GLOBAL HEAT FLOW DATA TERRESTRIAL HEAT
FLOW:

Why do we care?

What do we (think we)
Know?

What don’t we know (and

o - welcome help with)?

HEAT FLOW (mW m3)

NUMBER OF OBSERVATIONS

Continents

~20,000 sites

Pollack et al. (1993)



CURRENT ESTIMATES

Sclater et al., 1980 (Pollack et al., 1993)
~10,000 sites
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HEAT FLOW IS A PRIMARY CONSTRAINT ON EARTH'S HEAT
ENGINE, WHOSE NATURE AND HISTORY GOVERN THE
PLANET'S THERMAL, MECHANICAL, & CHEMICAL EVOLUTION

“Heat is the geological o
lifeblood of planets” olcaniccha) 4 43— widocean rdge
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Earth is the plate tectonic
planet

4 Crypto-ocean

Conduction

~25% P _:15'.3::-'-. Crypto-continents

4
CORE

Engine characterized by balance

between three modes of heat transfer

from the interior:

involving cooling of oceanic lithosphere,
that do not

subduct and so do not participate in

oceanic plate tectonic cycle, and

Plate tectonics ~70% Plumes ~5%? , a secondary feature of mantle

Solomon & Head, 1991 convection (?) .




PLATE
TECTONICS
RESULTS FROM

Warm mantle material upwells at spreading centers and then cools
Because rock strength decreases with temperature,
Cooling oceanic lithosphere moves away from the ridges (1-20 cm/yr),

eventually reaches subduction zones and subducts in downgoing slabs
back into the mantle, reheating as it goes

involving mantle and core that removes heat from Earth's interior,
controlling its evolution



PLATE MOTIONS DRIVEN BY THERMAL BUOYANCY FORCES DUE TO
DENSITY CONTRAST RESULTING FROM THE TEMPERATURE
DIFFERENCE BETWEEN PLATES AND SURROUNDINGS

THERMAT EVOLUTION OF OCEANIC LITHOSTHERE
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How plate
tectonics
works
depends on
thermal
structure

Scientific
Issues with
major
societal
impacts:
hazards &
resources



ICELAND

Decompression melting & fractional

crystalization at midocean ridges
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Depth (km)

Mantle
melts -

Water
released
from
subducted
plate

Temperature (°C)
1000

1500

Asthenosphere

SUBDUCTION ZONE

Cold oceanic plate subducts &
heats up

Volcanism: water lowers melting
temperature

Earthquakes: locked slip released
at interplate interface, whose
mechanics are temperature
controlled

|

December 2004 Indian Ocean tsunami
generated by giant earthquake at interface
where Indian plate subducts beneath
Burma plate



WILSON CYCLE DESCRIBES -
OPENING & CLOSING OF Eran i
OCEANS | East

African
Rift

Gulf of
California

Mediterranean
‘#

~
b‘ A—
Continental collision

WHEREAS CONTINENTS NEVER

SUBDUCT BUT ARE Like astronomy - infer history from different stages
REARRANGED

OCEANS BORN, LIVE, & DIE

All seafloor younger than 200 Ma, continents up to 4 Ga
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HOTSPOT / PLUME HYPOTHESIS

Andesite volcanos
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Earth topography reflects plate tectonics & thus thermal evolution:

Long shallow midocean ridges
Ocean depth increases away from ridges as plates cool
Deep trenches indicate subduction zones
High continents no longer subduct
Mountain chains produced by continental collisions
Rift valleys & young (narrow) oceans
Hotspot (plume?) tracks




Condl\t/ljction Plate tectonics makes Earth different
k ars

Moon, .
Mercury #

Venus 7

Grossly similar sister planets, Mars and Venus,
seem conduction-dominated: large-scale plate
tectonics appears absent, at least at present

Mars may have had
plate tectonics, now
Plate tectonics stopped, perhaps

Solomon & Head, 1991 due to both cooling &
loss of water (which
reduces rock
strength & thus may
be needed for plate
tectonics)

Venus may still be
hot with episodic
overturns rather than
steady-state plate
tectonics







Venus?

PLATE TECTONICS
CHARACTERIZES
EARTH RELATIVE TO
OTHER PLANETS

o
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Condensation Planetesimal ~ Formation ~ Vigorous Plate Terminal  Quiescence
interaction convection tectonics volcanism

Terrestrial (inner) planets may follow with stages including
formation, early convection and core formation, plate tectonics, terminal
volcanism, and quiescence.

Evolution driven by available energy sources as planets cool with time. Planets
formed at about the same time but are at different stages in their life cycles.
(Consider human and dog born on the same date).

Earth in middle age with active plate tectonics

Moon & Mars old, dead, inactive - “one plate planets”



DEAD MOON & MARS

Seismological & other data suggest moon now has a thick lithosphere and is
tectonically inactive

Seems to have lost much of its heat, presumably because of its small size,
which favors rapid heat loss.

In general, expect the heat available from gravitational energy of accretion and
radioactivity to increase as the planet's volume, whereas rate of heat loss
should depend on surface area

remaining heat = available /loss ~(4/3)mwr3/ 4 1mr2 =1/3

The land area of the Earth is approximately
equal to the total surface of Mars.

Larger planets would retain more heat
and be more active

Mercury and Mars, larger than the
moon but smaller than earth, should
have also reached their old age with
little further active tectonics.

:-%
'«.-_.‘ i ' The land area of Africa is about the same

as the total surface of the Moon.




CONTINENTAL HEAT FLOW

Measure temperature values from depths
> 300 m to avoid climatic effects

Measure conductivity from samples

Correct for lithologic changes with depth

emperature /
Stratigraphy Temperature (°C'), Heat flow (mWine )
20 40 60 80 100

Az=11km
A=3.6W/mK

Az=1.1km
A =2.8W/mK

Az =1.0km
A=18W/mK

Az =0.5km

Sandstone " — 43W/mK




Continental heat flow values
depend on:

Amount of radioactivity in crust

Amount of heat from mantle

Age of the crust & tectonic
history

Areas of Cenozoic ( < 65 Ma)
extension/volcanism have
higher heat flow

Generalized Map
of North American Heat Flow

Blue areas are considered cool (< 30 mﬁf’mzj

Green areas are considered moderate
(30 - 80 me2)
Red areas are hot (=80 ??mez)
Cordillera Thermal Anomaly Zone (CTAZ)

Southern Rocky Mountains (SRM)



2004

GEOTHERMAL MAP OF NORTH AMERICA

Continental areas of active

tectonics comparable heat flow
to young ocean

Oldest continental areas lower
heat flow than oldest ocean
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Increase of ocean depth away from ridges shows
thermal evolution

Oceanic heat flow crucial to constrain process



SEAFLOOR HEAT FLOW SAMPLING

Heat pulse

) A T o— Reference
Data logger . : | — Tilt
.. Prassura/
depth
11 thermistors
¥ S6M1507 5411 11 tharmistars in
SENS0r string

. Internal

temperature

Water 3
temperaturg =———
Tim@ ====sreannaa e e —
10 minutes [------
An example of the data obtaned during a bottom penetration of the heat
flow probe. Tempearature data (solid, black lines) are plotted against time.
Eleven thermistors were buried in the bottom sediment, One thermistor
attached at the top of the instrumentation measured the botom-water
Heat flow probe penetrating temperature, Also shown here are the records of the tilt, the depth of the
seafloor sediment

Measure:
Thermal gradient

Conductivity from
response to heat pulse



Good

Bad (probe
requires 5 m of
soft sediment)



Marine Heat Flow

0 30 80" 80" 120° 150" 180° 2100 240

About 10,000 measurements

Most data isolated - few detailed surveys

Less than one measurement per 1° x 1° square

Unevenly distributed geographically and with
crustal age.

Heat flow decreases with increasing crustal
age

>125 mW/m?2

<70 mW/m?

C. A. Stein 12/2004




— GDH1
) PSM
As expected for cooling HS
lithosphere,

Average depth increases
and heat flow decreases
as plate moves away
from ridge, ages, &
cools

Scatter primarily reflects
spatial variability

Indicates multiple
secondary processes
that are not well
understood

Stein and Stein, 1992




SIMPLE THERMAL MODEL - zeroth order behavior

Figure 5.3-4: Model for the cooling of the oceanic plate.

b Ridge o
<«—— Surface x=0 r=T7, —

=

|4

Asthenosphere

Lithosphere

One-dimensional heat flow equation:
(how temperatures changes in a material as a function of the rate at which heat is conducted out of it)

ol(z,t) k FT(z,t) T(z1)
a  pC 22 oz

x = thermal diffusivity, & = thermal conductivity, p = density, C, = specific heat at constant pressure

p

Z
It’s solution has the fi Iz, t)=T,+(T,, — T, —
s solution has the form 7(z, ¢) ( )erf(Z\/x_t)

M

: 2
with T, = surface temperature, 7,, = mantle temperature, and erf(s) = \/__ j e do
T

0



If T, = 0°C, then

T(z,t)= Tmerf(z\/a)

or, as a function of
distance from the ridge:

T(.X, Z) = Tmeff(ﬁ)

Isotherms are defined by
ZC

WKt

--> The depth to a given
temperature increases as
the square root of
lithospheric age.

c Oor

LITHOSPHERE COOLS WITH TIME, SUCH
THAT ISOTHERMS DEEPEN WITH THE
SQUARE ROOT OF AGE

Asthenosphere




SIMPLE MODEL WORKS WELL, WITH INTERESTING MISFITS

Plate

——== Halfspacy

Halfspace model

Plate model

For ages <~ 50 Ma, observed heat flow

0°C
400°C
800°C
1200°C
1400°C

0°C
400°C
800°C
1200°C
1400°C

lower than predictions, because water flow

in crust transports some of the heat




Figure 5.3-8: Best fit model of plate thickness and basal temperature.

Ocean depth, heat flow, and other
observables measures reflect
temperature in the cooling |

Cooling plate

lithosphere /'
HEAT FLOW  Adiabat

Old lithosphere geotherm T,
SUBSIDENCE

Temperature

Depth and heat flow data

TABLE 1. CONSTRAINTS ON THERMAL MODELS FOR TEMPERATURE AS A

FUNCTION OF DEPTH AND AGE Tiz,2)

OBSERVABLE PROPORTIONAL TO REFLECTS

Young Ocean Depth IT(zt)d aTl,

0Old Ocean Depth IT(zt)dz al,a

0Old Ocean Heat Flow Mz, 1) | T. / a
f}Z =

Normalized misfit

Geoid 81 " -
eold Slope %IZT(Z,I)dZ aTmexp -t/ d’)

(W) SSaUIY) 1eld

Plate thickness (@), basal temperature (T,,), coefficient of thermal expansion () 1300 1350 1400 4 4 0

Halfspace model corresponds to a — Basal temperature (°C)




Cooling of oceanic lithosphere
also increases rock strength and
seismic velocity. Thus

all increase with age.

Stein and Stein, 1992

Figure 5.3-9: Elastic thickness, extent of seismicity, and seismic structure
with age.

a.

Elastic thickness (km)

5 Effective elastic thicknesses
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Oceanic intraplate earthquake depths

50 100
Lithospheric age (Ma)

Shear wave velocity

4-20 20-52 52-110 Ma

Lithospheric age (Ma)



Discrepancy small
for crust > 65 Ma,
presumably
because:

-Less flow due to
Increased sediment
cover & reduced
permeability from
hydrothermal
deposition of
minerals

- flow of cool water
transports little
heat

HEAT FLOW

FRACTION

Average measured heat flow in young crust is less
than expected from the conductive cooling models

HEAT FLOW ANOMALY DUE TO HYDROTHERMAL FLUX

near—ridge

off-ridge

— COOLING MODEL
OBSERVED

=1 Myr t

AGE

EEGHng

OBSERVED/PREDICTED
HEAT FLOW

off—ridge
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AGE
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sealing

Stein and Stein, 1994
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Approximately 1/3 of total
oceanic heat loss inferred
to occur via hydrothermal
circulation

Does this make sense?

Stein and Stein, 1994

CUMULATIVE HEAT LOSS:
FOR OCEANIC LITHOSPHERE

50 100 150

AGE (Myr)
BY HYDROTHERMAL FLOW

AGE (Myr)



IS ATTRIBUTING HEAT FLOW
DISCREPANCY IN YOUNG CRUST TO
HYDROTHERMAL FLOW REASONABLE?

ARGUMENTS FOR:

Focuse d
Discharge
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HYDROTHERMAL SYSTEMS AT RIDGES

Water flowing into hot fractured basaltic crust
reacts to form minerals and changes chemistry
of sea water

Hot (350°C) mineral-rich water discharges at
vents called black smokers and forms mineral
deposits rich in zinc, copper, and iron

el Even more (10x?) heat transferred by cooler
diffuse flow that's harder to observe

Infiltration of
seawater v/

SOURCE -
Element leached
from the crust to
the ocean

Away from ridge axes, flow occurs
SINK -
Element taken up

by less spectacular seepage of low
temperature water, but probably by the crust rom
carries more heat -
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Humphris, 2004






Thermal model predicts ~10 MW / km -1
for average spreading rates

Estimates by sampling vents 1 MW / km-1
lower, implying sampling misses some
vents and pervasive diffuse lower
temperature flow.

Water temperature anomalies above large
hydrothermal plumes estimate heat
content ~ 1000 MW. If plumes represent
~ 10 km of ridge length, estimated flux
per unit ridge length is an order of
maghnitude higher than our estimate.
Thus plumes appear to be transporting
more heat than the total steady state
surface flux for the cooling lithosphere.

If both thermal and plume calculations
are appropriate, plumes may be
intermittent and only some of the ridge
has plumes at any time

DIRECT MEASUREMENT OF
HEAT IN FLUID FLOW: TRICKY

Temperature Anomaly ("C)
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7.0km/s

Model with hydrothermal :
cooling explains both | < OSSS hvedapered matic/utamatis
shallow magma chamber and e .
observed heat flow <10 Ma Distance (km)

not used in model

Depth (km)

il 500 1000
15 20 Temperature (°C)

Distance from ridge axis (km)

Stein et al., 1995



Composite model including hydrothermal cooling

Stein et al,
1995
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Composite model does better than GDH1 but still overpredicts observed heat
flow means <10 Ma, presumably due to bias favoring sampling low values

Scatter appears to reflect geometry of hydrothermal flow & sampling biases



Heat Flux (mW m2)
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DETAILED SURVEYS OF WELL
SEDIMENTED AREAS SHOW
HEAT FLOW VARIES
DEPENDING ON BASEMENT
ROCK

Thick layered sediment seems

to block upward flow, so water
flows along basement top,
making it approximately
Isothermal

Harris &
Chapman, 2004




Randomly selected site likely to
have low heat flow

AREAL VIEW: DETAILED
SURVEYS

JTUAN DE FUCA - FLAMKFLU X [Davis et al_, 19%2]

479" N

LATITUDE

HEAT FLOW FEACTION

MIDDLE VALLEY

Letdtude (km)
Longito de [krn)

Stein and Stein, 1997



Heat flow at highs exceeds predicted conductive model values (GDH1), since heat
brought in from surroundings

Regional average values described by composite model (CYH1) with hydrothermal
flow JUAN DE FUCA—- MIDDLE VALLEY
TP

GLOBAL DATA

Global average is lower because:

-randomly selected sites more likely to
have low heat flow where water goes

down

- most young crust is less well
sedimented, so measurements can be
made only in lows where water is going
down

:-.i-‘
E
3
:
=
&

Harris & Chapman, 2004 Stein et al, 1995



WHY NOT MEASURE EVERYWHERE TO GET TOTAL OCEANIC
HEAT FLOW?

Time - While measurement in sediment takes ~ 10 minutes, getting up/down
means about 2 hours per measurement

Spatial - variation pattern is 2 dimensional, not just one short profile
Ocean is a big place (1 km spacing requires 3.6 x 10 8 measurements)
Bare rock - hard to measure heat flow in many places

Escaping water - either very local ,or diffuse and hard to locate, often not
that hot

NOAA



HEAT FLOW MEASUREMENTS 1954 - 1986

30° 60° 90" 120" 150" 180" 210" 240" 270" 300" 330" 360°

HEAT FLOW MEASUREMENTS AFTER 1986

30" 60° 90" 120" 150" 180" 210" 240" 270" 300" 330" 360

Little recent advance
In measuring global
marine heat flow
(focus on detailed
local surveys)

No NSF interest yet In
advanced robotic
system




HEAT FLOW CONSTRAINT ON THE THERMAL EVOLUTION OF THE
EARTH

Change in the average temperature T as a function of time t is given by the
balance between heat produced and that lost at the surface

M is the mass of the earth, A is its surface area, C is specific heat, q is the
average heat flow, and H is the average rate of radioactive heat production.

Heat flow used is an average of that coming from the mantle, about 72 mW
m-2 , estimated by removing the approximately 17% thought to be produced
by radioactivity in the continental crust.



The balance between surface heat flow and heat production 1s given by the Urey ratio

Ur = MH/ Agq

so the temperature evolves with time according to

oT  Aq
. MC

Ur — 1).

The Urey ratio is thought to be between 0.5 and 0.8, so heat 1s lost faster than it 1s produced, and

the earth has been cooling with time.

Schubert et
al., 1980

Time, Gyr




SUMMARY
Continental heat flow considered well known

Attributing heat flow discrepancy in young crust to hydrothermal flow seems
reasonable, given what we know about hydrothermal circulation

If so, oceanic heat loss of 32 TW and global loss of 44 TW seem reasonable

However, since net oceanic flow can’t be measured directly - if hydrothermal
Ideas correct - model seems plausible but not proven

Much thinking in tectonics & geochemistry uses hydrothermal model

Estimates of global heat loss from heat flow data seem unlikely to improve
dramatically

Neutrino estimates potentially very valuable for understanding both global
thermal evolution and variety of plate tectonic & geochemical processes



SHALLOW
HYDROTHERMAL
COOLING
LOWERS HEAT
FLOW BUT
DOESN'T
CHANGE
TEMPERATURE &
THUS DEPTH
MUCH

DEPTH {EKm)
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COMPOSITE THERMAL MODEL INCLUDING HYDROTHERMAL COOLING

AGE {my)
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	Earth topography reflects plate tectonics & thus thermal evolution:��Long shallow midocean ridges�Ocean depth increases away f
	Increase of ocean depth away from ridges shows thermal evolution

