CYCLOSTRATIGRAPHY AND THE ASTRONOMICAL TIME SCALE

fiy it

. ;'415.; ‘ NN‘N :

Earth’s Orbital Parameters

» .ﬁr




TPOXIOKEC TTOPAMETPOLN

k2 i "l
o

Milankovitch Cycles

&w Earth ( &‘

Al

Milutin Milankovic¢ Obiliquity of Ediiptic Precession

26 000, 21 000

(1 879—1 958) 41 000 Years Years

TTOAMIKEG KIVAOEIG



. Axis in approximatel
Axis now 11,000 years

Kvkiolw Milankovitch

©2001 Brooks/Cole - Thomson Learnin

Conditions now

109,009 yr i<0ihog

January July
NGO
227 — 257 441,000 vr <0i\og (c)

Wlzrdtrrros) 1wy 10 Uzo10Y
20,000-25,000 vr i<0i\og Conditions in about 11,000 years

©2001 Brooks/Cole - Thomson Learning )




Variation in Orbital Eccentricity

ariation in Axial Obliquity




ExKevipotnta

Variation in Orbital Eccentricity




ExkevTpotntO

 H gkkevipotTnTa otvel




Obliquity Cycle (41 k.y.)

AOEmon

* ATOKAL01 TOV

Maximum tilt 2
Today’s tilt ! 23'4"
Minimum tilt <27




e Mikpn KAIGT — 0pOGEPA KAAOKUIPLOL
OlOTN PN ON TAYDV




Metantoon tov lonueprov

e YyeTiCeTON ME
TNV EALEITTIKN

o
3
&
GQ
@

¢

(a) (b)

Present 5500 years ago 11000 years ago

March 20 December 21

June 21
September 22
June 21 ® ) December 21 € September 22 @
March 20
September 22 Bl March 20
(c)

June 21



Mezortmon S e

TOL aKPLPOVC YPOVIKOV JLUGTILATOS KOTA T1] OLUPKELN TOVL £TOVC,

* Ogpeiletal 6 00O TOPAYOVTEC, LU0 TOAAVT®OGT TOL dEova TG Im¢
KOL L0l TEPLOTPOPTKT] KIVNGT TNG EAAEITTTIKNC TpOYLAC TS I'MC

* QVEAVOLV TNV EMOYIKT avTibeon 6To
EVO MULCPOLP10 KOl LELOVOVV TNV ETOYIKN
avtibBeon 6to dAAO NuUICPAiPLO




Some points..

:: H exkevepdmnta ennpedlerl 6An ) I'n, dheg T1g

+ MEy16T0 nMoaknc aktivoBoAiac

+ Emnpealoviol TEPIGCGOTEPO T UEYOA
YEOYPOUPIKA TAATN & 101M¢ TO KOAOKAiPL



obliquity

.
’
v
.
.
#

wobble

eccentricity

’
.
.
o
’
’
'
o
/
0
r e . ———
o i ———
- - —_
4 - ——
. —— S——
- — -
. - -
- -~
- -~
- -~
-~
~

\\
// \\
Z
N\
\
\
\
\
\
\
\
1
|
|
!
I
N
N\
\\
"y //
N ~2-" rotation of
Ny precession of the equinoxes i ellipse
Ry - T
<

S
-~
-
-
—
S~ -
- ———
e ——————

Fig. 1.

Astronomical variables that control insolation on Earth (based on Pisias & IMmBRIE 1986).
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Fig.4. Sketch illustrating the complexity of the atmospheric, oceanic, sedimentary, and biological
system that is influenced by orbitally induced insolation changes. Frequencies and amplitudes of the
different “cycles” vary strongly and may be out of phase.
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Fig.3. Indices for eccentricity, obliquity, and precession for the last million years (adapted from
SCHWARZACHER 1993), and variability of insolation in function of latitude for the last 250 kyr
(adapted from BERGER 1978).
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Fig.5. Comparison of the sapropel chronology of the last 0.5 million years in the Mediterranean
with the calculated time series for the changes in the Earth’s orbit, the inclination axis and the sum-
mer insolation for 65°N. This comparison reveals the phase relations between the sapropels and the
orbital parameters (modified after HiLGEN 1991, LOURENS et al. 1996). The length of core RC 9-181
is slightly more than 9 m.
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Fig. 6. Astronomical tuning of sapropels of late Miocene age in the Mediterranean (between 6.7
and 9.8 Ma) to the astronomical target curves using the phase relations determined in Figure 5 (mod-
ified after HiLGEN et al. 1995). Following an initial magnetostratigraphic and biostratigraphic age
control, the tuning was established by correlating first the large-scale sapropel clusters — marked by
Roman numerals I to IX — to successive 400-kyr eccentricity maxima. Next small-scale sapropel
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ima and summer insolation maxima.



Monte dei Corvi

sapropels
lithology

105

il

|

O
w

IHHH

8
3

astronomical
time-series =
=
% Precession  Insolation -4
o <
004 00 004 450 550
1 ‘I’_l’>l 1 [K I 9.0
% / |
176 é - ‘E‘ -1
L _ _{_ __] =
= -
g { ~—
wo/é % .‘_J
_
L —— | _==__}o9s
% <
/ = )
_
é -
<
— )
159
<~
/
10.0

<&— obliquity enhanced sapropel




ight

Culver, Isle of Wi

ian Chalk

Cenoman



Penrose Conference 2006 - CHRONOSTRATIGRAPHY: Beyond the GSSP

RESOLUTION OF THE ATS

e

Lo G

CANONICAL ATS
0.02 MYR RESOLUTION

PLIOCENE

Pliocene Trubi Marls, Sicily




Penrose Conference 2006 - CHRONOSTRATIGRAPHY: Beyond the GSSP

DEFINITION OF THE ATS

The Astronomical Time Scale ('ATS’) relies on the
Milankovitch theory that Earth's orbital parameters
induce periodic insolation variations and cyclic climate
change, which are in turn conferred by climate-sensitive
sedimentation into the stratigraphic record. The cyclic
strata serve as a high-resolution metronome of elapsed
time, and constitute the ATS.

Other terms:

Cyclostratigraphy - orbitally forced stratigraphy
Canonical ATS - cyclostratigraphy calibrated-to the orbital canon
Floating ATS - cyclostratigraphy calibrated to orbital frequencies
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fig. 1. Examples of recorded astronomical climate forcing (“Milankovitch cycles”) in the sedimentary record: (A) Antarctic Vostok ice-core air 8'%0 record (Hay,
'013) based on Petit et al. (1999) and Shackleton (2000). (B) Late Pliocene Eastern Mediterranean ODP Site 967 Ti/Al record (Lourens et al., 2001). (C) Late Miocene
lonte dei Corvi outcrop (central Italy) lithological color index record (Zeeden et al., 2014).
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Table 2 Table 2 (continued)

Earth's ~405 kyr eccentricity cycle duration and ages for the Cenozoic with code names 405 kyr cydle Younger end of cyde Older end of cycle Duration Notes

for the present to 41.5 Ma (base of Chron 19n). Cycle code/Chron  (Ma) (Ma)
~405 kyr cycle Younger end of cycle Older end of cyde Duration Notes 74 0l-C11n 29.454 29.861 0.407
Cyde code/Chron  (Ma) (Ma) 75 0l-Cl1n 29.861 30.274 0413
1 0121 0297 0418 * 76 OI-Cl1r 30.274 30.681 0.407
2Pt-Cln 0207 0702 0.405 77 0l-Ci2n 30.681 31.081 0.400
3PCin 0702 1106 0405 78 Ol-C12r 31.081 31.488 0.407
4PClir 1.106 1516 0.410 79 Ol-C12r 31.488 31.892 0.404
5 P-Cir 1516 1922 0.406 80 OI-C12r 31.892 32.303 0.411
6Pl-C2n 1922 2329 0.408 81 01-C12r 32303 32.708 0.404
7PI-C2r 2329 2736 0407 82 0l-C12r 32.708 33.120 0.413
8 PI-C2An 2736 3144 0.408 83 0l-C12r 33.120 33523 0.403
9 PI-C2An 3144 3543 0399 84 01-C13n 33523 33.921 0398
10 P-C2An 3543 3.044 0.401 85 Eo-C13r 33.921 34322 0.401
11 PLC2Ar 3944 4341 0397 86 Eo-C13r 3432 34734 0.412
12 PLC3n 2341 4742 0.402 87 Eo-C13r 34734 35.151 0417
13 PLC3n 4742 5155 0413 88 Eo-C15n 35.151 35.548 0398
14 P-C3n 5.155 5.559 0.404 89 Eo-C16n 35.548 35.956 0.407
15 Mi-C3r 5550 5.968 0.409 90 Eo-C16n 35.956 36351 0395
16 Mi-C3r 5968 6.374 0407 91 Eo-C16n 36.351 36751 0.401
17 Mi-C3An 6374 6.765 0391 92 Eo-C17n 36.751 37.158 0.406
18 Mi-C3Ar 6765 7172 0.406 93 Eo-C17n 37.158 37.557 0399
19 Mi-C3Bn 7.172 7.574 0.403 94 Eo-C17n 37.557 37.971 0414
20 Mi-Cdn 7574 7083 0.400 95 Eo-C17n 37.971 38.369 0398
21 Mi-Cdn 7.983 8395 0412 96 Eo-C17r 38.369 38.768 0399
22 Mi-Car 8395 5797 0.402 97 Eo-C18n 38.768 39,179 0.410
23 Mi-C4An 8797 9.205 0.409 98 Eo-C18n 39.179 39.576 0.397
24 Mi-C4Ar 9205 9.602 0.397 99 Eo-C18n 39.576 39.979 0.403
25 Mi-C4Ar 9602 10.008 0.406 100 Eo-C18r 39.979 40.374 0.395
26 Mi-C5n 10.008 10.423 0415 101 Eo-C18r 40374 40.781 0.407
27 Mi-C5n 10.423 10.834 0412 102 Eo-C18r 40781 41.193 0.412
28 Mi-C5n 10.834 11.240 0.406 103 Eo-C18r 41193 41.601 o8
29 Mi-C5r 11.240 11.644 0.405 104 41.601 42.008 0.407
30 Mi-C5r 11.644 12.059 0.414 105 42.008 42.407 0.400
31 Mi-C5An 12.059 12.461 0.403 106 42.407 42.814 0.407
32 Mi-C5Ar 12.461 12.870 0.409 107 42814 43213 0.399
33 Mi-C5Ar 12.870 13.273 0.403 108 43213 43.625 0.413
34 Mi-C5AAr 13.273 13.678 0.405 109 43.625 44.034 0.409
35 Mi-C5ABr 13.678 14,078 0.400 110 44.034 44.442 0.408
36 Mi-C5ACn 14.078 14.479 0.401 11 44422 44.841 0.399
37 Mi-C5ADn 14.479 14.895 0.416 112 44.841 45.238 0.396
38 Mi-C5Bn 14.895 15.297 0.403 13 45.238 45.648 0.410
39 Mi-C5Br 15.297 15.701 0.403 14 45.648 46.063 0.415
40 Mi-CSBr 15.701 16.099 0.399 115 46.063 46.477 0.415
41 Mi-C5Cn 16.099 16.493 0.393 116 46.477 46.875 0.398
42 Mi-C5Cn 16.493 16.904 0.411 17 46.875 47.278 0.403
43 Mi-C5Cr 16.904 17.308 0.404 18 47.278 47.675 0.397
44 Mi-C5Dn 17.308 17.718 0.410 119 47.675 48.077 0.402
45 Mi-C5Dr 17.718 18.134 0.416 120 48.077 48.485 0.409
46 Mi-C5En 18.134 18.528 0.393 121 48.485 48.836 0.401
47 Mi-C5Er 18.528 18.930 0.402 122 48.886 49.297 0.411
48 Mi-C6n 18.930 19.328 0.399 123 49.297 49.695 0.398
49 Mi-C6n 19.328 19.736 0.408 124 49.695 50.100 0.405
50 Mi-C6r 19.736 20.150 0.414 125 50.100 50.508 0.408
51 Mi-C6An 20.150 20.559 0.409 126 50.508 50.899 0.391
52 Mi-C6An 20.559 20.965 0.406 127 50.899 51.303 0.404
53 Mi-C6Ar 20.965 21.366 0.401 128 51.303 51.704 0.401
54 Mi-C6AAT 21.366 21.778 0.412 129 51.704 52113 0.409
55 Mi-C6Bn 21.778 22183 0.405 130 52.113 52.532 0.419
56 Mi-C6Bn 22183 22595 0412 131 52532 52.930 0.398
57 Mi-C6Cn 22595 2,996 0401 132 52.930 53.331 0.401
58 OI-C6Cn 22.996 23.401 0.406 133 53.331 53.724 0.394
59 OI-C6Cn 23.401 23.809 0.407 134 53.724 54.129 0.405
60 OI-C6Cr 23.800 24210 0.401 135 54129 54.541 0.412
6101-C7n 24210 24,623 0.414 136 54.541 54.953 0.412
62 01-C7r 24,623 25.031 0.408 137 54953 55.364 0.412
63 O-C7Ar 25.031 25.435 0.404 138 55.364 55.763 0399
64 01-C8n 25.435 25.824 0.389 139 55.763 56.166 0.402
65 01-C8n 25.824 26.221 0.397 140 56.166 56.568 0.402
66 OI-C8r 26.221 26.633 0.412 141 56.568 56.982 0.414
67 0l-Con 26.633 27.041 0.408 142 56.982 57.388 0.406
68 01-C9n 27.041 27.452 0411 143 57.388 57.792 0.404
69 01-Car 27.452 27.856 0.405 144 57.792 58.202 0.410
70 0-C10n 27.856 28.257 0.400 145 58.202 58.608 0.407
71 0k-C10r 28.257 28,657 0.400 146 58.608 59.020 0.412
72 01-C10r 28.657 20.048 0.392 147 59.020 59.419 0.399
73 0k-C10r 29.048 29.454 0.405 148 59.419 59.824 0.404

149 59.824 60.231 0:408
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Fig. 3. Primary planktonic foraminiferal bioevents for the Neogene and late Paleogene against the astronomical time scale of Lourens et al. (2004, until base of Chron C6Cn.2n) and
Pilike et al. (2006, from top Chron C6Cn.3n until base C19n). (a) 0-25 Ma and (b) 20-41.5 Ma. A= Atlantic; IP = Indo-Pacific. The ~405 kyr eccentricity cycle numbers are counted
from the present.
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*Ta dtopa KAOe UAIKOU TTavw oTn I'n atroteAoUvTal ATrdé TOV TTUPRVA (TTPWTOVIA Kal
VETPOVIA) KOl TO NAEKTPOVIA, KAl €ival CUVOAIKA oudETEPA QOPTIOMEVA. O apIOuég Twv
NAEKTPOViwWV KaBopilel O€ TTOI0 OTOIXEIO AVIKEI TO ATOMO, KAl TTWG CUMTTEPIPEPETAI
OTIG XNMIKES avTIOPAOEIS. Ta ATOMA ME TOV i010 APIONO NAEKTPOVIWYV Kl TTPWTOVIWY,
OAAQ S10POPETIKO apIBUO VETPOVIWV KaAoUvTal I0OTOTTA.

*AI0@OPETIKA I0OTOTTO AVAKOUV OTO id10 XNUIKG OTOIXEIO YIaTi £Xouv TOV id10 apiBuo
NAEKTPOViIWYV, TTOU ONMAIVEI OTI CUMTTEPIPEPOVTAI OXEDOV E TOV idIO TPOTTO OTIG
XNHIKEG AVTIOPACEIG.

*Ta 1I06TOTTO TTOU CUMHETEXOUV OTO VEPO £ival AUTA TOU USPOYOVOU KAl TOU O{UYOVOU.
To udpoyodvo utrdpxel otn euUon Pe duo 1Io0éToTTa. TO TrI0 KOIVO €ival auTo TTou £xel 1
povo mpwrtovio otov Trupnva (H). Yapyxel 6pwg kai 1I06ToTro pe 1 Tpwrtovio Kai 1
veTpovio (2D) Trou ovopddeTal AsuTéplo, kaBwe Kai To padievepyo Tpitio (3T) pe 1
TTPWTOVIO Kal 2 VETPOVIA.



*A1T6 TO O§UYOVO gival YVWOTA Tpia oTaBepd
QUOIKA 1Io00TOoTTa: To 0§Uuybvo-16 (160), To
ofuyovo-17 ('70) ka1 To o§uyovo-18 (120). ISOTORES

* H agBovia Twv TpIWV AUTWV ICOTOTTWYV OTN

@uon givai: 190: 99,763%, 170: 0,037% kai 180:

0,200%. To %0, yvwoTO Kal w¢ «EAa@pU» % %)
oguyovo, £xel oTOV TTUPRAVA TOU 8 TTpwToVIa

Kal 8 veTpovia. O TTupAvag Tou I00TOTTOU TOU

170 éxe1 8 TTpWTOVIA KAl 9 VETPOVIA, EVW) QUTOG

Tou 100TOTTOU TOoU 180 €)1 8 TTPpWTOVIA Kol 10 i kL.
verpévia. To 189 gival YVwoTé kal wg «Bapd  (aloms: :‘:c L°“_s"'“:’s’z;n d‘;oms“:f:’:';h:r;%a ve charge
ouyovo, emreIdn n pala Tou gival TTEPITTOU humber of elecirons.

0 5 2 2 16 determines the behavior of an atom in « /oo e
12,5% peyakutepn amo Tn pada Tou 0. determines which element it is

En atom is neutral in charge, therefore:

oxygen 18 oxygen 16

umber of charged particles in the nucleus (protons) =

Ta 800 auTd ICOTOTTA TOU OSUYOVOU UTTOPOUV el

va XPNoIMoTroinéouyv yia Tov TTpoodIopIcuo
TOU KAIJOTOG O€ ap)aieg ETTOXEG, OedOUEVOU _ _

6T N GXEaN 0fuYSvou-18 TPOG ofuYSvo-16 S —

OTO VEPO HETABAAAETAI avAAoya HE TO KAiHa. the same number of protons,

To 0§uy6vo-17, AGyw TNS TTOAU MIKPAS but different numbers ef neuirens
agOoviag Tou oTn QUON, 6&v Aapfavetal utr’

oyn ¢’ auti Tn Bswpnon.

there are also non-charged particles in the nucleus (DAIEODS)



looTOTTIK ) KAQOUATOTTOINGON

*O J1aXWPICHOG TWV 1I00TOTTWYV KAAELiTal ICOTOTTIKH KAaopaTotroinon (isotope
fractionation), ka1 cupBaivel €TEI0N SIAPOPETIKA ICOTOTTA TOU iBIOU OTOIXEIOU £XOUV
O10@OopPEeTIKN Hala. O@EeiAeTal OTIG MIKPEG OIAQPOPOTTOINCEIG OTIG QUOIKO-XNHIKEG
I010TNTEG TWV MOPIWV TTOU TTEPIEXOUV DIAPOPETIKA 1I00TOTTA. H 100TOTTIKI
KAOQOHOTOTTOINON TTPAYHATOTTOIEITAI KATA TNV OIAPKEIA QUOIKWYV (TTX £EATMION) R
XNHIKWYV dIEpyaciwy (1T aoBeoToTroinon).

*YTTapXouVv OU0 SIaPOPETIKES DIEPYATIES KATA TNV ICOTOTTIKN KAAOATOTTOINON:

*KIvnTIKI) 100TOTTIK ] KAQOMATOTTOINOT: TA HOPIA TWV EAAPPUTEPWYV ICOTOTTWYV
KIvoUvTal TaXUTEPA (KaBwg ol XnUikoi deopoi gival acBevéoTepol). M.X. KaTtd TRV
01ad1KaCia TNG CUMTTUKVWONG Ta BApUTEPA ICOTOTTA CUYKEVTPWVOVTAI OTNHV UYPR
@Aaorn, o oXéon ME TNV A€pIal.

*lcodUvaun 100TOTTIK) KAaoHaTotroinon: Ala@opEg OTIGC OEPUOBUVAUIKES 1010TNTEG
TWV HOPIiWV PE OIaPOPETIKA I00TOTTA (N dlagpopoTtroinon gival I0XUpOTEPN OTIG
XOMNAOTEPEG BEPHOKPATIES).



O BaBu6Gg TNG KAAOoUATOTTOINONG OXETICETAI ME TIG Dla@OopPES oTnV Hadla. loxupoTepn
KAQOHOATOTTOIo CUMBaivEl METAEU UOPOYOVOU Kal TOU 2 POPEG BapUTEPOU SEUTEPIOU,
atrd O6TI 0TO O0§UYOVOo, KaBwg (18-16)/16 = 1/8.

Eival pavepd o611 Ta pépia H2 180 Oa gival eAappwg Baputepa atrd Ta popia H2 160.

180 | ’160

H,180 H,160

 Ta 106TOTTO TOU OEUYOVOU KAOCHATOTTOIOUVTAI KATA TNV £EATHION KOl THV
OUMTTUKVWON Tou H,O

— To H,'%0 e€aTpifeTal eukoAOTEPA aTré 1o H,180
— To H,80 ouptrukvwveTal eukoAoTepa atrd To H,160



MeTPAME TIG CUYKEVTPWOEIG TWV ICOTOTTWYV OTOV PACHATOYPAPO palag,
TToU d1axwpilel Ta popIa o€ HOPPN AEPIWV avAAoya ME TV NGO TOUG.

Ta BapUTepa 106TOTTA €ival CUVAOWG CTTAVIA ETTOUEVWG N CUYKEVTPWONR
TOUG €ival OUOKOAO va HeTPpNOEi pE akpifela. ETTONEVWG OEV METPIETAI
AUECA N CUYKEVTPWOT TWV ICOTOTTWYV OAAG CUOXETI(ETAI UE TNV
OUYKEVTPWON €VOG TTPOTUTTOU.

Ta atroreAéopara auTAg TNG dl1adIKaciag eKQPAlovTal ME TOV 6p0 OEATA
(delta, 6, d) 61TOU O N dlAPOPG OTNV HETPNOTN HETAEU TOU OEIYMATOS KO TOU
TTPOTUTTOU. EdV oI TINEG O €ival BETIKEG TOTE TO DEiypA EXEI TTEPICOOTEPO
Bapu 106TOTTO ATT6 OTI TO TIPOTUTTO. H povada & cuviOwg ek@pAaleTal TTi
TOIG XIAioIg (per mille, %o). MNa TNV péETPNON 1I00TOTTWY USPOYOVOU KAl
0Suyovou OTO VEPO XPNOIMOTTOIEITAI OAV TTPOTUTIO N MECH ICOTOTTIKI)
oUOoTOON TOU WKEAVIOU veEpOU (standard mean ocean water, VSMOW), evw
YIO TNV HETPNOT ICOTOTTWYV OTA AVOPAKIKA XPNOIMOTTOIEITAI TO TTPOTUTTO
Vienna Pee Dee Belemnite (VPDB).

Otrou 6180smow = 1.030925180vPDB + 30.92

5180 %o = 180/10 Beiyuarog-180/1€0 mpotimov _ , 1000
180/160 d¢eiypaToc




NaTti pag evola@Eépel n 1I00TOTTIKA KAAoHaToTroinon?

« H oxéon oguyodvou-18 mrpog oguyovo-16 otn yRivn aruéoeaipa sgaptaral amd Tn
OUVOMIKA TNG £EATHIONG KOl CUNTTUKVWONG TOU VEPOU.

» Etmre1dn 1o H2 180 £xe&1 pikpdTePN TAON ATHWY aT1ré To H2 160, KaTd TNV £EATHION
QUOIKOU vEpOU, Ta pépia H2 160 Oa teivouv va e§aTtui{ovral EUKOAOTEPA ATTO T
HOpi1a H2 180, evw KATA T CUUTTUKVWON, EUKOAOTEPA B0 CUMTTUKVWVOVTAI TO Népia
H2 180.

* AnAadn £XOUME:
H20(uypo) (e¢aTtion): eptrAouTionog o€ H2 160
H20(aépi1o) (CupTTUKVWON): EuTTAOUTIONOG o€ H2 180

* 'ET01, n €EATHION TOU VEPOU TWV BOAACOWYV O€ NIKPA YEWYPAPIKA TTAATN TEIVEI VA
augavel To TooooTo Tou H2 160 otnVv atpéoc@aipa. KaBwg aépieg pageg atrd TETOIEG
TTEPIOXEG METAKIVOUVTAI TTPOG TOUG TTOAOUG, OTTOU ETTIKPATOUV YUXPOTEPES
OepHOKpACTiEG, OI TTEPIEXOMEVOI UDPATHOI ApXi{OUV VO CUMTTUKVWVOVTAI O€ BpoxA
XI10VLI.



{Craig and Gordon, 1965)

H KAaouatotroinon Rayleigh

'Fraction of global ppt flux' onuaivel
KAGO MO TNG EICPONG TWV TTAYKOOHIWV
BpoxoTrTwWoewyv.

Meiwon Tou o§uydvou-18, kabwg
QUEAVETAI TO YEWYPAPIKO TTAATOG

- To vepo e€aTpideTan OTOV ICNUEPIVO KAl
ol UdpaTHOI gival TTAEOV 1I00TOTTIKA
eAa@pUTEPOI OE UOPOYOVO Kal O§Uyovo
a1Td OTI TO WKEAVIO VEPO.

* Ta TpwTa POpIa VEPOU TTOU
OUMTTUKVWVoOVTAI gival Ta pépia H2 180.
AnAadn, n Bpoxn N To XI6VI TTOU TTEQPTOUV
oTnV apxn €ivail eUTAouTiIopéva og H2
180, Baduiaia dSpwg yivovTai
«EAA@PUTEPAY.

* AuTté onpuaivel 6T, TTYaivovTag aTro
TOV ICNHEPIVO TTPOG TOUG TTOAOUG
(au&avovTag 1o yewypa@ikd TTAATOG), N
ATHOO@aIPA YEVIKA «Xavel» 180, kai étav
@Odavoule oTOUG TTOAOUG TO XIOVI TTOU
TTEQPTEI EKEN TTEPIEXEI 5% AIlyoTeEpOo 180 o¢
oxéon ME Tn BPOXK TTOU TTEPTEI OTOV
IoNMEPIVO. MpaypaTi, ol TTOAIKOI TTayol
TTEPIEXOUV ONMUAVTIKA MEIWMEVA TTOCOOTA
180, o€ oxéon He Ta TPOTTIKG UdATA,
O1TOoU AOYW TNG MEYAAUTEPNG ECATHIONG N
oUYKEVTpwO Tou 180 gival oXeTIKA
upnAn



Raleigh distillation otnv yewo@aipa

-6%¢ liquid

e Yo = T
N | 4,

i -1%e liquid

0%¢ liquid

Rainfall becomes isotopically lighter
away from coast (transparency ).

ZUYKEKPINEVA EVW OTOV ICNuEPIVO TO & 18 O: ~0
Ta utroTTOAIKG VEPQ €ival eAappuTtepa o€ & 18 O: 5 €wg15

Kai o1 TrToAikoi rayol gival TToAU eAa@poi & 18 O: 20 £éwg 55.



looppoTria palag ota ocTaBepd ICOTOTTA

Baoiki apxi: Ta oTaOEPA 106TOTTA S1ATNPOUVTAI, AVTIOETA JE TA padievepyd

ETropévwg, v £vag TaPIEUTHPAG (aTHOO@aIpa) EUTTAOUTICETAI
0 GAAog (UBpOCPaIpa)adEIAlel

Rd, =>' Rd,

R (M€yeBo¢ TapieuThpA) EKPPAlETOI OE Moles
‘d’ avTioTolXEi oTnV TIMA O yIa Eéva TApIEUTAPA O€ %o



H cupTtrukvwon ..-0l udparuoi Babuiaia
EUVOEi TO xavouv H,180 T1Tpog Ta

H.180 MEYAAUTEPQ
2 VEWYPAPIKA TTAATN...

i::? ﬂ ... QvTioTOIXO KOI TO
H ecatuion X16vI Kail o TTayog

- 4 18
EUVOEI TO H,180 H, 180 xa\{ouv H, ?605
H,160 oxéon ue H,100.
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L L L 1 1 1 14 P,

(N SN NN SN NN SN SN NN SN NN NN SN NN SN NN SN NN NN SN NN BN S SN NN BN N S
N N N N SN N N SN N N SN N SN SN N S S S S S - -



TooToma ofuyovou kal aAaiokAipa

© YuxpoTepO KAipa: Ta ©aAdaaoia
avBpakikd karaypdgpouv avtnon
Tou 8180.

- B¢épuavon: peiwon Tou 880
Twv BaAdooiwyv avopakiIKWwv.




AvAAuon 1I00TOTTWYV PTTOPEI VA Yivel O€

(a) KoppdTia Trdyou atrod Ta £YKATO TWV AIWVIWV TTAYWYV TWV TTOAWV.
(B) AvOpakikd KEAU®N BOAACOIWY OPYAVICHWY £XOUV aTTOTEBEI OTOUG BUBOUG TWV BOACCOWV.

To oguyodvo o€ éva KEAUQPOG UTTaPXEl KUPiwg wg avBpakikd acBéoTio (CaCO3) kai 510&eidio
ToUu TTupITiou (Si02).

KaTtd Tov oXNMATIONO £VOG KEAUPOUG, UTTAPXEI N TAON EVOWMNATWONG TTEPIcoOTEPOU 180 o
oxéon pe 160, avegdprnta atrd Tn oxéon 180/160 oT0o vEPO.

Opwg, o1 BIOAOYIKEG Kal XNMIKEG DIEPYATIEG TTOU TTPOKAAOUV QUTA TNV AUENHEVN EVOWNATWON
180 010 UTTO OXNUATIONO KEAUPOG, EKONAWVOVTAl EVTOVOTEP, OTAV I BEPHOKPATIO MEIWVETAI.
‘ETO1, KEAUQN TTOU OXNMATIoONKav o€ KpUA UBATA £XOUV MIO OKOMO MEYAAUTEPN avaAoyia
180/160, o€ oxéon pe KEAU@N TTOU OXNMATIOONKaV o€ BepuoOTEPO UDATA.

2NMEPA, Ol ETTICTAMOVEG £XOUV DIOTUTTWOEI EUTTEIPIKEG EEI0WOEIG PE TN BonBgia TwV oTToiWV
MTTOPOUV VA UTTOAOYIOOUV TTPOOEYYIOTIKA TIG TTAANIOOEPUOKPATiIEG TWV BaAaCOoWYV ATTO TN
oxéon 180/160 1ToUu divouv ol avaAuoeig Tou avBpakikoU acBeoTiou Twv BaAaocoiwv
avOPAKIKWY ATTOAIOWHATWV.

ZUNTTEPACHATIKA: 600 XAMNAOTEPO TO TTOOCOOTO TOU OSUYOVOU-18, TOCoO BepudTEPA ATAV TO
UdATA TWV WKEAVWYV OTTOU dnMIoUPYRONKav Ta KEAUQPN.



Ta 106TOTTOa 0§UYOVOU TWV AVOPAKIKWY WG MNMaAaio-0epUOUETPO

1940's: H epeupeon Tou Kullenberg (piston core), o1 €épguveg Tou H.
Urey (1947), TTou TTpwTOg 6|a1'r|oTwo£ TNV cuoxéTion dw, dc

1950's: Emiliani

XpNOIPOTIOIWVTAG TOV @aCoUaTOYPA®O pdadag Tou H. Urey, TTou
XpeladéTav yia Tnv avaAuon TePITTou 5 mg avlpakikoU acBeoTiou
(TrepiTrou 100-200 keAUPN TPNHATOPOPWY), 0 Emiliani avéAuoe
ToIKIAIa €15WV TTAAYKTOVIKWY TPNHATOPOPpWYV a1ro TRV KapaiBikn
Kol BPNKE OTI XaPAKTNPIJOVTAV ATrO OTPWHATWAON TNV USATIVN
OTNAN, Y€ OpIoUEVA €idN TTOU JOUV KOVTA OTNV emmigaveia (G.
sacculifer, G. ruber) va KaTaypAa@OUV ICOTOTTIKEG BEPHOKPATIES
napan)\nolag QUTWYV TWV ETTIPAVEIOKWY VEPWV.

2Tn ouvéxela o Emiliani avéAuoe TpnuaTo@Opa TTOU JOUV KOVTA
OTNV EMIQPAVEIN OE ICAUATA TTUPAVWYV ATT0 OA0 TOV ATAQVTIKO;
KAVOVTAG TIG ATrapaiTNTEG d10pBWATEIG YIa TNV ICOTOTTIKI oUCTACN
Tou BaAdooiou vepoU, uTTOAGYIoE pEiwon 6-8 Badoug Twyv
TPOTTIKWYV VEPWYV KATA TIG TTAYETWOEIG TTEPIOOOUG F TrePITTOU 1.5%0
augnon tou 180).

ETo1 S10TTiOTWOE JIO OEIPA KUKAIKWY eVOAAQYWV
TAYETWOWV/ECOTTAYETWOWY TTEPIOSWYV Kal KABIEpWOE TNV
OTPWHATOYPAPIO TWV ICOTOTTIKWYV oTadiwyv "MIS" (Marine Isotope
Stages); utmrooTtnpifovrag Tnv Bewpia Tou Milankovitch yia Toug
MNXOVIOCHOUG TNG KAIMATIKAG aAAAYAG.



looToTra O—Ta TeAeuTaia 900 K.y.
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* Kuplapyouoa KukAikotTnta ~100,000 yrs

 “sawtooth” pattern..

after Bassinot et al. 1994



Ta 1I06TOTTa OSUYOVOU TWV aVvOpaKIKWY WG MNMaAalo-0epuoueTpo

M1TopoUpuE VO XPNOIMOTTOINCOUMUE TNV ICOTOTTIKH) 0UCTAOT TWV aVOPAKIKWY Yid
vVa TTPOoOIoOPICOUNE TV BEppOoKpaTia oTnV oTToia dnMIoUPYRONKE O
aoBeoTiTng. H eptreIpIKA £icWON TTOU XPNOIUOTTOIEITAI CUXVOTEPX Eival:

t=16.9 - 4.38 (dc -dw) + 0.1 (dc -dw) 2,
otrou t n Oeppokpacia oe Baduoug KeAoiou, dc n 100TOTTIKH) CUCTACH TOU
aoBeoTiTn, dw n ICOTOTTIKI) CUCTAOT TOU VEPOU OTTOU dnuIoupynOnKeE o

aoBeocTiTNG

2e oT00EpO dw, pia peTaBoAn 4°C oTnv Beppokpacia avTioTolXEi o€ HETABOAR
1%o TTEPITTOU OTO dC TOU ACRECTITN

dw=0.27+dc+((T-22.4)/4.37) (Bemis equation)



3 180, (relative to PDB standard)

3.0 2.0 1.0 0.0 -1.0 -2.0 ,
— T T T T T T T T T T ] Makpoxpovio
0 j Plio-Pleistocene Apxgio
o . lcoTOTTWYV
locene

2 |- oguyovou
E 30 |- 4 Oligocene
g —
E ‘Evapén oxnuatiopou
g» < TTAYETWOWYV KOAUMPPATWYV

T oTnNV AVTOPKTIKA TTPIV ATTO
at 35 Ma, oxeTI{OMEVN HE TNV
d1dvoI¢n JETAEU AVTAPKTIKAG
“r Paleocene Kal N. AJEPIKAG
Cretaceous
70 =1 | ! | | | | | | | |
Ice sheets Possibly ice free
0 4 8
T°C | | | | “modern”
“Ice free” ' ' I ' ' '
4 8 12

From K. K. Turekian, Global Environmental
Change, 1996



Ta icototra O kKaTd 1O TEAEUTAIO 3 M.Y.

Interglacial; 2.5
warm
A TR IO 0% IRRITRSTUNUR e AR I, TN S i MLl SRRy LT b Wem S 3 | T e PadERAGR
35 ' | filTIA AL RNV U
o ] '
[+ o] 2 ELEE ¢ D AaER Tae a R
w© |~
4.5
Y
Glacial;
COId 5_5 R RN AP R ST M S O Gl e B Tl KOO (T I TR T (R LSRR SIS LR RO NN e ey A
0.0 0.5 1.0 . 2.0 2.5 3.0

Age (m.y. ago)
Kump et al., The Earth System, Fig. 14-4

* H KAIyaTikr) puxpavon mrayxuvoinke KaTa 1a TEAETAIa 3 m.y.
* H KUKAIKOTNTO GAAage TTpiv atro 0.8-0.9 Ma

— 41,000 yrs 1pIv

— 100,000 yrs ueta



Feviki oxéon emi@aveIOKAS aAaToTnTag-5180
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H ouykévipwaon 680 oTa emigaveiaka vepd,
OTTWG Kal N aAATOTNTA, OXETICETAI E TNV
€CATMION-CUNTTUKVWON




To 5180 au&davetal pe TNV aAatéTnTa (EEATHION)

To 5180 cival peiwpévo otn Bpoxn, Xi1ovi, Trayo (Raleigh Distillation), auti n
MEiwonN audaveTal KABWG EAATTWVETAI N BEppoKpaTia

To 6180 cival aunuévo oTo BaAGooI10 VEPO KATA TIG TTAYETWOEIG TTEPIOGDOUG,
g€aITiag TOU OTI HEYAAEG OCUYKEVTPWOEIG 160 gival SEOUEUPEVEG OTA TTAYETWON
KaAUpHOTA.

Ta aoBeoToAIOIKA KEAUPN (TPNHATOPOPA, HOAGKIA, KOPAAAIa) aAAd Kal TO

aoBecTOAIOIKO VAVVOTTAAYKTOV/KOKKOAIBO@OPA KATAYPAPOUV AUTEG TIG TACEIG.

-MayeTwdng WKeavog: WKeAvOg ENTTAOUTIONEVOG o€ 180 + TpnuaTo@Opa
eputrAouTiopéva o€ 180 = “Bapu” 180 oTa KEAUPN TWV TPNHATOPOPWYV



CYCLOSTRATIGRAPHY AND THE ASTRONOMICAL TIME SCALE

NEOGENE
*» Pleistocene
Age model from a stack of 57 globally distributed benthic 3180 records tuned to a nonlinear (5 to 15 kyr

lagged) ice model driven by 21 June insolation at 65°N, based on La93(1,1), except 0-135 Ka which is
INTRODUCTION calibrated to GRIP and U/Th dating of Termination I1.

La2004

Lisiecki & Raymo, 2005

cvelostratigraphy
NEOGENE
Pleiztocene
Pliocene

Miocene

> - runhe v '< - Jaramik
PALEOGENE q §0 00§

1000

Oligocene
Eocene ‘ Model comparison

Paleccene REVERSAL MIS  LOURENS ET AL. LISIECKI & RAYMO Differencg (myr) !
mromm— - Brunhes (b) 19 0.781 0.78 { 0.001:}

N N A
RONCLUSION Jaramillo (t) 28 0.988 0.991 | -0.003:
Jaramillo (b) 31 1.072 1.075 | -0.003i |
Olduvai (t) 63 1.778 1.781 \ -0.003;

Agree to within Jkyfs
[50f18] (Lisiecki older)
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CYCLOSTRATIGRAPHY AND THE ASTRONOMICAL TIME SCALE

*» Pliocene Lourens et al. 2004
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CYCLOSTRATIGRAPHY AND THE ASTRONOMICAL TIME SCALE

Stronger obliquity forcing

* Miocene
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Stronger precession forcing

Messinian: 7.25-5.33 Ma

Hilgen et al. 2007

* onset of MSC 5.96 Ma (not
related to glacio-eustatic
sealevel lowering)

* main desiccation phase
coincides with twin peak
glacials TG12-14

* evaporite cycles controlled by
precession-forced climate.
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CYCLOSTRATIGRAPHY AND THE ASTRONOMICAL TIME SCALE

*» Miocene Tortonian:11.61-7.25 Ma

ummer insolation, Monte dei Corvi Beach, Italy.

Calibration of sapropels to 65°N s
- s « Hiising et al. 2009
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CYCLOSTRATIGRAPHY AND THE ASTRONOMICAL TIME SCALE

* Miocene
Serravaillian: 13.65-11.61 Ma

Hilgen et al. 2003

INTRODUCTION ¥ 4 ‘ , - | | [ « Indvidual sapropels are comelated to
142004 ! 1 } precession and 85°N insolation.
L "- AI .l

» Clusters comrespond to short and long

cyveclostratigraphy
. eccantricity.

NEOGENE : .
« Interval with near-absence of sapropels

comesponds to a2.4-myr minimum in
eccentricity (see green line).

« Tuned ages are 250-400 kyr older than
argon-dated (in 1987) ash beds

PALEOGENE
Oligocene
Eocene

Paleocene
CONCLUSIONS I » ' [12e t t . [ \JOTES:' )
' - ‘ R=Respighi ash bed (Ar-dated: 12.85+0.15 Ma)
A=Ancona ash bed (Ar-dated: 11.4 +0.25 Ma)
Circled numbers, letters = bioevents

[11 of 18] ot = ] == Monte di Corvi Beach, Italy
- L (lower half of section)
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Fig.5. The LHO4 stack benthic 'O stack constructed by graphic correlation of 57 globally
distributed benthic 8'®O records. Scale of the vertical axis is changing across panels; geomagnetic

chrons are labelled (from Lisieckr & Raymo 2005).
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RESOLUTION OF THE ATS

CANONICAL ATS AT 0.02 MYR RESOLUTION
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Sapropels/carbonate cycles tuned to summer insolation 65° North according to the La2004(1,1,0) model
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“Astrochronology” pertains to the calibration of geologic time by
the Earth’s astronomical parameters by means of cyclostratigraphy.
“Tuning” involves the correlation and pattern-matching of cyclostrati-
graphic interpretations to an astronomical solution, an astronomically
forced climate model or specific astronomical terms (see definitions in
Meyers, 2019). A more conservative use of the term “tuning” refers to
the correlation and pattern-matching to astronomical solutions only.



ASTROCHRONOLOGY

Solar System chaos and the
Paleocene-Eocene boundary age
constrained by geology and astronomy

Richard E. Zeebe'* and Lucas J. Lourens>

Astronomical calculations reveal the Solar System’s dynamical evolution, including its
chaoticity, and represent the backbone of cyclostratigraphy and astrochronology. An
absolute, fully calibrated astronomical time scale has hitherto been hampered beyond
~50 million years before the present (Ma) because orbital calculations disagree before that
age. Here, we present geologic data and a new astronomical solution (ZB18a) showing
exceptional agreement from ~58 to 53 Ma. We provide a new absolute astrochronology up
to 58 Ma and a new Paleocene—-Eocene boundary age (56.01 £ 0.05 Ma). We show that
the Paleocene-Eocene Thermal Maximum (PETM) onset occurred near a 405-thousand-
year (kyr) eccentricity maximum, suggesting an orbital trigger. We also provide an
independent PETM duration (170 £ 30 kyr) from onset to recovery inflection. Our
astronomical solution requires a chaotic resonance transition at ~50 Ma in the Solar
System’s fundamental frequencies.

Zeebe et al., Science 365, 926-929 (2019) 30 August 2019



A

- |
10 = 0.2m " Filter scaled
3= 8- o 0.8m"" Filter scaled FEIM
c I
S 6
gl
38 .0 Sl (NN TGS Z N L\ T P
88 o ARSI TN NN TR D
110 120 130 140 160
Depth (mcd)
B ——2a" 1262
| Solution ZB18a I I T T T
Elmo
g 20 , PETM
53 ‘ A i
EIWT VPR | N
SR VTN Y
S E U ' !
8 2
| | | | | | | | |
53 535 54 545 55 55.5 56 56.5 57 57.5

a’-1262

Norm. a* + PETM stretch

Age (Ma)

'
N

Eccentricity
(normalized)




INTRODUCTION
La2004
cyelostratigraphy
NEOGENE
Pleiztocene
Pliocene
Miocene
PALEOGENE
Oligocene
Eocene
Paleocene

CONCLUSIONS

[120£18]

CYCLOSTRATIGRAPHY AND THE ASTRONOMICAL TIME SCALE

* Miocene Langhian: 15.97-13.65 Ma

Raffi et al. 2006

Cacarecus Nannofoss Oxygen Isotope Stratigraphy

Blohanzons Benthic Reconss

sreen curve from Shackleton, 2001 (abstract), reported in Raffi et al. 2006.
Burgundy and curves from Holbourn et al., 2007
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To poépio CO, ptropei va €xel
010 @OPETIKA HopIaKda Bdpn
OoaV aTroTéAETUA TNG
TTAPOUCIiag EVOG ICOTOTTOU
TOU oguyovou Kail duo
OI@OPETIKWYV ICOTOTTWV
avepaka:

12C160160 (MB 44), To IO
KoIvO HopIo;

13C16Q160, (MB 45),

12C180180 (MB 46), To TTIO
OTTavio.

Na tnv pétpnon 1cotétrwy C
oTa AvOPAKIKA
XPNOIJOTTOIEITAI TO TTPOTUTTO
Vienna Pee Dee Belemnite
gPDB) (BeAgpvitng
elemnitella americana, atré
Tov AvwKpnT1101k6
2xnuaticpud PeeDee
Formation, South Carolina).

H 1coTomikn avaloyia 3C/12C ekppaleTai
cav TIuA & (delta) 8'3C in per mil (%0) WG N
ola@opa oe oxéon pe 1o Trpotutro PDB
(Pee Dee Belemnite)



O avOpakag BpiokeTal KUPiwg oTnV atpooc@aipa (CO,).
AlaAupévog BpiokeTal 0TOUG WKeaVOUGS wg dittavlpakikd (HCO?).
21NV Biécaipa BPiCKETAI oAV OPYAVIKO UAIKO

2TnVv AMIB6o@aipa ol U0 KUpIol I(NUATOYEVEIG TANIEUTAPEG Eival TO
OPYQVIKO UAIKO gopyawopm opYavikO UAIKO oTa £5A®PN KAl OTA
OPUKTA KAUCINA) KaBwG Kal avlpakiKo aoBEéoTio (aoBeoToAIBOI)

H.O Oz
CLOUDS

ATMOSPHERE

CacC Q,
LIMESTON

C4 Tand plants
I

] .
Marine phytoplankton Atm. CO2

-30 -20 -10 0 10



 H kaBi{non Tou diaAupévou avopyavou C oTa avBpakika
Oev oxeTieTal 1I01AITEPA ME TNV KAQACHATOTTOINCN.

 To 1o6Tommo d'3C TwvVv avlpakikwyv dev oxeTiCeTal IS1AITEPA ME
METABOAEG TNG Bepuokpaciag (Trepitrou 0.035%o / °C).

« Emopévwg 1o d3C TV avopyavwyv avBpakikwy TTou €Xouv
K0B1{NOEl OTOUG WKEAVOUG OXEDOV I00UTAI HE AUTO TWV
OUVOAIKA SIOAUMEVWYV aVOPAKIKWY TWV WKEAVWYV TTOU
ATTOTEAOUV KOl TOV KUPIOTEPO TAMIEUTAPO TOU dIaAUEVOU
avepaka



H KAdopaTOTroinon TWV ICOTOTTWY TOU AVOpaKa TTapaTNPEITal
KUPIWG KATA TOV OXNHUATIOCNO TOU OpYAVIKOU UAIKOU.

2ZNMAVTIKN KAQOHOTOTTOINON TTPAYHATOTIOIEITAI KATA TNV
PwToOoUVOEGN KAI KATOTTIV KIVEITAI HEOA OTIG TPOPIKEG aAuoideg. H
QWTOOUVOETIKA OECMEUON TOU AVOpAKA EUTTAEKEI EVOG HEYAAouU
BaBuou apvnTik KAAoMATOTTOINON.

PwrtoouvBeon CO, + H,O -> CH,0 + O.,.

2xed0v 6Aog o avBpakag oTnV opyavikn UAN TTPOEPXETAI ATTO TNV
Sladikaagia TNG PWTOOUVBEONG, ETTONEVWG OAOG O OPYAVIKOG
avOpakag TnG BIGCPAIPAG Eival ICOTOTTIKA EANPPUG.

ESaipeon atmoteAouv Ta BakTAPIA TWV BEPPWYV NPAICTEIAKWV
mnywv (hydrothermal vents) Trou xnpeioouveETouy, pia avtidpaon
TTOU OUWG gival £TTiONG 1I00TOTTIKA eAa@pId.



O1 Tipég d'3C epunvedouyv TNV Kivnon Tou AvlpaKa a1Td TOUG ETTIPAVEIOKOUG
TOMIEUTHPES OTOV WKEAVO

O1 KupIOTEPOI TOMIEUTHPES AVOPAKA £XOUV DIOPOPETIKEG CUYKEVTPWOEIG OPYAVIKOU

KOl avOpyavou avlpaka ME XapaKTNPIOTIKES TINEG d13C O dvepakag KiveiTal apyd
OTOV TOMIEUTAPA TNG AIBGC@aIpag

— 90 ppm petaBoAn o€ 103y
H ypiyopn peTaoA Tou AvBpaka YiveTal OTIG ETTIPAVEIEG TWV TAMIEUTHPWYV

Land (2160)
Organic C

Atmosphere (600)

Vegetation (610) Inorganic C (CO,)

C3 Trees
e (575C - -25) DS
' o
C4 grasses
N % (813 = -13)

Soil (1550) Surface ocean (1000)
Dead vegetation, peat Inorganic C (975) &'3C = +1
C3>C4 Organic C (25) 8'3C =-22

Deep ocean (38,000)

Inorganic C (37,200) 8'3C=0
Organic C (800) 3&'3C=-22



H BioAoyikn avTAia Pe T @WTOOUVBEDN OTA ETTIPAVEIOKA VEQA KAl
TNV kabi¢non Tou vekpoU opyavikoU UAIKOU oToV TTuBpéva
TTPOKAAEi TN d1aBaOpion Twv TIHWV d13C PETASU TNG ETIPAVEING
Kal TOU TTUBPEVd, HE TOV OUVOAIKG avopyavo dvepaka Tng
EMIQPAVEIAG VA €ival ICOTOTTIKA BapuTeEPOG atrd OTI T BadIA vEPA

Augnpévn TTPWTOYEVAG nagaywymomm OTd ETTIPAVEINKA VEPQ,
MEYOAUTEPN atmodikeuan 12C 010 OpyaVviko UAIKO, ICOTOTTIKA
BapuTtepog cuvoAikog adidAuTtog dvBpakag (TDIC) ICOTOTTIKA
BapuUTepa avBpakikd KEAUPN TWV TTAQYKTOVIKWY TPNHATOPOPWY
(CaCO03), nAikia Twv Babiwyv vepwv (TTou £apTdTal ATTo TN 620N
KOl TNV WKEAVIA KUKAO@oOpia).

To d13C Twv TTAAYKTOVIKWV Kal BEVOOVIKWY TPNHATOPOPWYV
AVTIKOTOTTTPI{El:

1) Tig TipEG d'3C TWV OCUVOAIKWV ASIGAUTWY aVOPAKIKWY OTOUG
WKEeAVOUG;

2) TNV TOTTIKI TTPWTOYEVI TTAPAYWYIKOTNTA;
3) TNV TTayKOopIa KUKAo@opia BaBiwv uddTtwy



Sudden warming of the Paleocene/Eocene (55Ma)

Methane contains carbon with a low 813C
Methane is converted to CO, and also has a low 613C

55 Ma the ocean (even the deep ocean) warmed suddenly by 5-7°C.
Wiped out 30-40% of temp sensitive foraminifera species

&13C shift is consistent with a huge release of methane (from hydrates)
Greenhouse gas - rapid warming.
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Figure 4.16 Records of the variation of &'3C of @ South Attartic
biagenic carbonates from various sites around D'
the globe: 0DP Site 690 (South Atlantic), Site
865 (Equatorial Pacific), Site 1001 (Caribbean)
and Site 1051 (Narth Atlantic). Ths data have
been placed on a cammon dapth scale. The N
abrupt drop in 8°*C closs to D m is common to -1}

all sites. Chronological studies at Site 1051
suggest that this carbon-isotope excursion l | I I

hegan between 54.93 and 54.98 Ma ago and 1 0 =S -2 -3
lasted ~150000 years. relative depth [m)
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carbon isotopes show overall storage of organic carbon in organic matter (if globally more carbon is
stored in organic carbon, the record of carbonates moves to heavier values). Note the very short-
term changes to extremely low values at about 55.5 million years ago (in the latest Paleocene), the time of

the LPTM (PETM).
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Fig. 11. Composite carbonate carbon isotope stratigraphy through Late Jurasssic and Early Cre-
taceous (modified after WE1sserT & ErBa 2004). Combined ammonite- carbon isotope stratigraphy:
Barremian-Aptian data from WissLER et al. (2003); Valanginian-Hauterivian data from HENNIG et
al. (1999). JA: Niveau Jacob, LS: Livello selli, BA: Mid-Barremian Event, Fa: Faraoni Level,
We: Weissert Anoxic Event.



