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Abstract : Long chain plant waxes (n-alkanes, n-alkanoic acids, and #-alcohols) and their carbon isotopic
compositions (3'3C) in geologic archives are valuable tools for paleovegetation reconstruction. However,
the sensitivity of different plant wax constituents to vegetation shift is not well understood. This study
explores controls on the variation in 513C values of long-chain z-alkanes (C,7 to Cs3) and n-alkanoic acids
(C36—Cs5p) in the Gulf of Mexico core sediments (ODP 625B) near the Mississippi River delta. n-Alkanoic
acids’ 8"3C values were higher than those of n-alkanes by 1-2%o on average and such a pattern is the
opposite from their isotope fractionation observed in living plants: 1-2%o smaller in n-alkanes than »-
alkanoic acids. We attribute this offset to contributions from aquatic plants or microbes that produce high
concentrations of '*C-enriched long-chain n-alkanoic acids. The sensitivity of n-alkanes and #-alkanoic
acids to vegetation and climate varied among chain lengths. The #-C;; alkanes were most sensitive to Cy
grassland expansion among n-alkane homologues, while no specific trend was observed in r-alkanoic acids.
This is due to the similarity in n-alkanoic acid concentrations between C; and Cy4 plants by homologues and
low terrestrial plant-derived n-alkanoic acid contributions to the sediments. The results of this study suggest
that long chain n-alkanoic acids’ 8'°C values in sediments may be influenced by contributions from
different sources such as aquatic plants or microbial inputs and therefore interpretations regarding this
matter should be cautiously formulated. We suggest that there is a need for further studies on characterizing
long-chain #-alkanoic acids (Cys—Css4) in aquatic plants and microbes from various climates and
environments in order to investigate their production and integration into sedimentary archives.

Key words : C; plant, C4 plant, compound-specific stable isotope analysis, paleovegetation, paleoclimate,
Mississippi River Basin
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7ol 3 JHE qaH o7 HES ke HollAM,
A4 1759} SaES ATE A H-8F AHR B8
3L SJtH(Castafieda et al. 2016; Freeman and Pancost
2014; Kirby et al. 2013; Suh and Hyun 2018; Tipple and
Pagani 2010). 21 &-2k20] §83C ghe 3ehd 2 2|2 g o)
ehe % 7 SgelM doluis 994N Fust

"(lj"ﬁ 5"1‘?;5:}‘/\5] oﬂ _O,]i:sl- 'E‘tuézjf‘g‘(Aleaf EE‘E Sleaf_coz)% EH
B 919 §8C 7k AolE dHoH,
2 745l we} ZebxIth(Farquhar
et al. 1989; O'Leary 1981). Y&l 2 4258 334 4
2o wEt C; A&, C4 21E, CAM 2EE FiH o
Al 712 2 E0] Ajear B 71210 ZJolol] ofal] EaA]
=, 2ol we} §5C 7 Al FElo] FRET tiFite
TEFE AASHE G AlE2 Yo R 70| Wil
o] FEg Aol AMAetH, B P Eel e
222 20 +2%0= 2 Ho|tK(Diefendorf and Freimuth
) I ZEFE o] FolX G AES 22 1
23 7159 B2 3, 92 CoyEEel 487 HER,
A QP E Ao AL C 2= HlE)] W
3.5%0% WEPAHTH(Lloyd and Farquhar 1994). 53] C; 2
Eo] B A¥ 73l weh ek, 71
7} 2355 §5C o] EolXIth(Diefendorf et al. 2010).
o2 A HE HA A dofjups Ao 848
A} AFARL] §5C 7 20 (ewaxtead S =T A E
22+ 23X 7 2 (acetogenic pathway)s F3] 453 &
3}4=4x(n-alkane, Cos—Css), A¥HAk(n-alkanoic acid, Cog—
Cs6), ¥ (n-alkanol, Cr—Cse) 52| A=225 FA 5t
=, ol EF FYs AFAQL acetyl coenzyme-A
(acetyl CoA)ZH-E] AJJ ¥ tH(Chikaraishi 2014; Freeman
and Pancost 2014). °|F 7P 402 ARSEH & 22
IAA Z= A0l A=Y Ehsl4=40]th(Suh and Diefen-
dorf 2018). SFA|RF A1) &o]F B= sl|A]e] e &
S SlaEl, A=Y wslra ol Ak daig A0
2 A AY o] W71 E grh(Feakins et al.
2019; Kirby et al. 2013).

A e o] A AEY Fo wet b=
(Diefendorf and Freimuth 2017; Freimuth et al. 2017). &
= Cy ZEF7} Cs3 A S ol A Cs -
EHe Cy &840 AJAFo] =H(Garcin et al. 2014;
Rommerskirchen et al. 2006; Vogts et al. 2009). ¥Ha <]
WA 749 AlEdoldl & S E 7F s& |7t
EEE51A] ¥tH(Chikaraishi and Naraoka 2007). wWEhA] 2]
At 7hg-gFe] Wstel] gk Al etk WiteE o R
I AkEdoldd met AolsiAl vEehd Ao AekEnt
(Chikaraishi and Naraoka 2007; Diefendorf et al. 2011;

[JII.
2
=

o rlo

HH

Hemingway et al. 2016; Rommerskirchen et al. 2006). i
gk o} EjX ol mEt AEeks o] HES A
g2tA] = (Meyers and Eadie 1993; van Dongen et al.
2008), ol= EA =9 AESA AT W s eea
H Aol FaE mE o Arh(Gao et al. 2011). ZHO
T Egetal e ARE AL 9 BES Aolv}t
HAES &85 e 7|ve] 33 s wX|=
Pl gt A= w§- =55 278 o] th(Makou et al.
2018; Naraoka and Ishiwatari 1999). o]l £ A= H]A]
A7} sholl $1X]8 ODP 625B o] E|H &l RHET
o] A& A=Y whalgael Aate] §85C FhEPCact
8 Cociaye HISL BAFOEM, A 159 d Fte] 14
Aol gk s AellA WS AfoldS Hele vl 545

T

A5079 AEPY1E 2R AA 158 de @
AHo WA A7\eh DT Bo] A} WA T

AA(Cs A%, Cy AR} Bl EAISHE AN £
e A AAY Bk A7 71T whe} A4
o]Z ZoltH(Delcourt et al. 1980; Harrington and
Harman 1991; Royall et al. 1991; Tipple and Pagani
2010). Wt B droM = FE5E erslgie) At
T 7HA A EAREE] Bl EAE B, PAIA A7
Aapaste] M= ohleh 4B sl9 W BE
& zpolo] M= A R} ek 2 ATe] A=
NEos AR BEF DA, T8 4] A

Aaslr] 3 ARE AFEE o 297t stk

2. 474149 ¢ ODP 625B 3o

nl=ollA 7 2 AR mIAA el vt
o} 2JAYo] H¥E 3t Kammerer 1987). FIAIAIE 7} H
AR 7S 800 mmeld], AR+ 140 mm=E S
HoFH= 2300 mmE 7l-¢- ETH(Fig. 1A; http:/prism.
oregonstate.edu). |23t A X G7F ZrEke] 2ol 24
AR olo] AFAS K o]FETH(Harrington and Harman
1991). & AF& thH Y (Great Plains)olg} Eal& 20
A S o AR tiehe ZfolRlo] b
o] zpolE o] gt

Ramankutty and Foley (2010)= ¢17-8H50] viA| € =}
Ao AARZE A5 AT A5 sk 2 A3}
o &Jstd mAAIF Y F92 2ol 55%, 2t A9 H
23%, 2 AAE @ AEFE 6%, EFH 6%, d5H
6%, EHTH 2%, =2 1%2 = AHFig. 10). A
Bt 7122 11°CAH, A9 Hat 23°C2 =2 1t
H EAA AL 4°CE W2 Holth(Fig. 1B). $HA F&<]
712 2 2 7 A7 B Cok Gy 25/ T30
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Fig. 1. (A) 30-year average mean annual precipitation (MAP), (B) mean annual temperature (MAP;
prism.oregonstate.edu) in the MRB, (C) spatial distribution of biomes for current climate without human
alteration (Ramankutty and Foley 2010 with modification). Yellow dot indicates location of the ODP 625B core
used in this study
d&FS Foh 712 wA FH29(temperature crossover  SFATH oF 20¢9] HAE ARE 7ME &0 F27)

approach)2 ©]-83}o(Still et al. 2003) A=A A 2] 55%
£ ZAskE dEde] C9F €y 287 X5 4% 4
“4’ =5 =] C Exe= 26%% 3-51—7— 1/]'o]'&] Cy HEFE
29%E AA|sk= A2 UERITHSuh et al. 2019).

ODP 625B Fo}= PAJA| 94} s2 58 2F 200 km
Holzl HA|SY 555 &l o (F9] 28.82°, A7 87.15°)
T4 889 mollAl FE5ETHFig. 1). o] A= A
98 cmollA 370 AP A oA B4 a2 9] 7
DI B AL BA9L ABENE 3R 712
AT AIE -8 tH(Dowsett 1999; Joyce et al. 1990,
1993; Limoges et al. 2014). ¥ Ao A= 27 1580
sgehs 4 16.5 m ARAA T 3019 HH= AEE
AF st ADFE3 Tk Hd s da 48 A 1
stk HW 7)ol A% (Hiatus)o] BASATHE 715 AT
A#7t o, Aok dAdie obF Bid up ok
(Limoges et al. 2014).

3. A7y

N

4w A8E T2 Az F B8 ARgste] 443}

(Dionex 200)E °]-&sto AAAFES FZ=sturt. ol

AHEE E3 57181 CHyClL: MeOH (2 : 1, viv)ol™,
e ~1100 psi, === 100°CZ A7sle] & 3 2
A FEs9h 55 A8 0.5N KOH in MeOH/
H,O (3: 1, v/iv) 3 mL& H7tsted 75°CeolA 2417 &<
7tEatdnh. 2ol d& 2%l §, NaCl 2.5 mL2 H7}
3FaL 6N HCIZ 4Hd3ststadnt. &3 #7181 Hexanes/
CH,Cl, (4 : 1, viv)S #718ka 2+ 6:01 SR
A &719 & HAL, 5% NaHCOs& H7Fete] 5733} &
ATt NaSOs& 7}0}04 TS AAsHAT

ol 2ol A Ayl AYE olgst F
A (st A )t :L**X]HP(Zl WA Eelskslnh. ©@s)
T4+ 4 mL hexane, AEL2 8 mL hexanes/CH,Cl, (6 :
1

, VIV), L2 8§ mL CHZClz/acetone 9 : 1, viv), A
2k 8 mL CH,Cl,/85% formic acid (49 : 1, viv)& ZH
of &EAA EE]stATh A Ak A M5 Y 4]
= v|g] 243)%F 95:5 MeOH/12 N HCI (vv)& 1.5mL
A 7ksted 70°Cel 12-18A17F 7HE 38t =4 8}k

Hexane® = Z] WAL W o AH 25 FE3510 Na2804e

A7rste] 22 Alrsiin.
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gkl ael XAl vldo 2|2+  electron-impact
ionization(70 eV)3} quadrupole mass selective detector
(MSD, Agilent 5975C)7} 12 GC-MS % FID(gas
chromatography-mass spectrometer 2 flame ionization
detector, Agilent 7890A)E AH&-3te] 2], A 3T
A0 AFEE FHE DB-5(Z°] 30 m, 37 0.25 mm,
LEFA 25 pm; Agilent T & W)°ol2Z, B3 AHL
Restek Rxi(Z2¢] 5 m, A7 0.32 mm)E AR5} T} ©)%
d 7tee EE AR, RERS 1R Bt
60°C A 3, 6°C/2 SE=2 320°C7HA] S8k, 1 9]
T 1587k 320°ColA] 2=F fAEIGIT w8kt A
e EEEA, BolRafe] Hlo]E o] S(NIST 2008),
A EH gto]|H 7] A retention timeS ©]-&3le] FA
AT

3BCax A0l A, 5% A4kl HgE A7 A
Holl hexane¥} ethyl acetateE 7} 7+ 4 mL §-2]3te] E3}
2 Exst gsleas Besidith Eeld 23} gslea
= Thermo Trace GC UltraE 2t Thermo Electron
Delta V Advantage P59 94 A= F47]E AHE-s)
o FAEAT GC =5 welrd & £48 v} &5
A Bl = F7F £ 8°CARC R AT
T=AE Mix ASQIH N theke] Amdt Schimmelmann,
n-Ci6—n-Cso)7F ARE-EI1AL, HAETZEZ VPDBO| tjgh
oz FFs tH(Coplen 2011; Coplen et al. 2006).
3BCa EA 0 A=l AUEE 247F 0.1%0(n = 78) 2
-0.1%(n="78)°|ct. Ak w2l gl RE=E
phthalic acid(QIthellvt theke] A. Schimmelmann)2] &%
Y4H]9} F-=9 methyl phthalateE ©]-8-3ke] X3+ &
20] oHgE QA4S AARSIAtH(Polissar and D’Andrea
2014). 4715t 7L th7] F oliksheka: §°C ghel W
T Rbsl] 918 w@slrael Ak §8C ke Wk
ofe 71=H 7] T olatsleta §8C WS &85l B
A= ATH(Tipple et al. 2010).

o
=]

B

ES

4. A3 9 E9)

eslris 24 7 EE Tl Acetyl coART-E
AR 7S A WAk A3 (elongation) B EEHAES)
(decarboxylation) ZFgNA A== I EZ o|cH(Eglin-
ton and Hamilton 1967; Kunst and Samuels 2003). 2&+
23l Ao A TlERYE BAE QA FWA(carboxyl
carbon), ©8}riE ArHTE S50 ©@slrArt A4S
TEXE WA Aok vl E ke E5E T B Ba
T7F AR FEE W ol SAAE 71 SRRl
BaAbE o] Fx o] EAYo R vhAM S A4 (Carbon

Preference Index, CP)E 53| 2 £x2 & uletad 4= St}

(Bray and Evans 1961). CPI o] =S5 1) € A
28 WA o A EeR9] 7o RT) Hrh= AS UEr
WO, #o] RETE(~1) 84 sl F93s 2
A& om|gtt. £ 43 ODP 625B oj9| ©slyi
CPI %2 2.6-112% Uelsted], ol € A5=rt W2
S E 719 f7lE] Y8 A S ST

C4 Zl]]%% I’I-C33, I’I-C359]' 715]'01 ]1_:_1'—/1\—/\]"1)2_\' 74017]' ZJ ]1_:_1'
33]——/]:5\_‘%‘ E%—O] /‘3*33135 ‘ﬂ’?ﬂ, C3 }—\1]%% I’I-nggjr I’l-C31‘%
F=2 A (Garcin et al. 2014; Rommerskirchen et al.
2006; Vogts et al. 2009). o]2]gt BAHF xfo]= 13l n-
C33—€_‘ C4 /}1]% ‘E‘E%ﬁ'oﬂ t—f_}% ?1713]'6]'1:]'(81111 et al.
2019). Wb n-Cy; 9] §5C Frol 5= 257/ Z

Yo

F7 Bk B s e Slmlah,
W A2l 71 HER 7] 2D 7] (Marine
Isotope Stage == MIS Se; 130-115 kyry= Aol B3|
A BiE71 e 2°C 7V BUAT Y5t s ekt
(Otto-Bliesner et al. 2013; Shackleton 1969). MIS 5e¢ %=
719] 8PCan RS ~31%0% WA SIIAWE Wr| 2 24
5 ~2%0 7F 35S ol MIS Se 271014 27|=
5% 7157} AxAAL 2LF7} HIHALS olv|a
THFig. 2). ol#gk 1x3 71§+ MIS 5c¢ A717HA] A4
Gk 71 ol € ABo] SAS Uehts @9 7]
T2 AgEe v HF 7] Fdelle G A&l ¢
AR T, E2A 2 HoEWA €, o] Tt
715 % A3 Azt ol d A= vldlE S4T 7]
gk 5o} EAZo] gt shiwd Aael dAgith 5 A
1ol oksit) WG5S} L) Hgrgol SAskAch
A, EEARE 2 20 d9sEH G 227757
stz o2 A ATS STHalETH(Delcourt et al.
1980; Harrington and Harman 1991; Royall et al. 1991).
2 olfie 7157 edsiAL A5 el Sk
A Cy A= Al el S o= v Q7] wEeltt
(Epstein et al. 1997; Paruelo and Lauenroth 1996).
A, 85C,gi 8°Coy ATk FARIA 710l
e Bl whH 7H7lde =2 7S B ok(Fig. 2).
= WIldlE G AEe] A YeREAIRE 7P 7
Cy HBO] FHASL oJrFith, vhak F A9y
2 AR Fhe] Zolg BolFEth F 8 Cax B
MIS 5e 27|14 @712 25 C, &0l Az
T 1% AzAHSS eItk WE §7C, 7
MIS Se B¢t 44 2 7159] WiHo] A, 12290 Ao
= Gy AEo] FA 1570 F HURAZ eSS
BT €, AEE S8 A3 ERAR dolow
A Z71ET ol el 7w BAATe) $99 2
H2 7)) & AEAREE SJulae). o)st o] F

¢

N

flo oL rlo Ao
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Fig. 2. Temporal changes in (A) 813C, i values (%o) for Cy7, Cy9, C31, and Cs3, (B) 813C,ciq values (%0) for Cys, C,s, and
Cs¢ from Gulf of Mexico sediments (ODP 625B) during the last 150 kyr

A AR MgE £A
& el FARIIAT, 443 715
3 A7l Aol7t ALtk A Wso]
g5 142 el Slale Tee Baje] e,

F ARRRE) 35 7k Aol Tk ol AN 19l
Btk 2 1) A PN Wshe BAEE A

4
20

g2 AL B oo]s7F Apol, 3) A5
AV E¥ale SE 9
E Aol o2 fFslE 4 3
AAFA Ao EHAE-E 2.4-9.9% FE=olt), ©rsl
2 ARt BIE] Bt 1.4+ 1.1% JA Loyt §°C
e 27 ¥ o ti(Chikaraishi and Naraoka, 2007).
T 7EA AR 7l R Zfolrt A= ol
gtk oA gstrart A8E o 7S A
(207t 97 o2 A7 57] W] t(Chikaraishi and
Naraoka 2007). ¥ A4 = ODP 625B ool tjst
B8} 4(Cag, Cao)t ABAH(Cas, Cip)0l 8°°C 7S Ml
sh7] 918, ofel] 21& o]-8st] FL3 AksAole s gst
= F #Y zolE A4S tH(Chikaraishi and Naraoka
2007).

fo

1=e)
24EE A

Ealk-acid = 1000[(3"Cypic+ 1000)/(5"*Cpeig + 1000)]

2 A} n-Cog AFARE n-Cy; ©F3}Arol] vls] H
1-7i0-8%0(8alk-acid range = -3.8—0.5%0) %9}1, n-C30 X]
tg—}w\_]_'*xo: I’l-ng %i}‘/l:ioﬂ H]EH T’é-& 0.7+ 1~2%0(8alk—acid
range = -3.0-2.4%0) =T ol A2 EAA Eslea
7t AAkel] HlEl 1.4%0 =2 23} gt Aot H
AEAA Y §8CyHl 9k §°CoigPl & AT 7S A7E
HE JA| B ArAFe}t T AWAke] B@lrae
Hlal =7 YERIT Naraoka and Ishiwatari (1999)= <

to
%
Ni

3ol e SejEF Akt ool dA %
tol A&gs §P°C el 3744 22 wist
p 2=

2
e
o
N
==
N
ol

Ml 2 A SRE A BN E Bees 5
o] 0-3.9% A LFER uhRl, sjoFo = 7 Aupat

[=Z]
:O

)

°] 0-5.5%0 T =7 Yebstth Bt ofuEt &

A g HHEe BAARANME §5Cye7t
85Cqall W3l A YERsTH(Huang et al. 2000).

SFHAE e AFHHEANAN §7Coia’t 8°Cal
Hlgl A et Q1 BHZRE-0] xjo] wfiio] ofe},
= AEYE RS 7R fTIEEEANE, PME
, HAE)o] FAERAAY ©slrael A4k el 73]
2po| 7} V7| mj o 2 B elth(Makou et al. 2018).
WA 0 2 A9 AMHGCher $73 254 =9] 71
o7 A AT dF A E, PHERF, vAdE o
Al AE5Y A Aake Aatelth(Ficken et al. 2000; Gelpi et
al. 1970; Liu and Liu 2016; Makou et al. 2018). 44
E HE7F 22 SFEAENME Cpt Cs =7t =
Al AZ= 3L (Ishiwatari et al. 2006; Zhang et al. 2017),
nAE AEF] 5 FECSS HHEAME P E
719 A A =7t =7 e TH(Makou et al.
2018). $32) &2 ehsleAE 2t v 1.5-208) 7}
2 =7 AJakel WA (Freimuth et al. 2017), A2 &<
A F FE(Co—Cr)e B84 F F5(Co—Cx)l
vla] 2-1108] =Uch(Ficken et al. 2000; Gao et al.
2011; Volkman et al. 1998; Zhang et al. 2019; Zhang et
al. 2017). A &2 A= Akt §8C gk 9A] -22.0-
-27.5%02 S/ &l vl 10-15%0 =% THChikaraishi
et al. 2004).

o]e} ZFro] ODP 625B 3Lo] E&Ee] A4k §1°C Frel
whslo] s TS 2 FANE 719 Aol £
8 A7 FHEY. ey woh pAA 4E2F

offf fo = i i rlx
M

oN

o 10 o



A& B S e rIAIA A el 3w S
MAshe FANE, nHZER, PAEY PC 3 ¥ T
£ AT davt Ak S Aike] gaaks dolol] m
2} 813C W3t A=r)F gk, W1/ 7] <347
50 313C30 acicd] HZRE Cogt Cas®] W3}l B3] 58l
SHA] UTHFig. 2). o= A5 Aike] BhaAkE Zo)
of met f7l= 719l zol7t Advke AL ofwgith

sk wlo] embA HES HS I3 A IS F
F 83k Qo) AEgAe HHE AFEA e
= 73S B3l olFste ol el et S48
Hoh BAet FARRE o] 2o f7] sHES
HAE &4 wAdA-gdd gk A3y

=

2 oX o ot rir
X

AN HEET 52 Holti(Meyers and Eadie 1993;
van Dongen et al. 2008). 2| H]3)] A4t 4359
AaE T3t ZAHET1E AV oA TS Fdhe
F7131HE2 A El o = Sl vl E] o &
a7F e §1C ol mAlE 9F 9 2 gl tial
Mz obF] =R oAA7F Utk pAEd] ofg EEE
d1Ca Thol 1-4%0 T7Hetthe A7 = YA THLI et al.
2017; Nguyen Tu et al. 2004; Wu et al. 2019) =2 FgF]
nujsitiyl HiE AdE EXSTHTu et al. 2011;
Wang et al. 2014; Zech et al. 2011). ©]&3F Az} ZJol&
HA o] A3t 54 9 s 23 zpo] e ®
AZFET ole A& F, vAE 23, HA Sl i
2 A& AR B 2 §8C Wl i dx e
A7F Ba3hs A7t
HAE AEgRe] Al 54 9 @ A5k $42
& 8 A% = Al HHE 9L A58k 3

sltoltt. Wakeham et al. (2009)2] BIAIA| 27} &1
SEAE Aate] WA B4 599aM0) duE
gk A3}, 715-2,150 yr BPZ UERSITE o]gh A3

el B3 E A=) HlaE Hol e AEd
o2 FAEICH, A nAA 7} sl B A H
71744 ¢F 1-2d o] A-the A& HoEr o] A%
o] A|AA S 159 Aol 4zl 7158 sfiAste ol & &
A7y gick. v ogt Raol W §85C,, whel 7t
E A 7= AT, 24 Jskgev AlsE 5 E
of oJgt ek kS Ao F o JHTt 1 ol A A
H3 vk} 7Ho] ODP 625B o]2] CPI #to] &} &<
Aol FElakAl vER7] welth,

N

o V=<

K
5

5.4 8

B A= ODP 625B oo HEH A=Y walrih
o] §BC gk A bate] §BC e mlwste] A a4
oA EA sl xfoldS BASIAT 71E AFA e w

HAN =z Helrae Aatel Bls) XA 2

Hakgo] Wt 1.4% 7HE Ao] §°°C ghol =7 vt

i s FE A e B4 & A2 Sl w=

Aake] §8C ghe wslrae] §1C ghell Ml

g EEEE-2] Afo]

miEo] ofuzt, FAN = o] A5 Al = B
I

EREES

h=]

it
N
o
do
N
1
1o
% 4
hines
NE
D)
oZ
s
b
i
o

SHH gl Ao} Ak Az olof met wslaiE o]
Heietl, ole A4 7] 5Hstel] gk RIZHE XjolE of
713t} A& 50 Cy A& 2ol tialir e g@3lra G
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