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7.01.1 Introduction

Much of what we refer to as geology, or more accu-
rately geological activity on Earth, is due to the sim-
ple act of our planet cooling to space. What allows
this activity to persist over the lifetime of the solar
system is that the major and most massive portion
of the planet, namely the mantle, is so large, moves
so slowly and cools so gradually that it sets the pace
of cooling for the whole Earth. If the Earth’s other
components, such as the crust and core, were allowed
to lose heat on their own, their small size or facile
motion would have allowed them to cool rapidly and
their activity would have ceased aeons ago.

For this reason the study of the dynamics of the
mantle, both its evolution and circulation, is critical
to our understanding of how the entire planet func-
tions. Processes from plate tectonics and crustal evo-
lution to core freezing and hence the geodynamo are
governed, and in many ways driven, by the cooling of
the mantle and the attendant phenomenon of mantle
convection, wherein hot buoyant material rises and
cold heavy material sinks.

7.01.2 A Historical Perspective
on Mantle Dynamics

To some extent the development of the field of man-
tle dynamics is most closely linked with the history

of theories of continental drift and plate tectonics.
Although mantle convection was invoked to provide
a driving mechanism for continent (or plate) mo-
tions, the hypothesis that the mantle flows and cir-
culates predates even that of continental drift [see
Schubert et al., 2001, Ch.1]. As discussed recently
by England et al. [2007], John Perry used the notion
of mantle convection in 1895 to refute the estimate
for the age of the Earth given by his former mentor
William Thomson (Lord Kelvin). However, a great
deal of progress on understanding mantle convection
also comes, obviously, from the general study of the
physics of thermal convection, not specifically ap-
plied to the mantle.

Histories of plate tectonics (or continental drift)
are in abundance [e.g., Menard, 1986; Hallam, 1987]
and the recent text on mantle dynamics by Schubert
et al. [2001] gives an excellent summary of the his-
tory of the development of mantle convection theory
in conjunction with plate tectonics. However, the
historical context and personalities associated with
some of the steps in this development are important
to understand in terms of how the field evolved, and
to some extent how science in general has been done
and is done now. Thus rather than merely repeat
other historical summaries here, I will instead focus
on the contributions (pertaining primarily to man-
tle convection) and professional and personal histo-
ries of some of the leading names in the develop-
ment of the theories of thermal convection and man-
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3 An Introduction and Overview

tle dynamics. Roughly keeping with the structure
of this volume, I will concentrate on the origins of
the physics, theory, and systematic experiments of
convection by visiting Benjamin Thompson (Count
Rumford), John William Strutt (Lord Rayleigh), and
Henri Claude Bénard. This will be followed by re-
viewing the lives of some of the pioneers of the quan-
titative analysis of mantle convection as a driving
force of “continental drift” namely Arthur Holmes,
Anton Hales and Chaim Pekeris, and then two lead-
ing proponents of convection and its association with
the modern theory of seafloor spreading, subduc-
tion and plate tectonics, Harry Hammond Hess and
Stanly Keith Runcorn. Apart from hopefully provid-
ing an in depth perspective on the origins of the sci-
ence of mantle convection, this survey also reveals
the rather fascinating historical ties many of these fa-
mous characters had with one another; for example
that Rayleigh had become a Professor in the institu-
tion that Rumford established, that Holmes had stud-
ied under Rayleigh’s son, and that Chaim Pekeris was
intimately involved with the birth of the state of Israel
that Rayleigh’s brother-in-law Arthur Balfour helped
create.

7.01.2.1 Benjamin Thompson, Count
Rumford (1753-1814)

Benjamin Thompson is perhaps one of the more col-
orful and complex characters in the history of sci-
ence. He was simultaneously a brilliant observation-
alist, an egotistical opportunist, and a dedicated so-
cial reformer and champion of the poor. His role as
spy against the rebelling American colonies on behalf
of the British gives him a dubious role in American
(although not European) history in that one of the fa-
thers of thermodynamics also played a role not unlike
that of Benedict Arnold.

Rumford is primarily known for his work on the
theory of heat as motion – leading eventually to the
kinetic theory and thermodynamics – and for work-
ing to debunk the caloric theory of heat. Histories of

convection will often note that Rumford is credited as
possibly being the first to observe convection; in fact,
the study of the mass transport of heat was a signifi-
cant part of his overall body of work [Brown, 1967]
and he wrote an important article on convection in
1797, although the use of the word “convection” was
not coined until much later, by Prout in 1834 [see
Schubert et al., 2001].

Benjamin Thompson was born in Woburn Mas-
sachusetts in 1753 to a line of Thompsons that can
be traced back to a James Thompson who arrived
10 years after the landing of the Mayflower (1620),
along with with eventual Massachusetts Governor
John Winthrop. Thompson’s father and grandfather
were reasonably wealthy farmers, but his father died
young when Benjamin was less than two years old.
The family farm was inherited by Benjamin’s uncle
who appears to have treated his nephew well with
a significant income, a portion of land, and a high-
quality education. As with all the subjects of our
histories here, Thompson was a brilliant student, dis-
playing talents in mechanics and natural philosophy;
however he was also known for being a somewhat
spoiled child at his family’s farm.

Thompson left school at age 13 for an apprentice-
ship in retail, but continued his studies independently
in engineering, mathematics, medicine, experimental
philosophy, along with French, fencing, music and
draftsmanship. He also carried out independent ex-
periments in science, including astronomy, engineer-
ing, anatomy, and nearly electrocuted himself trying
to repeat Benjamin Franklin’s experiments on thun-
derstorm electrification.

At age 18, Thompson set out to generate much
needed income and turned to tutoring the children of
local wealthy families, which led to his being invited
by the Reverend Timothy Walker of Concord, New
Hampshire to run a school in his village. Concord
was originally known as Rumford and it is from this
town that Thompson was to derive his name upon
being ennobled. Thompson courted The Reverend
Walker’s daughter Sarah, who had earlier married a
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4 An Introduction and Overview

Figure 1: Benjamin Thompson, Count Rumford (1753-1814) (Smithsonian Institution Libraries Digital Col-
lection)

much older wealthy land owner who died after one
year of marriage. Less than a year after Sarah was
widowed, Thompson married her in 1772 when he
was 19. Thompson’s new wealthy wife facilitated his
connections with the British governing class, in par-
ticular by dressing him up in a fine Hussar uniform
and parading him about Boston, where he made such
an impression on Governor John Wentworth that he
was given a British major’s commission in the 2nd
New Hampshire Regiment. In 1774 Thompson and
his wife had a daughter – also Sarah.

By this time hostilities between the Colonies and
the Crown had been mounting; these included the

Stamp Act and subsequent riots (1765), the Boston
Massacre (1770), and the Boston Tea Party (1773),
which was followed by both the relocation of the
Massachusetts capitol from Boston to Salem and the
passing of a series of Acts called, by the colonists, the
Coercive Or Intolerable Acts. These events had by
now led to the First Continental Congress in Philadel-
phia in September 1774 which demanded repeal of
these acts, as well as calling on civil disobedience
and the buildup of local militia called the Minute-
men. Eventually war broke out near Boston in April
1775, at Lexington and Concord.

Benjamin Thompson’s acceptance of a British
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5 An Introduction and Overview

commission in the 2nd New Hampshire Regiment
was thus problematic for several reasons. While
British officers resented the presence amongst their
ranks of an inexperienced schoolmaster, the people
of Concord and Woburn regarded him as a traitor
and he had to face two trials for “being unfriendly
to Liberty”, in 1774 and 1775, both of which weath-
ered without formal charges. Nevertheless, Thomp-
son left for Boston in 1775 to offer his services to
the British Army, in particular to gather intelligence
on rebels by various and nefarious means. In March
1776 the British evacuated Boston and Thompson
left with them, abandoning his wife and daughter; he
was never to see his wife again, and his daughter not
again for 20 years.

In England, Thompson worked for the Secretary
of State for the Colonies, and he rose rapidly to other
prominent positions in the administration of colonial
rule. During this time, around 1778, his studies of
force and heat associated with gunpowder explosions
and ballistics of large guns led to his election as Fel-
low of the Royal Society in 1781.

Thompson also briefly went back to the Amer-
ican colonies in 1781 to take up command in the
King’s American Dragoons in New York. With the
end of the war shortly thereafter, Thompson returned
to England as a professional soldier and colonel, and
went to the continent as a soldier of fortune in 1783,
landing in Bavaria, eventually to become the advi-
sor to Elector Karl Theodor. As a consequence of
his new employment, he was knighted by the British
King George III in 1784 to secure his loyalty to Eng-
land. It was in Bavaria, with the financial and techni-
cal backing of his court position, that Thompson did
much of his scientific work, especially on insulating
properties of materials and on transport of heat by
fluids (i.e., convection). He also did much in terms
of military, educational, social and economic reform
in Bavaria, all for which he was rewarded by being
made a Count of the Holy Roman Empire in 1792;
he assumed the title of Count Rumford adopting the
original name of the New Hampshire village where

his rapid climb began.

Rumford’s frenetic activity and modern innova-
tions met with great resistance by the established or-
der who eventually held sway with the Elector and
caused Rumford to be removed back to London as
a Minister to the English Court. However, due to
a miscommunication with the British Crown, he ar-
rived jobless in London. Unable to remain idle,
Rumford established the Royal Institution in London
which employed natural philosophers like Thomas
Young and Humphrey Davy to perform experiments
and give public lectures. However, his dominating
style and large ego led to battles with Institute man-
agers and he eventually left both the Royal Institute
and England in 1802. He flitted for political rea-
sons between Bavaria and France, until the invasion
of Bavaria by Austria in 1805 sent him permanently
to France, where he hoped to gain favor with Nape-
oleon Bonaparte. In France he married the widow of
the “father of chemistry” Antoine Lavoisier who had
been sent to the guillotine at the height of the French
Revolution in 1794. However, in France, Rumford
fought scientifically with Laplace and Lagrange and
separated from Madame Lavoisier de Rumford. He
died in August 1814, and was buried in the village of
Auteuil.

Rumford was of course known widely for his
philosophic papers on the nature of heat and mounted
perhaps the most coherent assault on the caloric the-
ory. The caloric theory is – as with many failed the-
ories – frequently explained with hindsight as an ab-
surdity. However, it is important to understand that
it was a reasonably sophisticated physical and math-
ematical theory that made distinct quantitative pre-
dictions about the nature of both heat and matter that
were in fact born out by experiments. Caloric was
considered the medium or “fluid” that transported
and retained heat within matter. But more specif-
ically, caloric was thought to provide the repulsive
force – by providing a caloric atmosphere around
each atom – within matter to keep it from collapsing
under the influence of gravitational attraction. The
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mathematical predictions of the caloric theory were
born out by the experiments of Dulong and Petit on,
for example, thermal expansion. Similarly, predic-
tions about dependence of specific heat on temper-
ature, phase changes (in which caloric is either ab-
sorbed or released), adiabatic heating under pressur-
ization (wherein caloric is squeezed out), and heat
conduction as driven by caloric potential all verified
the caloric theory. Indeed, the notion of caloric sub-
stance remains a relic in our discussion of heat as
“flowing”, or existing as quantities with certain den-
sities such as specific heat or latent heat [Brown,
1967].

Thus, Rumford’s assault on caloric theory was
not on a ludicrous model that could be easily dis-
patched by simple thought experiments. However, it
did conflict with certain observations, a few key ones
Thompson was responsible for. Most notably these
included his work on frictional heating, in particular
his observation that during work on boring out can-
nons, heat is created with no evident source of caloric
from other matter; and also the propagation of heat in
a vacuum by radiation (as caloric was thought to exist
only in proximity to atoms).

Rumford’s observations of thermal convection.
Rumford’s work on thermal convection was a rather
famous paper that was published in multiple venues
in 1797 [Thompson, 1797; Brown, 1967] during his
tenure in Bavaria. Much of this work involved the
investigation of the insulating properties of matter,
which he was investigating as part of an effort to im-
prove cold-weather clothing for field soldiers, as well
as the poor and under-classed. But this work was
also relevant in his attack on caloric theory in that it
showed that heat could be transported by the motion
of mass itself, and if such mass flux did not occur
the material was an insulator (or nearly so). This also
prompted him to note that the internal motion of fluid
particles also provided a ready source of heat and this
was a precursor to his theory of heat as particle mo-
tion.

Rumford’s most explicit observation of convec-
tion itself occurred while examining the “communi-
cation of Heat” by taking over-sized thermometers
filled with liquids (including alcohol derived from
wine) and subjecting them to heating. Upon leaving
one thermometer in a window to cool, Rumford no-
ticed rapid fluid motion that was well delineated by
dust particles (which had been introduced because he
had let the tubes sit open for two years without clean-
ing) illuminated by the sun light:

I observed an appearance which sur-
prised me, and at the same time inter-
ested me very much indeed. I saw the
whole mass of the liquid in the tube in
a most rapid motion, running swiftly in
two opposite directions, up and down at
the same time [Thompson, 1797].

On closer inspection Rumford noticed a regular cir-
culation of upwelling along the axis of the tube and
downwelling along the cooler glass boundary. He
further found that dousing the tube with ice water
hastened the motion, but that the circulation eventu-
ally ceased as the entire thermometer reached room
temperature.

Rumford reasoned that heat in liquids and gases
was only carried by particle motion and to prove this
he contrived experiments in which the fluid was sub-
jected to thermal gradients but the particle motion
was obstructed or “embarrassed”. He compared heat
transport in water, when pure and when mixed with
substances such as eider (duck) down and stewed ap-
ples, which would “impair its fluidity”. Rumford
concluded that, “Heat is propagated in water incon-
sequenceof internal motions or that it is transported
or carried by the particles of that liquid....” The man-
ner in which heat transport can be inhibited by im-
paired fluidity led Rumford to speculate on the role
of convective heat transport in nature, in particular
that impaired fluidity was God’s design, for example
observing that

... when we advert to the additional in-
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creased viscosity of the [tree] sap in win-
ter, and to the almost impenetrable cov-
ering for confining Heat which is formed
by the bark, we shall no longer be at a
loss to account for the preservation of
trees during winter.. [Thompson, 1797]

Rumford had in fact noted an important feature of
convection in many natural systems; i.e., the con-
cept of self-regulation of heat during convective heat
transport. This is something considered also in man-
tle convection, in particular that high temperatures
lead to low viscosity and rapid convective expulsion
of heat, while low temperatures lead to greater effec-
tive insulation and eventual build up of heat.

Count Rumford was in every sense an experimen-
talist and observationalist, but his contributions to the
study of heat marked the initiation of the modern the-
ory of classical thermodynamics, kinetic theory, and
heat transport by particle motion both microscopi-
cally and through thermal convection.

Further reading, including sources for this brief
history are S. Brown [1967] and G. Brown [1999].

7.01.2.2 John William Strutt, Lord
Rayleigh (1842-1919)

The contributions that John William Strutt made to
various fields of physics is evident in the number of
phenomena named for him, including Rayleigh scat-
tering, Rayleigh-Jeans criterion, Rayleigh waves, and
within the study of convection the Rayleigh number.
His greatest legacy is perhaps his contribution to the
theory of waves in solids and fluids; however, he re-
ceived the Nobel prize in Physics for the discovery
and isolation of atmospheric argon, which was es-
sentially experimental chemistry.

Although Strutt was one of the few noble sci-
entists actually born into nobility (as opposed to
say Benjamin Thompson who was ennobled in his
own life) the Strutts were not from ancient noble
stock. The family could be traced back to 1660,

where it was known for milling corn with water-
driven mills, a business that eventually established
the family’s financial standing. In 1761 John Strutt
(Rayleigh’s great grandfather) purchased what even-
tually became the family estate of Terling Manor,
and where Rayleigh would eventually build his lab-
oratory in which he did much of his science. John
Strutt’s oldest surviving son Joseph Holden was a
Colonel in the West Essex Militia, and a Member of
Parliament (like his father); for his public services
he was offered a peerage by George III. However,
for not entirely clear reasons, other than an appar-
ent conviction not to accept personal honors, Joseph
Strutt declined the peerage and asked that it be be-
stowed on his wife Lady Charlotte (Fitzgerald) Strutt,
whom he had married in 1789. When she died in
1836, the peerage went to Joseph’s only son John
James, who became the Second Baron Rayleigh, dur-
ing his father’s own lifetime. The name Rayleigh was
in fact after a small market town in Essex (and pos-
sibly for no particularly deep reason other than its
noble sound). John James married Clara Vicars in
1842 (nearly 30 years his junior); in biographies of
Rayleigh, it was usually claimed that his scientific
and mathematical talent came not from the Strutt’s
but from the Vicars, who boasted several members of
the Royal Engineers and direct descendency from the
brother of physicist Robert Boyle. In November of
the year of their marriage, John William Strutt, old-
est son and heir to the barony, was born, prematurely.
As a child he did not speak properly till past the age
of 3, prompting his grandfather Colonel Strutt to re-
mark that “That child will either be very clever or an
idiot” [Strutt, 1968]).

John William suffered poor health throughout his
youth and had to be withdrawn from school twice
to be tutored privately. He entered Trinity College
Cambridge in 1861 where he studied rigorous math-
ematics with, for example, Sir George Stokes, the
Lucasian Professor of Mathematics, and graduated
with honors in 1865. Immediately after graduating
Strutt opted not to go on the traditional grand tour of
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Figure 2: John William Strutt, Third Baron Rayleigh (1842-1919) (AIP Emilio Segre Visual Archives, Physics
Today Collection)

the “continent”, but rather visited the United States,
which was then in throws of post-Civil War Recon-
struction. Upon his return to America he purchased
experimental equipment to set up his own labora-
tory. There was at the time no formal university
physics laboratory in Cambridge; although much ex-
perimental work had already been done by the likes
of Michael Faraday, Humphrey Davy and even Isaac

Newton, most of this was outside the university (in
particular at the Royal Institution, which, as noted
above, was founded by Count Rumford). It was not
until 1871 that James Clerk Maxwell was named the
First Cavendish Professor of experimental physics,
and not till 1873 that the Cavendish labs were built.

Strutt’s first paper in 1869 was on Maxwell’s the-
ory of electromagnetism, for which he received much

1Arthur James Balfour became British Prime Minister from 1902-1905 and was the author of the Balfour Declaration (1917) in
which Britain formally supported the creation of a Jewish homeland in Palestine during the partitioning of the Ottoman Empire after
World War I.
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encouragement from Maxwell himself. In 1871 he
married Evelyn Balfour, the sister of Arthur James
Balfour1. However, soon after his marriage, Strutt
had a seious bout of rheumatic fever, which prompted
a lengthy tour of Egypt; during these travels he did
much of his work on his famous bookThe Theory of
Sound. After his return in 1873, he assumed the title
of Third Baron Rayleigh on the death of his father,
and and took up residence in Terling where he built
his lab in which he did much of his life’s scientific
work. His book on sound was published in 1877 and
1878 (in 2 volumes), an achievement which empha-
sized his life-long fascination with sound and wave
theory in general. During these early years he also
continued to work on sound, electromagnetism, light,
as well as his theory for light scattering and the cause
of the sky’s blue color.

James Clerk Maxwell’s untimely death in 1879,
at the age of 48, left the Cavendish Experimental
Chair vacant. The first Cavendish Chair had been of-
fered to Sir William Thomson (later Lord Kelvin) in
1871, but he had refused in order to stay in Glasgow,
and his decision remained even upon being re-offered
the job in 1879. Rayleigh was then offered the po-
sition and reluctantly decided to take it because he
needed the money given that revenue from Terling
had dropped off during the agricultural depression of
the late 1870s. Indeed, Rayleigh only held the po-
sition until 1884 after which his economic situation
had improved and he returned to his residence and
work in Terling. His brief tenure as the Cavendish
Professor was the only academic position he held in
his life. However, during his time in Cambridge he
carried out a vigorous program of experimental in-
struction and research on electrical standards, now
having access to lab assistants and more facilities.
Also in his years at Cambridge he developed a close
acquaintance with Sir William Thomson.

After resigning his professorship and returning to
Terling, Rayleigh became Secretary of the Royal So-
ciety for the next 11 years (1885-1896). In 1887, he
became Professor of Natural Philosophy at the Royal

Institution (see Section 7.01.2.1) at which he gave
over a hundred lectures until he left it in 1905.

One of the discoveries that Rayleigh is most
noted for is his discovery of argon in the atmo-
sphere. Rayleigh had first suggested the presence of
an unknown atmospheric gas because of an appar-
ent anomaly in the density of atmospheric nitrogen
relative to that extracted from compounds. Later he
did careful and difficult experiments separating ar-
gon from atmospheric gas in 1895. William Ramsay,
following up on Rayleigh’s earlier suggestion, also
conducted experiments to extract argon. Some con-
troversy ensued over whether Ramsay had a right to
follow Rayleigh’s suggestion and infringe on his re-
search. But even Rayleigh himself agreed that publi-
cation of an idea makes it, in effect, public domain,
which is very much the prototype of modern publi-
cation ethics today. The two shared priority of the
discovery for which they each received the Nobel
Prize in 1904, Rayleigh’s in Physics and Ramsay’s
in Chemistry.

Rayleigh became President of the Royal Society
from 1905-1908, and took on numerous public ser-
vice roles, chief of which was Chancellor of Cam-
bridge University in 1908. He published his complete
papers up to 1910 in 5 volumes; the remaining pa-
pers from 1911-1919 were published posthumously
under the editorship of his son Robert John (who was
himself a prominent physicist; see Section 7.01.2.4)
in 1920. Rayleigh was author of approximately 450
papers, working essentially up to his death in June
1919; indeed, 3 of his papers were still in review or
in press on the day of his death.

Rayleigh’s linear theory of convection. Lord
Rayleigh’s paper on convection was written very late
in his life, in 1916, only three years before his death
[Strutt, 1916]. He had, however, worked sporadically
on the stability of fluid flows since at least the 1880s.
Rayleigh’s paper on convection was entirely inspired
by Bénard’s experiments which had taken place 15
years earlier (Section 7.01.2.3). In his 1916, paper
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Rayleigh described Bénard’s experiments, recogniz-
ing two phases, which were an initial transient phase
in which an irregular or semi-regular pattern is estab-
lished (with polygons of 4-7 sides) and then a second
phase of stable and regular polygonal patterns. In
a footnote he also commented that Bénard was per-
haps unaware of the work of James Thomson (Lord
Kelvin’s older brother) who did fundamental work on
evaporative convection finding similar polygonal pat-
terns [see Berg et al., 1966]. Rayleigh’s theory was in
fact focussed on the first phase, or the transient onset;
he did not recognize in the second phase what was
later termed “exchange of stabilities” in that the state
to which the perturbations are moving the system is
itself stable and non-oscillatory [see Chandrasekhar,
1961]. Rayleigh followed a first-order perturbation
analysis, although in a rather informal manner. He
explored the effect on stability of various individ-
ual parameters (e.g., viscosity – considering both in-
viscid and viscous cases, thermal diffusivity, sign of
imposed temperature gradient, gravity, and thermal
expansivity), but did not recognize dynamic similar-
ity and dependence on a few dimensionless numbers
(see Ch.4 this volume). Although he did not pose
the dimensionless number called the Rayleigh num-
ber, it is easily recognizable in his solution for the
minimum critical temperature gradient or “density
drop” across the layer (Strutt [1916] equations (44)
and (46)). Rayleigh also commented on the degener-
acy of the linear problem (i.e., mode selection only
in terms of wave-number squared). But he also rec-
ognized that the basic differential operators in the
equations allowed wavenumber pairs that permitted
regular polyhedral patterns such as squares and rolls,
although he admitted that while hexagons and trian-
gles were obvious, the problem was not immediately
tractable (it was, however, later solved analytically;
see Chandrasekhar [1961]). Bénard’s hexagonal pat-
terns were cause for some confusion in the compar-
ison of theory and experiment, and they were later
inferred to be characteristic of systems where ver-
tical symmetry of the convecting fluid layer is bro-

ken (e.g., with temperature-dependent viscosity; see
Manneville [2006] and Section 7.01.2.3).

Lord Rayleigh’s paper is of course one of the
great seminal works in the study of convection, not
just for establishing the the theoretical framework of
the problem and developing the concept of marginal
stability, but also for inferring pattern selection at
convective onset. Further reading and sources for
this history can be found in Strutt [1968] and Lindsay
[1970].

7.01.2.3 Henri Claude B́enard (1874-
1939)

While the phenomenon of thermal convection had
been observed at least as early as the accounts of
Count Rumford (Section 7.01.2.1), Henri Bénard is
widely recognized for having done the first system-
atic quantitative examination of natural cellular con-
vection. Even given all the problems later found with
his experimental results, he is justifiably recognized
as the father of experimental studies of convection,
which later inspired decades of work not only on con-
vection but also on self-organization and critical phe-
nomena [Wesfried, 2006; Manneville, 2006].

Henri Claude Bénard was born in Lieurey, a small
village in Normandy, in October of 1874. His fa-
ther was a financial investor who died when Bénard
was young. After attending schools in Caen and later
Paris, Bénard was, in 1894, accepted into the highly
competitive Ecole Normale Supérieure de Paris, one
of the French Grand Ecole’s, in a year with about
5% acceptance rate in the sciences. While at the
ENS-Paris he studied with some very notable class-
mates, for example, physicist Paul Langevin and
mathematician Henri Lebesgue, and was witness to
the groundswell of outrage over the Dreyfus Affair.
In 1897 he received theagréǵe de physique(now
termedagregation, whereby state teaching creden-
tials are obtained) and began work in the department
of experimental physics in the Collége de France,
which is unattached to any university and does not
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Figure 3: Henri Claude Bénard (1874-1939) (From Wesfried [2006], Fig. 2.3, p.15. With kind permission of
Springer Science and Business Media.)

grant degrees, but provides open public lectures (sim-
ilar to the Royal Institution). While there, Bénard
was assistant to Eleuthère Mascart and Marcel Bril-
louin, who were, respectively, grandfather and fa-
ther of the physicist Leon Brillouin [Wesfried, 2006].
While at the Collége de France, he worked on the
rotation of polarized light through sugar solutions,
which gave him training in the use of optics for mea-
surements of fluid motion; this specific work also led
to the second topic of his Ph.D. thesis, which was
then required for the French doctorate.

The experiments on convection for which Bénard
is well known today [Bénard, 1900, 1901] were the
primary part of his Ph.D. thesis, but the topic was
arrived at much by accident (see below). In the de-
fense of his thesis on March 15 1901, his commit-
tee found the work satisfactory but less than inspir-
ing, criticizing Bénard because, while it was innova-
tive (mostly interesting in its application of optical
methods) and above average, it was disappointing in
that it provided no general theoretical development
to explain the experiments. The report on his de-
fense stated that “though Bénard’s main thesis was
very peculiar, it did not bring significant elements to

our knowledge. The jury considered that the thesis
should not be considered as the best of what Bénard
could produce” [Wesfried, 2006]

After his thesis in 1900 he briefly settled in Paris,
got married (but had no children) and was shortly
thereafter appointed to the Faculty of Sciences in
Lyon (1902). In Lyon, Bénard carried out much
of his well-known work on vortex shedding around
bluff (prismatic) bodies, and further developed his
ingenious employment of cinematography in labora-
tory experiments. In 1910 he was appointed to the
Faculty of Science at the University of Bordeaux in
physics under the department head Pierre Duhem.

With the outbreak of war in 1914, and as a former
student of the Ecole Normale, which carried with it
state obligations, Bénard entered the military and was
made an officer. He was put on a military scientific
commission wherein he worked on problems relating
to food refrigeration under transport, and, later, on
the military use of optics (e.g., using polarized light
for tracking ships and submarines, and for improving
periscopes)

After the war Bénard returned to science, and in
1922 he moved to Paris as professor in the Sorbonne
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University. In 1928 he became the President of the
French Physical Socieity. In 1929 he participated in
the development of the Institute of Fluid Mechan-
ics, and in 1930 became professor of experimental
physics. For the next decade he continued to work
with various students on convection and vortex shed-
ding. He died in March 29, 1939, slightly shy of 65.

Bénard’s experiments on convection. Henri
Bénard’s first observations of cellular convective mo-
tion came in 1898, at the Collége de France, while
trying to make a coherer of solid dielectrics (a co-
herer is a loose often granular agglomeration of con-
ductors or semiconductors whose conductivity is af-
fected by impingement of radio waves). In the prepa-
ration he noticed a polygonal pattern in melted paraf-
fin that had graphite dust in it. From there Bénard
detoured into a painstaking and systematic study of
convection, in particular the difficult task of finding
the onset of convection as near to conductive stabil-
ity as possible. To carry out this task meant elim-
inating minute thermal fluctuations imposed at the
boundaries, and so Bénard constructed an apparatus
comprised of a metal container with steam circula-
tion in its walls to provide a nearly uniform isother-
mal bottom boundary; the top however was exposed
to air. Bénard observed different patterns of con-
vection cells which had polygonal structure of 4-7
sides (see also Section 7.01.2.2 as well as Ch.3 this
volume), but were predominantly hexagaonal. He
termed these cellstourbillons cellulairesor cellular
vortices, although we now refer to them as Bénard
cells or convective cells. Bénard was able to measure
closed streamlines of particle flow, and observed an
initial transient state of polygon formation, settling
down to a stable hexagonal configuration after some
time, which allowed him to measure cell sizes accu-
rately. He also observed convective rolls (ortour-
billons en bandes, what Rayleigh later referred to as
striped vortices), which occurred at low heat flux,
as well as high-heatflux turbulent “vortex worms”.
What is highly notable is the large number of in-

novative optical techniques Bénard used and devel-
oped. He not only introduced the use of cinematogra-
phy, but also particle trajectories, interference fringes
due to light reflected off hills and valleys on the con-
vectively warped free surface, and also transmission
across the fluid layer, which is essentially the same
as the shadowgraph technique commonly used today
(see Ch.3 this volume). The combination of these op-
tical effects in fact allowed him to estimate isotherms
with (quite impressively) 0.1oC contours.

Years later, in 1916, Rayleigh analyzed Bénard’s
experiments (see Section 7.01.2.2), but assumed free-
slip top and bottom boundaries (which was an an-
alytically tractable configuration of boundary con-
ditions). Rayleigh’s work confirmed some of the
patterns observed by Bénard, but not the critical
conditions for convective onset (what we now call
the critical Rayleigh number) due to the inappropri-
ate boundary conditions. Because of World War I,
Bénard was not aware of Rayleigh’s work until the
1920s, well after Rayleigh’s death. In the late 1920’s
and early 1930’s, Bénard compared his experiments
to the theoretical work of Sir Harold Jeffreys who
had repeated Rayleigh’s stability analysis but with
the appropriate mixed boundary conditions of a free-
slip top and a no-slip bottom [see Wesfried, 2006].
Bénard found the patterns predicted in Jeffrey’s work
matched some of his experiments, but the conditions
for convective onset still did not agree, implying a
significant disparity between theory and Bénard’s ex-
periments.

Bénard was aware at the time of his first ex-
periments of problems inherent with an open sur-
face, but he was mainly concerned with the fact that
some working fluids, especially volatile ones such as
alcohol, experienced evaporative convection, which
is often coincident with Marangoni (surface tension
driven) convection [see Berg et al., 1966]. Bénard
thus used fats or oils (i.e., spermacetti) and wax
that had higher melting temperature and thus lower
vapor pressures. Block [1956], however, repeating
Bénard’s experiments, later suggested that thermally
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induced surface tension gradients, rather than ther-
mal buoyancy, were the cause for the observed mo-
tions and surface deflection; surface-tension driven
convection, now known as Marangoni-Bénard con-
vection, was formally developed by Pearson [1958].

Throughout his life, Bénard continued to make
analogies between the cells of his experiments and
natural ones, in some cases incorrectly (e.g., Taylor-
Couette rolls). However, he correctly advocated the
cellular cause of solar granulation. Moreover, he pro-
moted the idea that cloud streets were due to longi-
tudinal convective rolls aligned parallel to wind; he
directed experiments on convection in a tilted layer,
and ones with a moving top boundary, to find align-
ment of convection rolls [see Wesfried, 2006, and ref-
erences therein], essentially identical to what it is ref-
ered to in mantle dynamics as Richter rolls (see Ch.7
this volume).

Additional reading and historical sources for this
brief history are Wesfried [2006] and Manneville
[2006].

7.01.2.4 Arthur Holmes (1890-1965)

The prospect of convective heat transport in the man-
tle was alluded to possibly as early as the early to
mid 19th century [e.g., Schubert et al., 2001; England
et al., 2007]. However, Arthur Holmes can rightly be
considered one of the founders of the physical the-
ory of mantle convection as it pertains to the driving
mechanism of continental drift. Even so, Holmes is
still perhaps most well known for championing the
science of radiometric dating to infer the age of the
Earth, and for establishing the geologic time scale
[Lewis, 2000].

Arthur Holmes was born in Gateshead, in the
northeast of England, in 1890. As a precocious
teenage student, he was strongly influenced by a
teacher who introduced him to both physics and geol-
ogy through the writings of William Thomson (Lord
Kelvin) and the Swiss geologist Edward Suess. At
the age of 17 he went to London to study physics

at the Royal College of Science, which was then be-
ing absorbed into the new Imperial College London,
but then changed directions to geology. However,
his background and interest in physics would serve
his geological ventures throughout his life. In his
final year at Imperial College he studied the novel
and exciting phenomenon of radioactivity, and the
prospect of radioactive dating of rocks, under the new
young professor Robert John Strutt, the son of Lord
Rayleigh. Strutt had himself been involved in a vig-
orous and public debate over the age of the Earth with
his father’s old friend, Lord Kelvin [Lewis, 2000].

The debate over the age of the Earth is traditional
historical fare in geoscience [see Lewis, 2000]. Suf-
fice it to say that the controversy swirled about both
Bishop Ussher’s biblically inferred age of 6000 yr
and Lord Kelvin’s cooling age of 20 Myr, neither of
which could be reconciled with geologists observa-
tions of sedimentation rates that required the oldest
rocks to be no less than 100 Myr old. However, the
discovery of radioactivity in rocks and the resolution
of radioactive half-lives, suggested a nearly direct
measure of rock ages. (It also provided a heat source
for keeping the Earth from having to cool from a re-
cent molten state.) Several scientists attempted to de-
velop the technique of radiometric dating, including
R.J. Strutt and Ernest Rutherford. But, in the end,
Yale scientist Bertram Boltwood identified lead as
the final product of the uranium-radium decay series;
since lead was a non-volatile and thus a non-leaking
daughter product – unlike helium – it’s concentration
could be reliably measured. Boltwood used this de-
cay series to infer the age of rocks in both Connecti-
cut and Ceylon (now Sri Lanka) and determined ages
of these rocks between 535 Myr to 2.2 Gyr and pub-
lished these results in 1907 [see Turekian and Naren-
dra, 2002]. Using Boltwood’s method, Holmes sim-
ilarly dated Devonian rocks and arrived at an age of
370 Myr; his results were presented (in his absence)
at the Royal Society in 1911.

Indeed, by 1911, Holmes was already in Mozam-
bique where he had taken a job in mineral prospect-
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Figure 4: Arthur Holmes (1890-1965). Used with permission from the Arthur Holmes Isotope Geology Labo-
ratory at Durham University.

ing because his scholarly stipend in London was not
enough to live on. However, he was there only 6
months, having fallen seriously ill with malaria. He
returned to London to take a job as demonstrator in
the Imperial College where he continued to push the
geochronological methods. In 1913 Holmes pub-
lished his first book, at the age of 23,The Age of
the Earthwhere he calculated the planet’s age to be
1.6 Gyr old, which was less than Boltwood’s esti-
mate. Although geologists were, on the whole, re-
lieved that the 6000 yr and 20 Myr ages were proven
wrong, many still held fast to the 100 Myr date and

were reluctant to accept the radiometrically inferred
ages, probably because many did not understand
the new physical principles of radioactivity [Lewis,
2000, 2002]

Holmes married Margaret (Maggie) Howe in
1914 and he continued working as a demonstrator
in the Imperial College through World War I. Af-
ter the birth of his son Norman, in 1918, Holmes
found that he was unable to support his small fam-
ily on his demonstrator’s salary, and thus took a job
prospecting for oil with a company in Burma in 1920.
However, the company soon went bankrupt. More-
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over, Holmes’ four-year-old son Norman fell ill with
dysentery and, despite available medical attention,
died in 1922. Holmes and his wife soon returned to
England, impecunious and grieving. His misfortunes
continued, however, and he could not find a position
until 1924 (in the meantime running a curio shop for
income), when he was offered a professorship at the
University of Durham to build a new geology depart-
ment.

Holmes remained at Durham for nearly 20 years.
In that time he produced his now famous papers on
mantle convection as the cause for continental drift
(see below) and wrote his textPrinciples of Physical
Geology, the first edition of which appeared in 1944.
However, also during those years Holmes’ wife Mag-
gie died (in 1938), but he was soon thereafter remar-
ried to Doris Reynolds, a fellow geologist.

Holmes left Durham in 1943 to assume the
Regius Professorship at the University of Edinburgh
where he remained until retirement in 1956. While at
Edinburgh he continued to work on refining the age
of the Earth and developing the geologic time scale,
in addition to other geological pursuits. He received
various high honors (e.g., the Wollaston and Penrose
medals in 1956; and Vetlesen prize in 1964), primar-
ily for his work on the geologic time scale, not on
continental drift and convection. In the early 1960s
evidence for plate tectonics was mounting, especially
with the Vine-Matthews work in 1963 on seafloor
spreading. Holmes’ sense of vindication is evident
in his revised text, which was published the year he
died, in 1965.

Holmes and mantle convection.By the late 1920s
and early 1930s the debate over the age of the Earth
had given way to a new controversy over the the-
ory of Continental Drift. As is well known, the Ger-
man Meteorologist Alfred Wegner had proposed his
idea based largely on geographical evidence [We-
gener, 1924; Hallam, 1987]. But he also proposed
that continents plowed through oceanic crust like
ships, and the driving force was due to centrifugal ef-

fects. Although Sir Harold Jeffrey’s had done some
of the most fundamental work on convection theory
(see Schubert et al. [2001] and Section 7.01.2.3), he
had argued that there were no available forces suf-
ficient to deform the Earth’s crust during continen-
tal drift. Holmes, on the other hand, supported the
idea of Continental Drift but, along with Bull [1931],
proposed that subsolidus convection in the mantle
– powered by heat production from radioactive de-
cay – was instead the driving mechanism for conti-
nental breakup, seafloor formation (not spreading),
crustal accumulation at convergence zones and con-
tinental drift [Holmes, 1931, 1933]. Holmes’ ideas
of subsolidus convection were similar to present day
understanding. Some notable differences his model
has with contemporary mantle convection theory are
that Holmes believed that mantle flow would estab-
lish jets and prevailing winds as in the atmosphere,
although these in fact arise through the combination
of convection and planetary rotation; as discussed in
Chapter 2, this volume, the effects of rotation are not
significant in mantle circulation. Moreover, Holmes
also proposed that seafloor formation was associated
with deep and active mantle upwellings, which was
later proved to be unlikely even as early as the 1960s
(see Section 7.01.2.7). Holmes’ theories of convec-
tion were, like Wegener’s theory of continental drift,
rebuffed and ignored, although Holmes continued to
teach these ideas while at Durham and Edinburgh;
indeed his famous text contains a final chapter dis-
cussing his view of continental drift and convection.

Further reading and sources for this section can
be found in Hallam [1987], Lewis [2000, 2002] and
Schubert et al. [2001].

7.01.2.5 Anton Hales and Chaim
Pekeris

Arthur Holmes is largely seen as a visionary in be-
ing the champion of convection as the driving mech-
anism for continental drift. However, near the same
time as his first papers, two important papers on man-
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tle convection were published, i.e., by Anton Hales
[Hales, 1936] and Chaim Pekeris [Pekeris, 1935].
Both of these used modern fluid dynamic theory to
estimate not only the conditions for convection, as
Holmes had done, but also to calculate the finite-
amplitude velocity and stresses of convective cur-
rents, and to compare them with predictions from
gravity observations. Not only were their theories
fluid dynamically sophisticated, but their predictions
were born out 30 years later in measurements of plate
motions. Moreover, their respective papers were pre-
cursors to the modern analysis of how convection
is reflected in gravity, geoid and topography. Thus
these two authors warrant some discussion. Both
Hales and Pekeris were perhaps better known for
their life-long contributions outside of mantle dy-
namics (e.g., seismology) but they both played im-
portant roles in the growth of geophysics in the 20th
century.

7.01.2.5.1 Anton Linder Hales (1911-2006)

Anton Hales was born in Mossel Bay, in the Cape
Province of South Africa in March 1911. As with
all our historical subjects, Hales showed an early ap-
titude and talent for science and graduated from the
University of Capetown with a B.Sc. in physics and
mathematics, at the age of 18, and a M.Sc. at 19. He
then, in 1931 at the age of 20, took up a post as a
Junior Lecturer in mathematics at the University of
Witwatersand in Johannesberg [Lilley, 2006]. How-
ever, after only one more year he received a schol-
arship to study at Cambridge. Although intending
to study quantum mechanics, he was convinced by
Sir Basil Schonland (a senior lecturer in physics at
the University of Capetown) that this was the “wrong
choice” [Lambeck, 2002] and that he should instead
study geophysics. Thus, while in Cambridge, Hales
studied with Sir Harold Jeffreys and interacted with
Keith Bullen, and received his B.A. in mathematics
from St. John’s College in Cambridge in 1933.

Hales returned to South Africa where he resumed

his post as Junior Lecturer and eventually Senior Lec-
turer in Applied Mathematics at the University of
Witwatersand. While there he also carried out re-
search primarily in seismology for which he received
his Ph.D. from the University of Capetown in 1936.
That year Hales married Marjorie Carter with whom
he had two sons James and Peter [Lilley, 2006].

At the outbreak of the Second World War, Hales
scientific career was put on hold and he served as
an Engineering Officer in the North African cam-
paign. After the war, Hales left his lecturer posi-
tion to become a senior researcher at the Bernard
Price Institute for Geophysical Research at Univer-
sity of Witwatersand where he worked on develop-
ment of seismic and gravity measurement methods.
However, in 1949, he left BPI for a Professorship in
Applied mathematics and the Head of the Mathemat-
ics Department at the University of Capetown. Dur-
ing these years he went briefly to Cambridge (1952)
to receive a Masters Degree. In 1954 he returned
to Witwatersand as Director of BPI and Professor of
Geophysics. While Director of BPI he continued to
push development of geophysical methods, including
paleomagnetism, and he was involved with some of
the first measurements anticipating plate tectonic mo-
tions by looking at pole paths in South Africa, which
began to convince Hales of the validity, after all, of
continental drift [Lambeck, 2002]. It was also during
his time at BPI, in 1957, that Marjorie, his wife of 21
years, died.

In 1962 Hales left South Africa for the United
States to become the founding director of the Geo-
science Division for the Southwest Center for Ad-
vanced Studies, later to become the University of
Texas. That year he also remarried to Denise Adcock
with whom he had two more sons, Mark and Colin.
While in Texas, Hales continued to build a power-
ful research institute and made major contributions
to seismic studies of the crust and upper mantle.

In 1973, at the age of 62, Hales was convinced
(most notably by Ted Ringwood and John Jaeger
[Lambeck, 2002]) to move to the Australian National
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Figure 5: Anton L. Hales (1911-2006). Used with permission from the Department of Geosciences of the
University of Texas at Dallas.

University to become the founding director of the Re-
search School of Earth Sciences (RSES) where he
served until 1978. Hales was an active and unique
director in that he minimized departmental struc-
ture and bureaucracy and pushed his scientific staff
to work globally rather than on regional Australian
studies, thereby establishing the School’s reputation
as one of the worlds foremost Earth science institutes.
Moreover, under his Directorship the SHRIMP ion
microprobe – then a very new and expensive techno-
logical advance in geochemical analysis– was devel-
oped.

Hales retired from ANU in 1978 and returned to

the University of Texas as Professor of Geophysics.
He retired from the University of Texas shortly there-
after in 1982, and returned to ANU and RSES to re-
sume his position as Emeritus Professor until 2002.
By the time of his retirement he had been made a Fel-
low of the Royal Society of South Africa, the Ameri-
can Geophysical Union, and the Australian Academy
of Sciences; in 2003 he was given the Centenary
Medal from the Australian government. Hales stayed
in and around Canberra for the remainder of his life.
However, in 2004 his son Mark from his second mar-
riage was tragically killed in a car accident [Lilley,
2006], only two years before Anton Hales himself
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passed away, in December of 2006, at the age of
ninety five.

Hale’s and convection in the mantle.Anton Hale’s
work on the viability of mantle convection occurred
during his doctoral studies but was unrelated to his
dissertation research; his paper on the subject was
published in 1935 before receiving his Ph.D. The
problem he examined, suggested to him by Harold
Jeffreys, concerned the plausibility of convection
with regard to whether the buoyant stresses driven
by a mantle of a certain viscosity and heat input were
consistent with those inferred by the gravity anoma-
lies measured during the famous submarine gravity
surveys of F.A. Vening Meinesz. To calculate con-
vective stresses, Hales estimated convective veloc-
ities by equating mid-mantle advective heat trans-
port with the conductive surface heat transport nec-
essary to remove the net radiogenic heat production.
Hales’ relationship for his velocities could be shown
to yield very plausible tectonic velocities, as men-
tioned by Jeffrey’s himself in the later editions of his
famous text [Jeffreys, 1959]. (Similarly, as shown
in Bercovici [2003], a simple balance of the net ad-
vective heat extraction by slabs of a given mean tem-
perature anomaly against the known mantle cooling
rate predicts quite readily slab velocities of 10 cm/yr.)
Hales used these velocities to estimate the stresses
of convective currents, and compared these with the
stresses necessary to support mass anomalies inferred
from gravity measurements. Although Jeffrey’s no
doubt believed that convective stresses in a stiff man-
tle would be far in excess of those predicted by grav-
ity, Hales showed that the stress estimates were in
fact very close and easily permitted a convecting
mantle. Jeffrey’s “communicated” (i.e., sponsored)
his former student’s findings to the Royal Astronom-
ical Society for publication [Hales, 1936].

Further reading, including sources for this brief
history are Lambeck [2002] and Lilley [2006].

7.01.2.5.2 Chaim Leib Pekeris (1908-1993)

Chaim Leib Pekeris was born in Lithuania, in June
1908 in the town of Alytus, where his father was
a baker. He was the oldest of 5 siblings, and had
two brothers and two sisters. As a youth he was
(unsurprisingly) precocious in mathematics, and was
apparently teaching highschool math by age 16. In
the 1920s he and his two brothers emigrated to the
United States with the help of family and friends al-
ready in America [Gillis, 1995; Gilbert, 2004]. The
three Pekeris brothers became American citizens and
continued their education in the U.S. In contrast, one
of his sisters moved to Palestine in 1935 as a Zionist.
The remaining sister and their parents were, however,
later murdered by anti-Semites in Alytus during the
Holocaust.

Chaim Pekeris entered the Massachusetts Insti-
tute of Technology (MIT) in 1925 to study meteo-
rology, and obtained his B.Sc. in 1929. He stayed
on for graduate work with Carl-Gustave Rossby and
obtained his doctorate in 1933. During his graduate
career he was also a Guggenheim Fellow and studied
meteorology in Oslo. After finishing graduate stud-
ies, he became an assistant geophysicist in the De-
partment of Geology at MIT, and from there rapidly
transitioned away from meteorology. He also re-
ceived a Rockefeller Foundation Fellowship in 1934,
and at the same time was married to Leah Kaplan.

Pekeris had been hired at MIT by Louis Slichter
who had himself been hired by MIT to establish a
geophysics program. Pekeris was his first hire and
the second was Norman Haskell, a new Ph.D. from
Harvard. The combination of Pekeris and Haskell
during the early 1930s made important contributions
to the burgeoning problem of continental drift and
mantle flow. As is well known, Haskell was to per-
form the first analysis of Fennoscandian uplift from
which the viscosity of the mantle was initially esti-
mated [Haskell, 1937]. In conjunction, Pekeris did
a “hydrodynamic” analysis of thermal convection in
the Earth’s mantle, which led to an accurate first or-
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Figure 6: Chaim L. Pekeris (1908-1993). From Gilbert [2004]. Reprinted with permission from the National
Academies Press Copyright 2004, National Academy of Sciences.

der estimate of mantle flow and velocities (see be-
low).

Chaim Pekeris also worked on free oscillations,
but in particular of stellar atmospheres, although this
laid the foundation for his study of free oscillations
of the Earth for which he was perhaps best known
[Gilbert, 2004]. He further studied pulse propaga-
tion and inverse problems in sonar sounding and was
promoted to associate geophysicist in 1936. From
1941-1945 Pekeris worked for the Division of War
Research at the Hudson Laboratories of Columbia

University, again studying the propagation of acous-
tic pulses and waves; he continued there as director
of the Mathematical Physics Group (1945-1950), and
had a joint appointment at the Institute for Advanced
Study at Princeton. For his war research he was given
the title of honorary admiral [Gilbert, 2004].

After the war Pekeris continued his scientific
research in several areas, including microwaves,
atomic physics, and explosive sound propagation
through a fluid-fluid interface, which led to a semi-
nal paper on normal modes and dispersion. He also
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produced the first theoretical derivation for the criti-
cal Reynolds number for onset of instability in pipe
flow [Gilbert, 2004].

In addition to his scientific work, Pekeris was in-
volved with assisting in the “birth” and stability of
the new state of Israel by aiding in the the transfer of
U.S. military surplus to Palestine [Gilbert, 2004]. In
1950, Chaim Weizmann, the first President of Israel,
convinced Pekeris to move to the Weizmann Institute
of Science in Rehovot Israel to be the founding chair
of the Department of Applied Mathematics.

At that time conditions for the university in Re-
hovot were extreme since Israel was in an almost
constant state of war with the students and many fac-
ulty in the army. The situation likely contributed
to Pekeris’ pragmatic approach of pursuing develop-
ment of applied math and physics through a compu-
tational effort [Gillis, 1995]. Thus, part of his ne-
gotiation to come the Weizman Institute was to be
given funds to build one of the worlds first digital
computers for scientific studies, the WEIZAC (Weiz-
mann Automatic Computer), which was completed
in 1955 and whose design was based on the von Neu-
mann machine. The WEIZAC’s first use was to solve
Laplace’s equations for Earth’s ocean tides for real-
istic continental boundaries; this was a major accom-
plishment showing the power of computers to turn
theory into “modeling” [Gillis, 1995].

Pekeris continued to build and recruit for the Ap-
plied Mathematics department and mentored many
grad students who went on in science and other fac-
ulty positions. He was also involved in establish-
ing the first Israeli geophysical survey which led to
the discover of oil in Israeli territory. In 1952, he
was elected to the U.S. National Academy of Sci-
ences. While in Israel he continued to work on
atomic physics (on the ground states of helium) as
well as wave propagation and and free oscillations in
both stars and the Earth, and he was able to test his
free-oscillations theory with data from the giant 1960
Chile earthquake. He and his students continued de-
velopment of computing synthetic seismograms from

generalized ray theory, which was computationally
intensive and required a computing upgrade from
WEIZAC to the more powerful GOLEM series of
Israeli-developed “super computers”. He continued
to work on all these problems of atomic physics, seis-
mology, tides, free oscillations, and hydrodynamics
until his retirement at the age of 65 in 1973, which
was also the year that his wife Leah passed away.
Even after retirement he continued to do research,
for example publishing again on the physics of ocean
tides in 1978. Near and during this post-retirement
time he was recognized for his life-long contributions
and was elected to various societies and given prizes
such as the Vetlesen Prize (1973), the Gold Medal
from the Royal Astronomical Society (1980) and the
Israel Prize (1981). In 1990, the Mathematical Geo-
physics meeting was held in Jerusalem in honor of
Pekeris and his contributions. In February of 1993
Chaim Pekeris died as a result of injuries from a fall
in his home in Rehovot. The following year the Weiz-
mann Institute of Science began the annual Pekeris
Memorial Lecture.

Pekeris’ model of mantle convection. Chaim
Pekeris’s paper on the viability of mantle convection
[Pekeris, 1935] was in many ways one of the first
truly sophisticated analyses of mantle convection.
His basic hypothesis was to examine the convective
circulation caused by lateral thermal gradients as-
sociated with the difference between a warm sub-
continental mantle and a cooler sub-oceanic man-
tle, both estimated from crustal thickness and mantle
heat production. Pekeris also used Haskell’s value
for mantle viscosity, and calculated that the convec-
tive velocities were of the order of 1 cm/year which is
a perfectly plausible tectonic velocity. But Pekeris’s
theory also laid the groundwork for other effects, in-
cluding accounting for convection in a deep spher-
ical shell, the effect of convection on distortion of
the surface, and the net effect of convective den-
sity anomalies and surface deflections on the grav-
ity field, thereby predating modern analysis of geoid
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and topography by 50 years. Pekeris’ paper was pub-
lished 5 months before Anton Hale’s paper, although
they were both received at the same time (December
1935) and were similarly communicated by Harold
Jeffreys to the Royal Astronomical society. As with
Hales, Pekeris was not to examine mantle dynamics
again since it is likely that this field was perceived as
too speculative and without promise.

Further reading, including sources for this brief
history are Gilbert [2004] and Gillis [1995].

7.01.2.6 Harry Hammond Hess (1906-
1969)

Harry Hess was one of the giants of the plate-
tectonics revolution, not only through his legacy of
careful sea-going observations, but in his landmark
paper [Hess, 1962] hypothesizing the essence of sea
floor spreading and subduction. Hess was also (along
with Keith Runcorn; see Section 7.01.2.7) one of the
leading proponents, at the dawn of the plate tectonics
revolution, for the mantle-convection driving mecha-
nism of plate motion.

Harry Hammond Hess was born in New York
City in May 1906. At the age of 17 he entered
Yale University to study electrical engineering, but
switched to Geology and, despite purported failures
at mineralogy, graduated with a B.S. in 1927.

After graduating from Yale he worked as a min-
eral prospector in Northern Rhodesia for two years.
He then returned to the U.S. where he started grad-
uate school at Princeton. For his Ph.D. he worked
on ultra-mafic peridotite, thought to be part of the
mantle. During graduate school he also took part
in some of F.A. Vening Meinesz’s submarine grav-
ity surveys, particularly of the West Indies island arc,
which later inspired him for further marine surveys
while in the Navy. Hess finished his graduate stud-
ies and received his Ph.D. in 1932. After graduation
and brief appointments at Rutgers and the Geophys-
ical Laboratory at Carnegie, he returned to Princeton
where he joined the faculty in 1934 and was to re-

main there for the rest of his life, other than brief
visiting professorships at the University of Capetown
from 1949-50 (where he likely interacted with Anton
Hales), and Cambridge in 1965.

To continue the submarine activities he started
with Vening Meinesz, Hess arranged in the 1930s
a commission as an officer (lieutenant) in the U.S.
Navy reserve. After the attack on Pearl Harbor in
December of 1941 he was called to active duty. He
was first involved with enemy submarine detection in
the North Atlantic and developed a technique for lo-
cating German submarines. He volunteered for haz-
ardous duty to complete the submarine detection pro-
gram by joining the submarine decoy vessel U.S.S.
Big Horn. He was later made commanding officer
of the U.S.S. Cape Johnson which was a transport
ship. Hess was involved with some of the major
island-hopping landings of the Pacific theater, such
as the landings at the Marianas, Leyte, Linguayan
and Iwo Jima. However, Hess also continuously ran
the sonar echo sounder to detect bathymetry en route
to these landings, thereby collecting seafloor profiles
all across the North Pacific. These surreptitious sur-
veys led to the discovery of “guyots”, flat topped
seamounts, which Hess named after Swiss geogra-
pher Arnold Guyot who founded the Princeton de-
partment. Hess inferred these guyots to be islands
that had been eroded to sea level but fallen below sea
level due to seafloor migration, hence providing one
of the first major clues of seafloor mobility. Such sea
floor mapping continued under the newly formed Of-
fice of Naval Research, and this led to the discovery
of the mid-ocean ridge system, which was also found
to have in many instances rift-shaped valleys running
along its length.

After the war Hess returned to Princeton and ini-
tiated and directed the massive multi-national Prince-
ton Caribbean Research Project which set out to per-
form a comprehensive exploration of Caribbean ge-
ology, producing more than 30 Ph.D.s in the process.
Hess was made department chair in 1950, a position
he kept for 16 years, and during which he led a large
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Figure 7: Harry H. Hess (1906-1969). From Shagham et al. (eds.) (1973),Studies in Earth and Space Sciences:
A Memoir in Honor of Harry Hammond Hess, The Geological Society of America Memoir 132, Boulder, CO:
The Geological Society of America.

expansion of the Princeton department. In 1952 he
was elected to the National Academy (the same year
as Chaim Pekeris’ election) and also served on vari-
ous national advising committees. In the late 1950s
he and Walter Munk initiated the Mohole Project to
drill through the ocean crust into the mantle, where
he continued his work on Mohole through to 1966,
leading to technical breakthroughs that paved the

way for the Deep Sea Drilling Project.

Harry Hess continued to serve his department and
as national adviser through the 1960s. He was in-
volved with development of the national space pro-
gram and was on a special panel appointed to analyze
rock samples brought back from the moon by Apollo
11. He received numerous honors and awards: apart
from National Academy membership, he also was
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given the Penrose Medal in 1966, elected to the
American Academy of Arts and Sciences in 1968,
and in 1969, just months before his death, he was
given an honorary doctorate by Yale.

In late August, 1969, Hess was chairing a meet-
ing of the Space Science Board of the National
Academy in Woods Hole Massachusetts, which was
discussing the scientific objectives of lunar explo-
ration only a month since the amazingly successful
Apollo 11 mission. During the meeting on August
25, Hess suffered a fatal heart attack. He was buried
in Arlington National Cemetery. He was posthu-
mously given the NASA Distinguished Public Ser-
vice award, and the AGU established, as one of its
primary awards, the Hess medal in his honor [Leitch,
1978; Dunn, 1984].

Hess, plate tectonics and mantle convection.In
1960 Harry Hess wrote an internal report to the Of-
fice of Naval Research propounding his hypothesis
of seafloor spreading. Years of experience in seafloor
surveying led him to believe that mid-ocean ridges
had rift valleys; his knowledge of sedimentology
and petrology also made evident to him that neither
seafloor sediments nor fossils were ever more than a
few hundred millions years old. Hess, was essentially
convinced by Wegener’s observations of continen-
tal breakup, and he proposed the idea that the ocean
crust diverged away from linear ridges of volcanic ac-
tivity, later known as seafloor spreading, and that sed-
iments were swept into trenches. He also proposed
that ocean crust was subducted, but continental crust
tended to scrape off sea sediments to make mountain
ranges. In 1962, Hess republished the same paper in
a peer reviewed volume [Hess, 1962], and this paper
became one of the most famous and highly cited pa-
pers in geoscience, and was a landmark in the plate
tectonics revolution. However, evidence and verifica-
tion of the idea did not come until the Vine-Matthews
study of magnetic seafloor lineations in 1963. The
idea that the seafloor traveled like a conveyor belt es-
sentially satisfied the main objections to continental

drift.
At the same time that Hess proposed sea floor

spreading he also concluded, in the same paper, that
the driving mechanism for the surface motion was
mantle convection, based on observations of grav-
ity anomalies and studies of peridotites, which be-
ing ultramafic were assumed to upwell from the
mantle. His convection postulate was not based on
fluid dynamical analysis but on a synthesis of ob-
servations and physical intuition about the ramifica-
tions of seafloor spreading and seafloor destruction at
trenches. His intuition about the importance of sub-
duction as convection was largely correct, although
he, like Holmes, assumed that ridges involved ac-
tive upwelling (which he also thought carried much
more water than is presently known to occur) and that
ridges were hence pried apart by convection [Hess,
1962].

Additional reading and historical sources for this
brief history are Buddington [1973] Leitch [1978]
and Dunn [1984].

7.01.2.7 Stanley Keith Runcorn 1922-
1995

Keith Runcorn is a unique figure in that he was at
the forefront of major discoveries in paleomagnetism
that led to the modern theory of plate tectonics, and
was also an early and vigorous proponent for the the-
ory of mantle convection, not just as a driving mech-
anism for continental drift, but also in other planets,
particularly the Moon.

Stanley Keith Runcorn was born in Lancashire,
England in November 1922 and was educated there
as a youth. While an intellectually active young man,
he was more interested in history and geography, al-
though he was eventually persuaded by his father
and school headmaster to pursue science, particu-
larly astronomy [Collinson, 1998]. At 18, in 1940,
he went to Cambridge to study electrical engineer-
ing and graduated in 1943. He subsequently joined a
telecommunications research firm in Worcestershire
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Figure 8: S. Keith Runcorn (1922-1995). American Geophysical Union, courtesy, AIP Emilio Segre Visual
Archives.

to work on radar during the remainder of World War
II.

After the war, in 1946, Runcorn took an Assis-
tant Lectureship in Physics at Manchester University
to initially work on cosmic radiation, but then moved
to study stellar and planetary magnetic fields. The
first dynamo theories by Elsasser and Bullard had
just been proposed, and Runcorn’s first work was to
test the core-origin of the geomagnetic field by ex-
amining the variation of horizontal field strength in

coal mines, which he found to increase with depth
thereby lending support to the core origin of the field;
this work led to Runcorn’s Ph.D. degree in 1949 (see
Collinson [1998]).

In 1950 Runcorn moved to the Cambridge De-
partment of Geodesy and Geophysics and worked on
remanent magnetism of rocks of different ages to in-
fer polar wander paths for both Great Britain and
North America which were found to differ. After
testing and eliminating the possibility of large uncer-
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tainty in the data, Runcorn became convinced that the
variation in paths was due to continental drift, and
this set of observations in the end formed one of the
cornerstones for the advent of plate tectonics. (See
[Girdler, 1998].)

In 1956, Runcorn left Cambridge for the Chair of
Physics at King’s College, University of Durham at
Newcastle upon Tyne. He was to remain there until
his retirement from the British system in 1988. He
quickly established a geophysics program within the
Physics Department (largely by moving Cambridge
colleagues with him) and continued to work on and
foster paleomagnetic studies, with considerable field
work of his own in the Western United States. In
this time he also established his well known reputa-
tion for extensive travel and departmental absence,
earning the facetious title of “Theoretical Professor
of Physics” [Collinson, 1998].

It was during his time in Newcastle that Run-
corn began his work on mantle convection (see be-
low), which also led to his growing core hypothe-
sis that had implications for the change of length
of day. These ideas prompted Runcorn to move to-
ward the study of coral growth rings, which demon-
strated that he had no fear of moving into a differ-
ent field, even if it was biology. He also continued
work through the 1960s on ocean currents and tides,
but then eventually landed on the study of the Moon
which, given the advent of space exploration and the
Apollo program, was a field he would pursue for the
remainder of his life. Runcorn continued to work on
ideas of convection and geomagnetism in the Moon
as well as on various other topics including Chan-
dler Wobble, Jupiter’s rotation, and Mars geodesy. In
the late 1980s, before his retirement, he also became
interested in variations in the gravitational constant
G, but this pursuit was eventually found to be fruit-
less. Runcorn retired from Newcastle in 1988 and
took a part-time Chair at the University of Alaska at
Fairbanks, while also keeping a position in Physics
at Imperial College London. During his life, Run-
corn had been elected a Fellow of the Royal Society

(1965), received the Gold Medal of the Royal Astro-
nomical Society (1984), the Fleming Medal of the
AGU (1983), Vetlesen Prize (1971), Wegener Medal
(1987), and several other honors.

In 1995, on the way to the AGU meeting in San
Francisco, Keith Runcorn stopped off in San Diego
to give a seminar and discuss Galileo Orbiter results
with a colleague. On December 5, he was found
dead, the victim of a violent homicide, the perpetra-
tor of which was later apprehended and found guilty
of first degree murder and sentenced to imprisonment
[Imperial College Reporter, 1996; Nature, 1997].

Runcorn and mantle convection.Not long after his
move to Cambridge in 1956, Keith Runcorn became
interested in mantle convection as a driving mecha-
nism for continental drift. In two papers in Nature
in 1962, [Runcorn, 1962b,a], he established the the-
oretical arguments for subsolidus creep in the man-
tle under buoyancy stresses and made a quantitative
prediction of convective velocities similar (although
perhaps unbeknownst to him) to those of Hales and
Pekeris. He also believed that a growing core influ-
enced the onset of convective-driven drift, an idea
that never found much traction.

Runcorn also proposed the then radical idea that
the long wavelength geoid was not frozen into the
Earth but due to mantle convection [Runcorn, 1963].
While Runcorn’s analysis of the geoid was not as
sophisticated as modern analysis (see Ch.2,4 and 8
this volume), it did lead him to infer that spread-
ing centers were not sites of deep active upwellings,
as had been inferred by Holmes and Hess, but were
better explained by broad upwellings, which is a
more modern and plausible view of mantle flow (see
Ch.7 this volume; Forsyth Vol.1). This observa-
tion also prompted Runcorn to have little faith in
the significance of the ridge-push force [Runcorn,
1974; Girdler, 1998]. In many ways, Keith Runcorn’s
views of mantle convection were well ahead of their
time and have largely been born out by the last sev-
eral decades of analysis.
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Additional reading and historical sources for this
brief history are Collinson [1998] and Girdler [1998].

7.01.2.8 Mantle convection theory in the
last 40 years

The origin of modern mantle convection theory was
not only contemporaneous with the birth (or rebirth)
of the theory of plate tectonics but also with the
advent of the study of nonlinear convection. Up
till the early 1960s, the study of linear convection,
i.e., the onset of convective instability from infinites-
imal perturbations (see Ch.2 and 4 this volume)
was well studied across several fields, as summa-
rized in the classic treatise by Subramanyan Chan-
drasekhar (1910-1995; Nobel Prize 1983) [Chan-
drasekhar, 1961]. However, the mid 1960s witnessed
increased activity in experimental studies of convec-
tion as well in theories of finite-amplitude or non-
linear convection [see Manneville, 2006]. Well con-
trolled experiments that documented transitions in
convective state (e.g., patterns) (see Ch.3 this vol-
ume) provided inspiration and testing for various
studies of nonlinear convection, leading to several
seminal theoretical approaches such as nonlinear per-
turbation theory and matched asymptotic analysis
(see Ch.4 this volume).

Along with the plate tectonics revolution and
the renewed study of the physics of convection,
mantle convection theory made rapid progress and
growth and achieved a rather mature level in the late
1960s and early 1970s [e.g., Turcotte and Oxburgh,
1972; Oxburgh and Turcotte, 1978] through the
work of various investigators that had migrated in
from physics and engineering, mostly notably Dan
McKenzie, Jason Morgan, Donald Turcotte and Ger-
ald Schubert, the former two also having made major
contributions to formulating the modern working the-
ory of plate tectonics (see Wessel, Vol.6.). Through-
out the late 1960s and 1970s, many of the fundamen-
tal problems of convection in a solid-state mantle had
been identified, although not necessarily solved. This

included the fact that mantle convection was occur-
ring in a fluid with a complex variable rheology, and
that convection was occurring through multiple solid-
solid phase transformations most notably at the top
and bottom of the Earth’s transition zone at depths of
410 km and 660 km, respectively (see Kind Vol.1,
Oganov Vol.2 Ch.2 and Ch.8 this volume). This
work set the stage for the explosion in the field of
mantle dynamics that occurred during rapid improve-
ments in computing power and numerical methods.
In particular, many seminal contributions in the nu-
merical analysis of mantle convection were made by
Ulrich Christensen and colleagues during the 1980s
and 1990s. With the combination of laboratory, theo-
retical and numerical analyses, along with improved
observations coming from, in particular, seismology,
isotope geochemistry, and mineral physics, our pic-
ture of mantle convection has progressed in the last
20 years to highly sophisticated levels of complexity
and realism, although much still remains to be under-
stood.

7.01.3 Observations and evi-
dence for mantle convec-
tion

Many of the observations that are relevant to man-
tle dynamics are covered in other volumes of this
treatise, as well as within this volume. As discussed
above in Section 7.01.2, the modern theory of man-
tle convection was motivated as the driving mecha-
nism for continental drift and plate tectonics. The
observations that in themselves inspired the resur-
gence of the mobile-surface theory of plate tectonics
was largely from paleomagnetic studies showing rel-
ative continental motion and seafloor spreading (see
Sections 7.01.2.6, 7.01.2.7, and Kent Vol.5, Wes-
sel Vol.6). Global seismicity also gave clear delin-
eation of the structure of plates and locations of plate
boundaries (Ekstrom Vol.4) as well as outlines of
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subducting slabs along zones of deep earthquakes or
Wadati-Benioff zones (Houston Vol.4). With the ad-
vent of the space program and satellite measurements
came accurate geodetic measurements of sea-surface
height and hence global models of the Earth’s geoid
and gravity field (Jekeli Vol3) which provide im-
portant constraints about the density structure of the
mantle associated with convection (see Forte, Vol.1).

Mantle geochemistry and petrology also provided
important constraints on mantle dynamics through
the analysis of magma reaching the surface from the
mantle at mid-ocean ridges, ocean-islands, large ig-
neous provinces, and at subduction-related arcs. Iso-
topic and petrologic analyses of melting as well as
melt fractionation of trace elements gave important
information regarding the depth of melting beneath
ridges and hotspots. However, the disparity between
the concentration of incompatible elements in mid-
ocean ridge basalts (MORB) and ocean island basalts
(OIB), in addition to a host of other geochemical ar-
guments involving, for example, noble gas isotopes,
has been one of the driving motivations for inferences
about the preservation of isolated reservoirs (e.g.,
layering) in the mantle. These geochemical obser-
vations, however, seem to conflict with geophysical
evidence for whole-mantle stirring by sinking slabs
[van der Hilst et al., 1997; Grand et al., 1997] and
this has engendered a long standing debate about the
structure and nature of mantle convection (see Sec-
tion 7.01.6.2, Ch.10 this volume, and Wood Vol.2).

Our understanding of mantle dynamics also
draws from observations on other planets. The
lack of cratering record on Venus argues for mas-
sive resurfacing events, and giant volcanoes on Mars
are evidence of extensive and deep magmatism (see
chapters by Ivanov and Breuer Vol.10). However,
that neither of our neighboring terrestrial planets ap-
pears to have at least present-day plate tectonics con-
tinues to be one of the corner-stones in the argu-
ment that plate tectonics requires liquid water [Tozer,
1985].

7.01.4 Mantle properties

The study of mantle convection has a boundless ap-
petite for information on the properties of the con-
vecting medium. Indeed, what caused the theory of
continental drift to be marginalized for decades was
the material property argument by Sir Harold Jeffreys
that the Earth was too strong to permit movement of
continents through ocean crust. Later measurements
of mantle viscosity by postglacial rebound were an
important key element in recognizing that the mantle
is fluid on long time scales (see Ch.2).

Fluid dynamics is rife with dimensionless num-
bers and one of the most important such numbers in
the study of convection is the Rayleigh number (see
Ch.2 this volume). The Rayleigh number defines the
vigor of convection in terms of the competition be-
tween gravitationally induced thermal buoyancy that
acts to drive convective flow, and the dissipative or
resistive effects of both fluid viscosity, which retards
convective motion, and thermal diffusion which acts
to diminish thermal anomalies. The Rayleigh num-
ber is written generically as

Ra =
ρgα∆Td3

κµ
(1)

whereρ is density,g is gravitational acceleration,α
is the thermal expansivity,∆T is the typical temper-
ature contrast from the hottest to coldest parts of the
fluid layer, d is the dimension of the layer such as
the layer thickness,κ is thermal diffusivity andµ is
dynamic viscosity (again, see Ch.2 this volume).

Estimate of the mantle Rayleigh number by it-
self requires knowledge of the material responses
to various inputs such as heat and stress. The re-
sponse to heat input involves heat capacity, thermal
expansivityα, and heat conduction or thermal dif-
fusion (κ) (Oganov Vol.2; Hoffmeister Vol.2; Ch.2
this volume). The density structure inferred from
high pressure and temperature experiments (Oganov
Vol.2), and and seismology (Dziewonski Vol.1 and
Kind Vol.1) constrain how mantle densityρ responds
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to pressure changes as upwellings and downwellings
traverse the mantle, undergoing simple compression
or decompression as well as solid-solid phase transi-
tions; both effects can have either stabilizing or desta-
bilizing effects on mantle currents (Chapters 2, 8, and
9 of this volume).

One of most important factors within the
Rayleigh number and in the overall study of mantle
convection is viscosityµ. That the mantle is viscous
at all was one of the key elements in determining the
viability of the mantle convection hypothesis. That
continents were inferred to be in isostatic balance
clearly implied that they are floating in a fluid man-
tle; but isostatic equilibrium does not indicate how
fluid the mantle is since it gives no information about
how long it takes for the floating continents to reach
an isostatic state. However, measurements of this ap-
proach to isostasy could be taken by examining post-
glacial rebound, i.e., the uplift of high-latitude conti-
nental masses such as Scandinavia and Canada, fol-
lowing the melting of the glacial ice caps after the
end of the last ice age (Haskell [1937]; see Mitrovica
Vol.3). From these analyses came one of the most
crucial and well-known material properties: the av-
erage viscosity of the mantle ofµ = 10

21
Pa s. To-

day, the analysis of the mantle’s response to changing
loads (e.g., melting ice caps or a decrease in Earth’s
rotation rate) is done through an increasingly sophis-
ticated combination of geodetic satellite and field
analyses, which further refine the viscosity structure
of the mantle (Mitrovica Vol.3; Forte Vol.1; Chapter
2 and 4 this volume).

The viscosity of the mantle is so large that it is
called a slowly moving or creeping fluid and thus
does not suffer the complexities of classical turbu-
lence (Ch.2 this volume). However, one of the great-
est of all complexities in mantle dynamics is associ-
ated with the various exotic rheological behaviors of
mantle rocks, which are almost exclusively inferred
from laboratory experiments (Kohlstedt Vol.2). Man-
tle viscosity is well known to be a strong function of
temperature, and the dramatic increase in viscosity

toward the surface leads to various conundra about
how plate tectonics forms or functions at all and/or
how subduction zones can ever initiate from such a
cold strong lithosphere (Chapters 2, 3 and 8 this vol-
ume; Kohlstedt Vol.2; Sleep Vol.9). The mantle’s
rheology is also complicated by the various deforma-
tion mechanisms it can assume, prevalently diffusion
creep at “low” stress, and dislocation creep at higher
stress, although other creep and slip mechanisms are
also possible (Kohlstedt Vol.2; Ch.2 this volume).
In diffusion creep, viscosity is a function of mineral
grainsize and this effect can induce dramatic changes
if grain-growth or grain-reduction mechanisms ex-
ist. In dislocation creep viscosity is non-Newtonian
and is a function of stress itself, thereby undergoing
pseudo-plastic behavior in which the material softens
the faster it is deformed. These and many more com-
plexities (see below in Section 7.01.6.4) continue to
keep mantle convection a rich field.

7.01.5 Questions about mantle
convection we have prob-
ably answered

7.01.5.1 Does the mantle convect?

It seems the existence of this entire volume as well as
an enormous body of literature on mantle convection
seems to obviate this question. However, we should
understand that the notion that the mantle convects
was not entirely accepted less than 50 years ago. The
physical requirements or conditions for a fluid mantle
to convect (i.e., a sufficiently high Rayleigh number)
could be inferred from material property measure-
ments; these indeed imply that the Rayleigh num-
ber is perhaps a million times what is needed to just
barely convect at all, and thus should be convecting
vigorously (Ch.2, this volume).

But the direct observation of a convecting man-
tle is most closely linked to those that verify plate
tectonics (Kent Vol.5) and to seismic imaging of the
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Earth’s interior. Plate spreading and subduction, and
the “creation” and “destruction” cycle of lithosphere
that they represent, demand vertical transfer from the
surface into the mantle and vice versa. That heat-
flow and bathymetry measurements show the litho-
sphere going from a hot ridge to a cold trench is not
only evidence that ridges and trenches are the expres-
sion of upwellings and downwellings, respectively,
but that the cooling lithosphere is nothing more than
a convective thermal boundary layer (Ch.2, 4; Jau-
part Vol.6). Lastly, seismology has not only given us
the deep-earthquake trace of a the cold sinking slab
along the Wadati-Benioff zone (Houston, Vol.4) but
also tomographic images of these same slabs sinking
deep into the mantle [van der Hilst et al., 1997; Grand
et al., 1997]. There remains little if any doubt that
the mantle convects, but it is important to remember
what the first order evidence is for this conclusion,
especially considering that the mantle is more inac-
cessible to direct observation than distant galaxies.

7.01.5.2 Is the mantle layered at
660 km?

The average structure of the mantle in terms of den-
sity and elastic properties was shown by seismologi-
cal studies (augmented by mineral physics) to con-
tain discontinuities, most notably at about 410 km
and 660 km depths (Dziewonski Vol.1; Kind, Vol.1;
Oganov Vol.2), the latter one being considerably
more distinct. The presence of a strong disconti-
nuity in density at 660 km depth suggested that the
lower mantle was a denser and perhaps isolated and
sluggish layer convecting separately from the upper
mantle. This layered-convection argument was rein-
forced by observations that deep earthquakes along
subducting slabs seem to cease around 700 km down
(Houston Vol.4), and that some tomographic images
show slabs stalling at this depth. This view also fit
well with the geochemical inferences that mid-ocean
ridge basalts and ocean-island basalts must be com-
ing from different layers (the former from the up-

per mantle above 660 km, the latter from the lower
mantle below 660 km; see also Section 7.01.6.2 and
Ch.10 this volume). The convergence of seismology
and geochemistry toward a single model of a mantle
layered into compositionally distinct regions was in-
deed a compelling argument. The prospect of mantle
convection existing in two layers separated at 660 km
depth was a prevalent theme in the study of man-
tle convection for several decades starting in the late
1960s.

However, high-pressure mineral physics experi-
ments indicated that mantle discontinuities are most
likely associated with solid-solid phase transitions,
not compositional changes. The major upper mantle
component olivine was shown to undergo a change to
a spinel structure called wadsleyite at 410 km depth;
wadsleyite itself undergoes a less dramatic transi-
tion to a ringwoodite at around 510 km, and then,
at 660 km depth, ringwoodite changes to a combi-
nation of perovskite and magnesiowüstite (Oganov
Ch.2). Studies of convection in the presence of such
phase changes indicated that they might impede con-
vection temporarily but not indefinitely (Chapters 2
and 8 this volume); and indeed seismic tomographic
studies using body waves showed that many slabs do
indeed penetrate this boundary and sink well into the
lower mantle [van der Hilst et al., 1997; Grand et al.,
1997].

In the end, the predominant evidence points to
the mantle not being layered with an impermeable
boundary at 660 km depth. This of course leads to
other unsolved conundra, especially with regard to
explaining geochemical observations, which has thus
inspired several variants of deep mantle layering and
ways of isolating reservoirs or chemical components
(Ch.10, this volume).

7.01.5.3 What are the driving forces of
tectonic plates?

Upon the widespread acceptance of the plate-tectonic
model considerable effort was put forward to make
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Figure 9: A histogram of percent trench length (percent thata plate boundary is comprised of subduction
zone) versus plate velocity for the major plates (initials indicated). (Initials on the abscissa are for Euro-
pean (EUR), N. American (NAM), S. American (SAM), Antarctic(ANT), African (AF), Caribbean (CAR),
Arabian (ARAB), Indo-Australian (IND), Phillippine (PHI), Nazca (NAZ), Pacific (PAC) and Cocos (COC)
plates.) Adapted from Forsyth and Uyeda [1975] after Bercovici [2003]. Elsevier.

direct estimates of the plate-driving forces. This
effort was perhaps best represented by the seminal
work of Forsyth and Uyeda [1975], although consid-
erable work has followed since then [Jurdy and Ste-
fanick, 1991, e.g.,]. Several plate forces have been
coined, most notably the two driving forces of ridge
push and slab pull. Which of these two forces is
dominant was the subject of some debate [Hager and
O’Connell, 1981; Jurdy and Stefanick, 1991]. How-
ever, perhaps the most compelling evidence for slab
pull is the profound correlation, shown in the original
paper of Forsyth and Uyeda [1975], between the frac-
tion of convergent (trench) boundary and plate veloc-

ity (Figure 9); essentially no other meaningful corre-
lation was shown between any other type of bound-
ary and plate velocity. This correlation showed that
the fastest plates (of order 10 cm/yr) have the most
amount of slab connected to them, while the slow-
est plates (of order 1 cm/yr) have little or no slab
connected to them. This demonstrated rather con-
clusively that slab pull is the driving force of plate
tectonics, because quite simply, for a plate to move it
needs a slab (see Ch.8 this volume). What is also
important about this inference from a mantle con-
vection perspective is that it fits very well with the
modern picture of cold downwelling or slab domi-
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nated mantle circulation. That is, the Earth’s mantle
is primarily driven by the surface cooling of a mantle
that is more or less uniformaly heated by radioactive
decay of uranium, thorium and (at one time) potas-
sium, and is also losing primordial or fossil heat (Ch.
5 this volume); such a configuration of distributed
heat production and surface heat loss typically leads
to convection dominated by cold downwelling cur-
rents, which are synonymous with subducting slabs
(see Chapters 2 and 8 this volume). Most importantly
of all, the estimate of plate-driving forces are thus
completely reconcilable with and even subsumed by
the theory of mantle convection. Moreover, this in-
ference leads to the important conclusion that the
tectonic plates are not so much driven by convec-
tion, they are convection. The plates are cooling
thermal boundary layers that are both driven by and
become slabs, which are in themselves convective
downwellings; the plates are thus convection.

7.01.6 Major unsolved issues in
mantle dynamics

7.01.6.1 Energy sources for mantle con-
vection

The discovery of radioactive elements at the turn of
the 19th century was a key discovery in many re-
gards, including providing evidence that the Earth
has internal sources of heat. This was also the key
argument to refute Lord Kelvin’s estimate for the
age of the Earth since he assumed it was cooling
freely (without heat sources) from an initially molten
state (see above Section 7.01.2.4 and also Stevenson
Vol.9). Early estimates of the concentration of ra-
dioactive elements inside the Earth are based on heat-
flow and geochemical measurements of crustal rocks,
in conjunction with cooling models (Ch.5 this vol-
ume); these arguments tended to point toward a high
enough concentration of radioactive elements in the
mantle to account for as much as 70-80% of the heat-

flow out of the Earth to be due to radiogenic heat-
ing [Schubert et al., 2001]. This satisfied the condi-
tion that the Earth has been cooling relatively slowly
over its 4.5 Gyr lifetime. However, recent estimates
of radioactive element abundances from the study of
chondrites (thought to be representative of planetary
building blocks) possibly suggest somewhat less ra-
diogenic heating (see Ch.5 this volume). If radio-
genic heating is small, then more of the Earth’s heat-
flow is from loss of fossil heat (as with Lord Kelvin’s
assumptions; see also England et al. [2007]); this
would demand rapid cooling from a recently exces-
sively hot or even molten state, unless the physical
process of convection was itself somehow very dif-
ferent in the past in order for the mantle to retain
its heat (see Ch.5, this volume, and Sleep Vol.10).
Alternatively, if chondritic estimates of these radio-
genic sources are very wrong, then it implies signif-
icant problems with the chondritic model for plane-
tary composition and thus for our understanding of
Earth’s formation. Either possibility leads to many
intriguing directions for future inquiry.

7.01.6.2 Is the mantle well mixed, lay-
ered, or plum-pudding?

As mentioned above in Sections 7.01.3 and 7.01.5.2
there are various lines of geochemical evidence –
ranging from the disparity between trace element
abundances in mid-ocean ridge basalts and those in
ocean-island basalts, sources and reservoirs of noble
gases, source and origin of continental crust, etc. –
that suggest that the mantle has isolated reservoirs,
such as distinct layers. Although layering of the man-
tle at 660 km depth has probably been eliminated, the
motivation still persists to reconcile the geochemical
inference of an unmixed mantle with the geophysi-
cal evidence of a well-stirred mantle. The problem
remains unsolved, although various models and solu-
tions have been proposed, in particular deep layering,
or mechanisms for keeping the mantle poorly mixed
(the “plum-pudding” model). This issue comprises

Treatise on Geophysics, vol.7, pp.1-30



32 An Introduction and Overview

the major thrust of Chapter 10 (this volume), and is
touched upon in Ch.9 as well as in other volumes,
notably Wood Vol.2.

7.01.6.3 Are there plumes?

Convective plumes are relatively narrow cylindrical
upwellings typical of convection and especially in
fluids with strongly temperature-dependent viscos-
ity, such as mantle rocks. The existence of plumes
in the mantle was proposed by Jason Morgan (see
Ch.9 this volume) to explain anomalous intraplate
volcanism such as at Hawaii. That hotspots appeared
to be more or less immobile relative to plates sug-
gested a deep origin, and it has often been supposed
that plumes emanate from the most obvious heated
boundary in the mantle, the core-mantle boundary.
However, plumes have eluded direct observation by
seismic methods, other than with recent fore-front
techniques that still remain controversial [Montelli
et al., 2004]. To some extent, evidence for the ex-
istence of plumes is still circumstantial and thus they
remain the subject of ongoing debate. The subject of
plumes and melting anomalies is discussed in Chap-
ter 9 of this volume.

7.01.6.4 Origin and cause of plate tec-
tonics

As noted already, the modern theory of mantle con-
vection was motivated to provide the driving mecha-
nism for plate tectonics. We also argued above (Sec-
tion 7.01.5.3) that plate tectonics is indeed convec-
tion. However, there still remains no unified the-
ory of mantle dynamics and plate tectonics, wherein
plate tectonics arises naturally and self-consistently
from mantle convection. There are some aspects of
plate tectonics that are reasonably well explained by
convective theory, in particular the existence of cold
planar downwellings akin to subducting slabs (Ch.8
this volume). But still many first order questions
remain. Just with regard to subduction itself, there

is still no widely accepted theory of how a subduc-
tion zone and sinking slab initiates from a thick cold
and, by all appearances, immobile lithosphere (Chap-
ters 2, 3 and 8 this volume); lithospheric instabili-
ties and sub-lithospheric small-scale convection are
easily generated (Ch.7 this volume), but a widely
accepted mechanism for getting the entire stiff cold
lithosphere (from surface to base) to bend and sink
remains elusive. Also, asymmetric subduction (only
one plate subducts at a trench) is not easily obtained
with convection theory, although such asymmetries
are likely associated with disparity between oceanic
and continental lithosphere.

But many other issues remain in the problem of
“plate generation”. Although mid-ocean ridges are
associated with upwelling from the mantle, all evi-
dence points to the upwelling being shallow and the
spreading being passive; i.e., ridges are pulled apart
by slabs at a distance, rather than pried apart by a
deep upwelling (Forsyth, Vol.1, Lin, Vol.6; Ch.7 this
volume). How such passive upwelling occurs in a
convection calculation is not universally understood,
although self-consistent convection calculations with
near-surface melting do a reasonably good job of
predicting the formation of passive ridges [Tackley,
2000b]; see Figure 10.

One of the long standing problems in understand-
ing the plate-like features of mantle convection is the
generation of toroidal motion, which involves strike-
slip shear and spin of plates [Hager and O’Connell,
1979; O’Connell et al., 1991; Dumoulin et al., 1998].
Toroidal motion is enigmatic because it is not di-
rectly generated by convective forces but must arise
by the coupling of buoyancy driven flow and large
viscosity variability (Ch.4 this volume). The de-
pendence of toroidal flow on rheological effects also
links it closely to the generation of narrow weak plate
boundaries separated by broad strong plates. Plate-
like toroidal flow and plate-like structures have been
shown to both require severe velocity-weakening
mechanisms that are well beyond even the reason-
ably complex viscous creep rheologies typical of the
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Figure 10: A simulation of plate generation over mantle convection. The plate rheology is visco-plastic and
the viscosity reduction associated with melting is parameterized into the model, leading to exceptional plate-
like behavior and apparent passive spreading (i.e., narrowspreading centers not associated with any deep
upwelling). The right panels show surfaces of constant temperature, which here are dominated by cold down-
wellings; the left panels show the viscosity field (red beinghigh viscosity and blue low viscosity). Different
rows show different times in the simulation. After Tackley [2000b]. American Geophysical Union.

mantle (Figure 11); see for example the review by
Bercovici [2003]. The focusing of deformation asso-
ciated with plate boundary formation and the strike-
slip form of toroidal flow are classified as a natu-
ral occurrence of shear-localization. Although some
creep rheologies (showing plastic behavior) can gen-
erate some plausible localization, their effect is in-
stantaneous in that the weak zones only persist as
long as they are being deformed, whereas actual plate
boundaries have long lives even if inactive and can
hence be reactivated [Gurnis et al., 2000]. The mech-
anisms for such localization are thus likely to involve
“state” variables that will grow under a rapidly de-
forming state, but decay away slowly after deforma-
tion ceases. Temperature is a simple analogy of such
a state variable in that thermal anomalies can be gen-
erated by frictional dissipation and cause weakening,
but will diffuse away gradually after forcing stops.

More plausible but more exotic shear-localizing state
variables might be defect and microcrack density,
or as has been proposed by Bercovici and Ricard
[2005], the most effective mechanism may be grain-
size reduction through damage (Figure 12)

Regardless of their successes, none of these
shear-localizing mechanisms have yet to explain the
role of water as is assumed to exist (Section 7.01.3).
Moreover, essentially all plate generation models
have been designed to address present day instan-
taneous plate motions, and none have even begun
to address plate motion changes, and plate growth
and shrinkage, although some effort has been made
to understand the convective forces that can cause
plate motion changes [e.g., Lowman et al., 2003].
Much still remains to be examined in the basic and
important problem of plate generation, and aspects
of it are discussed throughout this Treatise, in par-
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Figure 11: A shallow-layer model mantle-lithosphere flow drives source-sink flow using the Earth’s present
day divergence field as a source-sink field (upper left); various non-Newtonian rheologies for the lithosphere
are examined to see which best recovers the present-day strike-slip or vertical vorticity field (lower left). Power
law rheologies are characterized by the power-law indexn such that strain-rate goes as stressn. Positive power
indices ofn = 3 (typical of mantle rocks) or evenn = 21 (closer to visco-plasticity) are insufficient to recover
the vertical vorticity field (upper two right panels). A moreexotic rheology with power-law index ofn = −1,
which allows for stick-slip or velocity weakening behavior, is much more successful at reproducing the Earth’s
vorticity field. From Bercovici [1995]. American Geophysical Union.

ticular Chapters 2, 3, 4, and 8 of this volume, and
Sleep Vol.10. Several reviews on plate generation
can also be found in the literature, in particular those
of Bercovici [2003]; Bercovici et al. [2000]; Tackley
[2000a].

7.01.7 Burgeoning and future
problems in mantle dy-
namics

7.01.7.1 Volatile circulation

The interaction of the ocean and atmosphere with
the mantle has in fact been an important and fertile
field of study for the last few decades, although it
has largely been the province of mantle petrology and
geochemistry. However, questions of how much the
mantle entrains, returns and stores various important
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S  [min/max= -1/1] G  [min/max= -0.00314/0.00254]

Ω   [min/max=-1.3/1.3] vh  [max vec.length=0.103]

φ  [min/max=0.04733,0.05202

A   [min/max=0.9849/8.696]

time = 0.639

Figure 12: A simple source-sink model of shallow flow with a two-phase and grainsize-reducing damage mech-
anism. Damage per se involves transfer of deformational work to the creation of surface energy on interfaces
by void and/or grain boundary generation in the continuum. In the case shown, all damage is focussed on
grainsize reduction. The panel meanings are indicated by symbols whereS is the imposed divergence rate (i.e.
the source-sink field) that drives flow;G is the dilation rate due to void formation;φ is void volume fraction;
Ω is vertical vorticity or rate of strike-slip shear;vh is horizontal velocity; andA is the “fineness” or inverse
grainsize. This particular calculation shows that fineness-generating, or grainsize reducing, damage is very
effective at creating localized fault-like strike-slip zones in vorticityΩ, and solid-body like translation in the
velocity fieldvh. Adapted from Bercovici and Ricard [2005]. American Geophysical Union.

volatiles such as water and carbon dioxide remain
important and largely unanswered [Williams and
Hemley, 2001; Karato, 2003; Hirschmann, 2006].
The relevance of the problem is manifold, but can be
summarized perhaps in two themes: First, the inges-
tion of volatiles by the mantle affects its convective
circulation and thus both the thermal and chemical
evolution of the mantle, mainly because of the rhe-

ological effects of volatiles (which tend to weaken
rocks) as well as their tendency to facilitate melting
and hence chemical and isotopic fractionation. Sec-
ond, how the mantle ingests, stores and releases vari-
ous volatiles controls the evolution of the oceans and
atmosphere, both in their size (or mass) as well as
composition (since difference volatiles are likely to
be entrained and stored differently).

Treatise on Geophysics, vol.7, pp.1-30



36 An Introduction and Overview

The flux of volatiles into the mantle is pri-
marily through subduction zones [Peacock, 1990;
Hirschmann, 2006]. Crustal rocks entering a subduc-
tion zone are necessarily hydrated by virtue of being
submarine. Whether the lithosphere as a whole is hy-
drated is questionable since it tends to be dried dur-
ing the process of mantle melting and formation of
crust at ridges. Absorption of carbon dioxide is first
by dissolution in sea-water to form an acidic solution
that reacts with calcium rich sediments to produce
carbonates [Falkowski et al., 2000], which are then
entrained by subduction. However, the quantification
of volatile entrainment through subduction zones is
problematic for many reasons; in the case of water
it is difficult to make an accurate estimate of how
much gets carried by the slab, how much continues
to be carried down after devolatilization through arc
magmatism, and which hydrous silicate phases in the
slab are capable of carrying water to significant man-
tle depths [Williams and Hemley, 2001; Hirschmann,
2006]; see also Wood Vol.2.

Storage of volatiles in the mantle is also the sub-
ject of much debate. Although solid rocks cannot ab-
sorb volatiles in great concentrations, the mass of the
mantle is so large that it could conceivably hold sev-
eral to tens of world ocean masses. Moreover, the
region of the mantle between the phase transitions
at 410 km and 660 km depths – called the transi-
tion zone – is known for having anomalous solubility
of at least water and while it is only a tenth of the
thickness of the mantle it could hold much more wa-
ter than either the upper mantle (above 410 km) or
lower mantle (below 660 km) combined. The transfer
of anomalous water from the transition zone through
convection could possibly cause deep melting, as has
been proposed since the early 1990s [e.g., Inoue and
Sawamoto, 1992; Inoue, 1994]; this melting might
have an effect on trace-element circulation and led
to the appearance of layering in whole-mantle con-
vection [Bercovici and Karato, 2003; Karato et al.,
2006]. How much volatile mass is eventually re-
turned to the oceans and atmospheres through vol-

canism is perhaps better constrained since most non-
arc volcanic output occurs at mid-ocean ridges whose
basalts are relatively dry. The ingestion of water
by slabs and meager water return at ridges suggests
that the mantle is on the whole absorbing oceans,
although it is equally possible that little water is
taken into the mantle beyond arc volcanism [Dixon
et al., 2002]; see Ch.8 this volume, Wood Vol.2, and
Hirschmann [2006]. The balance of volatiles be-
tween the oceans and atmosphere is an ongoing de-
bate since it relies on various feedback mechanism,
some of which are still not well articulated. Volatiles
will tend to reduce mantle viscosity and enhance con-
vective vigor, but whether this enhances ingestion
or output of water is not entirely known and similar
models can lead to very different conclusions, such as
complete mantle degassing in a brief time [McGov-
ern and Schubert, 1989], or drainage of the oceans
into the mantle over billions of years [Bounama et al.,
2001]. However, evidence that ocean masses have re-
mained more or less constant over billions of years
[see Hirschmann, 2006] implies a steady state ex-
change of the mantle with the oceans and atmo-
sphere that has either a trivial explanation (i.e., there
is no exchange), or requires a self-regulating feed-
back mechanism. Such mechanisms might involve
the ocean-mantle contact area that governs the size
(depth and breadth) of the world’s oceans, and thus
the size of ocean basins, plate boundary lengths and
plate sizes. To simply state that the subduction and
ridges must ingest and eject an equal amount of wa-
ter is not an explanation since the mechanisms of
absorption at subduction zones and release at ridges
are vastly different and it would be fortuitous if they
could balance each other for any given plate or ocean-
size configuration.

7.01.7.2 Mantle convection, water and
life

The presence of liquid water on Earth is likely a
necessary condition for plate tectonics, and an ob-
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vious necessary condition for the existence of life
as we know it. A major question still remains as
to whether all three are linked; i.e., that plate tec-
tonics has allowed liquid water and life, or possi-
bly even whether life has influenced plate tecton-
ics. The volcanic return of subducted carbon dioxide,
which is removed from the atmosphere by oceans and
seafloor sediments, likely sustains a greenhouse state
that keeps the surface temperature sufficiently high
for water to remain liquid, and hence permit plate tec-
tonics. Moreover, the absorption of carbon dioxide
by ocean-sediment reactions, which prohibit buildup
of CO2 and thus a possible runaway greenhouse, is
probably also tectonically controlled by the contin-
uous exhumation of calcium rich minerals through
mountain building [Walker et al., 1981]. Thus plate
tectonics possibly plays a role in keeping the the
Earth at the right temperature for liquid water (and
life) to exist, and thus for plate tectonics itself to per-
sist [Ward and Brownlee, 2000]. Whether or not life
is a mere passive player in this balance remains an
open question.

7.01.8 Summary and context of
the rest of this volume

This volume on mantle dynamics is designed to fol-
low two themes: (1) how is mantle convection stud-
ied, and (2) what do we understand about mantle dy-
namics to date. The first 4 chapters following this
overview are thus concerned with pedagogical re-
views of the physics of mantle convection (Ch.2),
laboratory studies of the fluid dynamics of convec-
tion relevant to the mantle (Ch.3), theoretical analy-
sis of mantle dynamics (Ch.4), and numerical anal-
ysis and methods of mantle convection (Ch.5). The
subsequent chapters concentrate on leading issues of
mantle convection itself, which include the energy
budget of the mantle (Ch.6), the upper mantle and
lithosphere in and near the spreading center (mid-
ocean ridge) environment (Ch.7), the dynamics of

subducting slabs (Ch.8), hotspots, melting anomalies
and mantle plumes (Ch.9), and lastly geochemical
mantle dynamics and mixing (Ch.10).

The physics of mantle convection is extensively
multi-disciplinary since it involves not only fluid me-
chanics, but also gravitational potential theory (to
understand not only self-gravitation of our massive
convecting medium but how the shape of the geoid
or sea-surface is affected by and informs us about
convection), seismology and mineral physics (to un-
derstand the thermodynamic state and properties of
the mantle such as density, thermal expansivity and
solid-solid phase transitions), material science (to un-
derstand rheology and deformation mechanisms and
transport phenomena), and geochemistry, petrology
and complex multiphase, multicomponent flows (to
understand chemical mixing and mantle melting).
Chapter 2 begins by elucidating the basic physics of
convection universal to any fluid system, and then
proceeds to discuss the complexities associated with
the mantle, including, for example, compressibil-
ity, phase changes, viscoelasticity, silicate rheology,
etc. Many of the future research topics involving
mantle complexities cannot be described with single-
component and single-phase fluid mechanics, thus
some care is given to develop an introduction to com-
plex fluids entailing multicomponent systems under-
going mixing and chemical transport, as well as de-
formable multiphase media.

As discussed above in Section 7.01.2.3, the initi-
ation of the modern study of convection is attributed
to the first systematic experimental studies of Henri
Bénard. Thus, Chapter 3 involves a survey of labo-
ratory methods for studying convection, and for ap-
proaching the particular complexities of mantle con-
vection itself. Convection in the mantle is, of all geo-
physical flows, perhaps most easily scaled to labo-
ratory conditions since the ratio of viscosity to the
cube of layer thickness is easily preserved between
the mantle and the laboratory model. Moreover, lab-
oratory models do not suffer the assumptions made
in physical theory to obtain a closed system, the sim-
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plifying approximations of analytic theory to obtain
a mathematical solution, or the limitations of numer-
ical resolution in computer models; thus the need for
studying convection in real materials is paramount.
However, the mantle is an exotic fluid in that it is
undoubtedly chemically inhomogeneous, has phase
changes, is heated and cooled internally, and has
rheology sensitive to various state variables such as
temperature, pressure and stress or grainsize, and
these effects are all difficult to reproduce in the lab-
oratory and with available laboratory fluids. Thus,
progress in laboratory models is both vital for ex-
ploring new physics and testing theories, but remains
an extremely challenging field. Chapter 3 thus not
only discusses the methods for creating and observ-
ing convection experiments, but also reviews the con-
siderable progress in incorporating the complexities
of the mantle itself into these experiments.

The birth of convection as a field of physics is
also associated with Lord Rayleigh’s seminal theoret-
ical work on convective instability (Section 7.01.2.2).
In the last 40-50 years the theoretical analysis of con-
vection in both the linear and especially nonlinear
regimes has burgeoned, not only because of its rel-
evance to planetary and stellar atmospheres and inte-
riors, but because convection is the classic paradigm
of a nonlinear dynamical system undergoing chaotic
behavior and self-organization [e.g., Nicolis, 1995].
Thus Chapter 4 surveys the wealth of theoretical
analyses on convection itself, as well as on individ-
ual theories relating to features of convective circu-
lation. Thus the initiation of mantle plumes is exam-
ined through stability (Rayleigh-Taylor) theory, and
fully developed plumes and mantle diapirs through
simpler fluid dynamical models. Likewise, subduct-
ing slabs are examined through, for example, the the-
ory of bending viscous sheets. Finally, convection
is studied holistically through a review of weakly
nonlinear perturbation theories which predict three-
dimensional patterns at convective onset, to matched-
asymptotic boundary layer theories for strongly su-
percritical convection,

Progress in the study of mantle dynamics in the
last 20 years has been driven by the rapid increase in
computational power as well as ever growing sophis-
tication in numerical models. Numerical methods are
invariably the most versatile of all methods of study
since they can examine strongly nonlinear convec-
tion without excessive simplifying assumptions, and
can incorporate any relevant physics that can at least
be articulated mathematically. Thus Chapter 4 re-
views the numerical analysis of mantle dynamics by
surveying the leading methods that are employed to-
day. Classic methods of numerical modeling include
finite-difference, finite-volume and spectral methods,
all of which are outlined in Chapter 4; but perhaps the
most powerful and versatile method is finite elements
and this is given special attention. Some classic ex-
amples of how numerical analysis is used to attack
key problems are also discussed; these include the
omnipresent mantle complexities of thermochemical
convection, phase changes and non-Newtonian rhe-
ology.

With the major tools of studying mantle convec-
tion surveyed in detail, the volume progresses to is-
sues specific to the mantle itself. An obvious and
key issue of mantle dynamics is the energy source
for convection, which remains an active and at times
controversial issue, and this is reviewed in Chapter
6. The energy budget of the Earth relies on various
important quantities that are unfortunately not eas-
ily constrained. The loss of heat through the Earth’s
surface is a first-order observation but is problematic
in that the measurements are difficult to make (e.g.,
measurements of conduction through the lithosphere
are easily contaminated by the effects hydrothermal
circulation) and global coverage of heatflow is diffi-
cult given the large variation in both crustal thickness
and properties between and within oceans and con-
tinents. Secondly, the estimate of the heat sources
inside the Earth is also difficult since it involves un-
derstanding the composition of the bulk Earth, which
involves measurements of radioactive element con-
centrations from various sources such as continental
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crust, oceanic basalts and chondritic meteorites, but
of course never directly from the mantle itself. Fi-
nally, basic understanding of convection from theo-
retical, numerical and analytical models (Chapter 3-
5) allows construction of thermal histories of how the
Earth cools and has evolved under the action of con-
vection.

For Chapters 7-9 this volume concentrates on
some of the key individual features of convective cur-
rents. Chapter 7 treats the problem of convection
in the upper mantle its interaction with mid-ocean
ridges and the oceanic lithosphere. It is widely rec-
ognized that the plates and lithosphere are the domi-
nant convective thermal boundary layer of the mantle
as it is cooled from above. How the oceanic litho-
sphere forms following complex magmatic processes
at ridges can play a key role in the entire convective
cycle, since, for example, melting at ridges can cause
dehydration and strengthening of the lithosphere.
How this same lithosphere transmits heat and thick-
ens as it moves away from mid-ocean ridges is fur-
ther a important feature of mantle convection. How-
ever, small-scale convection (as well as hotspot ac-
tivity) in the sublithospheric asthenosphere can have
a profound effect on how heat is transferred into the
lithosphere. Moreover, plate motions can affect the
structure of this small-scale convection, typically by
aligning convective rolls with plate motion. Similar
to small-scale convection is the convective instability
of the lithosphere itself, which can lead to delamina-
tion and further change of lithospheric structure and
cooling.

Chapter 8 continues with the plate and litho-
sphere as it enters subduction zones and becomes
what is clearly the driving force for mantle convec-
tion, i.e., subducting slabs. The chapter first reviews
the basic mechanism and energy release of slab de-
scent. It then proceeds to examine evidence for slab
structure from seismological observations, which can
then be used to constrain dynamic models of sinking
slabs as they descend through the subduction zone
wedge environment and through mantle phase trans-

formations. Phase changes have a particularly impor-
tant effect on slabs because they can not only impede
slab transfer into the lower mantle, but the slow kinet-
ics inside cold slabs might cause metastable phases
to exist, which potentially cause fine-scale buoyant
stresses that could influence slab deformation and
seismicity. One of the primary constraints on slab-
related convection and mantle structure involves the
geoid and topographic signature of subduction zones;
in particular, the geoid over subduction zones is gen-
erally positive which suggests that the cold positive
mass anomaly of the slab is supported by a viscosity
increase with depth rather than by a downward de-
flection of the surface. Lastly, as discussed above,
the volatile flux into the Earth is entirely coupled to
subduction and slab dynamics, and this issue is nec-
essarily discussed in detail.

To contrast the discussion of cold slabs, Chapter
9 concerns anomalously hot mantle, melting anoma-
lies and the mantle’s other primary convecting cur-
rent, the elusive mantle plume. The chapter reviews
first the observations relating to hotspots and melt-
ing, including discussion of age-progression volcan-
ism (which has been the observational foundation
of the stationary hotspot model); the topographic
structure of hotspot swells (which suggest a larger
mantle structure than just the volcanic edifice itself),
the signature of large igneous provinces (thought to
be associated with large starting plumes and/or the
initiating of continental rifting), and the geochemi-
cal, petrological and seismological evidence for the
depth of origin of hotspots. Next, the the process
of hotspot melting and volcanism, the formation of
plume swells, and the fluid dynamics of deep mantle
plumes are examined and evaluated.

The final chapter in this volume, Chapter 10, in-
volves the ongoing problem of interpreting observa-
tions of geochemical heterogeneity from the perspec-
tive of mantle convection theory. The chapter first re-
views the observations and evidence for mantle het-
erogeneity, starting with its origin during early seg-
regation of the mantle, crust and core, to its present
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state. As discussed above (Section 7.01.6.2), much of
the evidence for current heterogeneity involves anal-
ysis of trace (incompatible) elements in mid-ocean
ridge and ocean island basalts, as well as budgets
of noble gases, and these primary constraints are ex-
plained and reviewed as well. Following the survey
of observations, the chapter examines models of mix-
ing, trace-element transport and layering in the man-
tle to address the fate, scale and isotopic signature of
dispersed heterogeneities, as well as the stability of
reservoirs of large-scale chemical heterogeneity. The
problem of chemical evolution and heterogeneity re-
mains one of the biggest unsolved problems in man-
tle dynamics and thus recent and future directions in
this field are also discussed.

In the end, this volume of the Treatise on Geo-
physics is designed to give both a classical and state
of the art introduction to the methods and science of
mantle dynamics, as well as a survey of leading order
problems (both solved and unsolved) and our present
understanding of how the mantle works.
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