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Abstract. Although speculative ideas of an expanding Earth can be found before World War 11, it was only in
the 1950s and 1960s that the theory attracted serious attention among a minority of earth scientists. While some
of the proponents of the expanding Earth adopted an empiricist attitude by disregarding the physical cause of the
assumed expansion, others argued that the cause, either fully or in part, was of cosmological origin. They referred
to the possibility that the gravitational constant was slowly decreasing in time, as first suggested by P. Dirac in
1937. As aresult of a stronger gravitation in the past, the ancient Earth would have been smaller than today. The
gravitational argument for an expanding Earth was proposed by P. Jordan and L. Egyed in the 1950s and during
the next 2 decades it was discussed by several physicists, astronomers and earth scientists. Among those who for
a period felt attracted by “gravitational expansionism” were A. Holmes, J. Tuzo Wilson and F. Hoyle. The paper
examines the idea of a varying gravitational constant and its impact on geophysics in the period from about 1955

to the mid-1970s.

1 Introduction

Today it is often forgotten that the epic debate about Earth
in the years from about 1955 to 1970 involved three and not
merely two rival theories. In addition to continental drift and
the traditional picture of an essentially static Earth, a mi-
nority of scientists discussed and sometimes advocated the
idea of an expanding Earth. Expansionism was evidently on
the side of mobilism and against fixism, but at the same
time it was opposed to continental drift in the sense of Al-
fred Wegener. Although many modern earth scientists may
be unaware of the expansion theory of the past, its role in
the plate tectonics revolution is documented in the historical
literature (Menard, 1986; Le Grand, 1988; Oldroyd, 1996;
Nunan, 1998). On the other hand, there are also participants’
histories of the revolution in which the expanding Earth al-
ternative is not even mentioned (Oreskes, 2001). The most
scholarly work on the subject is contained in Henry Frankel’s
four-volume work on the history of plate tectonics (Frankel,
2012a). However, with the exception of a recent paper on
modern attempts to keep expansionism alive (Sudiro, 2014),
there are no historical studies that focus on the expanding
Earth research programme in its own right and not merely as
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an appendix to the development of plate tectonics (but see
Nunan, 1988 for a philosophical perspective).

According to continental drift there had always been con-
tinents and oceans, but their patterns of distribution have
changed as the continents separated on the surface of the
constant-sized Earth. By contrast, there were no oceans in
the expansionists’ picture of the original Earth, which was
completely covered by a sialic crust; only with the expansion
of Earth and the resulting cracks in the crust did the oceans
appear. Expansionists disagreed about the finer details of the
history of Earth, but all agreed that the continents had sepa-
rated as a result of an increased size of the globe. There was
little unity among the expansionists, some of whom focused
on the mechanism driving the supposed expansion while oth-
ers were unconcerned with its cause. While most were in
favour of a slow increase of Earth’s radius (~0.5mmyr—1),
aminority argued for a greater expansion rate (~5mmyr—1).
Again, whereas some expansionists considered the hypothe-
sis an alternative to continental drift, there were also those
who considered the two hypotheses to be compatible and
complementary.

Among the suggested mechanisms for the expansion,
should it be real, was the cosmological hypothesis that the
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gravitational constant G decreases with the age of the uni-
verse, what | refer to as the G(¢) hypothesis. This essay is pri-
marily a study of the surprising connection between two non-
mainstream hypotheses, one belonging to cosmology and the
other to geophysics. In the period from about 1955 to 1975,
the gravitationally caused expansion of Earth was widely dis-
cussed although only supported by a handful of scientists.
There was in some quarters a feeling that new physical and
cosmological ideas might well play a role in the still un-
finished revolution in the earth sciences. As Holmes (1965,
p. 35) expressed it, “New ideas of atomic structure at one
end of the scale of dimensions and of the expanding universe
at the other, necessarily demand new ideas about the Earth
herself.” The case is not well known in either the history of
cosmology or in the history of geophysics, but it is of con-
siderable interest not least because it illustrates an unusual
example of interdisciplinary research. The two hypotheses
were independent in the sense that the conjecture of vary-
ing gravity did not rely crucially on Earth expansion, nor did
the latter hypothesis rely crucially on varying gravity. As it
happened, both hypotheses turned out to be wrong. Although
this is important from a scientific point of view, it is largely
irrelevant from the point of view of the history of science.

2 Dirac’s gravitation hypothesis

The idea that the gravitational constant varies in time (and
thus is not a true constant) was originally suggested quite
independently of geophysics. The context was the universe,
not Earth. Paul Dirac, Nobel Prize laureate and famous quan-
tum physicist, was concerned with the interrelationship of the
very large dimensionless combinations of constants of nature
(Dirac, 1937; Kragh, 1990, pp. 223-235). One such number
is

2
_¢ _~10%, 1)

where e is the elementary charge and m and M the mass of
the electron and the proton, respectively. Another pure num-
ber of the order of 10%° is the age of the universe expressed
in “atomic time units” ¢2/mc3, where ¢ is the speed of light
in a vacuum. On the basis of this order-of-magnitude agree-
ment Dirac suggested that the gravitational constant varies
inversely with the age of the universe:

or —— ~——. (2)

Thus, at the time of the formation of Earth some 4.5 billion
years ago gravity was assumed to be much stronger than to-
day. Following up on the idea Dirac (1938) developed it into
a cosmological model of the expanding universe. According
to this model G decreased as
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Hp denotes the Hubble constant, which at the time was
believed to be Ho = 500kms~tMpc~1, and To=1/Ho =
1.8 x 10° years is the Hubble time. The unit Mpc stands for
megaparsec (108 pc), 1 pc = 3.1 x 106 m. With this value for
Hy it follows that the relative change of G is of the order of
1019 per year. Dirac’s cosmological model was not received
favourably by either physicists or astronomers. The reason
was not only the unorthodox G(¢) hypothesis, which implied
that Dirac’s model contradicted Einstein’s fundamental the-
ory of general relativity (according to which G is constant)
but also the an embarrassingly small age of the universe that
followed from the model. According to Dirac’s theory the
age was given by Tp/3 and thus markedly less than the age
of Earth as determined by radiometric methods.

While Dirac did not refer to terrestrial consequences of
his gravitation hypothesis, this is what the nuclear physicist
Edward Teller did say in a much-discussed paper of 1948 in
which he argued that the hypothesis leads to apparently in-
superable problems of a palaeoclimatic nature (Teller, 1948).
The value of G determines the Sun’s luminosity and there-
fore also Earth’s surface temperature. According to Teller’s
calculations, 200-300 million years ago the temperature of
Earth’s surface would be close to the boiling point of water.
Since this contradicted palaeontological evidence of a rich
marine life at the time, he concluded that Dirac’s G(r) hy-
pothesis was refuted. As George Gamow wrote in a letter
to Dirac dated 27 April 1967, “the oceans must have been
frozen during the Cambrian and still earlier eras” (Kragh,
1991, p. 116).

Neither Teller nor Dirac considered the effect of G(¢) on
the size of Earth in the past. Teller’s article was cited by sev-
eral physicists and astronomers in the years 1948-1968, but
it took until 1962 before it appeared in the geophysical litera-
ture. It was then in a paper written by two physicists (Peebles
and Dicke, 1962).

3 Jordan and the expanding Earth

Like Dirac, the German theoretical physicist Pascual Jordan
was one of the founders of quantum mechanics and known
in particular for his seminal contributions to quantum field
theory (Fig. 1). Alone among the physicists of prominence,
Jordan was instantly captivated by Dirac’s idea of a varying
G, which in 1952 he described as “one of the great insights of
our time” (Jordan, 1952, p. 137). In a series of papers start-
ing in 1937 and culminating 10 years later with the mono-
graph Der Herkunft die Sterne (The Origin of the Stars),
Jordan developed his own system of cosmology and astro-
physics based on Dirac’s idea. In the late 1940s he presented
a generalised version of Einstein’s theory of general relativity
which accommodated the non-Einsteinian feature of a vary-
ing G. Apart from a few references to the age of Earth, Jor-
dan did not relate Dirac’s hypothesis to issues of geology or
geophysics. But he did so a few years later, when he began
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Figure 1. Pascual Jordan (1902-1980); http://www.gecoas.com/
religion/SUBPAG/HISTORIA/cientificos/imag/jordan.jpg.

focusing on Earth as a testing ground for cosmological theo-
ries in general and for the G(¢) hypothesis in particular.

The theme first appeared in a book of 1952 entitled Schw-
erkraft und Weltall (Gravitation and Cosmos). In a letter to
his physics colleague Wolfgang Pauli, to whom he had sent
a copy of the book, Jordan told that he was now engaged
in finding evidence from the earth sciences that “the gravi-
tational constant was larger a few billion years ago than it
is now.” One such piece of evidence was that “the composi-
tion of the surface of Earth seems to indicate that the surface
has increased by a factor 2 or 3 since the Earth was formed”
(Pauli, 1996, p. 800).

Thus, by 1952 Jordan had arrived at the conclusion that
Earth was probably expanding as a result of the decreasing
gravitational force. This result he ascribed to an American
friend of his, a businessman and amateur geologist by the
name Joel E. Fisher. In the revised edition of Schwerkraft
und Weltall that appeared in 1955, Jordan dealt in more de-
tail with the geophysical consequences of G(z), including
the expansion of Earth. These consequences, he wrote in
the preface, ought to “attract attention among astronomers,
geophysicists, geologists and palaeoclimatologists.” Relat-
ing to a possible alternative to Wegener’s theory of conti-
nental drift, Jordan continued: “The globe has increased in
size since the surface of the Earth solidified. ... The expan-
sion of the Earth followed as the result of the decrease of
«[= 87 G /c?]. This is the answer given by Joel Fisher” (Jor-
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dan, 1955, p. vi). As Jordan (referring to himself in third per-
son) recalled at a later occasion, his interest in geophysics
started

...when his late friend Fisher in New York made
the remark that Dirac’s decrease of G, if it existed,
must have caused a marked expansion of the Earth
in the course of its history. The author believed that
here could be seen a possible answer to one of the
great problems of Earth research: why is there a
division of the surface of the Earth into two differ-
ent parts, continental areas and deep sea? (Jordan,
1969, p. 55)

While Wegener (1966, pp. 35-40) thought that this so-
called hypsographic problem could be explained by conti-
nental drift, to Jordan it was evidence of an expanding Earth
and ultimately of a decreasing G (see also Joksch, 1955).
His basic argument was that, since Earth consisted of a com-
pressed core and a non-compressed crust, the diminishing
gravity would cause the core to expand as a result of the
reduced weight of the overlying layer of rock. The crust it-
self would consequently break up and the cracks would be
filled by upward movement of the underlying molten basalt.
As he expressed it in a paper of 1962, “A process of expan-
sion caused the continental layer to split into parts; the newly
formed rifts were filled out to the equilibrium altitude by the
more dense but also more mobile sima material of the deeper
layer” (Jordan, 1962b, p. 286). The total area of granitic con-
tinents today would thus be equal to the surface of a smaller
ancient Earth.

From 1952 until the mid-1970s Jordan published widely
on a variety of subjects related to his favoured theory of a
gravity-driven expanding Earth. Among the issues that he
thought could be explained in terms of the theory were vol-
canism, the formation of mountains, Earth’s climate in the
past (including the ice ages) and the history of the Moon.
In 1966 he summarised his work in the monograph Die Ex-
pansion der Erde which 5 years later appeared in an En-
glish translation as The Expanding Earth. While admitting
that the evidence in support of the expanding Earth was in-
direct and subject to some doubt, Jordan was convinced that
the total amount of evidence proved the correctness of the
theory. Even more importantly, “our present knowledge of
the Earth ... makes the correctness of Dirac’s hypothesis an
established fact” (Jordan, 1962a, p. 600).

Although Jordan’s campaign for the G(¢) version the ex-
panding Earth was not without effect, basically it was un-
successful. Many of the British and American earth scien-
tists who dominated the scene of geophysics in the 1950s
and 1960s were unaware of Jordan’s work which was mostly
published in German and not in the mainstream geophysi-
cal literature. To a large extent his theories were overshad-
owed by those of the Princeton physicist Robert Dicke, who
published in English and in the form of papers in widely cir-
culated journals (Kragh, 2015). Dicke investigated the G(z)
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hypothesis and believed, like Jordan, that it might result in
an expansion of Earth. But according to Dicke, G decreased
at such a small rate that the corresponding increase in radius
would be no more than 0.05 mm per year. Moreover, while
Jordan saw the expanding Earth as an alternative to continen-
tal drift, Dicke was open to the possibility of drifting conti-
nents caused by convection currents in Earth’s mantle.

When Jordan’s The Expanding Earth appeared in 1971,
continental drift in the form of plate tectonics had become
the preferred theory of the history of Earth. The theory of
the expanding Earth was no longer considered a serious al-
ternative by the majority of earth scientists. As noted by Le
Grand (1988, p. 227), “When in 1971 his monograph on
Earth expansion was translated into English, it not only was
out-of-date in terms of its geology but also had been over-
taken by the emergence of newer versions of Drift including
plate tectonics.” As Jordan’s extensive work on the expand-
ing Earth and a varying G received only limited attention
in the 1960s, it has left almost no marks at all in the few
historical accounts dealing with the role of the expanding
Earth during the plate tectonics revolution; for example, it
is not even mentioned in the histories of Frankel (2012a) and
Nunan (1988, 1998).

4 Egyed’s slow expansion

While Jordan was undoubtedly a pioneer of the modern ver-
sion of the expanding Earth, it was only with the work of the
Hungarian geophysicist LaszI6 Egyed, director of the Geo-
physical Institute in Budapest, that “the expansion hypothe-
sis entered the normal literature of science” (Menard, 1986,
p. 144; Fig. 2). Based on palaeogeographical and other ev-
idence Egyed, concluded in the mid-1950s that the radius
of Earth had been expanding for the past 500 million years
by the slow rate of 0.4-0.6 mm per year (Egyed, 19563, b;
Frankel, 2012a, pp. 279-282). He assumed the rate to have
been constant throughout the period. Among the evidence
which inspired Egyed to his conclusion were estimates of
the change of water-covered continents through the history
of Earth. According to Henri and Geneviéve Termier at the
University of Paris, the area had decreased. The Termiers did
not intervene in the controversy over the expanding Earth ex-
cept that they concluded that “global palaeogeography does
not display any argument against Earth expansion” (Termier
and Termier, 1969, p. 101; my emphasis).

To account for the expansion, Egyed adopted a modified
version of a theory of the composition of the inner Earth first
proposed by the British geophysicist William H. Ramsey at
Manchester University in the late 1940s. Rather than explain-
ing the difference between core and mantle chemically, Ram-
say explained the core by a phase transition of silicate com-
pounds such as olivine into a metallic state due to extremely
high pressure (Ramsay, 1949; Brush, 1996, pp. 209-213).
Egyed suggested that the inner core was a remnant of the
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Figure 2. Laszl6 Egyed (1914-1970); http://geophysics.elte.hu/
inmemoriam/egyed.jpg.

original solar material with a minimum density of 17 gcm—3
and that the density of the outer core was 9-12gcm~2. He
further argued that the matter of the inner core slowly and
irreversibly transformed into a stable low-density phase, im-
plying a decrease in the mean density of Earth. Assuming
the mass of Earth to be constant he was then lead to “the
surprising conclusion that the volume of the Earth is steadily
increasing” (Egyed, 1957, p. 106). As a result of the expan-
sion a large amount of tectonic energy would be released.
Egyed’s theory was ambitious and total in scope (Egyed,
1957, p. 101):

The expansion of Earth is able to account for the formation
of the crust and oceanic basins, the energies of the tectonic
forces and earthquakes, the origin of deep-focus earthquakes,
the periodicity of geological phenomena, the continental drift
and mountain building, and is supported also by palaeogeo-
graphical data.

By the late 1950s Egyed thought he had found an al-
ternative or supplementary explanation for the expansion
in Dirac’s cosmological hypothesis of a decreasing gravita-
tional constant, or what he called the “Dirac-Gilbert equa-
tion.” This was a reference to the British mathematical physi-
cist C. Gilbert according to whom Dirac’s variation G ~ 1/¢
was consistent and could even be derived from the princi-
ples of general relativity (Gilbert, 1956). Although Egyed
and a few other scientists accepted Gilbert’s claim, the large
majority of specialists in general relativity did not. They
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maintained — and still maintain — that a varying G is irrec-
oncilable with Einstein’s theory of gravitation.

Nevertheless, on the basis of Dirac’s gravitation hypoth-
esis Egyed revised his picture of the structure of Earth and
its evolution over time (Egyed, 1960a). Originally trained
in physics and mathematics, Egyed was apparently aware of
Dirac’s hypothesis in the late 1930s. However, as he wrote in
a letter to Arthur Holmes dated 31 July 1959, “at that time,
| shared the doubts of most physicists concerning this hy-
pothesis” (Frankel, 2012a, p. 285). It was only after Gilbert’s
argument that the G(¢) hypothesis agreed with general rel-
ativity that he accepted the hypothesis and made it the ba-
sis of his view of an expanding Earth. Egyed was in contact
with Jordan, who was happy to have found a brother in arms.
The noted Hungarian geophysicist, Jordan (1962b, p. 287)
wrote, “now prefers to believe that Dirac’s hypothesis is cor-
rect and gives the theoretical explanation of this expansion,
which Egyed believes to be an empirically proven fact.”

In a paper dated 1958 Egyed and his Hungarian collabora-
tor Lajos Stegena derived from the Dirac—Gilbert hypothesis
and the assumption of Earth’s core mentioned above that the
annual increase in the radius of Earth was at least 0.3 mm,
hence “almost identical with the lower limit of radius in-
crease as determined from observations” (Egyed and Ste-
gena, 1958, p. 266); 2 years later, in a popular review of geo-
physics, Egyed repeated his empirical arguments in favour of
the expanding Earth, adding that the theory provided a sim-
pler and more unified picture of Earth’s surface than other
theories. He suggested that without Gilbert’s alleged proof
there would have been no reason to take Dirac’s hypothe-
sis seriously (Egyed, 1965, p. 100; translation of Hungarian
original of 1960):

On the basis of rather complicated and unclear considera-
tions of a mostly philosophical nature, in 1939 [sic] Dirac
concluded that the gravitational attraction had continually
decreased during the lifetime of Earth, that is, the gravita-
tional coefficient becomes smaller. Physicists used to exact
scientific reasoning received the result with considerable dis-
trust, and that despite that it came from a physicist as famous
as Dirac.

At the time Egyed was aware of S. Warren Carey’s inde-
pendent work on the expansion of Earth, of which Arthur
Holmes had informed him (Carey, 1958; Frankel, 2012a,
p. 289). He also knew about Jordan’s Schwerkraft und
Weltall. According to Egyed’s slow expansion, the radius of
Earth had increased with approximately 500 km during the
last billion years (Table 1).

Contrary to some other expansionists, Egyed did not con-
sider the expansion hypothesis a proper alternative to the idea
of drifting continents. On the contrary, it provided a partial
explanation of drift or spread that avoided the controversial
notion of continents moving with respect to the mantle: “In
case the Earth is expanding, continental drift is nothing more
than the formation of new ocean basins along the gaping rifts
which come to exist between continents” (Egyed, 1960b).
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Table 1. The gravitational constant G, Earth’s surface gravity g,
and Earth’s palaeoradius R at various times T before the present.
The figures assume Egyed’s slow expansion of dR /dt = 0.5 mm per
year and Dirac’s dG/Gdt = 1010 per year (and a constant mass of
Earth). Adapted from Stewart (1970).

T Epoch G g R

(108 yr) (1071 Nm?kg=2) (ms~2) (10%m)
2000 Orosirian 8.00 16.6 537
1000  Tonian 7.34 12.7 587
500 Furongian 7.00 11.2 612
250 Early Triassic 6.83 10.4 625

0 Present 6.67 9.8 637

At a conference in Newcastle in 1967, Egyed (1969a) once
again defended the slow expansion hypothesis, now arguing
for an average rate of Earth’s radius of 0.65+ 0.15mm per
year. He considered Dirac’s G(r) to be part of the expla-
nation, but not the only explanation of why Earth expands.
In addition to G(¢) he thought that natural radioactivity and
phase changes at high pressure played a role. Without these
mechanisms expansion would be unable to explain continen-
tal disruption.

Until his death in 1970, Egyed continued to support the
expanding Earth and Dirac’s G(¢) hypothesis, such as is evi-
dent from a textbook in geophysics published in 1969. “From
Ramsey’s model of the Earth and Dirac’s cosmology,” he
wrote, “follow directly the expansion of the Earth” (Egyed,
1969b, p. 279). Egyed thought to have found additional evi-
dence in palaeomagnetism and also in a suggestion made by
John Wells, a geology professor at Cornell University and a
specialist in fossil corals. Wells’ idea was that the number of
days per year in the geological past — and hence the speed
of rotation of Earth round its axis — could be inferred from
the variation in the deposition of calcium carbonate in fossil
corals (Wells, 1963). By comparing the tiny daily rings with
the broader annual bands he found that in the Devonian the
year consisted of 400 days, or that in the course of 370 mil-
lion years Earth’s rotation had slowed down from 22 to 24 h.

Assuming that the faster rotation of Earth in the past could
be ascribed to a smaller radius, Egyed (1969b, p. 278) de-
rived from Wells’ preliminary coral data that the annual
increase of Earth’s radius in the upper Carboniferous was
AR =0.58mmand AR =0.74 mm in the Middle Devonian.
This agreed nicely with his favoured slow expansion rate,
but unfortunately the uncertainties in the method turned out
to be too great to warrant Egyed’s conclusion. The work of
Wells and others on the growth rings of corals as a method
of determining Earth’s rotation in the past attracted consid-
erable attention but was not in general seen as evidence in
support of either the expanding Earth or the G(z) hypothe-
sis (e.g. Holmes, 1965, pp. 972-975; Wells, 1966; Runcorn,
1967, p. 11).
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5 Does expansion depend on G(t)?

The dissociation of continental drift in the sense of Wegener
and continental spreading can be found in several advocates
of the expanding Earth. The topology of Earth, wrote the
Australian geologist Fairbridge (1966, p. 143), “is not the
product of continents floating apart on a globe of fixed radius,
but the growth of a new oceanic crust, the continents remain-
ing more or less in their same altitudes vis-a-vis each other,
but merely further apart or somewhat rotated.” Fairbridge
suggested that there had been an early and rapid Mesozoic
expansion some 200 million years ago. The expansion still
continued today, but at a slower rate comparable to the one
argued by Egyed. While favouring the expansion of Earth,
contrary to Egyed and Jordan, Fairbridge did not support
the G(¢) hypothesis, which he thought was inconsistent with
palaeoclimatological evidence: “The evidence of palaeocli-
matology favours the concept of expansion, but is opposed
to change of the gravitational constant.” All the same, Fair-
bridge did not simply dismiss the hypothesis: “According to
Einstein, the Universe is expanding, and Dirac (1938) con-
cluded that gravitation must decrease with time. ... A test of
such a theory would be the demonstration of a slow expan-
sion of our globe.” (Fairbridge, 1964, pp. 60 and 83).

Many of the earth scientists in favour of the expanding
Earth simply ignored the G(¢) explanation or just mentioned
it briefly. Among those who considered the hypothesis, some
ruled it out as unnecessary and extravagant or dismissed it for
empirical reasons, such as Fairbridge did. Another example
is provided by Elena Alexandrovna Lubimova, a geophysi-
cist at the Academy of Sciences in Moscow, who argued that
a modest expansion was a natural consequence of the thermal
evolution of Earth. “There is no necessity to involve some
speculative theory, connected with the variation of universal
constant,” she wrote (Lubimova, 1967, p. 310). According to
the Russian geophysicist the expansion rate was originally,
shortly after the formation of Earth, 7 x 103 cmyr~1 and
had at present decreased to 3 x 10~2 cmyr—1: during the first
billion years the radius of Earth had increased by only 50—
100 km. The view of a decreasing rather than an increasing
slow expansion was unusual and contrary to, for example,
the ideas of the leading expansionist Samuel Warren Carey,
professor of geology at the University of Tasmania. Yet Lu-
bimova’s reasoning and result received support from another
expansionist, the Italian geophysicist Ranalli (1971).

Carey may have been aware of the G(z) hypothesis at
the time of the 1956 Hobart symposium on continental drift
where he first suggested that “The diameter of the [ancient]
Earth was less than half its present diameter and its surface
area less than a quarter of its present surface” (Carey, 1958,
p. 346). However, conceiving the rapid expansion as an em-
pirical conclusion he did not mention the Dirac-Jordan hy-
pothesis or any other physical cause. Carey realised that the
expansion might be inexplicable in terms of known physics
but this he considered to be a problem for the physicists
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Figure 3. Slow (Egyed) and fast (Carey, Heezen) versions of Earth
expansion according to van Hilten. The small circles refer to palaeo-
magnetic data. The curve labelled “Hilgenberg” refers to the Ger-
man engineer Ott C. Hilgenberg, who in 1933 published Vom wach-
senden Erdball and in the 1960s joined the new expansionism.
Source: Van Hilten (1964).

rather than the geologists. Although he considered the G(z)
hypothesis in some of his later publications, he never em-
braced it (Carey, 1976, pp. 446-453).

The Dutch geophysicist D. van Hilten was one of the few
earth scientists who agreed with Carey’s rapid expansion
(Fig. 3). According to Van Hilten (1963, 1964) Earth’s ra-
dius in the Carboniferous was only 80 % of its present radius.
Much like Carey, he declined speculating about the cause of
the expansion and he did not refer to the G(¢) hypothesis.

Contrary to Carey and van Hilten, the British geophysicist
Creer (1965a, b) believed that most of the expansion took
place during the Archeozoic (or Archeon) whereas it played
a very minor role in the Mesozoic era. Creer suggested that
expansion had occurred over a period of 3.5 billion years,
starting at the time when Earth had a radius of only 0.55Ry,
where Ry = 6378 km is the present value. By simulating the
expansion process he estimated that in the early Palaeozoic,
some 544 million years ago, Earth would have swelled to
0.95Rg and to about 0.97 Ry by the end of the era. For the
average rate of expansion he suggested the value 0.75mm
per year. Although Creer did not refer to the Dirac-Jordan—
Egyed hypothesis of G(z), he did suggest that the expansion
of Earth might have a cosmological origin of some kind. “We
should beware of rejecting the hypothesis of expansion out
of hand on grounds that no known sources of energy are ad-
equate,” he wrote (Creer, 1965a, p. 539).

According to some geophysicists there were adequate
sources of energy in Earth itself. Assuming Earth to be of
uniform density and constant mass, its gravitational potential
energy is

3GM?

Eqgrav = “ETR 4)

Thus, an increase in Earth’s palaeoradius R requires an
injection of energy. As the Canadian geophysicist Alan Beck
pointed out, the situation is different for a non-uniform Earth,
which can expand and lose gravitational energy at the same
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time. He argued that “expansions of the order of 100 km
seem quite possible without postulating any source of en-
ergy” (Beck, 1960, 1969; see also Cook and Eardley, 1961).
On the other hand, Beck found a radial increase of the order
of 1000 km to be improbable even if the effects of radioactiv-
ity were taken into account. Such an expansion would need a
non-conventional cause of some kind, perhaps in the form of
varying gravity.

According to the London geologist Raymond Dearnley,
various methods of estimating the growth of Earth “strongly
suggest a relatively uniform rate of expansion of the Earth’s
radius of about 0.6540.25mm per year as far back as
4500 Mya” (Dearnley, 1966, p. 32, 1965). At the 1967 New-
castle meeting on geophysics he repeated the conclusion,
noting that the value was almost the same as the cosmo-
logical Hubble expansion rate (Dearnley, 1969; MacDougal
et al., 1963). Consider Hubble’s recession law according to
which the recession velocity v of a galaxy at distance r is
given by

v = Hpr. (5)

The widely accepted value for the Hubble con-
stant Hp=100kms~1Mpc~! translates into Hp=
1.03 x 10~*mmyr-tkm~! and if inserted in the Hubble
relation with » = R the result becomes v = 0.66 mmyr—1
— remarkably close to the rate of increase of Earth’s radius.
To some geologists, this was more than just a coincidence
(Carey, 1976, p. 456, 1988, p. 330). Without committing
himself, Dearnley was favourably inclined to a G(¢) expla-
nation based on the theories of Dirac, Gilbert and Dicke.
However, like several other protagonists of the expanding
Earth he pointed out that a decrease in G alone would be
insufficient to account for the fast expansion. A weaker G in
the past had to be supplemented by some other cause, most
likely phase changes in Earth’s mantle such as discussed by
Egyed and Creer among others.

6 Sympathisers: Wilson and Holmes

Several earth scientists expressed a positive interest in Earth
expansion based on the G(r) hypothesis without committing
themselves to either of the ideas. Bruce Heezen, one of the
early supporters of the expanding Earth theory and later of
plate tectonics, did not care much for the cause of the ex-
pansion. “I personally have no strong feelings concerning
the specific mechanism of expansion,” said Heezen in 1960.
“I simply conclude from the morphological and palaeomag-
netic results that expansion has occurred” (Frankel, 2012b,
p. 417). All the same Heezen did consider the cause, which
he thought might be a combination of G(¢) and Egyed’s idea
of density changes within the interior of Earth. “A decrease in
the force of gravity combined with internal density changes
would produce a very large expansion,” he declared (Heezen,
1960, p. 110).
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Another of the later contributors to the plate tectonics rev-
olution, the Canadian John Tuzo Wilson at the University of
Toronto, shifted to mobilism and continental drift in 1961.
His shift was facilitated by a brief flirtation with the idea that
Earth had expanded as a result of decreasing gravity. Citing
Dirac, Teller, Dicke and Egyed (but not Jordan) he admitted
that a slow expansion might be caused by other factors, such
as phase changes in the interior of Earth. On the other hand,
“a decrease in G remains an inviting idea” (Wilson, 1960,
p. 882). On the basis of recent estimates of the area covered
by the mid-oceanic ridges, Wilson calculated that their for-
mation would require an increase of Earth’s circumference of
about 6 % in “all geological time,” which corresponds to an
annual increase in radius of approximately 0.8 mm. Wilson
expressed serious interest in the expanding Earth and G(z),
which he found could explain global tectonics as well or even
better than the contracting Earth. He explicitly rejected ex-
pansion as an explanation for continental drift. However, his
interest in the expanding Earth hypothesis turned out to be
nothing but a brief flirt. Having convinced himself that the
continents were moving apart in accordance with Wegener’s
old idea he did not return to speculations about gravity vary-
ing in time or to the expanding Earth.

The highly esteemed geologist Arthur Holmes found
Egyed’s ideas to be interesting and promising, including his
use of Dirac’s cosmological theory. In a letter dated 30 Au-
gust 1959 to the Hungarian geophysicist he referred to the
steady-state theory of the universe which at the time was
much discussed in Britain as a possible alternative to rela-
tivistic evolution theories (Frankel 2012a, p. 287):

If the “steady-state” hypothesis of the universe
turned out to be correct (which heaven forbid!)
surely G would remain constant? However, ...it
seems reasonably certain that G is decreasing with
time. It may even turn out that all the other evi-
dence for an expanding Earth is also evidence that
G is decreasing and that the “steady-state” con-
cept is wrong. But that is probably looking too far
ahead. Meanwhile a varying G provides much that
we need, though | wonder if it would be enough,
by itself.

In the revised 1965 edition of his influential textbook Prin-
ciples of Physical Geography, Holmes dealt in some detail
with the expanding Earth and its relation to the contempo-
raneous cosmological debate (Holmes, 1965, pp. 983-987).
While not embracing the big-bang theory, he did not embrace
the rival steady-state theory either. In line with what he had
written to Egyed, he thought that the expanding Earth con-
tradicted the latter cosmology which he much disliked:

Fortunately our own concern, as geologists, is with
the Earth, and our geological interest in the steady-
state hypothesis lies in its implication that G, the
constant of gravitation, also remains steady and re-
ally is a constant. But, if so, the expansion of the
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Earth is left without an explanation. Conversely,
and this is of particular importance to astronomers,
the expansion of the Earth is a powerful argument
against the steady state.

The classical steady-state cosmological theory was indeed
incompatible with a varying G, but so were the cosmological
models based on the equations of general relativity, whether
of the big-bang kind or some other kind. Holmes thought
mistakenly that G(¢) could be used to discriminate between
steady-state cosmology and cosmological models based on
Einstein’s field equations. Much like Egyed, Holmes uncrit-
ically accepted Gilbert’s claim that Dirac’s G(¢) hypothesis
was consistent with the standard theory of general relativity.

Holmes was at the time sympathetic to the expanding
Earth, if by no means committed to the hypothesis. His pre-
ferred value for the increase in radius was 0.5 mm per year
or 100 km in the course of the past 200 million years, about
the same value that Egyed and Dicke proposed. On the other
hand, Carey’s value for the same period was approximately
8 mm per year. According to Holmes, the major role of the
expansion was not to move the continents, but to provide
energy for the mantle convection which, in his view, was
complementary to global expansion. He suggested that there
was no reason to choose between continental drift and the
expanding Earth: “Convection does not exclude global ex-
pansion. Global expansion does not exclude convection. And
the combination is stronger than either separately” (Holmes,
1965, p. 967). At the end of his book, Holmes referred to
the possibility of a cosmological cause for the expansion
brought about by a relief of pressure: “There seems to be
only one possibility in the light of present knowledge: that
the terrestrial force of gravity, which can be represented by
g [= GM/R?], has systematically decreased as the Earth
has grown older. . .. The universal constant of gravitation, G,
may have decreased with time, as inferred by P. A. M. Dirac
in 1938.”

7 Degeneration

By the late 1960s only a small minority of earth scientists
considered the expanding Earth a viable alternative to con-
tinental drift. Most geophysicists saw palaeomagnetic mea-
surements as a strong argument against Earth expansion, a
hypothesis they had no need for and which appeared increas-
ingly irrelevant in the light of progress in plate tectonics.
As interest in the expanding Earth waned, so did the inter-
est in explaining the expansion in terms of varying gravity.
Nevertheless, the two connected yet independent hypothe-
ses continued to be subjects of investigation, both theoreti-
cally and empirically. The varying-G theories discussed in
the 1960s were those of Dirac, Jordan and Dicke, and in the
early 1970s a new cosmological theory of this kind was pro-
posed by Hoyle and Narlikar (1971, 1972).
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One version of the Hoyle—Narlikar theory operated with a
gravitational constant decreasing in time in a manner similar
to Dirac’s original theory. Of interest in the present context,
the two Cambridge cosmologists not only discussed the as-
trophysical consequences of their theory but also the conse-
quences for the structure of Earth. “In principle geophysics
could be of decisive importance to cosmology,” they pointed
out (Hoyle and Narlikar, 1972, p. 332). Hoyle and Narlikar
suggested that the expansion of Earth, a result of the decreas-
ing force of gravity, provided the force that makes the con-
tinents drift apart. With ¢ denoting a number for unity, they
obtained for the rate of increase of Earth’s radius:

R
5 =104 km per 108 yr=0.1 ¢ mmyr . (6)

That is, the expansion rate would be of the same order as
the one proposed by Egyed and Dicke.

On 11 February 1972 Hoyle, serving as President of the
Royal Astronomical Society, gave an address on “The His-
tory of the Earth” that dealt as much with geophysics as with
planetary astronomy. As Jon Darius, a London astronomer,
commented in a report on Hoyle’s lecture, “Various eye-
brows mounted as Hoyle elaborated on the planetary, stellar,
and geophysical effects of a time-varying G” (Darius, 1972).
Claiming that there was “a considerable body of evidence”
supporting a decreasing G, Hoyle considered the effects on
the motion of the Moon, solar luminosity, the temperature
of Earth in the past, and the motion of the continents. All
of these subjects had been covered in detail previously, but
now Hoyle reconsidered them from the point of view of the
Hoyle—Narlikar gravitation theory (Hoyle, 1972). For the rate
of increase of Earth’s radius he calculated a value between 6
and 10 km per 108 years (~ 0.1 mmyr—1), suggesting that the
expansion combined with mantle convection explained how
the continental plates were set in horizontal motion.

Hoyle’s somewhat amateurish excursion into geophysics
made even less of an impact than Jordan’s longer and more
serious excursion. Hugh Owen, a palaeontologist and cartog-
rapher at the British Museum, was among the few who found
Hoyle’s theory promising. A late advocate of the expand-
ing Earth, he suggested that Earth’s diameter was approxi-
mately half its current value 700 million years ago (Owen,
1976, 1984; Fig. 4). Hoyle’s old friend and collaborator, the
Cambridge astronomer Raymond Lyttleton, did not believe
in continental drift. In a critical reply to the Hoyle—Narlikar
hypothesis, he and his collaborator John Finch recalculated
the change of Earth’s radius on the assumption of G ~1/¢
and Ramsay’s hypothesis of the inner Earth. They found a
rate of change in radius of dR /dr = 2.3 km per 108 yr, or less
than a quarter of the value reported by Hoyle and Narlikar. “It
is clearly impossible,” they concluded, “that a decreasing G
could alone cause expansion on such a scale that a fissure be-
tween Africa and South America would yawn some 5000 km
in width” (Lyttleton and Finch, 1977).
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Figure 4. The expanding Earth, fast expansion rate. Values of
Earth’s radius through time, assuming a complete sialic crust at a
radius of about 55 % of the modern radius. Source: Owen (1976,
p. 230).

At the latest, by 1980 the expanding Earth theory had been
marginalised, separated off from mainstream geophysics and
eventually to evolve into a theory with features of pseudo-
science (Sudiro, 2014). However, attempts to test the G(z)
hypothesis, whether associated with the earth sciences or not,
continued. Most of these attempts were of an astronomical
nature, but a few were based on geophysical and archaeolog-
ical reasoning (Pannella, 1972; Blake, 1977).

Alexander Stewart, a geologist at the University of Read-
ing, focused on the gravitational acceleration g at the sur-
face of Earth rather than on the universal constant G. Since
¢ = GM/R?, if Earth expands as the result of a weakening
G, the variation in g will be stronger than the G variation
(Fig. 5). From a variety of palaeontological evidence, rang-
ing from the permanent existence of an atmosphere since
the Archaean to the mineralogical composition of ancient
clays, Stewart suggested that in the Archaean, some 3.7 bil-
lion years ago, g < 1.2 go. Assuming M = constant the limit
corresponded to

1 dG
— = <24x10 0yt 7
G dr — % y Q)

This was a fairly sharp constraint, but not quite sharp
enough to test the cosmological models assuming G(z).
Stewart generally concluded that his data “flatly contradict
rapid Earth expansion models” such as those preferred by
Carey, Owen and van Hilten (Stewart, 1978, p. 155, 1983).

www.hist-geo-space-sci.net/6/45/2015/

53

| o 8

Gt g,
\Origin of \Origin of \Presenf
Ur]li_v_ege Earth T+T,

Figure 5. The cosmic decrease of G according to Dirac compared
to the decrease of Earth’s surface gravity g. Source: Stewart (1977,
p. 281).

Models of this type can be represented by the expression
R(T)= Ro[0.6+0.4exp(—kT)]. (8)

Ro is the present radius of Earth, T is the time in the
past (T =0 at present) and k is a constant of the order of
5x 10~2yr~1. The average expansion rate is ~1cmyr1,
The primeval Earth is assumed to have had a radius of 0.6
Ry = 3820 km. While Stewart was confident that models of
this kind could be ruled out, he admitted that models of slow
expansion, such as Egyed’s and Dicke’s, survived his test.

The relationship between R(r) and G(¢) can in general be
written as

1dR o dG

Rdt G dt’ ©
where « is a quantity depending on the equation of state
of Earth. By calculating « in terms of pressure and den-
sity an estimate for the rate of G(¢) can be obtained. Based
on palaesomagnetic data, McElhinny et al. (1978) found « =
0.085 £ 0.02, from which they concluded that the radius of
our globe cannot have expanded more than 0.8 % over the
past 400 million years. For the rate of change of G they de-
rived an upper limit of 8 x 10712 yr~1, a value in conflict
with Dirac’s G ~ 1/t and also with the Hoyle—Narlikar the-
ory. According to Peter Smith, a geophysicist at the Open
University, the day that McElhinny and his collaborators
published their paper was “a bad day for the handful of peo-
ple who support the idea of an expanding Earth” (Smith,
1978).

8 Conclusions

From the perspective of modern geophysics the hypothesis of
an expanding Earth may appear to have been just a somewhat
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irrelevant parenthesis in the development, which in the late
1960s led to the paradigmatic theory of plate tectonics. A
parenthesis it was, but for a time it played a relatively impor-
tant role, which is reason enough that it deserves more than
just a footnote in the historical annals of modern geophysics.
The subclass of expansion theories that relied on the G(z)
hypothesis is of particular interest because it provided a sur-
prising link between, on the one hand, modern cosmological
theory and, on the other, the geological and palaeontological
sciences.

Despite attempts to defend the expanding Earth, the hy-
pothesis has for long ceased to attract interest among main-
stream geophysicists (Sudiro, 2014). Using advanced geode-
tic methods and measurement techniques a recent study has
confirmed that Earth does not expand. Although the scientists
conducting the study (Wu et al., 2011) found a tiny expansion
rate of about 0.1 mm per year, with a measurement uncer-
tainty of 0.2 mm per year, the expansion was not statistically
significant. The G(r) hypothesis has fared no better, as anal-
ysis of data from the Lunar Laser Ranging Project (Miiller
and Biskupek, 2007) has today resulted in a variation of

1dG
G dr
All the same, Dirac’s old idea that some of the funda-

mental constants of nature may vary in time continues to
fascinate physicists and cosmologists (Uzan, 2003).

=Q2+7)x107 B yr 1, (10)

Edited by: G. A. Good
Reviewed by: M. Greene and one anonymous referee
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