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Le complicazioni delle Scienze della Terra:
gran parte della Terra e fuori dal nostro
raggio di osservazione (spazio)

MAGNETIC NORTH POLE MAGNETIC LINE OF FORCE.

Mid Aiontic Ridge
(North Atlantic)

¥ Eom
Pacific
Rise

MAGNETIC SOUTH POLE

Crustal stretching can Mountain building can
thin the crust.

thicken the crust.

(a) There are two basic types of - 150 km
crust. Oceanic crust is thinner “ 4

and consists of basalt and
gabbro. Continental crust varies 660 km
in thickness and rock type. :

(b) By studying earthquake waves, geologists £ 75,1565 km

produced a refined image of Earth's interior,
in which the mantle and core are subdivided.

6,371 km



Le complicazioni delle Scienze della

Terra: gran parte della Terra e fuori dal

hostro raggio di osservazione (tempo)
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The Geologic Timescale

Archean
28.3%

Proterozoic.
42.6%

Ediacaran

Major ice ages

First appearance of metazoans and glacial deposits

1000
. EeE Enviranment stability;
Rodinian reducing deep oceans
1500
« CI) Supercontinent formation
Columbian (Columbia/Nuna)
2000
i H 1
'E‘Jl?::llfyalgl{l' Lomagundi-Jaluli isotopic excursion
'Oxygeman' Glaciations; rise in atmospheric O,

2500

3000

‘Chaotian’

Deposition of BIF; waning continental growth

Major crustal growth and recycling

Basin deposition on stable continents

Growth of stable continental nuclei;
oldest macroscopic evidence for life

First preserved sedimentary rocks,
with chemical traces of life

Oldest preserved pieces of continental crust

Rapid crust formalion and recycling;
continued heavy meteorite bombardement

Accretion of giant Moon-forming
impact event

541

630

First appearance of Ediacaran Fauna
End of Global Glaciation

850 ? First appearance of d'°C anomalies

1780

2060

2250

2420

2630

2780

3020

3490

3810

4030

4404

4568

First appearance of sulphidic
marine deposils
End of LJE / Start of shungite deposition

First appearance of +ve d“C anomalies
+lor breakout magmatism

First appearance of glacial deposits
First appearance of Hamersley BIF
First appearance ofqgminental flood

basaits and/or +ve d "C kerogen values

First appearance of terestrial basins.

o A= == =

? First appearance of macroscopic
fossils (stromatolites)

@ Earih's oldest supracrustal rocks

@ Earth's oldest rocks (Acasta Gneiss)

Earth's oldest crustal material
(detrital zircons)

@ Formation of the solar system



Abitabilita
del Pianeta
Terra

TABLE 5. A NON-EXHAUSTIVE TABLE OF EXAMPLES OF FACTORS THAT INFLUENCE CONTINUOUS PLANETARY
HABITABILITY ON THE SURFACE OF A PLANETARY BODY (OR INTERIOR LIQUID WATER WORLDS)

Habitability factor

Example of influence on habitability

Planetary factors
Mass

Atmospheric composition

Plate tectonics

Magnetic field

Astronomical factors
Orbital characteristics

Star type
Presence of a moon

Impact events

Insufficient mass to retain gases required for greenhouse warming and liquid water.

Insufficient mass to generate heating for subsurface ocean. Influence on size of internal
ocean and thus potential biomass.

Insufficient greenhouse gases for surface liquid water. High concentrations of greenhouse
gases lead to runaway greenhouse effect.

Presence of oxygen for multicellular life.

Production of reactants for energy and nutrients cycled into deep ocean (even in tenuous
atmosphere).

Lack of plate tectonics shuts down carbonate-silicate cycle influencing surface temperature
and presence of liquid water.

Plate tectonics may enhance movement of surface material into a deep ocean.

Insufficient field can result in early loss of atmosphere (e.g., planets close to M stars).

Strong magnetic field can enhance longevity of atmosphere and hence habitable
conditions.

May generate radicals and other species on the surface of an icy world with implications
for energy/nutrients.

Obliquity may not critically determine habitability. Some combinations of orbital
characteristics, such as high eccentricity and tidal locking can circularize orbit outside
habitable zone.

Extremity of climatic excursions caused by high eccentricity.

Lack of tidal heating caused by tidal locking could prevent formation of habitable
subsurface water bodies.

Influences extent of tidal heating

Can influence early sputtering away of atmosphere.

Influences longevity of habitable zone.

Lack or presence of a moon probably not critical for presence of habitable conditions on a
planet but may influence extremity of climatic excursions caused by obliquity variations.

Frequent large impacts that sterilize oceans could prevent life emerging. Frequent impacts
create selection pressure for high-temperature tolerant/loving organisms or prevent
atmospheric oxygen buildup from photosynthesis.

Impacts may deliver material into subsurface ocean or enhance surface-subsurface
exchange of material.

Statements in italics, where appropriate, show factors that apply to habitability in interior liquid water worlds.



OXYGEN LEVELS

L'atmosfera e gli oceani attuali contengono ossigeno AT DUPTERENT LOCATIONS

AND ELEVATIONS

Quanto ce n'e?

Lo Rinconado, Perv, 16,700 feet

Mount Everest, Nepal, 29,035 feet

1 Everes
33% OXYGEN

Mount Denali, Alaska, 20,320 feet

55% OXYGEN

ANANE NN

Per la Terra attuale possiamo misurarlo
. . . )

La vera conoscenza non e nei dati ma nella comprensione

delle leggi/processi

ma dopo averlo misurato comunque dobbiamo spiegarlo! '
La vera conoscenza € predittiva !ll
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L'ossigeno negli oceani

Dissolved oxygen (ml ') 200 m depth
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Q: qual e la conseguenza geologica di

fotosintesi questa reazione?
H,0+CO, — CH,0+0,
respirazione A: l'accumulo di materia organica nei

sedimenti consente |'accumulo di
ossigeno nell'atmosfera

Q: qual e la conseguenza geologica di

16H" + 16HCO* — 16CH,0 + 160, cuesto reaziont?

8502+ 16CH,0 — 16HCO- + 8H,S A: |'accumulo di pirite nei sedimenti
consente |'accumulo di ossigeno
8H,S + 2Fe,0; + O, — 8H,0 + 4FeS, nell'atmosfera

16H* + 850,2 + 2Fe,0; — 8H,0 + 4FeS, + 150,



Il ciclo geologico dell'Ossigeno:
un equilibrio dinamico fra le velocita dei processi che producono
ossigeno e le velocita dei processi che lo consumano

volcanic
outgassing

weathering

?’

org-C, pyrite burial



weathering

Il ciclo geologico dell'Ossigeno:

ossigeno e le velocita dei processi che lo consumano

NN

volcanic
outgassing

?’

org-C, pyrite burial

un equilibrio dinamico fra le velocita dei processi che producono

('Oz)

Y

Oceanic

A 4

Volc/met gas oxidation (-0,) Carbon

Rock Org C CaCo, Rock
Organic f—2urial Burial _|Carbonate
(+0,)
C C
Weathering Weatheing

Volc/met gas

Figure 2 Box model for calculating variations with time in the fluxes affecting at-
mospheric oxygen. Each box and flux represents both total carbon or sulfur and '*C or
S The fluxes for weathering and degassing are often combined under the generalized
term “weathering.” The symbols (40O,) and (—O,) represent the addition or subtraction

of oxygen from the atmosphere.

and Sulfur
Weathering l
(-0, Weathering
Rock Sulfid ROCk
| uliiae
Sulfide Burial Caso0, Sulfate
S (+0,) Burial S




Il ciclo geologico dell'Ossigeno:
un equilibrio dinamico fra le velocita dei processi che producono
ossigeno e le velocita dei processi che lo consumano

Fo. = (1/0.) | =8,Fyy — 8 Fyet 8e(Fye + Fuo) |

FbC — ng+ ch o Fbg

Fuve = tasso di seppellimento di carbonio organico nei a. = frazionamento isotopico di 13C fra carbonati e
sedimenti materia organica

Fu. = tasso di seppellimento di carbonio inorganico S,y = O13C oceano

(carbonati) nei sedimenti 6, = 8°C del carbonio organico che subisce weathering
Fwe = tasso di weathering di materia organica + degassing da e decomposizione termica

metamorfismo e vulcanismo 9. = 813C carbonio inorganico (carbonati) che subisce
Fwc = tasso di weathering di carbonio inorganico + weathering e decarbonatazione

decarbonatazione termica (metamorfismo)



. Geocarbsulf
| e e I flussi di carbonio e zolfo vengono
204 —0— Mg oA

313¢

" e calcolati a partire dal record
834s

% 0] Pl T isotopico usando i bilanci di massa

ZMM Una volta calcolati i flussi di

carbonio e zolfo ¢ possibile
calcolare i flussi di ossigeno

T T T T T
=270 -265 =260 -255 =250 -245 -240

Time
10
Fig. 1. Isotopic data for the oceans used in the carbon and sulfur
cycle modeling. Values are smoothed one million year averages. (For P Tr 35
sources of the data see text.) 8 P T
r
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Fig. 2. Organic carbon burial rate (F,,) vs. time. Units are 10'®

mol/my.

Time Ma
Fig. 6. Atmospheric oxygen concentration vs. time for 270 to 240
Ma. The concentration is calculated assuming constant masses of
atmospheric nitrogen and argon.



Atmospheric O, (percentage of PAL)

La storia dell'Ossigeno

3 Compatible with proxies
3 Compatible with some proxies
B [ncompatible with proxies
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Indicatori geologici del livello di ossigeno atmosferico

(paleo)suoli e rocce sedimentarie rosse =
presenza di ossigeno atmosferico



Banded Iron Formations
(BIF)

regional glaciation ~ ==ssssm global glaciation === oxygen level
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World Without O, ] World Without O,
oy After 2.7 billion years ago, cyanobacteria evolved oxygenic photosynthesis; most of the
Fe™ is soluble in water. On ancient Earth, in the absence of 0, produced by cyanobacteria oxidized Fe2* to Fe3*.
Oy, iron stayed in its reduced form long enough to spread @: 2+

throughout the oceans.

(X World Without O,

£ Both processes resulted in the formation of insoluble iron
(Fea"‘), which precipitated onto the ocean floor, giving rise to
iron formations. The banded patterns reflect seasonal or
cyclical patterns of growth of the microbes.




World With O,

0, oxidizes Fe?* to Fe®* immediately. Fe3+

precipitates before it can spread throughout the

Fa)>t ocean. Because this is a highly localized process

I~ and the Fe3* concentration is low, iron formations
don't arise.

3 Compatible with proxies
1 Compatible with some proxies
B [ncompatible with proxies

—
[=]

o
=

0.0

o
o
(=1
=

Atmospheric O, (percentage of PAL)

0.0001

r
4 3 2 1
Age (billions of years ago)



opneoeeey (w) ssawpmL %) 05, (now) o3 (ow) 00

888,388 8888 .. .19 3L bD

1070
o
0
o

1010

mgny [

un--n %

il - -

IM' — Cw—
w :

Age (Ga, billions of years before present)

BIF
BIF

WOBOEDCDTO0
O@0 amomro oo OO

S O OONaRD

o @wm

M
2

106

..
2

10-10

(1ow) o4 (1ow) 0Q

o Carbonates
10~

° MR8
© BIF




Indicatori del livello di ossigeno
nell'atmosfera e negli oceani:
Sulfur MIF = contenuto in ossigeno

< 0.001 PAL, sufficiente contenuto di zolfo

nell'atmosfera, atmosfera riducente
(contenuto sostanziale di CH,)

1 Compatible with proxies
1 Compatible with some proxies
B |ncompatible with proxies

01

0.01

0.001

Atmospheric O, (percentage of PAL)

0.0001

4 3 2
Age (billions of years ago)

*—Arch aean/Proterozoic

boundary
0= fl d L "'l ng
Early

STTEE Great oxidation event

AS (%)

1 i
4.0 35 3.0 25 2.0 1.5
Age (billions of years ago)

Figure 1| Range of MIF of sulphur over time. The great oxidation event
occurred ~2.45 billion years ago, and an early, failed, oxygenation event
might have occurred around 3.2 billion years ago (but this is hotly debated).
The degree of MIF (blue) is indicated by A*S, which is the parts per
thousand (%o) deviation of the standardized *S/*S ratio from the value
predicted from the *'$/*S ratio and mass-dependent fractionation. The
range of values from samples of a given age is shown by vertical bars. The
pink bar shows the range of variability in A™S that is due to mass-dependent
effects, indicating only small variations during the past 2.32 billion years.



Atmospheric O, (percentage of PAL)

3 Compatible with proxies
1 Compatible with some proxies
B |[ncompatible with proxies
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Indicatori geologici del livello di
Ossigeno nell’Atmosfera durante
il Fanerozoico: la chimica e la
fisica del fuoco!
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Evidence for oxygenic photosynthesis

(1) C-isotopes consistent with carbon fixation by Rubisco
(2) Oldest stromatolites, conceivably but not demonstrably accreted by cyanobacteria
(3) Microstructures of debated origin
(4) Biomarker molecules likely synthesized by cyanobacteria
(5) Microfossils, possibly cyanobacterial
(6) Rise in atmospheric oxygen
(7) Microfossils confidently interpreted as cyanobacteria
(1 = 23 (4.5) (5) 6) (7)
Hadean l Archean Proterozoic Phanero
4500 3500 2500 1500 500
(@) (b) (c) (d)(e?)

Redox evolution of biosphere

(a) Sterane evidence for local oxygen

(b) Geochemical evidence for rise in atmospheric oxygen; continuing presence of

iron formations suggests that deep oceans remain anoxic
(c) End of banded iron formations; deep oceans oxic or sulfidic
(d) Reprise of iron formations in association with Neoproterozoic glaciation
(e) Oxygen and sulfate begin to apporach modern levels

Fig. 2 Geological time-scale showing palaeontological and geochemical constraints on the antiquity of oxygenic photosynthesis (cyanobacteria), as well as the

inferred redox history of the oceans and atmosphere. Phanero = Phanerozoic Era. See text for discussion and references.

I cianobatteri (fotosintesi oxygenica) ci sono

almeno da 2.7 Ga e forse da molto prima

I livelli bassissimi di O, nell'Archeano inferiore
sono limitati dall'accumulo non dalla produzione

Proterozoic microfossils reliably
interpreted as cyanobacteria.



L'effetto serra (fisica)
CO, e clima (fisica + geologia + ecologia)
il feedback del weathering dei silicati (geologia)

Warm
Rapid greenhouse
» T limate

CO, input -
Fast seafloor (increased temperature,
spreading rain, vegetation)
Reduced
Formation of carbonates by warming
biological and abiotic reactions | d
’ A ] ncrease
CO, dissolved in rain (forming Ocean 2+, S, ) s
H,CO,) causes weathering of minerals Ca™ + 2HCO, Volcanism ChEI"-I"lICIal
: weatherin
CaSio, + 2CO, + H,0— CaCO,+ CO, +H,0 g

Ca” + 2HCO, + Si0,
Increased

CO, removal

M Slow Cold
CO, input »Imhouse

(

Metamorphosis
CaCO,+ Si0, —

CaSio, + CO. .
> : Slow seafloor a4 cgmate
spreading (decreased temperature,
B Warming Cooling Cooling Warming rain, vegetation)
Reduced
+ cooling
Faster reaction  Negative Increased Lower reaction  Negative Reduced Decreased
s feedback ©O:consumetion S feedback CO:consumption chemical
L J L J weathering
Increased Lower
weathering weathering Decreased
rates rates CO, removal

FIG. 6. The carbonate-silicate cycle. (A) One principal mechanism by which temperatures on the surface of Earth are
regulated through the feedback control of the greenhouse gas, CO,. The cycle also illustrates the link between plate tectonics
(subduction of carbonates) and habitability. (B) The carbonate-silicate cycle works by a negative feedback process.



CAUSES CLIMATE SYSTEM CLIMATE VARIATIONS
(external forcing) (internal interactions) (internal responses)

Changes in
plate tectonics

q

Changes
———— in

Changes
in
vegetation

Changes in
Earth's orbit

Vegetation

Changes
in
Ocean

Changes in
land
surface

Changes in surface
Sun's strength




The faint young sun paradox

The Faint Young Sun Paradox

Temperature Solar Luminosity
25¢C — = — _ 1 100%
- - 5 Actualiemperatﬁr a of E ‘?” = | Present Value
Freezing point of H,O
09C — — 00%
Temperature expected on Earth
with present atmospher
Change in solar luminosi!
-25°C / — 80%
\ Temperature expected on
Earth with no atmosphere
-50°C | I [ 1 ' ' : : 0%
45 4 35 3 2 14 1 o
Life Beains First Present Day
Billions of Years Ago  Eukaryotic
Cell

Even though the Sun was about 30% dimmer than it is now,
the temperature on Earth has been more or less stable.

Surface temperature (K)

Hadean

Archean

Proterozoic

400

380

T

Phanero.

360 NH3 / CH4 / H20 / CO2 / H2S Greenhouse

340
320 il

300 -
L CO2 / H20 Greenhouse J

280 Normal freezing point of seawater

260 1

Time before present (Gyr)

Sagan and Muller (1972) solution to faint young sun
paradox



Snowball earth
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Global distribution (a) of Neoproterozoic
glaciogenic deposits with estimated palaeolatitudes

...t based on palaeomagnetic data (modified from
(O ice-freeground () seaglacier Evans, 2000).




Snowball earth

regional glaciation =~ ==ssssm global glaciation === oxygen level
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Snowball earth




Snowball earth
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Snowball earth

i

Ghaub Fm (DF, debris flows; IRD, ice-rafted debris) &
Keilberg Mb (CD, post-glacial cap dolostone) on Otavi foreslope, northern Namibia.

i TR e s L, :
Contact between glacial marine




Carbon dioxide (ppmv)

The middle Cretaceous super-greenhouse:
warm and equable
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Paleo sea-surface temperature

O Temperature from 5180 @ Maastrichtian  @Turonian @Cenomanian Alate Albian

@ Temperature from &180 + 4°C correction for pH

0 Temperature from Ma/Ca, ocean Ma/Ca=1,0 mol/mol

O Temperature from Mg/Ca, ocean Mg/Ca varies [ ] high pcoz
‘ Freeman and Hayes, 1992 (biomarker §13C) ° war‘m 01- high IatitUdes

. Retallack, 2001 (leaf stomatal data)

A Berner and Kothavala, 2001 (from model) ¢ reduced IatiTUdinal gradient
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OAEs & black shales

ca 30% of world oil
generated by middle
Cretaceous source rocks
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The Strontium Isotope Ratio of the ocean:
continental weathering and seafloor volcanism
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The dynamic response model (Hodell et al., EPSL1989)

1= 0.1 My

93,7 93,9 94,1 94,3

R(t)= Requil'[Requil'R(to)]e(t'to)lT



The dynamic response model (Hodell et al., EPSL1989)
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The positive shift: solving for Jr (playing with t and Jh)

middle Cretaceous pre-OAE2

R =0.707386

Rr =0.709280 (Jones & Jenkyns,

AmlJournSci2001)

Jd =0.34 x 10 mol / yr

Rd = 0.7084

Jh=0.310.370.43 x 10 mol / yr
0.75 1 1.5x10° mol / yr

Rh =0.7025

Jr=0.82-3.89 x 10 mol / yr

a 20-30% Jr pulse is 'sufficient’
to drive the positive shift
(much less if the residence time
is shorter...)
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Sum ming UP (more questions than answers...)

v’ a positive Sr/Sr excursion straddling the onset of OAE2
a short weathering pulse?

v’ a negative excursion steeper than in previous records

v’ problems with high gradients & short response time
non-steady state perturbations?

v’ shorter response time = smaller oceanic Sr inventory?
a two box stagnant ocean at the onset of OAE2?

When you have eliminated the impossible, whatever remains,
however improbable, must be the truth (Sir Arthur Conan Doyle)



Q: perche e cosi importante la
Tettonica delle Placche?

Answers:

v Cicli biogeochimici e tettonica
delle placche

v CO2, clima e tettonica delle
placche

v' Ossigeno e tettonica delle
placche

v Acqua e tettonica delle placche



v' La tettonica delle placche attualmente
funziona. Se comprendiamo perche esiste
possiamo estrapolare le condizioni del
passato partendo dalle condizioni attuali

v Nel nostro sistema solare la Terra ¢ I'unico
pianeta con tettonica delle placche attiva.
Altri pianeti come Venere e Marte hanno una
convezione di tipo stagnant lid.



Present Suggested onset time

of plate tectonics

Phanerozoic

0.54 Gya

<«— ~0.85 Gya (Hamilton 2011)
<— ~1 Gya (Stern 2005)

E' sempre esistita?
QUCme é CominCiGTa? Proterozoic

2.5Gya

~2.8 Gya (Brown 2006)

>3 Gya (Condie & Kroner 2008)
>3.1 Gya (Cawood et al. 2006)
~3.2 Gya (Van Kranendonk et al. 2007)

ftt

>3.6 Gya (Nutman et al. 2002)

>3.8 Gya (Komiya et al. 1999)

4.0 Gya ~3.9 Gya (Shirey et al. 2008)

Pt

>4.2 Gya (Hopkins et al. 2008)

4.5 Gya




Geological evidences of Plate tectonics
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Major peaks of zircon age distribution correlate well with the
supercontinental cycle, reflecting high crustal production rates



Geological evidences of Plate tectonics
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Differenti tipi di metamorfismo implicano diversi gradienti geotermici, cioe
diversi contesti geodinamici, che sono possibili solo con la tettonica delle placche



a Stagnant lid convection b Plate tectonics
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] La fisica e la
reologia della
Tettonica delle
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La storia termica della Terra & controllata
dal bilancio fra riscaldamento interno
(decadimento elementi radioattivi nel
mantello e perdita di calore all'esterno

guidata dalla convenzione del Mantello 1800 ! . !
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