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Abstract

Gas chromatograph/pyrolysis/isotope ratio mass spectrometer (GC/pyrolysis/IRMS) and pyrolysis elemental
analyzer/ isotope ratio mass spectrometer (pyrolysis-EA/IRMS) are relatively new instruments for on-line
determination of stable hydrogen isotopic composition (D/H) of organic compounds, which allow easy and rapid
access to their isotopic composition in various biological and geological samples. The hydrogen isotopic
composition is a potential tool for the reconstruction of hydrological cycle in paleoenvironment. Combined with
carbon isotopic composition ("C/"C), it has also been used for the evaluation of sources and delivery of organic
compounds in geological as well as geographical samples. This paper reviews recent studies on the compound—
specific hydrogen isotope analysis of lipids and pigments, which consists of brief summaries of (1) biological
controls on the isotopic composition, (2) isotopic modification associated with biodegradation and diagenesis, and

(3) its application in organic geochemistry.
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pyrolysis/IRMS) <> #&5-fFRI T AT Et/ AL AR L

B 53 A7

LEC&IC

DO TH Y DL 5w KR RMAR LTI, &
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Fig. 1. Schematic of (a) a typical GC/pyrolysis/IRMS system and (b) its m/z 2 chromatogram.

BLZ1IKEHTH A, pyrolysis-EA/IRMS (Fig. 2)
&, &5 LB SMENROERILEY %
HpE L 2173 7% 620w, HEEOFEICED
5913 & A EDOHERILEY DRFE IR & e
THIENTE D, WIE LSRRI pg
KETHY, WEICET LT EH0 B
IZ105THb, ZDXHIZ, GC/pyrolysis/
IRMS - pyrolysis-EA/IRMS D BH%E - L RIZL D,
BAECIIAERILAM O KEFRMAKLAFETH E5
WCHIECTE B L9 12R Y, AR & MR
T COMA A E TN ERILEW DS T L
MOV IR FIRLAR LU 2 25t B b CRERR 9 12 AT b
LI o7z,

ARALEW D53 F L VIR FRLAR TR O
= HBYIZIE

(1) BRILEW ORI S 215 259G B

SN B O BB (BRFK DRI - B
mERE) #EILT A2 & (B2, Anderson
et al., 2001; Saches et al., 2004a)
(2) RFEFRARLL & FIR ST 5 2 & T, BREE
ﬁﬂ BIEND ARG OFEM 2R & B 5
2§ A2k (21, Chikaraishi and Naraoka,
2005)
D2ONPET O ND, HHY & BHIKD KR
I OMBE LRI, BHERELEZzH W
1970~90 R OWFEIZB VT, YL T — 2R
(Bl 21, Epstein and Yapp, 1976; Epstein et al.,
1976) RNEE W 73 (EREBER 7V 7 ) AL
rysmiEng ﬁjz 741K ; Northfelt et al., 1981;
Sternberg et al., 1986; Sternberg, 1988) 7z & TH W
ZEN, EBIIW OO THEDKEED
BrriA s TE7 (#)21F, Buhay and
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Fig. 2. Schematic of (a) a typical pyrolysis-EA/IRMS system and (b) its m/z 2 chromatogram.

Edwards, 1995; Pendall et al., 1999) . 43+ L X)L 7K
RS EH NS Z LT, ThE 0%
RS, FEl A HBREEICI TS 5 LIRS
b F72, HRALEYMORZFMARILE, TR
HeREW) 7 & O BREEFEHC & £ 1 5 HH O E R
ERGBRE BN T 5y — Ve LR bR TE
72 (#1 2 1&, Freeman et al., 1990; Yamada and
Ishiwatari, 1999; Naraoka and Ishiwatari, 2000) o
o DOWFRIKEFMAR L OEREIMZ, KE-
R 2 RCFEREENT 2479 2 &T, &b
ol 7 RS A 1 Rk AR DR AR S N B
AL, GC/pyrolysis/IRMS-pyrolysis-EA/IRMS
% FH\ W72 O 50 F L SOV KR RIAR AT 72 D #
e LT, [ABLAEYDKERN AL E ]
ML ), [EWICEInsEY - sy
FORERAMMELEI Y POV T A H =X

-
—

L] & [ AW & el ARk S KRR R AR I
DAL IZOWT, ThITICBELRTVWBHRA
ZFrwb (3-48), T, TS OKERMAE
e Hw7z NERgE] 24035 (%),

2. (LSO KRR LRI &

2.1. KEKFZRLALEDEZ

KFZIIIEEE 1 (H) & 2 (D) PNEERMAKE
LCTHAEL, ZOEEEIZL) BRAOREA W)
M - AL 7 ot 2 TR R (isotopic
fractionation) %2 Z 9, PR D& KK R AR
T, EIBREEEY) R o B E 2K (Standard
Mean Ocean Water, SMOW, D/H=0.00015576) |
x5 5 TR (oD fiE, HAL/S— 30V %) TE
F#ans (X 1)

oD 'ﬂE: [(Rf}:t#%/Rsmow) - 1] X'1000 (%0) it: 1
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Fig. 3. Dependence of standard deviation (1o ) on the
injected sample amount, for the §D measure-
ment of docosane by (a) GC/pyrolysis/IRMS
and (b) pyrolysis-EA / IRMS in authors’
laboratory.

R T FMAAAFAELLEE (D/H) 27”7, B 21, D/H
=0.00015732 DHE DB 4, SMOW & D D/H D
7 (40.00000156) 1X, 6D=+10% & E£ SN %,
KB O OD EATIETH L, SMOW &L LTD
WKWET (AAMNICEY) 2Ea/RL, AThHN
WEHIZED (RAAIZEY) 28 2RT,
L& AT 2106 B ORI AAR O %=
X, efETREINS (X 2),

efli=[(6Dy+1000) /(6 Ds+1000) —1]

X1000 (%) 2

DM ED K E T IUE, 2 2DILEWDOR D
FRAESHARE NS L 2R, HOMEED
NS, BRSNS E2RT,
ODs, 0Dy DIEXHEAVN S VIHFEITIE, efHIE AD
i X3) cEplTE s,

AD fEi= 6Ds— 6Dx (%) A3
7B NS DFEFAKRIL OB FAARGHI DWW
TOFEHNE, HH - A (1996) % Hayes (2001)

LEEBRL TV En,

2.2. GC/pyrolysis/IRMS

GC / pyrolysis /IRMS (GC/thermal conversion/
IRMS, GC/TC/IRMS tit#i sz 2 &b dH %)
DEEEOWEME % Fig. la |2, BONAEMNW L7 0
~ M7 F A% Fig. Ib IR T, HERLWMEEIZD
W ORI DML - MIST TITHEE SN
TWHDTENLEZH L TWZE72w (Bl
X, Burgoyne and Hayes, 1997; Hillkert et al., 1999 ;
JIF - ZZ R, 2004; Sessions, 2006) o GC/pyrolysis
/IRMS (&, fil 4 DOFEAEW D #E%4T 9 GC
- HRALEW % H, B AN T 5 pyrolysis
B Ho M A DR ARE 7 2 T 5 IRMS #7205
5o B (HEOEEEERILEWOREW)
&, —#ICAFHT BB ELTGCIZEASR
Lo fHADERILEWEIX Y ) 7 —F AL LTA
VY A2 HWZGCDFXYET)—hTLIZL -
THHEEN, GCA—T7VNTH I L LER L
YT Iy sl A a2 — LBSRIE (N
££:05~0.6mm, E& :30~34cm, filifl: 7
774 b, R 1400~1500°C) (ZHEBE 12 A
ENb, BASNLERILEMIZhEN, KFE
HA(H) - 777748 (C) - —MIbKE
(CO : PTG DERILE MV EEZ 2 E0HE)
WCEPREN, F v ) 7T —HA LI IRMS 12
ASN, A4 F LDk, m/z2 (H,") £ 3 (HD" %
OH") OBEDHESNE, EBEOHIETIL,
Fig. Ib lZ/RT &) Rru~x b7 I a0E56N0,
H,* DH#IE D% (Sessions et al., 2001a, 2001b), 1H 4
DERLEY OKRZRMARL ST S NE, WE
W AR LG WH 72 ) Bing KETH
D, HEREIEE3~10%FEETH D, —fEAIIZ,
HEAEEE IR R ITIRAE T 5 Bl ITFHEOW%E
T, KERD 2 ng T+ 10% 525 O E R B
THY, Sng L TIE A% TOREEREETH

% (Fig. 3a),
GC/pyrolysis/IRMS TR 2 T 5 1T
JEWICEE 2 EE AL, Fig 4a lRT X ) 124

DEILEME LT N—AT 4~ ETHEEL %
NER SR WZ & THD, Figs. 4b,c D L 9 I
E— U HPER>TWAHEES, Fig.4dd D L) 12
¥'—2 @Dy 77577~ FIZ unresolved complex
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Fig. 4. Schematic chromatograms of four types of compound-peak separation. Baseline
separation must be required for accurate 6D analysis by GC/pyrolysis/IRMS.

mixture (UCM) & XIEN 5 GC THHEAHE 72 B sy
DH LY AR FMAELZEL 2 LTS
T\ THUIKFERIFAARL GRS, A
o~ ~7 77/ REE FAARE =5 W ET (GC/
combustion/IRMS) 2 & % jed - #EFFEIMAKIL 5
FrioBWTHIETH %, F725lkHEL GC THHT
TREGHIEEEOBERILEWICRES N, H52 L
DKEESE (—OH) - # VAR F ¥ VI (—COOH) -
73/ (—NH,) R EOEBREHhOKRER R &
E BB RE % K3 (exchangeable-H) % Ff3E
AL EIZE D BREL BRI RIE R S v,

2.3. pyrolysis-EA/IRMS

pyrolysis-EA / IRMS ( EA / pyrolysis / IRMS ,
thermal conversion EA/IRMS, TCEA/IRMS & ik
ENBZLLHB) L, WEOEA L BGHEAT
9 EA B8 - FERL L 72 Ho 7 A & FRLAREYE 7 2 0
BA %479 #ift 7 2 — (continuous flow) #F - H,
7 ADFENARLZ JE S % IRMS 55 5 S 1
% (Fig.2a), HRILEWIHEH O 7 LIV ITHE
wiE, NSO T, A= v T FI2ky P&
Nbo A TENDBA = T F95 1250~
1500C ORI (€T 3 v 75, Bl
TI77 74 M) IZFY )T —HADHe HAL &
bIEASIN, FRILEMEIKETA (H) - 7
7774~ (C) - —BfbFE (CO : HHrd4 o
ERICEMDPHRELECHE) KBRS H IS,
ERLZZH AR, Fr) 7 —H AL
continuous flow & % #£ T IRMS IZE A &M, m/z
2 (H,") &3 (HD* KO H,*) D5RIEAHIE S h
%o EBEOBIETIE, Fig.2b IR T L) R0~
N7 I ADEL N, B ORIEDH, KEFRMAKL
PEE S NS, WEILE LA =TT g KFE

THY, WEHEIX L3~ 10%REETH S, GC/
pyrolysis/IRMS & [RA£1Z, BI%ERE & (L BB 12K
7%, BIZITHEZDOMRETIE, KEED 2ug
T 6% AR LDMEREETH Y, S5pug LTI
4% T OHIEREE T 5 (Fig. 3b)
pyrolysis-EA/IRMS & H T, BRERFHICE F
B HEILEW D5 L~V R AR5 %2 479
720I2iE, HoLOREHIE TN ARG
FHE B LTRSS 2w, 2iUEDT
FEWITKRELRETH o 7275, pyrolysis-EA/IRMS
TRMEICLELRRBEN DR L KEET
Bpg i) &, FoOFHRBAEI O~ N7 T 7
(HPLC) % F\V 7= G HALEW DM - 5H 27
LDF— P A= a b EI2LY), BHAETIEIZ
EAEMETIZZLS ) DD2H 5, GC/pyrolysis
/IRMS & 138 7% 1), pyrolysis-EA/IRMS Tl #%§
MEDOHEIZED S FIT & A LOHEEBILEY DKE
FM AR ZHET A ENTEL, HL, GC/
pyrolysis/IRMS & [A[#: 12, & 5 2 U & /K B 2k
(=OH) - #VAFINVIHE (—COOH) - 7 I /¥
(—=NH.) % & ® exchangeable-H % #5E A&t 7 &712
FOVBELRTNE RS v (EELEWE W
TR L 7K FOFMARLE BAED ), HiExAT
I JELDH S, BlzIE, Cormie et al., 1994a, 1994
b)o

24. f8E - BFHFOKERALIKLE D

PR T D% AR E FD (F 7213758k
LIS WV AEDGIHHR G 5) 720, 20K
FIRALAR AT 121 & — /A9 12 GC/pyrolysis/TRMS
WHWSNDL (B 21, Sessions et al., 1999;
Chikaraishi et al., 2004b) o —#% 1Y 7 5347 FIH I,
(1) Kty - L3 - MR 2 & ORED S OFRE
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Fig. 5. Relationships between lipid and water 6D values in cultures: (a) Cs; and Cssalkenones from Emiliania huxleyi

(Englebrecht and Sachs, 2005); (b) palmitic acid (PA, Cis n-alkanoic acid) from Botryococcus braunii, Eudorina

unicocca and Volvox aureus (Zhang and Sachs, 2007).

B, (2) S U BN D T L L O
Z X B - K, (3) FEMRILS LIRS T
DOFEARAL, (4) GC/pyrolysis/IRMS (2 & % [F L
L DWE TR &b, —7, Chlorophyll 7% &
DTG T EHE RO R T T CTH ) GC
THWTBHIENTELRNWD, FDKRERAMAK
HA T 1213 — % 5912 pyrolysis-EA/IRMS 23 v 5
% (Chikaraishi et al., 2005a) o —#% ) 7% 54T F-NE
&, (1) B2 S oF AL, (2) W — 5
BEZe &2 X BBRE T OB E, (3) HPLC 12 & 5
i % D5+ O HifE, (4) pyrolysis-EA/IRMS
(2 & B RMAARL OB E TR S5,

.EMICEENBEE - aR9TOKBRALAELE
O M O-IVETBA DXL

3.1 IREBEKDRALALE

ARE T DIRHE - BES T OKEFMAEL
(&, — I BREEK O R AR & 5 < RS 5
(Estep and Hoering, 1980), \» { DD &EFEE T
WEB I+ & BRBEK D IR FE FALAR L o R 12 5 AE B
BIfRASH W/2 3N TE Y (Fig. 5; Englebrecht and
Sachs, 2005; Zhang and Sachs, 2007), ¥ 7z T i<
Y7 EOBRBEHHIE FNDIRE ST L KR
WK 7 & DOBEER O N b AR RN AR L DA R

BHHE Z N TV D (Xie, et al., 2000; Sauer et al.,
2001; Huang et al., 2002, 2004; Saches et al., 2004b;
Hou et al., 2006 ; %] 21X, Fig. 6)o I 5 DFEHR
(&, 1970~90 4FAAITHH 5 LTV 7R IR B B &
REKOKEFRMVALOHBEER (6 213,
Sternberg, 1988) Z LG L NV TEM T, J&
B - RS FORFEFRMAELD S O HERS
N7z MR O KESE 2 2009 2 B 0 JEREE H (R
W) L,

32. AR RICH T BRGLESH

JEE - R0 T OKEZFMAIIL, BREKDF
MAR K DM A BRI BT B[RRI (—i%
SRR IR VK R T OB FI ) %
KWL, ENENOEGBRIAAE L - AR
%753 (Sessions et al., 1999, 2002; Chikaraishi et al.,
2004a, 2004b, 2004c, 2005a; Sessions and Hayes,
2005; Chikaraishi and Naraoka, 2007), =+ ¥ TIZ
S OWIFEE D Z DA RIT BT 5 RS
MEZDRXH=ZALZWIEL TED, FEEOIF
RGO RE ST, EERBICE T, bE
PR DS 7% % K HE (C 3, C 4, CAM Hilidy) R =048
K —EAM THE% 54 (Chikaraishi and Naraoka,
2003; Chikaraishi et al., 2004b, Bi et al., 2005; Liu et

_6_



BB’ - HES T DR ERF RN AL

-300

-320+

-3404

-360+

-380+

6Dphyt0| (%o, vs SMOW)

.
-400¢ °

-420 4 4 4 4 4 n
-100 -80 -60 -40 -20 0 20 40

8D\ ater (%o, VS SMOW)

= 2_
3D ppytol = 0-727 x 3D,yarer 3356 (R?=0.912)

-120

-1404
160+

-180+

.
-220+¢

aDheptadecane (%o, vs SMOW)

-240. 4 4 4 4 4 n
-100 -80 -60 -40 -20 0 20 40

oD %o, vs SMOW)

water (

= 0.873 x 8Dy, -155.4 (R?=0.886)

6Dheptadecane

Fig. 6. Relationships between sedimentary lipid and lake water 0 D values from 36 lakes in the eastern North America: (a)
phytol and (b) heptadecane (C.; n-alkane) (Huang et al., 2004).

al., 2006; Hou et al., 2007a) & 7% 5 W&
(Chikaraishi and Naraoka, 2007) 2% 0, ¥ 7ziREE -
WAIRIRAE - i EOEFREICKET S L O

HHDH Y (1L, Sessions, 2006), 4 DA WyfE

2B 2 KEGBARDFEMEZNOEREKE S

FFEZIIEAEDR TRV, AFETE, Th

T T E A TV B BB R % £ 7L

LT, WEKISHTBE - aRoT oRMAR

o7 (eff) # Fig. 712F Lo, TFICHESHT

5,

(1) BAEEIZB VT, HO 75 H 21535 it
(NADPH &) O RIGLAESHNZIER IR E <,
NADPH D efii 13 # — 600 %0 12 7% 5 (B 2 1F,
Schmidt et al., 2003) o

(2) IRE - RS T 2R T 5 KE I, REKR
NADPH |ZH3k T 5720, — Rl < 1
F 2127 5 (Bl 21, Sessions et al., 1999),

(3) KFZAL I (hydrogenation) 2 9 [FAL 4455
FNEIER TR E <, BRI L 72K &IF
MARBYIZIEF ICEEV (Fig. 8a) o 1 2 1F, phytol
G2 BT A hydrogenation SR DIKE D e i 1X
#—600% & A& D 5N 5 (Chikaraishi et al.,
2004a) o

(4) Wik FZIS (dehydrogenation) (2 ) R AR5
A IEFITRE C, Bk L 72 KkRFIZFRLAER I

B2, =) TG EICE S k3R
NAKI)IZE 72 % (Fig. 8b) o 1 2 13 stearic acid
2 & oleic acid ~OREFAL L TlE, Kio¥
FUZFE o 7 stearic acid £ D KE D RMARI I E
<Y, ZOREZISO flux (&2 RIE
WHEA 72D ) AT A (Chikaraishi et al.,
2004c) o
(5) BHRITKRFEZHIE (H-exchange reaction)
DEENDHEITE, EFEPOMHEIZ, 0%I23
{ 72 % (Sessions et al., 1999; Chikaraishi et al.,
2004a)
NS DR, sesquiterpenoids X triterpenoids,
phytol LI} @ diterpenoids @ e fHI1%, #—180~ —
220%0 127 V), diterpenoids (2 6 D DIKFEHMT N L
7211& @ phytol @ e fH I, hydrogenation H >k O [F]
ARBNZEWKEDEFFIZL D, #—280~—320
%0127 % (Chikaraishi et al., 2004a) » chlorophyllide
a DefElL, A HRF O hydrogenation & dehydro-
genation ¥ ML, #)—30~—70%& %0, ZO
#% 5%, chlorophyllide & phytol 7 5 Ji% % chloro-
phylls D ef 1X, # — 180 ~ — 200 %o |2 % %
(Chikaraishi et al., 2005a) . —7/7, alkyl lipids {¥, £
A BGRIZ R FMEIE (elongation) % H-exchange
reaction , hydrogenation X° dehydrogenation , n-

alkanoic acids - n-alkanols - n-alkanes ™ @ 43Il %3
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Fig. 7. Lipid and pigment biosynthetic pathways in terrestrial plants with likely e values (%o relative to ambient water).
Abbreviation [acetyl-CoA: acetyl coenzyme-A; n-alkyl acyl-ACP: n-alkyl acyl-acyl carrier protein; FPP: farnesyl
pyrophosphate; GA-3-P: D-glyceraldehyde-3-phosphate; GGPP: geranylgeranyl pyrophospate; IPP: isopentenyl
pyrophosphate; MEP: 2-C-methyl-D-erythritol-4-phosphate ; MVA : mevalonic acid; NADP+: nicotinamide
adenine dinucleotide phosphate; 3-PGA: 3-phosphoglyceric acid; TCA: tricarboxylic acid]

(a) Hydrogenation (b) Dehydrogenation 20'\«30%04\ é < s % ﬂ%ﬂ, —70~ —170%0 , —
80~ —180%0 2 7% % (Chikaraishi and Naraoka, 2007;

ot &
! & o Hou et al., 2007a)
O~ ® ® % O
Compound A Compound B Compound A Compound B 3 3 % o)ﬂ'l_')'d) g
Fig. 8. A simple model of hydrogen isotopic fractio- KEEDFR AR - AR BT B AR5
nations during (a) hydrogenation and (b) o Il Jau ==
dehydrogenation. OB s TS T DOKE H{Lﬂgﬂﬁ I3k 4

G BRBIER A S 5, B 213, Emiliania huxleyi
R> Gephyrocapsa oceanica O jx ¥4 37 @ alkenone
BENDLDIIFRIEM i md, &I DKRFRAARIIZ, FEERKDIETEE (salinity)
R FEH 20 DL @ 48 88 O n-alkanoic  acids X & L WHIEI % 7R L (Fig. 9; Schouten et al., 2006) ,
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Fig. 9. Relationships between Cs alkenone 6D values
and salinity in Emiliania huxleyi and
Gephyrocapsa oceanica cultures (Schouten et
al., 2006).
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Fig. 10. Conceptual diagram of relative 6 D values for aquatic and terrestrial plants.
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Fig. 11. Depth profiles of 6D values of n-alkanes,
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mudstones (Dawson et al., 2007).
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