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Abstract

One of the most powerful techniques in the molecular isotope studies is compound-specific isotope analysis (CSIA)
by gas chromatograph/isotope ratio mass spectrometer (GC/IRMS), which allows a rapid and precise determination
of stable carbon, nitrogen, and hydrogen (and oxygen) isotopic compositions of individual compounds even in
complex mixture of components. After commercial production of GC/IRMS in the 1990s, CSIA has explosively
been used for many fields of studies, particularly among the organic geochemical community as a powerful tool for
tracing sources and delivery of organic compounds in geological and geographical samples and for reconstructing
paleoenvironments. However, it is also true that fundamental analytical parameters of GC/IRMS has not been
known extensively, which often leads to unreliable determination of the isotopic compositions. Unfortunately,
based on such unreliable determination, several studies have unconsciously reported essentially inaccurate data and
associated discussion. Therefore, in this paper, we review a brief outline of GC/IRMS and associated methodologies,
and summarize the instrumental factors influencing accuracy and precision of the isotope measurements. We hope

that this paper is useful for applying CSIA to future studies.
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Fig. 1. Schematic illustration of a typical GC/IRMS system
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glycine, Asp: aspartic acid, Glu: glutamic acid) as
their N-pivaloyl/isopropyl ester derivatives
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Fig. 5. Accuracy and precision of (a) hydrogen, (b) carbon,
and (c) nitrogen isotope analysis in our laboratory
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Fig. 6. Schematic chromatograms of four types of
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RERTLIEOTEXLABLEW) IZHEESN
Bo —HREIZ, FhEAT300°C LU T oG RIL S Ah
WRIZ e B T12, A¥ ) — VREEER: E O EiE
HHOBS TGS, B IITARLE 0 AL
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Fig. 7. Schematic illustration of the time displacement
between isotopically different gasses: (a) Ha, (b)
COz, and (c) N2 (after Ricci et al., 1994)
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AgNOg silica gel column
chromatography
Stanols AS Sterols Other sterols

Fig. 8. An analytical protocol for extraction and separation
of A’ sterols (e.g. cholesterol) from sample matrix
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JURNTTTA4—I2LD N AT U= VO,
EWIAHFIEICEYGC 7 u~x I AETA R
TH—=)VDY =7 PEEIIN—A T V5HET 5
HEEHETS (Fig. 8,90 YUANT VAT LY
u~ k7774 = 3ARICED OB X 550
2, RET Y7 MLEREL F 25— — 7L
FESIRA LAY & ol - BRIREERIL a0 5y
W (F) 2 0E, Bd s, 1999; 1HH & , 1994; Grice et
al., 2008) |2, THERSRS U A VA S A7 a< b
T 7 4 — XA EVOAREEIZ X A5 (B
Z.1%, Chikaraishi et al., 2004b; Chikaraishi, 2006) (2
L HELNDLFETH 5,

3.4. 3ATHMEKFEDIR

JKEESL ((OH) - IV KR F 23k (-(COOH) - 7
I/ (NH) % B2 E T BKERIE, ERER
DKERR N 7 L OEEM %R &L BEH BT
bo T2, HFHEEALEWDKFEL KpH - ik
U TIEBESIII L TL T v (] 21F, Obaand

(a) Mono-alcohol fraction

mujkwﬂﬂMkwkﬁmuﬁ

Retention time ————>

Intensity —>

1) Urea adduction
2) AgNO;silica gel column chromatography

5 )
(b) A° Sterol fraction 24-Methylcholest-5-en-3p-ol

(campesterol

)
Cholest-5-en-3p-ol
(cholesterol)
H
i yd 24-Ethylcholest-5-en-3p-ol

/ (sitosterol)

Intensity —>

i A A

Retention time ——>

Fig. 9. GC/MS chromatograms of mono-alcohol and A’
sterol fractions from soil samples (Chikaraishi and
Naraoka, 2006)

[ [
R1_C_ _R2 (:) R1_C=C_R2
5o ™
Keto-form Enol-form

Fig. 10. Keto-enol tautomerization

Naraoka, 2003), 7 b i, =/ — )UIKDS AR &
LTHIEL, ZNODPEHITENL &) BIEHSR
=8O (7 b—x 7 — )VEARME, Fig. 10), FEEE
2, YHNVKYBRD a RFE (CEGEEGOBEDOKE)
&, R Sl WL IKOKFE EFEHIIH L T
L ¥ 9 (Fuller and Huang, 2003), #®D72&, i
b OERRRELY &UARILEY OKRFERALAI %
ETAHYEE, FFEME GSE) 2EICihIn
LORMRFEZRFET D, FE-MHm L 72kE
DMK 2 BIES 50D D 5,

3.5 FEML

HRALEY BB RS OKEEZL: -OH- LR
FUIE:-COOH - 73 /3 -NH 2 ¥) 738 %
NoHE, BReRZ(LFMIBHT L2 LT, GC
s u~ b7 I A ETOGEEREOM L - sSHEKE
DOBZ: A& D2 EL R EHIFFTE %, Table
LI X b N D FEMRLEL T Lo, FFER
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Table 1. Summary of the most commonly employed procedures for derivatization of polar compounds for CSIA

Procedure  Functional group Mechanisms

Reagent

Product

Silylation ~ -OH/-COOH/-NH: Trimethylsilylation (TMS)

(rBDMS)
Estrification -COOH Methylation
Acylation  -OH/-NH: Acetylation

Pivaloylation

Trifluoroacetylation

N, O-bis(trimethylsilyl) trifluoro
acetamide (BSTFA)

tert-butyldimethylsilylation ~ N-tert-buthyldimethylsilyl-N-methyl-
trifluoro acetamide (MTBSTFA)

BF3/Methanol, acethyl chloride/
methanol, or HCl/Methanol

Acetic anhydride
Pivaloyl chloride

Trifluoroacetic anhydride

-O-TMS/-COO-TMS/-NH-TMS

-0-1BDMS/-COO-tBDMS/-NH-tBDMS

-CO-OCHs

-O-OCOCH3/-NH-OCOCH3

-0-0COC(CH3)s/-NH-OCOC(CHs):s

-0-OCOCF3/-NH-OCOCF:s

Hydrogen (3D) Carbon (3'3C)

35 N2 25
N=2
30
— 20
8 —_
E 2 £
> N=3 <
kS 2 15 N=3
© 20 £
< 3
; g
5 " N=5 S 10 N=5
]
10 N=10
05 N=10
5 N=20 N=20
0 5 10 15 0 5 10 15

Hydrogen number added Carbon number added

Fig. 11. Uncertainty in (a) hydrogen and (b) carbon isotopic
compositions of derivatives: the uncertainty is
calculated by eq. (3) with determined standard
deviation of 3%, for hydrogen and 0.2%, for
carbon, and N is the number of original hydrogen
or carbon atoms

ALERRFED S I 2 TR O FINARK 70 52788,
A2 E2HTHIES LS,

T4tk O 4tk = 1 Akert O ity + Ttk O stk X2
nFHESRITREORE, THXTO &K -
“YeEw” - HEAT 1L, FRENGEEMMLBEOR
LAY - FFEMRALTIOGRILEY - FHiEkikr
KT o SeuDETHELNLDT, Srent KO b
I2IE, 52 LO dsunzflo TBLLEDNDH 5,
— B, [FAAR BRI O A FALE Y = H
Tosunzd O LORDTEBE, KIZHLUFHE
HALH) % I CRUEH 2 3R L L, 535 iz illE
fiE (Sauw) 225 Snent dtET 5 &) FE b
N5 EN%0v,

FEME L L TEELRTIUE R S 2w
Z i, (D) #FonsRMALORE, (2) #FE

BALIZHRE S FALARS ), (3) FFEfEICEENS
TCEDIHTH DL, BoNDLEMEKILOREE (o
am) 1IR3 TEME SN D,
oem’ = oan’ X (new/nem)’ +owun’

X (ngug/nen)® 33
Thabb, BoNLENMAKLOREEIX, HOE
BILEMIZE ENDMENRDOTEDO N 72
{, FEAEICEINLIZNN SV E &2, B
\ZHEL 22 % (Fig. 1) B 2L, BEEE (C) 277
J = (Ci) TZAT WAL L kR FENAR I 2 52
L7280, HIEREE (oen) K OTFHEARIED
MR D FED DAEEE (omun) 25& 12 £0.2% T
Holzb LTh, HONLEMO RO
(oem) 1 EE1.6%I1257%->TLE D,

T 72 FHEARAL O RS FAAR D B A 5 3 &
&, ERTE M (& ZIIXREE) 12k B, B
ZI1E, e Fo® o)L ((OH) L IVRF v
(-COOH) DG TIE, b Fux v Vol L
IV AR F DOV EED IR OFEE TR [RAL AR F
VY, —HIZBEWENETH S PC - 0 HME
FHNI BB B (Fig. 12) o BEARALHI AR KT
LCHgEED ), s 100% K5 5 ERGET
L&, WNVRVERE Z AT IMET A6 T, 7
VI—)Db FaF L VEOBEEZFRMVARS D
HEL (BIVKRF VD HRFIE 100% KIS d % D
T, REZFEMARTINIE), 7LVI— DT+
FUALTIE, HVERF T NVIED RFFE AR
PELE (TLa—Lok Faxy VEORFEL
100% B3 % DT, MR ICFEAMAES HNIT )
D720, RRFENAELZHET 25612, BV
RUBRO T AT VHEHFALTIE, K2 D omuh™iE

—-107 -



PARSEINEW N TN

H*

o] o’ o]

R (”: + R ﬁ) R (|:|*—OH —> R <|l, R
1 HO— 1 N
SO 2 1\/2* SOy

HO¥.
Carboxylic acid  Alcohol Ry Ester

*|sotope effect is on the carbon of the acid and the oxygen of the alcohol

Fig. 12. Isotope effects during ester formation
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ARSI & AT o 72f XSS BiE S Tw b
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TW72 & 720,
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NS OMILFIOHILDERIC R D, 727 v
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PRBEFNCREA L L CEET 5720, BREEFEZ O
FOELERICR S,
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A, WENSOERILEWIZIE L T4
LHYDEXHWLNTBY, —#&WIZ, 774
FERPIVERLCHWHLNT WS, AT v b

FERAT) v L AR, OBV ES LA
WA ERNIZGC~NEAT LI ENEEL WD,
RO B AL G O RAAR LI E 12 1A
EThb, FEARFORMAGHGHETE 2
Vi, e BIEATE L FENAARS I ORMIZOWT,
Zwank et al. (2003) ICEL FEDOOLNTVELDT
EIEBH L T2 & 720,

362. h 5 L

SEEN T A%, WERNSOFRILEDITIL LT
e zboBnHuwsnTthYy, —kxmiic, M
LD HIE 032 mmxEX30m b L < 160
mDOETY) = AT A BIzIE, 7L r M
@ HP-1MS % HP-5MS 72 &) T e D FIE A3
W 47 (0.1~0320m) BSHWHND, FEDIE
WH T At GC A =T VRED LA, 72
FTAMLEEMPELL, 7u~x M T LDy
275y R EREELE2TTRL, KISHIO
FELWHILORERIC % 5o F 7@ R FAARL %
ETLEAIIE, WL OrDI A TDH T L (]
Z1E, 7Y L v ML#o HP-FFAP 7 &) T, #
B OERAL G & B EAHO BUSIZHE ) R
DT HENED D B 720 ENVETH b,

3.63. % v )7 —H ZADFRE

GC/IRMS (BT A F X 1) 7 —H ADH ML,
GC/FID %> GC/MS O ZF NI HARELRES NS,
KF - BREAMELEZIET 25510, Eits
%5 (constant flow £ — F) T 1.0~1.4 ml/% (X
ISFROMEBIEH T 2, 3F) FE, KEFRMIAL
HWET BEA121E, 0.8~1.0ml/ SR ICRE SN
B2 NS, THAUIBRBEIR R ITIF, F 721k
FIRIFIZ BT % UL 2 R 5 720 T
HY, FEIENEEIZIE (B 21, 2.0ml/5),
HHALEW D COx N F 721 Ho B ANDZEIR)
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Fig. 13. Determined §"°N values of amino acid standards
(as N-pivaloyl/isopropyl ester derivatives) with
respect to varying carrier gas flow: dashed lines
represent the actual 9"°N values and bars represent
standard deviations (1o) for triplicate analyses

LT L, EHERFEMELRIES LR
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BICEDVEZY), Fx )7 —HAOREIZHES
ENb.

37. RISIFDRE
OB OWEL, BHILEW D CO,, N2 F 72
X TANOERNRE AT AEE R T 77

3 Increase in
Fast temperature Slow
>
B
IS

Early < Retention time E—— Late

High < Signal intensity — Small

Sharp <—— Peak form —_—> Flat

Injection amount / time

P
Large into furnace

—_—> Small

Inefficient <—— Conversion e Efficient

Fig. 14. Relationship between peak form and temperature
program on GC
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Fig. 15. Determined ¢"N values of amino acid standards
(as N-pivaloyl/isopropyl ester derivatives) with
respect to varying oxidation temperatures: dashed
lines represent the actual ¢"°N values and bars
represent standard deviations (1¢) for triplicate
analyses
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FREEAR L Y VR (F7210F, FE5E)
DORRIE, FEBEORE A 2 RERHMESROTHE -
ERLEWOREICO A SN D, B2, EH
DOWFFRETIE, EAEE ¥ 7 FIVIRE O BRI
EHZ &I T 5 (Fig. 17) GC/IRMS 12 & %
F L ANVEERBAR AT T, SEHCE T
LHEBILEWORIPLEM T LR L 2 LD %
Wics, HIEMOSKEEE, FEFICKE RME
2% he Tbb, IELWRVALZES 72012
i, YA T Iy Ly VRIERICIEEL, Rl
AEROHPANTHEST 2 LESH L, 72721,
Fig. 18 D X 512, WIEMRHBENIT L A LBLET,
B o N2 FMAARL OMEE D HEE ICIKGET 25
& (IS OEARLI DR, 21350
B E) i, APREROTHIET L2 LT
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Fig. 16. Ion currents of (a) hydrogen and (b-e) typical pyrolysis by-products on the hydrogen
isotope analysis of n-octadecane, n-hexadecanoic acid methyl ester, n-hexadecanol

acetate, and n-heneicosane (furnace temperature of 1440C)
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Fig. 17. Temporal variation of the sensitivity on the
hydrogen isotope analysis of n-alkane standards
in our laboratory
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12, WARERE LKA/ S 0 DA F VRED
AL (C—=270MEF ) LD ExET S
LT, PCY 7N TOTATIAICEYH
AT bN S, BFEITZOTOTITAIZED
Fig.19%a ® L H 12— 7 ki s, ©— 27 &k
DIEGFDATH NS (EMER FNAREZ 155 72012
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DENZE=2 DNy 775y KSEYThwv
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DM AT ) LD 5,

B, RIEFEMALZNET 256120, WE
FEF L U CRBERMAR L OMIZBRFE R AL S T
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W2 CTh HGEI2iE, W—7rux 797k
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Fig. 18. Schematic illustration of the amount dependence
of determined § values
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Fig. 19. Three examples of auto ion peak detections by
software programs
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L, BEHRALA Y o FEAE & 5 fE o AH B BE AR
() 226, BEERILEWORMKLZETHE T
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Table 2. 5"°C values (%o) of n-alkane standards calibrated by different three methods

Calibration method (1)
Cn O3 Chuat et

Calibration method (2)
(Ref. gas = —33.38%0)

Calibration method (3)
(Ref. gas =0%o with Correlation line)

s°C A shC A 0" Cret gas=0%, 0" Clorrect A**

15 —27.46 —-27.2 0.2 —28.1 -0.6 6.4 —-274 0.1
17 n.d. —28.7 - —-29.2 - 5.1 —28.7 -
18 —29.40 - - —29.2 0.2 4.3 —-29.5 -0.1
19 —30.62 -30.4 0.2 -30.3 0.4 32 -30.5 0.1
20 —33.30 —33.1 0.2 -329 0.4 0.5 —-332 0.1
21 —28.53 —28.6 -0.0 —-28.4 0.1 52 —28.6 -0.1
22 —30.52 -30.5 0.1 -30.3 0.2 3.2 -30.6 -0.0
23 —29.46 —-29.5 -0.0 —-294 0.1 4.2 —29.6 -0.1
24 -31.38 =311 0.2 -31.0 0.4 2.6 -31.2 0.2
25 —28.11 —28.0 0.1 -279 0.3 5.8 —28.0 0.1
26 —32.87 —-32.7 0.1 -32.6 0.3 0.9 -329 -0.0
28 -31.14 -30.8 0.3 -30.7 0.4 2.8 -31.0 0.2
30 —29.61 —29.6 0.0 —-29.5 0.1 4.1 —29.7 -0.1
32 -29.72 -29.7 -0.3 -29.6 0.1 4.0 —-29.8 -0.1
33 -31.25 - = -31.2 0.1 2.4 -314 -0.1
36 —26.16 —26.1 0.1 -26.0 0.2 7.7 —26.1 0.1

* 1 §13C values of n-alkane standards were independently determined by Dual Inlet method with & < 0.05%0

#% 1 A= §Cacmrms — §>Chual nlet

##% 1 513Ccomee = 0.99394 X §"3Cref.gas=0% — 33.76 (R*=0.997)

PEETE WD TH L, REERILE &
EPREL LD O EREAERLEmE LTH
WABEIZE, WEORMAESBIORE (K& &)
BRE B D etk E .
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/4r, GC & —7 v OFimGM% 50T T 2 77 B RFF
#% 6T /43T 310CIZHIR L 10 45 R PRFR, BRI
DiFE % 850T 127k 5E L 720 COx DIZHE T 2 14 Fig.
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L—>3a >y (3) 22w Tld, 1T 2D FMARL
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b —xf—%f i L w2 & (Fig. 196 MBI IE O
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Y OBE ARG O RAAR N
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Fig. 20. A typical method of isotopic calibration: (a) m/z 44 chromatogram and (b) correlation
between ¢"°C values determined by Dual inlet (vs. PDB) and GC/IRMS (vs. Ref. gas = 0%o)
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(a) (b)
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Fig. 21. Schematic illustration of (a) usual and (b) unusual
peaks on hydrogen isotope analysis
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Fig. 22. Carbon isotopic composition of plant lipids and
pigments (after Deines, 1980: Collister et al.,
1994: Ballentine et al., 1994; Conte et al., 2003:
Chikaraishi et al., 2004a, 2005a; Bi et al., 2005;
Chikaraishi and Naraoka, 2007)
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Fig. 23. Carbon isotopic composition of bacterial and
archaea lipids (after Schoell et al., 1994; Hinrichs
et al., 2000; Pancost and Sinninghe Damsté 2003:
Werne and Sinninghe Damsté, 2005)
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Fig. 24. Carbon and hydrogen isotopic compositions of sitosterol in C3 and C4 plants, and algae:
(a) Northwestern Pacific Ocean (Chikaraishi et al., 2005b) and Lake Haruna, Japan
(Chikaraishi and Naraoka, 2005; Chikaraishi et al., 2007a)
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Fig. 25. The relationship between the nitrogen isotopic
composition of amino acids and trophic level: the
trophic level (TL) of organisms is obtained by the
following equation, TL = (§""Ngiu — 5"’ Nphe — 3.4)
/7.6 + 1 (after Chikaraishi et al., 2007b)
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3: 2-Methylpropionic acid
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5: n-Butanoic acid

6: Pentanoic acid
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Fig. 26. A GC/FID chromatogram of carboxylic acids
(as underivatized free form) extracted from the
Murchson meteorite (HP-FFAP GC column, Oba
and Naraoka, 2006a)
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Fig. 27. (1) Chemical degradation of chlorophyll a (tetrapyrrol) into maleimides (monopyrroles) and
(b) its m/z 28 chromatogram on GC/IRMS analysis (Chikaraishi et al., 2008): abbreviation,
dihydrohematic acid methylester (DHAM), 2-ethyl-3-methylmaleimide (EMM), hematic
acid methylester (HAM), 2-methyl-3-oxycarbonyl maleimide (MOM) and 2-methyl-3-vinyl

maleimide (MVM)
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