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Heat-pipe Earth
William B. Moore1,2 & A. Alexander G. Webb3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed
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tion of the process of melt generation and eruption, it captures the basic
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geologic
record. H

ere
w

e
use

num
erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odel in

w
hich

volcanism
dom

inates

surface
heat transport. These

sim
ulations

indicate
that a

cold
and

thick
lithosphere

developed
as

a
result of frequent

volcanic
eruptions

that
advected

surface
m

aterials
dow

nw
ards.

D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics. Consistent

w
ith

m
odel predictions, the

geologic
record

show
s

rapid
volcanic

resurfacing,

contractional deform
ation, a low

geotherm
al gradient across the bulk

of the lithosphere and
a rapid

decrease in
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel
therefore

offers
a

coherent
geodynam

ic

fram
ew

ork
in

w
hich

to
explore

the
evolution

of our planet before
the

onset of plate
tectonics.

The lithospheric dynam
ics of terrestrial planets is driven

by the trans-

port of heat from
the

interior to
the

surface 1. Terrestrial bodies w
ith

low
heat

flow
s

(for
exam

ple
M

ars
(,

20m
W

m
2

2; ref. 2)
and

the

M
oon

(12m
W

m
2

2; ref. 3)) lose
heat largely

by
conduction

across a

single-plate
lithosphere, w

hereas Earth’s heat transport (global m
ean

flux 1, 65m
W

m
2

2) is
dom

inated
by

plate
tectonics. Early

in
Earth’s

history, radiogenic
heat

production
w

as
three

to
five

tim
es

greater

than
at present 4, and

there
w

ere
additional contributions

from
tidal

heating
by a receding

M
oon

and
loss of accretionary heat. W

hether or

not plate
tectonics operates under these

conditions is uncertain
geo-

dynam
ically 5–9, but plate

tectonic
processes

such
as

subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
ical features of A

rchaean
rocks 10–12.

A
n

exam
ple

of a
terrestrial body

w
ith

a
higher

surface
heat flow

than
m

odern
Earth

is
Jupiter’s

m
oon

Io. Rather
than

losing
heat by

m
ore

vigorous
plate

tectonics, Io
instead

transports
about 40

tim
es

Earth’s heat flux 13(2.5W
m

2
2) from

the interior to
the surface through

volcanism
. This

m
ode

of planetary
heat transport is

called
the

heat-

pipe
m

ode 14,15
after the

localized
channels through

w
hich

m
elt brings

heat
to

the
surface. H

eat
pipes

are
conduits

that
transfer

heat
and

m
aterial from

the
base

of the
lithosphere

to
the

surface
by

m
eans

of

buoyant ascent (for exam
ple the lithospheric plum

bing
atop

a
m

antle

plum
e). W

hen
heat pipes becom

e the dom
inant heat transport m

ech-

anism
of a planet, the effects on

the lithosphere are both
surprising and

profound.

G
eodynam

ic
m

odels of heat-pipe
Earth

W
e

explore
the

consequences
of the

heat-pipe
m

ode
for

early
Earth

using
sim

plified
m

odels
of m

antle
convection

w
ith

m
elt generation

and
extraction. The tem

perature field
snapshots show

n
in

Fig. 1
result

from
num

erical solutions to the equationsofm
ass, energy and

m
om

entum

transport in
the m

antle 16
as internal heating

and
cooling

at the surface

drive
convective

m
otions

(for
details of the

m
odelling

approach
and

param
eter definitions, seeM

ethods Sum
m

ary). These tw
o-dim

ensional

m
odels have

a
strongly

tem
perature-dependent, N

ew
tonian

rheology

that results in
a

single-plate, rigid
lid

at the
surface. M

elting
and

m
elt

transport are
m

odelled
in

as
sim

ple
a

fashion
as

possible
w

hile
pre-

serving
the

effect of this process on
the

heat transport and
dynam

ics

of the
lithosphere. M

elt is
generated

w
henever

the
m

antle
exceeds

a

sim
ple linearly pressure-dependent solidus 17and

is im
m

ediately extracted

to
the

surface, and
the

colum
n

in
w

hich
the

m
elt

w
as

produced
is

advected
dow

nw
ards

to
conserve

m
ass

(Fig. 1, inset). O
nce

at
the

surface, the m
elt is assum

ed
to

lose its latent and
sensible heat (w

hich

is tracked
as volcanic heat flow

) instantly and
to

return
to

the im
posed

surface
boundary

tem
perature

of 15 uC
. A

lthough
this is a

sim
plifica-

tion
of the process ofm

elt generation
and

eruption, it captures the basic

physics in
am

anner that allow
s us to

see clearly the effects of heat pipes

on
the

lithosphere.

The internal heating
and

surface heat flow
both

increase by a factor

of ten
from

top
to

bottom
in

Fig. 1. Increased
internal heat production

causes
the

tem
perature

of
the

m
antle

to
increase

slightly
and

the

thickness of the
cold

lid
to

increase
significantly. A

thick, cold
litho-

sphere
develops

because
volcanic

m
aterial deposited

at
the

surface

buries old
flow

s, resulting
in

a
descending

‘conveyor belt’ of m
aterial
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from
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by
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and
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is
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the
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causes
the
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perature

of
the
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to
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slightly
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the
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to
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surface

buries
old

flow
s, resulting

in
a
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Heat-pipeEarth
WilliamB.Moore1,2&A.AlexanderG.Webb3 TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanismdominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanismafterinitiationofplatetectonics.Theheat-pipeEarthmodelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfromtheinteriortothesurface1.Terrestrialbodieswith

lowheatflows(forexampleMars(,20mWm22;ref.2)andthe

Moon(12mWm22;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mWm22)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfromtidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5Wm22)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfromthebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere. Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2NationalInstituteofAerospace,Hampton,Virginia23666,USA.3DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.
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Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,RaH,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanism
dominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
afterinitiation

ofplatetectonics.Theheat-pipeEarth
modelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriortothesurface1.Terrestrialbodieswith

low
heatflows(forexampleMars(,20mW

m22;ref.2)andthe

Moon(12mW
m22;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mW
m22)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfrom
tidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5W
m22)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfrom
thebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound. Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere.

Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial
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Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,RaH,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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TheheattransportandlithosphericdynamicsofearlyEarth
arecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparison
with

thegeologicrecordtoexploreaheat-pipemodelin
whichvolcanism

dominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvected
surfacematerialsdownwards.Decliningheatsourcesovertimeled

toan
abrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alow
geothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
afterinitiation

ofplate
tectonics.The

heat-pipe
Earth

modeltherefore
offersa

coherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriortothesurface1.Terrestrialbodieswith

low
heatflows(forexampleMars(,20mW

m2
2;ref.2)and

the

Moon(12mW
m2

2;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mW
m2

2)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfrom
tidal

heatingbyarecedingMoonandlossofaccretionaryheat.W
hetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretion
areoften

invoked
to

explain
thegeologicand

geo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5W
m2

2)from
theinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfrom
thebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).W
henheatpipesbecomethedominantheattransportmech-

anism
ofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

W
eexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

from
numericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advected
downwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere.

Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfrom
toptobottom

inFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyand
the

thicknessofthecoldlidtoincreasesignificantly.A
thick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial
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Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,Ra
H,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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The
heattransportand

lithospheric
dynam

ics
ofearly

Earth
are

currently
explained

by
plate

tectonic
and

vertical

tectonicm
odels,butthesedo

notofferaglobalsynthesisconsistentw
ith

thegeologicrecord.Herew
eusenum

erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odelin

w
hich

volcanism
dom

inates

surface
heattransport.These

sim
ulationsindicate

thata
cold

and
thick

lithosphere
developed

asa
resultoffrequent

volcanic
eruptions

thatadvected
surface

m
aterials

dow
nw

ards.Declining
heatsources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics.Consistentw

ith
m

odelpredictions,the
geologic

record
show

srapid
volcanic

resurfacing,

contractionaldeform
ation,alow

geotherm
algradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odeltherefore
offers

a
coherent

geodynam
ic

fram
ew

ork
in

w
hich

toexploretheevolution
ofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynam
icsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriorto

thesurface1.Terrestrialbodieswith

low
heatflows

(for
exam

ple
M

ars
(,

20m
W

m
2

2;ref.2)
and

the

M
oon

(12m
W

m
2

2;ref.3))loseheatlargelybyconduction
acrossa

single-platelithosphere,whereasEarth’sheattransport(globalm
ean

flux1,65m
W

m
2

2)isdom
inated

by
platetectonics.Early

in
Earth’s

history,radiogenic
heatproduction

wasthree
to

five
tim

esgreater

than
atpresent4,and

therewereadditionalcontributionsfrom
tidal

heatingbyarecedingM
oonandlossofaccretionaryheat.W

hetheror

notplatetectonicsoperatesundertheseconditionsisuncertain
geo-

dynam
ically5–9,butplatetectonicprocessessuch

assubduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
icalfeaturesofArchaean

rocks10–12.

An
exam

ple
ofa

terrestrialbody
with

a
highersurface

heatflow

than
m

odern
Earth

isJupiter’sm
oon

Io.Ratherthan
losing

heatby

m
orevigorousplatetectonics,Io

instead
transportsabout40

tim
es

Earth’sheatflux13
(2.5W

m
2

2)from
theinteriortothesurfacethrough

volcanism
.Thism

odeofplanetary
heattransportiscalled

theheat-

pipem
ode14,15

afterthelocalized
channelsthrough

which
m

eltbrings

heatto
the

surface.H
eatpipesare

conduitsthattransfer
heatand

m
aterialfrom

thebaseofthelithosphereto
thesurfaceby

m
eansof

buoyantascent(forexam
plethelithosphericplum

bingatopam
antle

plum
e).W

hen
heatpipesbecom

ethedom
inantheattransportm

ech-

anism
ofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.

Geodynam
icm

odelsofheat-pipeEarth

W
eexploretheconsequencesoftheheat-pipem

odeforearly
Earth

using
sim

plified
m

odelsofm
antleconvection

with
m

eltgeneration

andextraction.Thetem
peraturefieldsnapshotsshowninFig.1result

from
num

ericalsolutionstotheequationsofm
ass,energyandm

om
entum

transportinthem
antle16

asinternalheatingandcoolingatthesurface

driveconvectivem
otions(fordetailsofthem

odelling
approach

and

param
eterdefinitions,seeM

ethodsSum
m

ary).Thesetwo-dim
ensional

m
odelshaveastronglytem

perature-dependent,Newtonian
rheology

thatresultsin
asingle-plate,rigid

lid
atthesurface.M

eltingand
m

elt

transportarem
odelled

in
assim

plea
fashion

aspossiblewhilepre-

servingtheeffectofthisprocesson
theheattransportand

dynam
ics

ofthelithosphere.M
eltisgenerated

wheneverthem
antleexceedsa

sim
plelinearlypressure-dependentsolidus17

andisim
m

ediatelyextracted

to
the

surface,and
the

colum
n

in
which

the
m

eltwasproduced
is

advected
downwards

to
conserve

m
ass

(Fig.1,inset).Once
atthe

surface,them
eltisassum

ed
toloseitslatentand

sensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheim
posed

surfaceboundarytem
peratureof15uC.Although

thisisasim
plifica-

tionoftheprocessofm
eltgenerationanderuption,itcapturesthebasic

physicsinam
annerthatallowsustoseeclearlytheeffectsofheatpipes

on
thelithosphere.

Theinternalheatingandsurfaceheatflow
bothincreasebyafactor

oftenfrom
toptobottom

inFig.1.Increasedinternalheatproduction

causes
the

tem
perature

ofthe
m

antle
to

increase
slightly

and
the

thicknessofthecold
lid

to
increasesignificantly.A

thick,cold
litho-

sphere
developsbecause

volcanic
m

aterialdeposited
atthe

surface

buriesold
flows,resultingin

adescending‘conveyorbelt’ofm
aterial

1
Departm

entofAtm
osphericand

PlanetarySciences,Ham
pton

University,Ham
pton,Virginia23668,USA.2

NationalInstituteofAerospace,Ham
pton,Virginia23666,USA.3

Departm
entofGeologyand

Geophysics,LouisianaStateUniversity,Baton
Rouge,Louisiana70803,USA.

Ra
H = 106

Ra
H = 107

Ra
H = 108

Eruption and

cooling

Extr
actio

n

Advection
M

elting

Figure
1|Snapshotsofthetem
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ensionalm
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ofm
antleconvection.Theinternal-heatingRayleighnum

ber,Ra
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in
each

panel.Theinsetillustratestheoperation
oftheheatpipe:m
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extractingto
thesurface,whereitcools,and

cold
lithosphereisadvected

downwardsto
conservem
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The
heat

transport
and

lithospheric
dynam

ics
of

early
Earth

are
currently

explained
by

plate
tectonic

and
vertical

tectonic
m

odels,butthese
do

notoffer
a

globalsynthesis
consistentw

ith
the

geologic
record.H

ere
w

e
use

num
erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odelin

w
hich

volcanism
dom

inates

surface
heattransport.These

sim
ulations

indicate
thata

cold
and

thick
lithosphere

developed
as

a
resultoffrequent

volcanic
eruptions

that
advected

surface
m

aterials
dow

nw
ards.

D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics.Consistent

w
ith

m
odelpredictions,the

geologic
record

show
s

rapid
volcanic

resurfacing,

contractionaldeform
ation,alow

geotherm
algradientacrossthebulk

ofthelithosphereand
arapid

decreasein
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel
therefore

offers
a

coherent
geodynam

ic

fram
ew

ork
in

w
hich

to
explore

the
evolution

ofourplanetbefore
the

onsetofplate
tectonics.

Thelithosphericdynam
icsofterrestrialplanetsisdriven

bythetrans-

portofheatfrom
the

interiorto
the

surface1 .Terrestrialbodiesw
ith

low
heat

flow
s

(for
exam

ple
M

ars
(,

20m
W

m
2

2 ;ref.2)
and

the

M
oon

(12m
W

m
2

2 ;ref.3))lose
heatlargely

by
conduction

acrossa

single-plate
lithosphere,w

hereasEarth’sheattransport(globalm
ean

flux1 ,65m
W

m
2

2 )is
dom

inated
by

plate
tectonics.Early

in
Earth’s

history,radiogenic
heat

production
w

as
three

to
five

tim
es

greater

than
atpresent4 ,and

there
w

ere
additionalcontributions

from
tidal

heating
byareceding

M
oon

and
lossofaccretionaryheat.W

hetheror

notplate
tectonicsoperatesunderthese

conditionsisuncertain
geo-

dynam
ically5–9 ,butplate

tectonic
processes

such
as

subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
icalfeaturesofA

rchaean
rocks10–12 .

A
n

exam
ple

ofa
terrestrialbody

w
ith

a
higher

surface
heatflow

than
m

odern
Earth

is
Jupiter’s

m
oon

Io.Rather
than

losing
heatby

m
ore

vigorous
plate

tectonics,Io
instead

transports
about40

tim
es

Earth’sheatflux13(2.5W
m

2
2 )from

theinteriorto
thesurfacethrough

volcanism
.This

m
ode

ofplanetary
heattransportis

called
the

heat-

pipe
m

ode14,15
afterthe

localized
channelsthrough

w
hich

m
eltbrings

heat
to

the
surface.H

eat
pipes

are
conduits

that
transfer

heat
and

m
aterialfrom

the
base

ofthe
lithosphere

to
the

surface
by

m
eans

of

buoyantascent(forexam
plethelithosphericplum

bing
atop

a
m

antle

plum
e).W

hen
heatpipesbecom

ethedom
inantheattransportm

ech-

anism
ofaplanet,theeffectson

thelithosphereareboth
surprisingand

profound.

G
eodynam

ic
m

odelsofheat-pipe
Earth

W
e

explore
the

consequences
ofthe

heat-pipe
m

ode
for

early
Earth

using
sim

plified
m

odels
ofm

antle
convection

w
ith

m
eltgeneration

and
extraction.Thetem

peraturefield
snapshotsshow

n
in

Fig.1
result

from
num

ericalsolutionstotheequationsofm
ass,energyand

m
om

entum

transportin
them

antle16
asinternalheating

and
cooling

atthesurface

drive
convective

m
otions

(for
detailsofthe

m
odelling

approach
and

param
eterdefinitions,seeM

ethodsSum
m

ary).Thesetw
o-dim

ensional

m
odelshave

a
strongly

tem
perature-dependent,N

ew
tonian

rheology

thatresultsin
a

single-plate,rigid
lid

atthe
surface.M

elting
and

m
elt

transportare
m

odelled
in

as
sim

ple
a

fashion
as

possible
w

hile
pre-

serving
the

effectofthisprocesson
the

heattransportand
dynam

ics

ofthe
lithosphere.M

eltis
generated

w
henever

the
m

antle
exceeds

a

sim
plelinearlypressure-dependentsolidus17and

isim
m

ediatelyextracted

to
the

surface,and
the

colum
n

in
w

hich
the

m
elt

w
as

produced
is

advected
dow

nw
ards

to
conserve

m
ass

(Fig.1,inset).O
nce

at
the

surface,them
eltisassum

ed
to

loseitslatentand
sensibleheat(w

hich

istracked
asvolcanicheatflow

)instantlyand
to

return
to

theim
posed

surface
boundary

tem
perature

of15uC
.A

lthough
thisisa

sim
plifica-

tion
oftheprocessofm

eltgeneration
and

eruption,itcapturesthebasic

physicsin
am

annerthatallow
susto

seeclearlytheeffectsofheatpipes

on
the

lithosphere.

Theinternalheating
and

surfaceheatflow
both

increasebyafactor

often
from

top
to

bottom
in

Fig.1.Increased
internalheatproduction

causes
the

tem
perature

of
the

m
antle

to
increase

slightly
and

the

thicknessofthe
cold

lid
to

increase
significantly.A

thick,cold
litho-

sphere
develops

because
volcanic

m
aterialdeposited

at
the

surface

buriesold
flow

s,resulting
in

a
descending

‘conveyorbelt’ofm
aterial
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The
heat

transport
and

lithospheric
dynam

ics
of
early

Earth
are

currently
explained

by
plate

tectonic
and

vertical

tectonic
m
odels,but

these
do

not
offer

a
globalsynthesis

consistent
w
ith

the
geologic

record.H
ere

w
e
use

num
erical

sim
ulations

and
com

parison
w
ith

the
geologic

record
to
explore

a
heat-pipe

m
odel

in
w
hich

volcanism
dom

inates

surface
heat

transport.These
sim

ulations
indicate

that
a
cold

and
thick

lithosphere
developed

as
a
result

of
frequent

volcanic
eruptions

that
advected

surface
m
aterials

dow
nw

ards.
D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to
plate

tectonics.C
onsistent

w
ith

m
odelpredictions,

the
geologic

record
show

s
rapid

volcanic
resurfacing,

contractionaldeform
ation,a

low
geotherm

algradientacrossthe
bulk

ofthe
lithosphere

and
a
rapid

decrease
in
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m
odel

therefore
offers

a
coherent

geodynam
ic

fram
ew

ork
in
w
hich

to
explore

the
evolution

ofour
planetbefore

the
onsetofplate

tectonics.

T
he
lithospheric

dynam
icsofterrestrialplanetsisdriven

by
the

trans-

portofheatfrom
the

interior
to
the

surface
1 .T
errestrialbodies

w
ith

low
heat

flow
s
(for

exam
ple

M
ars

(,
20
m
W
m

2
2 ;
ref.

2)
and

the

M
oon

(12
m
W
m

2
2 ;ref.3))

lose
heatlargely

by
conduction

across
a

single-plate
lithosphere,w

hereas
Earth’s

heattransport(globalm
ean

flux
1 ,65
m
W
m

2
2 )
is
dom

inated
by

plate
tectonics.Early

in
Earth’s

history,radiogenic
heat

production
w
as
three

to
five

tim
es
greater

than
at
present4 ,and

there
w
ere

additionalcontributions
from

tidal

heating
by
a
receding

M
oon

and
lossofaccretionary

heat.W
hetheror

notplate
tectonics

operates
under

these
conditions

is
uncertain

geo-

dynam
ically

5–9 ,but
plate

tectonic
processes

such
as
subduction

and

arc
accretion

are
often

invoked
to
explain

the
geologic

and
geo-

chem
icalfeatures

ofA
rchaean

rocks10–12 .

A
n
exam

ple
of
a
terrestrialbody

w
ith

a
higher

surface
heat

flow

than
m
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Earth
is
Jupiter’s

m
oon
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ather

than
losing

heat
by

m
ore

vigorous
plate

tectonics,Io
instead

transports
about

40
tim

es

Earth’sheatflux
13 (2.5
W
m

2
2 )from
theinteriorto

thesurfacethrough

volcanism
.T
his

m
ode

ofplanetary
heat

transport
is
called

the
heat-

pipe
m
ode

14,15
after

the
localized

channels
through

w
hich

m
eltbrings

heat
to
the

surface.
H
eat

pipes
are

conduits
that

transfer
heat

and

m
aterialfrom

the
base
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lithosphere

to
the

surface
by
m
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of
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the

lithospheric
plum
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m
antle
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hen
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dom
inantheattransportm
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planet,theeffectson
thelithosphereareboth

surprising
and

profound.
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m
odels

ofheat-pipe
Earth

W
e
explore

the
consequences
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heat-pipe

m
ode

for
early

Earth

using
sim

plified
m
odels
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m
antle

convection
w
ith

m
elt

generation

and
extraction.T
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tem

perature
field
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Fig.1
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from
num

ericalsolutionsto
theequationsofm

ass,energy
and

m
om
entum

transportin
the

m
antle

16 asinternalheating
and

cooling
atthe

surface

drive
convective

m
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(for
details
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m
odelling

approach
and

param
eterdefinitions,seeM

ethodsSum
m
ary).T
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o-dim

ensional

m
odels

have
a
strongly

tem
perature-dependent,N

ew
tonian

rheology

thatresults
in
a
single-plate,rigid

lid
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surface.M
elting

and
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transport
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odelled
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lithosphere.M
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m
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(Fig.
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inset).
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surface,the
m
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ed
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boundary
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perature
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a
sim
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and
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lithosphere.
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perature
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thickness
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cold
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to
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thick,cold
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sphere
develops

because
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deposited
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surface
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old
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s,resulting

in
a
descending

‘conveyor
belt’ofm

aterial
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Heat-pipeEarth
WilliamB.Moore1,2

&A.AlexanderG.Webb3 TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanismdominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanismafterinitiationofplatetectonics.Theheat-pipeEarthmodelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfromtheinteriortothesurface1
.Terrestrialbodieswith

lowheatflows(forexampleMars(,20mWm22
;ref.2)andthe

Moon(12mWm22
;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1
,65mWm22

)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4
,andtherewereadditionalcontributionsfromtidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9
,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12
.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13
(2.5Wm22

)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfromthebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17
andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere. Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1
DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2

NationalInstituteofAerospace,Hampton,Virginia23666,USA.3
DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.
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Eruption and cooling
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A
dv

ec
tio

n

Melting

Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,RaH,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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Theheattra
nsportandlith

ospheric
dynamicsofearly

Earth
arecurrently

explainedbyplate
tectonic

andvertic
al

tectonicmodels,butthesedonotoffe
raglobalsynthesisconsistentwith

thegeologicrecord.Hereweusenumerical

sim
ulatio

nsandcomparisonwith
thegeologic

recordto
exploreaheat-pipemodelin

whichvolcanism
dominates

surfaceheattransport.Thesesim
ulatio

nsindicate
thatacold

andthicklith
ospheredevelopedasaresultoffrequent

volcanic
eruptio

nsthatadvectedsurfacematerials
downwards.Declin

ingheatsourcesovertim
eledto

anabrupt

tra
nsitio

nto
plate

tectonics.Consis
tentwith

modelpredictio
ns,thegeologic

recordshowsrapid
volcanic

resurfacing,

contra
ctio

naldeformatio
n,alowgeothermalgradientacrossthebulkofthelith

osphereandarapiddecreaseinheat-pipe

volcanism
afte

rinitia
tio

n
ofplate

tectonics.Theheat-pipeEarth
modelthereforeoffe

rsacoherentgeodynamic

fra
meworkin

whichto
exploretheevolutio

nofourplanetbeforetheonsetofplate
tectonics.

Thelith
ospheric

dynamicsofterre
str

ialplanetsisdriv
enbythetra

ns-

portofheatfro
m

theinterio
rto

thesurfa
ce1

.Terre
str

ialbodieswith

low
heatflo

ws(fo
rexample

Mars
(,

20mW
m2

2
;ref.2)andthe

Moon(12mW
m2

2
;ref.3))lose

heatlargelybyconductio
nacrossa

sin
gle-platelith

osphere,whereasEarth
’sheattra

nsport(globalmean

flu
x1

,65mW
m2

2
)isdominatedbyplate

tectonics.Early
in

Earth
’s

histo
ry,radiogenic

heatproductio
nwasthreeto

fivetim
esgreater

thanatpresent4
,andthere

were
additio

nalcontrib
utio

nsfro
m

tid
al

heatin
gbyarecedingMoonandlossofaccretio

naryheat.Whetheror

notplatetectonicsoperatesunderthese
conditio

nsisuncerta
in

geo-

dynamically5–9
,butplate

tectonicprocesse
ssuchassubductio

nand

arc
accretio

nare
ofteninvokedto

explain
thegeologic

andgeo-

chemicalfeaturesofArchaeanrocks10–12
.

Anexampleofaterre
str

ialbodywith
ahighersurfa

ceheatflo
w

thanmodern
Earth

isJupiter’s
moonIo.Ratherthanlosin

gheatby

more
vigorousplate

tectonics,Io
inste

adtra
nsports

about40tim
es

Earth
’sheatflu

x13
(2.5W

m2
2
)fro

mtheinterio
rtothesurfa

cethrough

volcanism
.Thismodeofplanetary

heattra
nsportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrin

gs

heatto
thesurfa

ce.Heatpipesare
conduits

thattra
nsfe

rheatand

materia
lfro

m
thebase

ofthelith
osphere

to
thesurfa

cebymeansof

buoyantascent(fo
rexamplethelith

ospheric
plumbingatopamantle

plume).Whenheatpipesbecomethedominantheattra
nsportmech-

anism
ofaplanet,th

eeffectsonthelith
ospherearebothsurprisi

ngand

profound. Geodynamicmodelsofheat-pipeEarth

Weexplore
theconsequencesoftheheat-p

ipemodeforearly
Earth

usin
gsim

plifi
edmodelsofmantle

convectio
nwith

meltgeneratio
n

andextra
ctio

n.ThetemperaturefieldsnapshotsshowninFig.1result

fro
mnumeric

also
lutionstotheequationsofmass,

energ
yandmomentum

tra
nsportinthemantle16

asinternalheatin
gandcoolin

gatthesurfa
ce

driv
econvectivemotio

ns(fo
rdetails

ofthemodellin
gapproachand

parameter
defin

itio
ns,s

eeMethodsSummary).T
hesetwo-dim

ensio
nal

modelshaveastr
onglytemperature-dependent,Newtonianrheology

thatresults
in

asin
gle-plate,rig

id
lid

atthesurfa
ce.Meltin

gandmelt

tra
nsportare

modelledin
assim

pleafashionaspossib
lewhile

pre-

servingtheeffectofthisprocessontheheattra
nsportanddynamics

ofthelith
osphere.Meltisgeneratedwheneverthemantle

exceedsa

sim
plelinearly

pres
sure-

dependentsolidus17
andisimmediately

extra
cte

d

to
thesurfa

ce,andthecolumnin
whichthemeltwasproducedis

advecteddownwardsto
conservemass

(Fig.1,inset).
Onceatthe

surfa
ce,themeltisassu

medto
loseits

latentandsensib
leheat(which

istra
ckedasvolcanicheatflo

w)insta
ntly

andtoreturn
totheim

posed

surfa
ceboundary

temperatureof15uC
.Alth

oughthisisasim
plifi

ca-

tio
noftheprocessofmeltgeneratio

nanderuptio
n,it

capturesthebasic

physic
sinamannerthatallowsustoseeclearly

theeffectsofheatpipes

onthelith
osphere.

Theinternalheatin
gandsurfa

ceheatflo
wboth

increasebyafactor

oftenfro
mtoptobotto

minFig.1.In
creasedinternalheatproductio

n

causesthetemperature
ofthemantle

to
increase

slig
htly

andthe

thicknessofthecold
lid

to
increase

sig
nific

antly.Athick,cold
lith

o-

sphere
developsbecause

volcanic
materia

ldeposite
datthesurfa

ce
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soldflo

ws,resultin
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adescending‘conveyorbelt’ofmateria
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Theheattra
nsp

ortandlith
osp

heric
dynamicsofearly

Earth
arecurrently

explainedbyplate
tectonic

andvertic
al

tectonic
models,

butthese
donotoffe

raglobalsy
nthesis

consis
tentwith

thegeologic
record.Hereweuse

numerical

sim
ulatio

nsandcompariso
n

with
thegeologic

recordto
exploreaheat-pipemodelin

whichvolcanism
dominates

su
rfaceheattra

nsp
ort.

These
sim

ulatio
nsindicate

thatacold
andthicklith

osp
heredevelopedasaresu

ltoffrequent

volcanic
eruptio

nsthatadvected
su

rfacematerials
downwards.

Declin
ingheatsourcesovertim

eled
to

an
abrupt

tra
nsit

ionto
plate

tectonics.
Consis

tentwith
modelpredictio

ns,
thegeologic

record
sh

owsrapid
volcanic

resu
rfacing,

contra
ctio

naldeformatio
n,alow

geothermalgradientacross
thebulk

ofthelith
osp

hereandarapid
decrease

in
heat-pipe

volcanism
afte

rinitia
tio

n
ofplate

tectonics.
The

heat-pipe
Earth

modeltherefore
offe

rsa
coherentgeodynamic

fra
mework

in
whichto

exploretheevolutio
nofourplanetbeforetheonsetofplate

tectonics.

Thelith
ospheric

dynamics
ofter

res
tri

alplanets
isdriv

en
bythetra

ns-

port
ofheatfro

m
theinter

iorto
thesurfa

ce1
.Terr

est
ria

lbodies
with

low
heatflo

ws(fo
rexample

Mars
(,

20mW
m2

2
;ref

.2)and
the

Moon(12mW
m2

2
;ref

.3))
lose

heatlargely
byconducti

onacro
ss

a

sin
gle-

plate
lith

osphere
,where

asEarth
’sheattra

nsport(globalmean

flu
x1

,65mW
m2

2
)is

dominated
byplate

tec
tonics

.Early
in

Earth
’s

hist
ory,radiogen

ic
heatproducti

onwasthree
to

fiv
etim

es
grea

ter

thanatpres
en

t4
,andthere

were
additio

nalcontri
butio

nsfro
m

tid
al

heatin
gbyarec

ed
ingMoonandlossofaccr

eti
onary

heat.W
heth

er
or

notplate
tec

tonics
opera

tes
under

these
conditio

nsisuncer
tain

geo-

dynamica
lly5–9

,butplate
tec

tonic
proces

ses
such

assubducti
onand

arc
accr

eti
on

are
ofte

n
invoked

to
explain

thegeologic
and

geo-

ch
em

ica
lfea

tures
ofArch

aeanrocks10–12
.

Anexample
ofater

res
tri

albodywith
ahigher

surfa
ce

heatflo
w

thanmodern
Earth

isJupite
r’s

moonIo.Rather
thanlosin

gheatby

more
vigorousplate

tec
tonics

,Io
inste

adtra
nsports

about40tim
es

Earth
’sheatflu

x13
(2.5W

m2
2
)fro

m
theinter

iorto
thesurfa

ce
through

volca
nism

.Thismodeofplaneta
ry

heattra
nsport

is
called

theheat-

pipemode14,15
afte

rthelocal
ize

dch
annels

throughwhich
melt

brin
gs

heatto
thesurfa

ce.
Heat

pipes
are

conduits
thattra

nsfe
rheatand

mater
ialfro

m
thebase

ofthelith
osphere

to
thesurfa

ce
bymeansof

buoyantasce
nt(fo

rexamplethelith
ospheri

cplumbingatopamantle

plume).
W

hen
heatpipes

beco
methedominantheattra

nsportmech
-

anism
ofaplanet,

theeff
ect

sonthelith
osphere

are
both

surpris
ingand

profound. Geodynamic
modelsofheat-pipeEarth

W
eexplore
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ces
oftheheat-p

ipemodeforearly
Earth

usin
gsim

plifi
ed

models
ofmantle

convect
ionwith

melt
gen
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tio

n

andextra
cti

on.T
hetem

pera
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fie
ld

snapshotsshownin
Fig.1

res
ult

fro
m

numeri
cal

solutio
nstotheequatio

nsofmass
,en

erg
yan

dmomentum

tra
nsportin

themantle16
asinter

nalheatin
gandcoolin

gatthesurfa
ce

driv
econvect

ivemotio
ns(fo

rdeta
ils

ofthemodelli
ngapproach

and

para
mete

rdefi
nitio

ns,s
ee

Meth
odsSummary).T
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t,New
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Heat-pipe Earth
William B. Moore

1,2
& A. Alexander G. Webb

3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface

1
. Terrestrial bodies with

low heat flows (for example Mars (,20 mW m
22

; ref. 2) and the
Moon (12 mW m

22
; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean
flux

1
, 65 mW m

22
) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater
than at present

4
, and there were additional contributions from tidal

heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically

5–9
, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks

10–12
.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux

13
(2.5 W m

22
) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-
pipe mode

14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle

16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus

17
and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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& A. Alexander G. Webb 3The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical

tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical

simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates

surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent

volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt

transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,

contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic

framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-

port of heat from the interior to the surface 1
. Terrestrial bodies with

low heat flows (for example Mars (,20 mW m 22
; ref. 2) and the

Moon (12 mW m 22
; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean

flux 1
, 65 mW m 22

) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater

than at present 4
, and there were additional contributions from tidal

heating by a receding Moon and loss of accretionary heat. Whether or

not plate tectonics operates under these conditions is uncertain geo-

dynamically 5–9
, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-

chemical features of Archaean rocks 10–12
.

An example of a terrestrial body with a higher surface heat flow

than modern Earth is Jupiter’s moon Io. Rather than losing heat by

more vigorous plate tectonics, Io instead transports about 40 times

Earth’s heat flux 13
(2.5 W m 22

) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-

pipe mode 14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and

material from the base of the lithosphere to the surface by means of

buoyant ascent (for example the lithospheric plumbing atop a mantle

plume). When heat pipes become the dominant heat transport mech-

anism of a planet, the effects on the lithosphere are both surprising and

profound.
Geodynamic models of heat-pipe Earth

We explore the consequences of the heat-pipe mode for early Earth

using simplified models of mantle convection with melt generation

and extraction. The temperature field snapshots shown in Fig. 1 result

from numerical solutions to the equations of mass, energy and momentum

transport in the mantle 16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and

parameter definitions, see Methods Summary). These two-dimensional

models have a strongly temperature-dependent, Newtonian rheology

that results in a single-plate, rigid lid at the surface. Melting and melt

transport are modelled in as simple a fashion as possible while pre-

serving the effect of this process on the heat transport and dynamics

of the lithosphere. Melt is generated whenever the mantle exceeds a

simple linearly pressure-dependent solidus17
and is immediately extracted

to the surface, and the column in which the melt was produced is

advected downwards to conserve mass (Fig. 1, inset). Once at the

surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed

surface boundary temperature of 15 uC. Although this is a simplifica-

tion of the process of melt generation and eruption, it captures the basic

physics in a manner that allows us to see clearly the effects of heat pipes

on the lithosphere.The internal heating and surface heat flow both increase by a factor

of ten from top to bottom in Fig. 1. Increased internal heat production

causes the temperature of the mantle to increase slightly and the

thickness of the cold lid to increase significantly. A thick, cold litho-

sphere develops because volcanic material deposited at the surface

buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models

of mantle convection. The internal-heating Rayleigh number, RaH, is different

in each panel. The inset illustrates the operation of the heat pipe: melt is

extracting to the surface, where it cools, and cold lithosphere is advected

downwards to conserve mass.
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The heat tra
nsport and lith

ospheric
dynamics of early

Earth
are currently

explained by plate
tectonic

and vertic
al

tectonic models, but these do not offe
r a global synthesis consistent with

the geologic record. Here we use numerical

sim
ulatio

ns and comparison with
the geologic

record to
explore a heat-pipe model in

which volcanism
dominates

surface heat transport. These sim
ulatio

ns indicate
that a cold

and thick lith
osphere developed as a result of frequent

volcanic
eruptio

ns that advected surface materials
downwards. Declin

ing heat sources over tim
e led to

an abrupt

tra
nsitio

n to
plate

tectonics. Consis
tent with

model predictio
ns, the geologic

record shows rapid
volcanic

resurfacing,

contra
ctio

nal deformatio
n, a low geothermal gradient across the bulk of the lith

osphere and a rapid decrease in heat-pipe

volcanism
afte

r initia
tio

n
of plate

tectonics. The heat-pipe Earth
model therefore offe

rs a coherent geodynamic

fra
mework in

which to
explore the evolutio

n of our planet before the onset of plate
tectonics.

The lith
ospheric

dynamics of terre
str

ial planets is driv
en by the tra

ns-

port of heat fro
m

the interio
r to

the surfa
ce 1

. Terre
str

ial bodies with

low
heat flo

ws (fo
r example

Mars
(,

20 mW
m 2

2
; ref. 2) and the

Moon (12 mW
m 2

2
; ref. 3)) lose

heat largely by conductio
n across a

sin
gle-plate lith

osphere, whereas Earth
’s heat tra

nsport (global mean

flu
x 1

, 65 mW
m 2

2
) is dominated by plate

tectonics. Early
in

Earth
’s

histo
ry, radiogenic

heat productio
n was three to

five tim
es greater

than at present 4
, and there

were
additio

nal contrib
utio

ns fro
m

tid
al

heatin
g by a receding Moon and loss of accretio

nary heat. Whether or

not plate tectonics operates under these
conditio

ns is uncerta
in

geo-

dynamically 5–9
, but plate

tectonic processe
s such as subductio

n and

arc
accretio

n are
often invoked to

explain
the geologic

and geo-

chemical features of Archaean rocks 10–12
.

An example of a terre
str

ial body with
a higher surfa

ce heat flo
w

than modern
Earth

is Jupiter’s
moon Io. Rather than losin

g heat by

more
vigorous plate

tectonics, Io
inste

ad tra
nsports

about 40 tim
es

Earth
’s heat flu

x 13
(2.5 W

m 2
2
) fro

m the interio
r to the surfa

ce through

volcanism
. This mode of planetary

heat tra
nsport is called the heat-

pipe mode 14,15
after the localized channels through which melt brin

gs

heat to
the surfa

ce. Heat pipes are
conduits

that tra
nsfe

r heat and

materia
l fro

m
the base

of the lith
osphere

to
the surfa

ce by means of

buoyant ascent (fo
r example the lith

ospheric
plumbing atop a mantle

plume). When heat pipes become the dominant heat tra
nsport mech-

anism
of a planet, th

e effects on the lith
osphere are both surprisi

ng and

profound.Geodynamic models of heat-pipe Earth

We explore
the consequences of the heat-p

ipe mode for early
Earth

usin
g sim

plifi
ed models of mantle

convectio
n with

melt generatio
n

and extra
ctio

n. The temperature field snapshots shown in Fig. 1 result

fro
m numeric

al so
lutions to the equationsofmass,

energ
y and momentum

tra
nsport in the mantle 16

as internal heatin
g and coolin

g at the surfa
ce

driv
e convective motio

ns (fo
r details

of the modellin
g approach and

parameter
defin

itio
ns, s

ee Methods Summary). T
hese two-dim

ensio
nal

models have a str
ongly temperature-dependent, Newtonian rheology

that results
in

a sin
gle-plate, rig

id
lid

at the surfa
ce. Meltin

g and melt

tra
nsport are

modelled in
as sim

ple a fashion as possib
le while

pre-

serving the effect of this process on the heat tra
nsport and dynamics

of the lith
osphere. Melt is generated whenever the mantle

exceeds a

sim
ple linearly

pres
sure-

dependent solidus 17
and is immediately

extra
cte

d

to
the surfa

ce, and the column in
which the melt was produced is

advected downwards to
conserve mass

(Fig. 1, inset).
Once at the

surfa
ce, the melt is assu

med to
lose its

latent and sensib
le heat (which

is tra
cked as volcanic heat flo

w) insta
ntly

and to return
to the im

posed

surfa
ce boundary

temperature of 15 uC
. Alth

ough this is a sim
plifi

ca-

tio
n of the process of melt generatio

n and eruptio
n, it

captures the basic

physic
s in a manner that allows us to see clearly

the effects of heat pipes

on the lith
osphere.

The internal heatin
g and surfa

ce heat flo
w both

increase by a factor

of ten fro
m top to botto

m in Fig. 1. In
creased internal heat productio

n

causes the temperature
of the mantle

to
increase

slig
htly

and the

thickness of the cold
lid

to
increase

sig
nific

antly. A thick, cold
lith

o-

sphere
develops because

volcanic
materia

l deposite
d at the surfa

ce

burie
s old flo

ws, resultin
g in

a descending ‘conveyor belt’ of materia
l
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Figure
1 | Snapshots of the temperature fie

ld
for two-dim

ensio
nal models

of mantle
convectio

n. The internal-h
eatin

g Rayleigh number, R
aH , is

diffe
rent

in
each panel.

The inset illu
stra

tes the operatio
n of the heat pipe: melt is

extra
ctin

g to
the surfa

ce, where
it cools,

and cold lith
osphere

is advected

downwards to
conserve mass.
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Heat-pipe Earth

Willi
am

B. Moore 1,2
&

A. Alexander G. W
ebb 3

The heat tra
nsp

ort and lith
osp

heric
dynamics of early

Earth
are currently

explained by plate
tectonic

and vertic
al

tectonic
models,

but these
do not offe

r a global sy
nthesis

consis
tent with

the geologic
record. Here we use

numerical

sim
ulatio

ns and compariso
n

with
the geologic

record to
explore a heat-pipe model in

which volcanism
dominates

su
rface heat tra

nsp
ort.

These
sim

ulatio
ns indicate

that a cold
and thick lith

osp
here developed as a resu

lt of frequent

volcanic
eruptio

ns that advected
su

rface materials
downwards.

Declin
ing heat sources over tim

e led
to

an
abrupt

tra
nsit

ion to
plate

tectonics.
Consis

tent with
model predictio

ns,
the geologic

record
sh

ows rapid
volcanic

resu
rfacing,

contra
ctio

nal deformatio
n, a low

geothermal gradient across
the bulk

of the lith
osp

here and a rapid
decrease

in
heat-pipe

volcanism
afte

r initia
tio

n
of plate

tectonics.
The

heat-pipe
Earth

model therefore
offe

rs a
coherent geodynamic

fra
mework

in
which to

explore the evolutio
n of our planet before the onset of plate

tectonics.

The lith
ospheric

dynamics
of ter

res
tri

al planets
is driv

en
by the tra

ns-

port
of heat fro

m
the inter

ior to
the surfa

ce 1
. Terr

est
ria

l bodies
with

low
heat flo

ws (fo
r example

Mars
(,

20 mW
m 2

2
; ref

. 2) and
the

Moon (12 mW
m 2

2
; ref

. 3))
lose

heat largely
by conducti

on acro
ss

a

sin
gle-

plate
lith

osphere
, where

as Earth
’s heat tra

nsport (global mean

flu
x 1

, 65 mW
m 2

2
) is

dominated
by plate

tec
tonics

. Early
in

Earth
’s

hist
ory, radiogen

ic
heat producti

on was three
to

fiv
e tim

es
grea

ter

than at pres
en

t 4
, and there

were
additio

nal contri
butio

ns fro
m

tid
al

heatin
g by a rec

ed
ing Moon and loss of accr

eti
onary

heat. W
heth

er
or

not plate
tec

tonics
opera

tes
under

these
conditio

ns is uncer
tain

geo-

dynamica
lly 5–9

, but plate
tec

tonic
proces

ses
such

as subducti
on and

arc
accr

eti
on

are
ofte

n
invoked

to
explain

the geologic
and

geo-

ch
em

ica
l fea

tures
of Arch

aean rocks 10–12
.

An example
of a ter

res
tri

al body with
a higher

surfa
ce

heat flo
w

than modern
Earth

is Jupite
r’s

moon Io. Rather
than losin

g heat by

more
vigorous plate

tec
tonics

, Io
inste

ad tra
nsports

about 40 tim
es

Earth
’s heat flu

x 13
(2.5 W

m 2
2
) fro

m
the inter

ior to
the surfa

ce
through

volca
nism

. This mode of planeta
ry

heat tra
nsport

is
called

the heat-

pipe mode 14,15
afte

r the local
ize

d ch
annels

through which
melt

brin
gs

heat to
the surfa

ce.
Heat

pipes
are

conduits
that tra

nsfe
r heat and

mater
ial fro

m
the base

of the lith
osphere

to
the surfa

ce
by means of

buoyant asce
nt (fo

r example the lith
ospheri

c plumbing atop a mantle

plume).
W

hen
heat pipes

beco
me the dominant heat tra

nsport mech
-

anism
of a planet,

the eff
ect

s on the lith
osphere

are
both

surpris
ing and

profound.Geodynamic
models of heat-pipe Earth

W
e explore

the conseq
uen

ces
of the heat-p

ipe mode for early
Earth

usin
g sim

plifi
ed

models
of mantle

convect
ion with

melt
gen

era
tio

n

and extra
cti

on. T
he tem

pera
ture

fie
ld

snapshots shown in
Fig. 1

res
ult

fro
m

numeri
cal

solutio
ns to the equatio

nsofmass
, en

erg
y an

dmomentum

tra
nsport in

the mantle 16
as inter

nal heatin
g and coolin

g at the surfa
ce

driv
e convect

ive motio
ns (fo

r deta
ils

of the modelli
ng approach

and

para
mete

r defi
nitio

ns, s
ee

Meth
ods Summary). T

hese
tw

o-dim
en

sio
nal

models
have a str

ongly
tem

pera
ture-

dep
en

den
t, New

tonian
rheology

that
res

ults
in

a sin
gle-

plate,
rig

id
lid

at the surfa
ce.

Melt
ing and melt

tra
nsport

are
modelle

d in
as sim

ple
a fashion as possi

ble
while

pre-

ser
ving the eff

ect
of this proces

s on the heat tra
nsport

and dynam
ics

of the lith
osphere

. Melt
is

gen
era

ted
when

ever
the mantle

excee
ds a

sim
ple lin

ear
ly pres

sure-
dependent solid

us 17
an

d is im
mediat

ely
extra

cte
d

to
the surfa

ce,
and the column in

which
the melt

was produced
is

advect
ed

downwards to
conser

ve mass
(Fig. 1, inset

).
Once

at the

surfa
ce,

the melt
is assu

med
to

lose
its

laten
t and sen

sib
le heat (w

hich

is tra
cked

as volca
nic heat flo

w) insta
ntly

and to
ret

urn
to

the im
posed

surfa
ce

boundary
tem

pera
ture

of 15 u
C. Alth

ough this is a sim
plifi

ca-

tio
n of the proces

s of melt
gen

era
tio

n and eru
ptio

n, it
captures

the basic

physic
s in

a manner
that allo

ws us to
see

cle
arly

the eff
ect

s of heat pipes

on the lith
osphere

.

The inter
nal heatin

g and surfa
ce

heat flo
w both

incre
ase

by a facto
r

of ten
fro

m
top to

botto
m

in
Fig. 1. In

cre
ased

inter
nal heat producti

on

causes
the tem

pera
ture

of the mantle
to

incre
ase

slig
htly

and
the

thick
ness

of the cold
lid

to
incre

ase
sig

nific
antly

. A
thick

, cold
lith

o-

sphere
develo

ps beca
use

volca
nic

mater
ial dep

osit
ed

at the surfa
ce

burie
s old

flo
ws, res

ultin
g in

a desc
en

ding ‘co
nveyor belt

’ of mater
ial
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Figure
1 | Snapshots

of the temperature
fie

ld
for tw

o-dim
ensio

nal models

of mantle
convectio

n. The inter
nal-h

eatin
g Rayleig

h number,
RaH

, is
diffe

ren
t

in
each

panel.
The inset

illu
str

ates
the opera

tio
n of the heat pipe: melt

is

extra
cti

ng to
the surfa

ce,
where

it cools,
and cold

lith
osphere

is advect
ed

downward
s to

conser
ve mass

.
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Heat-pipe Earth
William B. Moore1,2 & A. Alexander G. Webb3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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show
s

rapid
volcanic

resurfacing,

contractional deform
ation, a low

geotherm
al gradient across the bulk

of the lithosphere and
a rapid

decrease in
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel
therefore

offers
a

coherent
geodynam

ic

fram
ew

ork
in

w
hich

to
explore

the
evolution

of our planet before
the

onset of plate
tectonics.

The lithospheric dynam
ics of terrestrial planets is driven

by the trans-

port of heat from
the

interior to
the

surface 1. Terrestrial bodies w
ith

low
heat

flow
s

(for
exam

ple
M

ars
(,

20m
W

m
2

2; ref. 2)
and

the

M
oon

(12m
W

m
2

2; ref. 3)) lose
heat largely

by
conduction

across a

single-plate
lithosphere, w

hereas Earth’s heat transport (global m
ean

flux 1, 65m
W

m
2

2) is
dom

inated
by

plate
tectonics. Early

in
Earth’s

history, radiogenic
heat

production
w

as
three

to
five

tim
es

greater

than
at present 4, and

there
w

ere
additional contributions

from
tidal

heating
by a receding

M
oon

and
loss of accretionary heat. W

hether or

not plate
tectonics operates under these

conditions is uncertain
geo-

dynam
ically 5–9, but plate

tectonic
processes

such
as

subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
ical features of A

rchaean
rocks 10–12.

A
n

exam
ple

of a
terrestrial body

w
ith

a
higher

surface
heat flow

than
m

odern
Earth

is
Jupiter’s

m
oon

Io. Rather
than

losing
heat by

m
ore

vigorous
plate

tectonics, Io
instead

transports
about 40

tim
es

Earth’s heat flux 13(2.5W
m

2
2) from

the interior to
the surface through

volcanism
. This

m
ode

of planetary
heat transport is

called
the

heat-

pipe
m

ode 14,15
after the

localized
channels through

w
hich

m
elt brings

heat
to

the
surface. H

eat
pipes

are
conduits

that
transfer

heat
and

m
aterial from

the
base

of the
lithosphere

to
the

surface
by

m
eans

of

buoyant ascent (for exam
ple the lithospheric plum

bing
atop

a
m

antle

plum
e). W

hen
heat pipes becom

e the dom
inant heat transport m

ech-

anism
of a planet, the effects on

the lithosphere are both
surprising and

profound.

G
eodynam

ic
m

odels of heat-pipe
Earth

W
e

explore
the

consequences
of the

heat-pipe
m

ode
for

early
Earth

using
sim

plified
m

odels
of m

antle
convection

w
ith

m
elt generation

and
extraction. The tem

perature field
snapshots show

n
in

Fig. 1
result

from
num

erical solutions to the equationsofm
ass, energy and

m
om

entum

transport in
the m

antle 16
as internal heating

and
cooling

at the surface

drive
convective

m
otions

(for
details of the

m
odelling

approach
and

param
eter definitions, seeM

ethods Sum
m

ary). These tw
o-dim

ensional

m
odels have

a
strongly

tem
perature-dependent, N

ew
tonian

rheology

that results in
a

single-plate, rigid
lid

at the
surface. M

elting
and

m
elt

transport are
m

odelled
in

as
sim

ple
a

fashion
as

possible
w

hile
pre-

serving
the

effect of this process on
the

heat transport and
dynam

ics

of the
lithosphere. M

elt is
generated

w
henever

the
m

antle
exceeds

a

sim
ple linearly pressure-dependent solidus 17and

is im
m

ediately extracted

to
the

surface, and
the

colum
n

in
w

hich
the

m
elt

w
as

produced
is

advected
dow

nw
ards

to
conserve

m
ass

(Fig. 1, inset). O
nce

at
the

surface, the m
elt is assum

ed
to

lose its latent and
sensible heat (w

hich

is tracked
as volcanic heat flow

) instantly and
to

return
to

the im
posed

surface
boundary

tem
perature

of 15 uC
. A

lthough
this is a

sim
plifica-

tion
of the process ofm

elt generation
and

eruption, it captures the basic

physics in
am

anner that allow
s us to

see clearly the effects of heat pipes

on
the

lithosphere.

The internal heating
and

surface heat flow
both

increase by a factor

of ten
from

top
to

bottom
in

Fig. 1. Increased
internal heat production

causes
the

tem
perature

of
the

m
antle

to
increase

slightly
and

the

thickness of the
cold

lid
to

increase
significantly. A

thick, cold
litho-

sphere
develops

because
volcanic

m
aterial deposited

at
the

surface

buries old
flow

s, resulting
in

a
descending

‘conveyor belt’ of m
aterial
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The
heat

transport
and

lithospheric
dynam
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early
Earth

are
currently

explained
by

plate
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and
vertical

tectonic
m
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not
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global synthesis
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the
geologic

record. H
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sim
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record
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heat-pipe
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transport. These
sim

ulations
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a
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and

thick
lithosphere
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of
frequent

volcanic
eruptions

that
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to
an

abrupt

transition
to

plate
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odel predictions,
the
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show
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rapid
volcanic

resurfacing,

contractional deform
ation, a

low
geotherm

al gradient across the
bulk
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and
a

rapid
decrease

in
heat-pipe
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after

initiation
of

plate
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surface
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20
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W
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ref.
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and
the

M
oon

(12
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W
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2; ref. 3))
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heat largely

by
conduction

across
a

single-plate
lithosphere, w
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Earth’s

heat transport (global m
ean

flux
1, 65
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W
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2
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is

dom
inated

by
plate

tectonics. Early
in

Earth’s

history, radiogenic
heat

production
w
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three

to
five

tim
es

greater

than
at

present 4, and
there

w
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additional contributions
from

tidal

heating
by

a
receding

M
oon

and
loss of accretionary

heat. W
hether or

not plate
tectonics
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under

these
conditions

is
uncertain

geo-

dynam
ically
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plate
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processes

such
as

subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
ical features

of A
rchaean

rocks 10–12.
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flow
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after
the
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through
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that
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and
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to
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by
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hen
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of a

planet, the effects on
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surprising
and

profound.
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generation

and
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tem
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field

snapshots show
n

in
Fig. 1

result
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num

erical solutions to
the equationsofm

ass, energy
and
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transport in
the

m
antle

16as internal heating
and

cooling
at the

surface

drive
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m
otions

(for
details

of the
m

odelling
approach

and
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eter definitions, seeM

ethods Sum
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ary). T
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ensional
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have
a

strongly
tem
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tonian
rheology

that results
in

a
single-plate, rigid

lid
at the

surface. M
elting

and
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elt

transport
are

m
odelled

in
as

sim
ple
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fashion

as
possible

w
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pre-

serving
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effect of this
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on
the

heat transport and
dynam
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of
the
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elt

is
generated

w
henever

the
m

antle
exceeds

a

sim
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pressure-dependent solidus 17and
is im

m
ediately

extracted

to
the

surface, and
the

colum
n

in
w

hich
the

m
elt

w
as

produced
is

advected
dow

nw
ards

to
conserve

m
ass

(Fig.
1,

inset).
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nce
at

the

surface, the
m

elt is assum
ed

to
lose

its latent and
sensible

heat (w
hich

is tracked
as volcanic

heat flow
) instantly

and
to

return
to

the
im

posed

surface
boundary

tem
perature

of 15 uC
. A

lthough
this

is
a

sim
plifica-

tion
of the process ofm

elt generation
and

eruption, it captures the basic

physics in
a

m
anner that allow

s us to
see clearly

the effects of heat pipes

on
the

lithosphere.
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and

surface
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both
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by
a

factor

of ten
from
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in

Fig. 1. Increased
internal heat production

causes
the

tem
perature

of
the

m
antle

to
increase

slightly
and

the

thickness
of the

cold
lid

to
increase

significantly. A
thick, cold
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sphere
develops

because
volcanic
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aterial

deposited
at

the
surface

buries
old
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s, resulting

in
a

descending
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Heat-pipeEarth
WilliamB.Moore1,2&A.AlexanderG.Webb3 TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanismdominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanismafterinitiationofplatetectonics.Theheat-pipeEarthmodelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfromtheinteriortothesurface1.Terrestrialbodieswith

lowheatflows(forexampleMars(,20mWm22;ref.2)andthe

Moon(12mWm22;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mWm22)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfromtidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5Wm22)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfromthebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere. Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2NationalInstituteofAerospace,Hampton,Virginia23666,USA.3DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.
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Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels
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downwardstoconservemass.
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TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanism
dominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
afterinitiation

ofplatetectonics.Theheat-pipeEarth
modelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriortothesurface1.Terrestrialbodieswith

low
heatflows(forexampleMars(,20mW

m22;ref.2)andthe

Moon(12mW
m22;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mW
m22)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfrom
tidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5W
m22)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfrom
thebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound. Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere.

Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial
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Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,RaH,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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TheheattransportandlithosphericdynamicsofearlyEarth
arecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparison
with

thegeologicrecordtoexploreaheat-pipemodelin
whichvolcanism

dominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvected
surfacematerialsdownwards.Decliningheatsourcesovertimeled

toan
abrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alow
geothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
afterinitiation

ofplate
tectonics.The

heat-pipe
Earth

modeltherefore
offersa

coherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriortothesurface1.Terrestrialbodieswith

low
heatflows(forexampleMars(,20mW

m2
2;ref.2)and

the

Moon(12mW
m2

2;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mW
m2

2)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfrom
tidal

heatingbyarecedingMoonandlossofaccretionaryheat.W
hetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretion
areoften

invoked
to

explain
thegeologicand

geo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5W
m2

2)from
theinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfrom
thebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).W
henheatpipesbecomethedominantheattransportmech-

anism
ofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

W
eexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

from
numericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advected
downwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere.

Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfrom
toptobottom

inFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyand
the

thicknessofthecoldlidtoincreasesignificantly.A
thick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial
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Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,Ra
H,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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The
heattransportand

lithospheric
dynam

ics
ofearly

Earth
are

currently
explained

by
plate

tectonic
and

vertical

tectonicm
odels,butthesedo

notofferaglobalsynthesisconsistentw
ith

thegeologicrecord.Herew
eusenum

erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odelin

w
hich

volcanism
dom

inates

surface
heattransport.These

sim
ulationsindicate

thata
cold

and
thick

lithosphere
developed

asa
resultoffrequent

volcanic
eruptions

thatadvected
surface

m
aterials

dow
nw

ards.Declining
heatsources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics.Consistentw

ith
m

odelpredictions,the
geologic

record
show

srapid
volcanic

resurfacing,

contractionaldeform
ation,alow

geotherm
algradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odeltherefore
offers

a
coherent

geodynam
ic

fram
ew

ork
in

w
hich

toexploretheevolution
ofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynam
icsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriorto

thesurface1.Terrestrialbodieswith

low
heatflows

(for
exam

ple
M

ars
(,

20m
W

m
2

2;ref.2)
and

the

M
oon

(12m
W

m
2

2;ref.3))loseheatlargelybyconduction
acrossa

single-platelithosphere,whereasEarth’sheattransport(globalm
ean

flux1,65m
W

m
2

2)isdom
inated

by
platetectonics.Early

in
Earth’s

history,radiogenic
heatproduction

wasthree
to

five
tim

esgreater

than
atpresent4,and

therewereadditionalcontributionsfrom
tidal

heatingbyarecedingM
oonandlossofaccretionaryheat.W

hetheror

notplatetectonicsoperatesundertheseconditionsisuncertain
geo-

dynam
ically5–9,butplatetectonicprocessessuch

assubduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
icalfeaturesofArchaean

rocks10–12.

An
exam

ple
ofa

terrestrialbody
with

a
highersurface

heatflow

than
m

odern
Earth

isJupiter’sm
oon

Io.Ratherthan
losing

heatby

m
orevigorousplatetectonics,Io

instead
transportsabout40

tim
es

Earth’sheatflux13
(2.5W

m
2

2)from
theinteriortothesurfacethrough

volcanism
.Thism

odeofplanetary
heattransportiscalled

theheat-

pipem
ode14,15

afterthelocalized
channelsthrough

which
m

eltbrings

heatto
the

surface.H
eatpipesare

conduitsthattransfer
heatand

m
aterialfrom

thebaseofthelithosphereto
thesurfaceby

m
eansof

buoyantascent(forexam
plethelithosphericplum

bingatopam
antle

plum
e).W

hen
heatpipesbecom

ethedom
inantheattransportm

ech-

anism
ofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.

Geodynam
icm

odelsofheat-pipeEarth

W
eexploretheconsequencesoftheheat-pipem

odeforearly
Earth

using
sim

plified
m

odelsofm
antleconvection

with
m

eltgeneration

andextraction.Thetem
peraturefieldsnapshotsshowninFig.1result

from
num

ericalsolutionstotheequationsofm
ass,energyandm

om
entum

transportinthem
antle16

asinternalheatingandcoolingatthesurface

driveconvectivem
otions(fordetailsofthem

odelling
approach

and

param
eterdefinitions,seeM

ethodsSum
m

ary).Thesetwo-dim
ensional

m
odelshaveastronglytem

perature-dependent,Newtonian
rheology

thatresultsin
asingle-plate,rigid

lid
atthesurface.M

eltingand
m

elt

transportarem
odelled

in
assim

plea
fashion

aspossiblewhilepre-

servingtheeffectofthisprocesson
theheattransportand

dynam
ics

ofthelithosphere.M
eltisgenerated

wheneverthem
antleexceedsa

sim
plelinearlypressure-dependentsolidus17

andisim
m

ediatelyextracted

to
the

surface,and
the

colum
n

in
which

the
m

eltwasproduced
is

advected
downwards

to
conserve

m
ass

(Fig.1,inset).Once
atthe

surface,them
eltisassum

ed
toloseitslatentand

sensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheim
posed

surfaceboundarytem
peratureof15uC.Although

thisisasim
plifica-

tionoftheprocessofm
eltgenerationanderuption,itcapturesthebasic

physicsinam
annerthatallowsustoseeclearlytheeffectsofheatpipes

on
thelithosphere.

Theinternalheatingandsurfaceheatflow
bothincreasebyafactor

oftenfrom
toptobottom

inFig.1.Increasedinternalheatproduction

causes
the

tem
perature

ofthe
m

antle
to

increase
slightly

and
the

thicknessofthecold
lid

to
increasesignificantly.A

thick,cold
litho-

sphere
developsbecause

volcanic
m

aterialdeposited
atthe

surface

buriesold
flows,resultingin

adescending‘conveyorbelt’ofm
aterial
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ensionalm
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ber,Ra
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panel.Theinsetillustratestheoperation
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The
heat

transport
and

lithospheric
dynam

ics
of

early
Earth

are
currently

explained
by

plate
tectonic

and
vertical

tectonic
m

odels,butthese
do

notoffer
a

globalsynthesis
consistentw

ith
the

geologic
record.H

ere
w

e
use

num
erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odelin

w
hich

volcanism
dom

inates

surface
heattransport.These

sim
ulations

indicate
thata

cold
and

thick
lithosphere

developed
as

a
resultoffrequent

volcanic
eruptions

that
advected

surface
m

aterials
dow

nw
ards.

D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics.Consistent

w
ith

m
odelpredictions,the

geologic
record

show
s

rapid
volcanic

resurfacing,

contractionaldeform
ation,alow

geotherm
algradientacrossthebulk

ofthelithosphereand
arapid

decreasein
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel
therefore

offers
a

coherent
geodynam

ic

fram
ew

ork
in

w
hich

to
explore

the
evolution

ofourplanetbefore
the

onsetofplate
tectonics.

Thelithosphericdynam
icsofterrestrialplanetsisdriven

bythetrans-

portofheatfrom
the

interiorto
the

surface1 .Terrestrialbodiesw
ith

low
heat

flow
s

(for
exam

ple
M

ars
(,

20m
W

m
2

2 ;ref.2)
and

the

M
oon

(12m
W

m
2

2 ;ref.3))lose
heatlargely

by
conduction

acrossa

single-plate
lithosphere,w

hereasEarth’sheattransport(globalm
ean

flux1 ,65m
W

m
2

2 )is
dom

inated
by

plate
tectonics.Early

in
Earth’s

history,radiogenic
heat

production
w

as
three

to
five

tim
es

greater

than
atpresent4 ,and

there
w

ere
additionalcontributions

from
tidal

heating
byareceding

M
oon

and
lossofaccretionaryheat.W

hetheror

notplate
tectonicsoperatesunderthese

conditionsisuncertain
geo-

dynam
ically5–9 ,butplate

tectonic
processes

such
as

subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
icalfeaturesofA

rchaean
rocks10–12 .

A
n

exam
ple

ofa
terrestrialbody

w
ith

a
higher

surface
heatflow

than
m

odern
Earth

is
Jupiter’s

m
oon

Io.Rather
than

losing
heatby

m
ore

vigorous
plate

tectonics,Io
instead

transports
about40

tim
es

Earth’sheatflux13(2.5W
m

2
2 )from

theinteriorto
thesurfacethrough

volcanism
.This

m
ode

ofplanetary
heattransportis

called
the

heat-

pipe
m

ode14,15
afterthe

localized
channelsthrough

w
hich

m
eltbrings

heat
to

the
surface.H

eat
pipes

are
conduits

that
transfer

heat
and

m
aterialfrom

the
base

ofthe
lithosphere

to
the

surface
by

m
eans

of

buoyantascent(forexam
plethelithosphericplum

bing
atop

a
m

antle

plum
e).W

hen
heatpipesbecom

ethedom
inantheattransportm

ech-

anism
ofaplanet,theeffectson

thelithosphereareboth
surprisingand

profound.

G
eodynam

ic
m

odelsofheat-pipe
Earth

W
e

explore
the

consequences
ofthe

heat-pipe
m

ode
for

early
Earth

using
sim

plified
m

odels
ofm

antle
convection

w
ith

m
eltgeneration

and
extraction.Thetem

peraturefield
snapshotsshow

n
in

Fig.1
result

from
num

ericalsolutionstotheequationsofm
ass,energyand

m
om

entum

transportin
them

antle16
asinternalheating

and
cooling

atthesurface

drive
convective

m
otions

(for
detailsofthe

m
odelling

approach
and

param
eterdefinitions,seeM

ethodsSum
m

ary).Thesetw
o-dim

ensional

m
odelshave

a
strongly

tem
perature-dependent,N

ew
tonian

rheology

thatresultsin
a

single-plate,rigid
lid

atthe
surface.M

elting
and

m
elt

transportare
m

odelled
in

as
sim

ple
a

fashion
as

possible
w

hile
pre-

serving
the

effectofthisprocesson
the

heattransportand
dynam

ics

ofthe
lithosphere.M

eltis
generated

w
henever

the
m

antle
exceeds

a

sim
plelinearlypressure-dependentsolidus17and

isim
m

ediatelyextracted

to
the

surface,and
the

colum
n

in
w

hich
the

m
elt

w
as

produced
is

advected
dow

nw
ards

to
conserve

m
ass

(Fig.1,inset).O
nce

at
the

surface,them
eltisassum

ed
to

loseitslatentand
sensibleheat(w

hich

istracked
asvolcanicheatflow

)instantlyand
to

return
to

theim
posed

surface
boundary

tem
perature

of15uC
.A

lthough
thisisa

sim
plifica-

tion
oftheprocessofm

eltgeneration
and

eruption,itcapturesthebasic

physicsin
am

annerthatallow
susto

seeclearlytheeffectsofheatpipes

on
the

lithosphere.

Theinternalheating
and

surfaceheatflow
both

increasebyafactor

often
from

top
to

bottom
in

Fig.1.Increased
internalheatproduction

causes
the

tem
perature

of
the

m
antle

to
increase

slightly
and

the

thicknessofthe
cold

lid
to

increase
significantly.A

thick,cold
litho-

sphere
develops

because
volcanic

m
aterialdeposited

at
the

surface

buriesold
flow

s,resulting
in

a
descending

‘conveyorbelt’ofm
aterial
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The
heat

transport
and

lithospheric
dynam

ics
of
early

Earth
are

currently
explained

by
plate

tectonic
and

vertical

tectonic
m
odels,but

these
do

not
offer

a
globalsynthesis

consistent
w
ith

the
geologic

record.H
ere

w
e
use

num
erical

sim
ulations

and
com

parison
w
ith

the
geologic

record
to
explore

a
heat-pipe

m
odel

in
w
hich

volcanism
dom

inates

surface
heat

transport.These
sim

ulations
indicate

that
a
cold

and
thick

lithosphere
developed

as
a
result

of
frequent

volcanic
eruptions

that
advected

surface
m
aterials

dow
nw

ards.
D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to
plate

tectonics.C
onsistent

w
ith

m
odelpredictions,

the
geologic

record
show

s
rapid

volcanic
resurfacing,

contractionaldeform
ation,a

low
geotherm

algradientacrossthe
bulk

ofthe
lithosphere

and
a
rapid

decrease
in
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m
odel

therefore
offers

a
coherent

geodynam
ic

fram
ew

ork
in
w
hich

to
explore

the
evolution

ofour
planetbefore

the
onsetofplate

tectonics.

T
he
lithospheric

dynam
icsofterrestrialplanetsisdriven

by
the

trans-

portofheatfrom
the

interior
to
the

surface
1 .T
errestrialbodies

w
ith

low
heat

flow
s
(for

exam
ple

M
ars

(,
20
m
W
m

2
2 ;
ref.

2)
and

the

M
oon

(12
m
W
m

2
2 ;ref.3))

lose
heatlargely

by
conduction

across
a

single-plate
lithosphere,w

hereas
Earth’s

heattransport(globalm
ean

flux
1 ,65
m
W
m

2
2 )
is
dom

inated
by

plate
tectonics.Early

in
Earth’s

history,radiogenic
heat

production
w
as
three

to
five

tim
es
greater

than
at
present4 ,and

there
w
ere

additionalcontributions
from

tidal

heating
by
a
receding

M
oon

and
lossofaccretionary

heat.W
hetheror

notplate
tectonics

operates
under

these
conditions

is
uncertain

geo-

dynam
ically

5–9 ,but
plate

tectonic
processes

such
as
subduction

and

arc
accretion

are
often

invoked
to
explain

the
geologic

and
geo-

chem
icalfeatures

ofA
rchaean

rocks10–12 .

A
n
exam

ple
of
a
terrestrialbody

w
ith

a
higher

surface
heat

flow

than
m
odern

Earth
is
Jupiter’s

m
oon

Io.R
ather

than
losing

heat
by

m
ore

vigorous
plate

tectonics,Io
instead

transports
about

40
tim

es

Earth’sheatflux
13 (2.5
W
m

2
2 )from
theinteriorto

thesurfacethrough

volcanism
.T
his

m
ode

ofplanetary
heat

transport
is
called

the
heat-

pipe
m
ode

14,15
after

the
localized

channels
through

w
hich

m
eltbrings

heat
to
the

surface.
H
eat

pipes
are

conduits
that

transfer
heat

and

m
aterialfrom

the
base

ofthe
lithosphere

to
the

surface
by
m
eans

of

buoyantascent(for
exam

ple
the

lithospheric
plum

bing
atop

a
m
antle
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e).W

hen
heatpipesbecom

e
the

dom
inantheattransportm

ech-

anism
ofa

planet,theeffectson
thelithosphereareboth

surprising
and

profound.
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ic
m
odels

ofheat-pipe
Earth
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explore

the
consequences
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heat-pipe

m
ode

for
early

Earth

using
sim

plified
m
odels
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m
antle

convection
w
ith

m
elt

generation

and
extraction.T

he
tem

perature
field

snapshotsshow
n
in
Fig.1

result

from
num

ericalsolutionsto
theequationsofm

ass,energy
and

m
om
entum

transportin
the

m
antle

16 asinternalheating
and

cooling
atthe

surface

drive
convective

m
otions

(for
details

ofthe
m
odelling

approach
and

param
eterdefinitions,seeM

ethodsSum
m
ary).T

hesetw
o-dim

ensional

m
odels

have
a
strongly

tem
perature-dependent,N

ew
tonian

rheology

thatresults
in
a
single-plate,rigid

lid
atthe

surface.M
elting

and
m
elt

transport
are

m
odelled

in
as
sim
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a
fashion
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possible
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hile

pre-

serving
the

effectofthis
process

on
the

heattransportand
dynam
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of
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lithosphere.M
elt
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m
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a

sim
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pressure-dependentsolidus17 and
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extracted

to
the

surface,and
the

colum
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w
hich

the
m
elt

w
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produced
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advected
dow

nw
ards

to
conserve

m
ass

(Fig.
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inset).

O
nce

at
the

surface,the
m
eltisassum

ed
to
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itslatentand
sensible

heat(w
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istracked
asvolcanic

heatflow
)instantly

and
to
return

to
the

im
posed

surface
boundary

tem
perature

of15uC
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lthough

this
is
a
sim

plifica-

tion
oftheprocessofm

eltgeneration
and

eruption,itcapturesthebasic

physicsin
a
m
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susto
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theeffectsofheatpipes

on
the

lithosphere.
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surface

heatflow
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by
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factor
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in
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internalheatproduction
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perature

of
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m
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the

thickness
ofthe

cold
lid

to
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significantly.A
thick,cold

litho-

sphere
develops

because
volcanic

m
aterial

deposited
at
the

surface

buries
old

flow
s,resulting

in
a
descending

‘conveyor
belt’ofm

aterial
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Heat-pipeEarth
WilliamB.Moore1,2

&A.AlexanderG.Webb3 TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanismdominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanismafterinitiationofplatetectonics.Theheat-pipeEarthmodelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfromtheinteriortothesurface1
.Terrestrialbodieswith

lowheatflows(forexampleMars(,20mWm22
;ref.2)andthe

Moon(12mWm22
;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1
,65mWm22

)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4
,andtherewereadditionalcontributionsfromtidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9
,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12
.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13
(2.5Wm22

)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfromthebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17
andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere. Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1
DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2

NationalInstituteofAerospace,Hampton,Virginia23666,USA.3
DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.
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A
dv

ec
tio

n

Melting

Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,RaH,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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Theheattra
nsportandlith

ospheric
dynamicsofearly

Earth
arecurrently

explainedbyplate
tectonic

andvertic
al

tectonicmodels,butthesedonotoffe
raglobalsynthesisconsistentwith

thegeologicrecord.Hereweusenumerical

sim
ulatio

nsandcomparisonwith
thegeologic

recordto
exploreaheat-pipemodelin

whichvolcanism
dominates

surfaceheattransport.Thesesim
ulatio

nsindicate
thatacold

andthicklith
ospheredevelopedasaresultoffrequent

volcanic
eruptio

nsthatadvectedsurfacematerials
downwards.Declin

ingheatsourcesovertim
eledto

anabrupt

tra
nsitio

nto
plate

tectonics.Consis
tentwith

modelpredictio
ns,thegeologic

recordshowsrapid
volcanic

resurfacing,

contra
ctio

naldeformatio
n,alowgeothermalgradientacrossthebulkofthelith

osphereandarapiddecreaseinheat-pipe

volcanism
afte

rinitia
tio

n
ofplate

tectonics.Theheat-pipeEarth
modelthereforeoffe

rsacoherentgeodynamic

fra
meworkin

whichto
exploretheevolutio

nofourplanetbeforetheonsetofplate
tectonics.

Thelith
ospheric

dynamicsofterre
str

ialplanetsisdriv
enbythetra

ns-

portofheatfro
m

theinterio
rto

thesurfa
ce1

.Terre
str

ialbodieswith

low
heatflo

ws(fo
rexample

Mars
(,

20mW
m2

2
;ref.2)andthe

Moon(12mW
m2

2
;ref.3))lose

heatlargelybyconductio
nacrossa

sin
gle-platelith

osphere,whereasEarth
’sheattra

nsport(globalmean

flu
x1

,65mW
m2

2
)isdominatedbyplate

tectonics.Early
in

Earth
’s

histo
ry,radiogenic

heatproductio
nwasthreeto

fivetim
esgreater

thanatpresent4
,andthere

were
additio

nalcontrib
utio

nsfro
m

tid
al

heatin
gbyarecedingMoonandlossofaccretio

naryheat.Whetheror

notplatetectonicsoperatesunderthese
conditio

nsisuncerta
in

geo-

dynamically5–9
,butplate

tectonicprocesse
ssuchassubductio

nand

arc
accretio

nare
ofteninvokedto

explain
thegeologic

andgeo-

chemicalfeaturesofArchaeanrocks10–12
.

Anexampleofaterre
str

ialbodywith
ahighersurfa

ceheatflo
w

thanmodern
Earth

isJupiter’s
moonIo.Ratherthanlosin

gheatby

more
vigorousplate

tectonics,Io
inste

adtra
nsports

about40tim
es

Earth
’sheatflu

x13
(2.5W

m2
2
)fro

mtheinterio
rtothesurfa

cethrough

volcanism
.Thismodeofplanetary

heattra
nsportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrin

gs

heatto
thesurfa

ce.Heatpipesare
conduits

thattra
nsfe

rheatand

materia
lfro

m
thebase

ofthelith
osphere

to
thesurfa

cebymeansof

buoyantascent(fo
rexamplethelith

ospheric
plumbingatopamantle

plume).Whenheatpipesbecomethedominantheattra
nsportmech-

anism
ofaplanet,th

eeffectsonthelith
ospherearebothsurprisi

ngand

profound. Geodynamicmodelsofheat-pipeEarth

Weexplore
theconsequencesoftheheat-p

ipemodeforearly
Earth

usin
gsim

plifi
edmodelsofmantle

convectio
nwith

meltgeneratio
n

andextra
ctio

n.ThetemperaturefieldsnapshotsshowninFig.1result

fro
mnumeric

also
lutionstotheequationsofmass,

energ
yandmomentum

tra
nsportinthemantle16

asinternalheatin
gandcoolin

gatthesurfa
ce

driv
econvectivemotio

ns(fo
rdetails

ofthemodellin
gapproachand

parameter
defin

itio
ns,s

eeMethodsSummary).T
hesetwo-dim

ensio
nal

modelshaveastr
onglytemperature-dependent,Newtonianrheology

thatresults
in

asin
gle-plate,rig

id
lid

atthesurfa
ce.Meltin

gandmelt

tra
nsportare

modelledin
assim

pleafashionaspossib
lewhile

pre-

servingtheeffectofthisprocessontheheattra
nsportanddynamics

ofthelith
osphere.Meltisgeneratedwheneverthemantle

exceedsa

sim
plelinearly

pres
sure-

dependentsolidus17
andisimmediately

extra
cte

d

to
thesurfa

ce,andthecolumnin
whichthemeltwasproducedis

advecteddownwardsto
conservemass

(Fig.1,inset).
Onceatthe

surfa
ce,themeltisassu

medto
loseits

latentandsensib
leheat(which

istra
ckedasvolcanicheatflo

w)insta
ntly

andtoreturn
totheim

posed

surfa
ceboundary

temperatureof15uC
.Alth

oughthisisasim
plifi

ca-

tio
noftheprocessofmeltgeneratio

nanderuptio
n,it

capturesthebasic

physic
sinamannerthatallowsustoseeclearly

theeffectsofheatpipes

onthelith
osphere.

Theinternalheatin
gandsurfa

ceheatflo
wboth

increasebyafactor

oftenfro
mtoptobotto

minFig.1.In
creasedinternalheatproductio

n

causesthetemperature
ofthemantle

to
increase

slig
htly

andthe

thicknessofthecold
lid

to
increase

sig
nific

antly.Athick,cold
lith

o-

sphere
developsbecause

volcanic
materia

ldeposite
datthesurfa

ce

burie
soldflo

ws,resultin
gin

adescending‘conveyorbelt’ofmateria
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Theheattra
nsp

ortandlith
osp

heric
dynamicsofearly

Earth
arecurrently

explainedbyplate
tectonic

andvertic
al

tectonic
models,

butthese
donotoffe

raglobalsy
nthesis

consis
tentwith

thegeologic
record.Hereweuse

numerical

sim
ulatio

nsandcompariso
n

with
thegeologic

recordto
exploreaheat-pipemodelin

whichvolcanism
dominates

su
rfaceheattra

nsp
ort.

These
sim

ulatio
nsindicate

thatacold
andthicklith

osp
heredevelopedasaresu

ltoffrequent

volcanic
eruptio

nsthatadvected
su

rfacematerials
downwards.

Declin
ingheatsourcesovertim

eled
to

an
abrupt

tra
nsit

ionto
plate

tectonics.
Consis

tentwith
modelpredictio

ns,
thegeologic

record
sh

owsrapid
volcanic

resu
rfacing,

contra
ctio

naldeformatio
n,alow

geothermalgradientacross
thebulk

ofthelith
osp

hereandarapid
decrease

in
heat-pipe

volcanism
afte

rinitia
tio

n
ofplate

tectonics.
The

heat-pipe
Earth

modeltherefore
offe

rsa
coherentgeodynamic

fra
mework

in
whichto

exploretheevolutio
nofourplanetbeforetheonsetofplate

tectonics.

Thelith
ospheric

dynamics
ofter

res
tri

alplanets
isdriv

en
bythetra

ns-

port
ofheatfro

m
theinter

iorto
thesurfa

ce1
.Terr

est
ria

lbodies
with

low
heatflo

ws(fo
rexample

Mars
(,

20mW
m2

2
;ref

.2)and
the

Moon(12mW
m2

2
;ref

.3))
lose

heatlargely
byconducti

onacro
ss

a

sin
gle-

plate
lith

osphere
,where

asEarth
’sheattra

nsport(globalmean

flu
x1

,65mW
m2

2
)is

dominated
byplate

tec
tonics

.Early
in

Earth
’s

hist
ory,radiogen

ic
heatproducti

onwasthree
to

fiv
etim

es
grea

ter

thanatpres
en

t4
,andthere

were
additio

nalcontri
butio

nsfro
m

tid
al

heatin
gbyarec

ed
ingMoonandlossofaccr

eti
onary

heat.W
heth

er
or

notplate
tec

tonics
opera

tes
under

these
conditio

nsisuncer
tain

geo-

dynamica
lly5–9

,butplate
tec

tonic
proces

ses
such

assubducti
onand

arc
accr

eti
on

are
ofte

n
invoked

to
explain

thegeologic
and

geo-

ch
em

ica
lfea

tures
ofArch

aeanrocks10–12
.

Anexample
ofater

res
tri

albodywith
ahigher

surfa
ce

heatflo
w

thanmodern
Earth

isJupite
r’s

moonIo.Rather
thanlosin

gheatby

more
vigorousplate

tec
tonics

,Io
inste

adtra
nsports

about40tim
es

Earth
’sheatflu

x13
(2.5W

m2
2
)fro

m
theinter

iorto
thesurfa

ce
through

volca
nism

.Thismodeofplaneta
ry

heattra
nsport

is
called

theheat-

pipemode14,15
afte

rthelocal
ize

dch
annels

throughwhich
melt

brin
gs

heatto
thesurfa

ce.
Heat

pipes
are

conduits
thattra

nsfe
rheatand

mater
ialfro

m
thebase

ofthelith
osphere

to
thesurfa

ce
bymeansof

buoyantasce
nt(fo

rexamplethelith
ospheri

cplumbingatopamantle

plume).
W

hen
heatpipes

beco
methedominantheattra

nsportmech
-

anism
ofaplanet,

theeff
ect

sonthelith
osphere

are
both

surpris
ingand

profound. Geodynamic
modelsofheat-pipeEarth

W
eexplore
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oftheheat-p

ipemodeforearly
Earth

usin
gsim
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ed

models
ofmantle

convect
ionwith

melt
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andextra
cti
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snapshotsshownin
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Heat-pipe Earth
William B. Moore

1,2
& A. Alexander G. Webb

3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface

1
. Terrestrial bodies with

low heat flows (for example Mars (,20 mW m
22

; ref. 2) and the
Moon (12 mW m

22
; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean
flux

1
, 65 mW m

22
) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater
than at present

4
, and there were additional contributions from tidal

heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically

5–9
, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks

10–12
.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux

13
(2.5 W m

22
) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-
pipe mode

14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle

16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus

17
and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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& A. Alexander G. Webb 3The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical

tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical

simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates

surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent

volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt

transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,

contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic

framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-

port of heat from the interior to the surface 1
. Terrestrial bodies with

low heat flows (for example Mars (,20 mW m 22
; ref. 2) and the

Moon (12 mW m 22
; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean

flux 1
, 65 mW m 22

) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater

than at present 4
, and there were additional contributions from tidal

heating by a receding Moon and loss of accretionary heat. Whether or

not plate tectonics operates under these conditions is uncertain geo-

dynamically 5–9
, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-

chemical features of Archaean rocks 10–12
.

An example of a terrestrial body with a higher surface heat flow

than modern Earth is Jupiter’s moon Io. Rather than losing heat by

more vigorous plate tectonics, Io instead transports about 40 times

Earth’s heat flux 13
(2.5 W m 22

) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-

pipe mode 14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and

material from the base of the lithosphere to the surface by means of

buoyant ascent (for example the lithospheric plumbing atop a mantle

plume). When heat pipes become the dominant heat transport mech-

anism of a planet, the effects on the lithosphere are both surprising and

profound.
Geodynamic models of heat-pipe Earth

We explore the consequences of the heat-pipe mode for early Earth

using simplified models of mantle convection with melt generation

and extraction. The temperature field snapshots shown in Fig. 1 result

from numerical solutions to the equations of mass, energy and momentum

transport in the mantle 16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and

parameter definitions, see Methods Summary). These two-dimensional

models have a strongly temperature-dependent, Newtonian rheology

that results in a single-plate, rigid lid at the surface. Melting and melt

transport are modelled in as simple a fashion as possible while pre-

serving the effect of this process on the heat transport and dynamics

of the lithosphere. Melt is generated whenever the mantle exceeds a

simple linearly pressure-dependent solidus17
and is immediately extracted

to the surface, and the column in which the melt was produced is

advected downwards to conserve mass (Fig. 1, inset). Once at the

surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed

surface boundary temperature of 15 uC. Although this is a simplifica-

tion of the process of melt generation and eruption, it captures the basic

physics in a manner that allows us to see clearly the effects of heat pipes

on the lithosphere.The internal heating and surface heat flow both increase by a factor

of ten from top to bottom in Fig. 1. Increased internal heat production

causes the temperature of the mantle to increase slightly and the

thickness of the cold lid to increase significantly. A thick, cold litho-

sphere develops because volcanic material deposited at the surface

buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models

of mantle convection. The internal-heating Rayleigh number, RaH, is different

in each panel. The inset illustrates the operation of the heat pipe: melt is

extracting to the surface, where it cools, and cold lithosphere is advected

downwards to conserve mass.
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The heat tra
nsport and lith

ospheric
dynamics of early

Earth
are currently

explained by plate
tectonic

and vertic
al

tectonic models, but these do not offe
r a global synthesis consistent with

the geologic record. Here we use numerical

sim
ulatio

ns and comparison with
the geologic

record to
explore a heat-pipe model in

which volcanism
dominates

surface heat transport. These sim
ulatio

ns indicate
that a cold

and thick lith
osphere developed as a result of frequent

volcanic
eruptio

ns that advected surface materials
downwards. Declin

ing heat sources over tim
e led to

an abrupt

tra
nsitio

n to
plate

tectonics. Consis
tent with

model predictio
ns, the geologic

record shows rapid
volcanic

resurfacing,

contra
ctio

nal deformatio
n, a low geothermal gradient across the bulk of the lith

osphere and a rapid decrease in heat-pipe

volcanism
afte

r initia
tio

n
of plate

tectonics. The heat-pipe Earth
model therefore offe

rs a coherent geodynamic

fra
mework in

which to
explore the evolutio

n of our planet before the onset of plate
tectonics.

The lith
ospheric

dynamics of terre
str

ial planets is driv
en by the tra

ns-

port of heat fro
m

the interio
r to

the surfa
ce 1

. Terre
str

ial bodies with

low
heat flo

ws (fo
r example

Mars
(,

20 mW
m 2

2
; ref. 2) and the

Moon (12 mW
m 2

2
; ref. 3)) lose

heat largely by conductio
n across a

sin
gle-plate lith

osphere, whereas Earth
’s heat tra

nsport (global mean

flu
x 1

, 65 mW
m 2

2
) is dominated by plate

tectonics. Early
in

Earth
’s

histo
ry, radiogenic

heat productio
n was three to

five tim
es greater

than at present 4
, and there

were
additio

nal contrib
utio

ns fro
m

tid
al

heatin
g by a receding Moon and loss of accretio

nary heat. Whether or

not plate tectonics operates under these
conditio

ns is uncerta
in

geo-

dynamically 5–9
, but plate

tectonic processe
s such as subductio

n and

arc
accretio

n are
often invoked to

explain
the geologic

and geo-

chemical features of Archaean rocks 10–12
.

An example of a terre
str

ial body with
a higher surfa

ce heat flo
w

than modern
Earth

is Jupiter’s
moon Io. Rather than losin

g heat by

more
vigorous plate

tectonics, Io
inste

ad tra
nsports

about 40 tim
es

Earth
’s heat flu

x 13
(2.5 W

m 2
2
) fro

m the interio
r to the surfa

ce through

volcanism
. This mode of planetary

heat tra
nsport is called the heat-

pipe mode 14,15
after the localized channels through which melt brin

gs

heat to
the surfa

ce. Heat pipes are
conduits

that tra
nsfe

r heat and

materia
l fro

m
the base

of the lith
osphere

to
the surfa

ce by means of

buoyant ascent (fo
r example the lith

ospheric
plumbing atop a mantle

plume). When heat pipes become the dominant heat tra
nsport mech-

anism
of a planet, th

e effects on the lith
osphere are both surprisi

ng and

profound.Geodynamic models of heat-pipe Earth

We explore
the consequences of the heat-p

ipe mode for early
Earth

usin
g sim

plifi
ed models of mantle

convectio
n with

melt generatio
n

and extra
ctio

n. The temperature field snapshots shown in Fig. 1 result

fro
m numeric

al so
lutions to the equationsofmass,

energ
y and momentum

tra
nsport in the mantle 16

as internal heatin
g and coolin

g at the surfa
ce

driv
e convective motio

ns (fo
r details

of the modellin
g approach and

parameter
defin

itio
ns, s

ee Methods Summary). T
hese two-dim

ensio
nal

models have a str
ongly temperature-dependent, Newtonian rheology

that results
in

a sin
gle-plate, rig

id
lid

at the surfa
ce. Meltin

g and melt

tra
nsport are

modelled in
as sim

ple a fashion as possib
le while

pre-

serving the effect of this process on the heat tra
nsport and dynamics

of the lith
osphere. Melt is generated whenever the mantle

exceeds a

sim
ple linearly

pres
sure-

dependent solidus 17
and is immediately

extra
cte

d

to
the surfa

ce, and the column in
which the melt was produced is

advected downwards to
conserve mass

(Fig. 1, inset).
Once at the

surfa
ce, the melt is assu

med to
lose its

latent and sensib
le heat (which

is tra
cked as volcanic heat flo

w) insta
ntly

and to return
to the im

posed

surfa
ce boundary

temperature of 15 uC
. Alth

ough this is a sim
plifi

ca-

tio
n of the process of melt generatio

n and eruptio
n, it

captures the basic

physic
s in a manner that allows us to see clearly

the effects of heat pipes

on the lith
osphere.

The internal heatin
g and surfa

ce heat flo
w both

increase by a factor

of ten fro
m top to botto

m in Fig. 1. In
creased internal heat productio

n

causes the temperature
of the mantle

to
increase

slig
htly

and the

thickness of the cold
lid

to
increase

sig
nific

antly. A thick, cold
lith

o-

sphere
develops because

volcanic
materia

l deposite
d at the surfa

ce

burie
s old flo

ws, resultin
g in

a descending ‘conveyor belt’ of materia
l
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Figure
1 | Snapshots of the temperature fie

ld
for two-dim

ensio
nal models

of mantle
convectio

n. The internal-h
eatin

g Rayleigh number, R
aH , is

diffe
rent

in
each panel.

The inset illu
stra

tes the operatio
n of the heat pipe: melt is

extra
ctin

g to
the surfa

ce, where
it cools,

and cold lith
osphere

is advected

downwards to
conserve mass.
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Heat-pipe Earth

Willi
am

B. Moore 1,2
&

A. Alexander G. W
ebb 3

The heat tra
nsp

ort and lith
osp

heric
dynamics of early

Earth
are currently

explained by plate
tectonic

and vertic
al

tectonic
models,

but these
do not offe

r a global sy
nthesis

consis
tent with

the geologic
record. Here we use

numerical

sim
ulatio

ns and compariso
n

with
the geologic

record to
explore a heat-pipe model in

which volcanism
dominates

su
rface heat tra

nsp
ort.

These
sim

ulatio
ns indicate

that a cold
and thick lith

osp
here developed as a resu

lt of frequent

volcanic
eruptio

ns that advected
su

rface materials
downwards.

Declin
ing heat sources over tim

e led
to

an
abrupt

tra
nsit

ion to
plate

tectonics.
Consis

tent with
model predictio

ns,
the geologic

record
sh

ows rapid
volcanic

resu
rfacing,

contra
ctio

nal deformatio
n, a low

geothermal gradient across
the bulk

of the lith
osp

here and a rapid
decrease

in
heat-pipe

volcanism
afte

r initia
tio

n
of plate

tectonics.
The

heat-pipe
Earth

model therefore
offe

rs a
coherent geodynamic

fra
mework

in
which to

explore the evolutio
n of our planet before the onset of plate

tectonics.

The lith
ospheric

dynamics
of ter

res
tri

al planets
is driv

en
by the tra

ns-

port
of heat fro

m
the inter

ior to
the surfa

ce 1
. Terr

est
ria

l bodies
with

low
heat flo

ws (fo
r example

Mars
(,

20 mW
m 2

2
; ref

. 2) and
the

Moon (12 mW
m 2

2
; ref

. 3))
lose

heat largely
by conducti

on acro
ss

a

sin
gle-

plate
lith

osphere
, where

as Earth
’s heat tra

nsport (global mean

flu
x 1

, 65 mW
m 2

2
) is

dominated
by plate

tec
tonics

. Early
in

Earth
’s

hist
ory, radiogen

ic
heat producti

on was three
to

fiv
e tim

es
grea

ter

than at pres
en

t 4
, and there

were
additio

nal contri
butio

ns fro
m

tid
al

heatin
g by a rec

ed
ing Moon and loss of accr

eti
onary

heat. W
heth

er
or

not plate
tec

tonics
opera

tes
under

these
conditio

ns is uncer
tain

geo-

dynamica
lly 5–9

, but plate
tec

tonic
proces

ses
such

as subducti
on and

arc
accr

eti
on

are
ofte

n
invoked

to
explain

the geologic
and

geo-

ch
em

ica
l fea

tures
of Arch

aean rocks 10–12
.

An example
of a ter

res
tri

al body with
a higher

surfa
ce

heat flo
w

than modern
Earth

is Jupite
r’s

moon Io. Rather
than losin

g heat by

more
vigorous plate

tec
tonics

, Io
inste

ad tra
nsports

about 40 tim
es

Earth
’s heat flu

x 13
(2.5 W

m 2
2
) fro

m
the inter

ior to
the surfa

ce
through

volca
nism

. This mode of planeta
ry

heat tra
nsport

is
called

the heat-

pipe mode 14,15
afte

r the local
ize

d ch
annels

through which
melt

brin
gs

heat to
the surfa

ce.
Heat

pipes
are

conduits
that tra

nsfe
r heat and

mater
ial fro

m
the base

of the lith
osphere

to
the surfa

ce
by means of

buoyant asce
nt (fo

r example the lith
ospheri

c plumbing atop a mantle

plume).
W

hen
heat pipes

beco
me the dominant heat tra

nsport mech
-

anism
of a planet,

the eff
ect

s on the lith
osphere

are
both

surpris
ing and

profound.Geodynamic
models of heat-pipe Earth

W
e explore

the conseq
uen

ces
of the heat-p

ipe mode for early
Earth

usin
g sim

plifi
ed

models
of mantle

convect
ion with

melt
gen

era
tio

n

and extra
cti

on. T
he tem

pera
ture

fie
ld

snapshots shown in
Fig. 1

res
ult

fro
m

numeri
cal

solutio
ns to the equatio

nsofmass
, en

erg
y an

dmomentum

tra
nsport in

the mantle 16
as inter

nal heatin
g and coolin

g at the surfa
ce

driv
e convect

ive motio
ns (fo

r deta
ils

of the modelli
ng approach

and

para
mete

r defi
nitio

ns, s
ee

Meth
ods Summary). T

hese
tw

o-dim
en

sio
nal

models
have a str

ongly
tem

pera
ture-

dep
en

den
t, New

tonian
rheology

that
res

ults
in

a sin
gle-

plate,
rig

id
lid

at the surfa
ce.

Melt
ing and melt

tra
nsport

are
modelle

d in
as sim

ple
a fashion as possi

ble
while

pre-

ser
ving the eff

ect
of this proces

s on the heat tra
nsport

and dynam
ics

of the lith
osphere

. Melt
is

gen
era

ted
when

ever
the mantle

excee
ds a

sim
ple lin

ear
ly pres

sure-
dependent solid

us 17
an

d is im
mediat

ely
extra

cte
d

to
the surfa

ce,
and the column in

which
the melt

was produced
is

advect
ed

downwards to
conser

ve mass
(Fig. 1, inset

).
Once

at the

surfa
ce,

the melt
is assu

med
to

lose
its

laten
t and sen

sib
le heat (w

hich

is tra
cked

as volca
nic heat flo

w) insta
ntly

and to
ret

urn
to

the im
posed

surfa
ce

boundary
tem

pera
ture

of 15 u
C. Alth

ough this is a sim
plifi

ca-

tio
n of the proces

s of melt
gen

era
tio

n and eru
ptio

n, it
captures

the basic

physic
s in

a manner
that allo

ws us to
see

cle
arly

the eff
ect

s of heat pipes

on the lith
osphere

.

The inter
nal heatin

g and surfa
ce

heat flo
w both

incre
ase

by a facto
r

of ten
fro

m
top to

botto
m

in
Fig. 1. In

cre
ased

inter
nal heat producti

on

causes
the tem

pera
ture

of the mantle
to

incre
ase

slig
htly

and
the

thick
ness

of the cold
lid

to
incre

ase
sig

nific
antly

. A
thick

, cold
lith

o-

sphere
develo

ps beca
use

volca
nic

mater
ial dep

osit
ed

at the surfa
ce

burie
s old

flo
ws, res

ultin
g in

a desc
en

ding ‘co
nveyor belt

’ of mater
ial
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1 | Snapshots

of the temperature
fie

ld
for tw

o-dim
ensio

nal models

of mantle
convectio

n. The inter
nal-h

eatin
g Rayleig

h number,
RaH

, is
diffe

ren
t

in
each

panel.
The inset

illu
str

ates
the opera

tio
n of the heat pipe: melt

is

extra
cti

ng to
the surfa

ce,
where

it cools,
and cold

lith
osphere

is advect
ed

downward
s to

conser
ve mass
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Heat-pipe Earth
William B. Moore1,2 & A. Alexander G. Webb3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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William B. Moore 1,2 & A. Alexander G. Webb 3The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical

tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical

simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates

surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent

volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt

transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,

contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic

framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-

port of heat from the interior to the surface 1. Terrestrial bodies with

low heat flows (for example Mars (,20 mW m 22; ref. 2) and the

Moon (12 mW m 22; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean

flux 1, 65 mW m 22) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater

than at present 4, and there were additional contributions from tidal

heating by a receding Moon and loss of accretionary heat. Whether or

not plate tectonics operates under these conditions is uncertain geo-

dynamically 5–9, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-

chemical features of Archaean rocks 10–12.

An example of a terrestrial body with a higher surface heat flow

than modern Earth is Jupiter’s moon Io. Rather than losing heat by

more vigorous plate tectonics, Io instead transports about 40 times

Earth’s heat flux 13(2.5 W m 22) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-

pipe mode 14,15 after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and

material from the base of the lithosphere to the surface by means of

buoyant ascent (for example the lithospheric plumbing atop a mantle

plume). When heat pipes become the dominant heat transport mech-

anism of a planet, the effects on the lithosphere are both surprising and

profound.
Geodynamic models of heat-pipe Earth

We explore the consequences of the heat-pipe mode for early Earth

using simplified models of mantle convection with melt generation

and extraction. The temperature field snapshots shown in Fig. 1 result

from numerical solutions to the equations of mass, energy and momentum

transport in the mantle 16 as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and

parameter definitions, see Methods Summary). These two-dimensional

models have a strongly temperature-dependent, Newtonian rheology

that results in a single-plate, rigid lid at the surface. Melting and melt

transport are modelled in as simple a fashion as possible while pre-

serving the effect of this process on the heat transport and dynamics

of the lithosphere. Melt is generated whenever the mantle exceeds a

simple linearly pressure-dependent solidus17and is immediately extracted

to the surface, and the column in which the melt was produced is

advected downwards to conserve mass (Fig. 1, inset). Once at the

surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed

surface boundary temperature of 15 uC. Although this is a simplifica-

tion of the process of melt generation and eruption, it captures the basic

physics in a manner that allows us to see clearly the effects of heat pipes

on the lithosphere.The internal heating and surface heat flow both increase by a factor

of ten from top to bottom in Fig. 1. Increased internal heat production

causes the temperature of the mantle to increase slightly and the

thickness of the cold lid to increase significantly. A thick, cold litho-

sphere develops because volcanic material deposited at the surface

buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical

tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical

simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism
dominates

surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent

volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt

transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,

contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism
after initiation

of plate tectonics. The heat-pipe Earth
model therefore offers a coherent geodynamic

framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-

port of heat from
the interior to the surface 1. Terrestrial bodies with

low
heat flows (for example Mars (,20 mW

m 22; ref. 2) and the

Moon (12 mW
m 22; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean

flux 1, 65 mW
m 22) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater

than at present 4, and there were additional contributions from
tidal

heating by a receding Moon and loss of accretionary heat. Whether or

not plate tectonics operates under these conditions is uncertain geo-

dynamically 5–9, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-

chemical features of Archaean rocks 10–12.

An example of a terrestrial body with a higher surface heat flow

than modern Earth is Jupiter’s moon Io. Rather than losing heat by

more vigorous plate tectonics, Io instead transports about 40 times

Earth’s heat flux 13(2.5 W
m 22) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-

pipe mode 14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and

material from
the base of the lithosphere to the surface by means of

buoyant ascent (for example the lithospheric plumbing atop a mantle

plume). When heat pipes become the dominant heat transport mech-

anism of a planet, the effects on the lithosphere are both surprising and

profound.Geodynamic models of heat-pipe Earth

We explore the consequences of the heat-pipe mode for early Earth

using simplified models of mantle convection with melt generation

and extraction. The temperature field snapshots shown in Fig. 1 result

from numerical solutions to the equationsofmass, energy and momentum

transport in the mantle 16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and

parameter definitions, see Methods Summary). These two-dimensional

models have a strongly temperature-dependent, Newtonian rheology

that results in a single-plate, rigid lid at the surface. Melting and melt

transport are modelled in as simple a fashion as possible while pre-

serving the effect of this process on the heat transport and dynamics

of the lithosphere. Melt is generated whenever the mantle exceeds a

simple linearly pressure-dependent solidus 17and is immediately extracted

to the surface, and the column in which the melt was produced is

advected downwards to conserve mass (Fig. 1, inset). Once at the

surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed

surface boundary temperature of 15 uC. Although this is a simplifica-

tion of the process of melt generation and eruption, it captures the basic

physics in a manner that allows us to see clearly the effects of heat pipes

on the lithosphere.

The internal heating and surface heat flow both increase by a factor

of ten from top to bottom in Fig. 1. Increased internal heat production

causes the temperature of the mantle to increase slightly and the

thickness of the cold lid to increase significantly. A thick, cold litho-

sphere develops because volcanic material deposited at the surface

buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth
are currently explained by plate tectonic and vertical

tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical

simulations and comparison
with

the geologic record to explore a heat-pipe model in
which volcanism

dominates

surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent

volcanic eruptions that advected
surface materials downwards. Declining heat sources over time led

to an
abrupt

transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,

contractional deformation, a low
geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism
after initiation

of plate
tectonics. The

heat-pipe
Earth

model therefore
offers a

coherent geodynamic

framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-

port of heat from
the interior to the surface 1. Terrestrial bodies with

low
heat flows (for example Mars (,20 mW

m 2
2; ref. 2) and

the

Moon (12 mW
m 2

2; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean

flux 1, 65 mW
m 2

2) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater

than at present 4, and there were additional contributions from
tidal

heating by a receding Moon and loss of accretionary heat. W
hether or

not plate tectonics operates under these conditions is uncertain geo-

dynamically 5–9, but plate tectonic processes such as subduction and

arc accretion
are often

invoked
to

explain
the geologic and

geo-

chemical features of Archaean rocks 10–12.

An example of a terrestrial body with a higher surface heat flow

than modern Earth is Jupiter’s moon Io. Rather than losing heat by

more vigorous plate tectonics, Io instead transports about 40 times

Earth’s heat flux 13(2.5 W
m 2

2) from
the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-

pipe mode 14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and

material from
the base of the lithosphere to the surface by means of

buoyant ascent (for example the lithospheric plumbing atop a mantle

plume). W
hen heat pipes become the dominant heat transport mech-

anism
of a planet, the effects on the lithosphere are both surprising and

profound.
Geodynamic models of heat-pipe Earth

W
e explore the consequences of the heat-pipe mode for early Earth

using simplified models of mantle convection with melt generation

and extraction. The temperature field snapshots shown in Fig. 1 result

from
numerical solutions to the equationsofmass, energy andmomentum

transport in the mantle 16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and

parameter definitions, see Methods Summary). These two-dimensional

models have a strongly temperature-dependent, Newtonian rheology

that results in a single-plate, rigid lid at the surface. Melting and melt

transport are modelled in as simple a fashion as possible while pre-

serving the effect of this process on the heat transport and dynamics

of the lithosphere. Melt is generated whenever the mantle exceeds a

simple linearly pressure-dependent solidus 17and is immediately extracted

to the surface, and the column in which the melt was produced is

advected
downwards to conserve mass (Fig. 1, inset). Once at the

surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed

surface boundary temperature of 15 uC. Although this is a simplifica-

tion of the process of melt generation and eruption, it captures the basic

physics in a manner that allows us to see clearly the effects of heat pipes

on the lithosphere.

The internal heating and surface heat flow both increase by a factor

of ten from
top to bottom

in Fig. 1. Increased internal heat production

causes the temperature of the mantle to increase slightly and
the

thickness of the cold lid to increase significantly. A
thick, cold litho-

sphere develops because volcanic material deposited at the surface

buries old flows, resulting in a descending ‘conveyor belt’ of material
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downwards to conserve mass.
2 6

S E P T E M
B E R

2 0 1 3
|

V O
L

5 0 1
|

N
A T U

R E
|

5 0 1

Macmillan Publishers Limited. All rights reserved

©2013

ARTICLE

doi:10.1038/nature12473

Heat-pipe Earth

W
illiam

B. M
oore 1,2

&
A. Alexander G. W

ebb 3

The
heat transport and

lithospheric
dynam

ics
of early

Earth
are

currently
explained

by
plate

tectonic
and

vertical

tectonic m
odels, but these do

not offer a global synthesis consistent w
ith

the geologic record. Here w
e use num

erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odel in

w
hich

volcanism
dom

inates

surface
heat transport. These

sim
ulations indicate

that a
cold

and
thick

lithosphere
developed

as a
result of frequent

volcanic
eruptions

that advected
surface

m
aterials

dow
nw

ards. Declining
heat sources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics. Consistent w

ith
m

odel predictions, the
geologic

record
show

s rapid
volcanic

resurfacing,

contractional deform
ation, a low

geotherm
al gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel therefore
offers

a
coherent

geodynam
ic

fram
ew

ork
in

w
hich

to explore the evolution
of our planet before the onset of plate tectonics.

The lithospheric dynam
ics of terrestrial planets is driven by the trans-

port of heat from
the interior to

the surface 1. Terrestrial bodies with

low
heat flows

(for
exam

ple
M

ars
(,

20m
W

m
2

2; ref. 2)
and

the

M
oon

(12m
W

m
2

2; ref. 3)) lose heat largely by conduction
across a

single-plate lithosphere, whereas Earth’s heat transport (global m
ean

flux 1, 65m
W

m
2

2) is dom
inated

by
plate tectonics. Early

in
Earth’s

history, radiogenic
heat production

was three
to

five
tim

es greater

than
at present 4, and

there were additional contributions from
tidal

heating by a receding M
oon and loss of accretionary heat. W

hether or

not plate tectonics operates under these conditions is uncertain
geo-

dynam
ically 5–9, but plate tectonic processes such

as subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
ical features of Archaean

rocks 10–12.

An
exam

ple
of a

terrestrial body
with

a
higher surface

heat flow

than
m

odern
Earth

is Jupiter’s m
oon

Io. Rather than
losing

heat by

m
ore vigorous plate tectonics, Io

instead
transports about 40

tim
es

Earth’s heat flux 13
(2.5W

m
2

2) from
the interior to the surface through

volcanism
. This m

ode of planetary
heat transport is called

the heat-

pipe m
ode 14,15

after the localized
channels through

which
m

elt brings

heat to
the

surface. H
eat pipes are

conduits that transfer
heat and

m
aterial from

the base of the lithosphere to
the surface by

m
eans of

buoyant ascent (for exam
ple the lithospheric plum

bing atop a m
antle

plum
e). W

hen
heat pipes becom

e the dom
inant heat transport m

ech-

anism
of a planet, the effects on the lithosphere are both surprising and

profound.

Geodynam
ic m

odels of heat-pipe Earth

W
e explore the consequences of the heat-pipe m

ode for early
Earth

using
sim

plified
m

odels of m
antle convection

with
m

elt generation

and extraction. The tem
perature field snapshots shown in Fig. 1 result

from
num

erical solutions to the equationsofm
ass, energy andm

om
entum

transport in the m
antle 16

as internal heating and cooling at the surface

drive convective m
otions (for details of the m

odelling
approach

and

param
eter definitions, seeM

ethods Sum
m

ary). These two-dim
ensional

m
odels have a strongly tem

perature-dependent, Newtonian
rheology

that results in
a single-plate, rigid

lid
at the surface. M

elting and
m

elt

transport are m
odelled

in
as sim

ple a
fashion

as possible while pre-

serving the effect of this process on
the heat transport and

dynam
ics

of the lithosphere. M
elt is generated

whenever the m
antle exceeds a

sim
ple linearly pressure-dependent solidus 17

and is im
m

ediately extracted

to
the

surface, and
the

colum
n

in
which

the
m

elt was produced
is

advected
downwards

to
conserve

m
ass

(Fig. 1, inset). Once
at the

surface, the m
elt is assum

ed
to lose its latent and

sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the im
posed

surface boundary tem
perature of 15 uC. Although

this is a sim
plifica-

tion of the process ofm
elt generation and eruption, it captures the basic

physics in am
anner that allows us to see clearly the effects of heat pipes

on
the lithosphere.

The internal heating and surface heat flow
both increase by a factor

of ten from
top to bottom

in Fig. 1. Increased internal heat production

causes
the

tem
perature

of the
m

antle
to

increase
slightly

and
the

thickness of the cold
lid

to
increase significantly. A

thick, cold
litho-

sphere
develops because

volcanic
m

aterial deposited
at the

surface

buries old
flows, resulting in

a descending ‘conveyor belt’ of m
aterial
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The
heat

transport
and

lithospheric
dynam

ics
of

early
Earth

are
currently

explained
by

plate
tectonic

and
vertical

tectonic
m

odels, but these
do

not offer
a

global synthesis
consistent w

ith
the

geologic
record. H

ere
w

e
use

num
erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odel in

w
hich

volcanism
dom

inates

surface
heat transport. These

sim
ulations

indicate
that a

cold
and

thick
lithosphere

developed
as

a
result of frequent

volcanic
eruptions

that
advected

surface
m

aterials
dow

nw
ards.

D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics. Consistent

w
ith

m
odel predictions, the

geologic
record

show
s

rapid
volcanic

resurfacing,

contractional deform
ation, a low

geotherm
al gradient across the bulk

of the lithosphere and
a rapid

decrease in
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel
therefore

offers
a

coherent
geodynam

ic

fram
ew

ork
in

w
hich

to
explore

the
evolution

of our planet before
the

onset of plate
tectonics.

The lithospheric dynam
ics of terrestrial planets is driven

by the trans-

port of heat from
the

interior to
the

surface 1. Terrestrial bodies w
ith

low
heat

flow
s

(for
exam

ple
M

ars
(,

20m
W

m
2

2; ref. 2)
and

the

M
oon

(12m
W

m
2

2; ref. 3)) lose
heat largely

by
conduction

across a

single-plate
lithosphere, w

hereas Earth’s heat transport (global m
ean

flux 1, 65m
W

m
2

2) is
dom

inated
by

plate
tectonics. Early

in
Earth’s

history, radiogenic
heat

production
w

as
three

to
five

tim
es

greater

than
at present 4, and

there
w

ere
additional contributions

from
tidal

heating
by a receding

M
oon

and
loss of accretionary heat. W

hether or

not plate
tectonics operates under these

conditions is uncertain
geo-

dynam
ically 5–9, but plate

tectonic
processes

such
as

subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
ical features of A

rchaean
rocks 10–12.

A
n

exam
ple

of a
terrestrial body

w
ith

a
higher

surface
heat flow

than
m

odern
Earth

is
Jupiter’s

m
oon

Io. Rather
than

losing
heat by

m
ore

vigorous
plate

tectonics, Io
instead

transports
about 40

tim
es

Earth’s heat flux 13(2.5W
m

2
2) from

the interior to
the surface through

volcanism
. This

m
ode

of planetary
heat transport is

called
the

heat-

pipe
m

ode 14,15
after the

localized
channels through

w
hich

m
elt brings

heat
to

the
surface. H

eat
pipes

are
conduits

that
transfer

heat
and

m
aterial from

the
base

of the
lithosphere

to
the

surface
by

m
eans

of

buoyant ascent (for exam
ple the lithospheric plum

bing
atop

a
m

antle

plum
e). W

hen
heat pipes becom

e the dom
inant heat transport m

ech-

anism
of a planet, the effects on

the lithosphere are both
surprising and

profound.

G
eodynam

ic
m

odels of heat-pipe
Earth

W
e

explore
the

consequences
of the

heat-pipe
m

ode
for

early
Earth

using
sim

plified
m

odels
of m

antle
convection

w
ith

m
elt generation

and
extraction. The tem

perature field
snapshots show

n
in

Fig. 1
result

from
num

erical solutions to the equationsofm
ass, energy and

m
om

entum

transport in
the m

antle 16
as internal heating

and
cooling

at the surface

drive
convective

m
otions

(for
details of the

m
odelling

approach
and

param
eter definitions, seeM

ethods Sum
m

ary). These tw
o-dim

ensional

m
odels have

a
strongly

tem
perature-dependent, N

ew
tonian

rheology

that results in
a

single-plate, rigid
lid

at the
surface. M

elting
and

m
elt

transport are
m

odelled
in

as
sim

ple
a

fashion
as

possible
w

hile
pre-

serving
the

effect of this process on
the

heat transport and
dynam

ics

of the
lithosphere. M

elt is
generated

w
henever

the
m

antle
exceeds

a

sim
ple linearly pressure-dependent solidus 17and

is im
m

ediately extracted

to
the

surface, and
the

colum
n

in
w

hich
the

m
elt

w
as

produced
is

advected
dow

nw
ards

to
conserve

m
ass

(Fig. 1, inset). O
nce

at
the

surface, the m
elt is assum

ed
to

lose its latent and
sensible heat (w

hich

is tracked
as volcanic heat flow

) instantly and
to

return
to

the im
posed

surface
boundary

tem
perature

of 15 uC
. A

lthough
this is a

sim
plifica-

tion
of the process ofm

elt generation
and

eruption, it captures the basic

physics in
am

anner that allow
s us to

see clearly the effects of heat pipes

on
the

lithosphere.

The internal heating
and

surface heat flow
both

increase by a factor

of ten
from

top
to

bottom
in

Fig. 1. Increased
internal heat production

causes
the

tem
perature

of
the

m
antle

to
increase

slightly
and

the

thickness of the
cold

lid
to

increase
significantly. A

thick, cold
litho-

sphere
develops

because
volcanic

m
aterial deposited

at
the

surface

buries old
flow

s, resulting
in

a
descending

‘conveyor belt’ of m
aterial
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dynam
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Earth
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plate
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global synthesis
consistent

w
ith

the
geologic

record. H
ere

w
e

use
num

erical

sim
ulations
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heat-pipe
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and
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hether or
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and
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and
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approach

and
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a
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rheology

that results
in

a
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surface. M
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transport
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fashion
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heat transport and
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of
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elt

is
generated
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henever

the
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exceeds

a

sim
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pressure-dependent solidus 17and
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ediately
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to
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surface, and
the
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in
w

hich
the

m
elt
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produced
is
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to
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inset).
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at

the

surface, the
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elt is assum
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to
lose

its latent and
sensible

heat (w
hich

is tracked
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heat flow
) instantly

and
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return
to

the
im

posed

surface
boundary

tem
perature

of 15 uC
. A

lthough
this

is
a

sim
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of the process ofm

elt generation
and
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a
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see clearly

the effects of heat pipes

on
the
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a
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causes
the
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perature

of
the
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to
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slightly
and
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to
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surface
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in
a
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Heat-pipeEarth
WilliamB.Moore1,2&A.AlexanderG.Webb3 TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanismdominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanismafterinitiationofplatetectonics.Theheat-pipeEarthmodelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfromtheinteriortothesurface1.Terrestrialbodieswith

lowheatflows(forexampleMars(,20mWm22;ref.2)andthe

Moon(12mWm22;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mWm22)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfromtidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5Wm22)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfromthebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere. Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2NationalInstituteofAerospace,Hampton,Virginia23666,USA.3DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.
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downwardstoconservemass.
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TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanism
dominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
afterinitiation

ofplatetectonics.Theheat-pipeEarth
modelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriortothesurface1.Terrestrialbodieswith

low
heatflows(forexampleMars(,20mW

m22;ref.2)andthe

Moon(12mW
m22;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mW
m22)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfrom
tidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5W
m22)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfrom
thebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound. Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere.

Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2NationalInstituteofAerospace,Hampton,Virginia23666,USA.3DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.

Ra
H = 106

Ra
H = 107

Ra
H = 108

Eruption and

cooling

Ex
tra

ct
io

n

Advection Melting

Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,RaH,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.

26
SEPTEM

BER
2013

|VOL
501

|NATURE
|501

Macmillan Publishers Limited. All rights reserved

©2013

ARTICLE

doi:10.1038/nature12473

Heat-pipeEarth

William
B.Moore1,2

&
A.AlexanderG.W

ebb3

TheheattransportandlithosphericdynamicsofearlyEarth
arecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparison
with

thegeologicrecordtoexploreaheat-pipemodelin
whichvolcanism

dominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvected
surfacematerialsdownwards.Decliningheatsourcesovertimeled

toan
abrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alow
geothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
afterinitiation

ofplate
tectonics.The

heat-pipe
Earth

modeltherefore
offersa

coherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriortothesurface1.Terrestrialbodieswith

low
heatflows(forexampleMars(,20mW

m2
2;ref.2)and

the

Moon(12mW
m2

2;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mW
m2

2)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfrom
tidal

heatingbyarecedingMoonandlossofaccretionaryheat.W
hetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretion
areoften

invoked
to

explain
thegeologicand

geo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5W
m2

2)from
theinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfrom
thebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).W
henheatpipesbecomethedominantheattransportmech-

anism
ofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

W
eexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

from
numericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advected
downwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere.

Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfrom
toptobottom

inFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyand
the

thicknessofthecoldlidtoincreasesignificantly.A
thick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1
DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2

NationalInstituteofAerospace,Hampton,Virginia23666,USA.3
DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.
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cooling
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ct
io

n
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Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,Ra
H,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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The
heattransportand

lithospheric
dynam

ics
ofearly

Earth
are

currently
explained

by
plate

tectonic
and

vertical

tectonicm
odels,butthesedo

notofferaglobalsynthesisconsistentw
ith

thegeologicrecord.Herew
eusenum

erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odelin

w
hich

volcanism
dom

inates

surface
heattransport.These

sim
ulationsindicate

thata
cold

and
thick

lithosphere
developed

asa
resultoffrequent

volcanic
eruptions

thatadvected
surface

m
aterials

dow
nw

ards.Declining
heatsources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics.Consistentw

ith
m

odelpredictions,the
geologic

record
show

srapid
volcanic

resurfacing,

contractionaldeform
ation,alow

geotherm
algradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odeltherefore
offers

a
coherent

geodynam
ic

fram
ew

ork
in

w
hich

toexploretheevolution
ofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynam
icsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriorto

thesurface1.Terrestrialbodieswith

low
heatflows

(for
exam

ple
M

ars
(,

20m
W

m
2

2;ref.2)
and

the

M
oon

(12m
W

m
2

2;ref.3))loseheatlargelybyconduction
acrossa

single-platelithosphere,whereasEarth’sheattransport(globalm
ean

flux1,65m
W

m
2

2)isdom
inated

by
platetectonics.Early

in
Earth’s

history,radiogenic
heatproduction

wasthree
to

five
tim

esgreater

than
atpresent4,and

therewereadditionalcontributionsfrom
tidal

heatingbyarecedingM
oonandlossofaccretionaryheat.W

hetheror

notplatetectonicsoperatesundertheseconditionsisuncertain
geo-

dynam
ically5–9,butplatetectonicprocessessuch

assubduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
icalfeaturesofArchaean

rocks10–12.

An
exam

ple
ofa

terrestrialbody
with

a
highersurface

heatflow

than
m

odern
Earth

isJupiter’sm
oon

Io.Ratherthan
losing

heatby

m
orevigorousplatetectonics,Io

instead
transportsabout40

tim
es

Earth’sheatflux13
(2.5W

m
2

2)from
theinteriortothesurfacethrough

volcanism
.Thism

odeofplanetary
heattransportiscalled

theheat-

pipem
ode14,15

afterthelocalized
channelsthrough

which
m

eltbrings

heatto
the

surface.H
eatpipesare

conduitsthattransfer
heatand

m
aterialfrom

thebaseofthelithosphereto
thesurfaceby

m
eansof

buoyantascent(forexam
plethelithosphericplum

bingatopam
antle

plum
e).W

hen
heatpipesbecom

ethedom
inantheattransportm

ech-

anism
ofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.

Geodynam
icm

odelsofheat-pipeEarth

W
eexploretheconsequencesoftheheat-pipem

odeforearly
Earth

using
sim

plified
m

odelsofm
antleconvection

with
m

eltgeneration

andextraction.Thetem
peraturefieldsnapshotsshowninFig.1result

from
num

ericalsolutionstotheequationsofm
ass,energyandm

om
entum

transportinthem
antle16

asinternalheatingandcoolingatthesurface

driveconvectivem
otions(fordetailsofthem

odelling
approach

and

param
eterdefinitions,seeM

ethodsSum
m

ary).Thesetwo-dim
ensional

m
odelshaveastronglytem

perature-dependent,Newtonian
rheology

thatresultsin
asingle-plate,rigid

lid
atthesurface.M

eltingand
m

elt

transportarem
odelled

in
assim

plea
fashion

aspossiblewhilepre-

servingtheeffectofthisprocesson
theheattransportand

dynam
ics

ofthelithosphere.M
eltisgenerated

wheneverthem
antleexceedsa

sim
plelinearlypressure-dependentsolidus17

andisim
m

ediatelyextracted

to
the

surface,and
the

colum
n

in
which

the
m

eltwasproduced
is

advected
downwards

to
conserve

m
ass

(Fig.1,inset).Once
atthe

surface,them
eltisassum

ed
toloseitslatentand

sensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheim
posed

surfaceboundarytem
peratureof15uC.Although

thisisasim
plifica-

tionoftheprocessofm
eltgenerationanderuption,itcapturesthebasic

physicsinam
annerthatallowsustoseeclearlytheeffectsofheatpipes

on
thelithosphere.

Theinternalheatingandsurfaceheatflow
bothincreasebyafactor

oftenfrom
toptobottom

inFig.1.Increasedinternalheatproduction

causes
the

tem
perature

ofthe
m

antle
to

increase
slightly

and
the

thicknessofthecold
lid

to
increasesignificantly.A

thick,cold
litho-

sphere
developsbecause

volcanic
m

aterialdeposited
atthe

surface

buriesold
flows,resultingin

adescending‘conveyorbelt’ofm
aterial

1
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ensionalm
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ofm
antleconvection.Theinternal-heatingRayleighnum

ber,Ra
H,isdifferent

in
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panel.Theinsetillustratestheoperation
oftheheatpipe:m
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extractingto
thesurface,whereitcools,and

cold
lithosphereisadvected

downwardsto
conservem
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The
heat

transport
and

lithospheric
dynam

ics
of

early
Earth

are
currently

explained
by

plate
tectonic

and
vertical

tectonic
m

odels,butthese
do

notoffer
a

globalsynthesis
consistentw

ith
the

geologic
record.H

ere
w

e
use

num
erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odelin

w
hich

volcanism
dom

inates

surface
heattransport.These

sim
ulations

indicate
thata

cold
and

thick
lithosphere

developed
as

a
resultoffrequent

volcanic
eruptions

that
advected

surface
m

aterials
dow

nw
ards.

D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics.Consistent

w
ith

m
odelpredictions,the

geologic
record

show
s

rapid
volcanic

resurfacing,

contractionaldeform
ation,alow

geotherm
algradientacrossthebulk

ofthelithosphereand
arapid

decreasein
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel
therefore

offers
a

coherent
geodynam

ic

fram
ew

ork
in

w
hich

to
explore

the
evolution

ofourplanetbefore
the

onsetofplate
tectonics.

Thelithosphericdynam
icsofterrestrialplanetsisdriven

bythetrans-

portofheatfrom
the

interiorto
the

surface1 .Terrestrialbodiesw
ith

low
heat

flow
s

(for
exam

ple
M

ars
(,

20m
W

m
2

2 ;ref.2)
and

the

M
oon

(12m
W

m
2

2 ;ref.3))lose
heatlargely

by
conduction

acrossa

single-plate
lithosphere,w

hereasEarth’sheattransport(globalm
ean

flux1 ,65m
W

m
2

2 )is
dom

inated
by

plate
tectonics.Early

in
Earth’s

history,radiogenic
heat

production
w

as
three

to
five

tim
es

greater

than
atpresent4 ,and

there
w

ere
additionalcontributions

from
tidal

heating
byareceding

M
oon

and
lossofaccretionaryheat.W

hetheror

notplate
tectonicsoperatesunderthese

conditionsisuncertain
geo-

dynam
ically5–9 ,butplate

tectonic
processes

such
as

subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
icalfeaturesofA

rchaean
rocks10–12 .

A
n

exam
ple

ofa
terrestrialbody

w
ith

a
higher

surface
heatflow

than
m

odern
Earth

is
Jupiter’s

m
oon

Io.Rather
than

losing
heatby

m
ore

vigorous
plate

tectonics,Io
instead

transports
about40

tim
es

Earth’sheatflux13(2.5W
m

2
2 )from

theinteriorto
thesurfacethrough

volcanism
.This

m
ode

ofplanetary
heattransportis

called
the

heat-

pipe
m

ode14,15
afterthe

localized
channelsthrough

w
hich

m
eltbrings

heat
to

the
surface.H

eat
pipes

are
conduits

that
transfer

heat
and

m
aterialfrom

the
base

ofthe
lithosphere

to
the

surface
by

m
eans

of

buoyantascent(forexam
plethelithosphericplum

bing
atop

a
m

antle

plum
e).W

hen
heatpipesbecom

ethedom
inantheattransportm

ech-

anism
ofaplanet,theeffectson

thelithosphereareboth
surprisingand

profound.

G
eodynam

ic
m

odelsofheat-pipe
Earth

W
e

explore
the

consequences
ofthe

heat-pipe
m

ode
for

early
Earth

using
sim

plified
m

odels
ofm

antle
convection

w
ith

m
eltgeneration

and
extraction.Thetem

peraturefield
snapshotsshow

n
in

Fig.1
result

from
num

ericalsolutionstotheequationsofm
ass,energyand

m
om

entum

transportin
them

antle16
asinternalheating

and
cooling

atthesurface

drive
convective

m
otions

(for
detailsofthe

m
odelling

approach
and

param
eterdefinitions,seeM

ethodsSum
m

ary).Thesetw
o-dim

ensional

m
odelshave

a
strongly

tem
perature-dependent,N

ew
tonian

rheology

thatresultsin
a

single-plate,rigid
lid

atthe
surface.M

elting
and

m
elt

transportare
m

odelled
in

as
sim

ple
a

fashion
as

possible
w

hile
pre-

serving
the

effectofthisprocesson
the

heattransportand
dynam

ics

ofthe
lithosphere.M

eltis
generated

w
henever

the
m

antle
exceeds

a

sim
plelinearlypressure-dependentsolidus17and

isim
m

ediatelyextracted

to
the

surface,and
the

colum
n

in
w

hich
the

m
elt

w
as

produced
is

advected
dow

nw
ards

to
conserve

m
ass

(Fig.1,inset).O
nce

at
the

surface,them
eltisassum

ed
to

loseitslatentand
sensibleheat(w

hich

istracked
asvolcanicheatflow

)instantlyand
to

return
to

theim
posed

surface
boundary

tem
perature

of15uC
.A

lthough
thisisa

sim
plifica-

tion
oftheprocessofm

eltgeneration
and

eruption,itcapturesthebasic

physicsin
am

annerthatallow
susto

seeclearlytheeffectsofheatpipes

on
the

lithosphere.

Theinternalheating
and

surfaceheatflow
both

increasebyafactor

often
from

top
to

bottom
in

Fig.1.Increased
internalheatproduction

causes
the

tem
perature

of
the

m
antle

to
increase

slightly
and

the

thicknessofthe
cold

lid
to

increase
significantly.A

thick,cold
litho-

sphere
develops

because
volcanic

m
aterialdeposited

at
the

surface

buriesold
flow

s,resulting
in

a
descending

‘conveyorbelt’ofm
aterial
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The
heat

transport
and

lithospheric
dynam

ics
of
early

Earth
are

currently
explained

by
plate

tectonic
and

vertical

tectonic
m
odels,but

these
do

not
offer

a
globalsynthesis

consistent
w
ith

the
geologic

record.H
ere

w
e
use

num
erical

sim
ulations

and
com

parison
w
ith

the
geologic

record
to
explore

a
heat-pipe

m
odel

in
w
hich

volcanism
dom

inates

surface
heat

transport.These
sim

ulations
indicate

that
a
cold

and
thick

lithosphere
developed

as
a
result

of
frequent

volcanic
eruptions

that
advected

surface
m
aterials

dow
nw

ards.
D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to
plate

tectonics.C
onsistent

w
ith

m
odelpredictions,

the
geologic

record
show

s
rapid

volcanic
resurfacing,

contractionaldeform
ation,a

low
geotherm

algradientacrossthe
bulk

ofthe
lithosphere

and
a
rapid

decrease
in
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m
odel

therefore
offers

a
coherent

geodynam
ic

fram
ew

ork
in
w
hich

to
explore

the
evolution

ofour
planetbefore

the
onsetofplate

tectonics.

T
he
lithospheric

dynam
icsofterrestrialplanetsisdriven

by
the

trans-

portofheatfrom
the

interior
to
the

surface
1 .T
errestrialbodies

w
ith

low
heat

flow
s
(for

exam
ple

M
ars

(,
20
m
W
m

2
2 ;
ref.

2)
and

the

M
oon

(12
m
W
m

2
2 ;ref.3))

lose
heatlargely

by
conduction

across
a

single-plate
lithosphere,w

hereas
Earth’s

heattransport(globalm
ean

flux
1 ,65
m
W
m

2
2 )
is
dom

inated
by

plate
tectonics.Early

in
Earth’s

history,radiogenic
heat

production
w
as
three

to
five

tim
es
greater

than
at
present4 ,and

there
w
ere

additionalcontributions
from

tidal

heating
by
a
receding

M
oon

and
lossofaccretionary

heat.W
hetheror

notplate
tectonics

operates
under

these
conditions

is
uncertain

geo-

dynam
ically

5–9 ,but
plate

tectonic
processes

such
as
subduction

and

arc
accretion

are
often

invoked
to
explain

the
geologic

and
geo-

chem
icalfeatures

ofA
rchaean

rocks10–12 .

A
n
exam

ple
of
a
terrestrialbody

w
ith

a
higher

surface
heat

flow

than
m
odern

Earth
is
Jupiter’s

m
oon

Io.R
ather

than
losing

heat
by

m
ore

vigorous
plate

tectonics,Io
instead

transports
about

40
tim

es

Earth’sheatflux
13 (2.5
W
m

2
2 )from
theinteriorto

thesurfacethrough

volcanism
.T
his

m
ode

ofplanetary
heat

transport
is
called

the
heat-

pipe
m
ode

14,15
after

the
localized

channels
through

w
hich

m
eltbrings

heat
to
the

surface.
H
eat

pipes
are

conduits
that

transfer
heat

and

m
aterialfrom

the
base

ofthe
lithosphere

to
the

surface
by
m
eans

of

buoyantascent(for
exam

ple
the

lithospheric
plum

bing
atop

a
m
antle

plum
e).W

hen
heatpipesbecom

e
the

dom
inantheattransportm

ech-

anism
ofa

planet,theeffectson
thelithosphereareboth

surprising
and

profound.

G
eodynam

ic
m
odels

ofheat-pipe
Earth

W
e
explore

the
consequences

ofthe
heat-pipe

m
ode

for
early

Earth

using
sim

plified
m
odels

of
m
antle

convection
w
ith

m
elt
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Heat-pipeEarth
WilliamB.Moore1,2

&A.AlexanderG.Webb3 TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanismdominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanismafterinitiationofplatetectonics.Theheat-pipeEarthmodelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfromtheinteriortothesurface1
.Terrestrialbodieswith

lowheatflows(forexampleMars(,20mWm22
;ref.2)andthe

Moon(12mWm22
;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1
,65mWm22

)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4
,andtherewereadditionalcontributionsfromtidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9
,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12
.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13
(2.5Wm22

)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfromthebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17
andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere. Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1
DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2

NationalInstituteofAerospace,Hampton,Virginia23666,USA.3
DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.
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Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,RaH,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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Theheattra
nsportandlith

ospheric
dynamicsofearly

Earth
arecurrently

explainedbyplate
tectonic

andvertic
al

tectonicmodels,butthesedonotoffe
raglobalsynthesisconsistentwith

thegeologicrecord.Hereweusenumerical

sim
ulatio

nsandcomparisonwith
thegeologic

recordto
exploreaheat-pipemodelin

whichvolcanism
dominates

surfaceheattransport.Thesesim
ulatio

nsindicate
thatacold

andthicklith
ospheredevelopedasaresultoffrequent

volcanic
eruptio

nsthatadvectedsurfacematerials
downwards.Declin

ingheatsourcesovertim
eledto

anabrupt

tra
nsitio

nto
plate

tectonics.Consis
tentwith

modelpredictio
ns,thegeologic

recordshowsrapid
volcanic

resurfacing,

contra
ctio

naldeformatio
n,alowgeothermalgradientacrossthebulkofthelith

osphereandarapiddecreaseinheat-pipe

volcanism
afte

rinitia
tio

n
ofplate

tectonics.Theheat-pipeEarth
modelthereforeoffe

rsacoherentgeodynamic

fra
meworkin

whichto
exploretheevolutio

nofourplanetbeforetheonsetofplate
tectonics.

Thelith
ospheric

dynamicsofterre
str

ialplanetsisdriv
enbythetra

ns-

portofheatfro
m

theinterio
rto

thesurfa
ce1

.Terre
str

ialbodieswith

low
heatflo

ws(fo
rexample

Mars
(,

20mW
m2

2
;ref.2)andthe

Moon(12mW
m2

2
;ref.3))lose

heatlargelybyconductio
nacrossa

sin
gle-platelith

osphere,whereasEarth
’sheattra

nsport(globalmean

flu
x1

,65mW
m2

2
)isdominatedbyplate

tectonics.Early
in

Earth
’s

histo
ry,radiogenic

heatproductio
nwasthreeto

fivetim
esgreater

thanatpresent4
,andthere

were
additio

nalcontrib
utio

nsfro
m

tid
al

heatin
gbyarecedingMoonandlossofaccretio

naryheat.Whetheror

notplatetectonicsoperatesunderthese
conditio

nsisuncerta
in

geo-

dynamically5–9
,butplate

tectonicprocesse
ssuchassubductio

nand

arc
accretio

nare
ofteninvokedto

explain
thegeologic

andgeo-

chemicalfeaturesofArchaeanrocks10–12
.

Anexampleofaterre
str

ialbodywith
ahighersurfa

ceheatflo
w

thanmodern
Earth

isJupiter’s
moonIo.Ratherthanlosin

gheatby

more
vigorousplate

tectonics,Io
inste

adtra
nsports

about40tim
es

Earth
’sheatflu

x13
(2.5W

m2
2
)fro

mtheinterio
rtothesurfa

cethrough

volcanism
.Thismodeofplanetary

heattra
nsportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrin

gs

heatto
thesurfa

ce.Heatpipesare
conduits

thattra
nsfe

rheatand

materia
lfro

m
thebase

ofthelith
osphere

to
thesurfa

cebymeansof

buoyantascent(fo
rexamplethelith

ospheric
plumbingatopamantle

plume).Whenheatpipesbecomethedominantheattra
nsportmech-

anism
ofaplanet,th

eeffectsonthelith
ospherearebothsurprisi

ngand

profound. Geodynamicmodelsofheat-pipeEarth

Weexplore
theconsequencesoftheheat-p

ipemodeforearly
Earth

usin
gsim

plifi
edmodelsofmantle

convectio
nwith

meltgeneratio
n

andextra
ctio

n.ThetemperaturefieldsnapshotsshowninFig.1result

fro
mnumeric

also
lutionstotheequationsofmass,

energ
yandmomentum

tra
nsportinthemantle16

asinternalheatin
gandcoolin

gatthesurfa
ce

driv
econvectivemotio

ns(fo
rdetails

ofthemodellin
gapproachand

parameter
defin

itio
ns,s

eeMethodsSummary).T
hesetwo-dim

ensio
nal

modelshaveastr
onglytemperature-dependent,Newtonianrheology

thatresults
in

asin
gle-plate,rig

id
lid

atthesurfa
ce.Meltin

gandmelt

tra
nsportare

modelledin
assim

pleafashionaspossib
lewhile

pre-

servingtheeffectofthisprocessontheheattra
nsportanddynamics

ofthelith
osphere.Meltisgeneratedwheneverthemantle

exceedsa

sim
plelinearly

pres
sure-

dependentsolidus17
andisimmediately

extra
cte

d

to
thesurfa

ce,andthecolumnin
whichthemeltwasproducedis

advecteddownwardsto
conservemass

(Fig.1,inset).
Onceatthe

surfa
ce,themeltisassu

medto
loseits

latentandsensib
leheat(which

istra
ckedasvolcanicheatflo

w)insta
ntly

andtoreturn
totheim

posed

surfa
ceboundary

temperatureof15uC
.Alth

oughthisisasim
plifi

ca-

tio
noftheprocessofmeltgeneratio

nanderuptio
n,it

capturesthebasic

physic
sinamannerthatallowsustoseeclearly

theeffectsofheatpipes

onthelith
osphere.

Theinternalheatin
gandsurfa

ceheatflo
wboth

increasebyafactor

oftenfro
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minFig.1.In
creasedinternalheatproductio

n

causesthetemperature
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Theheattra
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ortandlith
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heric
dynamicsofearly

Earth
arecurrently

explainedbyplate
tectonic

andvertic
al

tectonic
models,

butthese
donotoffe

raglobalsy
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consis
tentwith

thegeologic
record.Hereweuse

numerical

sim
ulatio

nsandcompariso
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with
thegeologic

recordto
exploreaheat-pipemodelin

whichvolcanism
dominates
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rfaceheattra
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ort.
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sim

ulatio
nsindicate

thatacold
andthicklith

osp
heredevelopedasaresu

ltoffrequent

volcanic
eruptio

nsthatadvected
su

rfacematerials
downwards.

Declin
ingheatsourcesovertim

eled
to

an
abrupt

tra
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plate

tectonics.
Consis
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modelpredictio
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thegeologic

record
sh

owsrapid
volcanic

resu
rfacing,

contra
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naldeformatio
n,alow

geothermalgradientacross
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ofthelith
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decrease

in
heat-pipe

volcanism
afte

rinitia
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ofplate
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heat-pipe
Earth
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offe
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fra
mework

in
whichto

exploretheevolutio
nofourplanetbeforetheonsetofplate

tectonics.
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port
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theinter
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with
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rexample
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(,
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2
;ref

.2)and
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2
;ref

.3))
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heatlargely
byconducti
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sin
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,where

asEarth
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nsport(globalmean

flu
x1

,65mW
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2
)is

dominated
byplate

tec
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.Early
in

Earth
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hist
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fiv
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heat.W
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dynamica
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,butplate
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onand
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heatflo
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moonIo.Rather
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more
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about40tim
es

Earth
’sheatflu

x13
(2.5W

m2
2
)fro

m
theinter

iorto
thesurfa

ce
through

volca
nism

.Thismodeofplaneta
ry

heattra
nsport

is
called

theheat-

pipemode14,15
afte

rthelocal
ize

dch
annels

throughwhich
melt

brin
gs

heatto
thesurfa

ce.
Heat

pipes
are

conduits
thattra

nsfe
rheatand

mater
ialfro

m
thebase

ofthelith
osphere

to
thesurfa

ce
bymeansof

buoyantasce
nt(fo

rexamplethelith
ospheri

cplumbingatopamantle

plume).
W

hen
heatpipes

beco
methedominantheattra

nsportmech
-

anism
ofaplanet,

theeff
ect

sonthelith
osphere

are
both

surpris
ingand

profound. Geodynamic
modelsofheat-pipeEarth

W
eexplore

theconseq
uen

ces
oftheheat-p

ipemodeforearly
Earth

usin
gsim

plifi
ed

models
ofmantle

convect
ionwith

melt
gen

era
tio

n

andextra
cti

on.T
hetem

pera
ture

fie
ld

snapshotsshownin
Fig.1

res
ult

fro
m

numeri
cal

solutio
nstotheequatio

nsofmass
,en

erg
yan

dmomentum

tra
nsportin

themantle16
asinter

nalheatin
gandcoolin

gatthesurfa
ce

driv
econvect

ivemotio
ns(fo

rdeta
ils

ofthemodelli
ngapproach

and

para
mete

rdefi
nitio

ns,s
ee

Meth
odsSummary).T

hese
tw

o-dim
en

sio
nal

models
haveastr

ongly
tem

pera
ture-

dep
en

den
t,New

tonian
rheology

that
res

ults
in

asin
gle-

plate,
rig

id
lid

atthesurfa
ce.

Melt
ingandmelt

tra
nsport

are
modelle

din
assim

ple
afashionaspossi

ble
while

pre-

ser
vingtheeff

ect
ofthisproces

sontheheattra
nsport

anddynam
ics

ofthelith
osphere

.Melt
is

gen
era

ted
when

ever
themantle

excee
dsa

sim
plelin

ear
lypres

sure-
dependentsolid

us17
an

disim
mediat

ely
extra

cte
d

to
thesurfa

ce,
andthecolumnin

which
themelt

wasproduced
is

advect
ed

downwardsto
conser

vemass
(Fig.1,inset

).
Once

atthe

surfa
ce,

themelt
isassu

med
to

lose
its

laten
tandsen

sib
leheat(w

hich

istra
cked

asvolca
nicheatflo

w)insta
ntly

andto
ret

urn
to

theim
posed

surfa
ce

boundary
tem

pera
ture

of15u
C.Alth

oughthisisasim
plifi

ca-

tio
noftheproces

sofmelt
gen

era
tio

nanderu
ptio

n,it
captures

thebasic

physic
sin

amanner
thatallo

wsusto
see

cle
arly

theeff
ect

sofheatpipes

onthelith
osphere

.

Theinter
nalheatin

gandsurfa
ce

heatflo
wboth

incre
ase

byafacto
r

often
fro

m
topto

botto
m

in
Fig.1.In

cre
ased

inter
nalheatproducti

on

causes
thetem

pera
ture

ofthemantle
to

incre
ase

slig
htly

and
the

thick
ness

ofthecold
lid

to
incre

ase
sig

nific
antly

.A
thick

,cold
lith

o-

sphere
develo

psbeca
use

volca
nic

mater
ialdep

osit
ed

atthesurfa
ce

burie
sold

flo
ws,res

ultin
gin

adesc
en

ding‘co
nveyorbelt

’ofmater
ial

1
Dep

art
men

to
fA

tm
os

phe
ric

an
dPlan

eta
ry

Scie
nc

es,
Ham

pton
Univ

ers
ity

,H
am

pton
,V

irg
ini

a23668,U
SA.2

Nati
on

al
Ins

titu
te

of
Aero

sp
ac

e,H
am

pton
,V

irg
ini

a23666,U
SA.3

Dep
art

men
to

fG
eo

log
yan

d

Geo
phy

sic
s,L

ou
isia

na
Stat

eUniv
ers

ity
,B

ato
nRou

ge
,Lo

uis
ian

a70803,U
SA.

RaH
 = 106

RaH
 = 107

RaH
 = 108

Eruptio
n an

d

co
olin

g

Extraction

Ad
ve

ct
io

n Melt
ing

Figure
1|Snapshots

ofthetemperature
fie

ld
fortw

o-dim
ensio

nalmodels

ofmantle
convectio

n.Theinter
nal-h

eatin
gRayleig

hnumber,
RaH

,is
diffe

ren
t

in
each

panel.
Theinset

illu
str

ates
theopera

tio
noftheheatpipe:melt

is

extra
cti

ngto
thesurfa

ce,
where

itcools,
andcold

lith
osphere

isadvect
ed

downward
sto

conser
vemass

.
26

SEPTEM
BER

2013
|

VO
L

501
|

N
ATU

RE
|

501

Macmilla
n Publis

hers Lim
ite

d. A
ll r

ights re
served

©2
01
3

ARTIC
LE

do
i:1

0.
10

38
/n

at
ur

e1
24

73

Hea
t-

pip
eEar

th

W
ill

ia
m

B.M
oo

re1,
2

&
A.Alex

an
der

G.W
eb

b3

The
hea

ttra
nsp

or
tan

d
lit

hos
pher

ic
dynam

ics
of

ea
rly

Ear
th

ar
e

cu
rr

en
tly

ex
plai

ned
by

plat
e

te
ct

on
ic

an
d

ver
tic

al

te
ct

on
ic

m
od

els
,butth

es
edo

not
of

fe
ragl

ob
al

sy
nth

es
is

co
nsis

te
ntw

ith
th

ege
ol

og
ic

re
co

rd
.Her

ew
euse

num
er

ica
l

sim
ulat

io
ns

an
d

co
m

par
iso

n
w

ith
th

e
ge

ol
og

ic
re

co
rd

to
ex

plo
re

a
hea

t-
pip

e
m

od
el

in
w

hich
vo

lca
nism

dom
in

at
es

su
rfa

ce
hea

ttra
nsp

or
t.

Thes
e

sim
ulat

io
nsin

dica
te

th
at

a
co

ld
an

d
th

ick
lit

hos
pher

e
dev

elo
ped

as
a

re
su

lt
of

fre
quen

t

vo
lca

nic
er

uptio
ns

th
at

ad
vec

te
d

su
rfa

ce
m

at
er

ial
s

dow
nw

ar
ds.

Dec
lin

in
g

hea
tso

urc
es

ov
er

tim
e

led
to

an
ab

ru
pt

tra
nsit

io
n

to
plat

e
te

ct
on

ics
.Con

sis
te

ntw
ith

m
od

el
pre

dict
io

ns,
th

e
ge

ol
og

ic
re

co
rd

sh
ow

sra
pid

vo
lca

nic
re

su
rfa

cin
g,

co
ntra

ct
io

nal
def

or
m

at
io

n,a
lo

w
ge

ot
her

m
al

gr
ad

ien
ta

cr
os

sth
ebulk

of
th

elit
hos

pher
ean

dara
pid

dec
re

as
ein

hea
t-

pip
e

vo
lca

nism
af

te
r

in
iti

at
io

n
of

plat
e

te
ct

on
ics

.
The

hea
t-

pip
e

Ear
th

m
od

el
th

er
ef

or
e

of
fe

rs
a

co
her

en
t

ge
od

ynam
ic

fra
m

ew
or

k
in

w
hich

to
ex

plo
re

th
eev

ol
utio

n
of

ou
rplan

et
bef

or
eth

eon
se

tof
plat

ete
ct

on
ics

.

Thelit
hos

ph
er

ic
dy

nam
ics

of
ter

re
str

ial
pl

an
ets

is
dr

ive
nby

th
etra

ns-

po
rt

of
hea

tfro
m

th
ein

ter
io

rto
th

esu
rfa

ce1
.T

er
re

str
ial

bo
di

es
with

lo
w

hea
tflo

ws
(fo

r
ex

am
pl

e
M

ar
s

(,
20

m
W

m2
2

;re
f.

2)
an

d
th

e

M
oo

n
(1

2m
W

m2
2

;r
ef.

3)
)lo

se
hea

tlar
ge

ly
by

co
ndu

cti
on

ac
ro

ss
a

sin
gle

-p
lat

elit
hos

ph
er

e,
wher

ea
sEar

th
’s

hea
ttra

nsp
or

t(g
lo

ba
lm

ea
n

flu
x1

,6
5m

W
m2

2
)is

do
m

in
ate

d
by

pl
ate

tec
to

nics
.Ear

ly
in

Ear
th

’s

hist
or

y,
ra

di
og

en
ic

hea
tpr

od
uc

tio
n

was
th

re
e

to
fiv

e
tim

es
gr

ea
ter

th
an

at
pr

es
en

t4
,a

nd
th

er
ewer

ead
di

tio
nal

co
ntri

bu
tio

nsfro
m

tid
al

hea
tin

gby
are

ce
di

ngM
oo

nan
dlo

ss
of

ac
cr

eti
on

ar
yhea

t.W
heth

er
or

not
pl

ate
tec

to
nics

op
er

ate
sun

de
rth

es
eco

ndi
tio

nsis
un

ce
rta

in
ge

o-

dy
nam

ica
lly5–

9
,bu

tpl
ate

tec
to

nic
pr

oc
es

se
ssu

ch
as

su
bd

uc
tio

n
an

d

ar
c

ac
cr

eti
on

ar
e

of
ten

in
vo

ke
d

to
ex

pl
ain

th
e

ge
ol

og
ic

an
d

ge
o-

ch
em

ica
lf

ea
tu

re
sof

Arc
hae

an
ro

ck
s10

–1
2

.

An
ex

am
pl

e
of

a
ter

re
str

ial
bo

dy
with

a
high

er
su

rfa
ce

hea
tflo

w

th
an

m
od

er
n

Ear
th

is
Ju

pi
ter

’s
m

oo
n

Io
.R

ath
er

th
an

lo
sin

g
hea

tby

m
or

evig
or

ou
spl

ate
tec

to
nics

,Io
in

ste
ad

tra
nsp

or
ts

ab
ou

t40
tim

es

Ear
th

’sh
ea

tf
lu

x13
(2

.5
W

m2
2

)f
ro

m
th

ein
ter

io
rt

oth
esu

rfa
ce

th
ro

ug
h

vo
lca

nism
.T

his
m

od
eof

pl
an

eta
ry

hea
ttra

nsp
or

tis
ca

lle
d

th
ehea

t-

pi
pe

m
od

e14
,1

5
aft

er
th

elo
ca

liz
ed

ch
an

nels
th

ro
ug

h
which

m
elt

br
in

gs

hea
tto

th
e

su
rfa

ce
.H

ea
tpi

pe
sar

e
co

ndu
its

th
at

tra
nsfe

r
hea

tan
d

m
ate

ria
lfro

m
th

eba
se

of
th

elit
ho

sp
her

eto
th

esu
rfa

ce
by

m
ea

nsof

bu
oy

an
ta

sc
en

t(fo
rex

am
pl

eth
elit

ho
sp

her
ic

pl
um

bin
gato

pam
an

tle

pl
um

e).
W

hen
hea

tp
ip

es
be

co
m

eth
edo

m
in

an
th

ea
tt

ra
nsp

or
tm

ec
h-

an
ism

of
apl

an
et,

th
eeff

ec
ts

on
th

elit
hos

ph
er

ear
ebo

th
su

rp
ris

in
gan

d

pr
of

ou
nd.

Geo
dynam

ic
m

od
els

of
hea

t-
pip

eEar
th

W
eex

pl
or

eth
eco

nse
qu

en
ce

sof
th

ehea
t-p

ip
em

od
efo

rea
rly

Ear
th

us
in

g
sim

pl
ifi

ed
m

od
els

of
m

an
tle

co
nve

cti
on

with
m

elt
ge

ner
ati

on

an
dex

tra
cti

on
.T

hetem
pe

ra
tu

re
fie

ld
sn

ap
sh

ot
ssh

ow
nin

Fi
g.

1re
su

lt

fro
m

nu
m

eri
ca

lso
lut

ion
st

oth
eeq

ua
tio

ns
of

m
ass

,en
erg

yan
dm

om
en

tu
m

tra
nsp

or
ti

nth
em

an
tle16

as
in

ter
nal

hea
tin

gan
dco

oli
ngat

th
esu

rfa
ce

dr
ive

co
nve

cti
ve

m
ot

ion
s(fo

rde
tai

ls
of

th
em

od
ell

in
g

ap
pr

oa
ch

an
d

pa
ra

m
ete

rd
efi

ni
tio

ns
,se

eM
eth

od
sS

um
m

ar
y)

.T
he

se
tw

o-
di

m
en

sio
nal

m
od

els
hav

eastr
on

gly
tem

pe
ra

tu
re

-d
ep

en
de

nt,
New

to
nian

rh
eo

log
y

th
at

re
su

lts
in

asin
gle

-p
lat

e,
rig

id
lid

at
th

esu
rfa

ce
.M

elt
in

gan
d

m
elt

tra
nsp

or
tar

em
od

ell
ed

in
as

sim
pl

ea
fas

hio
n

as
po

ssi
bl

ewhile
pr

e-

se
rv

in
gth

eeff
ec

tof
th

is
pr

oc
es

son
th

ehea
ttra

nsp
or

tan
d

dy
nam

ics

of
th

elit
ho

sp
her

e.
M

elt
is

ge
ne

ra
ted

when
ev

er
th

em
an

tle
ex

ce
ed

sa

sim
ple

lin
ea

rly
pr

ess
ur

e-d
ep

en
de

nt
so

lid
us17

an
dis

im
m

ed
iat

ely
ex

tra
cte

d

to
th

e
su

rfa
ce

,an
d

th
e

co
lu

m
n

in
which

th
e

m
elt

was
pr

od
uc

ed
is

ad
ve

cte
d

do
wnwar

ds
to

co
nse

rv
e

m
as

s
(F

ig.
1,

in
se

t).
Once

at
th

e

su
rfa

ce
,th

em
elt

is
as

su
m

ed
to

lo
se

its
lat

en
tan

d
se

nsib
le

hea
t(w

hi
ch

is
tra

ck
ed

as
vo

lca
nic

hea
tf

low
)in

sta
ntly

an
dto

re
tu

rn
to

th
eim

po
se

d

su
rfa

ce
bo

un
da

ry
tem

pe
ra

tu
re

of
15
uC

.A
lth

ou
gh

th
is

is
asim

pl
ifi

ca
-

tio
nof

th
epr

oc
es

so
fm

elt
ge

ner
ati

on
an

der
up

tio
n,it

ca
pt

ur
es

th
eba

sic

ph
ys

ics
in

am
an

ner
th

at
all

ow
sus

to
se

ecle
ar

ly
th

eeff
ec

ts
of

hea
tp

ip
es

on
th

elit
ho

sp
her

e.

Thein
ter

nal
hea

tin
gan

dsu
rfa

ce
hea

tf
lo

w
bo

th
in

cr
ea

se
by

afac
to

r

of
ten

fro
m

to
pto

bo
tto

m
in

Fi
g.

1.
In

cr
ea

se
din

ter
nal

hea
tp

ro
du

cti
on

ca
us

es
th

e
tem

pe
ra

tu
re

of
th

e
m

an
tle

to
in

cr
ea

se
sli

gh
tly

an
d

th
e

th
ick

nes
sof

th
eco

ld
lid

to
in

cr
ea

se
sig

nifi
ca

ntly
.A

th
ick

,c
ol

d
lit

ho-

sp
her

e
de

ve
lo

ps
be

ca
us

e
vo

lca
nic

m
ate

ria
lde

po
sit

ed
at

th
e

su
rfa

ce

bu
rie

sol
d

flo
ws,

re
su

lti
ngin

ade
sc

en
di

ng‘co
nve

yo
rbe

lt’
of

m
ate

ria
l

1
De

pa
rtm

en
to

fA
tm

os
ph

er
ic

an
d

Pl
an

et
ar

yS
cie

nc
es

,H
am

pt
on

Un
ive

rs
ity

,H
am

pt
on

,V
irg

in
ia

23
66

8,
US

A.2
Nat

ion
al

In
sti

tu
te

of
Ae

ro
sp

ac
e,

Ha
m

pt
on

,V
irg

in
ia

23
66

6,
US

A.3
De

pa
rtm

en
to

fG
eo

log
ya

nd

Ge
op

hy
sic

s,
Lo

ui
sia

na
St

at
eUn

ive
rs

ity
,B

at
on

Ro
ug

e,
Lo

ui
sia

na
70

80
3,

US
A.

Ra
H =

 1
06

Ra
H =

 1
07

Ra
H =

 1
08

Er
up

tio
n 

an
d

co
ol

ing

Extraction

Adve
ctio

n

M
elt

ing

Fig
ure

1
|S

nap
sh

ots
ofth

ete
m

per
at

ure
fie

ld
fo

rtw
o-d

im
en

sio
nal

m
odels

ofm
an

tle
co

nve
cti

on.The
in

ter
na

l-h
ea

tin
gRay

lei
gh

num
be

r,R
aH

,is
di

ffe
re

nt

in
ea

ch
pa

nel.
The

in
se

tillu
str

ate
sth

eop
er

ati
on

of
th

ehea
tpi

pe
:m

elt
is

ex
tra

cti
ngto

th
esu

rfa
ce

,w
her

eit
co

ols
,a

nd
co

ld
lit

hos
ph

er
eis

ad
ve

cte
d

do
wnwar

ds
to

co
ns

er
ve

m
as

s. 2
6

S
E

P
T

E
M

B
E

R
2

0
13

|
V

O
L

5
0

1
|

N
A

T
U

R
E

|
5

0
1

Mac
m

illa
n 

Pu
bl

ish
er

s L
im

ite
d.

 A
ll r

ig
ht

s r
es

er
ve

d

©2
01
3

AR
TI

CL
E

do
i:1

0.
10

38
/n

at
ur

e1
24

73

H
ea

t-
pi

pe
Ea

rt
h

W
ill

ia
m

B.
M

oo
re

1,
2

&
A

.A
le

xa
nd

er
G

.W
eb

b3

Th
e

he
at

tr
an

sp
or

t
an

d
lit

ho
sp

he
ri

c
dy

na
m

ic
s

of
ea

rl
y

Ea
rt

h
ar

e
cu

rr
en

tly
ex

pl
ai

ne
d

by
pl

at
e

te
ct

on
ic

an
d

ve
rt

ic
al

te
ct

on
ic

m
od

el
s,

bu
tt

he
se

do
no

to
ffe

r
a

gl
ob

al
sy

nt
he

si
s

co
ns

is
te

nt
w

ith
th

e
ge

ol
og

ic
re

co
rd

.H
er

e
w

e
us

e
nu

m
er

ic
al

si
m

ul
at

io
ns

an
d

co
m

pa
ri

so
n

w
ith

th
e

ge
ol

og
ic

re
co

rd
to

ex
pl

or
e

a
he

at
-p

ip
e

m
od

el
in

w
hi

ch
vo

lc
an

is
m

do
m

in
at

es

su
rf

ac
e

he
at

tr
an

sp
or

t.
Th

es
e

si
m

ul
at

io
ns

in
di

ca
te

th
at

a
co

ld
an

d
th

ic
k

lit
ho

sp
he

re
de

ve
lo

pe
d

as
a

re
su

lt
of

fr
eq

ue
nt

vo
lc

an
ic

er
up

tio
ns

th
at

ad
ve

ct
ed

su
rf

ac
e

m
at

er
ia

ls
do

w
nw

ar
ds

.
D

ec
lin

in
g

he
at

so
ur

ce
s

ov
er

tim
e

le
d

to
an

ab
ru

pt

tr
an

si
tio

n
to

pl
at

e
te

ct
on

ic
s.

Co
ns

is
te

nt
w

ith
m

od
el

pr
ed

ic
tio

ns
,t

he
ge

ol
og

ic
re

co
rd

sh
ow

s
ra

pi
d

vo
lc

an
ic

re
su

rf
ac

in
g,

co
nt

ra
ct

io
na

ld
ef

or
m

at
io

n,
al

ow
ge

ot
he

rm
al

gr
ad

ie
nt

ac
ro

ss
th

eb
ul

k
of

th
el

ith
os

ph
er

ea
nd

ar
ap

id
de

cr
ea

se
in

he
at

-p
ip

e

vo
lc

an
is

m
af

te
r

in
iti

at
io

n
of

pl
at

e
te

ct
on

ic
s.

Th
e

he
at

-p
ip

e
Ea

rt
h

m
od

el
th

er
ef

or
e

of
fe

rs
a

co
he

re
nt

ge
od

yn
am

ic

fr
am

ew
or

k
in

w
hi

ch
to

ex
pl

or
e

th
e

ev
ol

ut
io

n
of

ou
rp

la
ne

tb
ef

or
e

th
e

on
se

to
fp

la
te

te
ct

on
ic

s.

Th
el

ith
os

ph
er

ic
dy

na
m

ic
so

ft
er

re
st

ria
lp

la
ne

ts
is

dr
iv

en
by

th
et

ra
ns

-

po
rt

of
he

at
fr

om
th

e
in

te
rio

rt
o

th
e

su
rf

ac
e1

.T
er

re
st

ria
lb

od
ie

sw
ith

lo
w

he
at

flo
w

s
(fo

r
ex

am
pl

e
M

ar
s

(,
20

m
W

m2
2

;r
ef

.2
)

an
d

th
e

M
oo

n
(1

2m
W

m2
2

;r
ef

.3
))

lo
se

he
at

la
rg

el
y

by
co

nd
uc

tio
n

ac
ro

ss
a

sin
gl

e-
pl

at
e

lit
ho

sp
he

re
,w

he
re

as
Ea

rt
h’

sh
ea

tt
ra

ns
po

rt
(g

lo
ba

lm
ea

n

flu
x1

,6
5m

W
m2

2
)i

s
do

m
in

at
ed

by
pl

at
e

te
ct

on
ic

s.
Ea

rly
in

Ea
rt

h’
s

hi
st

or
y,

ra
di

og
en

ic
he

at
pr

od
uc

tio
n

w
as

th
re

e
to

fiv
e

tim
es

gr
ea

te
r

th
an

at
pr

es
en

t4
,a

nd
th

er
e

w
er

e
ad

di
tio

na
lc

on
tr

ib
ut

io
ns

fr
om

tid
al

he
at

in
g

by
ar

ec
ed

in
g

M
oo

n
an

d
lo

ss
of

ac
cr

et
io

na
ry

he
at

.W
he

th
er

or

no
tp

la
te

te
ct

on
ic

so
pe

ra
te

su
nd

er
th

es
e

co
nd

iti
on

si
su

nc
er

ta
in

ge
o-

dy
na

m
ic

al
ly5–

9
,b

ut
pl

at
e

te
ct

on
ic

pr
oc

es
se

s
su

ch
as

su
bd

uc
tio

n
an

d

ar
c

ac
cr

et
io

n
ar

e
of

te
n

in
vo

ke
d

to
ex

pl
ai

n
th

e
ge

ol
og

ic
an

d
ge

o-

ch
em

ic
al

fe
at

ur
es

of
A

rc
ha

ea
n

ro
ck

s10
–1

2
.

A
n

ex
am

pl
e

of
a

te
rr

es
tr

ia
lb

od
y

w
ith

a
hi

gh
er

su
rf

ac
e

he
at

flo
w

th
an

m
od

er
n

Ea
rt

h
is

Ju
pi

te
r’s

m
oo

n
Io

.R
at

he
r

th
an

lo
sin

g
he

at
by

m
or

e
vi

go
ro

us
pl

at
e

te
ct

on
ic

s,
Io

in
st

ea
d

tr
an

sp
or

ts
ab

ou
t4

0
tim

es

Ea
rt

h’
sh

ea
tf

lu
x13

(2
.5

W
m2

2
)f

ro
m

th
ei

nt
er

io
rt

o
th

es
ur

fa
ce

th
ro

ug
h

vo
lc

an
ism

.T
hi

s
m

od
e

of
pl

an
et

ar
y

he
at

tr
an

sp
or

ti
s

ca
lle

d
th

e
he

at
-

pi
pe

m
od

e14
,1

5
af

te
rt

he
lo

ca
liz

ed
ch

an
ne

ls
th

ro
ug

h
w

hi
ch

m
el

tb
rin

gs

he
at

to
th

e
su

rfa
ce

.H
ea

t
pi

pe
s

ar
e

co
nd

ui
ts

th
at

tr
an

sf
er

he
at

an
d

m
at

er
ia

lf
ro

m
th

e
ba

se
of

th
e

lit
ho

sp
he

re
to

th
e

su
rfa

ce
by

m
ea

ns
of

bu
oy

an
ta

sc
en

t(
fo

re
xa

m
pl

et
he

lit
ho

sp
he

ric
pl

um
bi

ng
at

op
a

m
an

tle

pl
um

e)
.W

he
n

he
at

pi
pe

sb
ec

om
et

he
do

m
in

an
th

ea
tt

ra
ns

po
rt

m
ec

h-

an
ism

of
ap

la
ne

t,
th

ee
ffe

ct
so

n
th

el
ith

os
ph

er
ea

re
bo

th
su

rp
ris

in
ga

nd

pr
of

ou
nd

.

G
eo

dy
na

m
ic

m
od

el
so

fh
ea

t-
pi

pe
Ea

rt
h

W
e

ex
pl

or
e

th
e

co
ns

eq
ue

nc
es

of
th

e
he

at
-p

ip
e

m
od

e
fo

r
ea

rly
Ea

rt
h

us
in

g
sim

pl
ifi

ed
m

od
el

s
of

m
an

tle
co

nv
ec

tio
n

w
ith

m
el

tg
en

er
at

io
n

an
d

ex
tr

ac
tio

n.
Th

et
em

pe
ra

tu
re

fie
ld

sn
ap

sh
ot

ss
ho

w
n

in
Fi

g.
1

re
su

lt

fro
m

nu
m

er
ica

ls
ol

ut
io

ns
to

th
ee

qu
at

io
ns

of
m

as
s,

en
er

gy
an

d
m

om
en

tu
m

tr
an

sp
or

ti
n

th
em

an
tle

16
as

in
te

rn
al

he
at

in
g

an
d

co
ol

in
g

at
th

es
ur

fa
ce

dr
iv

e
co

nv
ec

tiv
e

m
ot

io
ns

(fo
r

de
ta

ils
of

th
e

m
od

el
lin

g
ap

pr
oa

ch
an

d

pa
ra

m
et

er
de

fin
iti

on
s,

se
eM

et
ho

ds
Su

m
m

ar
y)

.T
he

se
tw

o-
di

m
en

sio
na

l

m
od

el
sh

av
e

a
st

ro
ng

ly
te

m
pe

ra
tu

re
-d

ep
en

de
nt

,N
ew

to
ni

an
rh

eo
lo

gy

th
at

re
su

lts
in

a
sin

gl
e-

pl
at

e,
rig

id
lid

at
th

e
su

rfa
ce

.M
el

tin
g

an
d

m
el

t

tr
an

sp
or

ta
re

m
od

el
led

in
as

sim
pl

e
a

fa
sh

io
n

as
po

ss
ib

le
w

hi
le

pr
e-

se
rv

in
g

th
e

ef
fe

ct
of

th
is

pr
oc

es
so

n
th

e
he

at
tr

an
sp

or
ta

nd
dy

na
m

ic
s

of
th

e
lit

ho
sp

he
re

.M
el

ti
s

ge
ne

ra
te

d
w

he
ne

ve
r

th
e

m
an

tle
ex

ce
ed

s
a

sim
pl

el
in

ea
rly

pr
es

su
re

-d
ep

en
de

nt
so

lid
us17

an
d

is
im

m
ed

iat
ely

ex
tra

ct
ed

to
th

e
su

rfa
ce

,a
nd

th
e

co
lu

m
n

in
w

hi
ch

th
e

m
elt

w
as

pr
od

uc
ed

is

ad
ve

ct
ed

do
w

nw
ar

ds
to

co
ns

er
ve

m
as

s
(F

ig
.1

,i
ns

et
).

O
nc

e
at

th
e

su
rfa

ce
,t

he
m

elt
is

as
su

m
ed

to
lo

se
its

la
te

nt
an

d
se

ns
ib

le
he

at
(w

hi
ch

is
tr

ac
ke

d
as

vo
lc

an
ic

he
at

flo
w

)i
ns

ta
nt

ly
an

d
to

re
tu

rn
to

th
ei

m
po

se
d

su
rfa

ce
bo

un
da

ry
te

m
pe

ra
tu

re
of

15
uC

.A
lth

ou
gh

th
is

is
a

sim
pl

ifi
ca

-

tio
n

of
th

ep
ro

ce
ss

of
m

elt
ge

ne
ra

tio
n

an
d

er
up

tio
n,

it
ca

pt
ur

es
th

eb
as

ic

ph
ys

ic
si

n
am

an
ne

rt
ha

ta
llo

w
su

st
o

se
ec

lea
rly

th
ee

ffe
ct

so
fh

ea
tp

ip
es

on
th

e
lit

ho
sp

he
re

.

Th
ei

nt
er

na
lh

ea
tin

g
an

d
su

rf
ac

eh
ea

tf
lo

w
bo

th
in

cr
ea

se
by

af
ac

to
r

of
te

n
fr

om
to

p
to

bo
tto

m
in

Fi
g.

1.
In

cr
ea

se
d

in
te

rn
al

he
at

pr
od

uc
tio

n

ca
us

es
th

e
te

m
pe

ra
tu

re
of

th
e

m
an

tle
to

in
cr

ea
se

sli
gh

tly
an

d
th

e

th
ic

kn
es

so
ft

he
co

ld
lid

to
in

cr
ea

se
sig

ni
fic

an
tly

.A
th

ic
k,

co
ld

lit
ho

-

sp
he

re
de

ve
lo

ps
be

ca
us

e
vo

lc
an

ic
m

at
er

ia
ld

ep
os

ite
d

at
th

e
su

rf
ac

e

bu
rie

so
ld

flo
w

s,
re

su
lti

ng
in

a
de

sc
en

di
ng

‘co
nv

ey
or

be
lt’

of
m

at
er

ia
l

1
De

pa
rtm

en
to

fA
tm

os
ph

er
ic

an
d

Pl
an

et
ar

y
Sc

ie
nc

es
,H

am
pt

on
Un

iv
er

si
ty

,H
am

pt
on

,V
irg

in
ia

23
66

8,
US

A.
2

N
at

io
na

lI
ns

tit
ut

e
of

Ae
ro

sp
ac

e,
H

am
pt

on
,V

irg
in

ia
23

66
6,

US
A.

3
De

pa
rtm

en
to

fG
eo

lo
gy

an
d

Ge
op

hy
si

cs
,L

ou
is

ia
na

St
at

e
Un

iv
er

si
ty

,B
at

on
Ro

ug
e,

Lo
ui

si
an

a
70

80
3,

US
A.

R
a
H =

 1
06

R
a
H =

 1
07

R
a
H =

 1
08

Er
up

tio
n 

an
d

co
ol

in
g

Extraction

Advection

M
el

tin
g

Fi
gu

re
1

|S
na

ps
ho

ts
of

th
e

te
m

pe
ra

tu
re

fie
ld

fo
r

tw
o-

di
m

en
si

on
al

m
od

el
s

of
m

an
tle

co
nv

ec
tio

n.
Th

ei
nt

er
na

l-h
ea

tin
gR

ay
le

ig
h

nu
m

be
r,

Ra
H
,is

di
ffe

re
nt

in
ea

ch
pa

ne
l.

Th
e

in
se

ti
llu

st
ra

te
st

he
op

er
at

io
n

of
th

e
he

at
pi

pe
:m

elt
is

ex
tr

ac
tin

g
to

th
e

su
rf

ac
e,

w
he

re
it

co
ol

s,
an

d
co

ld
lit

ho
sp

he
re

is
ad

ve
ct

ed

do
w

nw
ar

ds
to

co
ns

er
ve

m
as

s.

2
6

S
E

P
T

E
M

B
E

R
2

0
1

3
|

V
O

L
5

0
1

|
N

A
T

U
R

E
|

5
0

1

M
ac

m
ill

an
 P

ub
lis

he
rs

 L
im

ite
d.

 A
ll 

rig
ht

s 
re

se
rv

ed

©2
01
3

ARTICLE doi:10.1038/nature12473

Heat-pipe Earth
William B. Moore

1,2
& A. Alexander G. Webb

3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface

1
. Terrestrial bodies with

low heat flows (for example Mars (,20 mW m
22

; ref. 2) and the
Moon (12 mW m

22
; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean
flux

1
, 65 mW m

22
) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater
than at present

4
, and there were additional contributions from tidal

heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically

5–9
, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks

10–12
.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux

13
(2.5 W m

22
) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-
pipe mode

14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle

16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus

17
and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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& A. Alexander G. Webb 3The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical

tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical

simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates

surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent

volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt

transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,

contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic

framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-

port of heat from the interior to the surface 1
. Terrestrial bodies with

low heat flows (for example Mars (,20 mW m 22
; ref. 2) and the

Moon (12 mW m 22
; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean

flux 1
, 65 mW m 22

) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater

than at present 4
, and there were additional contributions from tidal

heating by a receding Moon and loss of accretionary heat. Whether or

not plate tectonics operates under these conditions is uncertain geo-

dynamically 5–9
, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-

chemical features of Archaean rocks 10–12
.

An example of a terrestrial body with a higher surface heat flow

than modern Earth is Jupiter’s moon Io. Rather than losing heat by

more vigorous plate tectonics, Io instead transports about 40 times

Earth’s heat flux 13
(2.5 W m 22

) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-

pipe mode 14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and

material from the base of the lithosphere to the surface by means of

buoyant ascent (for example the lithospheric plumbing atop a mantle

plume). When heat pipes become the dominant heat transport mech-

anism of a planet, the effects on the lithosphere are both surprising and

profound.
Geodynamic models of heat-pipe Earth

We explore the consequences of the heat-pipe mode for early Earth

using simplified models of mantle convection with melt generation

and extraction. The temperature field snapshots shown in Fig. 1 result

from numerical solutions to the equations of mass, energy and momentum

transport in the mantle 16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and

parameter definitions, see Methods Summary). These two-dimensional

models have a strongly temperature-dependent, Newtonian rheology

that results in a single-plate, rigid lid at the surface. Melting and melt

transport are modelled in as simple a fashion as possible while pre-

serving the effect of this process on the heat transport and dynamics

of the lithosphere. Melt is generated whenever the mantle exceeds a

simple linearly pressure-dependent solidus17
and is immediately extracted

to the surface, and the column in which the melt was produced is

advected downwards to conserve mass (Fig. 1, inset). Once at the

surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed

surface boundary temperature of 15 uC. Although this is a simplifica-

tion of the process of melt generation and eruption, it captures the basic

physics in a manner that allows us to see clearly the effects of heat pipes

on the lithosphere.The internal heating and surface heat flow both increase by a factor

of ten from top to bottom in Fig. 1. Increased internal heat production

causes the temperature of the mantle to increase slightly and the

thickness of the cold lid to increase significantly. A thick, cold litho-

sphere develops because volcanic material deposited at the surface

buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models

of mantle convection. The internal-heating Rayleigh number, RaH, is different

in each panel. The inset illustrates the operation of the heat pipe: melt is

extracting to the surface, where it cools, and cold lithosphere is advected

downwards to conserve mass.
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The heat tra
nsport and lith

ospheric
dynamics of early

Earth
are currently

explained by plate
tectonic

and vertic
al

tectonic models, but these do not offe
r a global synthesis consistent with

the geologic record. Here we use numerical

sim
ulatio

ns and comparison with
the geologic

record to
explore a heat-pipe model in

which volcanism
dominates

surface heat transport. These sim
ulatio

ns indicate
that a cold

and thick lith
osphere developed as a result of frequent

volcanic
eruptio

ns that advected surface materials
downwards. Declin

ing heat sources over tim
e led to

an abrupt

tra
nsitio

n to
plate

tectonics. Consis
tent with

model predictio
ns, the geologic

record shows rapid
volcanic

resurfacing,

contra
ctio

nal deformatio
n, a low geothermal gradient across the bulk of the lith

osphere and a rapid decrease in heat-pipe

volcanism
afte

r initia
tio

n
of plate

tectonics. The heat-pipe Earth
model therefore offe

rs a coherent geodynamic

fra
mework in

which to
explore the evolutio

n of our planet before the onset of plate
tectonics.

The lith
ospheric

dynamics of terre
str

ial planets is driv
en by the tra

ns-

port of heat fro
m

the interio
r to

the surfa
ce 1

. Terre
str

ial bodies with

low
heat flo

ws (fo
r example

Mars
(,

20 mW
m 2

2
; ref. 2) and the

Moon (12 mW
m 2

2
; ref. 3)) lose

heat largely by conductio
n across a

sin
gle-plate lith

osphere, whereas Earth
’s heat tra

nsport (global mean

flu
x 1

, 65 mW
m 2

2
) is dominated by plate

tectonics. Early
in

Earth
’s

histo
ry, radiogenic

heat productio
n was three to

five tim
es greater

than at present 4
, and there

were
additio

nal contrib
utio

ns fro
m

tid
al

heatin
g by a receding Moon and loss of accretio

nary heat. Whether or

not plate tectonics operates under these
conditio

ns is uncerta
in

geo-

dynamically 5–9
, but plate

tectonic processe
s such as subductio

n and

arc
accretio

n are
often invoked to

explain
the geologic

and geo-

chemical features of Archaean rocks 10–12
.

An example of a terre
str

ial body with
a higher surfa

ce heat flo
w

than modern
Earth

is Jupiter’s
moon Io. Rather than losin

g heat by

more
vigorous plate

tectonics, Io
inste

ad tra
nsports

about 40 tim
es

Earth
’s heat flu

x 13
(2.5 W

m 2
2
) fro

m the interio
r to the surfa

ce through

volcanism
. This mode of planetary

heat tra
nsport is called the heat-

pipe mode 14,15
after the localized channels through which melt brin

gs

heat to
the surfa

ce. Heat pipes are
conduits

that tra
nsfe

r heat and

materia
l fro

m
the base

of the lith
osphere

to
the surfa

ce by means of

buoyant ascent (fo
r example the lith

ospheric
plumbing atop a mantle

plume). When heat pipes become the dominant heat tra
nsport mech-

anism
of a planet, th

e effects on the lith
osphere are both surprisi

ng and

profound.Geodynamic models of heat-pipe Earth

We explore
the consequences of the heat-p

ipe mode for early
Earth

usin
g sim

plifi
ed models of mantle

convectio
n with

melt generatio
n

and extra
ctio

n. The temperature field snapshots shown in Fig. 1 result

fro
m numeric

al so
lutions to the equationsofmass,

energ
y and momentum

tra
nsport in the mantle 16

as internal heatin
g and coolin

g at the surfa
ce

driv
e convective motio

ns (fo
r details

of the modellin
g approach and

parameter
defin

itio
ns, s

ee Methods Summary). T
hese two-dim

ensio
nal

models have a str
ongly temperature-dependent, Newtonian rheology

that results
in

a sin
gle-plate, rig

id
lid

at the surfa
ce. Meltin

g and melt

tra
nsport are

modelled in
as sim

ple a fashion as possib
le while

pre-

serving the effect of this process on the heat tra
nsport and dynamics

of the lith
osphere. Melt is generated whenever the mantle

exceeds a

sim
ple linearly

pres
sure-

dependent solidus 17
and is immediately

extra
cte

d

to
the surfa

ce, and the column in
which the melt was produced is

advected downwards to
conserve mass

(Fig. 1, inset).
Once at the

surfa
ce, the melt is assu

med to
lose its

latent and sensib
le heat (which

is tra
cked as volcanic heat flo

w) insta
ntly

and to return
to the im

posed

surfa
ce boundary

temperature of 15 uC
. Alth

ough this is a sim
plifi

ca-

tio
n of the process of melt generatio

n and eruptio
n, it

captures the basic

physic
s in a manner that allows us to see clearly

the effects of heat pipes

on the lith
osphere.

The internal heatin
g and surfa

ce heat flo
w both

increase by a factor

of ten fro
m top to botto

m in Fig. 1. In
creased internal heat productio

n

causes the temperature
of the mantle

to
increase

slig
htly

and the

thickness of the cold
lid

to
increase

sig
nific

antly. A thick, cold
lith

o-

sphere
develops because

volcanic
materia

l deposite
d at the surfa

ce

burie
s old flo

ws, resultin
g in

a descending ‘conveyor belt’ of materia
l
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Figure
1 | Snapshots of the temperature fie

ld
for two-dim

ensio
nal models

of mantle
convectio

n. The internal-h
eatin

g Rayleigh number, R
aH , is

diffe
rent

in
each panel.

The inset illu
stra

tes the operatio
n of the heat pipe: melt is

extra
ctin

g to
the surfa

ce, where
it cools,

and cold lith
osphere

is advected

downwards to
conserve mass.
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Heat-pipe Earth

Willi
am

B. Moore 1,2
&

A. Alexander G. W
ebb 3

The heat tra
nsp

ort and lith
osp

heric
dynamics of early

Earth
are currently

explained by plate
tectonic

and vertic
al

tectonic
models,

but these
do not offe

r a global sy
nthesis

consis
tent with

the geologic
record. Here we use

numerical

sim
ulatio

ns and compariso
n

with
the geologic

record to
explore a heat-pipe model in

which volcanism
dominates

su
rface heat tra

nsp
ort.

These
sim

ulatio
ns indicate

that a cold
and thick lith

osp
here developed as a resu

lt of frequent

volcanic
eruptio

ns that advected
su

rface materials
downwards.

Declin
ing heat sources over tim

e led
to

an
abrupt

tra
nsit

ion to
plate

tectonics.
Consis

tent with
model predictio

ns,
the geologic

record
sh

ows rapid
volcanic

resu
rfacing,

contra
ctio

nal deformatio
n, a low

geothermal gradient across
the bulk

of the lith
osp

here and a rapid
decrease

in
heat-pipe

volcanism
afte

r initia
tio

n
of plate

tectonics.
The

heat-pipe
Earth

model therefore
offe

rs a
coherent geodynamic

fra
mework

in
which to

explore the evolutio
n of our planet before the onset of plate

tectonics.

The lith
ospheric

dynamics
of ter

res
tri

al planets
is driv

en
by the tra

ns-

port
of heat fro

m
the inter

ior to
the surfa

ce 1
. Terr

est
ria

l bodies
with

low
heat flo

ws (fo
r example

Mars
(,

20 mW
m 2

2
; ref

. 2) and
the

Moon (12 mW
m 2

2
; ref

. 3))
lose

heat largely
by conducti

on acro
ss

a

sin
gle-

plate
lith

osphere
, where

as Earth
’s heat tra

nsport (global mean

flu
x 1

, 65 mW
m 2

2
) is

dominated
by plate

tec
tonics

. Early
in

Earth
’s

hist
ory, radiogen

ic
heat producti

on was three
to

fiv
e tim

es
grea

ter

than at pres
en

t 4
, and there

were
additio

nal contri
butio

ns fro
m

tid
al

heatin
g by a rec

ed
ing Moon and loss of accr

eti
onary

heat. W
heth

er
or

not plate
tec

tonics
opera

tes
under

these
conditio

ns is uncer
tain

geo-

dynamica
lly 5–9

, but plate
tec

tonic
proces

ses
such

as subducti
on and

arc
accr

eti
on

are
ofte

n
invoked

to
explain

the geologic
and

geo-

ch
em

ica
l fea

tures
of Arch

aean rocks 10–12
.

An example
of a ter

res
tri

al body with
a higher

surfa
ce

heat flo
w

than modern
Earth

is Jupite
r’s

moon Io. Rather
than losin

g heat by

more
vigorous plate

tec
tonics

, Io
inste

ad tra
nsports

about 40 tim
es

Earth
’s heat flu

x 13
(2.5 W

m 2
2
) fro

m
the inter

ior to
the surfa

ce
through

volca
nism

. This mode of planeta
ry

heat tra
nsport

is
called

the heat-

pipe mode 14,15
afte

r the local
ize

d ch
annels

through which
melt

brin
gs

heat to
the surfa

ce.
Heat

pipes
are

conduits
that tra

nsfe
r heat and

mater
ial fro

m
the base

of the lith
osphere

to
the surfa

ce
by means of

buoyant asce
nt (fo

r example the lith
ospheri

c plumbing atop a mantle

plume).
W

hen
heat pipes

beco
me the dominant heat tra

nsport mech
-

anism
of a planet,

the eff
ect

s on the lith
osphere

are
both

surpris
ing and

profound.Geodynamic
models of heat-pipe Earth

W
e explore

the conseq
uen

ces
of the heat-p

ipe mode for early
Earth

usin
g sim

plifi
ed

models
of mantle

convect
ion with

melt
gen

era
tio

n

and extra
cti

on. T
he tem

pera
ture

fie
ld

snapshots shown in
Fig. 1

res
ult

fro
m

numeri
cal

solutio
ns to the equatio

nsofmass
, en

erg
y an

dmomentum

tra
nsport in

the mantle 16
as inter

nal heatin
g and coolin

g at the surfa
ce

driv
e convect

ive motio
ns (fo

r deta
ils

of the modelli
ng approach

and

para
mete

r defi
nitio

ns, s
ee

Meth
ods Summary). T

hese
tw

o-dim
en

sio
nal

models
have a str

ongly
tem

pera
ture-

dep
en

den
t, New

tonian
rheology

that
res

ults
in

a sin
gle-

plate,
rig

id
lid

at the surfa
ce.

Melt
ing and melt

tra
nsport

are
modelle

d in
as sim

ple
a fashion as possi

ble
while

pre-

ser
ving the eff

ect
of this proces

s on the heat tra
nsport

and dynam
ics

of the lith
osphere

. Melt
is

gen
era

ted
when

ever
the mantle

excee
ds a

sim
ple lin

ear
ly pres

sure-
dependent solid

us 17
an

d is im
mediat

ely
extra

cte
d

to
the surfa

ce,
and the column in

which
the melt

was produced
is

advect
ed

downwards to
conser

ve mass
(Fig. 1, inset

).
Once

at the

surfa
ce,

the melt
is assu

med
to

lose
its

laten
t and sen

sib
le heat (w

hich

is tra
cked

as volca
nic heat flo

w) insta
ntly

and to
ret

urn
to

the im
posed

surfa
ce

boundary
tem

pera
ture

of 15 u
C. Alth

ough this is a sim
plifi

ca-

tio
n of the proces

s of melt
gen

era
tio

n and eru
ptio

n, it
captures

the basic

physic
s in

a manner
that allo

ws us to
see

cle
arly

the eff
ect

s of heat pipes

on the lith
osphere

.

The inter
nal heatin

g and surfa
ce

heat flo
w both

incre
ase

by a facto
r

of ten
fro

m
top to

botto
m

in
Fig. 1. In

cre
ased

inter
nal heat producti

on

causes
the tem

pera
ture

of the mantle
to

incre
ase

slig
htly

and
the

thick
ness

of the cold
lid

to
incre

ase
sig

nific
antly

. A
thick

, cold
lith

o-

sphere
develo

ps beca
use

volca
nic

mater
ial dep

osit
ed

at the surfa
ce

burie
s old

flo
ws, res

ultin
g in

a desc
en

ding ‘co
nveyor belt

’ of mater
ial
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1 | Snapshots

of the temperature
fie

ld
for tw

o-dim
ensio

nal models

of mantle
convectio

n. The inter
nal-h

eatin
g Rayleig

h number,
RaH

, is
diffe

ren
t

in
each

panel.
The inset

illu
str

ates
the opera

tio
n of the heat pipe: melt

is

extra
cti

ng to
the surfa

ce,
where

it cools,
and cold

lith
osphere

is advect
ed

downward
s to

conser
ve mass
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Heat-pipe Earth
William B. Moore1,2 & A. Alexander G. Webb3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Heat-pipe Earth
William B. Moore 1,2 & A. Alexander G. Webb 3The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical

tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical

simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates

surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent

volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt

transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,

contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic

framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-

port of heat from the interior to the surface 1. Terrestrial bodies with

low heat flows (for example Mars (,20 mW m 22; ref. 2) and the

Moon (12 mW m 22; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean

flux 1, 65 mW m 22) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater

than at present 4, and there were additional contributions from tidal

heating by a receding Moon and loss of accretionary heat. Whether or

not plate tectonics operates under these conditions is uncertain geo-

dynamically 5–9, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-

chemical features of Archaean rocks 10–12.

An example of a terrestrial body with a higher surface heat flow

than modern Earth is Jupiter’s moon Io. Rather than losing heat by

more vigorous plate tectonics, Io instead transports about 40 times

Earth’s heat flux 13(2.5 W m 22) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-

pipe mode 14,15 after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and

material from the base of the lithosphere to the surface by means of

buoyant ascent (for example the lithospheric plumbing atop a mantle

plume). When heat pipes become the dominant heat transport mech-

anism of a planet, the effects on the lithosphere are both surprising and

profound.
Geodynamic models of heat-pipe Earth

We explore the consequences of the heat-pipe mode for early Earth

using simplified models of mantle convection with melt generation

and extraction. The temperature field snapshots shown in Fig. 1 result

from numerical solutions to the equations of mass, energy and momentum

transport in the mantle 16 as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and

parameter definitions, see Methods Summary). These two-dimensional

models have a strongly temperature-dependent, Newtonian rheology

that results in a single-plate, rigid lid at the surface. Melting and melt

transport are modelled in as simple a fashion as possible while pre-

serving the effect of this process on the heat transport and dynamics

of the lithosphere. Melt is generated whenever the mantle exceeds a

simple linearly pressure-dependent solidus17and is immediately extracted

to the surface, and the column in which the melt was produced is

advected downwards to conserve mass (Fig. 1, inset). Once at the

surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed

surface boundary temperature of 15 uC. Although this is a simplifica-

tion of the process of melt generation and eruption, it captures the basic

physics in a manner that allows us to see clearly the effects of heat pipes

on the lithosphere.The internal heating and surface heat flow both increase by a factor

of ten from top to bottom in Fig. 1. Increased internal heat production

causes the temperature of the mantle to increase slightly and the

thickness of the cold lid to increase significantly. A thick, cold litho-

sphere develops because volcanic material deposited at the surface

buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical

tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical

simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism
dominates

surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent

volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt

transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,

contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism
after initiation

of plate tectonics. The heat-pipe Earth
model therefore offers a coherent geodynamic

framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-

port of heat from
the interior to the surface 1. Terrestrial bodies with

low
heat flows (for example Mars (,20 mW

m 22; ref. 2) and the

Moon (12 mW
m 22; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean

flux 1, 65 mW
m 22) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater

than at present 4, and there were additional contributions from
tidal

heating by a receding Moon and loss of accretionary heat. Whether or

not plate tectonics operates under these conditions is uncertain geo-

dynamically 5–9, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-

chemical features of Archaean rocks 10–12.

An example of a terrestrial body with a higher surface heat flow

than modern Earth is Jupiter’s moon Io. Rather than losing heat by

more vigorous plate tectonics, Io instead transports about 40 times

Earth’s heat flux 13(2.5 W
m 22) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-

pipe mode 14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and

material from
the base of the lithosphere to the surface by means of

buoyant ascent (for example the lithospheric plumbing atop a mantle

plume). When heat pipes become the dominant heat transport mech-

anism of a planet, the effects on the lithosphere are both surprising and

profound.Geodynamic models of heat-pipe Earth

We explore the consequences of the heat-pipe mode for early Earth

using simplified models of mantle convection with melt generation

and extraction. The temperature field snapshots shown in Fig. 1 result

from numerical solutions to the equationsofmass, energy and momentum

transport in the mantle 16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and

parameter definitions, see Methods Summary). These two-dimensional

models have a strongly temperature-dependent, Newtonian rheology

that results in a single-plate, rigid lid at the surface. Melting and melt

transport are modelled in as simple a fashion as possible while pre-

serving the effect of this process on the heat transport and dynamics

of the lithosphere. Melt is generated whenever the mantle exceeds a

simple linearly pressure-dependent solidus 17and is immediately extracted

to the surface, and the column in which the melt was produced is

advected downwards to conserve mass (Fig. 1, inset). Once at the

surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed

surface boundary temperature of 15 uC. Although this is a simplifica-

tion of the process of melt generation and eruption, it captures the basic

physics in a manner that allows us to see clearly the effects of heat pipes

on the lithosphere.

The internal heating and surface heat flow both increase by a factor

of ten from top to bottom in Fig. 1. Increased internal heat production

causes the temperature of the mantle to increase slightly and the

thickness of the cold lid to increase significantly. A thick, cold litho-

sphere develops because volcanic material deposited at the surface

buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth
are currently explained by plate tectonic and vertical

tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical

simulations and comparison
with

the geologic record to explore a heat-pipe model in
which volcanism

dominates

surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent

volcanic eruptions that advected
surface materials downwards. Declining heat sources over time led

to an
abrupt

transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,

contractional deformation, a low
geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism
after initiation

of plate
tectonics. The

heat-pipe
Earth

model therefore
offers a

coherent geodynamic

framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-

port of heat from
the interior to the surface 1. Terrestrial bodies with

low
heat flows (for example Mars (,20 mW

m 2
2; ref. 2) and

the

Moon (12 mW
m 2

2; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean

flux 1, 65 mW
m 2

2) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater

than at present 4, and there were additional contributions from
tidal

heating by a receding Moon and loss of accretionary heat. W
hether or

not plate tectonics operates under these conditions is uncertain geo-

dynamically 5–9, but plate tectonic processes such as subduction and

arc accretion
are often

invoked
to

explain
the geologic and

geo-

chemical features of Archaean rocks 10–12.

An example of a terrestrial body with a higher surface heat flow

than modern Earth is Jupiter’s moon Io. Rather than losing heat by

more vigorous plate tectonics, Io instead transports about 40 times

Earth’s heat flux 13(2.5 W
m 2

2) from
the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-

pipe mode 14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and

material from
the base of the lithosphere to the surface by means of

buoyant ascent (for example the lithospheric plumbing atop a mantle

plume). W
hen heat pipes become the dominant heat transport mech-

anism
of a planet, the effects on the lithosphere are both surprising and

profound.
Geodynamic models of heat-pipe Earth

W
e explore the consequences of the heat-pipe mode for early Earth

using simplified models of mantle convection with melt generation

and extraction. The temperature field snapshots shown in Fig. 1 result

from
numerical solutions to the equationsofmass, energy andmomentum

transport in the mantle 16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and

parameter definitions, see Methods Summary). These two-dimensional

models have a strongly temperature-dependent, Newtonian rheology

that results in a single-plate, rigid lid at the surface. Melting and melt

transport are modelled in as simple a fashion as possible while pre-

serving the effect of this process on the heat transport and dynamics

of the lithosphere. Melt is generated whenever the mantle exceeds a

simple linearly pressure-dependent solidus 17and is immediately extracted

to the surface, and the column in which the melt was produced is

advected
downwards to conserve mass (Fig. 1, inset). Once at the

surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed

surface boundary temperature of 15 uC. Although this is a simplifica-

tion of the process of melt generation and eruption, it captures the basic

physics in a manner that allows us to see clearly the effects of heat pipes

on the lithosphere.

The internal heating and surface heat flow both increase by a factor

of ten from
top to bottom

in Fig. 1. Increased internal heat production

causes the temperature of the mantle to increase slightly and
the

thickness of the cold lid to increase significantly. A
thick, cold litho-

sphere develops because volcanic material deposited at the surface

buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is

extracting to the surface, where it cools, and cold lithosphere is advected

downwards to conserve mass.
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The
heat transport and

lithospheric
dynam

ics
of early

Earth
are

currently
explained

by
plate

tectonic
and

vertical

tectonic m
odels, but these do

not offer a global synthesis consistent w
ith

the geologic record. Here w
e use num

erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odel in

w
hich

volcanism
dom

inates

surface
heat transport. These

sim
ulations indicate

that a
cold

and
thick

lithosphere
developed

as a
result of frequent

volcanic
eruptions

that advected
surface

m
aterials

dow
nw

ards. Declining
heat sources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics. Consistent w

ith
m

odel predictions, the
geologic

record
show

s rapid
volcanic

resurfacing,

contractional deform
ation, a low

geotherm
al gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel therefore
offers

a
coherent

geodynam
ic

fram
ew

ork
in

w
hich

to explore the evolution
of our planet before the onset of plate tectonics.

The lithospheric dynam
ics of terrestrial planets is driven by the trans-

port of heat from
the interior to

the surface 1. Terrestrial bodies with

low
heat flows

(for
exam

ple
M

ars
(,

20m
W

m
2

2; ref. 2)
and

the

M
oon

(12m
W

m
2

2; ref. 3)) lose heat largely by conduction
across a

single-plate lithosphere, whereas Earth’s heat transport (global m
ean

flux 1, 65m
W

m
2

2) is dom
inated

by
plate tectonics. Early

in
Earth’s

history, radiogenic
heat production

was three
to

five
tim

es greater

than
at present 4, and

there were additional contributions from
tidal

heating by a receding M
oon and loss of accretionary heat. W

hether or

not plate tectonics operates under these conditions is uncertain
geo-

dynam
ically 5–9, but plate tectonic processes such

as subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
ical features of Archaean

rocks 10–12.

An
exam

ple
of a

terrestrial body
with

a
higher surface

heat flow

than
m

odern
Earth

is Jupiter’s m
oon

Io. Rather than
losing

heat by

m
ore vigorous plate tectonics, Io

instead
transports about 40

tim
es

Earth’s heat flux 13
(2.5W

m
2

2) from
the interior to the surface through

volcanism
. This m

ode of planetary
heat transport is called

the heat-

pipe m
ode 14,15

after the localized
channels through

which
m

elt brings

heat to
the

surface. H
eat pipes are

conduits that transfer
heat and

m
aterial from

the base of the lithosphere to
the surface by

m
eans of

buoyant ascent (for exam
ple the lithospheric plum

bing atop a m
antle

plum
e). W

hen
heat pipes becom

e the dom
inant heat transport m

ech-

anism
of a planet, the effects on the lithosphere are both surprising and

profound.

Geodynam
ic m

odels of heat-pipe Earth

W
e explore the consequences of the heat-pipe m

ode for early
Earth

using
sim

plified
m

odels of m
antle convection

with
m

elt generation

and extraction. The tem
perature field snapshots shown in Fig. 1 result

from
num

erical solutions to the equationsofm
ass, energy andm

om
entum

transport in the m
antle 16

as internal heating and cooling at the surface

drive convective m
otions (for details of the m

odelling
approach

and

param
eter definitions, seeM

ethods Sum
m

ary). These two-dim
ensional

m
odels have a strongly tem

perature-dependent, Newtonian
rheology

that results in
a single-plate, rigid

lid
at the surface. M

elting and
m

elt

transport are m
odelled

in
as sim

ple a
fashion

as possible while pre-

serving the effect of this process on
the heat transport and

dynam
ics

of the lithosphere. M
elt is generated

whenever the m
antle exceeds a

sim
ple linearly pressure-dependent solidus 17

and is im
m

ediately extracted

to
the

surface, and
the

colum
n

in
which

the
m

elt was produced
is

advected
downwards

to
conserve

m
ass

(Fig. 1, inset). Once
at the

surface, the m
elt is assum

ed
to lose its latent and

sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the im
posed

surface boundary tem
perature of 15 uC. Although

this is a sim
plifica-

tion of the process ofm
elt generation and eruption, it captures the basic

physics in am
anner that allows us to see clearly the effects of heat pipes

on
the lithosphere.

The internal heating and surface heat flow
both increase by a factor

of ten from
top to bottom

in Fig. 1. Increased internal heat production

causes
the

tem
perature

of the
m

antle
to

increase
slightly

and
the

thickness of the cold
lid

to
increase significantly. A

thick, cold
litho-

sphere
develops because

volcanic
m

aterial deposited
at the

surface

buries old
flows, resulting in

a descending ‘conveyor belt’ of m
aterial
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The
heat

transport
and

lithospheric
dynam

ics
of

early
Earth

are
currently

explained
by

plate
tectonic

and
vertical

tectonic
m

odels, but these
do

not offer
a

global synthesis
consistent w

ith
the

geologic
record. H

ere
w

e
use

num
erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odel in

w
hich

volcanism
dom

inates

surface
heat transport. These

sim
ulations

indicate
that a

cold
and

thick
lithosphere

developed
as

a
result of frequent

volcanic
eruptions

that
advected

surface
m

aterials
dow

nw
ards.

D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics. Consistent

w
ith

m
odel predictions, the

geologic
record

show
s

rapid
volcanic

resurfacing,

contractional deform
ation, a low

geotherm
al gradient across the bulk

of the lithosphere and
a rapid

decrease in
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel
therefore

offers
a

coherent
geodynam

ic

fram
ew

ork
in

w
hich

to
explore

the
evolution

of our planet before
the

onset of plate
tectonics.

The lithospheric dynam
ics of terrestrial planets is driven

by the trans-

port of heat from
the

interior to
the

surface 1. Terrestrial bodies w
ith

low
heat

flow
s

(for
exam

ple
M

ars
(,

20m
W

m
2

2; ref. 2)
and

the

M
oon

(12m
W

m
2

2; ref. 3)) lose
heat largely

by
conduction

across a

single-plate
lithosphere, w

hereas Earth’s heat transport (global m
ean

flux 1, 65m
W

m
2

2) is
dom

inated
by

plate
tectonics. Early

in
Earth’s

history, radiogenic
heat

production
w

as
three

to
five

tim
es

greater

than
at present 4, and

there
w

ere
additional contributions

from
tidal

heating
by a receding

M
oon

and
loss of accretionary heat. W

hether or

not plate
tectonics operates under these

conditions is uncertain
geo-

dynam
ically 5–9, but plate

tectonic
processes

such
as

subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
ical features of A

rchaean
rocks 10–12.
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terrestrial body

w
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a
higher

surface
heat flow

than
m

odern
Earth

is
Jupiter’s
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oon

Io. Rather
than

losing
heat by

m
ore

vigorous
plate

tectonics, Io
instead

transports
about 40

tim
es

Earth’s heat flux 13(2.5W
m

2
2) from

the interior to
the surface through

volcanism
. This

m
ode

of planetary
heat transport is

called
the

heat-

pipe
m

ode 14,15
after the

localized
channels through

w
hich

m
elt brings

heat
to

the
surface. H

eat
pipes

are
conduits

that
transfer

heat
and

m
aterial from

the
base

of the
lithosphere

to
the

surface
by

m
eans

of

buoyant ascent (for exam
ple the lithospheric plum

bing
atop

a
m

antle

plum
e). W

hen
heat pipes becom

e the dom
inant heat transport m

ech-

anism
of a planet, the effects on

the lithosphere are both
surprising and

profound.

G
eodynam

ic
m

odels of heat-pipe
Earth

W
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explore
the

consequences
of the

heat-pipe
m

ode
for

early
Earth

using
sim

plified
m

odels
of m

antle
convection

w
ith

m
elt generation

and
extraction. The tem

perature field
snapshots show
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Fig. 1
result

from
num

erical solutions to the equationsofm
ass, energy and

m
om

entum

transport in
the m

antle 16
as internal heating

and
cooling

at the surface

drive
convective

m
otions

(for
details of the

m
odelling

approach
and

param
eter definitions, seeM

ethods Sum
m

ary). These tw
o-dim

ensional

m
odels have

a
strongly

tem
perature-dependent, N

ew
tonian

rheology

that results in
a

single-plate, rigid
lid

at the
surface. M

elting
and

m
elt

transport are
m

odelled
in

as
sim
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a

fashion
as

possible
w

hile
pre-

serving
the

effect of this process on
the

heat transport and
dynam

ics

of the
lithosphere. M

elt is
generated

w
henever

the
m

antle
exceeds

a

sim
ple linearly pressure-dependent solidus 17and

is im
m

ediately extracted

to
the

surface, and
the

colum
n

in
w

hich
the

m
elt

w
as

produced
is

advected
dow

nw
ards

to
conserve

m
ass

(Fig. 1, inset). O
nce

at
the

surface, the m
elt is assum

ed
to

lose its latent and
sensible heat (w

hich

is tracked
as volcanic heat flow

) instantly and
to

return
to

the im
posed

surface
boundary

tem
perature

of 15 uC
. A

lthough
this is a

sim
plifica-

tion
of the process ofm

elt generation
and

eruption, it captures the basic

physics in
am

anner that allow
s us to

see clearly the effects of heat pipes

on
the

lithosphere.

The internal heating
and

surface heat flow
both

increase by a factor

of ten
from

top
to

bottom
in

Fig. 1. Increased
internal heat production

causes
the

tem
perature

of
the

m
antle

to
increase

slightly
and

the

thickness of the
cold

lid
to

increase
significantly. A

thick, cold
litho-

sphere
develops

because
volcanic

m
aterial deposited

at
the

surface

buries old
flow

s, resulting
in

a
descending

‘conveyor belt’ of m
aterial
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transport
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lithospheric
dynam
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Earth
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global synthesis
consistent

w
ith

the
geologic

record. H
ere

w
e

use
num

erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odel

in
w

hich
volcanism

dom
inates

surface
heat

transport. These
sim

ulations
indicate

that
a

cold
and

thick
lithosphere

developed
as

a
result

of
frequent

volcanic
eruptions

that
advected

surface
m

aterials
dow

nw
ards.

D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics. C

onsistent
w

ith
m

odel predictions,
the

geologic
record

show
s

rapid
volcanic

resurfacing,

contractional deform
ation, a

low
geotherm

al gradient across the
bulk

of the
lithosphere

and
a

rapid
decrease

in
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel
therefore

offers
a

coherent
geodynam

ic

fram
ew

ork
in

w
hich

to
explore

the
evolution

of our
planet before

the
onset of plate

tectonics.

T
he

lithospheric
dynam

ics of terrestrial planets is driven
by

the
trans-

port of heat from
the

interior
to

the
surface

1. T
errestrial bodies

w
ith

low
heat

flow
s

(for
exam

ple
M

ars
(,

20
m

W
m

2
2;

ref.
2)

and
the

M
oon

(12
m

W
m

2
2; ref. 3))

lose
heat largely

by
conduction

across
a

single-plate
lithosphere, w

hereas
Earth’s

heat transport (global m
ean

flux
1, 65

m
W

m
2

2)
is

dom
inated

by
plate

tectonics. Early
in

Earth’s

history, radiogenic
heat

production
w

as
three

to
five

tim
es

greater

than
at

present 4, and
there

w
ere

additional contributions
from

tidal

heating
by

a
receding

M
oon

and
loss of accretionary

heat. W
hether or

not plate
tectonics

operates
under

these
conditions

is
uncertain

geo-

dynam
ically

5–9, but
plate

tectonic
processes

such
as

subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
ical features

of A
rchaean

rocks 10–12.

A
n

exam
ple

of
a

terrestrial body
w

ith
a

higher
surface

heat
flow

than
m

odern
Earth

is
Jupiter’s

m
oon

Io. R
ather

than
losing

heat
by

m
ore

vigorous
plate

tectonics, Io
instead

transports
about

40
tim

es

Earth’s heat flux
13(2.5

W
m

2
2) from

the interior to
the surface through

volcanism
. T

his
m

ode
of planetary

heat
transport

is
called

the
heat-

pipe
m

ode
14,15

after
the

localized
channels

through
w

hich
m

elt brings

heat
to

the
surface.

H
eat

pipes
are

conduits
that

transfer
heat

and

m
aterial from

the
base

of the
lithosphere

to
the

surface
by

m
eans

of

buoyant ascent (for
exam

ple
the

lithospheric
plum

bing
atop

a
m

antle

plum
e). W

hen
heat pipes becom

e
the

dom
inant heat transport m

ech-

anism
of a

planet, the effects on
the lithosphere are both

surprising
and

profound.

G
eodynam

ic
m

odels
of heat-pipe

Earth

W
e

explore
the

consequences
of the

heat-pipe
m

ode
for

early
Earth

using
sim

plified
m

odels
of

m
antle

convection
w

ith
m

elt
generation

and
extraction. T

he
tem

perature
field

snapshots show
n

in
Fig. 1

result

from
num

erical solutions to
the equationsofm

ass, energy
and

m
om

entum

transport in
the

m
antle

16as internal heating
and
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drive
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approach

and
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have
a
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rheology

that results
in

a
single-plate, rigid
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surface. M
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and
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transport
are
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in
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sim
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fashion
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possible
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effect of this
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heat transport and
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of
the
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elt

is
generated
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henever

the
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exceeds

a

sim
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ediately
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to
the

surface, and
the
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in
w

hich
the

m
elt
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as

produced
is

advected
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to
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inset).
O

nce
at

the

surface, the
m
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ed

to
lose

its latent and
sensible

heat (w
hich

is tracked
as volcanic

heat flow
) instantly

and
to

return
to

the
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posed

surface
boundary

tem
perature

of 15 uC
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lthough
this

is
a

sim
plifica-

tion
of the process ofm

elt generation
and
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physics in
a
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see clearly

the effects of heat pipes

on
the
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perature

of
the
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to
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slightly
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surface
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in
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Heat-pipeEarth
WilliamB.Moore1,2&A.AlexanderG.Webb3 TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanismdominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanismafterinitiationofplatetectonics.Theheat-pipeEarthmodelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfromtheinteriortothesurface1.Terrestrialbodieswith

lowheatflows(forexampleMars(,20mWm22;ref.2)andthe

Moon(12mWm22;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mWm22)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfromtidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5Wm22)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfromthebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere. Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2NationalInstituteofAerospace,Hampton,Virginia23666,USA.3DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.
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TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanism
dominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
afterinitiation

ofplatetectonics.Theheat-pipeEarth
modelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriortothesurface1.Terrestrialbodieswith

low
heatflows(forexampleMars(,20mW

m22;ref.2)andthe

Moon(12mW
m22;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mW
m22)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfrom
tidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5W
m22)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfrom
thebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound. Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere.

Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial
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TheheattransportandlithosphericdynamicsofearlyEarth
arecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparison
with

thegeologicrecordtoexploreaheat-pipemodelin
whichvolcanism

dominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvected
surfacematerialsdownwards.Decliningheatsourcesovertimeled

toan
abrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alow
geothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
afterinitiation

ofplate
tectonics.The

heat-pipe
Earth

modeltherefore
offersa

coherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriortothesurface1.Terrestrialbodieswith

low
heatflows(forexampleMars(,20mW

m2
2;ref.2)and

the

Moon(12mW
m2

2;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1,65mW
m2

2)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4,andtherewereadditionalcontributionsfrom
tidal

heatingbyarecedingMoonandlossofaccretionaryheat.W
hetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9,butplatetectonicprocessessuchassubductionand

arcaccretion
areoften

invoked
to

explain
thegeologicand

geo-

chemicalfeaturesofArchaeanrocks10–12.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13(2.5W
m2

2)from
theinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfrom
thebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).W
henheatpipesbecomethedominantheattransportmech-

anism
ofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

W
eexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

from
numericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advected
downwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere.

Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfrom
toptobottom

inFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyand
the

thicknessofthecoldlidtoincreasesignificantly.A
thick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1
DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2

NationalInstituteofAerospace,Hampton,Virginia23666,USA.3
DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.

Ra
H = 106

Ra
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Eruption and

cooling

Ex
tra

ct
io

n

Advection Melting

Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,Ra
H,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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The
heattransportand

lithospheric
dynam

ics
ofearly

Earth
are

currently
explained

by
plate

tectonic
and

vertical

tectonicm
odels,butthesedo

notofferaglobalsynthesisconsistentw
ith

thegeologicrecord.Herew
eusenum

erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odelin

w
hich

volcanism
dom

inates

surface
heattransport.These

sim
ulationsindicate

thata
cold

and
thick

lithosphere
developed

asa
resultoffrequent

volcanic
eruptions

thatadvected
surface

m
aterials

dow
nw

ards.Declining
heatsources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics.Consistentw

ith
m

odelpredictions,the
geologic

record
show

srapid
volcanic

resurfacing,

contractionaldeform
ation,alow

geotherm
algradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odeltherefore
offers

a
coherent

geodynam
ic

fram
ew

ork
in

w
hich

toexploretheevolution
ofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynam
icsofterrestrialplanetsisdrivenbythetrans-

portofheatfrom
theinteriorto

thesurface1.Terrestrialbodieswith

low
heatflows

(for
exam

ple
M

ars
(,

20m
W

m
2

2;ref.2)
and

the

M
oon

(12m
W

m
2

2;ref.3))loseheatlargelybyconduction
acrossa

single-platelithosphere,whereasEarth’sheattransport(globalm
ean

flux1,65m
W

m
2

2)isdom
inated

by
platetectonics.Early

in
Earth’s

history,radiogenic
heatproduction

wasthree
to

five
tim

esgreater

than
atpresent4,and

therewereadditionalcontributionsfrom
tidal

heatingbyarecedingM
oonandlossofaccretionaryheat.W

hetheror

notplatetectonicsoperatesundertheseconditionsisuncertain
geo-

dynam
ically5–9,butplatetectonicprocessessuch

assubduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
icalfeaturesofArchaean

rocks10–12.

An
exam

ple
ofa

terrestrialbody
with

a
highersurface

heatflow

than
m

odern
Earth

isJupiter’sm
oon

Io.Ratherthan
losing

heatby

m
orevigorousplatetectonics,Io

instead
transportsabout40

tim
es

Earth’sheatflux13
(2.5W

m
2

2)from
theinteriortothesurfacethrough

volcanism
.Thism

odeofplanetary
heattransportiscalled

theheat-

pipem
ode14,15

afterthelocalized
channelsthrough

which
m

eltbrings

heatto
the

surface.H
eatpipesare

conduitsthattransfer
heatand

m
aterialfrom

thebaseofthelithosphereto
thesurfaceby

m
eansof

buoyantascent(forexam
plethelithosphericplum

bingatopam
antle

plum
e).W

hen
heatpipesbecom

ethedom
inantheattransportm

ech-

anism
ofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.

Geodynam
icm

odelsofheat-pipeEarth

W
eexploretheconsequencesoftheheat-pipem

odeforearly
Earth

using
sim

plified
m

odelsofm
antleconvection

with
m

eltgeneration

andextraction.Thetem
peraturefieldsnapshotsshowninFig.1result

from
num

ericalsolutionstotheequationsofm
ass,energyandm

om
entum

transportinthem
antle16

asinternalheatingandcoolingatthesurface

driveconvectivem
otions(fordetailsofthem

odelling
approach

and

param
eterdefinitions,seeM

ethodsSum
m

ary).Thesetwo-dim
ensional

m
odelshaveastronglytem

perature-dependent,Newtonian
rheology

thatresultsin
asingle-plate,rigid

lid
atthesurface.M

eltingand
m

elt

transportarem
odelled

in
assim

plea
fashion

aspossiblewhilepre-

servingtheeffectofthisprocesson
theheattransportand

dynam
ics

ofthelithosphere.M
eltisgenerated

wheneverthem
antleexceedsa

sim
plelinearlypressure-dependentsolidus17

andisim
m

ediatelyextracted

to
the

surface,and
the

colum
n

in
which

the
m

eltwasproduced
is

advected
downwards

to
conserve

m
ass

(Fig.1,inset).Once
atthe

surface,them
eltisassum

ed
toloseitslatentand

sensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheim
posed

surfaceboundarytem
peratureof15uC.Although

thisisasim
plifica-

tionoftheprocessofm
eltgenerationanderuption,itcapturesthebasic

physicsinam
annerthatallowsustoseeclearlytheeffectsofheatpipes

on
thelithosphere.

Theinternalheatingandsurfaceheatflow
bothincreasebyafactor

oftenfrom
toptobottom

inFig.1.Increasedinternalheatproduction

causes
the

tem
perature

ofthe
m

antle
to

increase
slightly

and
the

thicknessofthecold
lid

to
increasesignificantly.A

thick,cold
litho-

sphere
developsbecause

volcanic
m

aterialdeposited
atthe

surface

buriesold
flows,resultingin

adescending‘conveyorbelt’ofm
aterial

1
Departm

entofAtm
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University,Ham
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Geophysics,LouisianaStateUniversity,Baton
Rouge,Louisiana70803,USA.
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1|Snapshotsofthetem

peraturefield
fortwo-dim

ensionalm
odels

ofm
antleconvection.Theinternal-heatingRayleighnum

ber,Ra
H,isdifferent

in
each

panel.Theinsetillustratestheoperation
oftheheatpipe:m

eltis

extractingto
thesurface,whereitcools,and

cold
lithosphereisadvected

downwardsto
conservem

ass. 2
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The
heat

transport
and

lithospheric
dynam

ics
of

early
Earth

are
currently

explained
by

plate
tectonic

and
vertical

tectonic
m

odels,butthese
do

notoffer
a

globalsynthesis
consistentw

ith
the

geologic
record.H

ere
w

e
use

num
erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore

a
heat-pipe

m
odelin

w
hich

volcanism
dom

inates

surface
heattransport.These

sim
ulations

indicate
thata

cold
and

thick
lithosphere

developed
as

a
resultoffrequent

volcanic
eruptions

that
advected

surface
m

aterials
dow

nw
ards.

D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to

plate
tectonics.Consistent

w
ith

m
odelpredictions,the

geologic
record

show
s

rapid
volcanic

resurfacing,

contractionaldeform
ation,alow

geotherm
algradientacrossthebulk

ofthelithosphereand
arapid

decreasein
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m

odel
therefore

offers
a

coherent
geodynam

ic

fram
ew

ork
in

w
hich

to
explore

the
evolution

ofourplanetbefore
the

onsetofplate
tectonics.

Thelithosphericdynam
icsofterrestrialplanetsisdriven

bythetrans-

portofheatfrom
the

interiorto
the

surface1 .Terrestrialbodiesw
ith

low
heat

flow
s

(for
exam

ple
M

ars
(,

20m
W

m
2

2 ;ref.2)
and

the

M
oon

(12m
W

m
2

2 ;ref.3))lose
heatlargely

by
conduction

acrossa

single-plate
lithosphere,w

hereasEarth’sheattransport(globalm
ean

flux1 ,65m
W

m
2

2 )is
dom

inated
by

plate
tectonics.Early

in
Earth’s

history,radiogenic
heat

production
w

as
three

to
five

tim
es

greater

than
atpresent4 ,and

there
w

ere
additionalcontributions

from
tidal

heating
byareceding

M
oon

and
lossofaccretionaryheat.W

hetheror

notplate
tectonicsoperatesunderthese

conditionsisuncertain
geo-

dynam
ically5–9 ,butplate

tectonic
processes

such
as

subduction
and

arc
accretion

are
often

invoked
to

explain
the

geologic
and

geo-

chem
icalfeaturesofA

rchaean
rocks10–12 .

A
n

exam
ple

ofa
terrestrialbody

w
ith

a
higher

surface
heatflow

than
m

odern
Earth

is
Jupiter’s

m
oon

Io.Rather
than

losing
heatby

m
ore

vigorous
plate

tectonics,Io
instead

transports
about40

tim
es

Earth’sheatflux13(2.5W
m

2
2 )from

theinteriorto
thesurfacethrough

volcanism
.This

m
ode

ofplanetary
heattransportis

called
the

heat-

pipe
m

ode14,15
afterthe

localized
channelsthrough

w
hich

m
eltbrings

heat
to

the
surface.H

eat
pipes

are
conduits

that
transfer

heat
and

m
aterialfrom

the
base

ofthe
lithosphere

to
the

surface
by

m
eans

of

buoyantascent(forexam
plethelithosphericplum

bing
atop

a
m

antle

plum
e).W

hen
heatpipesbecom

ethedom
inantheattransportm

ech-

anism
ofaplanet,theeffectson

thelithosphereareboth
surprisingand

profound.

G
eodynam

ic
m

odelsofheat-pipe
Earth

W
e

explore
the

consequences
ofthe

heat-pipe
m

ode
for

early
Earth

using
sim

plified
m

odels
ofm

antle
convection

w
ith

m
eltgeneration

and
extraction.Thetem

peraturefield
snapshotsshow

n
in

Fig.1
result

from
num

ericalsolutionstotheequationsofm
ass,energyand

m
om

entum

transportin
them

antle16
asinternalheating

and
cooling

atthesurface

drive
convective

m
otions

(for
detailsofthe

m
odelling

approach
and

param
eterdefinitions,seeM

ethodsSum
m

ary).Thesetw
o-dim

ensional

m
odelshave

a
strongly

tem
perature-dependent,N

ew
tonian

rheology

thatresultsin
a

single-plate,rigid
lid

atthe
surface.M

elting
and

m
elt

transportare
m

odelled
in

as
sim

ple
a

fashion
as

possible
w

hile
pre-

serving
the

effectofthisprocesson
the

heattransportand
dynam

ics

ofthe
lithosphere.M

eltis
generated

w
henever

the
m

antle
exceeds

a

sim
plelinearlypressure-dependentsolidus17and

isim
m

ediatelyextracted

to
the

surface,and
the

colum
n

in
w

hich
the

m
elt

w
as

produced
is

advected
dow

nw
ards

to
conserve

m
ass

(Fig.1,inset).O
nce

at
the

surface,them
eltisassum

ed
to

loseitslatentand
sensibleheat(w

hich

istracked
asvolcanicheatflow

)instantlyand
to

return
to

theim
posed

surface
boundary

tem
perature

of15uC
.A

lthough
thisisa

sim
plifica-

tion
oftheprocessofm

eltgeneration
and

eruption,itcapturesthebasic

physicsin
am

annerthatallow
susto

seeclearlytheeffectsofheatpipes

on
the

lithosphere.

Theinternalheating
and

surfaceheatflow
both

increasebyafactor

often
from

top
to

bottom
in

Fig.1.Increased
internalheatproduction

causes
the

tem
perature

of
the

m
antle

to
increase

slightly
and

the

thicknessofthe
cold

lid
to

increase
significantly.A

thick,cold
litho-

sphere
develops

because
volcanic

m
aterialdeposited

at
the

surface

buriesold
flow

s,resulting
in

a
descending

‘conveyorbelt’ofm
aterial
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H
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The
heat

transport
and

lithospheric
dynam

ics
of
early

Earth
are

currently
explained

by
plate

tectonic
and

vertical

tectonic
m
odels,but

these
do

not
offer

a
globalsynthesis

consistent
w
ith

the
geologic

record.H
ere

w
e
use

num
erical

sim
ulations

and
com

parison
w
ith

the
geologic

record
to
explore

a
heat-pipe

m
odel

in
w
hich

volcanism
dom

inates

surface
heat

transport.These
sim

ulations
indicate

that
a
cold

and
thick

lithosphere
developed

as
a
result

of
frequent

volcanic
eruptions

that
advected

surface
m
aterials

dow
nw

ards.
D
eclining

heat
sources

over
tim

e
led

to
an

abrupt

transition
to
plate

tectonics.C
onsistent

w
ith

m
odelpredictions,

the
geologic

record
show

s
rapid

volcanic
resurfacing,

contractionaldeform
ation,a

low
geotherm

algradientacrossthe
bulk

ofthe
lithosphere

and
a
rapid

decrease
in
heat-pipe

volcanism
after

initiation
of

plate
tectonics.

The
heat-pipe

Earth
m
odel

therefore
offers

a
coherent

geodynam
ic

fram
ew

ork
in
w
hich

to
explore

the
evolution

ofour
planetbefore

the
onsetofplate

tectonics.

T
he
lithospheric

dynam
icsofterrestrialplanetsisdriven

by
the

trans-

portofheatfrom
the

interior
to
the

surface
1 .T
errestrialbodies

w
ith

low
heat

flow
s
(for

exam
ple

M
ars

(,
20
m
W
m

2
2 ;
ref.

2)
and

the

M
oon

(12
m
W
m

2
2 ;ref.3))

lose
heatlargely

by
conduction

across
a

single-plate
lithosphere,w

hereas
Earth’s

heattransport(globalm
ean

flux
1 ,65
m
W
m

2
2 )
is
dom

inated
by

plate
tectonics.Early

in
Earth’s

history,radiogenic
heat

production
w
as
three

to
five

tim
es
greater

than
at
present4 ,and

there
w
ere

additionalcontributions
from

tidal

heating
by
a
receding

M
oon

and
lossofaccretionary

heat.W
hetheror

notplate
tectonics

operates
under

these
conditions

is
uncertain

geo-

dynam
ically

5–9 ,but
plate

tectonic
processes

such
as
subduction

and

arc
accretion

are
often

invoked
to
explain

the
geologic

and
geo-

chem
icalfeatures

ofA
rchaean

rocks10–12 .

A
n
exam

ple
of
a
terrestrialbody

w
ith

a
higher

surface
heat

flow

than
m
odern

Earth
is
Jupiter’s

m
oon

Io.R
ather

than
losing

heat
by

m
ore

vigorous
plate

tectonics,Io
instead

transports
about

40
tim

es

Earth’sheatflux
13 (2.5
W
m

2
2 )from
theinteriorto

thesurfacethrough

volcanism
.T
his

m
ode

ofplanetary
heat

transport
is
called

the
heat-

pipe
m
ode

14,15
after

the
localized

channels
through

w
hich

m
eltbrings

heat
to
the

surface.
H
eat

pipes
are

conduits
that

transfer
heat

and

m
aterialfrom

the
base

ofthe
lithosphere

to
the

surface
by
m
eans

of

buoyantascent(for
exam

ple
the

lithospheric
plum

bing
atop

a
m
antle

plum
e).W

hen
heatpipesbecom

e
the

dom
inantheattransportm

ech-

anism
ofa

planet,theeffectson
thelithosphereareboth

surprising
and

profound.

G
eodynam

ic
m
odels

ofheat-pipe
Earth

W
e
explore

the
consequences

ofthe
heat-pipe

m
ode

for
early

Earth

using
sim

plified
m
odels

of
m
antle

convection
w
ith

m
elt

generation

and
extraction.T

he
tem

perature
field

snapshotsshow
n
in
Fig.1

result

from
num

ericalsolutionsto
theequationsofm

ass,energy
and

m
om
entum

transportin
the

m
antle

16 asinternalheating
and

cooling
atthe

surface

drive
convective

m
otions

(for
details

ofthe
m
odelling

approach
and

param
eterdefinitions,seeM

ethodsSum
m
ary).T

hesetw
o-dim

ensional

m
odels

have
a
strongly

tem
perature-dependent,N

ew
tonian

rheology

thatresults
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Heat-pipeEarth
WilliamB.Moore1,2

&A.AlexanderG.Webb3 TheheattransportandlithosphericdynamicsofearlyEartharecurrentlyexplainedbyplatetectonicandvertical

tectonicmodels,butthesedonotofferaglobalsynthesisconsistentwiththegeologicrecord.Hereweusenumerical

simulationsandcomparisonwiththegeologicrecordtoexploreaheat-pipemodelinwhichvolcanismdominates

surfaceheattransport.Thesesimulationsindicatethatacoldandthicklithospheredevelopedasaresultoffrequent

volcaniceruptionsthatadvectedsurfacematerialsdownwards.Decliningheatsourcesovertimeledtoanabrupt

transitiontoplatetectonics.Consistentwithmodelpredictions,thegeologicrecordshowsrapidvolcanicresurfacing,

contractionaldeformation,alowgeothermalgradientacrossthebulkofthelithosphereandarapiddecreaseinheat-pipe

volcanismafterinitiationofplatetectonics.Theheat-pipeEarthmodelthereforeoffersacoherentgeodynamic

frameworkinwhichtoexploretheevolutionofourplanetbeforetheonsetofplatetectonics.

Thelithosphericdynamicsofterrestrialplanetsisdrivenbythetrans-

portofheatfromtheinteriortothesurface1
.Terrestrialbodieswith

lowheatflows(forexampleMars(,20mWm22
;ref.2)andthe

Moon(12mWm22
;ref.3))loseheatlargelybyconductionacrossa

single-platelithosphere,whereasEarth’sheattransport(globalmean

flux1
,65mWm22

)isdominatedbyplatetectonics.EarlyinEarth’s

history,radiogenicheatproductionwasthreetofivetimesgreater

thanatpresent4
,andtherewereadditionalcontributionsfromtidal

heatingbyarecedingMoonandlossofaccretionaryheat.Whetheror

notplatetectonicsoperatesundertheseconditionsisuncertaingeo-

dynamically5–9
,butplatetectonicprocessessuchassubductionand

arcaccretionareofteninvokedtoexplainthegeologicandgeo-

chemicalfeaturesofArchaeanrocks10–12
.

Anexampleofaterrestrialbodywithahighersurfaceheatflow

thanmodernEarthisJupiter’smoonIo.Ratherthanlosingheatby

morevigorousplatetectonics,Ioinsteadtransportsabout40times

Earth’sheatflux13
(2.5Wm22

)fromtheinteriortothesurfacethrough

volcanism.Thismodeofplanetaryheattransportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrings

heattothesurface.Heatpipesareconduitsthattransferheatand

materialfromthebaseofthelithospheretothesurfacebymeansof

buoyantascent(forexamplethelithosphericplumbingatopamantle

plume).Whenheatpipesbecomethedominantheattransportmech-

anismofaplanet,theeffectsonthelithospherearebothsurprisingand

profound.
Geodynamicmodelsofheat-pipeEarth

Weexploretheconsequencesoftheheat-pipemodeforearlyEarth

usingsimplifiedmodelsofmantleconvectionwithmeltgeneration

andextraction.ThetemperaturefieldsnapshotsshowninFig.1result

fromnumericalsolutionstotheequationsofmass,energyandmomentum

transportinthemantle16
asinternalheatingandcoolingatthesurface

driveconvectivemotions(fordetailsofthemodellingapproachand

parameterdefinitions,seeMethodsSummary).Thesetwo-dimensional

modelshaveastronglytemperature-dependent,Newtonianrheology

thatresultsinasingle-plate,rigidlidatthesurface.Meltingandmelt

transportaremodelledinassimpleafashionaspossiblewhilepre-

servingtheeffectofthisprocessontheheattransportanddynamics

ofthelithosphere.Meltisgeneratedwheneverthemantleexceedsa

simplelinearlypressure-dependentsolidus17
andisimmediatelyextracted

tothesurface,andthecolumninwhichthemeltwasproducedis

advecteddownwardstoconservemass(Fig.1,inset).Onceatthe

surface,themeltisassumedtoloseitslatentandsensibleheat(which

istrackedasvolcanicheatflow)instantlyandtoreturntotheimposed

surfaceboundarytemperatureof15uC.Althoughthisisasimplifica-

tionoftheprocessofmeltgenerationanderuption,itcapturesthebasic

physicsinamannerthatallowsustoseeclearlytheeffectsofheatpipes

onthelithosphere. Theinternalheatingandsurfaceheatflowbothincreasebyafactor

oftenfromtoptobottominFig.1.Increasedinternalheatproduction

causesthetemperatureofthemantletoincreaseslightlyandthe

thicknessofthecoldlidtoincreasesignificantly.Athick,coldlitho-

spheredevelopsbecausevolcanicmaterialdepositedatthesurface

buriesoldflows,resultinginadescending‘conveyorbelt’ofmaterial

1
DepartmentofAtmosphericandPlanetarySciences,HamptonUniversity,Hampton,Virginia23668,USA.2

NationalInstituteofAerospace,Hampton,Virginia23666,USA.3
DepartmentofGeologyand

Geophysics,LouisianaStateUniversity,BatonRouge,Louisiana70803,USA.
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n

Melting

Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,RaH,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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ospheric
dynamicsofearly

Earth
arecurrently

explainedbyplate
tectonic

andvertic
al

tectonicmodels,butthesedonotoffe
raglobalsynthesisconsistentwith

thegeologicrecord.Hereweusenumerical

sim
ulatio

nsandcomparisonwith
thegeologic

recordto
exploreaheat-pipemodelin

whichvolcanism
dominates

surfaceheattransport.Thesesim
ulatio

nsindicate
thatacold

andthicklith
ospheredevelopedasaresultoffrequent

volcanic
eruptio

nsthatadvectedsurfacematerials
downwards.Declin

ingheatsourcesovertim
eledto

anabrupt

tra
nsitio

nto
plate

tectonics.Consis
tentwith

modelpredictio
ns,thegeologic

recordshowsrapid
volcanic

resurfacing,

contra
ctio

naldeformatio
n,alowgeothermalgradientacrossthebulkofthelith

osphereandarapiddecreaseinheat-pipe

volcanism
afte

rinitia
tio

n
ofplate

tectonics.Theheat-pipeEarth
modelthereforeoffe

rsacoherentgeodynamic

fra
meworkin

whichto
exploretheevolutio

nofourplanetbeforetheonsetofplate
tectonics.
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ospheric
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ialplanetsisdriv
enbythetra

ns-

portofheatfro
m

theinterio
rto

thesurfa
ce1

.Terre
str

ialbodieswith

low
heatflo

ws(fo
rexample

Mars
(,

20mW
m2

2
;ref.2)andthe

Moon(12mW
m2

2
;ref.3))lose

heatlargelybyconductio
nacrossa

sin
gle-platelith

osphere,whereasEarth
’sheattra

nsport(globalmean

flu
x1

,65mW
m2

2
)isdominatedbyplate

tectonics.Early
in

Earth
’s

histo
ry,radiogenic

heatproductio
nwasthreeto

fivetim
esgreater

thanatpresent4
,andthere

were
additio

nalcontrib
utio

nsfro
m

tid
al

heatin
gbyarecedingMoonandlossofaccretio

naryheat.Whetheror

notplatetectonicsoperatesunderthese
conditio

nsisuncerta
in

geo-

dynamically5–9
,butplate

tectonicprocesse
ssuchassubductio

nand

arc
accretio

nare
ofteninvokedto

explain
thegeologic

andgeo-

chemicalfeaturesofArchaeanrocks10–12
.

Anexampleofaterre
str

ialbodywith
ahighersurfa

ceheatflo
w

thanmodern
Earth

isJupiter’s
moonIo.Ratherthanlosin

gheatby

more
vigorousplate

tectonics,Io
inste

adtra
nsports

about40tim
es

Earth
’sheatflu

x13
(2.5W

m2
2
)fro

mtheinterio
rtothesurfa

cethrough

volcanism
.Thismodeofplanetary

heattra
nsportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrin

gs

heatto
thesurfa

ce.Heatpipesare
conduits

thattra
nsfe

rheatand

materia
lfro

m
thebase

ofthelith
osphere

to
thesurfa

cebymeansof

buoyantascent(fo
rexamplethelith

ospheric
plumbingatopamantle

plume).Whenheatpipesbecomethedominantheattra
nsportmech-

anism
ofaplanet,th

eeffectsonthelith
ospherearebothsurprisi

ngand

profound. Geodynamicmodelsofheat-pipeEarth

Weexplore
theconsequencesoftheheat-p

ipemodeforearly
Earth

usin
gsim

plifi
edmodelsofmantle

convectio
nwith

meltgeneratio
n

andextra
ctio

n.ThetemperaturefieldsnapshotsshowninFig.1result

fro
mnumeric

also
lutionstotheequationsofmass,

energ
yandmomentum

tra
nsportinthemantle16

asinternalheatin
gandcoolin

gatthesurfa
ce

driv
econvectivemotio

ns(fo
rdetails

ofthemodellin
gapproachand

parameter
defin

itio
ns,s

eeMethodsSummary).T
hesetwo-dim

ensio
nal

modelshaveastr
onglytemperature-dependent,Newtonianrheology

thatresults
in

asin
gle-plate,rig

id
lid

atthesurfa
ce.Meltin

gandmelt

tra
nsportare

modelledin
assim

pleafashionaspossib
lewhile

pre-

servingtheeffectofthisprocessontheheattra
nsportanddynamics

ofthelith
osphere.Meltisgeneratedwheneverthemantle

exceedsa

sim
plelinearly

pres
sure-

dependentsolidus17
andisimmediately

extra
cte

d

to
thesurfa

ce,andthecolumnin
whichthemeltwasproducedis

advecteddownwardsto
conservemass

(Fig.1,inset).
Onceatthe

surfa
ce,themeltisassu

medto
loseits

latentandsensib
leheat(which

istra
ckedasvolcanicheatflo

w)insta
ntly

andtoreturn
totheim

posed

surfa
ceboundary

temperatureof15uC
.Alth

oughthisisasim
plifi

ca-

tio
noftheprocessofmeltgeneratio

nanderuptio
n,it

capturesthebasic

physic
sinamannerthatallowsustoseeclearly

theeffectsofheatpipes

onthelith
osphere.

Theinternalheatin
gandsurfa

ceheatflo
wboth

increasebyafactor

oftenfro
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minFig.1.In
creasedinternalheatproductio
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causesthetemperature
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arecurrently

explainedbyplate
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andvertic
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tectonic
models,

butthese
donotoffe

raglobalsy
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consis
tentwith

thegeologic
record.Hereweuse

numerical

sim
ulatio
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with
thegeologic

recordto
exploreaheat-pipemodelin

whichvolcanism
dominates
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rfaceheattra

nsp
ort.
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sim

ulatio
nsindicate

thatacold
andthicklith

osp
heredevelopedasaresu

ltoffrequent

volcanic
eruptio

nsthatadvected
su

rfacematerials
downwards.

Declin
ingheatsourcesovertim

eled
to

an
abrupt

tra
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plate

tectonics.
Consis
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modelpredictio
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thegeologic

record
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owsrapid
volcanic

resu
rfacing,

contra
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naldeformatio
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geothermalgradientacross
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ofthelith
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decrease

in
heat-pipe
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afte

rinitia
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ofplate
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Earth
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offe
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exploretheevolutio
nofourplanetbeforetheonsetofplate

tectonics.
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port
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theinter
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rexample
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2
;ref

.2)and
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Moon(12mW
m2

2
;ref
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,where

asEarth
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)is

dominated
byplate
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.Early
in

Earth
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onand
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moonIo.Rather
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Heat-pipe Earth
William B. Moore

1,2
& A. Alexander G. Webb

3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface

1
. Terrestrial bodies with

low heat flows (for example Mars (,20 mW m
22

; ref. 2) and the
Moon (12 mW m

22
; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean
flux

1
, 65 mW m

22
) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater
than at present

4
, and there were additional contributions from tidal

heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically

5–9
, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks

10–12
.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux

13
(2.5 W m

22
) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-
pipe mode

14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle

16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus

17
and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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& A. Alexander G. Webb 3The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical

tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical

simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates

surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent

volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt

transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,

contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe

volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic

framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-

port of heat from the interior to the surface 1
. Terrestrial bodies with

low heat flows (for example Mars (,20 mW m 22
; ref. 2) and the

Moon (12 mW m 22
; ref. 3)) lose heat largely by conduction across a

single-plate lithosphere, whereas Earth’s heat transport (global mean

flux 1
, 65 mW m 22

) is dominated by plate tectonics. Early in Earth’s

history, radiogenic heat production was three to five times greater

than at present 4
, and there were additional contributions from tidal

heating by a receding Moon and loss of accretionary heat. Whether or

not plate tectonics operates under these conditions is uncertain geo-

dynamically 5–9
, but plate tectonic processes such as subduction and

arc accretion are often invoked to explain the geologic and geo-

chemical features of Archaean rocks 10–12
.

An example of a terrestrial body with a higher surface heat flow

than modern Earth is Jupiter’s moon Io. Rather than losing heat by

more vigorous plate tectonics, Io instead transports about 40 times

Earth’s heat flux 13
(2.5 W m 22

) from the interior to the surface through

volcanism. This mode of planetary heat transport is called the heat-

pipe mode 14,15
after the localized channels through which melt brings

heat to the surface. Heat pipes are conduits that transfer heat and

material from the base of the lithosphere to the surface by means of

buoyant ascent (for example the lithospheric plumbing atop a mantle

plume). When heat pipes become the dominant heat transport mech-

anism of a planet, the effects on the lithosphere are both surprising and

profound.
Geodynamic models of heat-pipe Earth

We explore the consequences of the heat-pipe mode for early Earth

using simplified models of mantle convection with melt generation

and extraction. The temperature field snapshots shown in Fig. 1 result

from numerical solutions to the equations of mass, energy and momentum

transport in the mantle 16
as internal heating and cooling at the surface

drive convective motions (for details of the modelling approach and

parameter definitions, see Methods Summary). These two-dimensional

models have a strongly temperature-dependent, Newtonian rheology

that results in a single-plate, rigid lid at the surface. Melting and melt

transport are modelled in as simple a fashion as possible while pre-

serving the effect of this process on the heat transport and dynamics

of the lithosphere. Melt is generated whenever the mantle exceeds a

simple linearly pressure-dependent solidus17
and is immediately extracted

to the surface, and the column in which the melt was produced is

advected downwards to conserve mass (Fig. 1, inset). Once at the

surface, the melt is assumed to lose its latent and sensible heat (which

is tracked as volcanic heat flow) instantly and to return to the imposed

surface boundary temperature of 15 uC. Although this is a simplifica-

tion of the process of melt generation and eruption, it captures the basic

physics in a manner that allows us to see clearly the effects of heat pipes

on the lithosphere.The internal heating and surface heat flow both increase by a factor

of ten from top to bottom in Fig. 1. Increased internal heat production

causes the temperature of the mantle to increase slightly and the

thickness of the cold lid to increase significantly. A thick, cold litho-

sphere develops because volcanic material deposited at the surface

buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models

of mantle convection. The internal-heating Rayleigh number, RaH, is different

in each panel. The inset illustrates the operation of the heat pipe: melt is

extracting to the surface, where it cools, and cold lithosphere is advected

downwards to conserve mass.

2 6 S E P T E M B E R 2 0 1 3 | V O L 5 0 1 | N A T U R E | 5 0 1

Macmillan Publishers Limited. All rights reserved

©2013

ARTICLE

doi:1
0.1038/n

ature12473

Heat-pipe Earth

Willi
am

B. Moore 1,2
& A. Alexander G. Webb 3

The heat tra
nsport and lith

ospheric
dynamics of early

Earth
are currently

explained by plate
tectonic

and vertic
al

tectonic models, but these do not offe
r a global synthesis consistent with

the geologic record. Here we use numerical

sim
ulatio

ns and comparison with
the geologic

record to
explore a heat-pipe model in

which volcanism
dominates

surface heat transport. These sim
ulatio

ns indicate
that a cold

and thick lith
osphere developed as a result of frequent

volcanic
eruptio

ns that advected surface materials
downwards. Declin

ing heat sources over tim
e led to

an abrupt

tra
nsitio

n to
plate

tectonics. Consis
tent with

model predictio
ns, the geologic

record shows rapid
volcanic

resurfacing,

contra
ctio

nal deformatio
n, a low geothermal gradient across the bulk of the lith

osphere and a rapid decrease in heat-pipe

volcanism
afte

r initia
tio

n
of plate

tectonics. The heat-pipe Earth
model therefore offe

rs a coherent geodynamic

fra
mework in

which to
explore the evolutio

n of our planet before the onset of plate
tectonics.

The lith
ospheric

dynamics of terre
str

ial planets is driv
en by the tra

ns-

port of heat fro
m

the interio
r to

the surfa
ce 1

. Terre
str

ial bodies with

low
heat flo

ws (fo
r example

Mars
(,

20 mW
m 2

2
; ref. 2) and the

Moon (12 mW
m 2

2
; ref. 3)) lose

heat largely by conductio
n across a

sin
gle-plate lith

osphere, whereas Earth
’s heat tra

nsport (global mean

flu
x 1

, 65 mW
m 2

2
) is dominated by plate

tectonics. Early
in

Earth
’s

histo
ry, radiogenic

heat productio
n was three to

five tim
es greater

than at present 4
, and there

were
additio

nal contrib
utio

ns fro
m

tid
al

heatin
g by a receding Moon and loss of accretio

nary heat. Whether or

not plate tectonics operates under these
conditio

ns is uncerta
in

geo-

dynamically 5–9
, but plate

tectonic processe
s such as subductio

n and

arc
accretio

n are
often invoked to

explain
the geologic

and geo-

chemical features of Archaean rocks 10–12
.

An example of a terre
str

ial body with
a higher surfa

ce heat flo
w

than modern
Earth

is Jupiter’s
moon Io. Rather than losin

g heat by

more
vigorous plate

tectonics, Io
inste

ad tra
nsports

about 40 tim
es

Earth
’s heat flu

x 13
(2.5 W

m 2
2
) fro

m the interio
r to the surfa

ce through

volcanism
. This mode of planetary

heat tra
nsport is called the heat-

pipe mode 14,15
after the localized channels through which melt brin

gs

heat to
the surfa

ce. Heat pipes are
conduits

that tra
nsfe

r heat and

materia
l fro

m
the base

of the lith
osphere

to
the surfa

ce by means of

buoyant ascent (fo
r example the lith

ospheric
plumbing atop a mantle

plume). When heat pipes become the dominant heat tra
nsport mech-

anism
of a planet, th

e effects on the lith
osphere are both surprisi

ng and

profound.Geodynamic models of heat-pipe Earth

We explore
the consequences of the heat-p

ipe mode for early
Earth

usin
g sim

plifi
ed models of mantle

convectio
n with

melt generatio
n

and extra
ctio

n. The temperature field snapshots shown in Fig. 1 result

fro
m numeric

al so
lutions to the equationsofmass,

energ
y and momentum

tra
nsport in the mantle 16

as internal heatin
g and coolin

g at the surfa
ce

driv
e convective motio

ns (fo
r details

of the modellin
g approach and

parameter
defin

itio
ns, s

ee Methods Summary). T
hese two-dim

ensio
nal

models have a str
ongly temperature-dependent, Newtonian rheology

that results
in

a sin
gle-plate, rig

id
lid

at the surfa
ce. Meltin

g and melt

tra
nsport are

modelled in
as sim

ple a fashion as possib
le while

pre-

serving the effect of this process on the heat tra
nsport and dynamics

of the lith
osphere. Melt is generated whenever the mantle

exceeds a

sim
ple linearly

pres
sure-

dependent solidus 17
and is immediately

extra
cte

d

to
the surfa

ce, and the column in
which the melt was produced is

advected downwards to
conserve mass

(Fig. 1, inset).
Once at the

surfa
ce, the melt is assu

med to
lose its

latent and sensib
le heat (which

is tra
cked as volcanic heat flo

w) insta
ntly

and to return
to the im

posed

surfa
ce boundary

temperature of 15 uC
. Alth

ough this is a sim
plifi

ca-

tio
n of the process of melt generatio

n and eruptio
n, it

captures the basic

physic
s in a manner that allows us to see clearly

the effects of heat pipes

on the lith
osphere.

The internal heatin
g and surfa

ce heat flo
w both

increase by a factor

of ten fro
m top to botto

m in Fig. 1. In
creased internal heat productio

n

causes the temperature
of the mantle

to
increase

slig
htly

and the

thickness of the cold
lid

to
increase

sig
nific

antly. A thick, cold
lith

o-

sphere
develops because

volcanic
materia

l deposite
d at the surfa

ce

burie
s old flo

ws, resultin
g in

a descending ‘conveyor belt’ of materia
l
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Figure
1 | Snapshots of the temperature fie

ld
for two-dim

ensio
nal models

of mantle
convectio

n. The internal-h
eatin

g Rayleigh number, R
aH , is

diffe
rent

in
each panel.

The inset illu
stra

tes the operatio
n of the heat pipe: melt is

extra
ctin

g to
the surfa

ce, where
it cools,

and cold lith
osphere

is advected

downwards to
conserve mass.
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Heat-pipe Earth

Willi
am

B. Moore 1,2
&

A. Alexander G. W
ebb 3

The heat tra
nsp

ort and lith
osp

heric
dynamics of early

Earth
are currently

explained by plate
tectonic

and vertic
al

tectonic
models,

but these
do not offe

r a global sy
nthesis

consis
tent with

the geologic
record. Here we use

numerical

sim
ulatio

ns and compariso
n

with
the geologic

record to
explore a heat-pipe model in

which volcanism
dominates

su
rface heat tra

nsp
ort.

These
sim

ulatio
ns indicate

that a cold
and thick lith

osp
here developed as a resu

lt of frequent

volcanic
eruptio

ns that advected
su

rface materials
downwards.

Declin
ing heat sources over tim

e led
to

an
abrupt

tra
nsit

ion to
plate

tectonics.
Consis

tent with
model predictio

ns,
the geologic

record
sh

ows rapid
volcanic

resu
rfacing,

contra
ctio

nal deformatio
n, a low

geothermal gradient across
the bulk

of the lith
osp

here and a rapid
decrease

in
heat-pipe

volcanism
afte

r initia
tio

n
of plate

tectonics.
The

heat-pipe
Earth

model therefore
offe

rs a
coherent geodynamic

fra
mework

in
which to

explore the evolutio
n of our planet before the onset of plate

tectonics.

The lith
ospheric

dynamics
of ter

res
tri

al planets
is driv

en
by the tra

ns-

port
of heat fro

m
the inter

ior to
the surfa

ce 1
. Terr

est
ria

l bodies
with

low
heat flo

ws (fo
r example

Mars
(,

20 mW
m 2

2
; ref

. 2) and
the

Moon (12 mW
m 2

2
; ref

. 3))
lose

heat largely
by conducti

on acro
ss

a

sin
gle-

plate
lith

osphere
, where

as Earth
’s heat tra

nsport (global mean

flu
x 1

, 65 mW
m 2

2
) is

dominated
by plate

tec
tonics

. Early
in

Earth
’s

hist
ory, radiogen

ic
heat producti

on was three
to

fiv
e tim

es
grea

ter

than at pres
en

t 4
, and there

were
additio

nal contri
butio

ns fro
m

tid
al

heatin
g by a rec

ed
ing Moon and loss of accr

eti
onary

heat. W
heth

er
or

not plate
tec

tonics
opera

tes
under

these
conditio

ns is uncer
tain

geo-

dynamica
lly 5–9

, but plate
tec

tonic
proces

ses
such

as subducti
on and

arc
accr

eti
on

are
ofte

n
invoked

to
explain

the geologic
and

geo-

ch
em

ica
l fea

tures
of Arch

aean rocks 10–12
.

An example
of a ter

res
tri

al body with
a higher

surfa
ce

heat flo
w

than modern
Earth

is Jupite
r’s

moon Io. Rather
than losin

g heat by

more
vigorous plate

tec
tonics

, Io
inste

ad tra
nsports

about 40 tim
es

Earth
’s heat flu

x 13
(2.5 W

m 2
2
) fro

m
the inter

ior to
the surfa

ce
through

volca
nism

. This mode of planeta
ry

heat tra
nsport

is
called

the heat-

pipe mode 14,15
afte

r the local
ize

d ch
annels

through which
melt

brin
gs

heat to
the surfa

ce.
Heat

pipes
are

conduits
that tra

nsfe
r heat and

mater
ial fro

m
the base

of the lith
osphere

to
the surfa

ce
by means of

buoyant asce
nt (fo

r example the lith
ospheri

c plumbing atop a mantle

plume).
W

hen
heat pipes

beco
me the dominant heat tra

nsport mech
-

anism
of a planet,

the eff
ect

s on the lith
osphere

are
both

surpris
ing and

profound.Geodynamic
models of heat-pipe Earth

W
e explore

the conseq
uen

ces
of the heat-p

ipe mode for early
Earth

usin
g sim

plifi
ed

models
of mantle

convect
ion with

melt
gen

era
tio

n

and extra
cti

on. T
he tem

pera
ture

fie
ld

snapshots shown in
Fig. 1

res
ult

fro
m

numeri
cal

solutio
ns to the equatio

nsofmass
, en

erg
y an

dmomentum

tra
nsport in

the mantle 16
as inter

nal heatin
g and coolin

g at the surfa
ce

driv
e convect

ive motio
ns (fo

r deta
ils

of the modelli
ng approach

and

para
mete

r defi
nitio

ns, s
ee

Meth
ods Summary). T

hese
tw

o-dim
en

sio
nal

models
have a str

ongly
tem

pera
ture-

dep
en

den
t, New

tonian
rheology

that
res

ults
in

a sin
gle-

plate,
rig

id
lid

at the surfa
ce.

Melt
ing and melt

tra
nsport

are
modelle

d in
as sim

ple
a fashion as possi

ble
while

pre-

ser
ving the eff

ect
of this proces

s on the heat tra
nsport

and dynam
ics

of the lith
osphere

. Melt
is

gen
era

ted
when

ever
the mantle

excee
ds a

sim
ple lin

ear
ly pres

sure-
dependent solid

us 17
an

d is im
mediat

ely
extra

cte
d

to
the surfa

ce,
and the column in

which
the melt

was produced
is

advect
ed

downwards to
conser

ve mass
(Fig. 1, inset

).
Once

at the

surfa
ce,

the melt
is assu

med
to

lose
its

laten
t and sen

sib
le heat (w

hich

is tra
cked

as volca
nic heat flo

w) insta
ntly

and to
ret

urn
to

the im
posed

surfa
ce

boundary
tem

pera
ture

of 15 u
C. Alth

ough this is a sim
plifi

ca-

tio
n of the proces

s of melt
gen

era
tio

n and eru
ptio

n, it
captures

the basic

physic
s in

a manner
that allo

ws us to
see

cle
arly

the eff
ect

s of heat pipes

on the lith
osphere

.

The inter
nal heatin

g and surfa
ce

heat flo
w both

incre
ase

by a facto
r

of ten
fro

m
top to

botto
m

in
Fig. 1. In

cre
ased

inter
nal heat producti

on

causes
the tem

pera
ture

of the mantle
to

incre
ase

slig
htly

and
the

thick
ness

of the cold
lid

to
incre

ase
sig

nific
antly

. A
thick

, cold
lith

o-

sphere
develo

ps beca
use

volca
nic

mater
ial dep

osit
ed

at the surfa
ce

burie
s old

flo
ws, res

ultin
g in

a desc
en

ding ‘co
nveyor belt

’ of mater
ial
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Figure
1 | Snapshots

of the temperature
fie

ld
for tw

o-dim
ensio

nal models

of mantle
convectio

n. The inter
nal-h

eatin
g Rayleig

h number,
RaH

, is
diffe

ren
t

in
each

panel.
The inset

illu
str

ates
the opera

tio
n of the heat pipe: melt

is

extra
cti

ng to
the surfa

ce,
where

it cools,
and cold

lith
osphere

is advect
ed

downward
s to

conser
ve mass

.
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Figure 5.2. Deglaciation chronology for Laurentia (left) and Fennoscandia (right) from Wu and Peltier (1983).

5.2.1 Deformation of the Whole Mantle by a Surface Load

5.2.1.1 Half-space Model

We first consider the deformation of a mantle with a constant viscosity µ. If the horizontal
scale of the glacial load is small compared with the radius of the Earth, it is appropriate
to consider the flow in a semi-infinite, viscous fluid half-space (y > 0). The process of
subsidence and rebound under the loading and unloading of an ice sheet is illustrated in
Figure 5.3. In this approximate solution we assume that the load is removed instantaneously
at t = 0 and that the initial displacement of the surface wm is a periodic function of the
horizontal coordinate x given by

wm = wm0 cos 2πx/λ (5.2.1)

where λ is the wavelength and wm ≪ λ. The displacement of the surface w leads to a
horizontal pressure gradient due to the hydrostatic load. When the surface is displaced
upward (negative w), the pressure is positive. This corresponds to a positive load, and fluid
is driven away from this region as the displacement decreases. When the surface is displaced
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Figure 6.15 Elevated beach terraces on Östergransholm, Eastern Gotland,
Sweden. The contempory uplift rate is about 2 mm yr−1. (Photographer
and copyright holder, Arne Philip, Visby, Sweden; courtesy IGCP Project
Ecostratigraphy.)

Problem 6.11 Show that the constant of integrationA in the above post-
glacial rebound solution is given by

A = −
(

λ

2π

)2 ρgwm 0

2µ
e−t/τr . (6.106)

Quantitative information on the rate of postglacial rebound can be ob-
tained from elevated beach terraces. Wave action over a period of time erodes
a beach to sea level. If sea level drops or if the land surface is elevated, a
fossil beach terrace is created, as shown in Figure 6–15. The age of a fossil
beach can be obtained by radioactive dating using carbon 14 in shells and
driftwood. The elevations of a series of dated beach terraces at the mouth
of the Angerman River in Sweden are given in Figure 6–16. The elevations
of these beach terraces are attributed to the postglacial rebound of Scandi-
navia since the melting of the ice sheet. The elevations have been corrected
for changes in sea level. The uplift of the beach terraces is compared with
the exponential time dependence given in Equation (6–104). We assume that
uplift began 10,000 years ago so that t is measured forward from that time
to the present. We also assume that wm0 = 300 m with 30 m of uplift to
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Figure 6.16 Uplift of the mouth of the Angerman River, Sweden, as a func-
tion of time before the present compared with the exponential relaxation
model, Equation (6–104), for wm0 =300 m less 30 m of uplift yet to occur,
τr =4400 years, and an initiation of the uplift 10,000 years ago.

occur in the future; that is, we take w = 30 m at t = 104 years, the present.
The solid line in Figure 6–16 is obtained with τr = 4400 years. Except for
the earliest times, there is quite good agreement with the data.

This value of the relaxation time can be used to obtain a viscosity for
the mantle using Equation (6–105). For the glaciation of Fennoscandia, a
reasonable value for the wavelength is λ = 3000 km. Taking ρ = 3300 kg m−3

and g = 10 m s−2 along with τr = 4400 years, we find that µ = 1.1×1021 Pa s.

We have considered only the response to a spatially periodic surface dis-
placement. Because the problem is linear, solutions can be superimposed in
order to consider other distributions of surface displacement. However, more
complete studies of postglacial rebound include the flexural rigidity of the
elastic lithosphere and a depth-dependent mantle viscosity. If the ice sheets
continue to melt during the period of rebound, the sea level will increase, and
this must be taken into account. Available rebound data including changes
in sea level are included on a worldwide basis. These studies require numeri-
cal solutions, and the results of one such effort are summarized in Table 6–2.
We see that the mean mantle viscosity is in good agreement with the value
we obtained using the approximate analytic solution.

Problem 6.12 The ice sheet over Hudson Bay, Canada, had an
estimated thickness of 2 km. At the present time there is a negative free-air
gravity anomaly in this region of 0.3 mm s−2.
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We have considered only the response to a spatially periodic surface dis-
placement. Because the problem is linear, solutions can be superimposed in
order to consider other distributions of surface displacement. However, more
complete studies of postglacial rebound include the flexural rigidity of the
elastic lithosphere and a depth-dependent mantle viscosity. If the ice sheets
continue to melt during the period of rebound, the sea level will increase, and
this must be taken into account. Available rebound data including changes
in sea level are included on a worldwide basis. These studies require numeri-
cal solutions, and the results of one such effort are summarized in Table 6–2.
We see that the mean mantle viscosity is in good agreement with the value
we obtained using the approximate analytic solution.

Problem 6.12 The ice sheet over Hudson Bay, Canada, had an
estimated thickness of 2 km. At the present time there is a negative free-air
gravity anomaly in this region of 0.3 mm s−2.

O ajuste pós-glacial ocorre  
em alguns milhares de anos



Diferença de viscosidade

102 Pa.s

1021 Pa.s



10-1 m



10-1 m

1018 m



Mas será que essa 
viscosidade tão alta é 

suficiente para manter a 
tectônica de placas?



Instabilidade de Rayleigh-
Taylor



Instabilidade de Rayleigh-
Taylor







Número de Rayleigh

Ra =
⇢0g↵�Tb3

µ
Ra =

↵⇢20gHb5

kµ

T0

Tb

T0

�T H



Número de Rayleigh

Ra =
⇢0g↵�Tb3

µ
Ra =

↵⇢20gHb5

kµ
⇢0

g

↵

�T

b

µ



H

: densidade

: gravidade
: coef. de expansão  

volumétrica
: contraste de  
temperatura  
(topo-base)

: altura

: viscosidade

: difusividade térmica

: produção de calor interno

k : condutividade térmica





Ra =
⇢0g↵�Tb3

µ
Ra =

↵⇢20gHb5

kµ
⇢0

g

↵

�T

b

µ



H

: 4000 kg/m3

: 10 m/s2

: 3x10-5 K-1

: 2000 K

: 700 km

: 1021 Pa.s

: 10-6 m2/s

k

: 9x10-12 W/kg

: 4 W / m / K



Arthur Holmes 
(1931)



Creep (arrasto)







Topografia/Batimetria



Espessura da Crosta



Batimetria/Topografia 
da Terra

appears to float on the underlying mantle, much like
a block of wood on water. The height that such a
block floats depends on its thickness and density.
Thick and light blocks should float higher than thin
and dense ones.

Probably the most best-known models of flotation
are those of Pratt (Hayford, 1909) and Airy (Heiskanen,
1931). These two models regard individual blocks of
crust and mantle as capable of supporting surface and
subsurface loads independently, without restraint from
neighboring blocks. Within a loaded ‘block’, pressure
increases with depth, but there is some depth, known as
the depth of compensation, at which the pressure bal-
ances that below unloaded blocks and below which
pressures are hydrostatic.

In the Airy model, loads are compensated by var-
iations in the thickness of a uniform density crust
while in the Pratt model, lateral variations in the den-
sity of either the crust or subcrustal mantle provide the
necessary support. Both models are highly idealized in
the sense that they only consider the state that the
crust and subcrustal mantle would approach given a
sufficiently long time. Nevertheless, they have, as we
will see, been extremely useful.

One observable that is sensitive to the change
in mass distributions that results from loading and
its associated compensation is the gravity or geoid
anomaly. Locally compensated loads, for example,
would be expected to be associated with relatively
small-amplitude free-air gravity anomalies that
average to zero over large areas. This is because
there is a competition between the gravity anomaly
caused by a mass excess or deficiency and its com-
pensating mass deficiency or excess. The magnitude
of the anomalies depends on the wavelength of load-
ing. Nevertheless, the existence of large-amplitude

free-air gravity anomalies, for example, in the vici-
nity of plate boundaries (e.g., Goringe Bank), is
therefore an indicator that local isostatic conditions
do not prevail everywhere.

6.01.2.1 The Earth’s Hypsometric Curve
and Crustal Structure

We can evaluate the extent to which a planetary
body approaches isostatic equilibrium by considera-
tion of its surface topography. On Earth, topography
is defined with respect to the geoid or mean sea level
which provides a convenient reference surface to
calculate the magnitude of the loads that might dis-
turb isostasy. The topography above and below sea
level, for example, can be considered as such loads.
We can therefore use these loads to compute the
expected thickness of the crust and density of the
subcrustal mantle based on different isostatic models
and compare them to observations based on seismic
refraction data.

Figure 1 shows that the Earth’s topography has a
distinctly bimodal distribution that is unique among
the terrestrial planets. One peak corresponds to a
modal topography of 0.303 km above sea level while
the other peak correlates with a modal topography
4.301 km below sea level. These observations imply
that there are fundamental differences in structure of
the crust and mantle and, hence, models of formation
between continents and oceans.

Figure 2 compares histograms of the Earth’s
observed crustal thickness to calculations based on
different models of isostasy. The crustal structure
(Figure 2(c)), which is based on the CRUST 2.0
compilation of Bassin et al. (2000), shows a bimodal
distribution with the peak at !40 km corresponding
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Figure 2
Two contrasting modes of mantle convection: (a) stagnant lid convection and (b) plate tectonics. In the latter,
the top thermal boundary layer is continuously recycled back to the mantle. The operation of plate tectonics
requires some mechanism that can compensate for the strongly temperature-dependent viscosity of silicate
rocks, as illustrated by (d ) effective viscosity (calculated with a geological strain rate of 10−15 s−1) and (e)
corresponding yield stress across mature (100-Ma-old) oceanic lithosphere, the temperature profile of which
is shown in panel c. Also shown in panel e are three cases for brittle yield stress: dry faulting with µ = 0.8,
wet faulting with hydrostatic pore pressure (µeff = 0.56), and wet faulting with high pore pressure (µeff in
this case is arbitrarily reduced to 0.08). These brittle yield stresses are calculated with a formula for optimal
thrust faulting (Turcotte & Schubert 1982), which is more precise than Equation (2). After Korenaga (2007).

an intermediate mode of convection termed intermittent plate tectonics (oscillating between plate
tectonics and stagnant lid convection) (e.g., Moresi & Solomatov 1998). The use of such constant
yield stress is, however, difficult to justify because one has to explain why the cohesive strength
can be significant and, at the same time, why the friction coefficient can be ignored. The effect of
brittle failure can thus be succinctly represented by the friction coefficient µ alone.

Is a reduction in the friction coefficient consistent with rock mechanics? A short answer is yes,
although the issue is complicated. When the pore space within rocks is filled with water, the pore
fluid pressure can reduce the shear strength of the rocks because the shear strength is equal to the
friction coefficient times the difference between the lithostatic and pore pressures. The presence
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Heat-pipe Earth
William B. Moore1,2 & A. Alexander G. Webb3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material

1Department of Atmospheric and Planetary Sciences, Hampton University, Hampton, Virginia 23668, USA. 2National Institute of Aerospace, Hampton, Virginia 23666, USA. 3Department of Geology and
Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA.
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.

2 6 S E P T E M B E R 2 0 1 3 | V O L 5 0 1 | N A T U R E | 5 0 1

Macmillan Publishers Limited. All rights reserved©2013

ARTICLE
doi:10.1038/nature12473

Heat-pipe Earth
William B. Moore1,2 & A. Alexander G. Webb3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material

1Department of Atmospheric and Planetary Sciences, Hampton University, Hampton, Virginia 23668, USA. 2National Institute of Aerospace, Hampton, Virginia 23666, USA. 3Department of Geology and
Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA.

RaH = 106

RaH = 107

RaH = 108

Eruption and
cooling

E
xt

ra
ct

io
n A

dvection

Melting

Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.

2 6 S E P T E M B E R 2 0 1 3 | V O L 5 0 1 | N A T U R E | 5 0 1

Macmillan Publishers Limited. All rights reserved©2013

ARTICLE
doi:10.1038/nature12473

Heat-pipe Earth
William B. Moore1,2 & A. Alexander G. Webb3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material

1Department of Atmospheric and Planetary Sciences, Hampton University, Hampton, Virginia 23668, USA. 2National Institute of Aerospace, Hampton, Virginia 23666, USA. 3Department of Geology and
Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA.

RaH = 106

RaH = 107

RaH = 108

Eruption and
cooling

E
xt

ra
ct

io
n A

dvection

Melting

Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material

1Department of Atmospheric and Planetary Sciences, Hampton University, Hampton, Virginia 23668, USA. 2National Institute of Aerospace, Hampton, Virginia 23666, USA. 3Department of Geology and
Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA.

RaH = 106

RaH = 107

RaH = 108

Eruption and
cooling

E
xt

ra
ct

io
n A

dvection

Melting

Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
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downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material

1Department of Atmospheric and Planetary Sciences, Hampton University, Hampton, Virginia 23668, USA. 2National Institute of Aerospace, Hampton, Virginia 23666, USA. 3Department of Geology and
Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA.

RaH = 106

RaH = 107

RaH = 108

Eruption and
cooling

E
xt

ra
ct

io
n A

dvection

Melting
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in each panel. The inset illustrates the operation of the heat pipe: melt is
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.

2 6 S E P T E M B E R 2 0 1 3 | V O L 5 0 1 | N A T U R E | 5 0 1

Macmillan Publishers Limited. All rights reserved©2013

ARTICLE
doi:10.1038/nature12473

Heat-pipe Earth
William B. Moore1,2 & A. Alexander G. Webb3

The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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of mantle convection. The internal-heating Rayleigh number, RaH, is different
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that advects the cold surface temperature to great depths (Fig. 1, inset).
Because heat-pipe volcanism is global, the constant resurfacing and
downward advection causes compression as the surface rocks are forced
radially inward, resulting in uplift, exhumation and shortening. This
process of contraction is observed on Io18, which has many mountains
more than 10 km high that are clearly fault-bounded tectonic uplifts.

We explore the effect of heat pipes on the thermal structure of the
lithosphere in more detail by constructing steady-state solutions of
the energy equation with a term that accounts for the downward
advection at a velocity v (ref. 14):

k
rcp

d2T
dz2 ~v

dT
dz

{
H

rcp
ð1Þ

where k is the thermal conductivity (4 W m21 K21), r is the density
(3,000 kg m23), cp is the specific heat capacity at constant pressure
(1,000 J kg21 K21) and H is the volumetric heat production rate
(1027 W m23 at 4 Gyr ago). Material reaching the base of the litho-
sphere, defined by the dry peridotite solidus17, melts and returns to the
surface through heat pipes. In Fig. 2, we plot solutions for three differ-
ent lithospheric thicknesses (120, 150 and 180 km) and three different
advection rates (0.1, 1 and 10 mm yr21). Rapid downward advection
(.0.5 mm yr21) brings materials to high pressures before they are
significantly heated. Thermal equilibrium through heat pipes in early
Earth requires a global average resurfacing by flows of 1–2 mm yr21

(whereas the rate on Io is 10 mm yr21). Partial melting and intra-
lithospheric differentiation may also occur, resulting in more evolved
lithologies erupting and intruding back up through the stack. The
intrusions would locally modify the temperature structure by delivering
heat to shallower regions. When advection slows or stops, the litho-
sphere re-warms as geotherms relax towards the conductive profile.

In addition to altering the thickness and thermal structure of the
lithosphere, heat pipes influence the stress distribution as shown in
Fig. 3, where we plot the maximum stress observed in the lithosphere
as a function of the internal heating rate. Volcanic heat pipes are the
dominant heat transport mechanism at high heat production rates
(Fig. 3a, solid line), reflecting higher mantle temperatures and increased
rates of melting. The maximum stress experienced in the lithosphere
(Fig. 3b) has a distinct minimum that coincides with the crossover
between heat-pipe and conductive heat transport. This behaviour
occurs because heat pipes remove buoyancy from the actively convect-
ing boundary layer at the top of the mantle, reducing convective stresses,
while at the same time producing a thicker lithosphere. Therefore, active

heat pipes would lead to a very different lithospheric stress regime in
early Earth than at present, as indicated in Fig. 3b.

We also performed simulations to identify the transition out of the
heat-pipe mode of heat transport (Fig. 4). For these cases, we modelled
the finite strength of the lithosphere by using a yield stress (Methods
Summary). The transition is caused by the decline in heat sources (red
line), which gradually causes the volcanic heat flow (cyan line) to decrease.
At about the time the volcanic heat flow becomes small compared with
the conductive heat flow (black line), the plate breaks and the entire
lithosphere is replaced in a sudden overturn. This is an artefact of our
two-dimensional approach; in three dimensions, the overturn would
replace only portions of the lithosphere. Breaking occurs because the
peak lithospheric stress increases with declining heat production, even-
tually overcoming the strength of the lithosphere and allowing the
negative buoyancy of the cold material to drive rapid flow. There is a
rapid decrease in volcanism (cyan) after lithospheric overturn.

Geologic evidence for heat-pipe Earth
The heat-pipe Earth hypothesis and simulations supply predictions
for early Earth’s development: rapid volcanic resurfacing, a low geo-
thermal gradient across the bulk of the lithosphere, contractional defor-
mation (with minor extensional deformation in restricted settings such
as grabens atop rising diapirs) and a rapid decrease in heat-pipe vol-
canism after initiation of plate tectonics. Preserved heat-pipe rocks
would be broadly representative of the single-plate lithosphere. Here
we review the geologic record of early Earth and compare it with these
predictions and those of existing models. We focus on the period
before ,3.2 Gyr ago because interpretations of diverse data suggest
that plate tectonics began at that time: isotopic records in zircons
indicate a pronounced decrease in crustal growth rate19, inclusion
assemblages of kimberlite-hosted diamonds shift from exclusively
peridotitic to eclogitic as well as peridotitic20, and a Wilson cycle that
occurred 3.2–3.1 Gyr ago has been identified21.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material
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Figure 1 | Snapshots of the temperature field for two-dimensional models
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The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing,
contractional deformation, a low geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic
framework in which to explore the evolution of our planet before the onset of plate tectonics.

The lithospheric dynamics of terrestrial planets is driven by the trans-
port of heat from the interior to the surface1. Terrestrial bodies with
low heat flows (for example Mars (,20 mW m22; ref. 2) and the
Moon (12 mW m22; ref. 3)) lose heat largely by conduction across a
single-plate lithosphere, whereas Earth’s heat transport (global mean
flux1, 65 mW m22) is dominated by plate tectonics. Early in Earth’s
history, radiogenic heat production was three to five times greater
than at present4, and there were additional contributions from tidal
heating by a receding Moon and loss of accretionary heat. Whether or
not plate tectonics operates under these conditions is uncertain geo-
dynamically5–9, but plate tectonic processes such as subduction and
arc accretion are often invoked to explain the geologic and geo-
chemical features of Archaean rocks10–12.

An example of a terrestrial body with a higher surface heat flow
than modern Earth is Jupiter’s moon Io. Rather than losing heat by
more vigorous plate tectonics, Io instead transports about 40 times
Earth’s heat flux13 (2.5 W m22) from the interior to the surface through
volcanism. This mode of planetary heat transport is called the heat-
pipe mode14,15 after the localized channels through which melt brings
heat to the surface. Heat pipes are conduits that transfer heat and
material from the base of the lithosphere to the surface by means of
buoyant ascent (for example the lithospheric plumbing atop a mantle
plume). When heat pipes become the dominant heat transport mech-
anism of a planet, the effects on the lithosphere are both surprising and
profound.

Geodynamic models of heat-pipe Earth
We explore the consequences of the heat-pipe mode for early Earth
using simplified models of mantle convection with melt generation
and extraction. The temperature field snapshots shown in Fig. 1 result
from numerical solutions to the equations of mass, energy and momentum
transport in the mantle16 as internal heating and cooling at the surface
drive convective motions (for details of the modelling approach and
parameter definitions, see Methods Summary). These two-dimensional
models have a strongly temperature-dependent, Newtonian rheology
that results in a single-plate, rigid lid at the surface. Melting and melt
transport are modelled in as simple a fashion as possible while pre-
serving the effect of this process on the heat transport and dynamics
of the lithosphere. Melt is generated whenever the mantle exceeds a
simple linearly pressure-dependent solidus17 and is immediately extracted

to the surface, and the column in which the melt was produced is
advected downwards to conserve mass (Fig. 1, inset). Once at the
surface, the melt is assumed to lose its latent and sensible heat (which
is tracked as volcanic heat flow) instantly and to return to the imposed
surface boundary temperature of 15 uC. Although this is a simplifica-
tion of the process of melt generation and eruption, it captures the basic
physics in a manner that allows us to see clearly the effects of heat pipes
on the lithosphere.

The internal heating and surface heat flow both increase by a factor
of ten from top to bottom in Fig. 1. Increased internal heat production
causes the temperature of the mantle to increase slightly and the
thickness of the cold lid to increase significantly. A thick, cold litho-
sphere develops because volcanic material deposited at the surface
buries old flows, resulting in a descending ‘conveyor belt’ of material

1Department of Atmospheric and Planetary Sciences, Hampton University, Hampton, Virginia 23668, USA. 2National Institute of Aerospace, Hampton, Virginia 23666, USA. 3Department of Geology and
Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA.
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Figure 1 | Snapshots of the temperature field for two-dimensional models
of mantle convection. The internal-heating Rayleigh number, RaH, is different
in each panel. The inset illustrates the operation of the heat pipe: melt is
extracting to the surface, where it cools, and cold lithosphere is advected
downwards to conserve mass.
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Fig. 2 shows the results from all the simulations suites of Fig. 1
plotted in terms of the parameter combination of Eq. (6). A best fit
linear trend, along with associated error, is also shown. The largest
scatter occurs for simulations with relatively low critical tempera-
tures. This indicates that the greatest scaling error occurs for
situations in which the initial reference state is already near the
transition in tectonic modes. We will return to this issue when we
evaluate scaling errors.

Fig. 3a shows the results of four simulation suites that vary the
aspect ratio of convection cells, maintaining reflecting side bound-
aries, and one simulation suite with wrap-around side boundaries.
The activation temperature and heating ratio are, respectively, 13.82
and 1.0 for all simulations. Fig. 3b shows results from the same suites
plotted in terms of the parameter combinations of Eq. (6). The slope of
the trends, in the scaling parameter space, is seen to depend on cell
aspect ratio. Aspect ratio two cells, with reflecting boundaries, are the
most stable in the sense that they require the largest surface
temperature change to induce a tectonic transition.

The simulation suite with wrap-around side boundaries (Fig. 3)
starts with 2 cells within the 4×1 modeling domain. Unlike the
reflecting boundary cases, the cells are free to drift laterally through
the domain. This means that simulation analogs to plate margin zones

are not fixed in space, as they are for the reflecting side boundary
suites. The boundary conditions also allow for the potential of surface
temperature changes altering convective wavelengths before a
transition occurs. Based on the results of Fig. 3, this added system
freedom leads to lower critical surface temperature being required to
initiate tectonic transitions. This is an interesting observation that
deserves future exploration. For now, the key is that this geometric
effect leads to lower predicted critical temperatures. Thus by focussing
on the results from 2×1 cells with reflecting boundaries we will
remain conservative when it comes to applying scaling results to
planets.

Fig. 4a shows that the qualitative trends associated with increased
internal heating and or activation temperature are robust for 2×1
cells. For this simulation suite, Rai ranges from 4.4×106 to 4.0×107.
The ratio of the surface heat flow due to internal versus basal heating
ranges from 0 to 54%. Fig. 4b shows that predicted scaling trends are
associated with similar error levels for variable convective cell
wavelengths. Unlike the unit aspect ratio cases, the majority of 2×1
simulation suites transition directly from an active to a stagnant-lid
mode of convection. Fig. 5 shows that crossing the critical tempera-
ture, for longer aspect ratio cases, leads to a change in convective
wavelength. The shorter ensuing wavelengths lower convective stress
levels (that wavelengths shorter than two are associated with lower
critical temperatures, Fig. 3, suggests that convective stress is also
lower at shorter wavelength). Thus, an episodic regime, which
requires that the time variation of convective stress is such that it
occasionally reaches yield stress values, becomes less likely.

The key assumption to our scaling analysis is that internal mantle
temperature changes track surface temperature changes. Numerical
simulations confirm the qualitative validity of this assumption (if this
was not the case, numerical simulations would not show any tectonic
transitions). Key assumptions were made in our analysis to determine
a simple closed form relationship between surface temperature and
internal temperature. The level or error introduced by our assump-
tions can be evaluated by comparing predictions from simulations

Fig. 4. (a) Critical surface temperature versus lithospheric yield stress from 2×1
simulation suites with variable activation temperatures and degrees of internal heating.
(b) Results from all the simulation suites of Fig. 1 and 4b plotted in terms of the scaling
analysis combination of parameters of Eq. (6).

Fig. 5. Thermal fields from simulations with fixed activation temperature and yield
stress values but variable surface temperatures. Horizontal surface velocity is shown
above each image. The light zones in the upper corners of the top and bottom left image
highlight regions of plastic failure (weak plate boundary analogs). The reference case
(top) has a non-dimensional surface temperature of zero. From that reference case, the
surface temperature is systematically increased to determine the conditions that allow
an active-lid mode of convection to be maintained despite the temperature change
(bottom left) and the conditions under which the temperature change induces a
transition to a stagnant-lid mode of convection (bottom right).
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with the highest predicted critical temperature and is, in this sense,
conservative. To dimensionalize scaling results, we will use values
representative of present day Earth. The yield stress of the lithosphere
is associated with significant uncertainty that, as we will see, has a
large effect of predicted critical temperatures. As suchwewill consider
a range of potential yield stresses.

We set the mantle potential temperature to 1350°C and the
average surface temperature, before a climate induced change, to zero.
We consider a conservative activation temperature by using a
relatively low non-dimensional value of 13.82. To dimensionalize
viscosity we assume an internal viscosity, i.e., the value at the mantle
potential temperature, of 1022 Pa s. This is conservative as lower values
will predict lower critical temperatures. By setting a non-adiabatic
mantle temperature drop, we can calculate the effective viscosity of
the lithosphere which is required to dimensionalize yield stress. We
choose a non-adiabatic temperature drop of 1800°. This is also
conservative as larger values will predict lower critical temperatures.
The temperature drop and internal viscosity are needed to determine
the internal mantle Rayleigh number. Other required values are
density (4000 kg/m3), gravitational acceleration (9.8 ms2), thermal
expansion coefficient (3×105), mantle depth (3000 km), and thermal
diffusivity (10−6 m2/s). Fig. 7a plots the predicted critical surface
temperature for a range of yield stress values.

The yield stress required to allow for plate tectonics, under present
day Earth conditions, has been explored by several groups (Moresi and
Solomatov, 1998; Trompert and Hansen,1998; Tackley, 1998; O'Neill et
al., submitted for publication). Moresi and Solomatov express the
value in terms of an effective friction coefficient and find that it must
be 0.03–0.13. This is well below dry rock friction but can be achieved
with elevated pore fluid pressures. The effective friction coefficient
value along major faults on the Earth has also been estimated from
data constraints. For the San Andreas fault a recent study infers a value
of 0.1 (d'Alessio et al., 2006). Constraints from subduction zones also
lead to stress levels much lower than would be inferred based on dry
rock friction (Bird, 1978). A recent study of this sort predicts effective
friction coefficient values of 0.019–0.095 (Lamb, 2006). If we consider
the average depth to the ductile portion of the lithosphere to be
20 km, then the range of field constrained effective friction
coefficients above implies yield stress values from 11 to 59 MPa
(assuming an average overburden density of 3000 kg/m3). The average
value of 35 MPa is in accord with an alternate estimate that considers
the laboratory determined effective friction coefficient of the weakest
materials that could potentially be present in fault zones (Moore and
Rymer, 2007). The lowest friction coefficient material, talc, implies a
stress at the brittle–ductile transition of ≈30 MPa.

If we consider the yield stress range of 30–35 MPa as a reasonable
estimate, then Fig. 7a predicts that a long-lived surface temperature
change of 60–120° could cause plate tectonics to become unstable.
This temperature range is considerably less than that associated with
present day Earth–Venus surface temperature differences and is also
considerable less that the critical temperature beyond which free
water could not exist at the Earths surface (Kasting and Ono, 2006).
The implication is that climate driven surface temperature changes
could cause plate tectonics to cease independent of major water loss
and associated lithospheric dehydration. This is reinforced by the fact
that we have been conservative in our parameter choices. Once plate
tectonics ceases on a planet then the recycling of water and CO2will be
altered and the potential exists of a further enhanced increase in
surface temperature to the point of complete water loss. What is key,
from the standpoint of our analysis, is that the trigger for this need not
involve complete dehydration and associated lithosphere strengthen-
ing as is often assumed.

The illustrative example above considered parameter estimates for
present day Earth. Estimates for yield stress on other planets are
sparse but, given that Earth estimates are so low relative to dry rock
friction values, it is possible that other terrestrial planets could be

associated with higher yield stress values. Our analysis would then
suggest that even lower climate driven temperature changes could
shut down an episode of plate tectonics on such planets. Our analysis
also suggests that the surface temperature change needed to induce a
tectonic transition depends on the internal mantle Rayleigh number.
All other factors remaining equal, a higher Rayleigh number is
associated with a lower critical temperature. This suggests that the
stability of plate tectonics varies over the thermal history of a planet
and smaller temperature changes could induce transitions earlier in a
planets history.

Although the primary intent of this paper is to explore conditions
that allow for the potential of a climate induced change in a planets
tectonic mode, it is worth briefly considering the surface signatures of
such a transition if it did occur. As convective stresses drop below yield
stress, in our simulations, surface velocities experiences enhanced
time dependence prior to a complete tectonic transition. This suggests
that the transition might be preceded by tectonic pulses. Short of
being on a planet long enough to monitor such tectonic bursts, the
signatures they leave would be difficult to discern from planetary
missions. A potentially more observable effect is associated with
volcanism. For the present day Earth, the average oceanic geotherm

Fig. 7. (a) Dimensional critical surface temperature versus dimensional lithospheric
yield stress. Parameter values used for dimensionalization are discussed in the body of
the text. (b) Horizontally averaged vertical temperature profiles from a simulation that
transitions from active to stagnant-lid convection in response to a surface temperature
change. The wet solidus is for peridotite with a water content of 1000 ppm
(Hirschmann, 2006).
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ing as is often assumed.
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sparse but, given that Earth estimates are so low relative to dry rock
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the interiors of the Moon, Mercury, Mars, and Venus.
Finally, a summary of this chapter is included in
Section 10.02.9.

10.02.2 Observational Methods

Important observational constraints on planetary
interiors are provided by astronomical and geodetic
methods, rotational and tidal variations, relationships
between gravity and topography, magnetic field
observations, planetary seismology, interpretations
of geologic surface features and compositional varia-
tions, and laboratory studies of planetary materials
and meteorites.

10.02.2.1 Geodesy

Bulk composition and interior structure of a planet or
satellite are mainly constrained by its mean density
and mean moment of inertia. The mean density of a
planetary body is calculated from its mass and
volume. To that end, it is necessary to infer the size
and global shape of a planet or satellite from images
acquired telescopically using micrometric or photo-
graphic techniques or by cameras onboard spacecraft.
The global shape or figure of a body depends on its
mass, size, rotational and tidal state, and material

strength. Detailed topographic maps of bodies like
the Moon, Mars, and Venus have been obtained by
using Earth-based radar observations (Muhleman
et al., 1995; Margot et al., 1999; Harmon et al., 2001),
radio-occultation data, and radar and laser altimetry
from orbiting spacecraft (Zuber et al., 1992, 1994;
Smith et al., 1999a; Rappaport et al., 1999). Future
missions to Mercury also will benefit from laser alti-
metry (Solomon, 2003). Though the masses of planets
and satellites have been known from astronomical
observations for a long time, the most current and
acccurate values are based on measurements of
spacecraft that landed, orbited, or flew by.

The gravitational field of a planet or satellite is
closely related to the distribution of mass inside the
body. Doppler tracking of a spacecraft using its radio
communications signal determines its orbit or trajec-
tory from which the gravitational field and the
planetocentric constant GM (where G is the universal
gravitational constant and M is total mass) can be
inferred. The Doppler tracking method is highly
accurate in the case of orbiting spacecraft, so that
the nominal error of the deduced value of the mean
density of the body, for example, 3933.5! 0.4 kgm"3

in the case of Mars, is primarily due to uncertainties
in the value of G (Esposito et al., 1992). The mean
density is the main indicator of the bulk composition
of the terrestrial planets and terrestrial-type bodies.

Titan

Io

Europa
Ganymede

Callisto

Moon
Rc/Rp = 0.25

Mars
Rc/Rp = 0.5

Mercury
Rc/Rp = 0.8

Figure 1 Cut-away views of the interiors of a number of terrestrial-type bodies. Rc/Rp denotes the core radius of a planet or
satellite relative to its total radius.
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