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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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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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heat

transport
and

lithospheric
dynam
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early
Earth
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currently
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by

plate
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and
vertical
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odels, but
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not
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global synthesis
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the
geologic

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

ulations
indicate

that
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thick
lithosphere
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eruptions
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transition
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plate
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odel predictions,
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volcanic

resurfacing,

contractional deform
ation, a

low
geotherm

al gradient across the
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and
a

rapid
decrease
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heat-pipe

volcanism
after

initiation
of

plate
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surface
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20
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ref.
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and
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M
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(12
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W
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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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is

dom
inated

by
plate

tectonics. Early
in

Earth’s

history, radiogenic
heat

production
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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
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under

these
conditions

is
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geo-

dynam
ically
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processes

such
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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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after
the
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channels

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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bing
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e). W

hen
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inant heat transport m
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of a

planet, the effects on
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surprising
and

profound.
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convection
w

ith
m

elt
generation

and
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tem

perature
field
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result
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num

erical solutions to
the equationsofm

ass, energy
and
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om
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transport in
the

m
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16as internal heating
and

cooling
at the

surface

drive
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m
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(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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odels

have
a

strongly
tem
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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
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fashion

as
possible

w
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pre-

serving
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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
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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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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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deposited
at

the
surface

buries
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s, resulting

in
a

descending
‘conveyor

belt’ of m
aterial

1D
epartm

ent of Atm
ospheric

and
Planetary

Sciences, H
am

pton
U

niversity, H
am

pton, Virginia
23668, U

SA. 2N
ational Institute

of Aerospace, H
am

pton, Virginia
23666, U

SA. 3D
epartm

ent of G
eology

and

G
eophysics, Louisiana

State
U

niversity, B
aton

R
ouge, Louisiana

70803, U
SA.

R
a
H  = 10

6

R
a
H  = 10

7

R
a
H  = 10

8

Eruption and

cooling

Extraction
Advection

M
elting

Figure
1

| Snapshots
of the

tem
perature

field
for

tw
o-dim

ensional m
odels

ofm
antle convection.

T
he internal-heating

R
ayleigh

num
ber, R

a
H , is different

in
each

panel. T
he

inset illustrates
the

operation
of the

heat pipe: m
elt is

extracting
to

the
surface, w

here
it cools, and

cold
lithosphere

is
advected

dow
nw

ards
to

conserve
m

ass.

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
acm

illan Publishers Lim
ited. A

ll rights reserved

©
2013

ARTICLE

doi:10.1038/nature12473

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
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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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DepartmentofGeologyand
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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
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m
antle

plum
e).W

hen
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dom
inantheattransportm
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planet,theeffectson
thelithosphereareboth

surprising
and

profound.
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the
consequences
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heat-pipe

m
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Earth

using
sim
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m
odels
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m
antle

convection
w
ith

m
elt

generation

and
extraction.T
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tem

perature
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Fig.1
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from
num
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ass,energy
and

m
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transportin
the

m
antle

16 asinternalheating
and

cooling
atthe

surface

drive
convective
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(for
details
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m
odelling

approach
and

param
eterdefinitions,seeM

ethodsSum
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ary).T
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o-dim

ensional

m
odels

have
a
strongly

tem
perature-dependent,N

ew
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rheology

thatresults
in
a
single-plate,rigid

lid
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surface.M
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and
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pre-
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the
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inset).
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nce
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surface,the
m
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istracked
asvolcanic

heatflow
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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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sphere
develops

because
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the

surface
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in
a
descending

‘conveyor
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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
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materia
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burie
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ws,resultin
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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
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gs
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thesurfa

ce.
Heat

pipes
are

conduits
thattra

nsfe
rheatand

mater
ialfro

m
thebase
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to
thesurfa

ce
bymeansof
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nt(fo

rexamplethelith
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cplumbingatopamantle

plume).
W

hen
heatpipes

beco
methedominantheattra

nsportmech
-

anism
ofaplanet,

theeff
ect

sonthelith
osphere

are
both

surpris
ingand

profound. Geodynamic
modelsofheat-pipeEarth
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models
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melt
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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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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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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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a
higher

surface
heat flow

than
m
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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
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pipes

are
conduits

that
transfer

heat
and

m
aterial from

the
base

of the
lithosphere

to
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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

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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approach
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that results
in

a
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to
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in
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produced
is

advected
dow

nw
ards

to
conserve

m
ass

(Fig.
1,

inset).
O

nce
at

the

surface, the
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to
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its latent and
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and
to

return
to

the
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surface
boundary
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this

is
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of the process ofm

elt generation
and
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on
the
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the
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to
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slightly
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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
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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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Figure
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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in
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panel.The
insetillustratesthe

operation
ofthe

heatpipe:m
eltis

extracting
to

the
surface,w
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m
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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
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and
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surface
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ethodsSum
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m
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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.

26SEPTEMBER2013|VOL501|NATURE|501

Macmillan Publishers Limited. All rights reserved

©2013

ARTICLE

doi:1
0.1038/n

ature12473

Heat-pipeEarth

Willi
am

B.Moore1,2
&A.AlexanderG.Webb3

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
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thicknessofthecold
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to
increase

sig
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antly.Athick,cold
lith
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sphere
developsbecause
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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
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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
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grea

ter

thanatpres
en

t4
,andthere

were
additio

nalcontri
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nsfro
m

tid
al

heatin
gbyarec

ed
ingMoonandlossofaccr

eti
onary

heat.W
heth

er
or

notplate
tec

tonics
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under

these
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nsisuncer
tain

geo-

dynamica
lly5–9

,butplate
tec

tonic
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such

assubducti
onand

arc
accr

eti
on

are
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invoked

to
explain

thegeologic
and
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em
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tures
ofArch

aeanrocks10–12
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Anexample
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tri

albodywith
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surfa
ce

heatflo
w

thanmodern
Earth

isJupite
r’s

moonIo.Rather
thanlosin

gheatby

more
vigorousplate

tec
tonics

,Io
inste
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nsports

about40tim
es

Earth
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x13
(2.5W
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2
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through

volca
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nsport
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called
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to
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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

1
Department of Atmospheric and Planetary Sciences, Hampton University, Hampton, Virginia 23668, USA.

2
National Institute of Aerospace, Hampton, Virginia 23666, USA.

3
Department of Geology and

Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA.

RaH = 106

RaH = 107

RaH = 108

Eruption and
cooling

E
xtraction A

d
ve
ct
io
n

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.

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. 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 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

1
Dep

art
ment of

Atm
osp

heri
c an

d Plan
eta

ry Scie
nces

, H
am

pton
Unive

rsit
y, H

am
pton

, Virg
inia 23668, U

SA. 2
Natio

nal I
nstit

ute of A
ero

space
, H

am
pton

, Virg
inia 23666, U

SA. 3
Dep

art
ment of

Geol
ogy

an
d

Geop
hysi

cs,
Lou

isia
na Stat

e Unive
rsit

y, B
ato

n Rou
ge,

Lou
isia

na 70803, U
SA.

RaH  = 10 6

RaH  = 10 7

RaH  = 10 8

Eruptio
n and

cooling

Extraction

Ad
ve

ct
io

nMeltin
g

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

.
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

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
e Ear

th

W
ill

ia
m

B. M
oo

re 1,
2
&

A. Alex
an

der
G. W

eb
b 3

The
hea

t tra
nsp

or
t an

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
, but th

es
e do

not
of

fe
r a gl

ob
al

sy
nth

es
is

co
nsis

te
nt w

ith
th

e ge
ol

og
ic

re
co

rd
. Her

e w
e use

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

t tra
nsp

or
t.

Thes
e

sim
ulat

io
ns in

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
t so

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

nt w
ith

m
od

el
pre

dict
io

ns,
th

e
ge

ol
og

ic
re

co
rd

sh
ow

s ra
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
t a

cr
os

s th
e bulk

of
th

e lit
hos

pher
e an

d a ra
pid

dec
re

as
e in

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
e ev

ol
utio

n
of

ou
r plan

et
bef

or
e th

e on
se

t of
plat

e te
ct

on
ics

.

The lit
hos

ph
er

ic
dy

nam
ics

of
ter

re
str

ial
pl

an
ets

is
dr

ive
n by

th
e tra

ns-

po
rt

of
hea

t fro
m

th
e in

ter
io

r to
th

e su
rfa

ce 1
. T

er
re

str
ial

bo
di

es
with

lo
w

hea
t flo

ws
(fo

r
ex

am
pl

e
M

ar
s

(,
20

m
W

m 2
2
; re

f.
2)

an
d

th
e

M
oo

n
(1

2m
W

m 2
2
; r

ef.
3)

) lo
se

hea
t lar

ge
ly

by
co

ndu
cti

on
ac

ro
ss

a

sin
gle

-p
lat

e lit
hos

ph
er

e,
wher

ea
s Ear

th
’s

hea
t tra

nsp
or

t (g
lo

ba
l m

ea
n

flu
x 1

, 6
5m

W
m 2

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
t pr

od
uc

tio
n

was
th

re
e

to
fiv

e
tim

es
gr

ea
ter

th
an

at
pr

es
en

t 4
, a

nd
th

er
e wer

e ad
di

tio
nal

co
ntri

bu
tio

ns fro
m

tid
al

hea
tin

g by
a re

ce
di

ng M
oo

n an
d lo

ss
of

ac
cr

eti
on

ar
y hea

t. W
heth

er
or

not
pl

ate
tec

to
nics

op
er

ate
s un

de
r th

es
e co

ndi
tio

ns is
un

ce
rta

in
ge

o-

dy
nam

ica
lly 5–

9
, bu

t pl
ate

tec
to

nic
pr

oc
es

se
s su

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
l f

ea
tu

re
s of

Arc
hae

an
ro

ck
s 10

–1
2
.

An
ex

am
pl

e
of

a
ter

re
str

ial
bo

dy
with

a
high

er
su

rfa
ce

hea
t flo

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

t by

m
or

e vig
or

ou
s pl

ate
tec

to
nics

, Io
in

ste
ad

tra
nsp

or
ts

ab
ou

t 40
tim

es

Ear
th

’s h
ea

t f
lu

x 13
(2

.5
W

m 2
2
) f

ro
m

th
e in

ter
io

r t
o th

e su
rfa

ce
th

ro
ug

h

vo
lca

nism
. T

his
m

od
e of

pl
an

eta
ry

hea
t tra

nsp
or

t is
ca

lle
d

th
e hea

t-

pi
pe

m
od

e 14
,1
5
aft

er
th

e lo
ca

liz
ed

ch
an

nels
th

ro
ug

h
which

m
elt

br
in

gs

hea
t to

th
e

su
rfa

ce
. H

ea
t pi

pe
s ar

e
co

ndu
its

th
at

tra
nsfe

r
hea

t an
d

m
ate

ria
l fro

m
th

e ba
se

of
th

e lit
ho

sp
her

e to
th

e su
rfa

ce
by

m
ea

ns of

bu
oy

an
t a

sc
en

t (fo
r ex

am
pl

e th
e lit

ho
sp

her
ic

pl
um

bin
g ato

p a m
an

tle

pl
um

e).
W

hen
hea

t p
ip

es
be

co
m

e th
e do

m
in

an
t h

ea
t t

ra
nsp

or
t m

ec
h-

an
ism

of
a pl

an
et,

th
e eff

ec
ts

on
th

e lit
hos

ph
er

e ar
e bo

th
su

rp
ris

in
g an

d

pr
of

ou
nd.

Geo
dynam

ic
m

od
els

of
hea

t-
pip

e Ear
th

W
e ex

pl
or

e th
e co

nse
qu

en
ce

s of
th

e hea
t-p

ip
e m

od
e fo

r ea
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
d ex

tra
cti

on
. T

he tem
pe

ra
tu

re
fie

ld
sn

ap
sh

ot
s sh

ow
n in

Fi
g.

1 re
su

lt

fro
m

nu
m

eri
ca

l so
lut

ion
s t

o th
e eq

ua
tio

ns
of

m
ass

, en
erg

y an
dm

om
en

tu
m

tra
nsp

or
t i

n th
e m

an
tle 16

as
in

ter
nal

hea
tin

g an
d co

oli
ng at

th
e su

rfa
ce

dr
ive

co
nve

cti
ve

m
ot

ion
s (fo

r de
tai

ls
of

th
e m

od
ell

in
g

ap
pr

oa
ch

an
d

pa
ra

m
ete

r d
efi

ni
tio

ns
, se

eM
eth

od
s S

um
m

ar
y)

. T
he

se
tw

o-
di

m
en

sio
nal

m
od

els
hav

e a str
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

a sin
gle

-p
lat

e,
rig

id
lid

at
th

e su
rfa

ce
. M

elt
in

g an
d

m
elt

tra
nsp

or
t ar

e m
od

ell
ed

in
as

sim
pl

e a
fas

hio
n

as
po

ssi
bl

e while
pr

e-

se
rv

in
g th

e eff
ec

t of
th

is
pr

oc
es

s on
th

e hea
t tra

nsp
or

t an
d

dy
nam

ics

of
th

e lit
ho

sp
her

e.
M

elt
is

ge
ne

ra
ted

when
ev

er
th

e m
an

tle
ex

ce
ed

s a

sim
ple

lin
ea

rly
pr

ess
ur

e-d
ep

en
de

nt
so

lid
us 17

an
d is

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

e m
elt

is
as

su
m

ed
to

lo
se

its
lat

en
t an

d
se

nsib
le

hea
t (w

hi
ch

is
tra

ck
ed

as
vo

lca
nic

hea
t f

low
) in

sta
ntly

an
d to

re
tu

rn
to

th
e im

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
a sim

pl
ifi

ca
-

tio
n of

th
e pr

oc
es

s o
fm

elt
ge

ner
ati

on
an

d er
up

tio
n, it

ca
pt

ur
es

th
e ba

sic

ph
ys

ics
in

am
an

ner
th

at
all

ow
s us

to
se

e cle
ar

ly
th

e eff
ec

ts
of

hea
t p

ip
es

on
th

e lit
ho

sp
her

e.

The in
ter

nal
hea

tin
g an

d su
rfa

ce
hea

t f
lo

w
bo

th
in

cr
ea

se
by

a fac
to

r

of
ten

fro
m

to
p to

bo
tto

m
in

Fi
g.

1.
In

cr
ea

se
d in

ter
nal

hea
t p

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
s of

th
e co

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
l de

po
sit

ed
at

th
e

su
rfa

ce

bu
rie

s ol
d

flo
ws,

re
su

lti
ng in

a de
sc

en
di

ng ‘co
nve

yo
r be

lt’
of

m
ate

ria
l

1
De

pa
rtm

en
t o

f A
tm

os
ph

er
ic
an

d
Pl
an

et
ar
y S

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
t o

f G
eo

log
y a

nd

Ge
op

hy
sic

s,
Lo

ui
sia

na
St
at
e Un

ive
rs
ity

, B
at
on

Ro
ug

e,
Lo

ui
sia

na
70

80
3,

US
A.

Ra
H  =

 1
0 6

Ra
H  =

 1
0 7

Ra
H  =

 1
0 8

Er
up

tio
n 
an

d

co
ol
ing

Extraction

Adve
ctio

n
M
elt

ing

Fig
ure

1
| S

nap
sh

ots
of th

e te
m

per
at

ure
fie

ld
fo

r tw
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

t illu
str

ate
s th

e op
er

ati
on

of
th

e hea
t pi

pe
: m

elt
is

ex
tra

cti
ng to

th
e su

rfa
ce

, w
her

e it
co

ols
, a

nd
co

ld
lit

hos
ph

er
e is

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
1 3

|
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
b 3

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
t t
he

se
do

no
t o

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

l d
ef
or
m
at
io
n,

a l
ow

ge
ot
he

rm
al
gr
ad

ie
nt

ac
ro
ss
th
e b

ul
k
of

th
e l
ith

os
ph

er
e a

nd
a r

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
r p

la
ne

t b
ef
or
e
th
e
on

se
t o

f p
la
te

te
ct
on

ic
s.

Th
e l
ith

os
ph

er
ic
dy
na
m
ic
s o

f t
er
re
st
ria

l p
la
ne
ts
is
dr
iv
en

by
th
e t
ra
ns
-

po
rt
of

he
at

fr
om

th
e
in
te
rio

r t
o
th
e
su
rf
ac
e 1
. T

er
re
st
ria

l b
od

ie
s w

ith

lo
w

he
at

flo
w
s
(fo

r
ex
am

pl
e
M
ar
s
(,

20
m
W

m 2
2

; r
ef
. 2

)
an
d
th
e

M
oo

n
(1
2m

W
m 2

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’
s h

ea
t t
ra
ns
po

rt
(g
lo
ba
l m

ea
n

flu
x 1
, 6

5m
W

m 2
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
t 4
, a
nd

th
er
e
w
er
e
ad
di
tio

na
l c
on

tr
ib
ut
io
ns

fr
om

tid
al

he
at
in
g
by

a r
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
t p

la
te

te
ct
on

ic
s o

pe
ra
te
s u

nd
er

th
es
e
co
nd

iti
on

s i
s u

nc
er
ta
in

ge
o-

dy
na
m
ic
al
ly 5–

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
s 10

–1
2
.

A
n
ex
am

pl
e
of

a
te
rr
es
tr
ia
l b

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

t 4
0
tim

es

Ea
rt
h’
s h

ea
t f
lu
x 13

(2
.5
W

m 2
2

) f
ro
m
th
e i
nt
er
io
r t
o
th
e s
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
t i
s
ca
lle
d
th
e
he
at
-

pi
pe

m
od

e 14
,1
5
af
te
r t
he

lo
ca
liz
ed

ch
an
ne
ls
th
ro
ug
h
w
hi
ch

m
el
t b

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
l f
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
t a
sc
en
t (
fo
r e

xa
m
pl
e t
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
s b

ec
om

e t
he

do
m
in
an
t h

ea
t t
ra
ns
po

rt
m
ec
h-

an
ism

of
a p

la
ne
t,
th
e e

ffe
ct
s o

n
th
e l
ith

os
ph

er
e a

re
bo

th
su
rp
ris
in
g a

nd

pr
of
ou

nd
.

G
eo

dy
na

m
ic

m
od

el
s o

f h
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
t g

en
er
at
io
n

an
d
ex
tr
ac
tio

n.
Th

e t
em

pe
ra
tu
re
fie
ld
sn
ap
sh
ot
s s
ho

w
n
in

Fi
g.
1
re
su
lt

fro
m
nu

m
er
ica

l s
ol
ut
io
ns

to
th
e e
qu
at
io
ns

of
m
as
s,
en
er
gy

an
d
m
om

en
tu
m

tr
an
sp
or
t i
n
th
e m

an
tle

16
as

in
te
rn
al
he
at
in
g
an
d
co
ol
in
g
at
th
e s
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
s h

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
t a

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
s o

n
th
e
he
at

tr
an
sp
or
t a

nd
dy
na
m
ic
s

of
th
e
lit
ho

sp
he
re
. M

el
t i
s
ge
ne
ra
te
d
w
he
ne
ve
r
th
e
m
an
tle

ex
ce
ed
s
a

sim
pl
e l
in
ea
rly

pr
es
su
re
-d
ep
en
de
nt
so
lid
us 17

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
e i
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
e p

ro
ce
ss
of
m
elt

ge
ne
ra
tio

n
an
d
er
up

tio
n,
it
ca
pt
ur
es
th
e b

as
ic

ph
ys
ic
s i
n
am

an
ne
r t
ha
t a
llo

w
s u

s t
o
se
e c

lea
rly

th
e e

ffe
ct
s o

f h
ea
t p

ip
es

on
th
e
lit
ho

sp
he
re
.

Th
e i
nt
er
na
l h
ea
tin

g
an
d
su
rf
ac
e h

ea
t f
lo
w
bo

th
in
cr
ea
se
by

a f
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
s o

f t
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
l d

ep
os
ite
d
at

th
e
su
rf
ac
e

bu
rie

s o
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
t o
f A
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
l I
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
t o
f G
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
0 6

R
a
H  =

 1
0 7

R
a
H  =

 1
0 8

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

e i
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
t i
llu

st
ra
te
s t
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

calor
gravidade



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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downwards to conserve mass.
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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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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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ith

a
higher

surface
heat flow

than
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Earth

is
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oon

Io. Rather
than

losing
heat by
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ore

vigorous
plate
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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
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after the
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channels through

w
hich

m
elt brings

heat
to
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surface. H
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pipes

are
conduits

that
transfer

heat
and
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aterial from

the
base

of the
lithosphere

to
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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.
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eodynam
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m

odels of heat-pipe
Earth
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explore
the

consequences
of the

heat-pipe
m

ode
for

early
Earth

using
sim

plified
m

odels
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antle
convection

w
ith

m
elt generation

and
extraction. The tem

perature field
snapshots show
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Fig. 1
result

from
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erical solutions to the equationsofm
ass, energy and

m
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entum

transport in
the m

antle 16
as internal heating

and
cooling

at the surface

drive
convective

m
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(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
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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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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
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in
w

hich
the

m
elt

w
as

produced
is

advected
dow
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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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plate
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global synthesis
consistent

w
ith

the
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and
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drive
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approach

and
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have
a
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that results
in

a
single-plate, rigid
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surface. M
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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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the

effect of this
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on
the

heat transport and
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of
the
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elt

is
generated
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henever

the
m
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exceeds

a

sim
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pressure-dependent solidus 17and
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ediately

extracted

to
the

surface, and
the

colum
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in
w

hich
the

m
elt
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as

produced
is

advected
dow

nw
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to
conserve

m
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inset).
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at

the

surface, the
m

elt is assum
ed

to
lose

its latent and
sensible
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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
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of the process ofm

elt generation
and

eruption, it captures the basic

physics in
a
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see clearly

the effects of heat pipes

on
the
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perature

of
the

m
antle

to
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slightly
and

the
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to
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because
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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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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.
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Ra
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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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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
eat-pipe

Earth

W
illiam

B.M
oore1,2

&
A
.A
lexander

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
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
in
a
single-plate,rigid

lid
atthe

surface.M
elting

and
m
elt

transport
are

m
odelled

in
as
sim

ple
a
fashion

as
possible

w
hile
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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.

26SEPTEMBER2013|VOL501|NATURE|501

Macmillan Publishers Limited. All rights reserved

©2013

ARTICLE

doi:1
0.1038/n

ature12473

Heat-pipeEarth

Willi
am

B.Moore1,2
&A.AlexanderG.Webb3

Theheattra
nsportandlith

ospheric
dynamicsofearly

Earth
arecurrently

explainedbyplate
tectonic

andvertic
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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
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whichto
exploretheevolutio

nofourplanetbeforetheonsetofplate
tectonics.
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portofheatfro
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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
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histo
ry,radiogenic

heatproductio
nwasthreeto

fivetim
esgreater

thanatpresent4
,andthere

were
additio

nalcontrib
utio

nsfro
m

tid
al

heatin
gbyarecedingMoonandlossofaccretio

naryheat.Whetheror

notplatetectonicsoperatesunderthese
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nsisuncerta
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geo-

dynamically5–9
,butplate

tectonicprocesse
ssuchassubductio

nand

arc
accretio
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ofteninvokedto

explain
thegeologic

andgeo-

chemicalfeaturesofArchaeanrocks10–12
.

Anexampleofaterre
str

ialbodywith
ahighersurfa

ceheatflo
w

thanmodern
Earth

isJupiter’s
moonIo.Ratherthanlosin

gheatby

more
vigorousplate

tectonics,Io
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nsports

about40tim
es

Earth
’sheatflu

x13
(2.5W
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2
)fro

mtheinterio
rtothesurfa

cethrough

volcanism
.Thismodeofplanetary

heattra
nsportiscalledtheheat-

pipemode14,15
afterthelocalizedchannelsthroughwhichmeltbrin
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ce.Heatpipesare
conduits
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thesurfa

cebymeansof

buoyantascent(fo
rexamplethelith
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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
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ofthemodellin
gapproachand

parameter
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eeMethodsSummary).T
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ensio
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modelshaveastr
onglytemperature-dependent,Newtonianrheology

thatresults
in
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gle-plate,rig

id
lid
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ce.Meltin

gandmelt

tra
nsportare

modelledin
assim

pleafashionaspossib
lewhile

pre-

servingtheeffectofthisprocessontheheattra
nsportanddynamics

ofthelith
osphere.Meltisgeneratedwheneverthemantle

exceedsa

sim
plelinearly

pres
sure-

dependentsolidus17
andisimmediately

extra
cte
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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
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posed

surfa
ceboundary

temperatureof15uC
.Alth
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tio
noftheprocessofmeltgeneratio

nanderuptio
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capturesthebasic

physic
sinamannerthatallowsustoseeclearly

theeffectsofheatpipes

onthelith
osphere.
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ceheatflo
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increasebyafactor
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dominates
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to
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plate
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modelpredictio
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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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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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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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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 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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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 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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Figure 1 | Snapshots of the temperature field for two-dimensional models

of mantle convection. The internal-heating Rayleigh number, Ra
H , 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
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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The
heat

transport
and

lithospheric
dynam

ics
of

early
Earth

are
currently

explained
by

plate
tectonic

and
vertical

tectonic
m

odels, but
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do
not
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a

global synthesis
consistent
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the
geologic

record. H
ere

w
e

use
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erical

sim
ulations

and
com

parison
w

ith
the

geologic
record

to
explore
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heat-pipe

m
odel

in
w
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volcanism

dom
inates

surface
heat

transport. These
sim

ulations
indicate

that
a
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and

thick
lithosphere

developed
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result

of
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volcanic
eruptions

that
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aterials
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heat
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an

abrupt

transition
to

plate
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odel predictions,
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record
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volcanic

resurfacing,

contractional deform
ation, a

low
geotherm
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of the
lithosphere

and
a

rapid
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in
heat-pipe
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initiation
of

plate
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heat-pipe

Earth
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therefore
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the
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trans-
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by
conduction
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single-plate
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heat transport (global m
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erical solutions to
the equationsofm

ass, energy
and
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transport in
the

m
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16as internal heating
and

cooling
at the

surface

drive
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(for
details

of the
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approach

and
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eter definitions, seeM

ethods Sum
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ary). T
hese tw

o-dim
ensional

m
odels

have
a

strongly
tem

perature-dependent, N
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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

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
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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
a

m
anner that allow

s us to
see clearly

the effects of heat pipes

on
the

lithosphere.
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surface
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both
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by
a

factor

of ten
from
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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

flow
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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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.
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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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PlanetarySciences,Ham
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Figure
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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Earth
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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
in
a
single-plate,rigid

lid
atthe

surface.M
elting

and
m
elt

transport
are

m
odelled

in
as
sim

ple
a
fashion

as
possible

w
hile

pre-

serving
the

effectofthis
process

on
the

heattransportand
dynam

ics

of
the

lithosphere.M
elt

is
generated

w
henever

the
m
antle

exceeds
a

sim
plelinearly

pressure-dependentsolidus17 and
isim

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
eltisassum

ed
to
lose

itslatentand
sensible

heat(w
hich
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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
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tio

n

Melting

Figure1|Snapshotsofthetemperaturefieldfortwo-dimensionalmodels

ofmantleconvection.Theinternal-heatingRayleighnumber,RaH,isdifferent

ineachpanel.Theinsetillustratestheoperationoftheheatpipe:meltis

extractingtothesurface,whereitcools,andcoldlithosphereisadvected

downwardstoconservemass.
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raglobalsynthesisconsistentwith
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sim
ulatio
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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
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rinitia
tio
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ofplate

tectonics.Theheat-pipeEarth
modelthereforeoffe

rsacoherentgeodynamic
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whichto
exploretheevolutio

nofourplanetbeforetheonsetofplate
tectonics.
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thesurfa
ce1
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ialbodieswith

low
heatflo

ws(fo
rexample

Mars
(,

20mW
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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
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histo
ry,radiogenic

heatproductio
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esgreater

thanatpresent4
,andthere

were
additio

nalcontrib
utio

nsfro
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tid
al
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gbyarecedingMoonandlossofaccretio

naryheat.Whetheror

notplatetectonicsoperatesunderthese
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geo-

dynamically5–9
,butplate

tectonicprocesse
ssuchassubductio

nand

arc
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ofteninvokedto

explain
thegeologic

andgeo-

chemicalfeaturesofArchaeanrocks10–12
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Anexampleofaterre
str

ialbodywith
ahighersurfa

ceheatflo
w

thanmodern
Earth

isJupiter’s
moonIo.Ratherthanlosin

gheatby

more
vigorousplate
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about40tim
es

Earth
’sheatflu

x13
(2.5W
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)fro
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cethrough

volcanism
.Thismodeofplanetary
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afterthelocalizedchannelsthroughwhichmeltbrin
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conduits
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buoyantascent(fo
rexamplethelith
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plumbingatopamantle

plume).Whenheatpipesbecomethedominantheattra
nsportmech-
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ofaplanet,th

eeffectsonthelith
ospherearebothsurprisi

ngand

profound. Geodynamicmodelsofheat-pipeEarth

Weexplore
theconsequencesoftheheat-p

ipemodeforearly
Earth

usin
gsim

plifi
edmodelsofmantle

convectio
nwith

meltgeneratio
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andextra
ctio

n.ThetemperaturefieldsnapshotsshowninFig.1result
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also
lutionstotheequationsofmass,

energ
yandmomentum

tra
nsportinthemantle16

asinternalheatin
gandcoolin

gatthesurfa
ce

driv
econvectivemotio

ns(fo
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ofthemodellin
gapproachand

parameter
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eeMethodsSummary).T
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ensio
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modelshaveastr
onglytemperature-dependent,Newtonianrheology

thatresults
in
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gle-plate,rig

id
lid

atthesurfa
ce.Meltin
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tra
nsportare

modelledin
assim

pleafashionaspossib
lewhile

pre-

servingtheeffectofthisprocessontheheattra
nsportanddynamics

ofthelith
osphere.Meltisgeneratedwheneverthemantle

exceedsa

sim
plelinearly

pres
sure-

dependentsolidus17
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extra
cte
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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
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posed

surfa
ceboundary

temperatureof15uC
.Alth

oughthisisasim
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tio
noftheprocessofmeltgeneratio

nanderuptio
n,it

capturesthebasic

physic
sinamannerthatallowsustoseeclearly

theeffectsofheatpipes

onthelith
osphere.
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ceheatflo
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increasebyafactor
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models,
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tentwith
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dominates
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plate
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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
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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
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&
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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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Quão “redonda” é a Terra?



Fossa das Marianas



Terra x Pérola

Diâmetro: 1.27x104 km Diâmetro: 1 cm 
Imperfeição: 11 km Imperfeição  

equivalente: ~8 um 
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Qual é a aceleração da 
gravidade no interior da 

Terra?
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A aceleração da gravidade 
exercida pela casca esférica  

é nula na região interna a casca.



Assim a aceleração da gravidade em um ponto  
interno ao planeta depende apenas da massa 

contida na esfera de raio dado pela distância entre  
o centro do planeta e a posição do ponto de interesse.



Dada uma curva que representa a 
variação de densidade no interior 

do planeta, qual é o valor da 
aceleração da gravidade?
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de densidade ⇢

dM = ⇢ · dV = ⇢ ·A · dr

= ⇢ · 4⇡r2 · dr
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M =

Z
dM

Massa de uma casca esférica  
de densidade ⇢

dM = ⇢ · dV = ⇢ ·A · dr

= ⇢ · 4⇡r2 · dr
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de densidade ⇢

dM = ⇢ · dV = ⇢ ·A · dr

= ⇢ · 4⇡r2 · dr
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Massa de uma casca esférica  
de densidade ⇢

dM = ⇢ · dV = ⇢ ·A · dr

= ⇢ · 4⇡r2 · dr
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Princípio de Arquimedes

Any floating object displaces its own weight of fluid. 
— Archimedes of Syracuse
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⇡
X

i
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0
⇢0 (1� T · ↵) dz · g + w⇢mg =

=
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0
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