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A Philosopher Lecturing on the Orrery

Wright of Derby: 1765
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Problem:
To what degree is the Solar System Stable?

Numerical solutions for Solar System gravitational
behavior are chaotic limiting their usefulness for
predicting the long-term behavior of the Solar System
and our abillity to test physical theories and develop
paleoclimate models.



Solar System Solutions
Lyapunov time (1/exponent)
Inner planets: 1-5 Million years
Inner Solar System : 5 Million years

Initial errors expand at d(T) = d,107/19






Main Sources of Uncertainty in the Orbital Solution
(from Laskar 1999, 2004)

Time of validity of the numerical solutions Ty

Uncertainty on the masses and initial conditions 38 m.y.

Contribution of the main Galilean satellites 35 m.y.
Uncertainty in the Earth—Moon system evolution 40 m.y.
Effect of the main asteroids 32 m.y.
Mass loss of the Sun 50 m.y.
Uncertainty of 2 x 107 on the J, of the Sun 26 m.y.

J4-g; resonance 30 m.y.



Earth's orbital eccentricity is not actually a direct orbital
element determined in solutions or in quantitative

descriptions of planetary motion.

Instead the orbital elements are described as secular
fundamental frequencies termed g,, 8, ...; S1 S, ... linear
differences of which in the form of g, — g; give us the

frequencies of eccentricity (and inclination).



Secular Fundamental Frequencies

N\

,(Xb"‘ 5 S5 — 32, S4'S3.. .
Qb‘
g(v S1, Sz...

Qfa

Js — J,, 94 — 95... = grand eccentricity cycles (e.g., present 2.4 Myr cycle)
S: — S,, S, — S;... = grand obliquity cycles (e.g., present 1.2 Myr cycle)



Mercury’s precession of perihelion
e — \ Test of General Relativity

Mercury at
perihelion

Nearly 2° / yr
43" deviation
From Newtonian




2.8 .

> 24  : “\ (A $ — CON

S SRRV Ww' W\

& %% N Y WV ‘M @W (Y \é\ﬁb{/

L .; ‘V N ’/s \/ "/

5 !

n 1.8 \ !
16 \J
1.4

-200 -150 -100 -0
Olsen et al., 2019 time (Ma)




But celestial mechanical interactions leave a record on
the Earth in the sedimentary record of climate.

The sedimentary record can be used like an Orrery that
can empirically map the long term behavior of the Solar
System



Three Experiments Comprising the Geological
Orrery Proof-of-Concept.



Experiment 1: Testing the prevalence of Milankovitch Cycles in the
Triassic Tropics — The Newark Basin Coring Project (NBCP: 1989-1994).

Experiment 2

Testing the timescale of NBCP, the period of the Mars-Earth eccentricity
cycle, and constraining the Venus-Jupiter eccentricity cycle — The
Colorado Plateau Coring Project (CPCP: 2013).

Experiment 3

Constraining mode of the Mars-Earth obliquity cycle in the low and high
latitudes — The Early Mesozoic Climatic Transect (EMCT — 20207?).
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Late Triassic, Lockatong Formation, Eureka, PA



“Depth Rank” Proxy of Lake Depth

2.5

1.5

5

0

s ——

M e T

e o o e e

Examples of Facies in Cof&® Lake

Dry Lake



LITHOLOGIC LITHOLOGIC POLARITY BIOSTRATIGRAPY
LITHOLOGIC SECTIONS AND CORES COMPOSITE SECTION COMPOSITE SECTION COMPOSITE AGES & EPOCHS
UNITS (DEPTH M) (TIME Myr) (TIME Myr)
depth Proxy 5
Color (c) or Depth Rank (dr) Water McL 405 K Sporomorph
i i Color (c: 1-3) or cl 5 Kyr p: (] 81 8
HARTFORD NEWARK and Magnetic Polarity Depth Rank (dr: 0-5) Ma Cycle Cycle Ma LVA Zone < w Ma
c # # > P
Lungividod_| 2600m- - 3 B R T < LiassopoLLis o | CE19¢
o | stony s z "TorosUs 9 200
g
3 @ i g(cé
$ e CLASSOPOLLI§ T |42
g | mitinegue o ; MEYERIANIA W>E 201
,,,,,,,,,,,,, .0
S Hadey Fals = W 202
N - ; o =4
L < 22 12| Eus
HAMPDEN HOOK MT. m e =
BASALT ‘EABALT TR P w
ity | vawaco |\ i = 5 ™
HOLYOKEC PREAKNESS 2 I
BASALT BASALT o
SUEES pory 205
BASRT 2y ]
& 206
]
4
< NR| 207
P4
o 208
s
w
d :(D 209
[r4
" 3 210
NEW HAVEN ﬁg; <Zt 211
& x
=] =} 212
wo z
B3 213
Oz
o -
z 214
T
8] o 215
= o
(2]
< » E216
%) GNI <
w
""""""""""""""""""""""""""" Sk X Eo7
Neshgmic | S|l El w
v B =
Porkasis : < E218
LM g )
K B 219
DY i T
Graers | z 220
*7 Basalt EF z [SK] T
" warfora < xz o 221
Red ¢ o oo =
Clastic < =<'z
rocks | wans istand E Ox 222
Purple | i u 20
ﬁ,'?,f;m Smith Carner ° UZJ 8 223
Gray o Pranls Island ©
Clastic 2 ~7ohickon 224
rocks  [g oo |
< Skunk Hollow
Black | 0t 225
Clastic |9 ram N
ro:lfslc Cwing Creek
Nursery
Princeton 226
Scudders Fallg|
Wilburtha
E r 227
i W 228
2 RaR7T ] P4 2
=R Z A
z Cuttalossa é g% <z( 229
2 S z
] 2 5 z 230
5 Zl &= S
I 2 1 Prallsville ; o ,f &} 231
Kent etal. 2017 -
Solebury . .0




d2- 35

@\
> z 3
Im K L R B /10
m O ey 19
bl () eY L9
m <+ - eY 69
 o— h —
w < 287
5 ey LL
u —
o D %m . ey 6L
© | 9 IR
—~ @ S eyeg
m.m o ey 88
n o \nla/
Z o sg TS BLS6
2 X ey =S5 BI66
3 3 :
C C @
o, S 3
© o 55 100 BY T
o = Y ey gl
— C
QT Z
—_ > ]
€S 3
O T --6@ e 891
E N -
-]
5 eY 0CC
% . T <
o
()
W 2y 90F ey 801
i~ O\
= 1 8L v L9
BN TI0'T o
— e Wi
= - 3 3 3
YWMOdHAILYTIY & o
HIJAQ YALVA FALLV T

1.75 Myr
94-937



Chaotic Diffusion of g 423
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Blackburn et al., 2013
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Experiment 1: Testing the prevalence of Milankovitch Cycles in the
Triassic Tropics — The Newark Basin Coring Project (NBCP: 1989-1994).

Experiment 2

Testing the timescale of NBCP, the period of the Mars-Earth eccentricity
cycle, and constraining the Venus-Jupiter eccentricity cycle — The
Colorado Plateau Coring Project (CPCP: 2013).

Experiment 3

Constraining mode of the Mars-Earth obliquity cycle in the low and high
latitudes — The Early Mesozoic Climatic Transect (EMCT — 20207?).
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Chinle Formation — Petrified Forest National Park, AZ




CPCP : Phase I, Petrified Forest Core

November 2013 Olsen et al. 2018a
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CPCP Chinle Core: Independent Paleomagnetic and U-Pb Dating
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U-Pb Age Model of Accumulation Rate Period of Newark Expression of “405 kyr cycle”
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These two approaches validate the age model, the
use of the 405 Kyr cycle for tuning, and show there
cannot be significant gaps.



Wavelet Spectra Triassic, 0-24 Ma Solution, 6180
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Secular Fundamental Frequencies
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Js — J,, 94 — 95... = grand eccentricity cycles (e.g., present 2.4 Myr cycle)
S: — S,, S, — S;... = grand obliquity cycles (e.g., present 1.2 Myr cycle)



Calculating the Secular Fundamental Frequencies of the Precession of Perihelion

Planet | aon | MTM (A7) | PA LA | o dint | 2200 (A ST
Jupiter gs 4.257482 |4.257482 4.257482

Mercury| g 5662 | 5.661 0.001 5.590 0.072
Venus g 7456 | 7.458 -0.002 7.453 0.004
Earth g3 17.24 | 17.246 |  -0.006 17.368 10.125
Mars g 17.982 | 17.973 0.009 17.916 0.061

Olsen et al., 2019



Consistency Check using Overdetermined Eccentricity Values

calculated observed
FA RESULTS
0 g3-g2 g4-g2 g3-g5 g4-g5
F 132.17 123.08 99.78 94.49
2 9392 13253 < W 1789.60 | 1747.65 | 407.16 | 404.97 | 331.44 | 330.08
w[g4-92 122.96]| 1702.81 | 1724.63 527.08 | 527.56 | 406.78 | 404.97
293-95 99.83 | 404.60 | 40517 | 530.70 | 537.18 1782.27 | 174765
=[94-95 9443 328.47 | 336.53 | 406.98 | 405.17 [ 1745.73 | 1724.63
= 132.53 122.96 94.43
g3-g2 g4-g2 g3-g5 g4-g5

Olsen et al., 2019

Average MTM g,-g; = 1724.27 (0.02 %)
Average MTM g,-gs = 405.79 (0.15 %)

MTM RESULTS

132.17 93-92
123.08 94-92
99.78 93-95
94.49 Q4-95

FA RESULTS
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Experiment 1: Testing the prevalence of Milankovitch Cycles in the
Triassic Tropics — The Newark Basin Coring Project (NBCP: 1989-1994).

Experiment 2

Testing the timescale of NBCP, the period of the Mars-Earth eccentricity
cycle, and constraining the Venus-Jupiter eccentricity cycle — The
Colorado Plateau Coring Project (CPCP: 2013).

Experiment 3

Constraining mode of the Mars-Earth obliquity cycle in the low and high
latitudes — The Early Mesozoic Climatic Transect (EMCT — 20207?).



The g4-9;5 : s4-S3 (Mars — Earth) Resonance

One could even dream that if the succession of the
transitions from the 1:2 to the 1:1 resonance were found
and dated over an interval of 200 Ma that this could be
the ultimate test for the gravitational model.

J. Laskar, 1999
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Resonance between Mars and Earth
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TODAY
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EMCT / CPCP2: Recovering Triassic-Jurassic Eccentricity (g4,-g;) and Obliquity (s4-S3)
With Paired Triassic-Jurassic Low- and High-Latitude Sites

5



The Geological Orrery will give us

» Continuous climate record through deep time
over hundreds of millions of years.

» Resolved orbital parameters including Mars
— Earth, precession and obliquity cycles.

* So that both the chaotic drift in and the major
transitions in resonances can be recognized.
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Implications of The Geological Orrery

. Understanding of stability of Solar System.

Paleoclimate target curves for any arbitrary time.
Time scale with a <20 ky precision and accuracy.

Improved precision of 104 to 1079 in celestial mechanical
measurements (Laskar, 2008).

Targets for understanding the climate history of other planets.
Tuning of radiometric decay constants

Constraining the J2 of the sun (Laskar, 2008).

Calibration of the survivability of Earth-like exoplanets.

Tests of gravity theories (GR, r-MOND, etc.) — dissipative effects.



Scott Kelly



