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La struttura della Terra: metodi
geologici, fisici e chimici di
investigazione

Livia Ludhova
Forschungzentrum Julich e RWTH Aachen, Germania



Perché studiare
(a nostra Terra?
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Geologia attorno no...
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Exploding volcanoes....
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Folded mountains.....
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Earthquakes.....

Amatrice 2016
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Cosa scyoyiamo
della nostra Terra?



Distance to the Sun
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150 000 000 km

Mean radius

6 371 km

| Circumference

40 000 km

| Mass

5.97 x 1024 kg

Age

4.54 x10° years

’ | Life

Present ©

7.5 billions
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Earth magnetic field

Protection against cosmic radiation!!!

Life on Earth
would be not possible without it!

Artist Rendition of Solar Wind
Created by: K. Endo

- Photo Courtesy of Prof. Yohsuke Kamide National Geophysical Data Center
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Earth formation

A Rocky Body Forms and Differentiates
.

(From Smithsonian National Museum of Natural History - http://wwww.mnh_si.edu/earth/text/S_1_4_0.html)

Accretion Magma sea Mantle-crust
(Primitive mantle) differentiation

Metallic core
segregation
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Earth heat budget

Surface heat flux: 47 + 3 TW

Surface heat flux
Heat production in lithosphere

S ;—__,,}(_Y

Mantle cool
eat productiox
continents

BTW (7-8TW

CMB heat flux

Core cooling

Inner core growt!

mantle cooling
16TW (4-27TW)
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Earth chemical composition ¥/2"

Global composition (core + mantle + crust)

“Fe 35%
“030%
=~ Si15%
“ Mg 13%
“ Ni 2.4%
©51.9%
Cal.1%
Al1.1%

o\
Si, AI\

Chemical

Layering e,
of the ™
Earth

L 046%

LSi28%

~ Al 8%

i Fe 6%

“ Mg 4%

“Ca2.4%
K2.3%
'Na 2.1%
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Earth density

' — ; Exosphere

\ - ——— / Thermosphere ~ /VO! [0
Mesosphere scale
Stratosphere
Troposphere

Crust

Upper Mantle

Mantle

Outer Core

Inner Core

scale



Earth temperature

Depth (km)

410
660

2900

5150

6370

Temperature

----- = Lithosphere - -
= Upper Mantle 4

-------

Lower Mantle

Outer Core

= 1,900 K

== 3,000 K

=* 5,000 K

== 7,000 K
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Mechanical Layers ™"

E a rt h S t ru ct ure Cfor':npec::litional Layers

crust -
1070 km

Oceanic
crust

Subduction zone 57T km

400

650 Crust and

lithosphere

Midocean
ridges

Shallow

Trench “S%

DEPTH (kilo meters)

QOuter core
(molten)

Mantle
5,150 {l

e,
/’.\,0\? e / chhoncell )

Inner
core
(solid)

Quter core

lnner
core

6,378

L USES




DEPTH (kilo meters)

Earth structure

Subduction zone

400
650 Crust and

lithosphere

Midocean

ridges

,700
,890

Shallow

NN

Outer core
(molten)

5,150

Inner
core
(solid)

6,378
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Inner Core - SOLID

* about the size of the Moon;

* Fe — Ni alloy;

» solid (high pressure ~ 330 GPa);
» temperature ~ 6000-7000 K;

Outer Core - LIQUID

« 2260 km thick;

* FeNi alloy + 10% light elem. (S, O?);
- liquid;

stemperature ~ 4000 — 600 K;

» geodynamo: motion of conductive
liquid within the Sun’ s magnetic field;

D'’ layer: mantle —core transition
« ~200 km thick;

*seismic discontinuity;

e unclear origin;
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* rocks: high Mg/Fe, < Si + Al;
* T: 600 — 3700 K;
Custand * high pressure: solid, but viscose;
* “plastic” on long time scales:

Midocean : CONVECTION

ridges

Earth structure

Subduction zone

400
650

E 2,700 Shallow
£ 2,890 B
E < -1500
E 0 1000 20‘00 3000 400;?(km) 5000 6000 7000 8000
Outer core
molten ngm
6150 et Transition zone (400 -650 km)
iz « seismic discontinuity;
sare [t  mineral recrystallization;

* partial melting: the source of mid-
ocean ridges basalts;
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Earth structure

Subduction zone

400
650

« composition: rock type peridotite
a lthosphere « includes highly viscose
astenosphere on which are floating
vidocen litospheric tectonic plates
(lithosphere = more rigid upper
mantle + crust);

Shallow

N
@ N
© O
S o

DEPTH (kilo meters)

- OCEANIC CRUST:

QOuter core
(molten)

e created at mid-ocean rldges
* ~ 10 km thick;

« CONTINENTAL CRUST:

» the most differentiated;

e 30 — 70 km thick;

* igheous, metamorphic, and
sedimentary rocks;

- obduction and orogenesis;

5,150

Inner
core
(solid)

6,378
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Earth’s crust dynamics




#) JULICH

FORSCHUNGSZENTRUM

Tectonic plates

Movement of few cm / year measured by satellites.
Tectonic plates float on plastic asthenosphere.

Movement driven by mantle convection.

T p— - Ay -
——— - -
o . 1 l\\";'r A, -
\ "t (\\,\'—\ ™.
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Rock types

Metamorphic Sedimentary

Igneous (new pand T,
(from melt) no/partial melt)
Plutonic Vulcanic

from magma from lava
(below surface) (on surface)

basalt _
limestone
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Rock types In tectonic settings

Cortinertal Plate

Westhering
%
a4 Transportation

lgneous Rocks

Uplitt .~ Volcanic™ Deposition agisees . :
= PN Y g {M afic Extrusive)
Sedimentary Rocks
2 R D = 352 =
o N M etamorphism

< Fluid afteration
prevalent

I Magnetic polarity

Zones (persist under
sediment cover)

Redrawn by \W. Milner, as modified from Montgomery {1990) and Monroe and ¥ icander (1994).
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Come studiare la Terra?
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Classical and structural geology

Strain Ellipisoid

i
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Stratigraphy and paleontology”

Division of Geological Time

Era Period Rocks Dominant Life Index Fossils
Quaternary 12 e Gmm- Neptunea ¢
Cenozoic Terti E i Venericardia .
ss _ lary R ; a Qc:lyptnphoms
- - .§ E Inoceramus Q
Cretaceous Sl
g E % Scaphites
Mesozoic s Perisphinctes
Jurassic ; 2 N e e .. @
=|8
225 Triassic g’ = (G vropastes Ronene
Permian = @ z gtm’dusPlufusulina "
) ' =3
§' = o 1“% > 7._' 9 g
s Pennsylvanian 10 - {},‘% : %’YJ}""« H E AR
£| Mississippian LR E | E] B recs™ @
S 345 . : A E
oS s =
Devonian e A b § e T
= l 395F k5] Y IEIS] - .
SACOLOC Silurian 430 ,___-’;é‘,:;» @@ @) % %cmap:;’.‘::“"“ 3
= oy 2 & 7 B @ =2 Tetragraptus
Ordovician St i‘; & 2 Bathyurus
s00| i A <6 : e
o T R & i E @ mmges
~ '\'. »{‘*.7.\'\ 2
Cambrian BN @( ' é@ § & i o
o 3 Billingsella &
570 570 e
Proterozoic . N
Precambrian o N [_@,

Archaeozoic




Petrology (study of rocks)

Rocks under the polarized light microscope

igneous: basalt igneous: granite igneous: peridotite
(oceanic crust) (continental crust) (upper mantle)

metamorphic: micashist
(continental crust) (continental crust) (continental crust)

Y
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Thermo-barometry

Evolution of metamorphic rocks
Traces of different orogenies (Alpine, Variscan, Caledonian...)

Variscan metamorphism in Tatra Mts., Slovakia

121

10

1) Identify suitable reactions 8
(Fe — Mg exchange between garnet and
biotite)

2) Polarized microscopy: find mineral
grains in equilibrium

3) Electron microprobe: get chemical .
compositions from points in equilibrium 2
4) Calculate equilibrium (p,T) conditions

Pressure (kbar)

Dco, = 0.69 g/lcm’
L 1 L

0 .
400 500 600 700 800 900

Temperature (°C)

J. metamorphic Geol., 1999, 17, 379-395



Fluid inclusions

CO, — N, fluid inclusions in Quartz grains

» .
LY » - e,
' / Fl a N
* |- ® "Car
D ° L
Gr
L . z
a - ——— b % —
‘ ' 10 microns . '
Microthermometry

with fluid inclusions

1) Analyzing chemical composition
of fluid inclusions

2) Observing temperature of phase
transitions by heating and
cooling

#) )0LICH
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geochronology
|

5

- Daughter Isotope

LE".

<

<

‘= 1/2

c

£ m

= | [

1 2 3 4
Time (half-lives)

1) Identify decay reaction

2) ldentify closed system

3) Measure content of parent and
daughter elements

4) Calculate time from the closure
of the system

K-Ar system, Ar-Ar, U-Th, 14C



Mineralogy

Modal Proportion
00 0.2 0.4 06 08 1.0

T15 450 =
% £
5 £

] r o

$ 20 1600 3
o

Mg-Perovskite

30 1000
1500 1600 1700 1800 1900 2000

Temperature (K)

Progress in Particle and Nuclear Physics 73 (2013) 1-34
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Crystallography

Crystal Sy and | Kri und Beispi

MERISIPN
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N -!/
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] B

Y1l
Diamond am
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Seismology

Epicenter

Velocity (km/sec), density (g/cm3)

200

, o Discontinuities in the waves
P — primary, longitudinal waves

S — secondary, transverse/shear waves

propagation and the density profile
but no info about the chemical
composition of the Earth




From the talk of Sramek at Neutrino Geoscienece 2013 !) JULICH
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Seismic tomography image of present-day mantle

Seismic shear wave speed anomaly
Tomographic model S20RTS (Ritsema et al.)

-~

O km

Two large scale seismic speed anomalies
— below Africa and below central Pacific

Anti-correlation of shear and sound
wavespeeds + sharp velocity gradients
suggest a compositional component

“piles” or “LLSVPs” or “superplumes’

Candidate for an distinct
chemical reservoir

% Shear wave variation

Bull et al. EPSL 2009

Sat AM: Ed Garnero




Paleomagnetismo &
magnetostratigraphia

* Measuring original

-+400 y
WMMMM magnetization in
& ek, B St volcanic and
a B E T e R sedimentary rocks;
: g8 HW2 & E‘é P 83 oan
S0 EO SE (5228 £ 55
g |egl 82 | 2o 82 125 g5 | » Discovery of fast
l’_n strato 1

(5-10,000 years)
inversions of the
Earth’s magnetic field

¢

litosfera litosfera

* Double structure
around rift zones

astenosfera
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Age Chron
(Ma) __

Subchron

Brunhes

e 0.78

1.0 - 0.90

1.06 Jaramillo

1.19 Cobb Mountain

Matuyama

1.78
. Olduvai
2.00

Reunion

2.0 —

2.14

_— 2.59

3.05
31, Kaena

3.22

Gauss

333 Mammoth

—_— 3.59

4.0 —

4.17
Cochiti
429

4.47

Nunivak
4.64

Gilbert

481
489 Sidufjall
5.0~ 5.01

Thvera
5.25
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- Manitle-peridotite Xenoliths

Geochemistry

) Direct rock samples
* surface and bore-holes (max. 12 km);

* mantle rocks brought up by tectonics and vulcanism:;
BUT: POSSIBLE ALTERATION DURING THE TRANSPORT

o T 1 T Ll T

Mg,
1 Fe -~
2) Geochemical models: e e e
composition of direct rock samples + o
, > , e , Y 3 L
C1 carbonaceous chondrites meteorites + T e
Sun’ s photosphere; s [
'g 1074} v .
Bulk Silicate Earth (BSE) models = A o A
(several!): | T o0 Hon |
D a3k R o)
medium composition WO S gl e .
‘ “ . ” o ‘ ‘ ; e ,~E_;Q!;' *u
of the "re-mixed" crust + mantle, ok A ]
i.e., primordial mantle before the crust ol .
differentiation and after the Fe-Ni core T em emoem e e e

In C1 carbonaceous chondrites

separation;



Primitive-mantle composition

ABUNDANCE
Relative to the composition
of C1 carbonaceous chondrites

-
o

o
—

0.01

.001
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1800 1400 1000 800 600 K
Refractory @ Lithophile
elements O Moderately Siderophile
Sc,Al,U.Ta,NbBa Eu Mg B Highly Siderophile
C v @ .Li ]
cr mp g Na . Volatile
sequ%gfsation Or ll |. rRo @ elements
e G
= W Co cud ) .Zn I E
n Ni n<> .
Y PO Cs . Sn
Mo . <><> S
O as TSP Ge  Pb
=1 [ Bi Tl
[
3 @ O & ;
C Cl Core () ]
Re sequestration By 7
- Ir
" B
S
*C1 chondrilte and Mg nolrmalized . Se<> . .
3.20 3.10 3.00 2.90 2.80 2.70

50% Condensation Log T (K) at 10° MPa

Progress in Particle and Nuclear Physics 73 (2013) 1-34
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38 0000 bore-hole measurements

Conductive heat flow from
bore-hole temperature gradient;

Total surface heat flux:
46 + 3 TW

Heat Flow

eat production
continents
BTW (7-8TW.

mantle cooling
16TW (4-27TW)
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Surface heat flux <) JULICH

38 0000 bore-hole measurements

Conductive heat flow from
bore-hole temperature gradient;

Total surface heat flux:
46 + 3 TW

Heat Flow

Come stimare

il calore radiogenico??
BTW (7-8TW

mantle cooling

16TW (4—27TW)
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Geology and neutrino physics: geoneutrings™ ™

238) - 206Pp + 8 o + 8 e + 6 anti-neutrinos + 51.7 MeV
282Th - 208Ph + 6 a + 4 e + 4 anti-neutrinos + 42.8 MeV
4K > 40Ca + ¢ + 1 anti-neutrino + 1.32 MeV

Crust + mantle geo-v signal (U+Th)

Geochemical BSEA
&McD DM

1 TNU =1 event / 1032 target protons / year
Cca 1 event/ 1 kton / 1 year with 100% detection efficiency
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238) - 206Pp + 8 o + 8 e + 6 anti-neutrinos + 51.7 MeV
232Th - 208Ph + 6 o + 4 e + 4 anti-neutrinos + 42.8 MeV
WK - 4Ca + e + 1 anti-neutrino + 1.32 MeV

Crust + mantle geo-v signal (U+Th)

m 1"
Earth shines in antineutrinos: flux ~ 106 cm-2 s-1

leaving freely and instantaneously the Earth interior
(to compare: solar neutrino (NOT antmeutrmol) flux ~ 101 cm2 s-)

N 4

Geochemical BSEA
&McD DM

1 TNU =1 event / 1032 target protons / year
Cca 1 event/ 1 kton / 1 year with 100% detection efficiency
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Geoneutrinos: antineutrinos from the decay of
2381y, 232Th, and YK in the Earth

Abundance of Nuclear physics Radiogenic
radioactive 238 ->26Pp + 8 0. + 8 e + 6 anti-neutrinos + 51.7 MeV heat
282Th - 208Ph + 6 a + 4 e + 4 anti-neutrinos +42.8 MeV (Mal n goal)
elements 9K 4Ca + ¢ + 1 anti-neutrino + 1.32 MeV

Distribution of radioactive elements
(models)

From geoneutrino

To predict: Geoneutrino flux . . curement:
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Is the mantle chemically homogenous? We do not know!!

i
Mantle geo-v signal in the TOMO model

P

Geochemical BSE
Sudbury y w Kamioka w Gran Sasso vy Hawaii A&McD DM
% surf.ave.

88 92 90 100 104 108 112 116 120 124

cm 2 ps™!

0.85 090 095 1.00 1.05 1.10 1.15 1.20



What are neutrinos?

Elementary particles
of the Standard Model

up charm top gluon

4.8 MeV/c? =95 MeV/c? ~4.18 GeV/c? 0
3 d 113 S -1/3 b 0

172 172 1 »

down strange

77777777777

11 MeV/c? 105.7 MeV/c? 91.2G
e A Sl T 0
12 I 12 1

electron muon tau

LEPTONS

#) JULICH
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geoneutrinos

antipartic

lepton numk

ticles =

number +1

+
Ve 3 flavors ¢
+
boson vV T

* No electric charge
= no elmag interactions;
* No color
= no strong interactions;
* Only weak interactions
= very small cross sections;

Originally, in the SM neutrinos have exactly zero rest mass;
Experimental evidences for neutrino oscillations (change of the

flavour during the propagation): non-zero mass required!



What are neutrinos?

Elementary particles
of the Standard Model

up charm top gluon

4.8 MeV/c? =95 MeV/c? ~4.18 GeV/c? 0
3 d 113 S -1/3 b 0

172 172 1 »

down strange

77777777777

11 MeV/c? 105.7 MeV/c? 91.2G
e A Sl T 0
12 I 12 1

electron muon tau

LEPTONS
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geoneutrinos

antipartic

lepton numk

ticles =

number +1

+
Ve 3 flavors ¢
+
boson vV T

* No electric charge
= no elmag interactions;
* No color
= no strong interactions;
* Only weak interactions
= very small cross sections;

Originally, in the SM neutrinos have exactly zero rest mass;
Experimental evidences for neutrino oscillations (change of the

flavour during the propagation): non-zero mass required!

Nobel prize for physics in 2015!



How to detect geoneutrinos?
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* liquid scintilllator detectors (charged particle produces light)
*(Anti-)neutrinos have low interaction rates, therefore:

Number of anti-neutrinos per MeV per parent

10!

10°%

107"

102

Large volume detectors needed (hundreds tons)

High radiopurity;

Underground labs to shield cosmic radiations

Energy spectrum of geoneutrinos

We measure

¥ above this lin —-—- 28 series
[ € eesssssesss 232 i
F i 1.8 MeV: s, SEMES
I P, - K
h/'/é"‘ L ! :
S S S
E . sy oo S
L / N { ~I
- 7/ I '
-/ [ o |
/ | i

[ ]
3 | Fre——
: | P T -

I N

| .

| i

[ : . !

P S IR S S P S S T
05 1 15 2 2.5 3 35

Anti-neutrino energy, E, (MeV)

POSITRON:

Tells us

about the energy
of the geoneutrino

v+ p —{nl+e’ |

NEUTRON:
Helps us to select positrons
form reactions of geoneutrinos

n -\ / delayed \\» - ",.
, .’ y ~236 us //
7 v
v.®--->@
/ o brompt v (2.2 MeV)
p . ~few ns

\
\
\

v (511 keV)« - - _‘.+ -~ >y (511 keV)

€



KamLand, Japan
Calibration Device

LS Balloon
(diam. 13 m)

Chimney

Liquid Scintillator, 4
(1 kton) X

Containment
Vessel
(diam. 18 m

Photo-
Multipliers

Outer Detector -

Outer Detector
PMT

Bl e S

Borexino, Gran Sasso, ltaly “H
o/

/ 4/ (EVL wan gt cofectors
]
/

s;;nere 137Tmo@ 400 without ight cores)
:NTRUM
Nylen Sphere Muon veto
B5m Q@ o~ 2(0 outward-
poirting PMTs
_100ten
C fducial volume

_ Nylonfilm
Hr bamer

£ Holdng Strirgs .
Stainloss Stee! Water Tank  — Steel Shiekiing Plates
18m 3 Bmx Bmx 10cm and 4m x4mx 4o




Latest geoneutrino results

Borexino 2015: 23.7 "> (stat) ™ (sys) geonu’s

Events / 233 p.e. / 907 ton x year

v
v

22— —— Data
20 Reactor neutrino
N Best-fit U+Th with fixed chondritic ratic
18 = 4 Il U free parameter
16 | Th free parameter
14
121 |/ 5.90 evidence
10 [ !
81 : :
6 f_ '(.Ié -_,,,.'_I * : 'L
I R d’ﬁ' g
HF yReactor a tlFFu
- \G E O —— ——
O_ P T S AT S U ||L1J|_|‘(‘1‘L&
500 1900 1500 2000 2500 3000 350(
Prompt Event Energy [p.e.] )
~7 MeV
1 MeV PRD 92 (2015) 031101 (R)

Events / 0.2MeV

180
160
140
120
100
80
60
40
20
0

Non antineutrino background almost invisible!
5.5 x 103! target-proton year
0-hypothesis @ 3.6 x 10~
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KamLAND 2013: 116 "% _,, geonu’s

o —o— KamLLAND data =+=+ Best-fit reactor V,
- Accidental
- ——
3 GEO WWW@H
- ‘ DN
:_ \ e L T I
- \\\\ Be.ny®o  Reactor
:_ TN antlneutranS
- : W\ Best-fit geo V,
hd TrErrre™
C : — Best-fit reactor V, + BG
~ 1 + best-fit geo V,
;'FILIFEIIII||I|||I|I|III|III|III|III|I
| 14 16 18 2 22 24 126

E, MeV)

Phys. Rev. D 88 (2013) 033001

v’ 4.9 x 1032 target-proton year
v" 0-hypothesis @ 2 x 10
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What do we learn from )uLIcH

these results?

* The current experimental results demonstrate that we can measure
geoneutrinos and that their rate is consistent with geological expectation;

« Small number of detected geoneutrinos limits geological predictions:

i) The measured Earth radiogenic heat (U + Th + K) = 3328 ;T to be
compared with 47 + 2 TW of the total Earth surface heat flux (including all
sources)

ii) first direct indications of geoneutrinos from the mantel

« Several future projects have geoneutrinos among their aims:
SNO+ (1 kton) start soon in Canada
JUNO (20 kton) in China to start in 2020

* New interdisciplinary field established: NEUTRINO
GEOSCIENCE conference every two years

* Power of combined analysis and importance of multi-site
measurements at geologically different environments
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“More we learn about our Earth,
more fascinau’ng it turns out to be!
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