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W ZE  [EHM] Hol kel HimPusE (GDGTs) [RIHALS AR PEGR . X PR3 S5 A i B BURepl FH T it SRS A oty
FE R, HEE R, B, GBS E T R MR brGDGTs 43 i FHIE f . iR Al
pH X RMBFFE, DTS X . [k ] RE T A H R . AR k. Bk K3
Fy DU TERE. BB 9 AL 56 R LAER, X H brGDGTs IR IR G T, LA AR AR R
R R K i DA S S pH{EL, A Pearson AHSC /M3 CURRAR SR ARIUEAT VAL, S@ILIZ 5 Bl AR LR MEA & 5 7%
¥ T IR S pH &HE 2. (4558 ] AFCIX K £ brGDGTs LA Ta. Ila F Il 3, 5-F3E brGDGTs & Hifk
o F T E B A G I DR AR AR ) SR HE R AERIR X (8] (-2°C~3°C) W R AR mME NG, HETH
el e J5 2 A L (IR B CBT" 550 pH AW O i . L4518 1 AR AL T brGDGTs M4 LS 43 Aii
2R pH JE[FIFE . 3T R L FES brGDGTs By X 3P 5 pH RSy FEAE milg ik . SRR F A B
TFEE R, Dy T R R PR A P SR TR

E8HE HEEE: brGDGTs; BUCERE; R)¥; pH
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HHRTT NI, 19985 X ZA%%, 1998; Molnar and Stock, 2009; Ding et al., 2022) , R[]
Hh b R S R IR FHRZISOE T m R S S S AR AR, R R T R KU T S T
. AR R, B B AR A BR SR A () ZE IR F) ) 5O GELRISE, 1995b,
1996; Anetal., 2001; Molnar et al., 2010) . {EMERTSUERGHEAEHPE ST, &
7 T e JER A PR R A T IR 72 ) v A A L L) B R R L, R R
LR AR J 5 AR A I FE 25 DA OG0 LIRS AR IS, pHD R 3R A e I e T
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BT XK Bk 5 S i i FR IR LGB KHE (Molnar et al., 1993; Aneral., 2001; Tapponnier
etal., 2001; Clark et al., 2006; Molnar ef al., 2010; Liuand Dong, 2013) . HEjCH £
NSRRI R AR F TR TR BE A AT AL S PR BRI, e Ky TR Tk S S AR DAV 5 e o
% (Faegri and Iversen, 1989; Piperno, 2006) , [Ffi7 Z 4 MR R/KIGEAT . RERVE T #% 1d F2
(Rowley and Garzione, 2007; Dellinger et al., 2017) , REZRAYbs EWCFE WLFORIE 5 U0
FIAEE (5 B (Eglinton and Hamilton, 1967; Meyers, 1997; Pancost and Boot, 2004) . A fig
KA BV HA R EYRIE, IF BB AR, AU B R A I o 15
SHAL N IR BI{E B (Eglinton and Eglinton, 2008; Sachse efal., 2012) . {EALA RAFAE
kIR Eh R R B R A R AR ARG R MEZ IR IS DL N, IRSRAEMIAR S nT Ve A AR FR bR e
SIPRRN AR EGE ST, R SR BT BT AU PR S AR A IR S L S A O A
2. (Eglinton and Eglinton, 2008; Sachse efal., 2012) .

Hih —he M PUEE (Glycerol dialkyl glycerol tetragtherss, GDGTs) [R/0Af) 32 « 4k 2E MR
Fes® ELOHIR BEAR A BAT RGPS, 385K OOk il B I 22 TR (Schouten et al., 2002;
Weijers ef al., 2007; de Jonge et al., 2014b; Naafs et al., 2017; Dearing Crampton-Flood ez al.,
2020; Martinez-Sosa et al., 2021; Raberg eal., 2022; Leietal., 2023) . GDGTs B AHEL
#% GDGTs (brGDGTs) 257K —# GRGTs_(iGDGTs) , HH brGDGTs LMY ~4, |
2o AT TRl PR (Weijers et al., 2009; Sinninghe Damsté et al., 2011, 2014, 2018) . brGDGTs
A BH P 2 B Joe Bl 0 TR SR T R U B 4, LR R o B A AN R I R A 3 (4~6 D)
IR IEIR (0~2 ) o KEFFTLERY, brGDGTs I HIEMLFERE . FILFLRE B SRR AE X BR
Ba TR R, HR A MRS (MBT) FZEZREH], MRS (CBT) KRMiE4
Xof 338 pH AL AU (Weijers et al., 2007; Peterse et al., 2012; de Jonge et al., 2014a; Ding
etal., 2015) , LA 2ZE#EIET brGDGTs ] MBT A1 CBT $840 37 1 4R DX R I
+35 pH ##: /5 F2 (de Jonge et al., 2014a; Hanna et al., 2016; Wang et al., 2016; Naafs et al.,
2017; Liu et al., 2020; Wang et al., 2020a; Martinez-Sosa et al., 2021; Tang et al., 2024; O’Beirne
etal., 2025) .

FEFR AR AL X I R (1 F brGDGTs 2 i B2 5 W iR B 7T (Yang et al., 2015; Deng et
al., 2016; Baietal., 2018; Fengetal., 2019; Wang et al., 2020b) %R IR EE AR 50 4

(Baietal., 2018; Fengetal., 2019; Wang et al., 2022) , brGDGTs 7} i fFiE 6 32 3|+ 385 /K
& (Soil water content, SWC; Dang et al., 2016) . H#2EM (Liang et al., 2019) LUK IELER)
YU TEVR 450 (Wang et al., 2024) SR KHIFW . SR17, A HFE 2 4 b T 5 — B k= 0k
i, BRZ 2, AR R EE, PEEBZ T X AR AL brGDGTs 43 A7 REAE S H R 5
JSEATLART P 4 TET DA VR o ARF )2 75 8 e S B AR AL T e ik IR PR B 1 5 T, S iR B T 5 2 31l
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GRRUNI RGN, R i BT A P S5 B2 L 28 A0 2 KT AR v 40 73 s ) A IR, B DX )
FEARR T B Bl A5 AR 2 A R IR S 930 AR i b AT UL B B vl ™ 2E R i (i 22 (Liang et al.,
2026) AR T AR AL X 32 - brGDGTs 43 A1 FHAIE- 5 PR B3 K 7 (1) 56 & , A4 2 X 381 brGDGTs-
B pH B 2, ARFRAERARICM M. B, #5/R8. k. ik, X35, 7.
TERE FEI 9 N T 56 MR A, XK LA S ) brGDGTs A BURHIEEAT VEAH 43 4T,
FEPEIELA T (RIS (MAAT) | SFHfKE (MAP) RIt5E pH) HfZmT, #—IX
FE D AR AL L A9, 7 AR X 3 brGDGTs 5 . pH ASHE T FE . WRFCE4E RN
RS X IEF 1 brGDGTs 431 S H A 3 885 1 it Heditt, F 9 R R R I
FAY) brGDGTs & B B 75 i i o vy U JBE R oy v R Vi A 7 s SRt 1 A R ) R B R 20 R

1 MRS T

1.1 Xig#R

B 50 XA T 75 98 IR AR & 2 AR A i P sy, M A7 B K 30/ T 32°51~34°19" N,
101°51'~103°39'E (&l 1) , WM. Hi. AR ik, ZH. K555, 7o, HE. 1
YEO A FEH . KRR AR, MU B, R R IX R ST AT, A K
RHFIR XA AR AR S (Fielding ef al., 19923/Clask ef al., 2006) o BJF 7T X /S A5 5% e 5 i I R4
ARV ZR A5 B 2 R DL R P A R S 94 v TR R s, RO B IR . SRAm A . AECRE LA
JO 3 B3 ) 3 SRR AR o AP B R AR AR BUIR, 28X 38 T 0 °C ~4 °C, [ 7K &9 400~800 mm,
T CAYS, LD SS9 HESE.

WAEFELREE . KRR TERGE R Z S, AR X =R E AR, HAE
P B S5 KRR B TR KL R G 2 P80k, BT RAE R R BE S . |
TG 2 AL T AR R DAk, FL IR G o HE P RE RS e T2 T ArcGIS 7ERAE fih7 B $2HL
MIEESRIR R, (AR =R MEX G0t (B2 (1) FEIEREKE (R RS,
. D, AT ERKFREIENATS, ZMEFER S RKEFERILFR LN, 2R
(1°C~3°C) , FR/KERE (600~750 mm) HAEF THEZE, XM LSRR, HFEE MW
NE Q) EFEEMRE X (BT B B0 . A TFEREER, ZFRGERE
FEAE, ERRMAK (2°C~4°C) , FREAKEAMXHE (550~680 mm) , XA LS FE R f)
M PR N, JERER BN MR EE S F. (3 MM FRXE (aHER
W DU TERE) AT AR AR ST L X ARUT Y, SR KV I B S Ty
FREM, P b, fEFEKE N 350~550 mm, JEHU 252 R YT, 15 HIX ) =
(4°C~8°C) , XXMM LS FERE S TN T

\
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Fig.1 Sampling locations in the northeastern part of the Tibetan Plateau
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Fig.2 Monthly mean tempetature and.precipitation for representative basins in different climatic zones (from left to
right: Zoige, Leiwuqi and Nangdiah) (data from the China Meteorological Data Service Center, monthly surface
climate normals; stations: Zoigé, Leiwuqi and Nangqian; period: 1981-2010)

12 #mRE

2019 4F 10—11 7, 7EmiARdedh . B /R e k. 2. K555, oo, TRk
FEI A X 38 (28°54'~32°24' N, 90°25'~99°00" E) K4k 56 MR LFE M, #3RAAT 2 820~4 510 m,
W AFEASERS (B D o BARMEAE R AR, RE#a AN NE RS, 152l E
2R ER ARG, P F 5 REEEAE TS 0~5 em SREZ A FREN, IRAEN— MR AR UARE
MR A A AEER GPS 1IC RN RAE SR ARG, BRI E)S, KR
1E-20 °CH Z 57 HT
13 SREEIALIE

A FRAE A WA RSl kA B E B R EESEKE TS
(http://www.resdc.cn/Default.aspx) , HHHESGRE SEIRERLE T 2E 1915 MRS (IR
BRAKILL, 2017) o A ArcGIS BAFXT T E A BAR AT ALRE, SRHUCRFEHb o5 047 25
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R ERK B EE . A SR A (AT I 50 N 1990—2020 4E 4T3 il -
1.4 3% pH HONE

2 Weijers et al. (2007) {595, #5385 58 Pk % 1:2.5 (gml) HIELBIIE S,
RO IRG IS EHE 30 min. 7EERFAME T pH &R EY) LIZHEWN pH. &0 3R
HEWGE 3 RJGHCFIIE, =M 5E 45 B0 5 AR HE R 22 540.03
1.5 3% brGDGTs 434k

SRR G, W3R R AR T RIS L 100 H 0, BB ES J5 (AR & 140 g, AR
A BRI IURE f b B MU ZEL 23, AR 1R 72 h, MREEVE S 45 °C, 3R Z & be Rl
BERVR GV (DCM: MeOH=9:1, v:v)

WRHE L RSN S BRAIE, 53— 8020 R b 68 F s 7 22 0% (ASE 150, Thermo
Scientific) MEATAMNLIHIHE, BE0> 80 g FESIFT 40 g A9, AEHUE R — & e A T BE (TR &
W (DCM: MeOH=9:1, v:v) « ZEEMT: R N/100 °C, FK 124 1500 psi (£12H
10.34 MPa) , FEFRIREL 3 WK, AR E 7 min.

gt T P2 B I 2 A TR A RE I A A AR (BT EE DN 3:2) I BT T A (il 0 B . %%
PAIE TRtk AR 2E s BB S DL S etk e itk 4 53 s 55 A R e B & GDGTs IR 1k
47y, GDGTs A BRI 5, #EAT R4l AR 2pr vl BAARZR AT (Schouten er al., 2008;
Wueral., 2023) . HAK#EAE: K GDGTs 414 FH A, I 1 M KOH HEHEM, 1E 60 °C
KRB 1 he RBEEFRIGEAH, HRHAE pH T 6.5~7.5. Bl JaFI I IE Ce Rl 2 8 17Kk
S LEHENM, BEiit 0722 um PTFE JEMGTNE, S50,

GDGTs & (I A2 AR B} 7 Bt 78 b AR 28 R85 SR 7 e it < B8 Yt 7 b0 58 i P
1% #& Jy HPLC-Q-TOF (HighPerformance Liquid Chromatography-Quadrupole-Time of Flight Mass
Spectrometry, Agilent 1260 HPLC-G6500 Q-TOF) . A T 7355 5-FIE Al 6-FH 5 brGDGTs R4 14,
KPR LA B 6 (52 Hypersil GOLD Silica, 150 mmx2.1 mmx1.9 mm) , #:if 40 °C,
M 0.2 mL/min, HEFERL 20 L. WBIAH A NIECHE, B ALIRANS, BEATRAH G0 ) 8 i 72
eI BRI : 0~5 min, 84%MJIEC)E: 16%M1 LR LM 5~65 min I FEH, ¥ 84%I1 IE CUbe:
16%[1) 12 Z. TR IZHT AL 82%(1) IE Clbt: 18% LR 4.1, 2 G 21 min NIH%EN 100%H) £ 1K 2.1,
FREE 4 min, fJ5 ] 84%MH1E O t: 16%1 LR LB, £74E 30 min (Yang er al., 2015) « GDGTs
WEWE FHAERTEMEE IR (APCD HiiT: ZHEET) 60 psi, FALIRE 400 °C; T
P IRE 6 L/min, 55 200 °C, B HE 3 500 V, B2 5 pA. FEESS AR E K brGDGTs
AR B X (SIMD HEAT R, brGDGTs &AL &905r T3 T [IM+H]+ i EL (m/z)
N 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020 11018, FffhE & RHMNIRE,
HAAFE AN Cas GDGT FRAEFE ST (50 ng/pl) o



1.6 KAEFRITE

H A CL42 H 2 B brGDGTs 5% (445 CBT. CBT's CBTsue. IRIIIa'\ IRIIa's CBT gve~ IBT.
CBT". CBT'sve~ MBT'. MBT'sves MBTsis) JAHIGIRE . 3% pH KHET 2. % 1 5 7 %48
A, K2 NET brGDGTs 138 pH FIKSIR B E 7R . AW FE 4 ok 8 SR 36 05
FEREATAH AR FR AR5

#z 1 ET brGDGTs MEX R Aiss
Table 1 Calculation of brGDGT indices

AN S5 30k
CBT=-log[(Ib+1Ib)/(Ia+1la)] Weijers et al., 2007
CBT'=-log[(Ic+1Ia'+1Ib"+1Ic'+111a'+11Ib'+11Ic")/(Ia+11a+]111a)] de Jonge et al., 2014a
CBTsme--log[(Ib+1Ib)/(1a+11a)] de Jonge et al., 2014a
IRIIa'=IIa"/(I11a"+111a) de Jonge et al., 2014b
IRIIa'=Ila'/(I1a'+11a) de Jonge et al., 2014b
CBTeme=-log[(Ib+1Ib'")/(Ia+1Ia")] Yang et al., 2015
IBT=-log[(1la'+11Ia")/(1la+11la)] Ding et al., 2015
CBT"=log[(Ib+Ic+1Ib+1Ic+IIIb+11Ic+I1a"+1Ib"+1Ic"+11a+11Ib+111c")/(Ia+1la+111a)] Ding et al., 2015
CBT'sm e=—log(11b/11a) Wang et al., 2016
MBT'=(la+lb+Ic)/(Ia+Ib+Ict1a+Ib+IIc+IIa) Peterse et al., 2012
MBT'sme=(Ia+Ib+Ic)/(la+Ib+Ic+Ia+1Ib+1Ic+Ila) deJongeet al., 2014a
MBTss=(la+Ib+lc+1a")/(Ta+b+Ic+Ta+Tb+Ic+TTa+11Ta') Ding et al., 2015

#2 ET orGDGTs-pH. BEHRGTE
Table 2 Summary of brGDGTs-based pH and temperature conversion equations

TR RPN
pH=7.90-1.97xCBT (n=176, R*-0.70, RMSE=0.8) Peterse et al., 2012
pH=7.84-1.73xCBTsme (=221, R*=0.60, RMSE=0.84) de Jonge et al., 2014a
pH=7.15+1.59xCBT" (n=221, R>=0.85, RMSE=0.52) de Jonge et al., 2014a
pH=6.93+1.49xCBT" (=27, R>=0.80, RMSE=0.29) Ding et al., 2015
MAAT=0.81-5.67xCBT+31.0xMBT' (n=176, R*<0.59, RMSE=5 °C) Peterse et al., 2012
MATspe—-8.75+31.45xMBT'sme (n=231, R?=0.64, RMSE=4.9 °C) de Jonge et al., 2014b
MAAT=39.51xMBTs.20.14 (n=27, R?=0.82, RMSE=1.3 °C) Ding et al., 2015
MAATsr=25.2-39.8xf(111a)-29.8xf(I11a')-66.8xf(11a)-15.5x{(1la")-107.8xf(1Ib)+25.1xf(Ib) (n=149, R?=0.94, Wang et al., 2020a

RMSE=2.1 °C)

1.7 Sitath

FKHIUARSHT (RDA) FAHKM AR Y AR, ARSI W T brGDGTs
DA EEZ BN RE R BT (DCA) 45 R EREEEKEENT 3, £
brGDGTs Xt PR BE R 1 E RPN o SR FH A5 0UEE 8 1 byl U O il [ e B9, ik iR A I 8 7
. A Gk B CANOCO 5.0 ittt fEFA Git i, brGDGTs ¥ Abr#E (L AR
xRN

shAh, S (B MAAT. MAP Rl pH) 5 brGDGTs 48 5 b (0 28 14 5] 3 43 A7 3 3ok
Origin B (2024 WA FERL,  BE/RHEMHE R 28 B2 M B BN p<0.05.

BT % 1 brGDGTs AR = 1, SRS 813 773k R0 45 ) BT vk oxd -3 a4
BEAT M, %077 C 8 T2 BT /3% brGDGT—IRFE R (Loomis e al., 2012; Yang et
al., 2014; Russell etal., 2018) . 7Y M55 RIAR & AH G i i) B AR =AM, BRI —
ANBAEE: il F R (GRS ERRED ANEA BZERmrEEE: SRt E kR
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ERRERI AR TG ZRS, B EIEFAR T . s, A RMSE (Root-mean-square error) K72 HE
BAREERI ) T R1% Z, I RMSEP (Root-mean-square error of prediction) &7 il 128 £ 4 45 ) Tl
P RR %

2 4R

AL 56 338 LA S AL brGDGTs, HH, 1Ib', I, 1Ib, Ib, Illa, Ila', IIb', Ila,
Ta A a'IARRT FEE 35N 1.4% 1.5% 4.3% 7.7% 7.7% 11.4%. 11.8%, 13.5%- 18.4%Fll
20.2%. Ta. Ila A1 a'BAEXS RS, e, IMIc's b, Ic A1 T X AR, HPH S
AEERL S brGDGTs ) 1.0%. 6-FJE 5 44 7K1 35 15 &l brGDGTs 1] 46.0%, L Ha' Al IIb' oy 3= .
5-H13 brGDGTs (RIIIAR% brGDGTs) itk m, HGEVHEE (I &%) F/ANHE (MHR)D
brGDGTs, “F3J 5435108 51.4%. 27.6%F1 21.0% (K 3) .

0.7 1

0.3 0.6y
0.5+

0.4+

0.3+ ]

0.1 0.2

0.1
Oﬁ —ch ﬁ L LNVL

llla [lla' Wb UIb' Ll lle' a lla' b Ib' le Iic' la Ib le (@) 5-F AL 6-F AL (b)

K3 AR L RE S brGDGTs A &I X 32 BE 4 A 1
(a) brGDGTs &AM S (b) 5-FIHAI 6-FF 5 brGDGTs HIXH 3%
Fig.3 Relative abundance disttibution of brGDGT compounds in surface soil samples from the northeastern part of

the Tibetan Plateau
(a) relative abundances efiindividual brGDGTs compounds; (b) relative abundances of 5-methyl and 6-methyl brGDGTs

0.2

5. 6-HIREFO R

brGDGTsAH & F i

$5T brGDGTSs [¥IJY e, i FREAN S FORE = iy IR, R IARHIE 70 R A2 IR 63 L FE )
brGDGTs 73 A #2015 4 Bk B 753 e Ji B2 L 3ERFAE 1) brGDGTs r A RFIEAH L (& 4) , FRHIE
L FE S 1K) brGDGTs A2 H Rl I8 IR AR = A2 . HEutl, o] R X S84 1) brGDGTs i 2 v 4t
S IERE S pH A



= ek
0 o i b
100 & AW TR L
o RIRWRK

0 25 50 75 100
PO EbrGDGTs(%)
B4 BARAEF L TP, A ERAHRUR SR b D L T AELRIN B E{L brGDGTs HIR £
XFEEE (HdfE 5] B Ding et al., 2015; Dearing Crampton-Flood ef al., 2020)
Fig.4 Comparison of the relative abundances of tetramethylated, pentamethylatéd, and hexamethylated brGDGTs in
surface soils from the northeastern Tibetan Plateau, soils from the Tibetan Plateau, and global soil and peat samples
(data are from Ding et al., 2015; Dearing Crampton-Flood et al., 2020)

3 e

3.1 ABHLBEIEST brGDGTs 4375 B S

Bk b, ZRAEX RS brGDGTsI PAIIa Ta 5 1la N, H a5 la KA E R
(17.7%~22.1%%5 13.7%~20.8%) , FEIARTg XK brGDGTs H) - 4 73 M sl A — 2, (H
AN T] DX 3% 2 53 AR S 3 FEAT W S 72 e« o BN T 5 X 45 brGDGTs o 6- HH B AH X =F B4 i, [
Ha'F0 XIb'FES F2 2 e, Ta FOEFDNS F2 R e SR ORI [X 32 Ta M Ta AHG R B = 2E iR
T DX ICREAR A T BP9 2 (B9 a5 Ta AHX F 28R, a5 bR 3= AR T s S A+ 2 X
k.

AR AL X MRS ARSRZ L 2= KGR BEAN TR, & AT 90 XA ) R K B o A H 2RI
IR A E B R 2], TP X IR 1 25 S o i 5O R R A LR R (n gy
fift G EAEFEAR A RS TR RIS 51T %) S0 brGDGTs (19240 BRI 43 i
(Weijers et al., 2007; 302, 2016) o

e FENRE DX DL B ) . TEERAEAON L K R R A LR S AR, SR I ot 145
KA 5 R FIA BRI brGDGTs S 4L B (Weijers et al., 2007; Dang et al., 2016).
o SRV X A A A2 T FE ARG [X 3, 6- FF 3 brGDGTs M E Ao = (B 5) , R 1a's

Ib's IMa's 17 5-F 2 Ta FOARNS F2 FEAR T SE IR e X . R WIEIR Bt . VHIEEHT,
RN B KB L [R5 T A BE 75 5, i brGDGTs [ 4H B BE 25 ) 1) 6- F B (2 T
b’y TMla) ke, Fr R0tk &4 (i Tiby TIb's Te'%) AN F R A mFe (Weijers
etal., 2007; Dangetal., 2016) .
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Fig.5 Compositional characteristics of brGDGTs and distribution differences of methyl isomers in different regions
(a) relative abundances of individual brGDGT compounds in different regions; (b) relatiye abundances of 5-methyl and 6-methyl brGDGTs in
different regions

Tt FEAH T R X 35552 52 A s TR A ARRE BE R, AR I b R R TR By i (OF
FHISE, 2013; 5KELE, 2022) , AN RESN hEREE, SURTIRMMS S5
Y2 (Rasse et al., 2005; Prescott, 2010; Kallenbach et al., 2016) . %X VU I Ta. Ib A
SFFREH R, S-HI3E Tla #F =2 % X3 1= brGDGTs FAHN R e, 1 6-F 3 Ma'y IIIa's
b (BAK e AR ERERAR (B 5) o 3 S s 5 SR N 22 S e a5 v ol A P ol ) P
EeRA R, M brGDGTs 4L RAEAN R 2 7 B35 1R —5 (Rasse et al., 2005; Sokol
and Bradford, 2019) .

E FEARN T R IX A AR . RAEEN N E, KA RAITEIEZ KGR R pH. 2hor 63
TR 7 (R BR i 4 FH S A s 45 ) R AR %, AT Ak 3% pH (K& #643) ) brGDGTs 41
] (de Jonge et al., "2014b; 3504, 20165 Duanetal., 2025) o ZXETFEMT 6-
H % brGDGTs (Ila's 1Ib's 1MMa', PAK ") (AR F B i s 1M 5-H 5 Ha BIAHST FE AR (B
5) o BIF SENE SRR UFARBEY SN N 5B S5 Rbrm N bt s B
TESR, AIRE S HE— D UK S5-FH LA 6-F 3L brGDGTs AR X ELA5) K 38 43 4k 2 W f) 43 A 22 5

(Rasse et al., 2005; Sokol and Bradford, 2019) .

PRk, 72 & 5 T 5 20 KU R L (5] 2836 1 (2 35 AR S N, brGDGTs ZH A rJ A [7] I iy 2 i
FEARAL . RS RN . BRI AR R IR R SR R, ISR A MRS T EHETE N
Wity B % ) 22 S B S 35 R DX, AN ) R 3% 11 28 N T e T iR, 2 1) AN 5 12k
3.2 S0 brGDGTs SRR EE &

AR FREAE R AL R 1 brGDGTs 73 A MR 2, ASCF M RDA J7i%, 456 CAN I REm
brGDGTs 74 [l A S S 40, I MAAT. MAP #1113 pH i (Weijers et al., 2007; Peterse et
al., 2010, 2012; Dirghangi et al., 2013; de Jonge et al., 2014a; Menges et al., 2014; Wang et



al., 2014; Dangetal., 2016; Naafsetal, 2017) , 73#7 T brGDGTs /3 #H% F 5 5 &
ZIAPRAR (B6) .

0.6

RDA2(12.16%)

-1.0

1.0 RDA1(25.19%) 10
6 ALK L brGDGTs FIMXT B CHEaF k) DURHE R & (A6 1 RDA =FH

Fig.6 RDA triplot of the relative abundances of brGDGTs in surface soils\from the northeastern part of the Tibetan
Plateau (blue arrows) and environmental variables (red arrows)

RDA 73 #r45 R W, pH. MAAT Fll MAP J:[FIfERE T 39.1%01) brGDGTs A &84k . A 2f
— X5l (RDAD) fi#kE 7 25.2%[1) brGDGTs 73 A2k, 32 [ L35 pH A1 MAP [)540, 13
pH 55 RDA1 #4155, MAP 5 RDA1 IEASC S 5l (RDA2) fif#Ft 12.2%M brGDGTs 43 4ii 48
W, FEERBURERIFN, MAAT 5 RDA2 fufH. AimEsE S B #minss R SR, L% pH
(RREREN 21.9%, p=0.002, £ 3) Al MAAT (FFREREEN 12.4%, p=0.002, & 3) X brGDGTs
Oy A B B EMSIR, M MAP (FREREFE N 4.8%, p=0.094, 3 3) MR is HAEZ,
R B /KX brGDGTs 4 S 5 8 ] B 14 A8 I 7K #4 2% BT 338 pHL FE[R] AR fb fy [R] 422 1 42,
AN IR E) . ARG = " 1265 42 Jb % - brGDGTs 7045 (10 £ S K £ N+ 3 pH, HON4E
BISdR. MeAh, AR ARSI K R AR LI E K E I R AT, BT R AR P L
KRV, T 5 58 5 52 A R B Y ARSI (Wang et al., 2014) .
%3 WHEILEL RDA RETESIER

Table 3 Results of RDA and forward selection analysis for surface soils from the northeastern part of the
Tibetan Plateau

BN T TEREBE/ % TTRRE/% pfH
pH 21.9 56.1 0.002
MAAT 124 31.6 0.002
MAP 4.8 12.3 0.094

3.3 M brGDGTs iR E R REXHWEFRER

MBT/CBT & AR (Weijers et al., 2007) Kot MBT'/CBT (Peterse et al.,
2012) W) 2 BT d A MEEZ (Schouten et al., 2013) o #Rifi, AHF7EH3ET MBT/CBT
HEM MAAT 58059200 MAAT AHOGPERLSS (R?=0.23, Kl 7a) , MBT'S5ALIIME Z [A] FIAH G
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PEERSS (R?=0.20, K 8a) , REIZIGEAEH JLIX A TCIEA RUBERR BEAR M . 1 25 R mT g
ET AW 7T IX L3 6-F 2 brGDGTs (1la's 1Ib's Illa's IIIb") FAXFFE R ZH N, XEH
FEPE B i S MR 5 Ak MBT' (3 MBT) {H (de Jonge et al., 2014b) , #1fi 53 MBT/CBT
AR ARG R HI TS .

adh y=17*+11.2 y=13*x+4.9
= R2=0.23, p<0.001 207 Ri=o.20, p<0.001
£ 304 &
= =
ICE m
G20 s e £y
= R P S § - < 2.8, T
< - og? < ) o
< 10+ - . s .
= 04 %
0 (a) (b)
=2 0 2 4 -2 0 2 4
MAAT(°C) MAAT(°C)
20
y=2.5%x+2.2 401 V€I 2
R?=0.59, p<0.001 5 22(.08, p=0.0:
E: P # 50l R2=0.08, p=0.03
= 101 0y ts <
m Pi <
E. » - s 201
= = . <
< 10+ . e o e
< 0 y P : . L1
= 5 of =TT, Do
o (c) i : (d)
-2 0 2 -2 0 2 4
MAAT(°C) MAAT(°C)

K7 AIF brGDGTs i FEARFH R AR E 3 MAAT 55201 MAAT A M 1S 1A
(a) T MBT'HE# MAAT 5520 MAAT (UAHEME; (b)) 3ET MBT'sve T H MAAT 58210 MAAT (A SEME;  (¢) 3£T MBTss

# MAAT 55201 MAAT A5G «(d) MBTsr B MAAT 155201l MAAT [FH <t
Fig.7 Scatter plots showing theaclationships between reconstructed MAAT and observed MAAT using different

brGDGTs-based temperature proxies
(a) correlation between MAAT reconstructed using MBT' and observed MAAT; (b) correlation between MAAT reconstructed using MBT'sue
and observed MAAT; (c) correlation between MAAT reconstructed using MBTss and observed MAAT; (d) correlation between MAAT

reconstructed using MBTsr and observed MAAT

B X 6-H 3 brGDGTs X1 iZ bR T4, de Jonge et al. (2014b) #2H 5IF: 6-F3E brGDGTs
(] MBT'swie 555 A8BR T IHOE R IE SR, MBT'sve 5 MAAT (AR 1E B2 0038, R Rk
BiA RMSE B, A3 o B m) 5 () kit v iR B2 (de Jonge et al., 2014a) o Ja4:Z WA
FEAIEFURAIN 7 MBT'sve i 5 o il L 0Bk PE, 40 Naafs er al. (2017) 1E4f& Jm )4 Bk 4%
— YRR HA B AR SE MBT swe 7EA [R5 FIK 20 26 14N R it i L35 8 o 35T 4hoT
O AR ¥ 22 SCIRUE R A% 2% 2] 7725 10 48 Rt — 25 300F MBT sme 75 175 5 22 v 105 P PR AN e 1k
(Dearing Crampton-Flood ez al., 2020; Martinez-Sosa et al., 2021) . #R1, TEJKAILE HRES
H, MBT'sve S54SR ISPERES (R2=0.20, K 8c) . %4 B 5 — LRI i X I (OB 72
=8 fERigE A B Mo+ R alammi: L3, S E TR XA, BRI 18 5K
DL IR ER B Y S T3 MBT sme XHRZEM N, (Lietal., 2018; Zangetal., 2018) .
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K 8 AN[A brGDGTs ifit EARH 15 b5 15 5201 MAAT AR S MU EURT MBT 'sme 5 B8 2R L AR S PSR 14
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Fig.8 Scatter plots showing the relationships between different brGDGTs-based temperature proxies and observed
MAAT and between MBT¥y and warm-season temperature

(a) correlation between MBT’and observed MAAT; (b) correlation between MBT'sme and observed MAAT; (c) correlation between MAAT
reconstructed using MBTss and observed MAAT; (d) correlation between MBT'sue and observed MWST

BT MBT'swe 2 EREEHE T2 (de Jonge et al., 2014b) , A ALE - EE K MAAT # &
ZEfh (B 7b) , AWEFPINIHEE A T-2 °C~3 °C, 1 E AR E A T-2 °C~22 °C, X Rl
R 5 EIFRARIE T R4 X AR 7T 45 B — 50 (Ding er al., 2015; Naafs et al., 2017) . KEIFHE
R, MBT'sveil & 5IER PR (MWST) B A & AR, JLIE ik 2 thRE fE 2=
A AR, o HAE 4 B B R X (Deng et al., 2016; Wang et al., 2016; Naafs e al., 2017
R F N ZE 50 brGDGTs A W ERE I, A FLik— 2404 17 MBT'swe 5 MWST HJAH
etk AR BN (B 8D, BIE R F MWST # 4% MAAT, MBT s Yo i 5 141 S A5 R J2 2% (R2=0.18),
Y IR B B2V 22 3 R AN 4 ) MBT'sve BACHI EH KR 53— MW sy, MBT'swe S H
Pemp S AR B 0 A IRIE T (Wang efal., 2020a) , fET-SEEMRIBX, KM AT Al fg
SE S —HIEIR MRS (Dearing Crampton-Flood ef al., 2020; Wang et al., 2020a) . H Tk
Z IR R, R AE SR R LA ot — P e 3 ) 18 R B AR MBT swe 18 5000 520
PRZE MR L8R B Ah, pH RILAERE R RE (i i 554k AR &R RRhs
TR B FMIE 51T %) Walfee SBUNGEAE BRI R G mE N EZFE K. DA
fatt, 43E pH Al B2 RS brGDGTs 41/ (Duan et al., 2020; de Jonge et al., 2021; Halffman
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etal., 2022; Véquaud et al., 2022) , Jf- 1] Gefd iR B 5 il 22 2 I AL M 4FAE (Duan et al., 2025).
AT T, L35 pH i B AR e 5 22 5 WS AR A, brGDGTs 4 unhii B 1) — o 2k
P ) S B A E LA AR BE R 7 50, AT 2 I R i 85 [l VAL 2R 1) o, R B B TR 9L & B
AL, X RE SR AR HL S A (-2 °C~3 °C) , FEREHE T Bl (14 35t pt PAUT B 25 5 IO
BRI 3t 158 22 - 36 Bl o B RE Bt R G M A 8 R 2R I 5 o IX R T RV MBT s FEK T 6-
FHBLEMA, (HTEA DXATY AR M DAME R B A B2 1 SR R . 48 TR T MBT'sme 1A 52 78 B B A 45 S0
YR EAE T 26 B HLIX 32 (Dearing Crampton-Flood e al., 2020; Véquaud et al., 2022) , *#
L 22 R B AR AR 5 Gt 7 iR AR 5 brGDGTs 78 J& 3 Hh X 2 28 36 i ) ] S . MB Ty & —Fh
T HMERE RIS, @A 6-H 3 brGDGTs ('l Ila') FIE AR RbR . WFFRR M,
FET5 8 e SR R A BB E PR B o, MBT sy X U AR AL (5 B2 4F T~ MBT'sme,  H 5 W0 L 2 AR AH %
PEE R (R399 0.82 F10.65)  (Ding et al., 2015) o AR, HT MBTse H & MAAT
5520 MAAT FIAHGHE R (B 7e, R?=0.59) , (HIL TS 7HRIRZE (RMSEP) =ik 2.9 °C,
R MBTss A fE— € B2 b IR BEAR A a5, (EHE LIRS 1 2 2 AT T 1X. MAAT .

Wang et al. (2020a) FET-78 55 12 R0 FE (1) 149 b B LR AR & 1150 [ H MAAT
B (R?=0.94, RMSE=2.1 °C) o 5 H: N ] T- Bl 7o Hide £ (n=56) I, R {1k B 85 2% T % (R*=0.08,
RMSEP=5.1°C, B 7d) , 84 5 e 906 Gt B2 s AR Y B T~ A0 90 X 2 A7 A 0 35 MR
.

25 BRI, A ERE X 3 K 1K brGDG Ts-ifi FE #4467 FRAE g 4R . FEA IR BE vh m] BB 52 B
GRS (Liang et all, 2026) , ANREEIESH T AT it — D4 i BE 8 kG
FE, AW FIET MAAT A bxGDGTs %4 73 AR £ B2, 0 a8 R A 0 (Bl A 7 VE AT 43 #
BAHTELf (o) 1ERNWIThA &, NS MAAT MIAHSGCHE SR . S5 AH AR B A B2
PRARASHEIR ZE0T, IR AN 1L, BeR BT T MAAT MIRHE A 2.

MAAT=2.8-51.4xIlc-12.5xI11a'-8.7x11a+9.4x1a'-66.9x11b-340.5xI1Ic'
(n=56, R>=0.64, RMSE=0.8 °C) (D

BT IZIT B EE R MAAT 55200 MAAT 2[RRI HHBUF AR (R?>=0.64, Kl 9a) , %
FHNT T B30 prig B BAT iR B e 407 R TS F i MAAT 552l MAAT fAH R

%7 T2 T S [F A ) 22 ) TE 475 RT3 A R il AN [ B PR 12 1 IR 2E < A8 T Ay IE
1M Ma's Ma. 1Ib 5 e A, AL 7EAAE pH AFEHER TS 5N, 8 k5o E kMg
WU B A5 5 I P pH 5 MAP (T8, 1 [BA RECK /MO R LS5 A 1 & W7E RDA ]
AR A6 R 5 AR B ARG IE FEEBEAT BRI, AR TTIR D .

N T SRR T A SR i 5L 1) brGDG Ts-iff B2 R 1 77 F2 IR A 14, 1 Duan et al. (2025)
A T SRR R (3L 68 ) HEATRIG . XA ERE S EEAT TR, EE I T S S iE
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Z AR e 58 HAR Z 8K (n=68, R=0.04, RMSE=2.97°C, K 9b) , FWiZTFEIER KM
P S ] X FEL A P P AR B AR e FR T AN TR AR R IR AR (-2 °C~3°C)
BE— D BOZ R E X (8] AR i EAT A A0 22 B, OFI0E 5 PR i B SR 88 15 S NI 8 28 0 35 e kA
& (n=22, R>=0.64, K& 9c) , RMSE N 1.04 °C, A5 FEAEARIE XX B A R & i 3 26 g
ap

4 5 4
y=0.64*x + 0.46 .
R*=0.64, p<0.001 I 0 5
o 94 . r ) ~ 29
E 2 ] ?: ” é
= = Zz ol
3 z v=0.13%x - 0.75 21
< 0 10 h $
= - R=0.04, p=0.1 &
& = =15 21
" : i , h ; y= 105 - 0,38
(a) ~204(b) ‘ -44(<) RE=0.64, p<0.001
=% =] 0 1 2 3 =10 -5 0 5 10 b5 -2 -1 0 1 2 3
LIMAAT(C) YHMAAT(C) LHMAAT(?C)

9 AFAAXEFE MAAT 55521 MAATNIIAHSENE HIUS
() AT FOHUHE B MAAT 55201 MAAT (AR DG (b) 2R B8 MAAT G S0IINMAAT AR (Bl 51 E Duan et al., 2025);
(¢) HRFEFEL)-2 °C~3 *CHIFE T IE MAAT 5520 MAAT BIFESGME (Bd851 9 Duan eral., 2025)
Fig.9 Scatter plots showing the relationships between MAAT reconstructed using the calibration developed in this
study and observed MAAT

(a) correlation between reconstructed and observed MAAT in our dataset; (b) correlation between reconstructed and observed MAAT for all
samples (data are from Duan et al., 2025); (c) correlation between reconstructed and observed MAAT for samples with temperatures of

approximately -2 °C~3 °C (data are from Duan et al., 2025)

TR, T AHE IS0 EEANVAAT 5521l MAAT F95¢ 23R4T (0 AR 28 1tk sk ik
RS (4% x2S LOESS i) R H A FRLE JE MG B 53R 2 0CH /ME AL,
B SRS 8. AL, BUIA brGDGTs-i B AL v 56 U6 HIF 7038 H AL [l 7 A
R SR — B B SE R T VE (Peterse et al., 2012; de Jonge et al., 2014b; Zhu et al.,
2025) , N T HES RGN IR, AR LA LA SR (R 4. B 10D .
LRERE, ZIRTRAEMER SR AT, ARSI B A 4 7 o0& T
Wk FER TSR .

#F 4 M MAAT 5 brGDGTs E# MAAT HE)IRENITfHIEFR
Table 4 Model evaluation metrics for regression between observed MAAT and brGDGTs-reconstructed MAAT

it R RMSE
Z3EACTE] 0.639 0.653
ZIRZ O 0.673 0.621

LOESS(span=0.5) 0.677 0.617
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Fig.10 Scatterplot of observed MAAT versus brGDGTs-based reconstructed MAAT (linear, LOESS, and quadratic
fits)

3.4 ETF brGDGTs B pH $5¥RrAYVIE At R XIg#OE

Weijers et al. (2007) FEAFRAIERE S P g UG H 12T brGDGTs MU E ) CBT 454,
HAB/R T H 5 18 pH 2 MB35 FUAHOCOC R, 5 824E 2 Fith B IR SR vh (R 0F 78 340 30 F 73X — £
(Peterse et al., 2010, 2012; Yang et al, 20129, . #R1M, Yangetal (2014) HIWFFLRM,
PE-L3Eh CBT Xf pH [IF87~ B8 710 SR8 55 57K 4 52 PR #F  brGDGTs (3R LG 51 52 1- 39818 &
AP

de Jonge et al. (2014b), 451, HAR 6-H I brGDGTs 5 pH Z I E, (HHFFE AL L
X EE ST S 5- R orGDGTs AN —8, ¥ & LFEPIA CBT fabs it Sl g B
SRR 5 5 B, 520 pH S EAERE . UG T 6-F 3L S d A, AR 5-H 2k brGDGTs
P CBTsme fih5, 5 CBT Mtk CBTswe 5 pH HIAH MBS 1035 « CBTome /2K CBTsme A 3
(1) b 1 Ta 4375 % # Tb' A 1a'75 23485, AR 28 X 3R - 5T 4R L 5 pH 3% 11
FHC (Yang et al., 2015) , HIEAERCUR R A HIEEAE . CBTome 5 pH AHSEBE55T CBTsme
5 pH Z AR & CGRERRESE, 2021) o BRI F, £ TR —F 21X CBT M CBTsme. CBTeme
HREH 52 B A a2, 930 pH FaoRBE ) T .

AL IX 398 pH A6 Y B 58 H. 22 M, 7EMSE (1) 28 AR LFES pH Hh, A 25 AR
1 pH AR T 7. REMAXFIBFENEKXZ AT 500~600 mm, {HIEET Peterse et al. (2012) 2
HfK) CBT febx 2152 pH EARMC T SEIME (B 11a) , X — IR 5Bl &K 5y 52 BRFR G
H CBT ZKIE R &A% pH 45 B —5 (Zheng et al., 2016; FEEHSE, 2021) . AEAKIEES,
CBTeme IR ILAXIZ LT CBTsme A1 CBT (R273 51179 0.67. 0.63 5 0.61, Kl 12a~c) , FWIFEK
352 BRI 5 b H st AR A IR
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Fig.11 Scatter plots showing the relationships between different brGDGT-based pH proxies and measured soil pH
values

(a) correlation between pH values reconstructed using CBT and measured pH values; (b) correlation between pH values reconstructed using
CBTsme and measured pH values; (c) correlation between pH values reconstructed using CBT’and measured pH values; (d) correlation
between pH values reconstructed using CBT" and measured pH values

2 pH 4845, 1 CBT's IBT. IR6ME, s&dtT 5-HIEEA 6-H1 % brGDGTs AHXT = FEXT pH
() S5 U E A 2 (de Jomgeeral., 2014a; Xiao eral., 2015) , iZZETEFRAETRIEIREE N 168
BT 1 7 3% pH (M SRR A% (Tang et al., 2017)  FEASHIE 52 i HRE 5 1 (pH 5.9~8.8),
BT CBT'FI CBT"H 2 11 pH {E -5 LA 2 [0 A S (R?=0.67+ 0.68, K 11c. d) LT
CBT f1 CBTsve (R>=0.61. 0.63, Kl 11a. b) , H RMSEP ¥%/& (0.3, 0.3) , UiUIEEHE
7 8 7 A5 B EMEAR bR T AR s pH S X HERE .

XHFATE AR RS, BT AT 2T brGDGTs 20 A RRAE (1 pH AC R bR (L EALHE CBT.
CBTsmes CBT'syes CBTeme~ CBT'. CBT". IRIIla'. IRIIa'fl IBT) #5552 11 pH i & &%
FHRKZR (p<0.01) . EXLLIRAR, FET 6-FERMAM R IBT. IRIa'F IRIa8405 pH
FIFE 7 BE JI AT 8258 (R2=0.55. 0.33. 0.58, RMSE 4374 0.5, 0.6, 0.5, & 12g~i) , ifi CBT.
CBTsume Ml CBT'sme 5 pH B HIAHISPER 52 (R? 7353025 0.61. 0.63 A1 0.62, &l 12a, b, e) - CBToumes
CBT'H CBT"{8455 pH IO B (R 40 5iE 0.67. 0.67 F10.68, & 10c, d, )
Hrp, CBT"S552 pH kM (R=0.68, RMSE=0.4, & 12f) , KA 7 IXiEFi%iE
P g STRE T X (9 X 35 pHL RS v 5 72
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pH=-1.8xCBT"+7.4 (2)

[FFEHL, AIH] Duan er al. (2025) A3 )75 6k i R 3R 8005 0 A0 7832 H 9 brGDGTs-pH
RAEFFRATIOAE o A5 Z 7 FE N T A3 i, 4 pH B 5 500 pH B2 (811 R4 0.62 (K
13a) , RMSE 4 0.5, {3k R B 4 A Ja I £E-2 °C~3 CCHIFE i AT IR RIS, E 5 pH {H ) #E
Bl 3 25 4 7R (n=22, R*=0.79, RMSEP=0.4, & 13b) . Rlt, AT LA AAHT 78 371 brGDGTs-pH
RHETFETEE F T itk . R ISR .
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Fig.12  Scatter plots showing the relationships between different brGDGTs-based pH proxies and measured soil pH

values
(a) correlation between CBT versus measured pH values; (b) correlation between CBTsme versus measured pH values; (c) correlation between
CBTeme versus measured pH values; (d) correlation between CBT' versus measured pH values; (e) correlation between CBT'sme versus

measured pH values; (f) correlation between CBT"versus measured pH values; (g) correlation between IBT versus measured pH values; (h)
correlation between IRIIa'versus measured pH values; (i) correlation between IRIIa'versus measured pH values
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Fig.13  Scatter plots showing the correlation between pH values reconstructed using the equation developed in this

study and measured pH values(data are from Duan et al., 2025)
(a) correlation between reconstructed and measured pH values for all samples repofted; (b) correlation between reconstructed and
measured pH values for samples with temperatures of approximately -2 °C to 3 °C reported
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Controlling Factors of brGDGTs in Surface Soils from the
Northeastern Tibetan Plateau: Implications for
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Abstract: [Objective] Glycerol dialkyl glycerol tetraethers (GDGTs), owing to their high chemical stability and
sensitivity to environmental /Conditions, have been widely used in paleoenvironmental and paleoelevation
reconstructions. Given the’ complex topography and variable climate of the Tibetan Plateau, it is necessary to
investigate the distribution characteristics of branched GDGTs (brGDGTs) and their relationships with temperature and
pH in modern environments across the Tibetan Plateau to establish reliable regional calibration equations. [Methods]
In this study, a total of 56 surface soil samples were collected from nine basins on the northeastern margin of the
Tibetan Plateau, including Maqu, Gannan, Zoigé, Songpan, Nangqian, Leiwuqi, Gonjo, Markam and Daocheng.
brGDGTs were systematically analyzed in conjunction with instrumentally measured mean annual air temperature
(MAAT), mean annual precipitation (MAP), and measured pH values. Published proxy indices were evaluated using
Pearson correlation analysis, and regional calibration equations for temperature and pH were established through
stepwise regression and linear fitting methods. [Results] brGDGTs in the surface soils of the study area are dominated
by Ia, Ila, and Ila’, with 5-methyl brGDGTs accounting for the highest proportion. The regional MAAT calibration
model established by stepwise regression shows relatively high reconstruction accuracy within the low-temperature

range (—2 °C to 3 °C). Among the cyclization indices established from surface soil samples on the Tibetan Plateau,
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CBT"” shows the strongest correlation with measured pH values. [Conclusions] The composition and distribution of
brGDGTs in surface soils from the northeastern margin of the Tibetan Plateau are jointly controlled by temperature and
pH. The newly established regional temperature and pH calibration equations based on sedimentary brGDGTSs show
better applicability in high-altitude, cold environments, providing scientific constraints for the quantitative
reconstruction of paleoenvironment and paleoelevation on the Tibetan Plateau.

Key words: Tibetan Plateau; brGDGTs; modern processes; temperature; pH
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