from space to core

earthsciences {

Equilibrium Isotope Fractionation Factors:
Insights from First-principles calculations

Wenzhong Wang (£ &

wenzhong.wang@ucl.ac.uk

Department of Earth Sciences
University College London

Summer School, 08/11



All models are
wrong, but
some are

useful. Wy -
Sy
- George Box d B ] f 4




Content

1. Background

thermodynamics, Urey equation, First-principles calculations

2. EIFFs among minerals: controlling factors

Temperature, pressure, concentration, occupancy site, ...

3. EIFFs for aqueous solutions
Mg, Ba, ...

4. Future prospects



Part 1. Background

thermodynamics, Urey equation, First-principles calculations



Keywords -- Equilibrium

Thermal Equilibrium: The temperature of the system does not
change with time and has same value at all points of the system.

Mechanical Equilibrium: There are no unbalanced forces within
the system or between the surroundings. The pressure in the
system is same at all points and does not change with respect to
time.

Chemical Equilibrium: No chemical reaction takes place in the
system and the chemical composition which is same throughout
the system does not vary with time.
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Mechanical Equilibrium: There are no unbalanced forces within
the system or between the surroundings. The pressure in the
system is same at all points and does not change with respect to
time.
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Keywords -- Equilibrium

Less randomness More randomness
(less entropy) (more entropy)

NaCl(s) + H,O(!) Na*(aq) + Cl™(aq)

Chemical Equilibrium: No chemical reaction takes place in the
system and the chemical composition which is same throughout
the system does not vary with time.



Laws of thermodynamics

1. Zeroth law: A=B & B=C, A=C; Temperature (T)
2. First law: energy is conservative; Internal energy (U)
3. Second law: heat cannot be fully converted to work

4. Third law: The entropy of perfect crystal at o K is zero.

v Enthalpy H=U + PV
v Helmholtz free energy F = U - TS
v' Gibbs free energy G=H - TS =F + PV

dU=TdS - PdV
Maxwell relations dH = TdS + VdP
dG = -SdT +VdP

If we know G (T, P), we can derive all the other
thermodynamic functions:



Equilibrium Constants and AG

Equilibrium constant for a reaction: aA + bB <> mM + nN
K=[M]™[N]/[A]*[B]®
u=p* +RTInf,

AG =m(u*,; +RTInfy ) +n(u*y +RTInfy)-a(u* , +RTInf,)-b(u*y +RTInf)
=AG*+RTIn([fy]™* [fg]*/[£4]*/[£5]°)

()™ [EN]/ [£2]%/[£p]°= [M]™[N]*/[A]*[B]*=K
At equilibrium, AG = o:
K=exp(-AG*/RT)



Urey equation (Bigeleisen-Mayer)

Equilibrium constant for a isotope exchange reaction:
AX+ X" =AX"+X
K=[AX*][X]/[AX][X*]=exp(-AG*/RT)= exp(-AF*/kT)

F=-kTInZ, Z is partition function: Z=z,,,, Z,,; Z,ip Zejec
h
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Reduced Partition Function Ratio

3N _1u’f .
Qh u; e 27 1 -—e™™ * *
Ba= Q, 1_[ w1 —eu L, u; (w;) = howj(w;)/ kg T
i e 2™

AA—Bz 1031naA_B = 103lnﬁA — 1O3lnﬁ3

We only need vibrational frequencies w;




562 Urey :

The Thermodynamic Properties of Isotopic Substances.

LivERSIDGE LECTURE, DELIVERED BEFORE THE CHEMICAL SOCIETY IN THE ROYAL
INSTITUTION .ON DECEMBER 18TH, 1946.
By Harorp C. Urevy.
(Institute of Nuclear Studies, University of Chicago.)
THE discovery of the isotopes of the elements resulted from the careful study of the properties
of radioactive substances during the first years of this century. The conclusion that certain
species of atoms had identical chemical properties but different radioactive properties came from
chemical studies which accompanied the study of radioactivity. Boltwood ! noted that thorium
and ionium were very similar in chemical properties, so similar, in fact, that he was unable to
separate them if they were mixed. Marckwald and Keetman ? investigated this problem
with greater care, as did Auer v. Welsbach 3, and all these authors came to the conclusion that
ionium-and thorium are identical in chemical properties. Further, Marckwald ¢ and Soddy °
showed that radium and mesothorium constitute another such pair of substances. At present
many such radio-elements which are chemically the same elements or are identical with non-
radioactive elements are known. Soddy was able to conclude that this occurrence of two

or more varieties of elements of identical chemical properties was probably of general occurrence,
and that such identical elements differed in atomic weight as well as radioactive properties, and

THE JOURNAL OF CHEMICAL PHYSICS VOLUME 15, NUMBER 5 MAY,

Calculation of Equilibrium Constants for Isotopic Exchange Reactions

Jacos BIGELEISEN AND MARIA GOEPPERT MAYER
Argonne National Laboratory, Chicago, Illinois* and Institute for Nuclear Studies, University of Chicago

(Received February 5, 1947)

It is pointed out that the possibility of chemical separation of isotopes is a quantum effect.
This permits a direct calculation of the difference in the free energies of two isotopic molecules.
Tables and approximation methods are given which permit a rapid calculation of equilibrium
constants if the frequency shifts on isotopic substitution are known. Several applications are
discussed.

1947



Scope of Urey equation

1 18
1A VIIIA
1A . . 8A

1 Periodic Table of the Elements 2
H 2 13 14 15 16 17 He
Hydrogen A Atomic A IVA VA VIA VIIA Helium
1.008 2A Number 3A 4A 5A 6A 7A 4.003
3 4 5 6 7 8 9 10
Li Be Symbol B C N O F Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
6.941 9012 Name 10.811 12.011 14.007 15.999 18.998 20.180
11 12 Ll 13 14 15 16 17 18
Na M g 3 4 5 6 7 8 9 10 11 12 Al Si P S Cl Ar
Sodium Magnesium 111} IVB VB VIB VIIB Vil 1B 1B Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22.990 24.305 3B 4B 5B 6B 7B ¥ 8 ¥ 1B 2B 26.982 28.086 30.974 32.066 35.453 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
39.098 40.078 44.956 47.867 50.942 51.996 54.938 55.845 58.933 58.693 63.546 65.38 69.723 72,631 74.922 78.972 79.904 84.798
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Rubidium Strontium Yttrium Zirconium iobi Techneti Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.468 87.62 88.906 91.224 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112.411 114.818 118.711 121.760 127.6 126.904 131.294
55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Cesium Barium Hafnium T: g i Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.905 137.328 178.49 180.948 183.84 186.207 190.23 192.217 195.085 196.967 200.592 204.383 207.2 208.980 [208.982] 209.987 222018
87 88 89-103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Uut FI Uup Lv Uus Uuo
Francium Radium Rutherfordium  Dubnium Seaborgium Bohrium Hassium Meitnerium Darmstadtium Roentgenium Copernicium = Ununtrium Flerovium  Ununpentium Livermorium Ununseptium = Ununoctium
223,020 226.025 [261] [262] [266] [264] [269] [268] [269] [272] [277] unknown [289] unknown [298] unknown | unknown
57 58 59 60 61 62 63 64 65 66 67 68 69 70 7
Lanthanid
e La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Lanthanum Cerium  Praseodymium Neodymium  Promethium i pi ini Terbium  Dysprosium  Holmium Erbium Thulium Ytterbium Lutetium
138.905 140.116 140.908 144.242 144.913 150.36 151.964 157.25 158.925 162.500 164.930 167.259 168.934 173.055 174.967
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actini
cme Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actinium Thorium Protactinium Uranium ium P i A ici Curium ium  Californi i ini Fermium i Nobeli L i
227.028 232.038 231.036 238.029 237.048 244,064 243.061 247.070 247.070 251.080 [254] 257.095 258.1 259.101 [262]
Alkali Alkaline Transition Basic Noble . -
Metal Earth Metal Metal Semimetal Nonmetal Halogen Gas Lanthanide Actinide

© 2015 Todd Helmenstine
scisncenotes.org



Quantum mechanics

!

A. Piccard, E. Henriot, P. Ehrenfest, E. Herzen, Th. de Donder, E. Schrédinger, J.E. Verschaffelt, W. Pauli, W. Heisenberg, R.H. Fowler, L. Brillouin;
P. Debye, M. Knudsen, W.L. Bragg, H.A. Kramers, P.A.M. Dirac, A.-H. Compton, L. de Broglie, M. Born, N. Bohr;
I. Langmuir, M. Planck, M. Curie, H.A. Lorentz, A. Einstein, P. Langevin, Ch.-E. Guye, C.T.R. Wilson, O.W. Richardson




Schrodinger equation

Single particle

O
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Born-Oppenheimer approximation
Hebe (7‘ R) = E(R). (T, R) Simple to write,
a, - Vz Z Z e’Z, N 2 e’ yet hard to solve equation

Zml

i<j



Solving Schrodinger equation

Single particle
hZ
R v 7 - - — -
[ oVt V(T)] Y(7) = EY(P)
Multiple particles
Hy(r,R) = EY(r,R) n=# |¥ (N>)| p (N3
electrons
2M, Zml ry 10 10 8
27,7, 100 109 8
+ Z R, \ 1000 10900 8
i<j I<J J

Born-Oppenheimer approximation
Hepe (1, R) = E(R)Y, (1, R) Simple to write,
i = h* 72 Z 2 e’Z, N z e?  yethard to solve equation

_2m,
[ i<j




Density functional theory

First theorem

the charge density

Second theorem

The correct ground state charge density
minimizes the energy functional and the
resulting energy is the ground state energy

Etot[n(r)]=T[ mt +fdl' ext 1on —ion

l Pierre Hohenberg Walter Kohn
(1934/10 ~ 2017/12) (1923/03 ~ 2016/04)

g 1998 Nobel Prize
‘_Vz 1 I Oy (N+V () lw )=y (r) 0 Chemistry

|’/_r | ext

The exchange-correlation functional

Kohn-Sham equation

Local density approximation (LDA) VS. Generalized Gradient Approximation (GGA)



= ninl(r) : [n(r)zZnat(r)H Ab initio ]

0+ V,ov Vi > Total energy E,,

l

- _ No
Solving Ko\l;n Sham Eq. | Accu@

Yes
[ Mixing ny, Ny } Wi N (T) |
1 Outputs: E,; Y, n(r)
No Clomirparns ey D) xes Ve Ve Ef(kK) N(E)
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Size/Duration

Classical empirical methods 1. No empirical parameters
v' pair potentials 2. High P-T

v' force fields .
v shell models 3. Quantum mechanics

Quantum empirical methods
v’ tight-binding
v' embedded atom

Quantum
v’ quantum
v MP2, CC
v GW, BSE

I I I I I
>
| I I I |

Accuracy



Yes, CUDA

Package Licenset 4 Language + Basis Periodict +
Yambo Code Free, GPL Fortran PW 3d
xtb&? Academic Fortran Minimal GTO 3d
WIEN2k Commercial Fortran, C FP—(L)APW+lo 3d
Academic (AT),
VASP (AT), Fortran PW 3d Yes
commercial
TURBOMOLE Commercial Fortran GTO Yes
TeraChem 8 Commercial C, CUDA GTO
TB-LMTO® Academic Fortran LMTO
SPHINX & Free, Apache License | C++ PW
Spartan Commercial Fortran, C, C++ GTO
SIESTA Free, GPL Fortran NAO
Siam Quantumpg? Free, GPL C GTO
Scigress Commercial C++, C, Java, Fortran | GTO
SAMSON Free C++, Python Multiple
RSPt Academic Fortran, C FP-LMTO
RMG Free, GPL C, C++ Grid
Quantum ESPRESS0® Free, GPL Fortran PW
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Yes, CUDA
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Part 2. EIFFs among minerals: controlling factors

Temperature, pressure, concentration, occupancy site, ...



Cluster model VS. Periodic boundary conditions




Temperature

Naor ( *) 1 ( ) Ndof U
Ba i ui—u;) |1 — exp(—u; 13=1+Z_1Au,
F= 1, eXpl 2 ]1 —exp(—u’) — 127
,8=1+]§f 1oL, ! Au; Niog A2 Nior 2 _ 42
— 2 u; exp(u;)—1 : U; ’ ’

13 Average Force Constant

Naof
u U
B = Pevact = 1 + ; ( o " 70" ) A, “High-temperature” Approximation
vicm 1| <1.39 T [K
- | ]<1.39 T [K]

Bigeleisen and Mayer (1947)



Pressure effect — Fe

4000 3000 2000 1500 T°C
0.4 : : : t
0.3 —
=
o)
—
= 0.2 o
% -
= @'
= 01 B“‘
<
’ = ;T:""T ------------- 0 50 100 150 200 250
» (Feo‘)ﬁg )Sl.o —
- 0.95 -F
(Fe, ,sMg, ;)0 - Fe, at 0 GPa TG A0GPa Pressure (GPa)
_0.] [ I | I [ l
0 0.1 0.2 0.3
105/T2 (K*)
Polyakov (2009) Shahar et al. (2016)

Inelastic nuclear resonance x-ray
scattering (INRXS) spectroscopy



Pressure effect

Naof u;k [(ul — uf)] 1 - exp(—ui)

= _— eXp .
L L, 2 |1 —exp(-ub) Equation of state
620 ’ —  static
ﬁ= B(V, T) - — ok
600 L 1000K
_ —  2000K
V—V(P T) 580 K . 300K For (e1r;)£()22())(z(|\)/l)go_84Feo_16)2SiO4
— > -\ o 300K Horiuchi (1981)
& 560 S X 300k Jeanloz (1983)
< VIR + 1000k Suzuki(1980)
N
© 540 P
p=p(P,T) £
g 520 -
500 +
Helmbholtz free energy |
480
F(V, T '
( ) 1 460 Y4
= Uge(V) + Ez ha)q,m(V) Pressure (GPa)
qm

+ kBTZ In{1 — exp[—

qm

hwgm (V) Wu & Wentzcovitch (2007)
kgT



Pressure effect- Mg, Si

Temperature (°C)

ARG O AP P o DD P P

1.2 H’:}: ‘H:
% 0.9-. Bixiling eclogite:
| P~3GPa
%
80
cg 0.6 Huang et al. (2013)

Kaapvaal eclogite:
P~5GPa

0.8 1.0 1.2

1.4

0.2 0.4 0.6 1.6
6,2 /1, -2
107T°(K™)
0.0 1 I | )
0' 1400 1200 1000 800
-0.5 wadsle N
@ Yite-oliving LOG(:’:m
<
3 1.0
£
™ ingy,,
2 15 0ol
| Huang et al. (2014) .
ooehq
2.0 , L ) 1 R ] ] GPg_
0.2 0.4 0.8 1.0

10°T3(K?)

200

Depth (km)

600+

8001

1000

N
(]
St

Orthopyroxene
(Mg,Fe)SiO,

mantle

Olivine
(Mg,Fe).SiO,

hd

Ringwoodite
(Mg,Fe),SiO,

(A lnﬂ(P))T =2—§

v: Griineisen constant
B: Bulk modulus
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Phase transition
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Wu et al. (2015)



Pressure (GPa)

Si isotope composition of the deep mantle

(a): phase diagram for magma ocean (b): 83%Si of the mantle

Temperature (°C) 5*°Siese~-0.34 to -0.37
J000 2000 3000 4000 5000 Ridge

Ocean Island

20 500
40 1000
O .
Q) 6303|LM=‘0.37 to -0.41
j=t
60 1500 =
=
3
80 ~
2000
100
2500
120

Huang et al. (2014)



Concentration effect

Oslo Rift nephelinites

verage of basalts: 1
e 0 0720 04 Why A44Ca,,, ,x varies from
' 0.36%o0 t0 0.72%0?

&
'

> | Hawaiian shield basalts

*

o
K i Twin Sisters Dunite DTS-1 ‘ Disequilibrium?
=T :Clinopyroxcnc _ ® °1: . ?
e OrtermoneneJiouTE O Equilibrium temperature?
™ _Jcinopyroene— @ Effect of opx Ca content?
A :lOrthopyrm(ene:| R
0.71 l 101.9 111.11 l 111.31 l 111.51 l lli7l l 11.9

844/40Ca

A44Ca, oy in peridotites

Huang et al., (2010)



Concentration effect - opx

07— 0.7
Ca Fe M SiO 0.7
132 Shaac sl I [ 1/64_1/48
0-6 B " N e/./ . y=0 0.6 B 0-6 B I32
s | N %"-’o A y=3/32 | [ 1000 K
N
® 0.5 N Oy 0.5 0.5}
2 o 1324~ Q,OO _ _ 1200 K ,
©
¥ @~ N\ 7 (¢ 04}
2 041 TS Lo, %, 041 - 1400 K
3 o RS AN ' 0.3F
S 03 o A ~Ix, ~8232 0.3 €\%2/32 | R
‘S - TS RN > L 0.2 . L .
- A~ T~ A 0.00 0.02 0.04
021 005 ~ _o~ < 216 | M2 2/16
- k=~ e =~ 1\ 9 - 1000 K 8/16
~
01 S < 01} 1200 K —o
e
 (a) ‘ - (b) 1400 K j
0.0 1 M 1 " 1 M 1 M 1 " 0.0 " 1 N 1 M 1 " 1 N 1
230 232 234 236 238 240 0.0 0.1 0.2 0.3 0.4 0.5
Average Ca-O bond length (A) Ca content x in opx

Opx Ca-O bond length determines equilibrium Ca isotope
fractionation between opx and cpx

Wang et al. (2017)
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10 Ina‘cpx-diopside

Concentration effect - cpx

0.16 - 0.16
. Fe-free cpx Ca Mg,_SiO; .
&
I ~ a"iab/ I
0.12 P 8 Cac 0.12
. - 0 ~ 3/8 o . -
~® 9/16
e _ S e 17/32 _
~ - ~
0.08 |- 12 ~ 0.08 |-
o ok O~ _ o 776 1932 |
=~ o~ ~ [ )
14 - S~ - ®
0.04 | ~e o 0.04 |
| ® ~e |
[ (a) - (b) _.diopside
0.00 . ] . ] . ] . 0.00 A ] . ] . e 1 . 1 .
2.450 2.455 2.460 2.465 2470 035 040 045 050 055 0.60 0.65
Average Ca-0 bond length (A) Ca content x in cpx

The effect of cpx Ca content is negligible

Wang et al. (2017)
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1070, oy cpx
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Wang et al. (2017)




3 0
10 Inaminerals-dolomite (Aao)

Concentration effect - carbonates

O Fa) 6 |-(b) 44Ca/*Ca
1+ 5L
2 -
3L —@— 300K
_ =fl—- 400K
. —fh— 1000K
5 i 26Mg/24Mg
00 02 04 06 0.8 1.0 0.0 02 04 06 08 1.0

Mg/(Mg+Ca)

Mg/(Mg+Ca)

Wang et al. (2017)



Concentration effect - carbonates

OF® A
— 306 & MAnaa 6 @353
e > o 23124
o -1 26 7~ 5 \
= N\ W6 66 - ®11/12
£ <@
3 2 \ 5/6@@23/24 4 \
s 4 o. 35/38@11/12 : > .
£ - 26Ma/2*M 176 \ 3 44,440
g 5| d g N _ Cal*"Ca \
= ) N\ 2tk \
£ \ _ N\
g 4l @ 300K Mgi(CatMg) < 50% \ 1 5/60\1/12 and 0/6
— " @ 300K_Mg/(Ca+Mg) > 50% N\ i 1/6 R/6
> A 1000K_Mg/(Ca+Mg) < 50% 11268 - A ) &g
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'5 - ] | ] ]

2.054 2062 2070 2078 2.086 2094226 2.28 230 232 234 236 2.38
Average Mg-O bond length (A) Average Ca-O bond length (A)

Wang et al. (2017)



Concentration effect - feldspars

I T T T ‘ p— L AI I T T v T v T T T3
2.90 | e y1 Faol w most stable |
T " 2 A 300K
LT L # 5 \ & 500K |
L 285} o= .'/"v/ i _ 15l \ . ® 700K
= ’ .",f ‘/‘," £ N all
‘67 -7 e A é AN 4 300K 1
c 4 5 7 - ¢ 500K
) ) \ “ 810k N - i
4280 @ R - g | o ~4 e 700K
0 : 3 I 1
c v 7/ ® CN=5 2 0.5 . @ AS
3275_ 7 v CN=6 il ; : _._. “\.\ . \A\ -
' % @ CN=7 T e i - TS 'f"\.-\ A 1
¢ 5 TTEmee-Rimes
) 1 1 1 1 1 « 0.0 1 1 1 N 1 N .'»-
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
{itia) K/(K+Na)

Equilibrium isotope fractionation factors are dominantly
controlled by the relative bond lengths
Shorter bonds are stronger with higher vibrational frequencies
and enriched in heavy isotopes

Lietal. (2019)



Isotope systems of minor elements

1 18
1A VIIIA
1A R 8A

1 Periodic Table of the Elements 2
H 2 13 14 15 16 17 He
Hydrogen A R A IVA VA VIA VIIA Helium
1.008 2A Number 3A 4A 5A 6A 7A 4.003
3 4 5 6 7 8 9 10
Li Be Symbol B C N O F Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
6.941 9012 N_ame 10.811 12.011 14.007 15.999 18.998 20.180
11 12 Ll 13 14 15 16 17 18
Na M g 3 4 5 6 7 8 9 10 11 12 Al Si P S Cl Ar
Sodium Magnesium 111} IVB VB VIB VIIB Vil 1B 1B Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22.990 24.305 3B 4B 5B 6B 7B ¥ 8 ¥ 1B 2B 26.982 28.086 30.974 32.066 35.453 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
39.098 40.078 44.956 47.867 50.942 51.996 54.938 55.845 58.933 58.693 63.546 65.38 69.723 72,631 74.922 78.972 79.904 84.798
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Rubidium Strontium Yttrium Zirconium iobi Techneti Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.468 87.62 88.906 91.224 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112.411 114.818 118.711 121.760 127.6 126.904 131.294
55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Cesium Barium Hafnium T i Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.905 137.328 178.49 180.948 183.84 186.207 190.23 192.217 195.085 196.967 200.592 204.383 207.2 208.980 [208.982] 209.987 222018
87 88 89-103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Uut FI Uup Lv Uus Uuo
Francium Radium Rutherfordium  Dubnium Seaborgium Bohrium Hassium Meitnerium Darmstadtium Roentgenium Copernicium = Ununtrium Flerovium  Ununpentium Livermorium Ununseptium = Ununoctium
223,020 226.025 [261] [262) [266] [264] [269] [268] [269] [272) [277] unknown [289] unknown [298] unknown | unknown
57 58 59 60 61 62 63 64 65 66 67 68 69 70 7
Lanthanid
e La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Lanthanum Cerium  Praseodymium Neodymium  Promethium i pil ini Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
138.905 140.116 140.908 144.242 144.913 150.36 151.964 157.25 158.925 162.500 164.930 167.259 168.934 173.055 174.967
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actini
cme Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actinium Thorium  Protactinium ~ Uranium jum  Plutoni Americi Curium ium | Californi insteini Fermium i Nobeli L i
227.028 232.038 231.036 238.029 237.048 244,064 243.061 247.070 247.070 251.080 [254] 257.095 258.1 259.101 [262]
kel Gikaling [Lransition Baslo Semimetal Nonmetal Halogen poble Lanthanide Actinide

Metal Earth Metal Metal Gas

© 2015 Todd Helmenstine
scisncenotes.org



Ti isotope compositions of Basalts
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Large Ti isotopic variations have been
observed in basaltic rocks
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Fe-Ti oxides were suggested to be enriched in light Ti isotopes
relative to the melt during the magma differentiation

Deng et al. (2019)
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Temperature (K)
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Equilibrium Ti isotope fractionation

Temperature (K)
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» There is no significant Ti isotope fractionation
among Ti4+*g-doped cpx, opx, olivine, and pyrope

» Ti3*y,-doped cpx and opx are extremely enriched
in light Ti isotopes relative to those Ti**g;-doped
species

» The enrichment of light Ti isotopes in ilmenite
relative to Ti4*g-doped silicate minerals with
1O3lnaFeTiO3—clinopyroxene of OTi/*7T1 is up to -
0.67%o0 at 1200 K

» The 103lna between ilmenite and silicates
strongly depends on the Fe/(Mg+Fe) of ilmenite

Wang et al. (2020)
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103InB VS. bond length & CN
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Pressure

Summary

Bond length, CN, oxidation state, and
electronic configuration...

v
Bond strength = Force constant

—U. Am A2 3
L =1+ Ai
24 mm* 241{129T2 Z

i=1 ’
Inbeta or Inalpha

ZAZBeZ(l — n)

3

Empirical formula kK =
AN _p

Temperature
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Fe in Bridgmanite
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Spin transition

FEET o
B | 5 - I

HS LS HS LS

DFT+U: describe coulomb interactions among Fe 3d electron



Spin transition

Fe?* in FeCO3 Fe3* in B site
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Experimental and Theoretical Methods

Nuclear resonant inelastic X-ray scattering spectroscopy (NRIXS)

SMS

(a)

Reference
Sample

APD detectors

Monochromators

Credit: Jiachao Liu et al.

DFT+U: describe
coulomb interactions
among Fe 3d electron



Phonon Density of State of 57Fe in FeCO;

Experimental and theoretical results of

NRIXS results
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(Mgo.75Fe**0.25)Si03 Bridgmanite
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(Mgo.75Fe3*0.25)(Si0.75Al0.25)03 Bridgmanite
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Partial Density of State (meV_l)
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10°In8 (%), *°Fe/**Fe @1000 K
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Inbeta of Fe in bridgmanite
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Magma ocean crystallization

Fraction of Crystals
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Fe isotope fractionation in the deep mantle
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Fe isotope fractionation in the deep mantle
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Part 3. EIFFs for aqueous solutions
Mg, Ba, Zn, Li, B, ...

AX+X* =2 AX* + X
K=[AX*][X]/[AX][X*]=exp(-AG*/RT)
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Statistical thermodynamics

Mechanical average average statistical
. over molecules over time thermodynamics .
Properties of ‘ ‘ | Thermodynamic
Individual ) 3 4 Properties
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position, velocity temperature, pressure
energy, ... internal energy, enthalpy,...
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Thermodynamic integration

F*—F (F'—F
in(f(a, 1) = -+ (St
classic

Free energy of an isotopic species depends on
its kinetic energy and mass:

oF _ _{K)
om  m
The ideal limit the kinetic energy of an atom

— 3kpT
(K) = %4t

in(f(a, 1)) = 7 / " am' & i



First-principles molecular dynamics

simulations (FPMD)
First-principles calculations Molecular dynamics
1. No empirical parameters F(t) =7y + (Yt + £ at %)
2. High precision G=F/m F=—dU dr
3. PT are parameters N
4. Solve quantum equations K = Z% mivi2 = 3Nk, T

Kohn-Sham equation Energy & Force

(_h_2vz - n(r)dr'

2m Y r—r'|

e (r)] Vi =aw ) Solution structures

Quantum mechanics + Statistical mechanics



Path Integral Molecular Dynamics

Standard
Molecular Dynamics

C)

Path Integral
Molecular Dynamics

The drawback of PIMD methods is the computational cost
that is almost prohibitive for treating at the ab initio level
most of the systems relevant in geosciences



Equilibrium fractionation of H and O isotopes
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Compromise strategy

Capturing the structure of aqueous solution



Applications of Mg isotopes

Continental weathering (Pogge von Strandmann et al., 2008;
Teng et al., 2010; Pokrovsky et al., 2011; Huang et al., 2012;

Wimpenny et al., 2014; Kasemann et al., 2014);

Paleo-environmental reconstruction (Anbar and Rouxel, 2007;
Higgins and Schrag, 2015; Husson et al., 2015);

Deep carbon recycling (Yang et al., 2012; Huang et al., 2015; Liu

et al., 2015; Lietal., 2016);

Mg global cycle (Tipper et al., 2006; Higgins and Schrag, 2010;
Beinlich et al., 2014; Fantle and Higgins, 2014);
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Radial distribution functions for Mg-O pairs
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103lnbeta of aqueous Mg>*

103Inp @300 K
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Dolomite-aqueous Mg?*

Temperature (K)
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Magnesite-aqueous Mg>*
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Calcite-aqueous Mg>*
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Aragonite-aqueous Mg?>*
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Brucite & Lizardite-aqueous Mg>*
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| 56 137.33 Alkaline Radius.......cccooovvvevereennnn. 253 pm

State @273 K................. Solid Modulus........................... 9.6 GPa

Date of discovery......... 1808 Density........c.cc.cccooeevenenn 3510 kg/m3
B a Melting point................. 1000 K Conductivity................... 18 W/mK
Barium Boiling point.................. 2143 K Heat capacity................. 205 J/kgK

Electronegativity........... 0.89 Abundance..................... 1x1076 %

[Xe]6s? *2  |onization energy....... 502.9 kJ/mol Electron affinity.......... 13.95 kJ/mol

» Alkaline earth metal, found in Barite and Witherite
» Highly incompatible elements, Crust/Mantle ~ 95
» Element Linked to Fluid Activity

» Element related to biological processes in the ocean

» Seven stable isotopes: 130, 132, 134, 135, 136, 137, and 138

» A useful tracer of Fluid Mobility
» Tracing the recycling of subducting materials
» Ba cycling in the ocean

» Reconstruction of past productivity?



Ba cycling in the ocean
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Ba isotope fractionations between solids and solutions

Process 137113463 (90)  13¥13% (0h0)  T-range (°C)  Reference Comment

Formation BaSO, -0.19 -0.25 21 This study Precipitation experiment, with
methanol

Formation BaSO, -0.21t0 -0.26 -0.28 to -0.35 4-60 This study Transformation experiment of
precusors

Formation BaSO, -0.23t0 -0.26 -0.31to-0.35 21-60 [4] Precipitation experiment

Formation BaSO, -0.14t0 -0.34 -0.19 to -0.45 Ambient [10,12] Water column, Atlantic

Formation BaSO, -0.3 -04 Ambient [11] Water column, Lake Superior

Dissolution BaSO, 0 0 95 [4] Dissolution in concentrated
Na,CO; solution

Formation BaMn(COs), -0.11 -0.15 21 [5] Transformation experiment of
precusors

Formation BaCO; -0.26 -0.35 21 This study Precipitation experiment, slow,
with methanol

Formation BaCO; -0.11t0 -0.17 -0.15to -0.23 4-80 This study Transformation experiment

Formation BaCO; -0.06 to -0.14 -0.08 to -0.19 21-60 [4] Precipitation experiment, fast

Formation BaCO; -0.26 to -0.32 -0.35to -043 21-60 [4] Precipitation experiment, slow

Formation BaCO; -0.07 -0.09 25 [14] Precipitation experiment, fast

Ba incorporation CaCO; -0.01to -0.26 -0.01to -0.35 25 [6] Aquarium experiment, corals

Ba incorporation CaCO; -0.16 -0.21 Ambient [15] Natural cold water corals

Dissolution BaCO3 0 0 25 [14] Experiment

Diffusion of Ba(za“;) -0.23 -0.31 10-25 [7] Experiment, silica gel

Adsorption Ba(aq) 0.15 0.20 25? [7] Experiment, silica gel

Adsorption Ba(aq) 0 0 Ambient [9] Soil, field

Desolvation Ba(yy, -1.1 -1.46 5-50 [13] Modelling

Bottcher et al. (2018)



Ba isotope fractionations between solids and solutions
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Urey equation

Naor ( *) 1 ( ) Ndof U
Ba i ui—u;) |1 — exp(—u; 13=1+Z_1Au,
F= 1, eXpl 2 ]1 —exp(—u’) — 127
,8=1+]§f 1oL, ! Au; Niog A2 Nior 2 _ 42
— 2 u; exp(u;)—1 : U; ’ ’
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B = Pevact = 1 + ; ( o " 70" ) A, “High-temperature” Approximation
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Bigeleisen and Mayer (1947)



103Inbeta of aqueous Mg>*: Force vs. Frequencies

Slope=0.9249
R?=9928

8 10 12 14 16 18 20 22 24 26 28 30
10°InB (%.) from force constants




lonic Radii (in Picometers) of the Most Common Oxidation States of the s-, p-, and d-Block Elements
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10%INB (%)

103Inbeta and 103Inalpha
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Aqueous Ba**: Structure & Force constant
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103lnalpha: mineral-aqueous Ba?*
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Summary

FPMD + Urey equation



4. Future prospects



Solar-composition nebular gas

1. Condensation of nebular

gas into small grains 3. Collision and growth of

planetesimals, core formation

2. Accretion of dust
into undifferentiated bodies

4. Giant impacts and accretion
of terrestrial planets

4

0.01-0.1 My 1-2 My 5-10 My 50 My +

Ghost Modern orogen  Xenolith of

orogen (Pacific-type) former basalt
Modern orogen Hot spot
(Collision-type)

660 km

Santosh et al. (2015)




Classical empirical methods The biggest advantage and
—L_ V' pair potentials Shortcoming:

v' force fields
¢ ol
v shell models Quantum mechanics!

Quantum empirical methods
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Machine learning models density functionals
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Machine learning creates density functionals

NeuralXC
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