-minded laymen,
a typical figure being the physician Arnald of Villanova (1240-1311)—
another Catalan. But these men became really influential only after 1500,
with the active revival of secular learning. The noisy and unorthodox
Swiss physician, Bombastus von Hohenheim of Basle (1493-1541), owed
a lot to the alchemical tradition. ‘Paracelsus’, as he called himself, refused
to confine himself to herbal remedies, and prepared metallic and chemical
medicines. He was a busy experimenter, trying out the old techniques and
apparently producing the anaesthetic we now call ‘ether’—he named it
‘stupefying vitriol salts’. His theory of matter, quite as much as his
practical procedures, was rooted in alchemy. All material substances were
composed from three fundamental elements, salt, sulphur and mercury.
(These elements were most concentrated in brine crystals, brimstone and
quicksilver—i.e. common salt, sulphur and mercury—but, being theoret-
ical ‘principles’ rather than everyday materials, they were not identical
with them.) Paracelsus attributed the forms of organized bodies to the
action of a specific immaterial agency, which he called the Archeus. This
was present invisibly in the seed from which the body grew, and had the
power to impose an organized form on the raw nutrients.

Finally, alchemy attracted a mixed bag of fools, quacks and Fausts:
these camp-followers were later to give the subject its evil reputation.
To begin with, amateur alchemy was confined to ‘top people’, such as the
Canon in Chaucer’s Canterbury Tales. But by the end of the fifteenth
century alchemical ‘adepts’ were to be found at every level of society—
even ‘masons and tinkers, tailors and glaziers’. The springs of human
action are slow to change; and these men were moved, not by any
disinterested desire to advance medicine or metallurgy, but by the hopes
and dreams which would turn them today to betting or patent medicines.
In all centuries advertisers have profited from quack remedies, rejuv-
enating cosmetics and ‘get-rich-quick’ schemes, and the very nature of
their trade compels them to be voluble, trashy and uncandid. These
amateur adepts provided a steady market for worthless rubbish, and by
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the seventeenth century alchemy was largely degenerate. Still, despite
the enveloping mass of trash, a core of sound doctrine and practical
recipes got through: serious workers (such as Newton) could tell
the one from the other as readily as a modern scientist can distinguish
pulp science-fiction from the Proceedings of the Royal Society. And
certainly the alchemical tradition passed down to the seventeenth century
two things which scientists at that time rightly respected and badly
needed—an extensive body of empirical knowledge about the properties
and treatment of different substances, and the habit of handling chemical
substances and studying them experimentally for oneself (see Plate 2).

The Humanist Movement

Separate again from both Aristotelian orthodoxy and alchemical
heterodoxy, the men of the Renaissance inherited some knowledge of
Plato, Archimedes, the Stoics and the atomists. Only Archimedes had
much to offer a utilitarian age; and the theory underlying his hydrostatic
balance was taken up by Western mathematicians and developed into the
mediaeval science of weights. Other ancient authors attracted none but
the disinterested and curious, for their systems brought little grist to the
mills of theology, and they could teach nothing to the budding physicians
and engineers. An active revival of interest in alternative aspects of
matter-theory came only in the sixteenth century, with the rise of the
humanist movement in Italy.

Looking back to the intellectual debates of the sixteenth and seven-
teenth centuries, one can easily over-simplify the loyalties dividing the
men of that time. From our distance it is natural enough to accept Francis
Bacon’s assessment of the situation, contrasting a ramshackle mediaeval
tradition built from Aristotelian bricks with a modern scientific construc-
tion rooted securely in the ferra firma of experience. Yet the truth was
more complicated. The first generations of Renaissance scholars called
themselves ‘humanists’ rather than ‘scientists’: they attacked the scholastic
traditions of the mediaeval universities, not with a vision of what science
might become in the future, but rather with their eyes fixed on a more
remote past—on the genuine ideas of antiquity. Many Greek texts had
been reaching Western Europe from Constantmople during the fifteenth
century, and they stimulated a fashion for studying the classical philos-
ophers in their original tongue. Comparing the originals with the
mediaeval Latin versions, the humanists felt as though they were reading
the classics for the first time: so they conceived a new mission—to “purify
the springs of Hellas’. As a result, the first attempts to overthrow
mediaeval scholasticism did not aim at erecting some brand-new system
of thought: instead, they hoped to restore the original authority of the
classical philosophers themselves. The effect of this humanist movement
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was, on the whole, to turn men’s attentions away from the study of
science towards literature, poetry, drama, aesthetics, philology and
history and, after a winter of a thousand years, the literary and
imaginative studies we know as ‘the humanities’ flowered again in
Renaissance Italy. If one looks back through history for the origin of
that division between Science and the Humanities, which still plagues us
today, perhaps this is the point at which it should be located.

Still, the achievements of the humanist movement were not without
incidental advantages for science. Scholars became familiar with a much
wider range of classical texts, and Plato once again acquired an authority
comparable to that of Aristotle. (His geometrical attitude to Nature was
to be a stimulus to both Galileo and Descartes.) The pneuma-theory of
the Stoics was revived by Marsilio Ficino, and became influential far
beyond the limits of Galenic medicine and alchemical theory. The ideas
of the neo-Platonists were the starting-point from which Kepler began
his speculations about the forces responsible for planetary motion. (This
was quite apart from his adoption of Plato’s five regular solids as the
key to his theory of planetary distances.) The mathematical works of
Archimedes, which had been little studied since their original translation
in the thirteenth century, were now re-edited, and stimulated a new wave
of mathematical research. Finally, toppling the remaining idols of the
Middle Ages, the men of the Renaissance adopted Hippokrates and
Celsus as their medical guides in place of the later (and so, presumably,
more corrupt) Galen; and guided by Lucretius, whose poem had been
recovered complete only in 1417, they took a new interest in the hitherto-
despised theories of the atomists.

So, towards the end of the sixteenth century, a number of intellectual
traditions existed alongside one another within the field of matter-theory,
each concerned with a separate group of problems, and each having
its own body of theory. Faced with this diversity, a student was
in the position of Socrates. Which tradition should he follow? Were
there, indeed, any rational criteria which would enable him to make a
choice? No single tradition had proved its unique superiority in open
competition with the others, nor were there any agreed terms of
compromise for dividing the sciences of matter into different ‘spheres of
influence’. In practice, therefore, the choice became, if not a matter of
taste or distaste (since atomism was still suspected of being anti-religious),
then at any rate one of preoccupation.

For the moment, a man beginning a course of scientific study could
do only one thing. He had to select a starting-point within one tradition
or another, read as his interests dictated, and work forward from that
point in the hope that his position would be justified thereafter. So
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let us begin by looking at three men who made important contributions
to matter-theory during the first half of the seventeenth century, but who
approached the subject from very different directions. William Harvey,
J. B. van Helmont and René Descartes all helped to lay foundations for
the science of the future; yet each of them had one foot in the past, and a
different aspect of the past in each case. Harvey was a devout admirer of
Aristotle and Galen, appealing like a true humanist to the original works
of the masters themselves; van Helmont was ‘an alchymistical philos-
opher’, with a passionate and influential belief in the importance of
experimental chemistry; while Descartes shared Plato’s commitment to
geometrical ideas and arguments on account of their rational clarity. Each
man found something vital in one of the ancient traditions and passed it
on to the new era of science. None of them was a die-hard supporter of
any established intellectual authority. Yet the advances which they made
were entirely separate, and at their deaths—which all occurred within a
few years of 1650—the traditions within which they worked were as
distinct as ever.

Three Transitional Figures: William Harvey

It has become the fashion to depict William Harvey as an iconoclast: the
man who exposed the blunders of Galen, denounced mediaeval teachers
for placing more faith in verbal authority than they did in the evidence
of their own eyes, and introduced the experimental method into
physiology. The contrast between this image and the truth is so extreme
as to be laughable, and Harvey himself would have been horrified. True,
he was a masterly anatomist, skilled with his hands and ingenious in
devising demonstrations; but the arguments which these demonstrations
reinforced were even more brilliant. And, for all his shrewd exploitation
of anatomical evidence, he was in his ideas very far from being a modern.
He was, in fact, as firmly rooted in Galen and Aristotle as Copernicus had
been in Ptolemy. Though he might ‘learn and teach anatomy not from
books but from dissection, not from the tenets of the philosophers but
from the fabric of Nature’, both his questions and his interpretations were
in the classical tradition, and he was profoundly loyal to the masters from
whom he had learned. He quoted three men above all with respect and
admiration: Aristotle, Galen and Fabricius, his own teacher. On most
points his own observations appeared to confirm the accuracy of their
teachings, and he rejected their conclusions only when his dissections
absolutely compelled him to do so. As for his famous work on the
anatomy of the blood-vessels: Harvey’s prime achievement, in method
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and doctrine alike, was to complete and clarify Galen’s tentative analysis.
If he toppled any idols, these were the mediaeval professors who—with
their ‘Galenic’ doctrines about the ebb and flow of the blood—had so
misrepresented the work of the revered physiologist.

Harvey trained as a doctor at the University of Padua, which was at
that time a great international centre of learning. Being located in the
territories of the Venetian Republic, it was free of direct Church control,
and little affected by the repressive intellectual measures with which the
Papacy reacted to the heresies of the Reformation. In Harvey’s time—
which was also Galileo’s—Padua combined a lively school of humanist
scholarship with opportunities for original scientific research, and
attracted many foreign students, from countries as far apart as Ireland and
Armenia. Many others besides Harvey came to learn from Fabricius and
to follow the public dissections conducted in the university’s new anatomy
theatre. (This theatre is still visible at Padua today, and is one of the most
impressive monuments of Renaissance culture: see Plate 4.) After
completing his doctorate, Harvey returned to England and spent the
greater part of his career in London, at the Royal College of Physicians
and St. Bartholomew’s Hospital.

In all his works, Harvey’s commitment to the basic Aristotelian
principles was clearly stated and consistently maintained. Coming from a
humanist university he had more respect for the original texts of Aristotle
and Galen than for the usual mediaeval commentaries and abstracts. For
the point will bear repeating. Medicine in mediaeval Europe was taught
largely from the encyclopaedias of the great Islamic physicians; the few
known works of Galen were in Latin translation, and fully furnished with
editorial notes. Harvey, by contrast, had studied the scientific works of
Aristotle and Galen at first hand, and was particularly well qualified to
understand them. Indeed, some authorities believe that he was the first
man since Theophrastos to appreciate fully the principles of Aristotle’s
biology.

For Harvey, as for Aristotle, the central fact of Nature was organic
development, while the key to an understanding of this process lay, as ever,
in its pre-ordained destination:

The Concocting and Immutative, the Nutritive and Augmenting
Faculties . . . do operate with as much artifice, and as much to a
designed end, as the Formative faculty, which he [Fabricius] affirms
to possess the knowledge and fore-sight of the future action and use
of every particular part and organ. . . .

All things are full of deity: so also in the little edifice of a chicken,
and all its actions and operations, the Finger of God or the God of
Nature doth reveal himself.
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About the atomists, Harvey was very scornful. Once again his objections
were those of Aristotle and the Stoics—that you cannot account for
organic development and function wholly by the jamming and separation
of independent corpuscles:

Nor are they lesse deceived who make all things out of Atomes,
as Democritus, or out of the elements, as Empedocles. As if (forsooth)
Generation were nothing in the world, but a meer separation, or
Collection, or Order of things. I do not indeed deny that to the
Production of one thing out of another, these forementioned things
are requisite, but Generation herself is a thing quite distinct from
themall. . ..

They that argue thus assigning only a material cause, deducing
the causes of Natural things from an involuntary or casual concurrence
of the Elements, or from the several disposition or contriving of
Atomes; they doe not reach that which is chiefly concerned in the
operations of nature, and in the Generation and Nutrition of animals,
namely the Divine Agent, and God of Nature, whose operations are
guided with the highest Artifice, Providence, and Wisdome, and doe
all tend to some certaine end, and are all produced, for some
certaine good.

It does not follow from this that Harvey questioned the applicability
of mechanical principles to the human frame. On the contrary: he treated
the blood-vessels as an hydraulic system without the slightest hesitation,
and many of his enquiries were designed to unravel the mechanical
operations involved in bodily functioning. But in the last instance the
understanding of structure was always to be subordinated to an under-
standing of function and design. So, at the very end of his treatise on the
blood-circulation (De Motu Cordis, 1628), Harvey makes it clear that his
fundamental concern is with the usefulness of different organs. Having
relied on mechanical and hydraulic principles to demonstrate for the first
time the whole course of the circulation, he concluded:

Thus Nature, perfect and divine, making nothing in vain, has
neither added a heart unnecessarily to any animal nor created a heart
before it had a function to fulfil, but by the same steps in the formation
of every animal . . . she secures perfection in the individuals.

Fabricius had studied the one-way action of the valves in the veins,
and (in Harvey’s words) ‘after having dealt carefully and learnedly in a
special treatise with almost all the parts of animals, left only the heart
untouched’. So Harvey made the heart the subject of his first detailed
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excursion into anatomy. The result is often referred to as Harvey’s
‘discovery of the circulation’; but this description makes his achievement
sound too easy—as though he needed only to use his eyes, where his
predecessors had been blind. In fact, like all scientific investigations, his
enquiries were complex, methodical and only partly successful. If we are
to see their relevance to our general theme, it is important to acknowledge
just what he could achieve, and what problems he was in no position to
solve. Whatever could be established about the anatomy and hydraulics
of the blood-vessels without the use of the microscope, Harvey did
establish; but about the wider functions of the heart and lungs, the ‘vital
spirits’ in the bloodstream, and the chemical processes in which they all
took part, he was—inevitably—as much in the dark as his predecessors.

His anatomical results need to be stated here only briefly: though
fascinating, they are less relevant than the biochemical obstacles that
defeated him. His main novelty was this: instead of regarding the blood-
vessels which join the heart to the lungs (the pulmonary circulation) as
independent of the more extensive network going from the heart to the
rest of the body (the systemic circulation), he argued that the two systems
constitute together a single hydraulic unit with the form of a figure of
eight. The heart acts as a double pump, simultancously driving the bright
red blood out to the tissues and the dark blood back to the lungs. As not
every part of this circulation could be seen with the naked eye, he was
obliged to postulate a network of invisibly small passages (as Galen had
done), joining the smallest arteries to the smallest veins. These ‘invisible
narrow connections’ or ‘capillaries” were observed for the first time four
years after Harvey’s death, when Malpighi, using the newly-invented
microscope, saw them in the wing-membranes of a bat. At the same
time, Harvey denied one central feature of Galen’s account: the additional
set of invisible capillaries or ‘pores’ by which ‘the thinnest portion of the
blood’ was supposed to leak across the dividing-wall or septum from one
side of the heart to the other. On the figure-of-eight hypothesis these
pores were unnecessary, and there were moreover solid reasons for
doubting their existence. These reasons were drawn from the texture of
the septum, from the hydraulics of the supposed blood-leakage, and from
the existence of the hole in the foetal heart (the foramen ovale). His
observations confirmed what these arguments demanded: ‘Damme, there
are no pores and it is not possible to show such.” By itself, however, the
evidence of observation could not be conclusive, for in that case Harvey
would have been forced to dismiss all invisible capillaries alike.

When Harvey turned to questions of biochemical function, he was
unable to make any real progress—and through no fault of his own.
With the main categories of chemistry still undefined, he could know less
than nothing about the biochemistry of growth and respiration; and on
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this front he was faced by three groups of problems—digestion, respira-
tion and temperature-control—all of which had to wait a full two
hundred years for their solution. It was one thing to unravel the precise
path along which the blood circulated: but it was another to determine
its material composition at each stage of its circulation. However, one
does find in Harvey’s writings a wonderful sensitivity to the focal points
of difficulty—a controlled, though fruitless, groping through an intellectual
fog which he had not the means to dispel.

The physiologists of the seventeenth century were standing on the
threshold of a new age, which they did not live to see. The vital and
animal spirits common to all their systems were before long to lose their
place in our thought. Chemists were to convert the vital pneuma of
Galen and the Stoics (the animating World-Soul which we literally
‘inspire’) into a simple, inorganic gas; and, as a result, all the relations
between chemistry and physiology were to be transformed. In the 1620s,
however, physiology could still not dispense with the idea of ‘spirits’,
even though the term had to be handled with extreme discretion. One
puzzle about the vital spirits had always been their mode of transportation:
did they enter into the substance of the blood-fluid, or did they travel
along the arteries as separate bubbles? But this process remained wrapped
in the cotton-wool of ambiguity. Sometimes Harvey wrote as though the
vital spirits in the blood were little more than loosely dissolved gases—like
the oxygen in oxyhaemoglobin. Yet at other times the idea of spirits
retained for him all its wider associations. In his notes On Animal Locomo-
tion (1627) he referred to the motive spirit in animals as ‘the first principle
of spontaneous activity’ and ‘the medium between soul and body’. In
later years he became more and more aware of the problems which by
now the term ‘spirits’ was disguising, and in his essays On the Circulation
of Blood (1649) he returned to the topic:

With regard to . . . spirits, there are many and opposing views as
to which these are, and what is their state in the body, and their
consistence, and whether they are separate and distinct from blood and
the solid parts, or mixed with these. So it is not surprising that these
spirits, with their nature thus left in doubt, serve as a common subter-
tuge of ignorance. For smatterers, not knowing what causes to assign
to a happening, promptly say that the spirits are responsible and
introduce them as general factota. And, like bad poets, they call this
deus ex machina on to their stage to explain their plot and catastrophe.
. . . Some make the spirits corporeal, others incorporeal, and those
who want them corporeal sometimes make the blood, or its thinnest
portion, the link with the psyche. Sometimes they conceive of the
spirits as contained in the blood (like flame in the aroma of cooking)



THE DEBATE REOPENS 149

and sustained by its continuous flow; sometimes of the spirits as
distinct from the blood. Those who declare the spirits incorporeal
have no ground to stand on, but they also recognize capacities as
spirits (such as the digestive, chyle-forming, and procreative spirits)
and admit as many spirits as they admit faculties or parts.

But the schoolmen also enumerate spirits of fortitude, prudence,
patience and the virtues as a whole, and the most sacred spirit of
wisdom, and all divine gifts. Moreover, they suspect that there are bad
and good spirits helping, possessing, leaving and wandering round.

We might conclude from this argument that the whole category of
spirits should be dismissed outright. But Harvey himself could not do
this: he could only try to distinguish the one sense of the term which
was legitimate, and explain the exact association between the blood and
the vital spirits.

What, however, is specially relevant to my theme after all other
meanings have been omitted from consideration as being tedious, is
that the spirits escaping through the veins or arteries are no more
separate from the blood than is a flame from its inflammable vapour.
But in their different ways blood and spirit, like a generous wine and
its bouquet, mean one and the same thing. For as wine with all its
bouquet gone is no longer wine but a flat vinegary fluid, so also is
blood without spirit no longer blood but the equivocal gore. As a
stone hand or a hand that is dead is no longer a hand, so blood without
the spirit of life is no longer blood, but is to be regarded as spoiled
immediately it has been deprived of spirit. Thus the spirit, which is
specially present in the arteries and arterial blood, is either the product
of such blood, like wine’s bouquet in wine, and the spirit in brandy;
or like a small flame kindled in spirit of wine and keeping itself alive
on such a diet.

All seventeenth-century scientists who grappled with the fundamental
problems of matter-theory faced the same dilemma. The air obviously
played a crucial part in maintaining life, and it was a natural assumption
that it must itself contain a ‘vitall form’ or ‘divine treasure of life’, by
which the blood was “soulified’: in fact they were entitled to go on believ-
ing this, until the opposite was clearly demonstrated. Yet how could this
belief’ be disproved? With seventeenth-century ideas and techniques
alone, one could never unravel the chemical processes involved in
respiration, and in this direction physiology had to wait for advances in
chemical theory and experiment. The chemists of the eighteenth century
provided material not only for a revolution in their own subject, but also
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for one in physiology; and ‘vital spirits’ were to be among the first
casualties.

J. B. van Helmont

The second of our representative figures, the Flemish physician J. B. van
Helmont (1577-1644), was a very different character from Harvey: ready
to plunge much more deeply into the quagmires of Paracelsan physiology
and alchemical theory, and content to pay the price.

Aristotle and the alchemists shared one doctrine which completely
cuts them off from the chemists of the eighteenth and nineteenth cen-
turies. Between 1725 and 1900 it was widely taken for granted that the
basic ingredients of material things had fixed natures—which had been
established at the beginning of time, and would continue unchanged until
the Last Trump: but before 1650 this view was not widely held, and
it took a century and more to displace the developmental view of
inanimate substances.

The change-over from a developmental to a static conception of
matter was as profound as the change from a geocentric to a heliocentric
astronomy, and its effects were as far-reaching. Moreover, it was a step
which could never have been justified by appeal to logical principles and
experimental evidence alone. For how could the weakness of the devel-
opmental view be proved beyond question? It has been well said that
‘old theories never die, they only fade away’; and at no time in the seven-
teenth and eighteenth centuries was the developmental view directly faced
and decisively refuted. (Indeed, in the twentieth century it has shown
signs of reviving.) Rather, for a variety of reasons more or less relevant,
the balance between the two views shifted slowly from generation to
generation, until the static view of unchangeable elementary substances,
each with atoms of a distinctive shape, finally became dominant.

J- B. van Helmont helped to initiate this transition, but he did so
inadvertently. He was himself a supporter of the developmental view:
his positive ideas about the nature of matter were the seventeenth-century
offspring of a family-tree which leads back through Paracelsus and the
alchemists to Aristotle. Yet his approach to the problems of chemistry
was above all a practical one: he laid great stress on the familiarity with
material substances that comes from handling and observing them.

Certainly I could wish, that in so short a space of life, the Spring
of young men, might not be hereafter seasoned with such trifles, and
no longer with lying Sophistry. Indeed they should learn . .
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Arithmetick, the Science Mathematical, the Elements of Euclide, and
then Geographic. . . . And then, let them come to the Study of Nature,
let them learn to know and separate the first Beginnings of Bodies. I
say, by working, to have known their fixedness, volatility or swiftness,
with their separations, life, death, interchangeable course, defects,
alteration, weakness, corruption, transplanting, solution, coagulation
or co-thickning, resolving. Let the History of extractions, dividings,
conjoynings, ripenesses, promotions, hinderances, consequences,
lastly, of losse and profit, be added. Let them also be taught, the
Beginnings of Seeds, Ferments, Spirits and Tinctures, with every
flowing, digesting, changing, motion, and disturbance of things to be
altered.

The most lasting part of van Helmont’s work was the demonstration
that there are many distinct kinds of ‘elastic fluid’—or ‘gases’, as he
christened them. This was the first of the stepping-stones by which the
pneuma-theory of the Stoics turned into the ‘pneumatic chemistry’ of
the eighteenth century; but, by one of the ironies of intellectual history,
the labours of the pneumatic chemists very soon resulted in the rejection
of van Helmont’s entire theoretical system. Few scientists have done so
much to forge the instruments with which their own ideas were struck
down.

Van Helmont followed out the implications of the developmental
view resolutely and consistently. His basic problem was that of Aristotle
and the Stoics: to explain how organized beings acquire their forms. In his
opinion, the ‘hot air’ theory of the pneuma had been pure guesswork, and
he criticized savagely Aristotle’s doctrine—the starting-point of the whole
pneuma-theory—that the formative ingredient in the semen is ‘a spirit
or breath in the froathy body of the Seed [whose] Nature . . . answereth
in proportion to the Element of the Stars’. For hot air, or quintessence, or
any other substance, could be no more than the material by which the
formative agent acted: it could never be that agent.

He therefore that looks on heat, for every Instrument of nature,
and accounts this very Instrument for the seminal and vitall nature:
he supposeth one of the King’s Guard, to be the King, or the File to
be the Workman. Yea heat, as heat, isnot indeed the Instrument proper
to nature: but a common adjacent, concomitant, and accidental thing
produced in hot things onely: but the knowledge of nature, and
essence, is not taken from improper, adjacent, and accidental effects:
but from the knowing of Principles, which hitherto (even as it plainly
appeares) the Schoole of the Peripateticks [Aristotelians] hath been
ignorant of.
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In place of the pneuma-theory, van Helmont offered a positive
counter-theory of his own. Development occurs, he replied, because there
is in the seed an active but immaterial agent, which must be distinguished
from the passive material on which it works. This agent he sometimes
referred to as the ‘Governour’ or (borrowing Paracelsus’ word) the
Archeus; sometimes, using a symbolism reminiscent of the alchemists, as
its ‘“Vulcan’. Thus, at death,

the Vulcan or Master-Workman forsaking the body, the flesh, heart,
veins, etc. do begin to putrifie, for that they are now deprived of the
vital Balsam their leader.

What is this Archeus or Vulcan? It is, he says, ‘a certain vitall Air’.
This might seem like one more reincarnation of the Breath of Life, if it
were not for one thing: that van Helmont refuses to identify it with
any familiar inanimate substance. On the contrary, he insists, every
different object contains in its seed an Archeus characteristic of its species,
which turns it into (say) a beech-tree, 2 mackerel, an eagle, a man or a
lump of quartz; and under suitable circumstances, when the organic form
is deliberately destroyed, the Archeus can be released. With this doctrine
as his foundation, he goes on to draw an unexpected conclusion: namely,
that the world contains many distinct kinds of gases.-

To see the connection between van Helmont’s central doctrine and his
conclusion about gases, we must consider his account of the life-cycle of
an organism. Like Thales and the author of Genesis, he started with a
belief that the undifferentiated, characterless raw material of all things is
water; and, being a good Protestant, he derived much satisfaction from
this coincidence between scriptural teaching and his own scientific views:

After that the Firmament did separate the waters from the waters,
the Eternall gathered together the sublunary ones, and their Collec-
tion, he called Sea. From the opposition of a Diameter, the dry Land
appeared, which he named Earth; and both these framed one
Globe.

Repeating a demonstration devised by Nicolas of Cusa, he showed
experimentally how great a part water plays in the growth of plants.
Interestingly enough, his conclusion relied on an appeal to the conserva-
tion of weight:

I have learned by this handicraft-operation, that all Vegetables do
immediately, and materially proceed out of the Element of water
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onely. For I took an Earthen Vessel, in which I put 200 pounds of
Earth that had been dried in a Furnace, which I moystened with
Rain-water, and I implanted therein the Trunk or Stem of 2 Willow
Tree, weighing five pounds; and at length, five years being finished,
the Tree sprung from thence, did weigh 169 pounds, and about three
ounces: But I moystened the Earthen Vessel with Rain-water or
distilled water (alwayes when there was need) and it was large, and
impianted into the Earth, and least the dust that flew about should
be co-mingled with the Earth, I covered the lip or mouth of the
Vessel, with an Iron-Plate covered with Tin, and easily passable with
many holes. I computed not the weight of the leaves that fell off in the
four Autumnes. At length, I again dried the Earth of the Vessel, and
there were found the same 200 pounds, wanting about two ounces.
Therefore 164 pounds of Wood, Barks, and Roots, arose out of water
onely.

At this time, the processes of photosynthesis and transpiration were
unsuspected; and the water poured on to the soil in which the tree was
growing was its only visible link with the surroundings. So the conclusion
—that the water was transformed into a fully-formed tree by the action
of some agency present in the original seed—was reasonable enough.

This accounted for the constructive process—the creation of an
organized being; but what about the other half of the story? Suppose you
cut down a tree, and chop it into logs. You then have a fuel which, in its
texture and form, preserves something of the tree from which it came.
Set fire to the logs: they are destroyed and leave only formless ashes
behind. And this always happens, on one condition. The logs must not be
enclosed in too narrow a space: if we heat them in a sealed vessel we may
succeed in baking them, but they will not catch fire or be consumed. We
cite this fact nowadays as evidence that burning requires a continuing
supply of oxygen, but van Helmont interpreted it differently: the wood
can be turned to ash only if the ‘formative spirit’ within it is free to
escape.

Moreover, every coal . . . although it be roasted even to its last
day in a bright burning Furnace, the vessel being shut . . . nothing of
it is wasted, it not being able to be consumed, through the hindering
of its eflux. Therefore the live coal, and generally whatsoever bodies
do not immediately depart into water, nor yet are fixed, do necessarily
belch forth a wild spirit or breath. Suppose now, that of sixty-two
pounds of Oaken coal, one pound of ashes is composed: Therefore
the sixty-one remaining pounds, are the wild spirit, which also being
fired, cannot depart, the vessel being shut.
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And at this point, we are introduced to the brand-new word for the
‘wild spirit’ associated with the Archeus:

I call this Spirit, unknown hitherto, by the new name of Gus,
which can neither be contained by Vessels, nor reduced into a visible
body, unless the seed being first extinguished. But Bodies do contain
this Spirit, and do sometimes wholly depart into such a Spirit, not
indeed, because it is actually in those very Bodies (but truly it could
not be detained, yea the whole composed Body should flie away at
once) but it is a Spirit grown together, coagulated after the manner
of a Body, and is stirred up by an attained ferment, as in Wine, the
juyce of unripe Grapes, bread, hydromel or water and honey, etc.

In a gas the universal water is sub-divided so finely as to be less vis-
ible even than steam. This finely divided water is associated with the
formative agent—the Archeus—and escapes from organized bodies along
with it, being the material instrument by which the Archeus operates.
Different substances, when burnt, naturally release different formative
agents; and these organize the basic water into specific gases. (Van
Helmont himself distinguished at least four kinds of gas—including gas
carbonum, two kinds of gas sylvester, and gas pingue: these roughly corres-
pond to carbon monoxide, carbon dioxide, nitrous oxide and marsh gas.)
To leave no ambiguity, van Helmont explained that the ‘vital spirit’
which maintains life has itself the character of a gas:

The Spirit of our life, since it is a Gas, is most mightily and
swiftly affected by any other Gas, to wit, by reason of their immediate
co-touchings. For neither therefore doth any thing thereupon, operate
more swiftly on us, than a Gas: as appeares in the Dog-vault, or that
of the Sicilians, in the Plague, in burning Coals that are smothered,
and in perfumes: for many and often times, men are straightway
killed in the Burrowes of Mineralls; yea in Cellars, where strong Ale or
Beere belcheth forth its Gas, an easie sudden death and choaking doth
break forth. . . . For a Gas is more fully implanted, and odours do keep
a more immediate co-touching with the vitall Spirits, than Liquors.

(Nowadays we speak of alcoholic liquors as ‘spirituous’, but of the soul
as ‘spiritual’: for van Helmont these ideas were still one and the same.
This long-standing view survives as a linguistic fossil in most European
languages today: the Italian word spirito, for example, means both
‘methylated spirit” and ‘soul’.)

The instrument by which the soul operates on the body is the vital
spirit, and like alcohol and ether this is highly volatile: indeed, alcohol
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acts swiftly on us just because of its similarity to the vital spirit, into which
it may even be transformed:

Wherefore, they who for some good while, do undergo the
beating of the Heart, although they shall then drink abundantly, and
that, much of the more pure Wine, yet they are not easily made
Drunk; Because that by reason of an urgent necessity, the Spirit of
the Wine is most speedily attracted into the Heart, and Arteries, which
are scanty in Spirits, and is suddenly formed into vital Spirit.

But the full contrast between van Helmont’s developmental approach
and that of later chemistry appears when we study the implications of
his theory for inanimate things. Minerals, for instance, were formed
by the same process as living things. If flesh, bone and plant-tissue
take shape through the action of ‘seeds’ on water, so too do rocks and
stones: petrifaction is a kind of embryological process. One finds this
theory stated most clearly by one of van Helmont’s disciples, the personal
physician to King Charles II, Thomas Shirley:

The Hypothesis is this, viz. That stones, and all sublunary bodies,
are made of water, condensed by the power of seeds, which with the
assistance of their fermentive Odours, perform these Transmutations
upon Matter.

The Seeds of Minerals, and Metals are invisible Beings; (as we
have shewed, above, the true Seed of all other things are;) but to make
themselves visible Bodies they do thus: Having gotten themselves
suitable Matrices in the Earth, and Rocks (according to the appoint-
ment of God, and Nature) they begin to work upon, and Ferment
the Water; which it first Transmutes into a Mineral~juice, call’d Bur,
or Gur; from whence by degrees it formeth Metals. . . .

The Saxeous, or Rocky Seed, contained in these Waters, (which
is so fine, and subtile a Vapour, that it is Invisible; as I have before
shewed all true Seedes are,) doth penetrate those Bodies which come
within the Sphere of its Activity; and by reason of its Subtility, passes
through the pores of the Wood, or other Body, to be changed . . . So
this Stonifying Seed, by its operating Ferment, doth transchange
every particle of the matter it is joyned unto, into perfect Stone;
according to its Idea or Image, Connatural with it self.

Van Helmont’s belief in the embryological action of seeds and spirits
displays the continuity between his ideas and those of the alchemists. (He
even claimed privately to have witnessed with his own eyes the transmuta-
tion of base metals into gold.) And this background, far from being a
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handicap, proved a source of strength. For his lifelong struggle to put
alchemical theory into a precise and scientific form led him to concentrate
on the chemical properties of gases; and it was by just this study that the
chemical tradition was ultimately transformed. Those of his contem-
poraries who belonged to the ‘atomistic’ school were for the most part
concerned with physical properties—studying atmospheric pressure and
the like. Though the theoretical verdict was eventually to go against
him, it was van Helmont rather than the atomists who drew attention to
the crucial role of gases in chemical reactions. So it is only justice that the
word ‘gas’ has found a place in the dictionary, as his permanent
contribution to our system of thought.

Van Helmont’s ideas throw one curious sidelight on the history of
philosophy. After his death his writings were prepared for publication by
his son, Francis Mercury van Helmont, who was a close friend of the
German philosopher, Leibniz. Now the heart of Leibniz’ metaphysics was
his Monadology: according to this theory, every creature in the world
develops independently by the unfolding of its own inner capacities, and
its perceptions represent—more or less obscurely, according to its grade
in the scheme of things—the development of the whole world, as seen
from its point of view. Historians of thought have often wondered
where Leibniz found the material for his system: some have related it to
aspects of Aristotle’s formal logic, others have located its origin as far
afield as China. Yet one source was perhaps nearer at hand. Take van
Helmont’s account of the development of living things, as the imposition
by the Archeus of a specific predetermined form, and recall that we
humans too—like all sentient beings—conform to this same pattern. How
then will the universe appear to us? And what perceptual interactions shall
we have with the world? An ‘Archeus-eye view’ of the world will be very
like that lying at the basis of Leibniz’ monadology: it is as though van
Helmont had been describing from the outside those very same activities
that Leibniz, from the inside, presented as ‘the perceptions of the monad’.

René Descartes

When we turn from the writings of van Helmont to those of René
Descartes (1596-1650), we seem at first to have left the Middle Ages
behind, and to have entered the world of modern science and philosophy.
Descartes’ style, his approach, above all the things he takes for granted,
are familiar and congenial; and the intellectual fog which cuts us oft from
mediaeval discussions of the material world has been banished at a
stroke. Yet, as we read on, this first impression is joined by a second: have
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we really moved on into the modern world, or have we rather been
carried back to an earlier age—to the first flowering of natural philosophy
in Ionia and Italy? He sweeps us along through his far-ranging and
imaginative arguments, disposing in thrilling succession of the most
varied collection of problems—the origin and mechanism of the solar
system, the transmission of light, the ebb and flow of the sea; the nature
of quicksilver and sulphur, nitre and charcoal; the powers in the magnet,
the fire in the heart, and the sensations in the mind—and fitting all these
jigsaw pieces together unhesitatingly to form a coherent picture of the
cosmic mechanism. His account is as mechanical and mathematical as any
twentieth-century scientist could ask. But where is the critical discipline
by which the theoretical imagination must be matched? For all his clarity
and imagination he seems to lack humility in the face of Nature. Like the
pre-Socratics, he is giving us a consistent, even a plausible, picture of
Nature; but he is not taking the trouble necessary to establish that his
picture is also lifelike and correct.

Both these impressions of Descartes’ science are just. The detailed
explanations he gave have mostly failed and been forgotten, but his
Principia Philosophiae (1644) remains nevertheless a landmark in scientific
thought; for it represented the first comprehensive attempt since ancient
times to account for all aspects of Nature in terms of a single system of
mechanical principles. His revolt against older ideas was directed partly
at appeals to authority, but above all at the introduction of ‘mental’ or
‘spiritual’ notions into science. He rejected these notions, not because of
any prejudice in favour of brute inanimate matter, but for a deeper
reason. He could admit ‘animal spirits’ into his physiology—so long as
these behaved in an accountable and predictable way, like any other
mechanical constituent of Nature. The objection to spiritual categories lay
in the element of wilfulness and arbitrariness for which they were always
an excuse. The motive spirit, said Harvey, ‘is the medium between soul
and body . . . the first principle of those phenomena which happen of
their own accord’; but for Descartes it was inconceivable that natural
phenomena should ‘happen of their own accord’. One could use the name
spirits for the operative agencies in the nerves, only so long as these too
operated in a straightforward, mechanical manner.

So, rejecting authority and purposive explanations alike, Descartes
reappraised the foundations of human understanding, and built up a
comprehensive system of natural philosophy single-handed. (His analysis
of ‘the theory of knowledge’, though not our direct concern in this book,
has become the accepted starting-point of modern philosophy.) His
scientific system began from certain limiting principles, within which all
the possible mechanisms of Nature must be confmed. In his view, the

fundamental ideas of natural philosophy should be perfectly clear, the
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