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+ Heat flow measurements
+ Geologic/Geodynamic significance
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The Earth deforms because it is hot inside !

Plate Tectonic Processes The EGf""h is
a huge heat furnace

> 99 % T>1000 °C
»>01% T< 100 °C

> HF varies in space and time |

I > PLATE TECTONICS isan |

> New lithosphere forms along mid- | efficient cooling system for |
ocean ridges and continental rifts | the Earth |

—————— E—— E—— E—— E—— —— — — — —

> Plumes of magma rise from the

edges of sinking plates
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Thermal Energy

Heat: spontaneous flow of energy - Thermal energy: gives rise to
caused by T differences; thus, an ravitational energy which

object cannot possess " heat" eads to various geological
forces (pressure, gravity,

N hydraulic head, shear stress...

 GraviationalEnerey ~\ * Gravity: drives almost
rrionl— stored here — [\ everything, but heat sources are
_. > \/ the ultimate culprits

A, @AT SOUR@

- Radioactive isotopes (mostly
contained in the crust)

- Mantle plumes are convecting
heat into the lithosphere

Rising hot blob -
Thermal Energ
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Pressure-release Partial Melting

Temperature
Geothermal Reservoir
Nyl , P SpRainwater L_//r
:_E" Solid + Liquid
)
)
@ Solidus
2
2
Y Solid
v Hot Rock
Rising blob in mantle
‘When rising blob crosses the ' When hot water and steam are
- solidus, melting can initiate i :trapped In permeable and porous
because of P release. | i rocks under an impermeable cap-
- This process is responsible for the ' |rock, it can form a geothermal
! . . | .
- creation of oceanic crust and 1reservoir

'volcanic arcs
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Radioactive Sources

Typical concentrations of radioactive elements and heat production of some rock types

Average Average
gl g2 Lt Tholeiitic ~ Alkali continental || oceanic | Undepleted
o \ T B;aaei]”i’s'zf:r’\“ Granite basalt basalt  Peridotite || upper crust crust mantle
yz Th®¢
2 Ko Concentration by weight
232 4 U (ppm) 4 0.1 08 0.006 1.6 09 002
20 The Th (ppm) 15 04 2.5 0.04 58 27 0.10
228 - K(%) 3.5 0.2 1.2 0.01 20 04 0.02
R 26 . Heat generation (107 '° Wkg™! ‘
é 2241 U 39 0.1 0.8 0.006 1.6 09 0.02
o 222 An* Th 41 0.1 0.7 0.010 1.6 0.7 0.03
§ 220} \ K 13 0.1 04 0.004 0.7 0.1 0.007
< 218
i % Total 9.3 03 19 0.020 39 17 0057
216 |- Bz ) 3 -4
S P e Density (10°kgm ™) 2.7 28 2.7 32 2.7 29 3.2
212 B : Heat generation (uWm™3) 2.5 0.08 0.5 0.006 1.0 0.5 0.02
210 |- PO*" metw-m Pb?°
208 Relative abundance of isotopes and crustal heat generation in
2l i s "Pbm (frOm FOWIGr, 1990) the past relative to the present

92 91 90 89 838 87 86 85 84 83 82

b Relative abundance Heat generation
Age

(Ma) sy -2’5y U Th K Model A® Model B*
Present 1.00 100 100 100 1.00 1.00 1.00
R . . . 500 1.08 162 110 103 131 1.13 1.17
Radioactive isotopes: stored in the Crust = 1w 117 264 123 105 170 128 137
1500 1.26 430 139 108 234 1.48 1.64
. . 2000 136 699 159 110 291 1.74 198
Lithosphere: good thermal insulator 2500 147 114 188 113 379 208 243
3000 1.59 185 229 116 49 2.52 3.01
3500 1.71 299 288 119 642 3.13 381
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How many Lithospheres do we know?

Elastic Lithosphere .. -
y b *  Geologic Lithosphere "thick layer

Normal faults & ) that franslates with drifting plates”

._-__—___E?rthuakes '
m *  Mechanical/ Elastic Lithosphere
T x <1,: "strong portion of crust and mantle

that deforms in a elastic way up to

y\/ G,GXX the point that fails in brittle way"
pline  force - Seismic Lithosphere “high velocity
crust-mantle layer above low velocity
Stress = Oyy = Force/area zone"

Thermal Lithosphere "thermal
boundary layer of the Earth"

(~1350 °C melting T at its base

Lithosphere is ﬁood thermal
insulator, low thermal conductivity!
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What the T field could tell us?

provide information on heat transfer
mechanisms

unreveal signature of shallow and deep
processes

help reconstructing subsurface T
distribution (geotherms)

support processes modelling in space
and time & applications
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Why do we need reliable geotherms for?

Properties f(T): density, mineral phase boundaries, reaction rates,
mechanical, electrical, magnetic, seismic properties

Processes f(T): rheology and deformation, fluid/mass advection,
melting + intrusion, tectonic evolution,
accumulation of mineral resources and hydrocarbon maturation, ....

Thermal history: space & time change of T field and HF anomalies
are important indicators of nature, age and evolution

Geothermal HF: is the surface signature of the T processes at depth;
it is a sensitive indicator of the geodynamic evolution and
it is critical in the computation of subsurface T

We need deep boreholes to investigate present HF and T
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Francis Birch, 1947

(Crustal structure and surface heat flow near the Colorado Front Range. Trans. Am. Geophys. Union, 28 (5), 792-797).

To my mind no single outstanding problem is more important for
understanding of geological processes than the problem of the
distribution of temperature throughout the upper 100km or so, as
dependent upon such factors as time, sedimentary cover, and
deformation; and probably no geological or geophysical problem
has resisted solution more stubbornly. The principal difficulty
i1s our ignorance of the distribution of the radiocactive heat
producing elements. We have no difficulty in finding possible
distributions, consistent with our meagre observational data. But
none of the possible distributions really imposes itself as
conclusive. The differences between the possible distributions
with regard to temperatures are very great, and probably entirely
different geological processes would have to be invoked for some
of the more extreme types. Thus, every conceivable method of
introducing further restrictions on the possible distributions
requires careful study.*
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Heat Transfer

Kinetic energy is related to motion HEAT is energy

Potential energy is related to work we relate to
temperature

[ Heat transfer mechanisms: }

= conduction: through lattice vibration and atoms collisions
(e.g. across Lithosphere)

= convection: mostly transferred by the movement of
material (as in the Mantle and Outer Core)

= radiation: by e.m. radiation, significant at high temp.

Thermal regime: is transient by definition
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Heat Conduction 1

q 1s the heat flux

e The flow of heat energy (Joules, J) across a unit area per unit
time (or J/s-m” = W/m".)

The heat flux is proportional to the temperature gradient

dT
— g4
1 dz

K 1s the thermal conductivity (units of Wm'K™). This relationship
holds 1n a conductive medium.

The negative sign indicates that the heat 1s flowing from the hot to
cold.

This equation 1s known as|Fourier’s Law of Heat Conduction.
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Heat Conduction 2

\ / - Heat flows from hot to cold

- What is the energy balance?

HOT

" " - Heat out - Heat in = change of heat content

- ? =
\ - Heat content? = pC, AT

I T Concepf of power as the “motion” of energy: ~~ T T T
¢ i !

Z How many J/s !

! cross this plane?

! Measure Watts here ; !

T Heat flow

pCpATV
= Energy (J)

kol D) perfolpg]) |
kgl D) k=)
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e Whatis Heat Content? Hear Conducrion 3

e It can be expressed as

pC,AT
e pis the density

e C, is the specific heat with units of J kg”! K. It is the amount of
energy required to raise 1 kg of material by 1 degree Kelvin.

¢ _dE
dT

e The rate of change in heat content over a time interval At is

oT
AT oT . V-q C —

Steady-state solution:
T(z) = Az +B
T(z) = (Q/K)z+ T,
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[ ]
Heat Convection Advective
component
Conductive
componenT : Heat flow across
boundary
In1l sec., ‘édXdy amount of ‘% dx dy =m/s-m-m= msls

material crosses the boundary.
So,ﬂq;pcp TVZ dxdy

amount of heat crosses
the boundary.

pC, T =J/m 3
So product=J/s =W

But "per area' gives heat flux

' =pGy TV,

Figure 4 considers two ways to transport heat. In the z direction then

dT
q,=°q,+°q, =—K—+ pCpTVZ
dz
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: + Heat & heat transfer processes ;

i [ + Heat flow measurements } ]

+ Geologic/Geodynamic significance
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Heat Flow Measurements

Th. Conductivity T Gradient

AN

74
A\ /
[ MW m-2] <:| g =g+ : PCFT@' <=  Fluid velocity

+ HF is "measured"” indirectly, computing T gradient, K and V, (?)

+ in heterogeneous media, horizontal T gradients cannot be neglected
+ 9q, is difficult to estimate, because V;is seldom known

+ One approach is to separate contributions and model them separately
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Contributions to surface Heat Flow

Fluid velocity

- Steady-state + transient
Surface HF < - Conductive + convective
- Shallow + deep

Transient

100 -
= ‘
% Rifting
m

I

thosphencI4F

- 150 Time b.p. (Ma) 0
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Borehole T and K data

TEMPERATURE °C CONDUCTIVITY Wm™ K"
8 10 12 14 16 18 20 22 1 2 3 4
O \ T T T T T T T T ]+ L T
Feemy| ¥ o
d
200- °/q =149 mW m-=2 |.
. X
. 100 GRADIENT 647mKm™' ’;‘
— 400 r
: . .
w {METRES) \« .r ]
600" N 4o
%% EVENING MEASUREMENTS T~ }
aool * MORNING MEASUREMENTS - 1
HARMONIC
MEAN
230 WmlK"!
TEMPERATURE °C
8 10 12 14 16 18 20 22
[s] T T - T T T T
(FEET) .
200+ T grad.~12 mK m-1
- - 100
b 4001 G d t
W roundawater
o (METRES)
coo outflow from
200 i deep acquifer
500, « 1 DAY (23HRS) AFTER DRILLING After Jessop, 1990
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T + K data: accuracy & significance

Bullard Plot Method
TEMPERATURE CONDUCTIVITY HEATFLOW :
DEPTH °G W/mK mW/m?2 - N0 INNer sources
00 2 4 6 82 4 6 2024 28
"l e, | - 1D steady-state
200r% *-. Thermal depth | e bt 00 - Conduction only
s . i I I % |
.. xx / :‘ . .
400r . . "y : - N
-_. 4, _ :- 4200 T(z) :TO +qoz
600} - &' - =1
T . * 1300
w A A /
Measured T d
I000} ‘e -‘ Interval HF \
; 1 1 1 1 Ll Thermal depth
THERMAL DEPTH

After Jessop, 1990
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Marine conventional HF Probes

HF probe on corer ARGUS Il Telemetric Probe

Ovest

(5]
=
-
=

Distance from tip {cm)

Est

PINGER
cavo di traino

contenitori del computer
e delle batterie

Victor Hensen
testa del puntale .
(1 tonneltata) SeaHi 1

termometri esterni

tubo del puntale
(6 metri)

in acciaio

Scarpata di Maita

.......

mj‘:-"':'.'r"‘flﬁlv-::ﬂm""-'
i 1

10 km , T
—_ Fronte della Dorsale Mediterranea

After Della Vedova et al., 2000
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T (degrees)

Marine HF Measurements

Positive HF

thermal conductivity (W/m.K)

185 187 189 17 173 175
Y
S‘é B & F1
g o i
®
% R prof. PROFILO.O1 — st.9
g 3
— 2
g L 132+11 (mW/m") [
=
L e |
165 6.7 8.8 17 EE) 78 |
thermal conduectivity (W/m.K)
07 08B 08 1.0 11 12 13 14 15 16 Ly 90 100 110 120 130 140 150 180 170 18D 180 |
& 0P R L AR R VLR LA19,,150,.130, 040, 090, 180, 070, 180, 190 o
| |
“E 500 | 500 Fs00
poa t |
540 | F400 T»wo
2
Lo ! L300 | 300 |
o ! -
Z 2004 1 200 200 |
= 1
1004 ) Froa 100 |
165 167 180 171 178 175 90 160 110 120 130 140 150 160 170 180 180 |
T (degrees) heat flow (mW/m®) |
T (degrees)
170 171 172 13 174 175 |
e |
s 1 -~ i
o -
e .
£ . ol |
@ R prof. PROFILO.01 — st.10 |
5 4 -
4 -~
5
- - 2
2 Le 113:15 (mW/m") |
3
£ s ks |
170 17 T2 7 174 75 |

07 08 09 10 11 1g 1§ 14 15 1§ LT 70 80 %0 100 1i0 120 130 140 130 160 170
|
E 004 1 |soo 500
= 1
S48 . | e 100
% ! [-300 ! ! 300
300 Iy o
1 + '
2 I feoo L -1 f-2z00
£ 2004 I i |
2 I - ™
® yo0- - | o | |_ﬁ:7 Lt 100
N * : LA
170 171 'z 173 174 175 70 B0 90 100 110 120 130 140 150 180 170
T (degrees)

heat flow (mW/m")
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(After Della Vedova et al.,
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Negative HF
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Environmental Disturbances to HF
> Topography

» Vertical and Lateral heterogeneities

(lithology, salt domes, intrusions, faults,
valleys, horsts, & and K changes, basement top.)

> Volcanic intrusions

> Sedimentation Most of these

disturbances are
confined in the upper
> Uplift 10 km of the Crust

> Fluid circulation

> Erosion

> Surface T changes (Climatic effects)
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HF signature in the upper few km:

Crustal heterogeneity and steady-state heat conduction

« TERRAIN HETEROGENEITY (steady state)
— layering, anisotropy, intrusions, faults, ® + K changes
— near-borehole & 3-D effects, topography, ...
— sedimentation, erosion, uplift, subsidence, ...

T: Q:
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HF signature in the upper few km:

Surface T changes and transient heat diffusion

* SURFACE T CHANGES (transient)
— periodic changes (day, season, multiannual & climatic cycles)

— sudden changes (sedimentation, erosion, uplift & denudation)

AT . .
» ‘vl »
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* 1
b * !
1% i
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* 1
L ] 1
n i
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0'0 ‘Q 1
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Vedova

HF signature in the upper few km:

Pore water flow and heat advection

- CONVECTIVE TRANSFER BY MASS FLOW (transient)
— Groundwater flow and deep fluid circulation
— Igneous intrusions, eruptions, salt diapirism, mud volcanoes,...

0
Ss

4
v

N S
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Hydraulic permeability controls convection

Onset of convection (geotherm = 30 deg/km)
— — Average crustal permeability: Shmonov et al. 2003
—--— Average crustal permeability: Manning & Ingebritsen 1999

0
No convection =~
£000 //.-
. i » Crustal permeability is too
3 1/ low for fluid convection
£ 16000 /o
§' ;! Convection .
T !.f’ - Convection can develop:
S zu| /o - Along faults and fractures
+ 30000 / ]l: = Wher‘e T gr'adienT IS hlgh
Pl enough (dike intrusions,
S K / magma chambers, ...)
40000 } ,
=20 -18 -18 -7 16 -15 -14 -13 -12

log Permeability (m?
g ty (m”) 27/51
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Pul A1 M2 - —o— S.Stefano (SS1)
0 ——8 - Pratomagno (PM1)
I — ¢~ -Suvianal (S1)
i - -+ - - Pontremoli1 (P1)
oI - - X- - Malossa3 (M3)
- —a- - Malossa2 (M2)
I - -& - - Amandal (A1)
4 B —=a--- Puglial (Pu1)
L = — — —k ‘- ~
.. ~. - = .“3 ~ ;
6 A X N Northern -
I R I:-‘ -\“\,-_\_ Po plain ™ Apennines|
- pulia .. © foredeep ~
8 platform  'Stri@ o |
km below I platform |
ground IBVEI PR TN W S (T TR TN TN SN (NN TN TN S S NN T T S SU N S S S’
0 50 100 150 200 250
Temperature (°C)
T o ) sanssanans [ M, Lissines
[y Evaporitesand  fZEE  Sandst nd Sandst Limestones
V27 dolopn?itas T vgganigl:gkssa and shggsas all'1d m;rrljs Della Vledova et al., 2001
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: + Heat & heat transfer processes ;

: + Heat flow measurements 3

: [‘ Geologic/Geodynamic significance } ::
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Map & disturbances in upper 10 km

7' ¥ 15'

(Della Vedova et al., 2001)

Deep meteoric water infiltration
Upfiow of thermal fluids through fractures

Low alo systems

High temperature convective systems
Fast recent sediment deposition
Less disturbed or undefined areas

flow isoline (MW/m?)

42—

37—

> high sedimentation rate (green)
> meteoric water infiltration (azur)

> geothermal low T convective
systems (yellow and violet)

> volcanic areas and high T systems
(pink)

They induce strong lateral T
changes at shallow depths

DATASET:

« 2700 T grad. meas. (700 HF offshore),
« 255 new ENI boreholes (1980-96)

Est. Error: 5-20 mW m-2
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Hot Tyrrhenian vs. cold Adriatic

side

o5 Stefano (851) Naples-Gargano
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— S L [ - B
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g 4—Adrlatfc N IIIlld\lllllllllllllllllllllll“.‘i- - g 4 Q. - B
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_g . N\ Torre Alfina . (_;) L E \ — e - Puglla.l (Py-l) E
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Large Q,difference!
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T at 1000 & 2000 m depth

NAL RESEARCH COUNCIL

C.CALORE', RLCELATY', P SQUARGH and L TAFFY"

TEMPERATURE MAP of ITALY at 1000 m

(below ground level)
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Plate 4 |
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HF Provinces: basement HF

I = Predicted HF is significantly higher in
e }%;&;guwe‘%; South Apennines, Po basin, foreland areas

» Undisturbed HF in foreland is 45-55 mW
m-2, compared to obs. 30-40 mW m™2

= This implies higher deep contributions and
transient components in these areas,
suggesting younger tectonic ages

= The difference between N and S
Apennines is less pronounced

= The deep thermal regime of Tuscany,
Tyrrhenian Sea, Apennines and foredeep
areas has not yet reached equilibrium
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HF map & young magmatic provinces
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HF vs. aeromag anomalies
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Pleistocene volcanism in and around the Tyrrhenian Sea. After Sartori (1986).
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Shaded relief bathymetry (from NW) of central and southern
Tyrrhenian Sea. MB = Marsili basin.
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Max. T gradient in boreholes: 100-150 °C/km

36/50



Dip. Ingegneria Civile e Architettura d“%‘fcar B Crore

Bruno Della Vedova GEOTERMICA
|TALIANA

PLATFORM

o
e 0 100 200

' Della Vedova et al., 2001) @3 —t

ITALIANA

A)

B.)

C)

D.)

E.)

F)

G.)

Coastal areas of Toscany
T2 150 °C at ~ 2 km

Latium Province
T2 150 °C at ~ 2 km

Flegrean Province
T2 200 °C at ~ 2km

Eolian Is.
T2 200 °C at ~ 2km

Sardinia (Campidano Graben)
T2 150 °C at ~ 2km

Submarine volcanoes Palinuro, Marsili
T2 200 °C at ~ 1,5-2km below sea floor

Sicily Channel (Pantelleria Is.)
T2 250 °C at ~ 2 km
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Shallow water resources <200 m
(red and orange patterns)

Deep resources
(circles,

Campi Flegrei
Deep Drilling
Project

= .~ LEGENDA

= -

e % T>150°C at 2 km

~ T>100°Cat2km
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HF in different structural settings

CONTINENTS CONT. vs. OCEANS
20
ARCHAEAN oo Global Heat Flow
10f i
Region Mean heat flow | No. Data
o (mW m)
10r 400; Oceanic 101 £ 2.2 9864
1) JI’— PROTEROZOIC Continental 65+ 1.6 10337
L JIL e el Global 87 + 2.0 20201
o | Total global heat loss= 4.42  0.10 X 10> W
~ PLATFORMS From Pollack et al. [88].
_L '—L“L__,_‘ - 200~
ml - | (Stein, 1995)

©r CALEDONIAN | TOTAL

i 0 H_n_.,_‘ —
1 - - —_— — _ oy
ol S S

CONTINENTAL

T o rd—' LH MESOZOIC

= 1 ne——e 0
150 0 100
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200 250

Jessop, 1990
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HF: clock of thermotectonic events

» Lithosphere is cooling: HF decays with 7
» Transient HF component: clock of thermotectonic events
+ Substantial difference between oceans and continents:
- oceanic HF is a function of age: gq(t) = A - t-1/2
- continental HF is proportional to the radioactive heat

production within the crust and decreases with

Continental HF q = q. + DA, A(z) = A,e @D
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Time-dependent solution

Consider the one dimensional heat diffusion equation with
zero fluid velocity and no heat sources: 52T 1 4T

- —=0
0z « ot
Writing out the heat equation in dimensional form:
T T
1> xr

where L is a lenght scale and t is a time scale.

Characteristic time

A 100 km thick slab with k¥ = 10-°* m? s~1 would cool
(or heat) in more than 50 Ma
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Steady state equilibrium geotherms

1-D Heat conduction Eq.

0°Tloz? = - AIK
T(2) = (A/12K) 22 + (Q,/K) Z

# K A Q G
(W/m-K) (MW/m3) (mW/m?2) (mK/m)
——
Sh Deep
AsSM 2.5 1.25 21 30 ~15
B 4.7 1.25 21 45 ~20
C 25 2.5 21 50 -~20
D 25 1.25 42 40 ~15
E 25 1.25 105 27 -~10

Depth [km]

N
O

B
o

T[°C]
500 1000 1500
®@ 000
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Continental Rifting Models

Transient heating by extension, thinning, intrusion, faulting

Pure shear model (McKenzie, 1978) aﬁ;d?:r::'?,? "1\;(13%)

TEMPERATURE “C
A | \ TEWPERATUPE *C
0. 4000 A X o 100
x|

We need good data to: T [N
- model steady-state & .

VA A A X5 4 O 4 7
7,-5;f:/;*'y’;/’/’.){,,(',f”/','; A% 7 % 2
s

] transient heat transfer, =% pi s i
- ) . il
770 conduction & convection  _ LiLiEllil—

- reconstruct tectonic

. (o] 1000

¢ o o, history 1ot —

Pl e

L

CONTINENTAL} OCEANIC |

r
LiosPrel | { LithosPuere L o o o e |-
ot . A T R 8 & A i ]
AR 4 7 H Rl < S S
V474 eff////;//, ) & =

CRUST

] LITHOSFHERE
£ ASTHENOSPHERE

* HF anomalies inversely related to
streching factor Localized HF anomalies over

» Rifting HF anomalies dissipate in shallow/recent convective sources
less than 100 Ma 43/51
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Oceanic Data and Models

Mean HF = 100 mW-2

* Depth and HF anomalies reflect
thermal state of the lithosphere

- Advection dominates for <65 Ma
- Conduction dominates for +>55 Ma

» Oceanic cycle is a primary mode of
heat transfer: the crust loses heat
and contracts with time

Stein and Stein, 1992
Parsons and Sclater, 1977
Half-space model

K — GDH1|

! --- PSM

E 200 __HS -
Eisol = 48 + 96 exp(—0.0278 t)

DEPTH (km)

ﬁ%} =510

T
———

Unloaded
depth at
170 Ma

oFF

50 100
AGE (Ma)
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Comparison among different Models
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: + Heat & heat transfer processes ;
: + Heat flow measurements ::

: + Geologic/Geodynamic significance ::
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The Enhanced Geothermal System concept, a perspective
for continuous base load-power generation in 20/30 years ?

|TALIANA

Two end-members
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L Map of the temperature extrapolated at 5km depth Z==—

(after Genter, Huenges, 2006)

The Soultz-sous-
Foréts experiment
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CROP 18-A across Larderello
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Larderello geothermal field T modelling

(Della Vedova et al., 2007)

T[°C]
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Geothermal Resources & Reserves

Convection

» Heat potential is enormous

» Present at shallow depth in active areas

> Better resources Atlas needed

Medium p
Low Enthalpy Enthalpy High Enthalpy
heati_ng, process power generation and process heat
cooling heat
Temperature (°C)
(0) 50 100 150 200 250 300 350 400
(0)
technically
simple,
economic 2
Geothermal
Reserves 4
technically
challenging,
economic
6
Geothermal| Presently 8
technically
inaccessible,
Resources uneconomic
10

Depth (km)

(Modified after B. Cociancig) sosg /51
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THANKS FOR YOUR ATTENTION
PLEASE VISIT THE U6 WEB SITE

http://www.unionegeotermica.it/
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