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According to our definition of A; and the Eq. (24) in
Wang et al. (2004), we have

A'BX + AB'X = A'B'X + ABX (A.1)
x [4"B'X][4BX]
Kippy=r———— A2
X = O XTABX] (A.2)
: [4'B*X]*[4BX]™ ;
R ST e A3
48X = [ BX] B X" (A.3)
Kepy _ o 11 (Ad)

v (G 1) (B +1)
Kogsgox Bis i 0 4px
n (%) =In ((I})g(; 4 l) In (‘l&;‘) i l)
A*B*X
Oy (
In (I(XX) t I) (A.5)

Using Taylor series expansion to the second order (i.e.,
In(x + 1) = x — x*/2, when ~1<x < 1), we get

In K-i‘ﬂ',\' A ‘)I.-(‘B'.\’ _I_ (j‘l‘B'.l' =
Kig) | 1000 2\ 1000

Oapx 1 [ <
1000 2\ 1000

drax 1 dfs_\-)z
- A6
[IOOO 2<l()()() (A8)
Kigx Brrx) = Orax)’ — Puwrx)
10001n ( ——
n(K,l\'ﬂ‘.\’) : 2000

Oppy = Appy (A7)

R Oqpx — Oupx

Because in the approximation of Eq. (27) of Wang et al.
(2004), d45x and d4px is very close to 0.

gy = Appx (A.8)

i —1 |x1000
R*

Kigx (Apwx)
Aypy 2= 10001n ( — {
A'B'X 2000
Koray
~ (# l) % 1000 (A9)
ABX

When 6 45y and 0 g5 is very small, a better approxima-
tion is

- Dy g
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Kiwx (um t I)(mw t l)

[ AB°X [ A*BX [ AB'X

~1 AL A.10
"T000 7000 T000 kel
Therefore. Ay-gy = dpx — Oavpx — Oupx
Kegx
= (# |) % 1000. (A.11)
KR e
Moreover, if we define
7 R )
0 pegey = 100010 = (A.12)
o
Kppx _ C-‘P( 1000 ) (A.13)
Kisx  exp (—ﬁ;ﬁ) exp (%—:‘ﬁ';) 4
Avgy = ".’4'5-.\' "I.'rnl' ".ym' X
= 1000In (—,1” ‘) (A.14)
Kipx

The above definition of A; is preferred by Ono et al.
(2014).

Liu & Liu, GCA, 2016
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Isotope clumping and anticlumping in oxygen and methane
More #0,, 5CH,D

Weighted dice T . _
+A (% Marine sediment gas

snake eyes > 36

Coal gas

Thermodynamic equilibrium

“Clumped” |LoWH, Shale gas

ir di Hydrothermal vent gas
clele ——Microbial methane Y &

P =1/
snake eyes 36 Rumen, swamp, and lake gas e
A=0 - —— — —— f————— e — — — ——- e
I 100 200 300 400 T(CC)
High H,
“Anticlumped”
D— Serpentinization-associated microbial gas
Pﬂnake eyes = 1/36

— Photosynthetic oxygen

A
Y
Less 180, *CH,D

More than a roll of the dice. The appearance of more than one rare, heavy isotope in a molecule (a heavy isotope “clump™) is not random. Instead, the isotopic dice are weighted.
Clumps are strongly favored under conditions of chemical equilibrium, whereas kinetic processes related to biosynthesis may have lower preference for clumps and in some cases
may select against clumps, leading to “anticlumped” products. Natural methane gas shows both behaviors (6), whereas the isotope content of photosynthetic oxygen is random or

anticlumped (i.e., below chance levels) (5).

( Passey, Science, 2015)
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Abundances of isotopologues of CO, and COs, assuming bulk '3C/'*C

ratios equal to PDB, bulk '*0/'70/'°0 ratios equal to SMOW, and a
stochastic (random) distribution of isotopes

C Mass Abundance
CO; Mass Abundance
Isotopes
12C 12 98.89% Isotopologue
13C 13 1.11% 121601010 60 98.20%
0 13C'0'"0'"0 61 1.10%
150 16 99.759% 12C170'0'°0 61 0.11%
0 17 370 ppm 12c%0'%0'"°0 62 0.60%
o) 18 0.204% Bc0'0'"0 62 12 ppm
12417~ 1Ty 16

CO, Mass Abundance 1351381681(,8 2; 2251321;?
Isotopologue 12C170"0 %0 63 4.4 ppm
15012C'%0 44 98.40% Bc700'%0 63 4.54 ppb
IGOIBCIGO 45 1.10% IECl?Ol?Ol?O 63 30 ppt
o2¢i5o 45 730 ppm 120180180160 64 12 ppm
ISOIQClﬁO 46 0.40%, l3Cl7olSOl{rO 64 50 ppb
o3¢0 46 8.19 ppm 2617617080 64 828 ppt
702c0 46 135 ppb Bool01 0 64 0.5 ppt
*0'3C'°0 47 45 ppm 13C180'50'%0 65 138 ppb
"0'"C"o 47 1.5 ppm 2c0'%0"%0 65 4.5 ppb
"oBc0 47 1.5 ppb Bl 70180 65 9 ppt
::OEC::O 48 4.1 ppm 120180180150 66 8 ppb

o"“c'®o 48 16.7 ppb Bcl0"%0"%0 66 51 ppt
0"C*0 49 46 ppb BCBOF00 67 94 ppt

PAPDBFISMOW ATk RS EWIHRERIFENL 35 R

( Ghosh et al., GCA, 2006 )
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Abundances of isotopologues of CO, and COs, assuming bulk '3C/'*C

ratios equal to PDB, bulk '*0/'70/'°0 ratios equal to SMOW, and a
stochastic (random) distribution of isotopes

C Mass Abundance
CO; Mass Abundance
Isotopes
12C 12 98.89% Isotopologue
13C 13 1.11% 121601010 60 98.20%
0 13C'0'"0'"0 61 1.10%
150 16 99.759% 2clpte00 61 0.11%
0 17 370 ppm 12c%0'%0'"°0 62 0.60%
o) 18 0.204% Bc0'0'"0 62 12 ppm
12417~ 1Ty 16

CO, Mass Abundance 1351381681(,8 2; 225021;?
Isotopologue 12C70"0%0 63 4.4 ppm
1°012C'%0 44 98.40% Bcl00'%0 63 4.54 ppb
03¢0 45 1.10% 217617010 63 50 ppt
o2¢i5o 45 730 ppm 120180180160 64 12 ppm
ISOIQCMO 46 0.40%, IBCI?OISOIGO 64 50 ppb
o3¢0 46 8.19 ppm 2617617080 64 828 ppt
o'co 46 135 ppb 3C7070'0 64 0.5 ppt
*0'3C'°0 47 45 ppm Bc0'*0'0 65 138 ppb
"0'"C"o 47 1.5 ppm 2c0"%0"0 65 4.5 ppb
"oBc0 47 1.5 ppb Bl 70180 65 9 ppt
::OEC::O 48 4.1 ppm 120180180150 66 8 ppb

o"“c'®o 48 16.7 ppb Bcl0"%0"%0 66 51 ppt
*0'3C0 49 46 ppb 3CIBOOE0 67 94 ppt

16012C160=99.759% x98.89% x99.759%=98.41% ppm=1x10 (BAHNZ—)
17012C160=370ppm x98.89% % 99.759% x 2=730ppm
18013C160=0.204%x%1.11%%99.759% x2=45ppm
17013C180=370ppmx1.11%x0.204%x2=16.8ppb  PPb =1x107? (+{Z53Z2—)
13C18Q16Q16Q=? ? ?
( Ghosh et al., GCA, 2006 )



Abundances of isotopologues of CO, and COs, assuming bulk '3C/'*C
ratios equal to PDB, bulk '*0/'70/'°0 ratios equal to SMOW, and a

stochastic (random) distribution of isotopes

E 57 A
OV

C Mass Abundance
Isotopes

120+ 12 98.89%
13C 1.11%

0]

160 16 99.759%
170y 17 370 ppm
%0 18 0.204%
CO, Mass Abundance
Isotopologue

160120160 44 98.40%
16013160 45 1.10%
170120160 45 730 ppm
180)12¢160) 46 0.40%
170130160 46 8.19 ppm
170120170 46 135 ppb
181300160y 47 45 ppm
176120180 47 1.5 ppm
17613¢170 47 1.5 ppb
180120180y 48 4.1 ppm
17613180 48 16.7 ppb
18013C718() 49 46 ppb

CO; Mass Abundance
Isotopologue

121603160y 16() 60 98.20%
13016016160 61 1.10%
120170160160 61 0.11%
121816316y 62 0.60%
1301706160160 62 12 ppm
120170170160 62 405 ppb
13183160316y 63 67 ppm
120170180160 63 4.4 ppm
130170170160 63 4.54 ppb
120176170170 63 50 ppt
120180180160 64 12 ppm
130170180160 64 50 ppb
2176170150 64 828 ppt
130170170170 64 0.5 ppt
130180185160y 65 138 ppb
121706180150 65 4.5 ppb
130170170180 65 9 ppt
12018018180 66 8 ppb
13170618015 66 51 ppt
130180180180 67 94 ppt

16012C160=99.759% x98.89% x99.759%=98.41%
17012C160=370ppm x98.89% % 99.759% x 2=730ppm
18013C160=0.204%x%1.11%%99.759% x2=45ppm
17013C180=370ppmx1.11%x0.204% x 2=16.8ppb

ppm=1x10¢ (HARZ—)

ppb =1x10° (+{ZHBZ—)

( Ghosh et al., GCA, 2006 )

13C180160160=1.11%%0.204%%x99.759%%99.759% x 3=67.6ppm
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( Sharp, Principles of Stable Isotope Geochemistry, 2006 )
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Table 2
The A; results of CO, at 300 K using different methods.
Wang et al. results This study — using Wang et al.’s data This study — DFT® This study — MP2"
ZPE-E?* ZPE-AP B.M.-E€ B.M.-A¢ B.M.-E€ B.M.-A¢ B.M.-E¢ B.M.-A¢
%aPe% —0.004 —0.004 0.000 —0.004 0.000 —0.004 0.000 —0.004 0.000
15912¢Y0 —0.006 —0.006 0.000 —0.006 0.000 —0.006 0.000 —0.006 0.000
¥0“c 0 —0.011 —0.011 0.000 —0.011 0.000 —0.011 0.000 —0.011 0.000
78 e gk D) 0.489 0.489 0.499 0.477 0.487 0.488 0.498 0.480 0.490
Yo2eYo 0.085 0.087 0.099 0.087 0.099 0.093 0.105 0.081 0.092
voRck0 0.938 0.936 0.951 0.917 0.932 0.935 0.951 0.921 0.936
474 "oRcks0 0.168 0.167 0.184 0.172 0.189 0.183 0.201 0.160 0.177
ZoRBclo 1.074 1.075 1.091 1.052 1.067 1.079 1.095 1.051 1.067
Bo2a%o 0.333 0.330 0.353 0.340 0.363 0.362 0.384 0.316 0.339
HOTEN0 1.608 1.605|  1.627 1.579 1.600 1.618 1.639 1.572 1.593
5 e i 2219 2216 2.243 2.180 2.207 2.240 2.267 2.166 2.192




' SRR
Available online at www.sciencedirect.com
Geochimicaet

CrossMark ScienceDirect Cosmochimica
Acta

bj
Py

e P
ELSEVIER Geochimica et Cosmochimica Acta 175 (2016) 252-270
www.elsevier.com/locate/gca

Clumped-isotope signatures at equilibrium of CHy4, NHs,
Hzo, HzS and SOQ

Qi Liu, Yun Liu”

A*B*X

( \
RPPR o 1 [x1000
RPFR,.  -RPFR .

\




PR

_ RPFR(A)
"~ RPFR(B)

PER

Reduced Partition Function Ratio
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The Thermodynamic Properties of Isotopic Substances.

LIVERSIDGE LECTURE, DELIVERED BEFORE THE CHEMICAL SOCIETY IN THE RovaL
INSTITUTION ON DECEMBER 18TH, 1946.

By Harorp C. Urey.
(Institute of Nuclear Studies, University of Chicago.)
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Calculation of Equilibrium Constants for Isotopic Exchange Reactions

Jacoe BIGELEISEN AND MaRiA GOEPPERT MAVER
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(Received February 3, 1947)

1t 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.,
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Fig. 5. Values of 447 of CO, extracted from calcites grown from aqueous
solution (reproduced from Fig. 4) and of deep-sea and surface corals,
plotted vs. 10%/72, where T is the known growth temperature in Kelvin.
Note that both surface and deep-sea aragonitic corals generally conform
to the trend defined by inorganic calcites. Deep-sea coral 47413 lies slightly
(0.029,,) above this trend, perhaps suggesting a subtle ‘vital effect’ (this
aliquot of this sample exhibits extreme vital effects on its 8°C and 'O
values; Table 5).
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Coupling of surface temperatures and atmospheric
CO, concentrations during the Palaeozoic era

Rosemarie E. Came', John M. Eiler', Jan Veizer’, Karem Azmy’, Uwe Brand" & Christopher R. Weidman’
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( Came et al., Nature, 2007 )
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Figure 2 | Estimates of tropical temperature anomalies relative to today.
The grey* curve represents temperature estimates based on 8'*0 of well-
preserved carbonate fossils from palacotropical seas; the black® curve

Figure 3 | Estimates of the oxygen isotopic composition of Phanerozoic sea
water. The black* and grey?® curves represent previous model estimates; the
2 ! : % ARk 518 TOW - s
represents GEOCARBIII model estimates of mean global temperatures dashed line rcprcs_cnts modern seaw dlc.r 00 (S_MO.“ ); filled dla‘?;onds
based on reconstructions of atmospheric CO, levels; black bars represent new estimates of Pennsylvanian and Silurian seawater 6 °O
- 3 : > dani e st 2 5 ate S180) . & i 3 2 3
(www.scotese.com/climate.htm) at the bottom represent time intervals calculated from carbonate 6" "0 and 4,4, temperatures. Error bars represent

. : e ST e 4 ;
during which global temperatures were as much as 10 “C warmer than today *1s.e. on the seawater 8 "O of well-preserved samples.
based on the climate reconstruction of Scotese; filled diamonds represent

our estimates of carbonate fossil growth temperatures. Error bars represent A 47 — O. 0592 ( 1 06 T 2 ) — 0.02

*1s.e. on the 44, temperatures of well-preserved samples.
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( Came et al., Nature, 2007 )
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Prosenjit Ghosh,* Carmala N. Garzione,? John M. Eiler* Hgfzg‘_‘ﬂ:u&ﬁ ' i—"ilﬁﬁﬂ?ﬁﬁ*ﬁmﬁ,ﬁﬂj ' rrzzﬁﬁm I.Eo
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Table 1. Stable isotope compositions, growth temperatures, and parental water 380 values for Altiplano soil carbonates ;ﬁﬂ i%

Sariiple Age 813C, 8180, s Ags Temperature 0190 ow ]L’ 1

(Ma) (15)* of carbonate (14) of carbonate (14) of extracted €O, (14) (°0) (13) of water (20) *UmA ;nEn,g .

03BL13 11.42 -9.4 -11.4 0.612 (19) 32.8 (4.6) =1.5 (0.9) 47

03BL19 11.32 -6.8 -11.1 0.651 (21) 23.8 (4.6) -9.0 (0.9) 0,9410,17 mm/year

04BL75 10.88 -9.3 -9.8 0.634 (14) 27.7 3.2) -6.9 (0.6)

04BL76 10.74 =83 =127 0.632 (13) 28.2 (3.0) -8.7 (0.6)

04BL78 10.58 -9.4 -13:0 0.644 (21) 25.6 (4.7) -10.5 (0.9)

04BL79 10.53 8.6 123 0.630 (12) 28.6 (2.8) -9.0 (0.5) *umzkslsogﬂﬁz .

04BL80 10.46 =103 =116 0.620 (5) 31.0 (1.2) -8.2 (0.2)

03BL1 10.33 -8.2 125 0.628 (6) 29.2 (1.4) -9.3(0.3) 0.83+0.08 m m/yea r
11.4.t0 10.3 Ma average 28.4.(0.9) =8.6 (0.9)

04BL2 7.61 -4.6 =139 0.695 (9) 14.6 (1.8) -13.7 (0.4)

04BL10 7:32 =5.9 =11.5 0.665 (10) 20.8 (2.1) -10.0 (0.4)

7.6 to 7.3 Ma average 17.7 (2.2) -11.8 (1.3) ?* ? 7 n
04BL21 6.74 =2 -14.7 0.681 (4 17.5 (0.8) =13.9 (0.2) T ﬂﬁ 1 ZW tﬁE u
04BL24 6.64 -6.7 -135 0.713 (12) 11.0 (2.3) -14.1 (0.5) ( FF#JTTE’ E;m/\ﬂgf&r"
04BL25 6.53 -7.0 -14.6 0.750 (8) 4.1 (1.4) ~16.7 (0.3) SZ o
04BL30 5.83 -6.5 -14.6 0.679 (13) 18.0 (2.7) ~13.7 (0.6) 1;2 J 1 &VE

6.7 to 5.8 Ma average 12.6 (2.8) -14.6 (0.6) I t'l L &'_r\

Suspected of diagenetic alteration % ) ;A;I_ -gr

04BL69 10.95 -9.9 -8.2 0.546 (17) 50.3 (4.9) -1.1(0.8) Fﬂ I 11;-( A §—l— Ca

*Italic numbers in parentheses at the head of each column refer to references explaining the sources, methods, or algorithms on which the data are based. Analytical uncertainties in §23C and ? E
8180 of carbonate average +0.02 and +0.1%o, respectively, and are not shown. Analytical uncertainties in A, (numbers in parentheses) are shown for each measurement as the standard error of
the mean of all mass spectrometric analyses for a given sample. These are propagated to estimate uncertainties in temperature and 520 of water.

ZITRIE BRI REEL KR Altiplano B [R7E£10.3-6.78 A Fai A IS E
1.0310.12KHNEEIRFH.
( Ghosh et al., Science, 2006 )
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Body temperatures of modern and extinct vertebrates
from 3C-'80 bond abundances in bioapatite

Robert A. Eagle®!, Edwin A. Schauble®, Aradhna K. Tripati**<, Thomas Tiitken?, Richard C. Hulberte, and John M. Eiler?

Table 1. A;; measurements from tooth bioapatite of modern species

Species n* Asz Estimated Body Temperature (°C) ' A,; Temperature (°C) *
White Rhinoceros (Ceratotherium simum) 6 0.597 + 0.006 37 36.6 + 1.4
Indian Elephant (Elephas maximus indicus) 4 0.596 = 0.008 37 36.9+ 2.0
Nile Crocodile (Crocodylus niloticus) 7 0.638 = 0.006 28 3 269+ 1.4
American Alligator (Alligator mississippiensis) 3 0.639 + 0.011 28 + 3 26.7 2.5
Sand Tiger Shark (Carcharias taurus) 5 0.641 + 0.013 25.3 26.2 + 3.0
Sand Tiger Shark (Carcharias taurus) 3 0.654 + 0.010 23.6 23.1+23

+ Uncertainty in Ag7 values represent the external precision of the measurement (one standard error). Uncertainty in As; body temperature
values represent the error in body temperatures in °C propagated from the external precision of the A;; measurement (one standard error).
*Number of distinct extractions of CO, from bioapatite analyzed for each species. Between 1-5 teeth for each species were analyzed. Data for

individual extractions is shown in Table S1.
"Estimated from published body temperature measurements (see main text for details). In the case of sand tiger sharks the two samples were from
two different aquariums with different ambient water temperatures.
*Calculated assuming A,; values in bioapatite exhibit the same temperature dependency as inorganic calcite, given in Eq. 1.

Table 2. A;; measurements from fossil mammoth tooth bioapatite

Sample Locality n* Ay A7 Temperature (°C)
Enamel Rhine River 4 0.587 = 0.011 39.1+ 238
Dentin Rhine River 3 0.643 = 0.027 25.6 + 6.3
Enamel North Sea 2 0.596 + 0.006 36.8+ 1.3
Dentin North Sea 2 0.620 = 0.001 309+ 0.3
Enamel Average from both sites 6 0.590 + 0.007 384+ 1.8

+ Uncertainty in A4y values represent the external precision of the measurement (one standard error if more
than two analyses were made; if fewer were made, then the standard deviation is shown). Uncertainty in Ag;
body temperature values represent the error in body temperatures in °C propagated from the external precision
of the A4; measurement (one standard error).

*Number of distinct extractions of CO, made from bioapatite of each species. Data for individual extractions is

shown in Table S2.
( Eagle et al., PNAS, 2006 )
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Dinosaur Body Temperatures

Determined from Isotopic ("°C-'°0)
Ordering in Fossil Biominerals

Robert A. Eagle,l’z* Thomas Tiitken,> Taylor S. Martin,* Aradhna K. Tripati,z'4 Henry C. Fricke,®
Melissa Connely,® Richard L. Cifelli,” John M. Eiler*

Table 1. A,; derived body temperature determinations on well-preserved di-  each individual tooth specimen are given in tables S4 to S9. When average A4;
nosaur tooth enamel. Number of analyses represent the total number of A4;  values are calculated for each species, they are from the average of each tooth
measurements made on distinct extractions of CO, gas from tooth enamel ma-  specimen and not of each individual analysis on distinct CO, extractions. Errors are
terial from each locality. Values for individual measurements and averages for 1 SE of the average A4; and the propagated error in temperature calculations.

Species Site Number of analyses* A4, [per mil (%)]  A,; temperature (°C)
Brachiosaurus brancai, acquisitions from 3 teeth Tendaguru, Tanzania 5 0.591 £ 0.004 38.2 + 1.0
Diplodocinae, acquisitions from 2 teeth Tendaguru, Tanzania 3 0.609 £ 0.017 33.6 + 4.0
Camarasaurus sp., acquisitions from 3 teeth* Oklahoma 7 0.596 £ 0.004 36.9 £ 1.0
Camarasaurus sp., acquisitions from 1 tootht Howe Quarry, Wyoming 3 0.614 £ 0.010 324+ 24
Camarasaurus sp., average acquisitions from 4 teethf = Wyoming and Oklahoma 10 0.601 £ 0.005 35.7°£ 1.3
*One of the four specimens from Oklahoma was suspected of alteration and so was excluded from the final body temperature determinations presented here and in Fig. 1. 1O0ne of the two
tooth specimens from Howe Quarry was suspected of alteration and so was excluded from the final body temperature determinations presented here and in Fig. 1. FAll of the specimens

from the Utah Quarries and Como Bluffs, Wyoming, were suspected of alteration and so were excluded from the final body temperature determinations presented here and in Fig. 1.

,L.J[?.{Zlim .
1*9323*1%%11*“12 SXSHIMK BT EEEL ;
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( Eagle et al., Science, 2011)
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Patterns and controls of disequilibrium 1sotope effects
in speleothems: Insights from an 1sotope-enabled
diffusion-reaction model and implications for
quantitative thermometry

Weifu Guo **, Chen Zhou *"

* Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, United States
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Carbonate clumped isotope bond reordering and geospeedometry

Benjamin H. Passey *, Gregory A. Henkes

Department of Earth and Planetary Sciences, Johns Hopkins University, 3400 N Charles Street, Baltimore, MD 21218, USA
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Table 2
Rate constant regressions and Arrhenius parameters for reordering reactions in MGB-CC-1 and NE-CC-1 calcite.

T(°C) Slope (= —k) (s ") Intercept Fractional contribution R? Stats RDX points used in regression®
MGB-CC-1 calcite

385 3.18(+042)x10°7 0.27 (4 0.03) = na na 181, 189

405 1.39(+0.15) x10 © 032 ( +0.04) - 0.99 ab,c 169,173,177

425 2.01(+0.15) x10°© 059 ( +0.02) - 0.97 de,f 149, 150, 151, 153

450 7.95(+1.72) x10°© 088(+0.12) - 0.91 def 144, 145, 147, 148

475 298(+037)x10 * 0.79( + 0.08) - 0.97 def 112,113,114, 115
Arrhenius regression: E,=197 + 19 k]/mol 0.97 def

»=1.39 x10° s ' [(+36.0/-1.34)x 10°]
NE-CC-1 calcite, refractory component

560 1.29(+005)x 1075 1.60( + 0.02) 0.20 ( + 0.008) 0.99 def 034, 037, 036

525 3.66(+025)x10 ° 1.47( +£0.03) 0.23 ( +0.014) 0.99 def 021, 010, 017, 018, 015

475 448 (+0.40).10 7 1.06( + 0.05) 035 ( +0.036) 0.98 de,f 025, 016, 042, 046

0.26 mean

Arrhenius reg:ess:on E;=200+ 2 kj/mol 0.99
K,=4.4x10” s ' [(+1.4/-1.0)x 107)
NE-CC-1 calcite, labile component

525 127(+013)x10°* 1.14( + 0.06) 032 ( +0.041) na 026, 019

475 1.63(+0.19)x10 * 0.74( + 0.04) 0.48 ( + 0.038) 0.95 def 125, 123, 130, 022, 023, 027, 024

425 137(+£0.19)x10 o -0.76( +0.04) 0.47 ( +0.042) 0.93 def 065, 060, 064, 061, 063, 062

0.42 mean
Arrhenius regression: E,=208 + 4 kj/mol 0.99 def
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Table 2. Equilibrium Ag;-Value-Based Harmonic Calculation Using the VVCM Method (%0) and the Comparison with
Schauble et al.'* and Hill et al.”

NG 25 °C 100 °C
minerals this study Schauble et al."* this study Schauble et al."* Hill et al.* this study Schauble et al."*
calcite 0.519 0.490 0.437 0.410 0.394 0.268 0.247
aragonite 0.532 0.513 0.448 0.430 0.273 0.260
dolomite 0.518 0.484 0.437 0.406 0.268 0.245
nahcolite 0.540 0.490 0.454 0.410 0.280 0.247

( Zhang et al., ACS Earth Space Chem., 2019)
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Isotope clumping and anticlumping in oxygen and methane
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More than a roll of the dice. The appearance of more than one rare, heavy isotope in a molecule (a heavy isotope “clump™) is not random. Instead, the isotopic dice are weighted.
Clumps are strongly favored under conditions of chemical equilibrium, whereas kinetic processes related to biosynthesis may have lower preference for clumps and in some cases
may select against clumps, leading to “anticlumped” products. Natural methane gas shows both behaviors (6), whereas the isotope content of photosynthetic oxygen is random or

anticlumped (i.e., below chance levels) (5).

( Passey, Science, 2015)
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Relative abundances and masses of the isotopologues of methane.
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Combined "C-D and D-D clumping in methane: Methods
and preliminary results

D.A. Stolper**, A.L. Sessions®, A.A. Ferreira ® E.V. Santos Neto °,
A. Schimmelmann®, S.S. Shusta’, D.L. Valentine ¢, J.M. Eiler*®

Cardinal Isotopologue Proportional relative Exact
mass abundance of CH; mass

(amu)

16 2CH, 9887107 16.031

17 *CH,4 11171072 17.035

2CH;D 6.16'107* 17.038

18 BCHsD 6.92°10°¢ 18.041

2CH,D, 1.44°1077 18.044

19 B3CH,D, 1.62°107° 19.047

2CHD; 1.49°107 " 19.050

20 BCHD; 1.68°107 13 20.053

2¢Dy 5.82°107'¢ 20.056

21 “eD; 6.54'107 1% 21.060

* Assumes that isotopes are randomly distributed throughout all
isotopologues and that 8'°C =09, and 8D = 0%, (relative to

VPDB and VSMOW respectively).

( Stolper et al., GCA, 2014)
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Fig. 2. (A) Mass spectrum at mass 17. The full spectrum was measured at medium resolution (16,000-17,000 mass resolving power) on a
Faraday cup read through a 10" Q resistor while using the instrument’s 16 pm entrance slit. The partial mass spectrum in the smaller inset was
measured at high resolution (20,000-22,000 mass resolving power) on a Faraday cup read through 10'> Q resistor using the instrument’s 5 um
entrance slit. Measurements and adduct lines are made where indicated. (B) High-resolution (~20,000 mass resolving power) scan of mass 18
registered on a secondary electron multiplier. H,'®0O" is baseline resolved but not shown due to its higher intensity (100,000 counts per
second). Measurements are made where indicated at medium resolution (16,000-17,000 mass resolving power) to increase sensitivity to about
20,000 counts per second. The '3CH;D" shoulder is shown to demonstrate that it can be resolved from "*CHs" at the highest resolution

setting of the instrument.

( Stolper et al., GCA, 2014)
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Fig. 6. Bracketed heating experiments at 500 °C. Samples of methane with varying A,g and bulk isotopic compositions were heated at 500 °C
in the presence of a nickel catalyst. The bulk isotopic composition is tracked through §'® values and all samples are referenced such that the
working reference gas is defined to have a Ag,, = 0. For these samples, the changes in '8 are controlled dominantly by changes in the
concentration of D in each sample. All heated samples converge to the same value A,g ., value (~—29,,), within error. Additionally, there is no
statistical dependence on the bulk isotopic compositions (tracked through §'%) and Ayg.wg values.

In the absence of any statistically significant evidence for
scale compression or other artifacts, we assume here that
our measurements follow the same functional form as the
theoretically predicted dependence of A;g on temperature
(1.e., we assume our measurements are 1:1 with the theoret-
ical values), with a constant offset equal to the A g value of
our intralaboratory standard, which we take to be
+2.9819,,. This set of assumptions lets us create a Ag,
vs. temperature (in Kelvin) calibration where the dependent
variable is 10°/T? (Fig. 7B), which results in the following
equation:

6y 2 6
Ajgwe = —0.01 17({1‘02) + 0.708 (ITOZ) — 3.318.

(11)

A

0.5

-0.5

Ag,wg Measured (%o)

A, theoretical (%)
1 1.5 2 25

Table 6

Heating experiment. Samples were heated for the given amounts of
time in the presence of a nickel catalyst.

Temperature (°C) Time (days) Arg (%) + (%)
200 1 —-0.603 0.258
300 3.8 —1.242 0.270
300" 0.9 —1.254 0.296
400 3.8 -2.033 0.272
400" 0.2 —-1.676 0.244
500 4 -2.079 0.283
500 3.9 -1.979 0.370
500 3 -1.794 0.281
500" 3 -1.678 0.299
500 2.9 —1.855 0.290
500 2 —2.364 0.222
500 2 —1.7669 0.242
500 2 —1.941 0.248
500 2 -2.225 0.271
500 2 —2.002 0.256
500 2 —2.188 0.242

* Denotes correction by subtracting 0.49%,, to account for sieve
fractionation artifact.

 Not used in calibration as this sample is ~500%, different in &'
from typical samples. As such if there are unknown scale
compressions or analytical artifacts over such ranges, this sample
would be the most susceptible.

B 109/T2 (K2)
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Fig. 7. Heating experiments from 200-500 °C. Samples were heated with a nickel catalyst for varying amounts of time (Table 5). Each point
represents an average of experiments if multiple samples were measured. (A) Comparison of measured values vs. theoretically expected values
for equilibrium. A 1:1 line has been fit through the data. Data are offset from the origin as all samples are measured relative to a working
reference gas, which has a real, but unknown A,g value. If this line is used to find that value, the standard has a A,g value of ~2.9817%,, or
170 °C. (B) Experimentally derived Az w vs. temperature calibration. 2.981%, has been subtracted from the theoretical line to account for the

difference between the theoretical and working gas reference frames.

( Stolper et al., GCA, 2014)
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Fig. 8. Samples measured compared to their calculated A;g .-based temperatures. Ranges include 1 standard error of the measurement. As
seen, the thermogenic reference gas gives a high but reasonable temperature of 170 °C while the biogenic sample from a methanogen grown at
65 °C yields a temperature of 63 °C.
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GAS FORMATION

Formation temperatures of e
thermogenic and biogenic methane =
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Fig. 1. Comparisons of Az temperatures to environmental/formation tem-
peratures. (A) Formation/reservoir temperatures versus A;g values. The dashed
line is the theoretical dependence of Az on temperature (19). Equilibrated gas
data are from (19). Temperatures are formation/equilibration temperatures for
the pyrolysis and equilibrated samples and current reservoir temperatures for the
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His interests are currently centered on the following questions.

(1) The application of carbonate clumped-isotope paleothermometry to solve geological problems
including the formation of carbonates during crustal alteration reactions off mid-ocean ridge flanks,
the temperature history of the Neogene ocean, and controls on carbonate crystal growth and

recrystallization.

(2) The use of methane clumped isotope thermometry to understand the methane cycle. | am
especially interested in applying this technique to understand the origin of methane in natural
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METHANE CYCLING

Nonequilibrium clumped isotope
signals in microbial methane
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Fig. 3. A®CH;D values of methane
produced by hydrogenotrophic
methanogens in batch cultures
reflect kinetic effects. Data and error
bars are from table S2. The green line
represents clumped isotopologue equi-
librium (i.e.. samples for which A*CHD
temperature is equal to growth tem-
perature) (fig. S1).
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model predictions from this study. for microbial methane formed between 0° and 40°C. Metabolic
reversibility (@) increases from bottomn (g = 0. fully kinetic) to top (¢ - 1. equilibrium) within this field (19).
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Fig.1|The nitrogenisotopic composition of volcanic gasesand volatile-
rich MORBs. Volcanic gases were collected in hydrothermal systems from
Iceland, Hawail (USA), Yellowstone (Wyoming, United States), Ayrolaf
(Ethiopia) and Eifel (Germany). MORBs are popping glasses from the Mid-
Atlantic Ridge. Datacan be found inSupplementary Table 1.Error barsare 2o
and their magnitude isafunction of countingstatistics. The nitrogen isotopic
and isotopologue compositions of air are shown. Atmospheric N, hasa known
A5,0f+19.1+0.3% (25.d.), relative to high-temperature nitrogen with 4;, = 0%
(ref.*).Icelandic samples have exclusively air-derived N, as shown by
atmospheric 4,, values. The varying §8“Nvalues at any given atmospheric 4.,
value are evidence forisotopic fractionation of air-derived N, in the geotherma
system. Similar fractionation is observed in the gases fromall of the
Investigated locations. Since high-temperature nitrogen has by definitiona4,,
of 0%, mixing relationships can be confidently extrapolated to this value along
straightlines. Thisallows the endmember §“N of the degassing magmas to be
determined fromvolcanic gases. Shaded areas demarcate the mixing trends
defined by the data for Eifel (blue) and Yellowstone (red). We find that Eifel and
Yellowstone gases have mantle-derived §“N values of -1.4 and +3%s
respectively. Note that the Yellowstone data arealso affected by a third
componentresemblingair inboth 4,,and 8N values.
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Fig.2| Therelationship between4,,andN,/*He ratios in volcanic gases. 4,,
and N,/*He ratios are shown for samples collected at the same time from gases
Inlceland, Yellowstone, Hawalland Ayrolaf. The error bars are 2¢. Data canbe
found in Supplementary Table 1. Two estimates for mantle gasesare shownas
the dark grey diamonds with N,/°He ratios of 1 x10°and 4 x 10°, after Marty

etal.". Theseare consistent with the popping rock estimate of (2.9 +0.1) x10°.

Twoestimates for cratonic gases areshownas lightgrey diamonds. These are
derived from our data on cratonicgases from two locations in the Canadian
Shield (see Supplementary Information). For N,/°*He ratlos, the cratonic
endmembersare 0.7 x10°and 1.8 x 10° (see Methods for detalls and
Supplementary Table 2 for data). The samples show a clear mixing betweenair
and mantle-derived gases, witha negligible cratonic crustal contribution.
Icelandic samples have N,/*He ratios ranging down to 107, but no substantial
contribution of mantle N, Is observed. Note that no He concentrations were
obtained for Eifel as the samples were collected Inglass vials, leading to
appreclable He diffusion out of the containers. Existing data obtained with no
Ay, measurements suggestaN,/°He value below 3.0 x 107 (ref.™").
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