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MANTLE CONVECTION tic techniques paved the way for the discovery
of sea-floor spreadingHess 1962; Vine and

Synonyms Matthews 1963] and the birth of the grand uni-
fying theory of Plate Tectonics in the 1960s;

Mantle dynamics. Mantle circulation. this consequently revived interest in mantle con-

vection as the driving mechanism for plate mo-
tions [Runcorn 1962a,b] as well as non-plate-
tectonic volcanism such as the possible Hawai-
Mantle convection:Thermal convection in theian plume Morgan, 1971]. The success of man-
terrestrial planetary mantles, the rocky layer bte convection theory in explaining plate veloc-
tween crust and core, in which hot material risgies, sea-floor subsidence, volcanism, gravity
cold material sinks and the induced flow goveragiomalies, etc., lead to its further application to
plate tectonic and volcanic activity, as well agther terrestrial planets such as Venus and Mars,
chemical segregation and cooling of the entivéhich also sustained unique forms of mantle
planet. convection, evident from volcanic activity.

Definition

Mantle convection Basics of thermal or free convection

Introduction and Histor
y Rayleigh-Bénard Convection

All planetary bodies retain some heat from their The simplest form of thermal convection is
early formation but are inexorably cooling teeferred to as Bénard convection named after
space. Planetary surfaces are therefore cthéd French experimentalist Henri Bénard who
relative to their hotter interiors, and thus urnn 1900 performed the first systematic experi-
dergo thermal convection wherein cold materiaients on convection in thin layers of oil (sper-
is dense and sinks while hot material is light andacetti) and recognized both the onset of con-
rises (liquid water near freezing being one of theection from a static conductive state and the
rare exceptions to this process). Planetary etgular patterns formed in a convecting layer
mospheres, oceans, rocky mantles and metalB&nard 1900, 1901]. Fifteen years later, the
liquid cores convect and are subject to uniqeitish theoretical physicist and mathematician
patterns of circulation in each domain. Silicateord Rayleigh (William John Strutt), attempted
mantles however tend to be the most massiteeexplain Bénard’s results for the onset of con-
and sluggish part of terrestrial planets and thexgection [Strutt, John William (Lord Rayleigh)
fore govern how planetary interiors evolve antb16] — the delay in communication between
cool to space. (See Fig 1.) them being caused by the First World War.
The theory of mantle convection was origiHowever, the mismatch between theory and ex-
nally developed to understand the thermal higeriment was profound, and not resolved until
tory of the Earth and to provide a driving mectthe late 1950sHearson 1958] when it was in-
anism for Alfred Wegener’s theory of Continenferred that Bénard’s experiments were strongly
tal Drift in the 1930s [se&chubert et a).2001; influenced by surface tension or Marangoni ef-
Bercovici 2007]. Interest in mantle convectioffiects not included in Rayleigh's theory (al-
waned for decades as Wegener's theory was ctiteugh Bénard himself was aware of these ef-
icized and apparently discredited. However, tlfiects). Because Rayleigh’'s work provided the
accumulation of sea-floor sounding data durifigamework for nearly all thermal convection the-
War World Il and refinement of paleomagerory to follow, the simple Bénard convective sys-
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Figure 1: Graphic renditions of cut aways of Earth’s structure shgwdrust, mantle and core (left) and
of the convecting mantle (right). The relevant dimensioresthat the Earth’s average radius is 6371km;
the depth of the base of the oceanic crust is about 7km aniheatdl crust about 35km; the base of the
lithosphere varies from 0 at mid-ocean ridges to about 100&ar subduction zones; the base of the upper
mantle is at 410km depth, the Transition Zone sits betwe@®krland 660km depths; the depth of the base
of the mantle (the core-mantle boundary) is 2890km; andrthericore-out core boundary is at a depth of
5150km. Left frame adapted frobmmb and Singtofil998]. Right frame, provenance unknown.

tem is also referred to as Rayleigh-Bénard cotationaly potential energy and go to a minimum
vection. energy state, the layer is induced to turn over.

Although Bénard’s experiments were in a
metal cavity, Rayleigh-Bénard convection act@&onvective onset and the Rayleigh number
ally refers to Rayleigh’s idealized model of a While the fluid in a Rayleigh-Bénard layer
thin fluid layer infinite in all horizontal direc-might begravitationallyunstable, it is not nec-
tion such that the only intrinsic length scale iassarilyconvectivelyunstable. Convective over-
the system is the layer thickness. The Rayleigiiwn of the layer is forced by heating but resisted
Bénard system is heated uniformly on the batr damped in two unique ways. Clearly the ther-
tom by a heat reservoir held at a fixed tempenal buoyancy (proportional to density contrast
ature (i.e., the bottom boundary is everywhetienes gravity) of a hot fluid parcel rising from
isothermal) and the top is likewise held at e bottom surface through colder surroundings
fixed colder temperature by another reservaicts to drive convective overturn. However, vis-
(see Figure 2). If the layer were not fluid, heabus drag acts to slow down this parcel, and
would flow from the hot boundary to the coldhermal condcution, or diffusion, acts to erase its
one by thermal conduction. But since the fluidot anomaly (i.e., it loses heat to its colder sur-
near the hotter base is (typically) less dense thaundings). Thus while the fluid layer might be
the fluid near the colder surface, the layer ggavitationally unstable, hot parcels rising might
gravitationally unstable, i.e., less dense materrabve too slowly against viscous drag before be-
underlies more dense material. To release gravig erased by thermal diffusion. Similar argu-
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cold

hot

Figure 2: Rayleigh-Benard convection: initially conducting layésd) and numerical simulation of con-
vection (bottom).

ments can be made for cold material sinking sizea and temperature anomalyl’. Dimen-
from the top surface through warmer surroundional analysis readily shows that the typical as-
ings. The competition between forcing by thecent rate of the parcel jgja ATa?/ 1 (with units
mal buoyancy, and damping by viscosity amf m/s). However the rate that heat diffuses out
thermal diffusion, is characterized in dimensiomf the parcel isx/a (smaller parcels lose heat

less ratio called the Rayleigh number faster). The critical state occurs when these two
. rates are equal; i.e., if the buoyant ascent rate

Ra — pgaATd 1) just exceeds the diffusion rate, the parcel should

MR rise without being erased, but if the ascent rate

where s is fluid densitv.¢ is aravitv. « is ther- is less than the diffusion rate it will not rise very
P ¥:915 9 Y, far before being lost. Therefore the critical state

mal expansivity (units of oK 1), AT is the dif- : 3 N .
ference in temperature between the bottom alcr;]%curs tpgadTa’/(ur) ~ 1. Scaling purely

top surfacesd is the layer thickness; is fluid y orders of magnitude, a small parcel of fluid
: : . . . can be assumed to be of order 10 times smaller
viscosity (units ofPa s) and is fluid thermal

cifusivty (units of s %), leads & el concition fr onset of convec
EventhoughAT > 0 (i.e., heating is from be-

low and causes gravitational instabilitgjq still 1°™ ©f P9eATd/ (jir) ~ 1000.
must exceed a certain value, called the criticalFor the Earth’s mantle, the typical average
Rayleigh numberRa,. for convection to occur. properties from which the Rayleigh number is
For Ra < Ra. the layer is stable and transportsonstructed are ~ 4000kg/m?, g = 10m/s?,
heat by conduction; foRa > Ra,. the layer will o = 3 x 107°K~!, AT ~ 3000K, d = 2900km,
be convectively unstable and transport heat mgre= 10*?Pa s (dominated by the lower man-
rapidly via convection. See Figure 3. tle), andx = 107°m?/s [see Schubert et al.
Although Ra,. varies depending on the me2001]. Taken together these lead to a Rayleigh
chanical nature of the horizontal boundariemimber of approximately0?, which is well be-
(whether rigid or a free surface) it is typicallyond supercritical; although the mantle viscos-
of order 1000. This value is easily understoaty is extremely high, the mantle is also very hot
by considering the fate of a hot (or cold) parceind very large and hence convecting vigorously.
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Figure 3:The critical Rayleigh numbeRa for the onset of convection is a function of wavelength oesiz
of the thermal perturbation to a static conductive stater eFlmyer with isothermal and free-slip (shear-
stress free) top and bottom boundaries, the relationshipuis;; = (k? + 72)3/k? wherek = 27 /X and

A is wavelength Chandrasekhgr1961]. Values ofRa above theRa.-;; curve are associated with the
conductive layer being convectively unstable (pertudretigrow), while below the curve the layer is stable
(perturbations decay). The minimum in th&.,.;; curve occurs at the wavelength of the first perturbation
to go unstable as heating afd is increased, often called the most unstable mode.

Thermal boundary layers and the Nusselt must drop from the well-mixed warm interior to
number the cold temperature at the top, and to the hot-
For a Rayleigh numbeRa above the criti- ter temperature at the bottom. The narrow re-
cal value Ra., convective circulation will mix gions accomodating these jumps in temperature
the fluid layer, and the mixing and homogenizare called thermal boundary layers (Figure 4).
tion of the fluid will become more effective the Thermal boundary layers are of great impor-
more vigorous the convection, i.e., Ra is fur- tance in thermal (and mantle) convection for two
ther increased. With very larg&a and vig- reasons. First, most of the buoyancy of the
orous mixing most of the layer is largely unisystem is bound up in thermal boundary layers
form and isothermal. (In fact, if the layer isince these are where most of the cold material
deep enough such the pressures are comparablkide top and hot material at the bottom resides
to fluid incompressibility, the fluid layer is notand from where hot and cold thermals or cur-
isothermal but adiabatic, wherein even withouwents emanate. Moreover, with regard to con-
any heating or cooling, the temperature woulgction in the mantle itself, the top cold thermal
drop with fluid expansion on ascent and increaBeundary layer is typically associated with the
with fluid compression on descent.) Most dEarth’s lithosphere, the 100km or so thick layer
the fluid in the Rayleigh-Bénard system is a&f cold and stiffer mantle rock that is nominally
the mean temperature between the two bourdt up into tectonic plates.
ary temperatures. However the temperature stillSecond, since fluid in these boundary layers
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Figure 4: Sketch of temperature profiles, showing how convective mgixiomongenizes the conductive
mean temperature into a nearly isothermal state (if theifuidcompressible) with thermal boundary layers
connecting it to the cold surface and hot base (top frame)th Wb internal heating the interior mean
temperature is the average of the top and bottom tempesatheeeffect of adding internal heating (bottom
frames) is to increase the interior mean temperature argddange the relative size and temperature drop
across the top and bottom thermal boundary layers.

is near a horizontal boundary, most of the fluary, where the heat is then transported out of
motion is horizontal and thus heat is only tranhe system by conduction across the top bound-
ported vertically across these thin layers by coary layer. The eventual heat flow (power out-
duction; but since the layers are very thin sugut per unit area) out of the well mixed layer
conductive transport is rapid. Indeed, the eis essentiallytAT/§ wherek is thermal con-
tire cycle of heat transport occurs by heat coductivity (units of W K—'m™=1), AT/2 is the
ducted in rapidly through the bottom boundatgmperature drop from the well mixed interior to
layer, after which hot fluid in this layer will, inthe surface and we defing2 is the thickness of
various spots, become unstable and rise to fothe boundary layer. By comparison, the thermal
a convective upwelling that carries heat out ebnduction across a static non-convecting layer
the boundary layer rapidly across most of the kAT /d. The ratio of heat flow in the con-
fluid layer and deposits it at the upper boundectively well mixed layer to the purely conduc-
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tive layer is thusl/é, which is called the Nusseltand thickening lithosphere.
numberNwu (named after the German engineer,
Wilhelm Nusselt 1882-1957). The relation beRatterns of convection, structure of up-
tween Nu and convective vigor parameterizedellings and downwellings: plumes, and
by Ra is important for understanding how conslabs
vection transports heat and cools off bodies in-When convection occurs upwellings and
cluding planets. Convective heat transport is afewnwellings will be separated horizontally by
ten written asNu(kAT/d) and in considering some optimal distance. If they are too close to
this relationHoward [1966] argued that vigor-each other they can induce too much viscous
ous convective heat transport across the bulkdsbg on each other and/or lose heat rapidly to
the well-mixed fluid layer is so fast it is not theeach other; if they are too far apart they must roll
rate limiting factor in releasing heat (only contoo much mass between them. The separation
duction across the thermal boundary layer is)istance is also determined by heat transport in
and thus heatflow should be independent of fluide thermal boundary layer between upwellings
depthd; this implies that sincé?a ~ d® then and downwelling. When hot upwelling fluid
Nu ~ Ra'/?, which yields a convective heatreaches the surface it spreads laterally into the
flow Nu(kAT/d) that is independent af. In thermal boundary layer. As it travels horizon-
general, since the fluid is conductive f&n < tally it cools to the surface and eventually gets
Ra,, one often writes thalNu = (Ra/Ra.)'/? cold and sinks into the downwelling; thus the
(although Nu = 1 for Ra < Ra.), which upwelling-downwelling separation is also deter-
is a reasonably accurate relationship born outned by the distance it takes for fluid to cool
by simple experiments and computer modelingtf and become heavy enough to sink.
This relationship also implies that the ratio of The upwelling-downwelling separation dis-
thermal boundary width to fluid layer depth isance or convection cell size is predicted by con-
§/d ~ Ra~'/3, which shows that the boundvective stability theory to approximately equal
ary layers become increasingly thin as conveo-the layer deptll (a bit larger at the onset of
tive mixing of the layer becomes more vigorousonvection but identically as Ra becomes very
The relation of§ ~ Ra~'/? applies to the large); i.e., the cell that is either least stable and
horizontally averaged boundary layer thicknegtus most likely to convect — or equivalently the
However, boundary layers change with time oell that optimizes gravitational potential energy
distance from their first formation, e.g., wher@and thus heat) release — is usually the cell that
an upwelling impinges on the top boundary. As as wide as it is deep.
the fluid in the boundary layer moves from an Viewing a convecting layer from above, the
upwelling to a downwelling it cools and thaipwelling and downwellings may be separated
boundary layer thickens as more material coais various patterns, such as two-dimensional
next to the cold surface. The thickening deells (sheets of upwelling rolling over into sheets
pends on the thermal diffusivity (with units of downwelling, and each cell counter-rotating
of m?/s) and the residence time or agenear with its neighboring cell). In the Rayleigh-
the cold boundary (i.e., time since leaving th@énard layer, which is infinite horizontally, no
upwelling). Simple dimensional considerationsne location of the layer should be different than
show that the boundary layer thickness goesasy other one so ideally the pattern should be
V/kt; this corresponds to the well knowpage a regular repeating tile; as there are only so
law for subsidence of ocean sea floor with ageany polygons that can form a repeating tile,
since formation at mid-ocean ridges, implyinthe patterns usually involve convection cells in
that sea-floor gets deeper because of the coolthg shapes of rolls (already mentioned), squares,
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hexagons and triangles (Figure 5). Of cour&mergy sources for mantle convection and
non-ideality and irregularities can occur due téarth’s thermo-chemical history

tiny imperfections for example in the boundaries
leading to irregular patterns. Heatflow coming out of the Earth is measured

| . he 3-D ‘ by heat-flow gauges (measuring conductivity of
n many instances the 3-D pattern of ConVefs < first and then thermal gradients in bore-

tion, especially in fluids where hot fluid is Iesﬁoles) both in continents and oceans [Jee-
viscous than cold fluid (as is true in many M&otte and Schuberi982]. The total heat flow-
terials, including the mantle) the upwelling is irihg out from beneath the Earth’s surface is ap-
the form of a cylindrical plume at the center of Broximately A6TW (46 trillion Watts)Jaupart
canopy of sheet-like downwellings, much like & al. 2007], which is in fact not a large num-
fountain. ber given the surface area of the Earth, and is
actually tens of thousands of times smaller than
the heat absorbed from the Sun. Nevertheless it
represents the source of power driving dynamics
inside our planet, including mantle convection
(and hence tectonic, volcanological and other
The common occurence of sheet-like dowgeological activity) as well as core cooling and
wellings and columnar upwellings in simplgow.
convection is crudely applicable to mantle con- The source of the Earth’s internal heat is a
vection.  Subducting slabs are where tectonigmpination of primordial heat, i.e., left over
plates sink into the mantle; these are analagqisy accretion (gravitational potential energy
to the cold sheet-like downwellings seen in 3rom formation and collisions), and heat gener-

D convection, although much more complicategdaq py unstable radioactive isotopes, especially
by rheology as discussed below. Deep hot N@fe isotopes of uraniun?U), thorium (2°2Th)

row upwelling plumes are infered to explaig,g potassium °K), although the K half-

anomalous intraplate volcanism as in Hawalii, 8& is much shorter than the others and so gen-
well as the fixity of these volcanic hotspots relgsgied a large heat pulse primarily in the early
tive to each other (which suggests deep anch@ty,  Because continental crust is originally
ing in the mantle). These mantle plumes are Qgrmed by partial melting and chemical segrega-
tensibly analogous to the pipe-like upwelling ifjon of early mantle material (indeed the chem-
simple 3-D convection, but again more compligg| separation allows another energy source in

cated b}f unique mantle properties. (See “Maniige release of gravitational potential energy, but
Plumes” essay by Farnetani and Hofmann.) - giher than early core formation this is a rela-

While mid-ocean ridges or spreading centefigely minor contribution), these radioactive ele-
transport material vertically to surface, they afgents tend to be concentrated in crust (i.e., melt
very narrow features and for the most part imore readily dissolves these elements than does
volve shallow upwelling (inferred from theirsolid rock, so they partition toward the melt).
weak gravity anomalies that suggest shalloWus the crust itself produces a significant frac-
isostatic compensation, i.e., they are floating &@n of the net heat output through the surface;
a shallow buoyant root). Ridges are likely beggmoving the crustal component leaves approx-
explained as being pulled and rifted apart pagiately 31TW emanating from the mantle and
sively from a distant force (ostensibly slabsgore [Schuberteta).2001;Jaupart et al, 2007].
rather than involving a deep convective up- The relative contributions of primordial cool-
welling that pries them open. ing and radiogenic heating to the mantle (and

Plumes and Slabs in the mantle: Simple
view



Encyclopedia of Solid Earth Geophysics Mantle ConvectionDavid Bercovici

Figure 5: Patterns of convection from laboratory experiments inanegtilar tank bywWhite [1988] (left),
and numerical simulations in a spherical shellahong et al[2000].

core) heat output remains an active area of dew heat to be produced continously through-
bate even today and leads to various quandariast the past rather than by rapid cooling from
The most direct estimate of the concentrai@molten state. Alternatively, researchers have
of radiogenic sources (U, Th, K) is by looksought ways to keep chondritic concentrations
ing at the concentration in chondritic meteoritesf U, Th and K by arguing that heat-transport in
which come for the solar systems’ main astehe past was different than it is today; for exam-
oid belt and because they have been largely yobe higher temperatures in the past might have
altered for 4.5Gyrs (i.e., unmelted) are thoughtlowed for more melting and thus more buoyant
to be the same as the original building blocksust and/or stronger dehydrated lithosphere that
of the terrestrial planets. The chondritic corkept the top part of the convecting mantle slug-
centrations of U, Th and K would allow for ragish or immobile hence bottling up primordial
diogenic heating to contribute 50% or less dfeat for much later releasEgrenaga 2008].
the total heat outputorenaga 2008]; this is
often called the Urey ratio, i.e., the radiogenic Finally, the release of both radiogenic and pri-
heat output to the total output. With radiomordial heat, again termed collectively “inter-
genic heating this small, the only way the mamal heating” (i.e., heat coming from the bulk
tle could be as hot as it is today — while alsof the fluid) means that the idealized Rayleigh-
transporting heat as it does presently — is if Benard model of convection, where heating is
were very hot and nearly molten in the geologdnly along the base, is inaccurate. The effect of
cally recent past (a few hundred million yearsinpternal heating in addition to “basal heating” is
this is geologically untenable since petrologicetlatively straightforward to understand. While
and geochemical analysis demonstrate the priesthe Rayleigh-Bénard model the temperature
ence of solid rock and even liquid water in thef the well mixed interior is at the average of
early Earth [sedHalliday, 2001], which there- the two boundary temperatures, the addition of
fore ceased to be molten not long after it's fomternal heating acts to heat up the well mixed
mation 4.5 billions years ago. This paradox haserior to a higher mean temperature. This puts
led some researchers to assume that the radi® interior temperature closer to the hot bottom
genic sources are super-chondritic, i.e., to aémperature, but further from the cold top tem-
perature; the effect is to create a larger tempera-
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ture drop across the top thermal boundary lay@ends on the statistical-mechanical probability
than across the bottom one; in essence, the tdpa molecule in a crystal lattice leaving the
boundary layer must conduct out heat inject@dtential well of its lattice site; the potential-
through the bottom plus heat generated or negell itself is defined by electrostatic or chemi-
leased from the interior (Fig 4). These very dital bonds inhibiting escape, and Pauli-exclusion
ferent boundary layers tend to cause more nggessure preventing molecules squeezing too
atively buoyant and stronger downwelling cuelosely to each other. Thus mobility depends on
rents and smaller and weaker upwelling cuthe Boltzman distribution measuring the prob-
rents; this effect seems to be borne out in tlhabilty of having sufficient energy to overcome
Earth by the presence of many large cold slathe lattice potential well barrier, which is often
driving plate tectonic motion with large therealled the activation energy (or allowing instead
mal anomalies (of order 500K) relative to fewdnr pressure variations the activation enthalpy).
upwelling plumes with weaker (200K) thermar his probability depends on the (Arrhenius) fac-
anomalies (although this is still somewhat a mabr e~ “«/%T" where E, is the activation energy
ter of debate). (J/mol), R is the gas constant (J/K/mol) afd

is temperatureR1 represents the thermal exci-
tation energy of the molecule in the well. AS
goes to infinity the probability of escaping the
well goes tol, while asT" goes to 0 the proba-
Mantle rheology bility of escape goes to 0.

The entire mantle of the Earth is potentially a Stress imposed on the medium effectively
convecting and over-turning fluid. However, thehanges the shape of the potential well, such that
mantle is almost entirely solid (with some smatlompressive stress steepens the walls of the well
portions of melting near the surface delineatésiqueezing molecules closer makes coloumb at-
by volcanism, and possibly much smaller are&rsiction in the chemical bonds stronger) while
of melting at depth) and thus flows extremelgnsion lowers the walls (separating molecules
slowly. (Indeed, the term fluid does not sugveakens the bonds); thus the probability of es-
gest a liquid state but refers to how a mediuoape is preferred in the direction of tension
deforms, as opposed to elastic or brittle defaand away from compression, thus allowing the
mation; these do not necessarily correlate withedium to stretch in the tensile direction by
states of matter, i.e., gas, liquid, solid, each sblid-state diffusion of molecules.
which can display, for example, either fluid flow Simple diffusive creep works much in this
or elastic behavior depending on the nature why where differential stress (i.e., non-uniform
the deformation; e.g., atmospheric sound wavatsess) causes slow diffusion of molecules to al-
are elastic behavior in gas.) low the entire substance to deform accordingly.

The solid-state viscous flow of the mantle idowever, such deformation occurs at the grain
a complex process and there are various meohmineral level inside a rock, with either diffu-
anisms that permit such "irrecoverable” defosion through the grains or along the grain bound-
mation (one of the definitions of viscous flow)aries; thus the response depends significantly on
A survey of mantle deformation mechanisms grainsize.

"rheology” is beyond the scope of this essay Dislocation creep is more complicated. A dis-
[seeRanalli, 1995;Karato, 2008]. However, in location can be in the form of a truncated row of
brief the two primary deformation mechanismsolecules in a crystal lattice; shortening of the
are called diffusion and dislocation creep. lerystal under compression perpendicular to the
any solid-state creep mechanism, mobility desw can be accomplished by simply removing

Effects of mantle properties
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that row. Thus differential compressive stregver, this effect is most profound in the cold top
would act to force molecules to diffuse out adhermal boundary layer or lithosphere. If viscos-
that dislocated row into other parts of the latticéy is strongly temperature dependent, as it is in
However, stress not only governs the prefereBarth, the lithosphere can become so stiff that
tial diffusion of molecules (as in diffusion creepit becomes immobile; in this case convection
but also the geometry of the dislocations (thair the mantle would proceed beneath the litho-
spacing and directions), hence the multiple asphere, which in turn would act like a rigid lid
tions of stress are compounded into a nonlingarthe mantle $olomatoy1995]. If mantle rhe-

response. ology obeyed only diffusion or dislocation creep
The viscosities for diffusion and dislocatiotaws, then the lithosphere should be locked and
creep mechanisms can be written as immobile and there should be no plate tectonics.
. While this scenario might be relevant for Venus

| Bamewr  for diffusion creep 5 and Mars (and Moon and Mercury) which have

#= Aol-me 2% for dislocation creep @) ho plate tectonics, obviously it is missing a vital

ingredient to allow plate tectonics on Earth. This

where A and B are proportionality constants, paradox underlies the fundamental question and
is grainsize,s is stress (in fact since stress imystery about why Earth has plate tectonics at
a tensoro is the scalar second invariant of thell and how it is generated on our planet but not
stress tensor), ang andn are exponents, typ-others in our solar systerBgrcovicj 2003].
ically both equal to 3. It should be emphasized
that diffusion and dislocation creep occur indé&ompressibility, Melting and Solid phase
pendently of each other depending on stress aiénges
grainsize: for high stress and large grains dislo-Pressures deep inside the Earth’'s mantle are
cation creep dominates; for low stress and smsadl large they are sizable fractions of rock in-
grains diffusion creep dominates. compressibility or bulk modulus (e.g., mantle

Dislocation creep allows for moderate softeqpressures reach 140GPa, or 1.4 million atmo-
ing as stress increases; diffusion creep potepheres, while bulk modulus — which has the
tially allows for significant softening if stresssame units as pressure — are typically a few to
can reduce grainsize, although mechanismsseveral 100GPa). As downwelling mantle mate-
allow this are controversial still (see section beial travels from near the surface to the base of
low on generating plates), and significant harthe mantle its density and temperature increase
ening via grain growth by standard coarseniryie to compression, called "adiabatic compres-
of the material (i.e., what happens to all grainesson and heating” (and likewise upwelling ma-
materials under the action of grain-surface eterial undergoes "adiabatic decompression and
ergy reduction). cooling”), although these increases are not large

The strongest rheological effect is clearly théf order several degress celsius). The com-
of temperature; the temperature-dependencepagssion and decompression of circulating ma-
viscosity allows for many orders of magnitudeerial establishes a weak adiabatic temperature
variations in viscosity. For example, while thiand density increase with depth, which has a
rheological effect allows subducting slabs tslight stabilizing effect on convection; however,
keep their strength and integrity to great depthscause the mantle is so viscous the thermal
as they sink, it would make hot upwelling maranomalies needed to get it to move — and in
tle plumes more fluid and, if they have a corparticular the temperature variations across the
duit structure, the plume flow would be relathermal boundary layers — are so large (of or-
tively rapid, of order 100cm/yr or more. Howder several 100 to 1000 degrees celsius) that the

10
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adiabatic variations are small in comparison. have been observed in laboratory experiments in
Where compressibility and pressure play @ivine, which is the major component mineral
dual important role is in phase changes. Firstf the upper mantle (at about 60% by weight,
as hot upwelling mantle material approachése remainder being mostly pyroxene at shal-
the surface it actually travels along a graduallgw depths, and garnet at slightly greater depth);
cooling adiabatic temperature profile. The upaoreover, the pressures at which they are pre-
welling does eventually melt when it gets nealicted to occur have been verified seismolog-
the surface but not because it gets hotter. Maltally, wherein the seismic wave speeds and
ing occurs because the melting temperaflise density undergo a jump at the predicted pres-
drops with decreasing pressure faster than gwees. The first major phase change to occur
upwelling adiabat (in essence, decreasing camth depth is from olivine to the same mate-
fining pressure makes it easier for molecules tial with a wadsleyite structure, at 410km depth.
mobilize into a melt); thus at a certain (usuallWadsleyite changes slightly to a similar ring-
shallow depth of a few 10s of km to 100km) thevoodite structure at 510km depth. The largest
upwelling mantle crosses the melting temperphase change occurs from ringwoodite to per-
ture from solid to liquid phase and undergoesskite/magnesiowustite at 660km depth.
melting; however, the mantle is not a single pure The 410km and 660km phase changes are the
substance so in fact only partially melts. Sudivo most remarkable and global phase changes
"pressure release” melting is a shallow processthe mantle, and the region between them is
but is vital for chemical segregation of the marcalled the Transition Zone, since it is where
tle and development of oceanic and continentabst of the mineralological transitions occur,
crust. In particular, melting is sequential in thaiver a relatively narrow region. The mantle
the most easily melted material (usually mowbove the Transition Zone is typically identified
silica rich material with lower melting temperas the Upper Mantle, although in some papers
ature) melts first, freezes last and is typicalpnd books Upper Mantle includes the Transition
chemically less dense, and thus comes to the stwne. Below the Transition Zone is the Lower
face as lighter crust eventually gathering, aftdfantle and that is universally agreed upon in the
more weathering and reactions into continentékrature.
crust. (Continental crustal rocks like sandstoneThe Transition Zone has anomalous proper-
and granite have typical densities2300kg/m? ties due to mixing and transitions in mineral or-
and2700kg/m?, respectively.) The more refracganization; for example it is thought to be able
tory (harder to melt, silica poor and heavier m&s absorb an order of magnitude more water (per
terial) melts last, freezes first and either stayskg) than the mantle both above and below it (al-
the mantle or lithosphere or sits in the heawfiough this issue is still somewhat controver-
basaltic oceanic crust. (Oceanic crustal rockml).
like basalt have densities 6000kg/m?, while  Other phase changes are thought to occur with
mantle peridotites at near-surface pressure halepth, although these are less well resolved, and
densities of around400kg/m?.) in some instances do not appear to be global.
Extreme pressures with depth can also ov&ecently a new phase change has been inferred
come a mineral’s elastic resistance to comm the lowest part of the mantle (the bottom
pression and cause solid-solid phase chandgms 100 kilometers), called the perovskite-post-
where the minerals change their crystalographgerovskite (or just the post-perovskite) transi-
structure to a more compact and incompregsn [Murakami et al, 2004]. This transition is
ible state (but of course their chemistry remaissill an active area of exploration.
the same). Such mineralogical phase change§he effect of phase transitions on mantle con-
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vection has been an active area of research siacg others have gathered up enough “weight”
the 1960s. The discovery of the major phase push through the boundaryidckley et al.
change at 660km depth coincided with the fat®93;Christensen1995]. This picture appears
that deep earthquakes along subducting slabse in keeping with the picture from seismol-
(the Wadati-Benioff Zone) go no deeper thamgy that while the phase boundary impedes slab
700km. This seemed to imply that subductirgnd downwelling flow into the mantle, it is not
slabs, the mantle’s equivalent of cold convectiam impermeable boundary and there is in the
downwellings (see below), did not extend intend significant exchange between the upper and
the lower mantle. Recent seismological studiesver mantle and hence whole mantle convec-
using tomographic techniques to resolve ostdien.
sibly "cold” and "hot” areas of the mantle (re- However, while the mineralogical, seismo-
ally seismically fast and slow regions), implietbgical and geodynamical (fluid mechanical) ar-
that many slabs might stall or pool temporarilyuments imply that there is flow between up-
at the 660km boundary but many penetrate inper and lower mantles, there are numerous data
the lower mantle (Fig 6). from geochemical analysis of basaltic lavas im-
Whether the density jump due to a phagdying that the mantle is not well stirred on a
change could impede vertical flow has bedarge scale, i.e., it is possibly layered with poor
a key question in studying the interaction air non-existent communication between upper
phase changes and convection. In particular, tved lower mantle.
660km phase change was inferred mineralogi-
cally to be ”endothe_:rmic” whereby the entmp_étructure of mantle convection and mantle
of the deeper heavier phase (below 660km) 'Hﬂxing
creases, or more simply latent heat is absorbed
on going down through the boundary into thgpwelling mantle reaching the Earth’s surface
denser more compact phase (while unusualundergoes melting (see above under pressure-
most systems, this is also true of the solidelease melting) and this melt reaches the sur-
liquid transition in water). This also meanface in two types of volcanic settings: mid-
that the dependence of the transition tempeecean ridges where tectonic plates spread apart
ature on pressure has a negative slope; tlamsl draw mantle up into the opening gap, and
cold material impinging on the phase boundaocean-islands or hotspots which are anoma-
causes the phase change to deflect in the claldsly productive and localized volcanic fea-
region to greater pressures; this induces a deres not necessarily associated with tectonic
pression in the boundary that acts to buoyantigtivity, Hawaii being the most conspicuous
rebound upward and oppose the motion of tkach feature. Melts coming from the mantle in
descending cold material. Thus the endothéinis way are silica poor (relative to more sili-
mic boundary at 660km depth possibly impedeg rocks such as granite) and largely basaltic;
flow across that boundary. (However, the abence these volcanic regions are said to pro-
tual 660km phase is complex and at higher temiace Mid-Ocean Ridge Basalts (MORB) and
peratures might become exothermMfeidner Ocean-Island Basalts (OIB), respectively. These
and Wang[1998].) Computational studies andnelts are in effect messengers from the mantle,
simulations of mantle flow across this boundagnd their petrological composition, bulk chem-
demonstrated that downwellings (i.e., slabs) castry and trace-element chemistry are extensive
indeed be impeded and stalled as they impingeeas of researciHpfmann 1997, 2003;van
on this boundary, but not permanently or glolixeken et al.2002; Tackley 2007]. In the end,
ally; i.e., while some are pooling at the boundvhile these two basalts nominally come from
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Figure 6:Tomographic image of slabs beneath Mexico (W. Spakmawarickeken et a[2002]) extending
into the lower mantle (left); and plate velocity vs trenchdéh followingForsyth and Uyed§l975] showing
the fastest plates are connected to slabs (right). Slaleaomly cold mantle downwellings but effectiveley
drive plate tectonics

the same mantle, they have distinct features sligdeed, the trace-element signature of elements
gesting they come from parts of the mantle thatich as uranium, thorium, helium, have demon-
have been isolated from each other for billiorsdrated that MORB and OIB are very distinct.

of years. That seismology, mineral-physida particular, MORBSs appear to be significantly

and fluid-dynamics (geodynamics) argue fordepleted in such trace elements relative to OIB.
largely well-stirred mantle with whole-layer cirSince such elements tend to be removed by melt-
culation creates a dichotomy between geophysig, it implies that MORBs come from a re-

cal and geochemical observations. This paradgion of the mantle that has already been melted
has been one of the most fervent areas of debael depleted of trace elements, while OIB come
in mantle dynamics for the last 30-40 years. from a region of the mantle that has undergone

Because MORB and OIB are both basalts alille previous melting and depletion. This ob-
thus have similar bulk chemistry, geochemicggrvation implies that MORBs come from an
measurements largely focus on trace elemertBper mantle that has been cycled repeatedly
in particular incompatible elements, which dighrough the plate tectonic process of mid-ocean
solve more readily in a rock’s melt phase thdifige melting and separation of crust (and trace
its solid phase; hence during partial melting iftlements) from mantle, in essence cleaning the
compatible elements partition toward the meMORB source. In contrast, OIB would appear
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to come from a part of the mantle that has sedaughter to primordial isotope ratidHe/ 3He
little of this melt processing, and hence woulclative to many OIBs, which is opposite to the
be isolated presumably at depth from the uppefractory ratios involving, for example, lead
mantle and the plate-tectonic circulation. isotopes. This is often interpreted as result-
There are other geochemical observations thag from degassing and loss of primordial he-
argue for separated and isolated regions or reseim 3He from the upper mantle through plate
voirs in the mantle. For example the concetectonic and mid-ocean ridge processing, and
tration of radioactive daughter isotopes (e.dhe subsequent repopulating of helium with its
206ph, which is the final product of the decay ofadiogenic isotope*He (i.e., a-particles from
2380) relative to the abundance of that elementsost large element decay sequences); in con-
dominant and primordial isotope (e.g?**Pb) trast an isolated lower mantle or OIB source
is a metric for reservoir isolation from surfaceeservoir would have undergone little loss of pri-
processing. In particular the relative accumulezordial helium thus maintaining a smaller iso-
tion of daughter products implies that the rodopic ratio *He/ 3He.
in which they reside has seen little processingThe production of the argon isotopé®Ar
or partial melting that would have cleaned otitom the decay of the potassium isotoffé has
these elements after they formed. A small relvo important arguments relative to mantle lay-
ative abundance of daughter isotopes means ¢himg. First, the total amount of origind’K in
sample has been recently processed and cleatieel Earth can be roughly estimated from chon-
and thus little time has passed in which to prdkitic abundances (and other arguments beyond
duce new daughter isotopes. the scope of this essay). However, the amount
Indeed, many OIBs tend to show distinctlgf *°Ar it should have produced over the age of
greater relative abundance of daughter produtite Earth is far in excess (by a factor of 2) of
(e.g., the concentration ratit¥Pb/ 2*4Pb) than the “°Ar in the atmosphere, implying that much
do MORB for many isotopic ratios, implyingof this argon is still buried and isolated. More-
some isolation of the OIB source. Howevegver, one can also estimate from the trace el-
OIBs from various islands are also fairly differement composition of MORBs themselves that
ent from each other suggesting that reservoire MORB source region as it stands now would
isolated from the upper mantle (the presumédve been lacking primordial’K and even if
MORB source) are possibly also isolated frothe entire mantle were composed of this MORB
each other. Moreover, the OIB isotopic ratiosource region, it would not have been able to
have some variation, from low MORB-like valproduce even the atmospheric levels ¢fAr;
ues to much higher values, which indicates thiis implies that the bulk of original’’K was
there is some mixing of a "young” processeuried in a layer different and more enriched
MORB-source like mantle and a more primitivahan the MORB-source region, which then pro-
isolated one. duced most of the!®Ar, much of which is still
These isotopic ratios are also more easily iburied in this layer.
terpreted for refractory daughter products sinceAn often quoted straw-man argument for
they do not tend to escape the system (als@ntle layering is the heatflow paradox. In this
the reason they are used to radiometrically dat®se, it is reasoned that if the entire mantle were
rocks). Volatile products, especially isotopes abmposed of MORB source material with its de-
noble gases such as helium and argon, requpieted concentration of heat producing elements
different intepretations since they can readi(yJ, Th, K), then it would not be able to produce
escape the mantle and, for helium, escape the total heat output through the top of the man-
Earth. For example, MORB in fact has a higtle (about 30TW). This suggests that the the heat
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producing elements allowing for the mantle hetite mantle, not the whole mantle, and thus there
output must be buried at depth. However, thismains a deeper unsegregated mantle at depth
makes the assumption that most heat outpufseevan Keken et a|.2002].
from radiogenic heating, whereas possibly lessAlthough there are numerous geochemical ar-
than half of it is; if most heat output is fromguments for a layered mantle with an isolated
secular cooling (lost of primordial heat) then thend undepleted mantle at depth, they largely
heat-flow paradox argument is questionable. adnflict with geophysical evidence for whole
similar but shakier argument is based on the fantintle convection. Mineral physics experi-
that the volcanic flux of the helium isotopéle, ments suggest that the 660km phase change
which is produced from heat producing radioaboundary might provide an impediment to man-
tive decay of U and Th, seems to be very low rele fow but not an impermeable barrier. Seis-
ative to what would be expected given the heatic tomography consistently shows subducting
that is emanating from the mantle, implying thaiabs and apparently cold downwellings extend-
“He is also buried at depth. Again, if heat ouplmg into the lower mantlean der Hilst et al,
is more than 50% from secular cooling and n@®97; Grand et al, 1997]. Recent high reso-
all from radiogenic heating, then the low flukution images of a hot upwelling mantle plume
of helium is to be expected. Even if that wereeneath Hawaii\[Volfe et al, 2009] as well as
not the case, mechanisms for the flux of heliuseismic images of other plumdgldntelli et al,
are not the same as for flux of heat; i.e., hea®04] also suggest vertical upward transport
always escapes to space eventually by convacross the 660km boundary. Finally, geodynam-
tion, conduction even radiation, whereas heliuital arguments against separated layers suggest
only escapes from the mantle if it passes throutitat if a lower mantle held most of the man-
narrow melting zones, which is not inevitablegles heat producing elements, it would be im-
and thus it can be hidden and buried almost arplausibly hot, and by heating up the bottom of
where and not only hidden at great depth.  the upper mantle it would generate much bigger
Finally, the production of continental crustnantle plumes than would be observédgkley
also argues for an isolated layer in the mant2002].
Continental crust represents an accumulated hisThe contradiction between geochemical and
tory of mantle melting, segregation of lightegeophysical inference of layered vs whole man-
components and removal of incompatible elde convection has been and largely remains an
ments to the surface. If the continental crushsolved problem. Attempts to reconcile these
were removed uniformly from a whole mantlebservations have been numerous. A reason-
made of primordial "bulk silicate earth” (i.e., arably popular approach has been to allow that the
Earth derived from chondritic material and onl@60km boundary is not a barrier to mantle flow,
segregated into mantle and core), then the cdm that the barrier exists at greater depth. There
centration of incompatible elements would netre seismically observable layers at the bottom
have been reduced enough to produce a mamtieghe mantle (the D” layer), which could store
made of MORB source material (i.e., removainriched material, although these are also so thin
of continental crust would not have depleted tlleey could possibly overheat (depending on the
whole mantle enough to make MORB sourcegmount of radioactive heat sources stored there).
However, if the crust were removed from 1/3 tAs a comprosmise, it has been argued that
1/2 of the mantle, that resulting depleted pothe enriched mantle exists in an approximately
tion would very closesly match MORB sourc&000km thick layer at the base of the mantle
composition. This argues that the continentidellogg et al, 1999], although this layer has
crust segregated only from the upper portion néver been seismologically observed (see Fig
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7). More recently, chemical heterogeneity gathily to be entrained by slab driven downwelling
ered into piles on the core-mantle boundary abdck into the lower mantle. Upwelling mantle
below upwelling zonesJellinek and Manga plumes on the other hand would go through the
2002, 2004] has been suggested by convé@nsition-zone too fast to become hydrated and
tion models McNamara and Zhong005] with thus would undergo little melting and filtering
support from joint seismology-gravity analyseat 410km depths, leaving largely enriched OIB.
[e.g.,Ishii and Tromp 1999]. This model, called the Transition-Zone Water
Other mechanisms for reconciling geocherrilter [Bercovici and Karatp 2003a; Karato
ical and geophysical observations, but not iet al, 2006; Leahy and Bercovici2010] (see
voking layering, have been recently proposédg. 7), predicts that the 410km should be the
as well. These mostly involving differentiakite of melting, and this has been born outin var-
melting. For example, one model considers th@us seismological studies [e.gRevenaugh and
whole mantle as a plum-pudding mix of enSipkin 1994; Song et al. 2004; Tauzin et al.
riched and volatile (water) enriched plums i2010]; however, the theory is still controver-
a depleted, drier and harder to melt puddingial given poor knowledge of melt properties
The pressure-release melting in mantle plumasd their solubilities of incompatible elements
is stopped at higher pressures at the baseabthese depths and pressures, so it remains an
100km thick lithosphere, so this could involvactive subject of investigation.
mostly melting of easily melted enriched and
volatile-rich componepts; melts making it all thf(‘/lantle convection and the generation of plate
way to the surface at ridges would undergo MO tonics
pressure drop and thus could also melt the de-
pleted mantle component, resulting in MORB
that seems depleted relative to OlB[and Ma- The oldest problem in mantle convection
honey 2005a,b]. Another model exploits the The link between plate tectonics and mantle
fact that Transition Zone minerals seem to lm®nvection is one of the oldest and most chal-
able to absorb water more readily than matienging problems in the history of geodynamics.
rial above it (and below it). A Transition-Zonelhe original theories of mantle convection put
with a little water will be dry relative to its sol-forward by Holmes[1931] were developed in
ubility or water storage capacity. However ughe context of explaining continental drift as ar-
welling material passing through the transitioculated byWegenef1924]. Although the later
zone would carry this slightly damp materigheory of plate tectonics is the grand-unifying
into the upper mantle at the 410km boundanyrinciple of geology, it is a kinematic theory in
and since the upper mantle olivine has poor winat it describes surface motions but not their
ter solubility it would be closer to saturation andause. Mantle convection is widely accepted to
likely melt. A little melting at 410km depthbe the engine for plate motions since it is a fun-
of the broad upwelling mantle (forced upwardamental mechanism for exploiting the energy
by the downward flux of slabs) passing througdources of the Earth’s interior, i.e., loss of pri-
and out of the transition zone would cause ntordial and radiogenic heat. It is now generally
to be stripped of incompatible elements as riggarded that the plates themselves are a feature
flows into the upper mantle leaving a depleterf mantle convection in that they are the mobile
MORB source region; because of the high praspper thermal boundary layer of convective cells
sures and high compressibility of melt, the pathat thicken as they cool in their migration away
tial melt that has cleaned this upwelling marirom ridges until they are heavy enough to sink
tle would be dense and remain behind, eventleng subduction zones.
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Figure 7: Two end-member mantle mixing models. In the abyssal layemedel (left) the source for
enriched ocean-island basalt (OIB) is in a deep primordigbd, while the source for depleted mid-ocean
ridge basalt (MORB) is in the upper recycled mantle (akeHogg et al.[1999]). In differential melting
models, such as the water-filter model (right), the MORB anB €ources undergo different styles of
melting, but the mantle still undergoes whole-mantle datian; see text for further explanation (after
Bercovici and Karatd2003a];Leahy and Bercovid2007]).

One of the major accomplishments of mantle While convective and slab driving forces
dynamics theory is that convective fluid velocfor plate tectonics are important, understanding
ties, calculated in any number of ways, consigew plates self-consistently arise (or why they
tently predict the measured scales of plate tetn or don't arise) from planetary convection has
tonic velocities, i.e., between 1 and 10cm/yibeen a major goal in geodynamics. Up until the
This was in fact inferred even in the 1930sarly 1990s it was believed that since plate-like
from both gravity and heat-flow measurementsotion of the lithosphere was essentially dis-
[Pekeris 1935;Hales 1936] and is well known continuous it could not be predicted or repro-
by the force balance on sinking slabs [e.gluced by fluid dynamical convection theories.
Davies and Richardsl992], as well global heatHowever, in the last 15 years or so there has
extraction from mid-mantle cooling by slabbeen major progress with fluid dynamical mod-
[Bercovici 2003]. Moreover, plate motions arels yielding very plate like motion by incorpo-
well correlated with the presence of slab forecating more sophisticated rheological weaken-
ing, in particular that tectonic plates with @ng mechanisms, such as brittle/plastic yielding
significant portion of subduction all have veer damage mechanics.
locities roughly an order of magnitude faster o
than plates without substantial subduction zoneHHOWeVer, even so, there is still no compre-
[Forsyth and Uyedal975]: see Figure 6. Thus,hens"’e theory pf hovy the plates and man.tle
because cold sinking slabs seem to be the A€ related, and in particular how plate tectonics

jor expression of convection and major driveg€lf-consistently arises from a convecting man-

of plate motions implies that the plates are colle- Both a clue and frustration is that t_he Earth
vection. appears to be the only known terrestrial planet
that has plate tectonics in addition to liquid wa-

The plate generation problem ter as well as life, which are all either causative

17



Encyclopedia of Solid Earth Geophysics Mantle ConvectionDavid Bercovici

(i.e., necessary conditions for each other) or ageneration theories. Both phenomena rely on
incidental. While our planet supports plate teceasonably strong nonlinear rheological feed-
tonics, our ostensible twin, Venus, does not; thisck effects to permit large strength variations
remains a leading-order quandary in Earth séor high plateness (i.e., rapidly deforming zones
ences and to solve it one must understand have weak, slowly deforming ones are strong), as
and why plate tectonics is generated at all. @fell as coupling of buoyantly driven flow to ver-
course geoscience has until recently only satieal torques that drive toroidal spin and shear
pled the few planets of our own solar system afercovicj 2003].
thus the data is sparse; with the advent of extra-
solar planet discovery, this sparseness shouldRe&cent progress
mitigated and perhaps other planets will be dis-In the last decade, plate generation models
covered with plate like mantle circulation froninave become increasingly sophisticated, in con-
which we will learn more about how our owrtert with further expansion and accessibility
planet works [e.g.Yalencia et al. 2007]. of high-performance computing. Instantaneous
There are of course various qualitative arglate-like behavior has been achieved with con-
philosophical questions about how and whsection models employing various forms of
plate tectonics forms, evolves and exists, but fplastic yield and self-weakening criteria. In-
these to be predicted or reproduced in a physérporation of these laws has lead to the pre-
cal theory, one requires quantifiable questiordiction of reasonable toroidal and poloidal flow
In short, what are the metrics of plate gengBercovici 1995] (Figure 9) and by includ-
ation? Two fundamental features of plate-likeg the rheological effects of melting at ridges
motion exist for instantaneous motions: thedave attained localized passive spreading zones
are platenesgWeinstein and Olsqrl992] and [Tackley 2000] (Figure 10). Most recently
toroidal motion [e.g.,Hager and O’Connell these models have been extended to three-
1979; O’'Connell et al, 1991;Bercovici et al, dimensional spherical models, creating the first
2000]. Plateness is essentially the extent gtobal models of plate generation from mantle
which surface motion and the strength of thmnvection yan Heck and Tackley008;Foley
lithosphere is like that for nearly rigid blocksand Becker2009] (Figure 11).
separated by narrow weak boundaries. ToroidaHowever, models that use plastic or instan-
flow is characterized by strike-slip motion anthneous self-weakening rheologies only allow
plate spin (Figure 8). Toroidal motion hawseak zones to exist while being deformed, thus
no direct driving force in buoyant convectiomannot correctly model dormant weak zones
(which drives only vertical and divergent mote.g., sutures and inactive fracture zones). Rhe-
tion), however, it has as much energy in th@ogical mechanisms that allow weakening to
present-day plate tectonic velocity field as thgersist over time have also been studied. While
buoyantly driven motion (called poloidal mothermal weakening is a well understood mech-
tion). The globally averaged toroidal motion ianism, thermal anomalies diffuse too fast, and
dependent on the lithosphere’s reference frames highly unlikely that, for example, sutures
(e.g., hostpot frame), and the field in generate thermal remnants. Weakening by hydra-
changes through tim&€jadek and Ricardl992; tion or as a secondary phase (i.e, by provid-
Lithgow-Bertelloni et al. 1993]; however, theing pore pressure) is a strong candidate as well,
toroidal field is a quantifiable and significardlthough the mechanism for ingesting water to
feature of global plate motions. Such measudepth is problematic, and requires mechanisms
able quantities as plateness and toroidal fleuch as cracking enhanced by thermal stresses
are important for testing the predictions of plaj&orenaga 2007]. Damage in the form of mi-
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Figure 8:The horizontal divergence (which measures spreading ameeogence rates) and vertical vor-

ticity (which measures angular velocity and horizontaleshef present day plate motions [frobumoulin

et al,, 1998], which are associated with poloidal and toroidal fl@spectively. Poloidal flow is equivalent

to basic convective motion driven directly by thermal buaoga Although present in Earth’s plate-mantle
system, toroidal flow does not arise naturally in basic wiscoonvection, but requires the coupling of con-
vective motion with nonlinear rheological effects.

crocracks Bercovicj 1998] and grain-size re-weakening tend to occur in exclusive areas of
duction [e.g.Karato et al, 1980;Braun et al, deformation space (i.e., weakening occurs dur-
1999; Montési and Hirth 2003] are also stronging diffusion creep while reduction occurs in
candidate weakening mechanisms becausedisiocation creep; selBe Bresser et al[2001])
their longevity and evidence in the form of myand require mixing of mechanisms in physical
lonites Pin et al, 1998]. The need for shearor grainsize distribution spacdé¢rcovici and
localization at significant depth makes grairikarato, 2003b;Ricard and Bercovigi2009].

size weakening particularly appealing and has o o
proven to be successful at creating plate-like Us€ of both plastic/brittle-yielding and dam-

mantle flows Bercovici and Ricard2005:Lan- 29€ the_ories of plate generat_ion have been used
duyt et al, 2008;Landuyt and Bercovick009b] O elucidate the planetary dichotomy between

(Figure 12). However, grainsize reduction arfg@th and Venus and the causal link between cli-
mate, liquid water and plate generation. Earth
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Figure 9: The source-sink model of lithospheric motion uses presayntpthte motions to drive flow with
the divergent field (upper left) in order to model and recaber known vorticity field (lower left) using
non-Newtonian flow calculations (right column). Simple movlaw or pseudo-plastic rheologies (typical of
dislocation creep) do not recover the vorticity field wetidttwo, upper right), while velocity-weakening
or shear-localizing rheologies (where stress decreaghswereased strain-rate) recover it very well (lower
right). FromBercovici et al[2000] afterBercovici[1995]. American Geophysical Union.

and Venus are ostensible twins but Earth hasough on Earth to induce plastic/brittle fail-
plate tectonics and Venus does not. This is ustre, but not on Venus. An alternative hypoth-
ally attributed to lack of water on Venus whiclesis Landuyt and Bercovi¢i2009a] states that
would otherwise lubricate plate motions; howplate-like motion depends on the competition
ever Earth’s lithosphere is likely to be no moreetween damage and healing (where, for exam-
hydrated than Venus’s because of melting detple, if damage is due to grain-size reduction,
dration at ridges Hirth and Kohlstedt 1996]. healing is due to normal grain growth), where
Recent studies have hypothesized that the raldigh damage-to-healing ratio promotes plate-
of water in maintaining plate motion is not tdike motion, while a lower ratio yields stagnant-
lubricate plates, but to be an agent for the cdid behavior. A cooler surface temperature in-
bon cycle, which thus allows for a temperateibits healing while a hot surface promotes heal-
climate on Earth. A cool surface on Earthng, thus leading to plate like behavior on a
according to one hypothesisdnardic et al, planet like Earth with a temperate climate but
2008] causes a larger temperature drop across on a planet like Venus. Both hypotheses em-
the lithosphere than would occur on Venyshasize that water dictates conditions for plate
(because of temperature-dependent viscositygneration by its modulation of climate and not
and thus lithospheric buoyant stresses are laggedirect strength reduction.
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Figure 10: A simulation of plate generation over mantle convectione Pplate rheology is visco-plastic
and the viscosity reduction associated with melting is ipa@tarized into the model, leading to exceptional
plate-like behavior and apparent passive spreading ffieetpw spreading centers not associated with any
deep upwelling). The right panels show surfaces of constamperature, which here are dominated by cold
downwellings; the left panels show the viscosity field (reginig high viscosity and blue low viscosity).
Different rows show different times in the simulation. Affeackley[2000]. American Geophysical Union.

log 10(viscosity)
3.74

.2.82
1.90

. 0.985

0.0682

Figure 11: Three-dimensional spherical shell convection with a aype lithospheric rheology showing
plate-like behavior. Left panel shows isothermal surfamed in particular cold downwellings. The right
panel shows surface viscosity with velocity vectors supgresed. Note the passive divergent and rheo-
logical weak zone forming mid-way between the two major dawifing regions. Adapted frorRoley and
Becker[2009]. American Geophysical Union.

Finally, subduction initiation continues to b¢Stern 2004;King, 2007]. The strength of thick
an extremely challenging issue in geodynamiceld pre-subduction lithosphere is such that it
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S [min/max=-1/1] G [min/max=-0.00314/0.00254] @ [min/max=0.04733,0.05202

Q [min/max=-1.3/1.3] Vh [max vec.length=0.103] A [min/max=0.9849/8.696]

Figure 12:A simple source-sink model of shallow flow with a two-phase grainsize-reducing damage
mechanism. Damage per se involves transfer of deformatiwok to the creation of surface energy on
interfaces by void and/or grain boundary generation in th@inuum. In the case shown, all damage is
focussed on grainsize reduction. The panel meanings ameated by symbols wher§' is the imposed
divergence rate (i.e. the source-sink field) that drives ;flGinis the dilation rate due to void formation;
¢ is void volume fraction;() is vertical vorticity or rate of strike-slip sheaw;, is horizontal velocity;
and A is the “fineness” or inverse grainsize. This particular glton shows that fineness-generating,
or grainsize reducing, damage is very effective at credtinglized fault-like strike-slip zones in vorticity
2, and solid-body like translation in the velocity field,. Adapted fromBercovici and Ricard2005].
American Geophysical Union.

should never go unstable and sink, at least rivation, although fault re-activitation might be
on geological time scales (or cosmological onése most compelling [e.d-ebrun et al, 2003].
either). Thus how and why subduction zonésmother unresolved enigma concerns the age of
form remain enigmatic. Mechanisms rangaibduction zones. The convective picture of
from weakening by rifting Kemp and Steven-plate motions would have plates subduct when
son 1996;Schubert and Zhand 997], sedimentthey get old, cold and heavy. However, the sea-
loading and water injectionRegenauer-Liebfloor age distribution implies that subduction
et al, 2001], and re-activation of pre-existingate is independent of plate age, such that the age
fault-zones Toth and Gurnis1998;Hall et al.,, of plates at subduction zones is distrubted from
2003], all of which have some observational mage nearly O (i.e, subducting ridges), to the old-
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est ages of roughly 200Myrs [s@&=cker et al. mains one of the grand unifying physical theo-

2009].

Summary

ries of how the Earth works, many of the major
guestions and mysteries about the mantle remain
unsolved and are thus ripe for discovery by fu-
ture generations of Earth scientists.

Mantle convection is the central theory for how
the Earth works, i.e., what drives geological mo-
tions as well as the cooling history and chemical
evolution of the planet. The theory is based on
the simple notion that the Earth (and other ter-
restrial planets) must cool to space and in so do-
ing release heat and gravitational potential en-
ergy through thermal convection. Thermal con-
vection theory itself is a well established phys-
ical theory rooted in classical mechanics and
fluid dynamics. Much of the physics of basic
convection goes far in describing circulation and
structure in the Earth’s mantle, for example the
flow velocities, establishment of thermal bound-
ary layers, and even the prevalence of slab-like
downwellings and plume-like upwellings. How-
ever, numerous quandaries and paradoxes per-
sist because much remains to be understood
regarding the many complexities of the exotic
convecting “fluid” in the mantle. How the Earth
appears to be stirred by deep subducting slabs,
but still appear to be unmixed when it comes up
at either mid-ocean ridges or ocean-islands, re-
mains a major mystery, much of which is due to
our incomplete understanding of the processes
of melting, chemical segregation and mixing in
the mantle. How and why the Earth’s mantle
convects in the form of plate tectonics at all and
unlike other terrestrial planets remains one of
the biggest questions in geoscience; this prob-
lem is undoubtedly related to the mantle’s ex-
otic rheology in which flow depends on multiple
properties including temperature, stress, chem-
istry and mineral grainsize. Even more than 100
years since Kelvin's controversial dating of the
Earth’s age by cooling, in fact the cooling his-
tory of the Earth remains poorly understood be-
cause of incomplete knowledge of radiogenic
heat sources as well as the complex physics of
mantle flow. Thus while mantle convection re-
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