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Abstract

The variation of atmospheric CO; concentration is believed closely related to the present global
warming, and paleo-CO; reconstruction with high precision and high resolution has become one of
the hot topics of geology and paleontology recently. Ginkgo and Metasequoia are two well-known
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relict taxa, whose leaf fossils are abundant throughout the Cenozoic era, and stomatal index of
their leaf fossils is one of the most commonly used paleo-CO; proxies. However, different studies
have different standards in stomatal index counting methods and paleo-atmospheric CO: concen-
tration estimation methods, leading to large inconsistence in their results. In this study, previous-
ly published stomatal index data of 92 Ginkgo leaves and 26 Metasequoia leaves were collated, and
then the atmospheric CO; concentration history of the Cenozoic were reconstructed. The rela-
tionship between the Cenozoic atmospheric CO; concentration and paleo-temperature was further
discussed.
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1. 5|8

AFT R, AR (CONME N KA I IR = A4k, &9 S 2B mE 2
—[17[2] [3]. LT F KRR COL IR 5 ARSI K R, AT LUNAR R A ER SR AR AL 7]
PRSI . (H2, HRTE BRI R RS CO i EIEA R EHAE, IR moPeend
KA COy MR BEHHE R TIRNBRAR 44 1) AR SR B B = L.

HAT, B KA CORE ML EAE LR =R & UKt rP g7 1 2 S AL R 7 [4], HhEkik
FARALS] [6] [71F1 &ML d RS COL M AR TRFR[8]. — MM, BN SIS i 2 S P
BRI KRR CORBE R NS, H2, T2kl A AER RN AR AT, Bk, KSR
AEIC 0.8 Ma LURIIRS CO, W IE (9]0 HBRAL A5 Y J T 4b 25 0 ) 2 5y R 25 50y ) 2 R B E o K
R COKIE, BARIZITVET LLE B E 34 600 Ma LRI KA CO, M, H & afE LUK 5 i 4 it
(] 73 FR e 4 E 5 Myr BUT . 9F HAZ 772t e DUHE 1) FR e (CH)AE 42 BRI B AR A T BTe i /E F 5] (6] (7]
BRI, DN T oRA BIRE R R R PR, R IGUE 25 A AE s, 1 2 B AR S R 2R B AR Fe AR
AN (A H T S A AR KR COL IR BE 8], ity B[ 10] IR IR [ 11 PRI FL b A1
TEAG AR RO 24500 (A C) [12]BA S AL A [ FLSE (stomatal frequency)

FRAE PRI RIR, XA FRAR 1T DS 9 8 2R —— i i AR AR A AN it 12 AR SR A, T A A )
AU A& 5 Rl bt KR COL IREARA Fa bR 2 — o RALIIEE J7 ik A I (R RS P . B CO, IR
HERA RS . AR AR 2 T A V2 B SR AR i, DRI AE B A KR COp MR BE I 7t B B AN AT
SRIGARFA[13] [14]. 1ZJ7E BB BRI b AR 4E B R v i SALBIE 5 R CO, K R AHK[15]. S
FUABE A 455 FL % & (stomatal density, SD)F1 S FLFE % (stomatal index, SI) [16]: SD AL A AL S FL
fEr R (N Hymm?), ST AL AR RS BT e (%) . HHT ST MR 32 T R AR (b R 35 7 41 i
KNI, HLR RS, RARIR A LK o SR S 200 ST R m A IR, Bt—BoA o ST L
SD FrR i) K CO, ¥ T H 45 R T Y ERA[17] .

Hurnik, 282 ARRPEYA TSRS Co, iEER[18]-[32], HE, HTARINES
KA COL WRIEII R R EA = B BRI R PR [13], B LARL I ASFLARE 75 ik AT 1 RS CO, R 5 5 i 40
TSR B A AT OB AE P Bl U B0 AE S 2% Fli(nearest living relatives, NLRs)HISFLANE 5 KA CO, i HIAH
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KK Z, TG0 IR T T LA KR i b 2 1 ST 60 0 o P32 4 v &5 SR I A6 P4 R A (Giimkgo biloba)
5IKK(Metasequoia glyptostroboides)& B N A1+ A, XA REEM A = F E AT
JEEEREHZ[33]. (3419 H., B TARA SR LA RHER 2, HTER 7 TR 5 FHHA AL
HRFE SCHRIC T, B 2 /KA B R T 1 SR 40 A 933 ], AR Ak A0 76 38 AN AR AR 2 AR AR
ForFE[34] [35]. MIETEASEAFAE . AL SR AL R 2 AR 25, AR RIS AL A B mT LA A 2 PR
AR R AR B SR RN [36] [37] [38]. [RIML, AHELTIHEWFh, HRAF/KAS AT DASE A4 K Hb 5 B 3 Y
HELLI COyitst, fEE KA CO, EARM AL

FIFH A R AEAR SR AR (R B s A AT/ BN TS CO, WA S2 86, AR FUKIZ IS FLIe S K<
CO, IR JE Z IR IR EK R CLAHNL[34] [36], FFH CEH VLW LR FARA FI/KAZ 1 B 4bof B 2 3 AR
A AR RS CO, MR E[34] [35] [36] [37] [38]. {HSE, VFZ KR M R AR A 5H 7K AZ A A <AL
FEHOF AR T HEAT KA CO, IR E R EEE[39] [40] [41] [42], F H A LRIF 57 RS R AR AT B Z K AZ I
WATEEE T H KA COIREE, HREMI TSR BT B KA CO, IR FE R A5 12 o () b
FHAGE—[22] [34]-[36] [43] [44], AT B LI BRI CUR R I HT AR FUKAE HEA BT 7T, XX
SEARA RS A S ALTR BT St GRS — Mk E A AE RS CO KR, FRRITIX—I i
CO, B AR K R

2. MR 57

AP TN TN B R BV A FKAZ A A BRI ek A7 2 8, JLUSegE 92 MRA M A AA IS FLIE 2L
HIEA 26 NKEZH A SR EEERE R ). TR B 2 AR MR ZE 7, B A A
(AR 2 B 25 R R TE, A TR — IS, AR ERREEERR, SRt R BERT
5 HI%E .

BARMR Z A [F B 72 8 R 3R 0 AN R KA FIER 25 i S FLFR 2S5 KA CO, IRE R R RELR &
10[22] [34]-[36] [43] [44], {H2#Z HAETNIE, #5] HXEURZ 14 Royer. Wing [36] T R KM BREUR &
(A1 AR 2). Bk, ABFFOR R IX A s 508 2 AT B AR KA Co, T E 2

A F ST (%) 5 KR, CO, WP (ppmv) 2 [A] R R 35 &

1-0.1564x SI

KASCOMKE (ppmv) = 1
IR (ppmv) 0.00374—0.0005485 x ST M

IKIZH B ST (%)5 KA CO, W (ppmv) 2 8] I R B & -

, SI—6.672
RACO,KE (ppmv) = )
0.003883x .81 —0.02897

3. &R

AT R, WA 5K HAA T DR gt — MO AR KR CO, IRBEA LI (14
Lo PR D)o fH2, ERETH RS CO, HEMEREP R, HERAHI A SI/NT 6.9, KIZHALE SI /N
T 7.6 B, KRR CO MBI ERA R . B, ARUFFEER B ERRT CO BN AR T 12 12
SECRE SR ST BRI Do MARTREHA, KEH ARSI TN, TR,
i, A A R T AN

FR 4 ERA K AZ A A S FLFR 2L, BT AR AR RS CO, IR EAE 277 ppmv~1024 ppmv 2 B3] HH,
BAEARAR A COL IRFEM B it s ILAE s T, T SR IR B2 A T 5 H A Bt o B3 AR A 38,
KA CO W T H IS = R IEAE, 73 T 5t (20 60 Ma), 4655t R (£ 38 Ma) A bt (£
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14 Ma) (] 1)o X =AM SRS COp R FE iz iy T e i, 1A 1 Haik E 2585 1000 ppmv 7K
Vo M2 5, KA COLWREFFIRZW T I, Ik 25 Tl F A ai AR 7K -4 270 ppmv).
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Figure 1. (a) The Cenozoic stomatal index (SI) of Metasequoia and Ginkgo leaves (Supplementary Table S1) and (b) the
corresponding paleo-CO, concentration estimation

E 1. () FERS DK SIREM A SFER(S) CifE DREDb) MNEEKRS COREEZRIE

4. g
4.1. NEEDXTSFLISECERR M

FREET 5K A o, e Fh 2R BIARAHE Y A A AL 250t o e FH ok 3 3 AR A S
IR COLMREE, Hiltn, )& (Typha) 18]+ MlJ&E(Salix) [19] [20] [21]. Z0HEJE(Ocotea) [22] MERF}
MEA JB (Betula) [23] [24] [25] [45] BRIB(Quercus) [26] [27] [28] [29]. AEEJELaurus) [301F1/KHE X &
(Fagus) [31] [32]%5 . 4RI, FHAEFTAEDHALA #E S 1E AT KR COy HERIM KL

B, BT CuEMTE A E R FE HeB R 1) CO, AR RAELEET AN N, AP KA CO, RS AR AL
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Cy FEPIITZ AR /N, R S S LA X 2 FE KR CO, IR FE IR AU [46], AT Tl KA CO, L EE .
5 C, WA, C PRI CO, Jaks FolE TR 2 23R 42, Y4 N 1) CO, R E 547
K CO, R B AR — BLARFRLE 0.7 ZE4[47] [48] [49], BRI Cy MW 75 B 8 5 S AL T PR AN B0 LA
REXF RS COL IREAZ4L . Royer [13]4871 1 176 Fit Cy A IS AR CO, W FEARAL I BB &,
oH R R A A K AL 5 KR COL R AR R &R

JUE L, V2 B S LIS T KR CO, BRI Cy EITIANRE U HE 2 RS CO, B AR
Ko 12 TS ALAE RSB SE TH AR T A A 7 02 R e BE R R TR, DAL, IRy o J2 A ) P i
KGR ORAR BEHIE S50 (R AR MEFE . DURAFIKAZ R, AR TRA A f, KA B B3 (L 8T
AR COL IR FERIER BN, JUHRAE NGB, KEZm i KBt 7m0 s38] (B 1). &Rk
KGRI —A B R KK i oA A i =80, AR A G R F . BRI KA
TRAF TRORSERIMIIZ, (B2, XEMAFREELREETAG DR, 758G 0 5= R0 ™ B 5
WICIEE B %, 4 UGt TARIE A 7 INAE[50]. thah, —28sKAZmt oA/ i A )= I FL R B
HEREEI[50], IXLLLER) 22 UMM SEA L 5, NI AE — e A B _Esemi B ALIR B S it 1T sg e =
A R .

FiAk, AP R T LT AR S AR X0, BLREAR S A TR CO, R FE e
FERE A, D75 Bt A i B A REEEAT X 40 [28] [30] [31] [32]. 5 Le¥fbtntR @iy, wf hsid M
A MATEAINLAX 43 [28] [30] [31] [32], 1HRZX T4 K Z HORAI T YK, H AL sA nTEER)
J7 5] DA RO A A R T B AR R SR B AR . thAh, 1R 2 R ARAEY AR RERE RIS,
WIERTY, HOR Retallack [34 38 iz X bE AR 81y X P 0 12k R0 12k AR A AR I 1) ST AR AR A (1) A X T-4R A 1 ST
IRA REERFEW, (H 2 LT MERE R RN ST 2 547 32 B 4K IH A7 5E o

ERERERE, EILIRE0EE ISR IEH — AN 2 4 20 I 5 D] 352 A A ity 6 H R T 1) 4
2. AAERY, ARKESERLORH FER, BRERERZMEAT, FEEMRISIEE T LICT 1000
K[32]. MRS CO, 53 2z b MR I =i FRAK, BRI, iR A e B B Rl et A i SI
Gt h & H MBI AR IR g, sl A ZE S Ve BT RE AR ROVE IR (3 1] [32]. XK SECEE K
CO, G5 SRAMAS,  FEA 145 SR ERA I, TG BRI FR 23 A (R 40 DU AT DA B 1 — AN e 1 DR 3

4.2. 5 FFFARMEM RS KRS CO, REIZRIL

Beerling 1 Royer & FCEAN [FACH T FR &2 HAH AL KRR CO, #idls, 45 R IR A FECH TR
i BT B ()T I 20 KR CO, MR BB [RIAAAE 235 22 (8] ek, MgV AR 8 b v (it v A L SOl (5] oz
FE AR R AR FR bR A SALIR B S R = /e o R (8], BARX R 7 VAR R B K
RCORBEAERAENREI H FEBEHE 2), B2, Ttz ar, EeaLRmEA R ERSG RS
AL B S5 R B 22 BE oy B, LA R R R A7 2% i B e A5 R L R ALIR B 4
= HI K2 1000 ppmv [38] [43] [64]-[68]. HRATFIKAZ ML A S ALAR B R 72 it B0, A g th A o
HUBT I A, KA CO, MR FE B4 HE IR AE [34] [43] [44] [68] [69]. FSRIX SEUEAE 1 HH I LE Mg A FL LBl R 1
s, (A LRMFEM R E R R R SRS E RS MM LR 2, R
2 A6 iy BV e LI R A7 2 BT FR /R 1 CO, R FE B34 %) 2000 ppmyv LA F[58] [59] [63] [67]. UEAF,
woETH - EHHAR(PETM: 2 55 Ma), WA LEMFEIN FRidF2RE CO, IRERTEE N 1000
ppmv~2000 ppmv [64] [65] [66], TIHLAT B FLIEEAN R I KR CO, WKEEN 300 ppmv~350
ppmv [43], EEICT 44 BT COMREEKT- FHtH PR, A SALIR B KRR CO, LG R
5 LR E A7 22 1) E A A R, A RN 22 4 /) 2 300 ppmv Z N .
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Figure 2. (a) The Cenozoic CO, concentrations recorded by Ginkgo and Metasequoia leaves (Supplementary Table S1) and
(b) marine foraminifera [51]-[67]; the solid line in (b) indicates five-point moving average of the data.

E 2. (a) HERRESKEHLAKRS CORBIEREME DSOb) EFFFLRMENMIER CO,KEIRRS1]-[67]HIxt
tE; Elb)HESELAT R BRI TFIE

I8 R LU R AL R 5 A S LRSI K CO, B4 IR 1A 22 57 1A JE IR mT e 73 DA 7 A
%G, Royer. Wing [36]E AR FIKAZHISALIRE S KA CO, WREE R R 11 R 0% R 20 B s A ARk
FLHE 1856~2000 48] AR i H-Fr A L & 350 ppmv A1 790 ppmv CO, i JE N it = ks &0 —MEKZH
AT FIKAZIH F o Ak, Royers Wing [36] BT H AR A5 FI/KAZ LIS 7E CO, i E KT 350 ppmv i HA
SR, HAGR SRV A, B T1E R CO, WK TR FIZKAZ AL 5 1 RBUSE A BT N F%, FrLL Royer.
Wing [36]1A N H K 3R AR RLAE XS T4 ik B 1) i K COy (RIBAR I oAb SHE G (125 5 1 8 &1
A5, A5 LB )57 2 0 92 B g A 3 A R ER R ) P VA AR BRI 2k 0 ) 57 R 4L (0' ' B) S /K pH L)
KRR[70], SZRIRAEER. PR R AR, BERRESEREREM[71][72]. HiEL
IS S B i s A 1) L B B R i s B 1 1K) R COR MR BE[72] [73] [74] (751 R sk 0 o 32 1 1)
B2 45 A = BB
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Figure 3. (b) Comparison between the Cenozoic atmospheric CO, concentration recorded by fossil Ginkgo and (a) Metase-
quoia leaves (Supplementary Table S1) with sea surface temperature records [76]

3. (b) FIERBESKEZHUAKRS CO,KEIRRH D5() BEIREIZERXTEL[76]

43. XS CO, RETUEHRETHH KRR

TEHFTAEAR, MR D) T A A as BTt R BRI 3, SRS I RN, 7R b th R B T A AR g K
SAE[76] [77]. MBI A Er i 30, MR LB 4 5°C~12°C [76] [78]-[82] (K 3), iX—IiiEg
IR LT A VK a5 8 554510 pr e 2 46 5t F (20 65 Ma~50 Ma) i A BE 1 s 8 22 540 448, A
%ﬁﬂni%ﬁﬂi%ﬂ.?LmE’JﬁmCOz{ZQF;*[M][ 511661, fH 2 J3— LR LN R Iy —Fhifi = AR F e
IR TR A o 3 BAX — A A A FRAEL A T [38] [45] [83] [84] [85]0 X — M HIERA M A4 FTic i RS
COL KR FEB TG R, Tﬂmﬁﬁﬁﬁﬁéwﬁﬁﬁfi@%mjﬁ K. CO, IR JETE 350 ppmv~450 ppmv 2 [][43] [68].
J£ H PETM I (29 55 Ma), #RATH 7 4871 RS CO M BEACA 350 ppmyv e 45 [43] HAZ I B K 2 %4
A Ak AT T e SR BB /e R — KT (P 3, B 1) AHARET HH(60 Ma)R B 55 [ B $57 1 oKk i ¥ 61 7K A2
A B Frid S HRS COL RN 365 ppmv [38]. ARMEABF AL R, 75 0Bt R aamrit 54, <fL1e
BT KR, CO, ¥R 50X — i IR B 5 B B R Ao R, I R e R R,
s, i X —mEA RN EER R, BT B yaE e, Bl e 2 M EHLRB R R [85],
DRI, B KA F e ) 2 Bl T R [86] [87]. FEHL, i Brtthmi i), w51 i iR s S A
-3 B0 SRR G R (AR B 1 R 8 5| R Y BE /K S A 0 KRB RE Tk [45] o T EX — B 39, v AL Ui 5]
PR FTHE R RS COp IR P iz izt iy T S FLIB B M4 SR (L 4.2), L, 5SFLEEIEAT, XLekT
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WA LR T R COp B8 SR Bt R a6 B (29 65 Ma~50 Ma) il M85 1 32 2 Rl R 2 5 v 1Y)
KA CO, K E[58] [59] [63]-[67]

HafoBr th R BTG, HOERITURIREA E, (E7E Shit FE o 8 o B P b BRI 5 I AR BT, R ah
Bt A EE 5 IH(MECO, 2 40 Ma~40.5 Ma) Al b it figd& B H(MMCO, 17 Ma~15 Ma). 7KAZ FIEY
A A 0 3% Ja s R G TR e e R I RS0 €O, WK IE SR 401 ppmv~1024 ppmv [38] [69]41 306
ppmv~603 ppmv [34] [36] [52] [89], 35T 38.4 Ma [34] [89]41 13.3 Ma [34] [89]i H I K<, CO, M FEE I WA,
SR WIS T (R HE VR IR AT SR ARXT B, 323 MECO 1 MMCO (RSB IE R 5 K/ COL iR FETH s 5= 1)
M [90] (K 3)e MECO 2 )5, MRAFKIEZM H LT ER, K CO, IRFEIRET FRF(E 2, M4 D). i
T TH R Rt B R, A R UK 5 SR T B TR T PR R O R 52 AT BB i R K 75 T B S R 2 —[9 1] [92] 6
B T 22 SRRt 3, HOERIE TR AN T T B, AR FKAZ A FLEREITIC S RS CO, W FE ENTE A
TH AR R J5 28 50t A 350 ppm 22473881 R PR 24 270 ppmv [37] [40] [41] [42]. EARFEHH5 Er
KSR COIRE Z AFAERE Z S, KRS CO KRBT AE] 100 ppmv [37]. Kk, HHEFIAN
FH T 52 3] ey 20 B AELAR I 100 1) 22 S S DR 22 RO B2 ), o B R RS0 C O IR FE IR A28 40 45 BE R BBURR (93] [94],
BRI RS0 CO, YR FE /N 38 0 25 W 35 s M sk IR P R Aia 35 o tbah, B WH A ot DIk I <A
A Z B KA COp WREEASAG I REMR , 38 52 30 2= 715 1 50 55 RV PR IR A2 4 1) 38 n 46 e T R 1 5%
(951 [96] [97], IXEE[RIZE I 1 rp i th Fh B S ER A4, RIS A2 2k T KA COL IR FE kb o

5. R4

I AR A A AKAZ A AT B S AR BT DL H — 2B SE BB AE AR COL R EE I st 4, (R
o T A e R R X — B B B AT AR D, R B P e . R AR RIS AE R RS
CO, W JEAE 250 ppmv~1100 ppmv Z [HP B, FHTdogrF . g th DU b rp ot R B . H.,
BAEARKA COL IRIEIBEBTE T 22140 I ZY, B 5 128 AR 55, B4 500 I A 7 Tl 3 A i 17K -~F .
T U TR P T 6T b, R AR A S FLAR BT IC S M L 4L KR CO, IR S IR E 2 (R AR Lk 34 9F
AN—8 FHH LIRS CO, IR PE 5 MR BRI N By, (ERAHT T rpog th AR R 1 e 2
L, KA COL R FEARIIIE BN, BRI N I ST KSR CO, R AR A3 4 B N BURK

SE

[1] Houghton, J., Ding, Y., Griggs, D., Noguer, M., van der Linden, P., Dai, X., Maskell, K. and Johnson, C. (2001) IPCC
Climate Change: The Scientific Basis. Cambridge University Press, Cambridge, 365.

[2] Royer, D.L., Berner, R.A., Montafiez, I.P., Tabor, N.J. and Beerling, D.J. (2004) CO, as a Primary Driver of Phanero-
zoic Climate. GSA Today, 14, 4-10. https://doi.org/10.1130/1052-5173(2004)014<4:CAAPD(O>2.0.CO:2

[3] Stocker, T., Qin, D., Plattner, G., Tignor, M., Allen, S., Boschung, J., Nauels, A., Xia, Y., Bex, V. and Midgley, P.
(2013) IPCC, 2013: Summary for Policymakers in climate Change 2013: The Physical Science Basis, Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge Uni-
versity Press, Cambridge, 119-158.

[4] Monnin, E., Indermuhle, A., Dallenbach, A., Fluckiger, J., Stauffer, B., Stocker, T.F., Raynaud, D. and Barnola, J.M.
(2001) Atmospheric CO, Concentrations over the Last Glacial Termination. Science, 291, 112-114.
https://doi.org/10.1126/science.291.5501.112

[5] Berner, R.A. (1994) GEOCARB II: A Revised Model of Atmospheric CO, over Phanerozoic Time. American Journal
of Science, 294, 56-91. https://doi.org/10.2475/ajs.294.1.56

[6] Berner, R.A. (2006) GEOCARBSULF: A Combined Model for Phanerozoic Atmospheric O, and CO,. Geochimica et
Cosmochimica Acta, 70, 5653-5664. https://doi.org/10.1016/j.gca.2005.11.032

[71 Berner, R.A. and Kothavala, Z. (2001) GEOCARB III: A Revised Model of Atmospheric CO, over Phanerozoic Time.
American Journal of Science, 301, 182-204. https://doi.org/10.2475/ajs.301.2.182

[8] Beerling, D.J. and Royer, D.L. (2011) Convergent Cenozoic CO, History. Nature Geoscience, 4, 418-420.

DOI: 10.12677/ccrl.2023.124081 781 SR AR


https://doi.org/10.12677/ccrl.2023.124081
https://kdocs.cn/l/cjxPhosAH1EI
https://doi.org/10.1130/1052-5173(2004)014%3C4:CAAPDO%3E2.0.CO;2
https://doi.org/10.1126/science.291.5501.112
https://doi.org/10.2475/ajs.294.1.56
https://doi.org/10.1016/j.gca.2005.11.032
https://doi.org/10.2475/ajs.301.2.182

F Ny

9]

[10]

(1]

[15]

[16]

[19]

[20]

[21]

[22]

[23]

[25]

[26]

[27]

(28]

https://doi.org/10.1038/ngeo1186

Liithi, D., Le Floch, M., Bereiter, B., Blunier, T., Barnola, J.-M., Siegenthaler, U., Raynaud, D., Jouzel, J., Fischer, H.
and Kawamura, K. (2008) High-Resolution Carbon Dioxide Concentration Record 650,000-800,000 Years before
Present. Nature, 453, 379-382. https://doi.org/10.1038/nature06949

Myers, T.S., Tabor, N.J., Jacobs, L.L. and Mateus, O. (2012) Estimating Soil pCO, Using Paleosol Carbonates: Impli-
cations for the Relationship between Primary Productivity and Faunal Richness in Ancient Terrestrial Ecosystems. Pa-
leobiology, 38, 585-604. https://doi.org/10.1666/11005.1

Seki, O., Foster, G.L., Schmidt, D.N., Mackensen, A., Kawamura, K. and Pancost, R.D. (2010) Alkenone and Bo-
ron-Based Pliocene pCO, Records. Earth and Planetary Science Letters, 292, 201-211.
https://doi.org/10.1016/j.epsl.2010.01.037

Schubert, B.A. and Jahren, A.H. (2012) The Effect of Atmospheric CO, Concentration on Carbon Isotope Fractiona-
tion in C; Land Plants. Geochimica et Cosmochimica Acta, 96, 29-43. https://doi.org/10.1016/j.gca.2012.08.003

Royer, D. (2001) Stomatal Density and Stomatal Index as Indicators of Paleoatmospheric CO, Concentration. Review
of Palaeobotany and Palynology, 114, 1-28. https://doi.org/10.1016/S0034-6667(00)00074-9

Royer, D.L., Moynihan, K.M., McKee, M.L., Londofio, L. and Franks, P.J. (2019) Sensitivity of a Leaf Gas-Exchange
Model for Estimating Paleoatmospheric CO, Concentration. Climate of the Past, 15, 795-809.
https://doi.org/10.5194/cp-15-795-2019

Woodward, F.I. (1987) Stomatal Numbers Are Sensitive to Increases in CO, from Pre-Industrial Levels. Nature, 327,
617-618. https://doi.org/10.1038/327617a0

Salisbury, E.J. (1997) L. On the Causes and Ecological Significance of Stomatal Frequency, with Special Reference to
the Woodland Flora. Philosophical Transactions of the Royal Society of London. Series B, Containing Papers of a Bi-
ological Character, 216, 1-65. https://doi.org/10.1098/rstb.1928.0001

Poole, LK.W. (1999) Stomatal Density and Index: The Practice. In: Jones, T.P. and Rowe, N.P., Eds., Fossil Plants
and Spores: Modern Techniques, Geological Society, London, 257-260.

Bai, Y.J., Chen, L.Q., Ranhotra, P.S., Wang, Q., Wang, Y.F. and Li, C.S. (2015) Reconstructing Atmospheric CO,
during the Plio-Pleistocene Transition by Fossil Typha. Global Change Biology, 21, 874-881.
https://doi.org/10.1111/gcb.12670

McElwain, J., Mitchell, F.J.G. and Jones, M.B. (1995) Relationship of Stomatal Density and Index of Salix cinerea to
Atmospheric Carbon Dioxide Concentrations in the Holocene. The Holocene, 5,216-219.
https://doi.org/10.1177/095968369500500209

Rundgren, M. and Beerling, D. (1999) A Holocene CO, Record from the Stomatal Index of Subfossil Salix herbacea L.
Leaves from Northern Sweden. Holocene, 9, 509-513. https://doi.org/10.1191/095968399677717287

Beerling, D.J., Chaloner, W.G., Huntley, B., Pearson, J.R.A. and Tooley, M.J. (1993) Stomatal Density Responds to
the Glacial Cycle of Environmental Change. Proceedings of the Royal Society B Biological Sciences, 251, 133-138.
https://doi.org/10.1098/rspb.1993.0019

McElwain, J. (1998) Do Fossil Plants Signal Palacoatmospheric Carbon Dioxide Concentration in the Geological Past?
Philosophical Transactions of the Royal Society of London B: Biological Sciences, 353, 83-96.
https://doi.org/10.1098/rstb.1998.0193

Finsinger, W. and Wagner-Cremer, F. (2009) Stomatal-Based Inference Models for Reconstruction of Atmospheric
CO, Concentration: A Method Assessment Using a Calibration and Validation Approach. Holocene, 19, 757-764.
https://doi.org/10.1177/0959683609105300

Eide, W. and Birks, H.H. (2004) Stomatal Frequency of Betula pubescens and Pinus sylvestris Shows No Proportional
Relationship with Atmospheric CO, Concentration. Nordic Journal of Botany, 24, 327-339.
https://doi.org/10.1111/1.1756-1051.2004.tb00848.x

Sun, B., Ding, S., Wu, J., Dong, C., Xie, S. and Lin, Z. (2012) Carbon Isotope and Stomatal Data of Late Pliocene Be-
tulaceae Leaves from SW China: Implications for Palacoatmospheric CO,-Levels. Turkish Journal of Earth Sciences,
21, 237-250. https://doi.org/10.3906/yer-1003-42

Van Der Burgh, J., Visscher, H., Dilcher, D.L. and Kurschner, W.M. (1993) Paleoatmospheric Signatures in Neogene
Fossil Leaves. Science, 260, 1788-1790. https://doi.org/10.1126/science.260.5115.1788

Kiirschner, W.M., vanderBurgh, J., Visscher, H. and Dilcher, D.L. (1996) Oak Leaves as Biosensors of Late Neogene
and Early Pleistocene Paleoatmospheric CO, Concentrations. Marine Micropaleontology, 27, 299-312.
https://doi.org/10.1016/0377-8398(95)00067-4

Hu, J.J., Xing, Y.W., Turkington, R., Jacques, F.M., Su, T., Huang, Y.J. and Zhou, Z.K. (2015) A New Positive Rela-

tionship between pCO, and Stomatal Frequency in Quercus guyavifolia (Fagaceae): A Potential Proxy for Palaeo-CO,
Levels. Annals of Botany, 115, 777-788. https://doi.org/10.1093/aob/mcv007

DOI: 10.12677/ccrl.2023.124081 782 AAEAR I I i


https://doi.org/10.12677/ccrl.2023.124081
https://doi.org/10.1038/ngeo1186
https://doi.org/10.1038/nature06949
https://doi.org/10.1666/11005.1
https://doi.org/10.1016/j.epsl.2010.01.037
https://doi.org/10.1016/j.gca.2012.08.003
https://doi.org/10.1016/S0034-6667(00)00074-9
https://doi.org/10.5194/cp-15-795-2019
https://doi.org/10.1038/327617a0
https://doi.org/10.1098/rstb.1928.0001
https://doi.org/10.1111/gcb.12670
https://doi.org/10.1177/095968369500500209
https://doi.org/10.1191/095968399677717287
https://doi.org/10.1098/rspb.1993.0019
https://doi.org/10.1098/rstb.1998.0193
https://doi.org/10.1177/0959683609105300
https://doi.org/10.1111/j.1756-1051.2004.tb00848.x
https://doi.org/10.3906/yer-1003-42
https://doi.org/10.1126/science.260.5115.1788
https://doi.org/10.1016/0377-8398(95)00067-4
https://doi.org/10.1093/aob/mcv007

F g

[29]

[30]

[34]

[47]

(48]

Wang, Y.Q., Momohara, A., Ito, A., Fukushima, T. and Huang, Y.J. (2018) Warm Climate under high CO, Level in
the Early Pleistocene Based on a Leaf Fossil Assemblage in Central Japan. Review of Palaeobotany and Palynology,
258, 146-153. https://doi.org/10.1016/j.revpalbo.2018.08.001

Kiirschner, W.M., Kvacek, Z. and Dilcher, D.L. (2008) The Impact of Miocene Atmospheric Carbon Dioxide Fluctua-
tions on Climate and the Evolution of Terrestrial Ecosystems. Proceedings of the National Academy of Sciences of the
United States of America, 105, 449-453. https://doi.org/10.1073/pnas.0708588105

Wang, Y., Momohara, A., Wakamatsu, N., Omori, T., Yoneda, M. and Yang, M. (2020) Middle and Late Holocene al-
titudinal Distribution Limit Changes of Fagus crenata Forest, Mt. Kurikoma, Japan Indicated by Stomatal Evidence.
Boreas, 49, 718-729. https://doi.org/10.1111/bor.12463

Wang, Y.Q., Ito, A., Huang, Y.J., Fukushima, T., Wakamatsu, N. and Momohara, A. (2018) Reconstruction of Altitu-
dinal Transportation Range of Leaves Based on Stomatal Evidence: An Example of the Early Pleistocene Fagus Leaf
Fossils from Central Japan. Palaeogeography Palaeoclimatology Palaeoecology, 505, 317-325.
https://doi.org/10.1016/j.palaeco.2018.06.011

LePage, B.A., Williams, C.J. and Yang, H. (2005) The Geobiology and Ecology of Metasequoia. In: Topics in Geobi-
ology, Springer, Berlin, 116-126. https://doi.org/10.1007/1-4020-2764-8

Retallack, G.J. (2001) A 300-Million-Year Record of Atmospheric Carbon Dioxide from Fossil Plant Cuticles. Nature,
411, 287-290. https://doi.org/10.1038/35077041

Retallack, G.J. and Conde, G.D. (2020) Deep Time Perspective on Rising Atmospheric CO,. Global and Planetary
Change, 189, Article ID: 103177. https://doi.org/10.1016/j.gloplacha.2020.103177

Royer, D.L., Wing, S.L., Beerling, D.J., Jolley, D.W., Koch, P.L., Hickey, L.J. and Berner, R.A. (2001) Paleobotanical
Evidence for Near Present-Day Levels of Atmospheric CO, during Part of the Tertiary. Science, 292, 2310-2313.
https://doi.org/10.1126/science.292.5525.2310

Wang, Y., Momohara, A., Wang, L., Lebreton-Anberree, J. and Zhou, Z. (2015) Evolutionary History of Atmospheric
CO, during the Late Cenozoic from Fossilized Metasequoia Needles. PLOS ONE, 10, ¢0130941.
https://doi.org/10.1371/journal.pone.0130941

Wang, Y., Wang, L., Momohara, A., Leng, Q. and Huang, Y.-J. (2020) The Paleogene Atmospheric CO, Concentra-
tions Reconstructed Using Stomatal Analysis of Fossil Metasequoia Needles. Palaeoworld, 29, 744-751.
https://doi.org/10.1016/j.palwor.2020.03.002

Oishi, S. and mineralogy, (1938) On the Cuticles of Tertiary Ginkgoites Leaves from Kuzi, Iwate Prefecture. Journal
of the Faculty of Science, Hokkaido Imperial University. Ser. 4, Geology, 4, 103-106.

Iwao, Y. (1978) Late Cenozoic Ginkgo biloba L. from the Hoshiwara Formation in Kumamoto Prefecture, Kyushu,
Japan. Reports of the Faculty of Science and Engineering Saga University, 6, 45-49.

Szafer, W. (1961) Miocénska flora ze starychGliwicnaSlasku (Miocene flora from Stare Gliwice in Upper Silesia). In-
stitutGeologicznyPragce, 33, 205.

Lancucka-Srodoniowa, M. (1966) Tortonian Flora from the “Gdow Bay” in the South of Poland. Acta Palaeobotanica,
7,3-135.

Royer, D.L. (2003) Estimating Latest Cretaceous and Tertiary Atmospheric CO, from Stomatal Indices. Special Pa-
pers-Geological Society of America, 79-94. https://doi.org/10.1130/0-8137-2369-8.79

Retallack, G.J. (2009) Greenhouse Crises of the Past 300 Million Years. Geological Society of America Bulletin, 121,
1441-1455. https://doi.org/10.1130/B26341.1

Winguth, A., Shellito, C., Shields, C. and Winguth, C. (2010) Climate Response at the Paleocene-Eocene Thermal
Maximum to Greenhouse Gas Forcing—A Model Study with CCSM3. Journal of Climate, 23, 2562-2584.
https://doi.org/10.1175/2009JCLI3113.1

Raven, J.A. and Ramsden, H.J. (1988) Similarity of Stomatal Index in the C, Plant Salsola kali L. in Material Collected
in 1843 and in 1987: Relevance to Changes in Atmospheric CO, Content. Transactions of the Botanical Society of
Edinburgh, 45, 223-233. https://doi.org/10.1080/03746608808684963

Beerling, D.J. and Woodward, F.I. (1996) Palaco-Ecophysiological Perspectives on Plant Responses to Global Change.
Trends in Ecology & Evolution, 11, 20-23. https://doi.org/10.1016/0169-5347(96)81060-3

Ehleringer, J.R. and Cerling, T.E. (1995) Atmospheric CO, and the Ratio of Intercellular to Ambient CO, Concentra-
tions in Plants. Tree Physiology, 15, 105-111. https://doi.org/10.1093/treephys/15.2.105

Policy, H.W., Johnson, H.B., Marinot, B.D. and Mayeux, H.S. (1993) Increase in C; Plant Water-Use Efficiency and
Biomass over Glacial to Present CO, Concentrations. Nature, 361, 61-64. https://doi.org/10.1038/361061a0

Wang, L. and Leng, Q. (2011) A New Method to Prepare Clean Cuticular Membrane from Fossil Leaves with Thin and
Fragile Cuticles. Science China Earth Sciences, 54, 223-227. https://doi.org/10.1007/s11430-010-4151-4

DOI: 10.12677/ccrl.2023.124081 783 AAEAR I I i


https://doi.org/10.12677/ccrl.2023.124081
https://doi.org/10.1016/j.revpalbo.2018.08.001
https://doi.org/10.1073/pnas.0708588105
https://doi.org/10.1111/bor.12463
https://doi.org/10.1016/j.palaeo.2018.06.011
https://doi.org/10.1007/1-4020-2764-8
https://doi.org/10.1038/35077041
https://doi.org/10.1016/j.gloplacha.2020.103177
https://doi.org/10.1126/science.292.5525.2310
https://doi.org/10.1371/journal.pone.0130941
https://doi.org/10.1016/j.palwor.2020.03.002
https://doi.org/10.1130/0-8137-2369-8.79
https://doi.org/10.1130/B26341.1
https://doi.org/10.1175/2009JCLI3113.1
https://doi.org/10.1080/03746608808684963
https://doi.org/10.1016/0169-5347(96)81060-3
https://doi.org/10.1093/treephys/15.2.105
https://doi.org/10.1038/361061a0
https://doi.org/10.1007/s11430-010-4151-4

F Ny

[51]

[52]

[53]

[54]

[55]

[56]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Honisch, B., Hemming, N.G., Archer, D., Siddall, M. and McManus, J.F. (2009) Atmospheric Carbon Dioxide Con-
centration across the Mid-Pleistocene Transition. Science, 324, 1551-1554. https://doi.org/10.1126/science.1171477

Foster, G.L. (2008) Seawater pH, pCO, and [CO, ] Variations in the Caribbean Sea over the last 130kyr: A Boron
Isotope and B/Ca Study of Planktic Foraminifera. Earth and Planetary Science Letters, 271, 254-266.
https://doi.org/10.1016/j.epsl.2008.04.015

Sosdian, S.M., Greenop, R., Hain, M.P., Foster, G.L., Pearson, P.N. and Lear, C.H. (2018) Constraining the Evolution
of Neogene Ocean Carbonate Chemistry Using the Boron Isotope pH Proxy. Earth and Planetary Science Letters, 498,
362-376. https://doi.org/10.1016/j.epsl.2018.06.017

Chalk, T.B., Hain, M.P., Foster, G.L., Rohling, E.J., Sexton, P.F., Badger, M.P.S., Cherry, S.G., Hasenfratz, A.P.,
Haug, G.H., Jaccard, S.L., Martinez-Garcia, A., Pilike, H., Pancost, R.D. and Wilson, P.A. (2017) Causes of Ice Age
Intensification across the Mid-Pleistocene Transition. Proceedings of the National Academy of Sciences of the United
States of America, 114, 13114-13119. https://doi.org/10.1073/pnas.1702143114

Dyez, K.A., Honisch, B. and Schmidt, G.A. (2018) Early Pleistocene Obliquity-Scale pCO, Variability at~1.5 Million
Years Ago. Paleoceanography and Paleoclimatology, 33, 1270-1291. https://doi.org/10.1029/2018PA003349

Martinez-Boti, M.A., Foster, G.L., Chalk, T.B., Rohling, E.J., Sexton, P.F., Lunt, D.J., Pancost, R.D., Badger, M.P.S.
and Schmidt, D.N. (2015) Plio-Pleistocene Climate Sensitivity Evaluated Using High-Resolution CO, Records. Nature,
518, 49-54. https://doi.org/10.1038/nature14145

de la Vega, E., Chalk, T.B., Wilson, P.A., Bysani, R.P. and Foster, G.L. (2020) Atmospheric CO, during the
Mid-Piacenzian Warm Period and the M2 Glaciation. Scientific Reports, 10, Article No. 11002.
https://doi.org/10.1038/s41598-020-67154-8

Badger, M.P.S., Lear, C.H., Pancost, R.D., Foster, G.L., Bailey, T.R., Leng, M.J. and Abels, H.A. (2013) CO, Draw-
down Following the Middle Miocene Expansion of the Antarctic Ice Sheet. Paleoceanography, 28, 42-53.
https://doi.org/10.1002/palo.20015

Greenop, R., Foster, G.L., Wilson, P.A. and Lear, C.H. (2014) Middle Miocene Climate Instability Associated with
High-Amplitude CO, Variability. Paleoceanography, 29, 845-853. https://doi.org/10.1002/2014PA002653

Pearson, P.N., Foster, G.L. and Wade, B.S. (2009) Atmospheric Carbon Dioxide through the Eocene-Oligocene Cli-
mate Transition. Nature, 461, 1110-1113. https://doi.org/10.1038/nature08447

Anagnostou, E., John, E.H., Babila, T.L., Sexton, P.F., Ridgwell, A., Lunt, D.J., Pearson, P.N., Chalk, T.B., Pancost,
R.D. and Foster, G.L. (2020) Proxy Evidence for State-Dependence of Climate Sensitivity in the Eocene Greenhouse.
Nature Communications, 11, Article No. 4436. https://doi.org/10.1038/s41467-020-17887-x

Eberle, J.J. and Greenwood, D.R. (2012) Life at the Top of the Greenhouse Eocene World—A Review of the Eocene
Flora and Vertebrate Fauna from Canada’s High Arctic. GSA Bulletin, 124, 3-23. https://doi.org/10.1130/B30571.1

Henehan, M.J., Edgar, K.M., Foster, G.L., Penman, D.E., Hull, P.M., Greenop, R., Anagnostou, E. and Pearson, P.N.
(2020) Revisiting the Middle Eocene Climatic Optimum “Carbon Cycle Conundrum” with New Estimates of Atmos-
pheric pCO, from Boron Isotopes. Paleoceanography and Paleoclimatology, 35, €2019PA003713.
https://doi.org/10.1029/2019PA003713

Harper, D.T., Honisch, B., Zeebe, R.E., Shaffer, G., Haynes, L.L., Thomas, E. and Zachos, J.C. (2020) The Magnitude
of Surface Ocean Acidification and Carbon Release During Eocene Thermal Maximum 2 (ETM-2) and the Paleo-
cene-Eocene Thermal Maximum (PETM). Paleoceanography and Paleoclimatology, 35, e2019PA003699.
https://doi.org/10.1029/2019PA003699

Penman, D.E., Honisch, B., Zeebe, R.E., Thomas, E. and Zachos, J.C. (2014) Rapid and Sustained Surface Ocean Aci-
dification during the Paleocene-Eocene Thermal Maximum. Paleoceanography, 29, 357-369.
https://doi.org/10.1002/2014PA002621

Gutjahr, M., Ridgwell, A., Sexton, P.F., Anagnostou, E., Pearson, P.N., Pilike, H., Norris, R.D., Thomas, E. and Foster,
G.L. (2017) Very Large Release of Mostly Volcanic Carbon during the Palacocene-Eocene Thermal Maximum. Nature,
548, 573-577. https://doi.org/10.1038/nature23646

Henehan, M.J., Ridgwell, A., Thomas, E., Zhang, S., Alegret, L., Schmidt, D.N., Rae, J.W.B., Witts, J.D., Landman,
N.H., Greene, S.E., Huber, B.T., Super, J.R., Planavsky, N.J. and Hull, P.M. (2019) Rapid Ocean Acidification and
Protracted Earth System Recovery Followed the End-Cretaceous Chicxulub Impact. Proceedings of the National Acad-
emy of Sciences of the United States of America. Proceedings of the National Academy of Sciences of the United States
of America, 116, 22500-22504. https://doi.org/10.1073/pnas.1905989116

Beerling, D.J., Lomax, B.H., Royer, D.L., Upchurch Jr., G.R. and Kump, L.R. (2002) An Atmospheric pCO, Recon-
struction across the Cretaceous-Tertiary Boundary from Leaf Megafossils. Proceedings of the National Academy of
Sciences of the United States of America, 99, 7836-7840. https://doi.org/10.1073/pnas. 122573099

Doria, G., Royer, D.L., Wolfe, A.P., Fox, A., Westgate, J.A. and Beerling, D.J. (2011) Declining Atmospheric CO,

DOI: 10.12677/ccrl.2023.124081 784 AAEAR I I i


https://doi.org/10.12677/ccrl.2023.124081
https://doi.org/10.1126/science.1171477
https://doi.org/10.1016/j.epsl.2008.04.015
https://doi.org/10.1016/j.epsl.2018.06.017
https://doi.org/10.1073/pnas.1702143114
https://doi.org/10.1029/2018PA003349
https://doi.org/10.1038/nature14145
https://doi.org/10.1038/s41598-020-67154-8
https://doi.org/10.1002/palo.20015
https://doi.org/10.1002/2014PA002653
https://doi.org/10.1038/nature08447
https://doi.org/10.1038/s41467-020-17887-x
https://doi.org/10.1130/B30571.1
https://doi.org/10.1029/2019PA003713
https://doi.org/10.1029/2019PA003699
https://doi.org/10.1002/2014PA002621
https://doi.org/10.1038/nature23646
https://doi.org/10.1073/pnas.1905989116
https://doi.org/10.1073/pnas.122573099

F g

[71]

[72]

(73]

[74]

(73]

[76]

[77]

[78]

[79]

[80]

[81]

(82]

[83]

[84]

[85]

[86]

[87]

during the Late Middle Eocene Climate Transition. American Journal of Science, 311, 63-75.
https://doi.org/10.2475/01.2011.03

Rae, J.W.B., Zhang, Y.G., Liu, X., Foster, G.L., Stoll, H.M. and Whiteford, R.D.M. (2021) Atmospheric CO, over the
Past 66 Million Years from Marine Archives. Annual Review of Earth and Planetary Sciences, 49, 609-641.
https://doi.org/10.1146/annurev-earth-082420-063026

Royer, D.L., Berner, R.A. and Beerling, D.J. (2001) Phanerozoic Atmospheric CO, Change: Evaluating Geochemical
and Paleobiological Approaches. Earth-Science Reviews, 54, 349-392. https://doi.org/10.1016/S0012-8252(00)00042-8

Pagani, M., Lemarchand, D., Spivack, A. and Gaillardet, J. (2005) A Critical Evaluation of the Boron Isotope-pH
Proxy: The Accuracy of Ancient Ocean pH Estimates. Geochimica Et Cosmochimica Acta, 69, 953-961.
https://doi.org/10.1016/j.gca.2004.07.029

Henderiks, J. and Pagani, M. (2008) Coccolithophore Cell Size and the Paleogene Decline in Atmospheric CO,. Earth
and Planetary Science Letters, 269, 575-583. https://doi.org/10.1016/j.epsl.2008.03.016

Pagani, M., Freeman, K.H. and Arthur, M.A. (1999) Late Miocene Atmospheric CO, Concentrations and the Expan-
sion of C(4) Grasses. Science, 285, 876-879. https://doi.org/10.1126/science.285.5429.876

Pagani, M., Arthur, M.A. and Freeman, K.H. (1999) Miocene Evolution of Atmospheric Carbon Dioxide. Paleocea-
nography, 14, 273-292. https://doi.org/10.1029/1999PA900006

Westerhold, T., Marwan, N., Drury, A.J., Liebrand, D., Agnini, C., Anagnostou, E., Barnet, J.S., Bohaty, S.M., De
Vleeschouwer, D. and Florindo, F.J.S. (2020) An Astronomically Dated Record of Earth’s Climate and Its Predictabil-
ity over the Last 66 Million Years. Science, 369, 1383-1387. https://doi.org/10.1126/science.aba6853

Hansen, J., Sato, M., Kharecha, P., Beerling, D., Berner, R., Masson-Delmotte, V., Pagani, M., Raymo, M., Royer, D.L.
and Zachos, J.C. (2008) Target Atmospheric CO: Where Should Humanity Aim? The Open Atmospheric Science Jour-
nal,2,217-231. https://doi.org/10.2174/1874282300802010217

Tripati, A. and Elderfield, H. (2005) Deep-Sea Temperature and Circulation Changes at the Paleocene-Eocene Thermal
Maximum. Science, 308, 1894-1898. https://doi.org/10.1126/science.1109202

Zachos, J.C., Rohl, U., Schellenberg, S.A., Sluijs, A., Hodell, D.A., Kelly, D.C., Thomas, E., Nicolo, M., Raffi, L,
Lourens, L.J., McCarren, H. and Kroon, D. (2005) Rapid Acidification of the Ocean during the Paleocene-Eocene
Thermal Maximum. Science, 308, 1611-1615. https://doi.org/10.1126/science.1109004

Pearson, P.N., van Dongen, B.E., Nicholas, C.J., Pancost, R.D., Schouten, S., Singano, J.M. and Wade, B.S. (2007)
Stable Warm Tropical Climate through the Eocene Epoch. Geology, 35, 211-214. https://doi.org/10.1130/G23175A.1

Wing, S.L., Harrington, G.J., Smith, F.A., Bloch, J.I., Boyer, D.M. and Freeman, K.H. (2005) Transient Floral Change
and Rapid Global Warming at the Paleocene-Eocene Boundary. Science, 310, 993-996.
https://doi.org/10.1126/science.1116913

Fletcher, B.J., Brentnall, S.J., Anderson, C.W., Berner, R.A. and Beerling, D.J. (2007) Atmospheric Carbon Dioxide
Linked with Mesozoic and Early Cenozoic Climate Change. Nature Geoscience, 1, 43-48.
https://doi.org/10.1038/nge0.2007.29

Dickens, G.R., Castillo, M.M. and Walker, J.C. (1997) A Blast of Gas in the Latest Paleocene: Simulating First-Order
Effects of Massive Dissociation of Oceanic Methane Hydrate. Geology, 25, 259-262.
https://doi.org/10.1130/0091-7613(1997)025<0259:ABOGIT>2.3.CO:2

Higgins, J.A. and Schrag, D.P. (2006) Beyond Methane: Towards a Theory for the Paleocene—Eocene Thermal Maxi-
mum. Earth and Planetary Science Letters, 245, 523-537. https://doi.org/10.1016/j.epsl.2006.03.009

Pearson, P.N., Ditchfield, P.W., Singano, J., Harcourt-Brown, K.G., Nicholas, C.J., Olsson, R.K., Shackleton, N.J. and
Hall, M.A. (2001) Warm Tropical Sea Surface Temperatures in the Late Cretaceous and Eocene Epochs. Nature, 413,
481-487. https://doi.org/10.1038/35097000

Beerling, D., Berner, R.A., Mackenzie, F.T., Harfoot, M.B. and Pyle, J.A. (2009) Methane and the CH4-Related
Greenhouse Effect over the Past 400 Million Years. American Journal of Science, 309, 97-113.
https://doi.org/10.2475/02.2009.01

Melton, J., Wania, R., Hodson, E., Poulter, B., Ringeval, B., Spahni, R., Bohn, T., Avis, C., Beerling, D. and Chen, G.
(2013) Present State of Global Wetland Extent and Wetland Methane Modelling: Conclusions from a Model Inter-
comparison Project (WETCHIMP). Biogeosciences, 10, 753-788. https://doi.org/10.5194/bg-10-753-2013

Sluijs, A., Brinkhuis, H., Schouten, S., Bohaty, S.M., John, C.M., Zachos, J.C., Reichart, G.J., Damste, J.S.S., Crouch,
E.M. and Dickens, G.R. (2007) Environmental Precursors to Rapid Light Carbon Injection at the Palacocene/Eocene
Boundary. Nature, 450, 1218-1221. https://doi.org/10.1038/nature06400

Lamotte, R.S. (1936) The Upper Cedarville Flora of Northwestern Nevada and Adjacent California. Carnegie Institu-
tion of Washington, Washington DC.

DOI: 10.12677/ccrl.2023.124081 785 AAEAR I I i


https://doi.org/10.12677/ccrl.2023.124081
https://doi.org/10.2475/01.2011.03
https://doi.org/10.1146/annurev-earth-082420-063026
https://doi.org/10.1016/S0012-8252(00)00042-8
https://doi.org/10.1016/j.gca.2004.07.029
https://doi.org/10.1016/j.epsl.2008.03.016
https://doi.org/10.1126/science.285.5429.876
https://doi.org/10.1029/1999PA900006
https://doi.org/10.1126/science.aba6853
https://doi.org/10.2174/1874282300802010217
https://doi.org/10.1126/science.1109202
https://doi.org/10.1126/science.1109004
https://doi.org/10.1130/G23175A.1
https://doi.org/10.1126/science.1116913
https://doi.org/10.1038/ngeo.2007.29
https://doi.org/10.1130/0091-7613(1997)025%3C0259:ABOGIT%3E2.3.CO;2
https://doi.org/10.1016/j.epsl.2006.03.009
https://doi.org/10.1038/35097000
https://doi.org/10.2475/02.2009.01
https://doi.org/10.5194/bg-10-753-2013
https://doi.org/10.1038/nature06400

N g

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

Bijl, P.K., Houben, A.J.P., Schouten, S., Bohaty, S.M., Sluijs, A., Reichart, G.J., Damste, J.S.S. and Brinkhuis, H.
(2010) Transient Middle Eocene Atmospheric CO, and Temperature Variations. Science, 330, 819-821.
https://doi.org/10.1126/science.1193654

DeConto, R.M. and Pollard, D. (2003) Rapid Cenozoic Glaciation of Antarctica Induced by Declining Atmospheric
CO,. Nature, 421, 245. https://doi.org/10.1038/nature01290

Deconto, R.M., Pollard, D., Wilson, P.A., Palike, H., Lear, C.H. and Pagani, M. (2008) Thresholds for Cenozoic Bipo-
lar Glaciation. Nature, 455, 652-656. https://doi.org/10.1038/nature07337

Pearson, P.N., ef al. (2001) Warm Tropical Sea Surface Temperatures in the Late Cretaceous and Eocene Epochs. Na-
ture, 413, 481-487. https://doi.org/10.1038/35097000

Knorr, G., Butzin, M., Micheels, A. and Lohmann, G. (2011) A Warm Miocene Climate at Low Atmospheric pCO,
Levels. Geophysical Research Letters, 38, 1L.20701. https://doi.org/10.1029/2011GL048873

Pagani, M., Zachos, J.C., Freeman, K.H., Tipple, B. and Bohaty, S. (2005) Marked Decline in Atmospheric Carbon
Dioxide Concentrations during the Paleogene. Science, 309, 600-603. https://doi.org/10.1126/science.1110063

Mosbrugger, V., Utescher, T. and Dilcher, D.L. (2005) Cenozoic Continental Climatic Evolution of Central Europe.
Proceedings of the National Academy of Sciences of the United States of America, 102, 14964-14969.
https://doi.org/10.1073/pnas.0505267102

Shevenell, A.E., Kennett, J.P. and Lea, D.W. (2004) Middle Miocene Southern Ocean Cooling and Antarctic Cryos-
phere Expansion. Science, 305, 1766-1770. https://doi.org/10.1126/science.1100061

DOI: 10.12677/ccrl.2023.124081 786 SR AR


https://doi.org/10.12677/ccrl.2023.124081
https://doi.org/10.1126/science.1193654
https://doi.org/10.1038/nature01290
https://doi.org/10.1038/nature07337
https://doi.org/10.1038/35097000
https://doi.org/10.1029/2011GL048873
https://doi.org/10.1126/science.1110063
https://doi.org/10.1073/pnas.0505267102
https://doi.org/10.1126/science.1100061

	基于银杏(Ginkgo)与水杉(Metasequoia)叶化石气孔指数的新生代大气CO2浓度记录
	摘  要
	关键词
	Cenozoic CO2 Concentration History Based on Ginkgo and Metasequoia Stomatal Index
	Abstract
	Keywords
	1. 引言
	2. 材料与方法
	3. 结果
	4. 讨论
	4.1. 不同植物对于气孔指数法的影响
	4.2. 与海洋有孔虫硼同位素古大气CO2浓度记录对比
	4.3. 古大气CO2浓度变化与古温度变化的关系

	5. 总结
	参考文献

