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Abstract: Pedogenic carbonates in paleosols are typically dominated by calcite, whereas dolomite
is rare and often attributed to detrital inputs. This paper reports the pedogenic dolomite in the Late
Permian paleosols of the Shichuanhe section, Shaanxi, with aims to elucidate its origin by using
optical microscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), electron probe
microanalysis (EPMA), and carbon and oxygen isotopes analyses methods. Pedogenic carbonates
in paleosols were observed in white reticulate veins, concretions, and laminates. The white
reticulate carbonates contain mainly ~49% dolomite and ~47% quartz, with trace calcite. The
carbonate concretions are consisted of ~19% dolomite, ~40% calcite, and ~41% quartz, while the
carbonate laminates comprise dominantly calcite (~93%) and trace quartz and dolomite. Dolomite
of reticulate vein and concretion displays euhedral rhombohedra morphology and exhibit
microcrystalline to micro-sparry textures. Detrital quartz in these samples forms characteristic
corona rims due to dissolution and precipitation of carbonates on the surfaces. Calcite in laminates
occurs as pore-filling materials cement between the paleosol matrixes and exhibits usually well-
crystallized rhombohedra morphology. Carbonate of reticulated has 8'*C of -6.07%0~-5.71%0 and
and 80 of -5.85%0~-5.13%o. Concreted samples has 8°C of -9.18% and 80 of -7.35%..

However, those of cemented veins in the concretions are much more depleted in light C and O,



with a 8"C of -11.39%0 and 8'%0 of -8.29%.. The 6"*C and 380 of carbonate laminates are -
6.08%o0~ -6.34%o and -11.79%o0~ -11.60%o, respectively. Based on the textural, spatial, and isotopic
composition, the dolomite in white reticulate veins and concretions precipitated in situ from pore-
water solution of soil during pedogenesis, while laminated carbonate as well as the cemented
veins in the concretions formed from groundwater during post-pedogenesis to early diagenesis.
Our findings unravel the formation of pedogenetic dolomite and provide a robust framework for
reconstructing paleoclimate by using carbonate records.

Keywords: paleosols; the Late Permian; pedogenic carbonates; dolomite; calcite.
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Fig. 1 Location of the study section and the paleogeographic map of North China during the Late Permian to Early

Triassic
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Fig. 2 Schematic diagram of the paleosol section and field photos of the section
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Fig. 3 X-ray diffraction patterns of white reticulate, nodules, and tabular carbonate
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Fig. 4 Hand specimens and optical microscope photos of white reticulate
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Fig. 5 Hand specimens and optical microscope photos of nodules
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Fig. 6 Hand specimens and optical microscope photos of tabular carbonate
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Fig. 7 Scanning electron microscope images and Energy Dispersive Spectroscopy analysis
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Fig. 8 Schematic diagram of electron probe and energy spectrum
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SEEASCIRBRIR #6641 R W SR 3 B, 7 e A Jok 5 ) o] 0 o [ A7 T B 1) e b
R, A5 £ ARSI, HFS%, BARE 40-70 pm, B8 KT HIEEE T RER AT )
MBEABZABRCNT 20 pm; B 7C). JTRIEARE —PAEUE T J7 A ik S LI
I B 375 I 2k (1] 8B). fE I3 f, Mg Rl Ca s & SEIX & A3 Mg/Ca {5 9~1.0, iEW
SRR E A s A (B 8B). X B A UKL T R R T R T
TCR AT AR, Cay Mg & & | O il g F 3, T AlS Si | 23 SEH
(K 7E , 7G).
3.4 BRERERRE ST AR ER ALK

53 PR GERZRBRIER ERRE . 11 E I SOIRBRIR $h A S R EASCIR BRIR #h 1 i AT HURE, 454
TR IR e BOHURE SRR A A (TH-1) s 85I A5(TH-2); 0 SOR B R 26 R 5 i
B SRR A S AHWW-1. WW-2, WW-3. WW-4). 55 IR 45(WW-5); FHHCIR TR £6
P i BOHURE 507 9 A EA 2B (CL-1. CL-2). = 2KBRIR ELRE SR AR AR RORR . R 2 IR 45
R, AFEPRGEER A R R KA RN ERGE 1), EREME0H R =1
813C N-9.19%0~-5.71%0(F-H511EH-6.55%0); 830 A-7.35%0~-5.13%0(F-3IME-5.89%0). 451% 5 ML
B 5 RS S5 B 813C 9-12.54%0~-10.24%0(F- 2 1H-11.39%0); 81%0 9-8.75%0~-7.83%o( V- H511H
-8.29%o). HACIRERER EhRE Fhrh B ANk 813C H-5.81%0~-6.34%0( - 2 1E-6.08%0); 850 N

-11.79%0~-11.60%o (T 141 {E-11.70%o).
F& 1 NIAI PR BRI 6 ) B4 fr 22 4 F

Table 1 Carbon and oxygen isotope compositions of different types of carbonate

FEf S 3°C (VPDB,%o) 3*0 (VPDB,%o) ot R U
JH-1 -9.19 -7.35 KT
JH-2 -12.54 -7.83 ENGI
WW-1 -5.79 -5.53 EN T

WW-2 -6.00 -5.85 EN T
WW-3 -6.07 -5.61 NI
WW-4 -5.71 -5.13 ENGI
WW-5 -10.24 -8.75 KT
CL-1 -5.81 -11.79 pNTIS
CL-2 -6.34 -11.60 PN
CT1-1 -4.07 -5.18 Yu et al. (2022)
CT1-2 -6.56 -7.83 Yu et al. (2022)

CTI1-3 -6.9 -7.39 Yu et al. (2022)



CT1-4 -5.26 -7.13 Yu et al. (2022)
CT1-5 -5.66 -7.11 Yu et al. (2022)
CT1-6 -5.29 -7.43 Yu et al. (2022)
CT1-7 -7.36 -7.66 Yu et al. (2022)
CT1-8 -7.1 -7.45 Yu et al. (2022)
CT1-9 -6.31 -6.55 Yu etal. (2022)
CT1-10 -6.6 -6.66 Yu et al. (2022)
CT1-11 -5.19 7.9 Yu et al. (2022)
CT1-12 -4.76 -6.94 Yu et al. (2022)
CT1-13 -6.43 -7.02 Yu etal. (2022)
CTI-14 -6.16 -7.33 Yu et al. (2022)
CT1-15 -4.92 -7.01 Yu et al. (2022)
CTl1-16 -4.23 -5.57 Yu etal. (2022)
CY-1 -10 -8.32 Yu et al. (2022)
CY-2 -10.03 -8.04 Yu et al. (2022)
CT2-1 -8.10 -5.60 Naiman et al. (2000)
CT2-2 -6.30 -5.30 Naiman et al. (2000)
CT2-3 -6.20 -4.40 Naiman et al. (2000)
CT2-4 -7.10 -3.50 Naiman et al. (2000)
CT2-5 -6.20 -5.80 Naiman et al. (2000)
CT2-6 -6.20 -6.90 Naiman et al. (2000)
CT2-7 -6.40 -5.60 Naiman et al. (2000)
CT2-8 -6.50 -5.40 Naiman et al. (2000)
DXS-1 -9.55 -10.83 Raigemborn et al. (2018)
DXS-2 -13.76 -13.36 Raigemborn et al. (2018)
DXS-3 -11.68 -12.54 Raigemborn et al. (2018)
DXS-4 -12.15 -13.02 Raigemborn et al. (2018)
DXS-5 -10.02 -12.14 Raigemborn et al. (2018)
DXS-6 -11.19 -11.77 Raigemborn et al. (2018)
4 g

4.1 lEAE R R B s A RS A

TRLARMW], bR AL 1A B BT R R AR, AR R A H KRR



/I (Cao et al., 2019), FFH LI Ca>. Mg L& @ E 7 RRERE, AR T it
H AW IR 5 I UTIE (Gile et al., 1966; Alonso-Zarza & Wright, 2010; Yu et al., 2022). £+
BRI R B A GEEL @, G EAT A Fia A Sy mdl s, B & &
EREFENZER. FEA T EREPREOREAS A, REM&S. BetRan. By
BT LB 2 A (B 4C, 8A), RIAFLARE )T E BUA SO, TR LRk R 2R LA
XA F LI RGN, B SR L0 Y. BT A AR A4 ] 5 4 (Baumhardt
and Lascano, 1993). 5% & 45 K4 0 RT e U5 I B s BRTER 5 1) Jo) 30 5. 45 &t/ FH (Folk, 1964). T 5%

r 7 A AR R 1R T SR ), 8 AR SE P00 TR SO [ 45 IR AL, T2 U SOk

(¥

H IS B = A R RECIR A T L3RR p b, RiAR 2 /AT 5 um(B 40), I 58k
A SR L PR AR Fe s FUR AR U B . B 1 R A A T (B 8C), b
BRI /AT 10~20 pum Z 18], #5 AT WL A 0 3 A, 7R HL s 45 UM AIE. 2t 77
AR RE T TR RER AR 6B), e LI, KNS A i
WRIRPIURERE. 7T S A A Z BRI LAfa R SR, ZF el 7
AbH) Can Mg TGRSR AR5 (B 8A, 8E), 1M JEN M3 A M1 A2 ) 0 R I L4 40 A RF A
XA YL T B IO AR LA R R, IRIL T IR TE TR U ) L f B R AN ]
(Kearsey et al., 2011). 7ERZE ) L, 3K 70 38 431 (10 R A8 X 3 52 B by - 398 P B A 10 ) UK
PR 2 A 5 B U TR T A4 5T R 4 2 TR T P 32 S (B SD). X MBI 3 1, oy gl i o
RE MW SRS A S 0] REO i R T B B AR BRIR 2, 17 7 i 07 A T D s 4
U .

2 A ORI 3 300 0 3R R o W 45 SRAB TR RE SR T 1 = A0 B AT A BRI 8 (R E
( 7G), Ca. Mg tHR 5 Siv Al JtR BHHMKHISC R, Sl LR h 2 HeR A = A
B A M T 3L BRI R DURRITT B (Mohammednoor et al., 2025). M4, A=A 5774 §°C.
810 [FIALZR B R 72 S it — AR T RXM IR (R 1), F = A B ARSITRL 813C A1 810 171
RFERE SRR, SR HTE B F b 52 21 LA WS MR COEMAR S, HL4% i i BEAH X
BARHIR AP (Velde et al., 2013; Retallack, 2023). 17 ff47 §°C A1 810 Y S fiFe 2 s T
A, WS AA KBRS A B2 5, ROV I R G §°C FAr 2 ML
T RCEAE N 3 §13C RIS (Hartig et al., 2011). AR, X FAL R 4L R GeME 2 Filt
—IBVEE T JT A S o AR R o B PR R A 2 A 6 42 (Drummond et all,
2024). 3 [ G 7 0 P AR 7 b b e T b 84k RO B IR BR 2 1 AT 2R B, RIRBRIR ER 1K) 81C.



3180 1H 23 1 -6.9%0~-3.5%0 (T YIE -5.31%0) F1-8.1%0~-6.2%o(“T- 22111 -6.63%0), FiLZ4) 50 Ji
AR BT T -2 T 5 (PR AR T 3 (Naiman et al., 2000). X7 )1 T8] 31 1 55 45 % H (177 gt
A A SEARI 81°C, 8'50 R ZR /T I B, o dh SO oM e it R 2 3 T
— 8 A E I, AR 7 AR T 81%0 (H 2 K T7-9.80%0(F% 1), Ta7miX LEFRER EhFE i 1
PR32 B VR PR it (Bera et al., 2010; Yu et al., 2022). B 75 2 (2, 250N BRIR £hRE i th
5 R 45 (TH-2) 1) 8'C E(-12.54%o0) S AR B 2, 1M1 it 1 2547 (TH-1) ) §'3C 1E.(-9.19%0) 7t
i M B8N, S e T A3l it 11 2 A 7E 5 o P o T R E — s R Pt 52 38 B 1 P 5 )
(Pendall et al., 1994).

BRIR S G5 A% A B B 41%, T A NSl A S E Bk 47%; MR, BRIk Eh 4%
Aaf R 19%, TAEMSTH AR AN 49%(B 3). A g E AR B U =
T, HthBRAL AT %t LR B I AR B RN R, RO A5 R el I R R AL
RV 120 1) BB b W Ak, AT AR Sy i 3R TR B 17 R0b 35 R AE -3 252 IR P i B
(Bera et al., 2010; Zamanian et al., 2016). A, B EOREEERA V(07 e . H A 1E e
TR (AR AR, )5 R A A BV AR A R D) DG, DRI, A L B b 4 2 7]
BN R R | LI R B IS AR AIFR B2 (Gile et al., 1966). 547 )11V 358 (R IR #h
CERA A EUR, A E A RS AR, AT RE VA R A R R A SRR R S
TBRIR #h I UE. BN SURIBRIR £h 45 % h A SERURL 1 1A 23 B . BEE(E 4D, 8A,
8C), I HLR BRIk AIBRBR EEH™ 4 R ML . 3K e A D UL 3 [H 4 R SR 324X, T FCRF R 1)
LR G ), ST g R A S R A SN W VA RS R s AT URR A A 5 RS ATL )
(Bera et al., 2010). JGF 70 A IR AT R, A I GAFE R EN Cas Mg TR HHEINR
(B 8C), UFSEAE R AEFH I RE b, F7 SR BRI IR BTN 4 ek VA TR T AL BR (Mather et al.,
2023), HET{ERE 3 R 207 A SLIR T B AR R ER TR, DRI, AR TR ASRHIE. T
REE. FLRAREE USRI A, WSOIRIRIR 555 G5 R BRIR £5 0 L TR ) L35
Rk, T A SRAA LR SR 70 (085 S e 45k s 6 PR FRO P40,

4.2 B SRR 6 AR

FE oy ) T PO B TR S A%, 9 ] SR LB ) 45 7 R A R B TS A P, 3
7T L AR ZLR(E 5C). 1 FARCRBR R Bk 5 I 2 4 -1 198 52 AN 398 1) )2 B 5 17 43 A
(l 6D). WMo BT R B, HEACIRBRIR £h b R 1 R B e i 1 o A RS A 7 A X R T
ASIRURIRR £, WAFLER B LR, I HL A = A Ui T e 560 o, i 52 4 5 A U DAk
R R 70T L3R T I B 8B). KRR U4 R, o s vh 1 52 5 07 A8 Ay



il A R PR A A FE IR =, T R BB R AL P98 IS ARG R %5 D) AR 5% (Wrright, 1995
Durand et al., 2010). {EFERFE K SCHUBR 26 A4 (s € R /KIE3h), J5 A I8 il ELE A A
TEVRRHT H R G S A A, I TR KT P47 )5 1) SR AR A (&) 6B). B2 KA F DX 48k v
TR IZIR . BORBHUIREE A R (Pimentel et al., 1996); A%, fEA LilHE A WAREH, &
HTE g% a0 B 7 ) L MR B, 5 R BRI #h (K P R B 3 1 X 31 (Wrright, 1995;
Mack et al., 2000). Bt 7 )17 oty b B0 T b (R0 WERSOIR TR BR &6, 7E 25 WL 52 )2 B sy B 42
il T AE OO L oA DL 1) 1) Bl 75, 3% B T A B E 1 5 3 R /K 2 5 R i 4t 2.

TASCIR Bk R E6 R b T 7 A (8 B AR 2 AL (93%), A S BB A ZFILE 7%k
A 3), B3 T AR RBR IR £ rh (40%) 1 0 I SOIRTR R 6 (4%) B it (K 7 fi A 4 1. Rl
FERBRER ELRE i B IX P DA 2 5, RO T MR 1 AR T 5 T IR 25 1) Ca k45 52 R 1A,
RS E L T K R GRS - R AR, AR T 7 A e S 40 70 2 A U5 (Hill et al.,
2017). A7 )V oty 3985 1 vh P AT 2 B0 4 A B ERSCIR 7 AR AT R, R T M R OK 782 Y Ca
ft4s (B 6D). b, JUR MR TE R B, A A A X B0 AT 5 A Bk s L
gL (B 8B), HIy A ik LT B 5o — 5 A 2 e, R WAL AR 074, JCH2 5
Ak R BT A7 AR W SR () S 2k, X S35 43R W EASOIR O A BT 2 G T il AR
B3, FTRETE AT A B B R 7K A F (Jarraya et al., 2024).

b I POR PR BRER £ 2 7] 8°C 850 L HAT W 2 7 (B 9), HACIRTE S 7 A i
A EER 8°C MR BIME-11.39%,), R RE S T B 1 R b AL BT RE A B U ) N
(Davidson and Janssens, 2006). ASHF 7T AEAT (AR Wik v mld Y e [7) 407 30 18 R S 00, LA )
37 B S L 53— 25 BORT 92 (Semenov et al., 2023). T&5OIRBRIR B RE i rh L 5 A 81°C
5 AMEUR A A §13C T HIE-6.08%0) BT, 12U AR S, B H
YU ARLE — 8 I 22 3, 1P 22 S 3 0 3 UG AR T OB 3 1) 28 W 1 L
HFERER 0 Ko NKRA, BIERR §'°0 4% T KA KF(Sha et al.,
2024). Raigemborn et al. (2018) XJ BT AR & i 5 EL 3% BF B W Hh [X 26 v & B 2 (R85 45 2 ik . 4]
RERAIHTRM, BRI A §3C. 8'°0 4351 N-13.76%0~-9.55%0(“T- 221 {E-11.39%0) F1-13.36 %0~
-10.83%0(“F HAIE-12.28%0), F-45E A HH WL EE, HEWTIRIR #h TR Bl KR R R 3 R K
B A E A 5%, A NTRTRIET 5 507 fA ik 8150 2RI B ZL i (P35 {H-
11.70%0), F& 8'30 {55 il fi 4 i i3 L35 5 JE MU [X 26 5 & ZH A5 45 2 (1) 8'%0 fH 40 280k,
Y PR Bk R 56 v 27 A 7 A TR, DR 2 252 B RS B (5, 2 T~ KRR 388
190 FEKEH N K TR TR, YIS 5 ACIRBRIR #h TR (R ¢4k 2 Bk B R AR A §°C



R — B RERE I 22 5, AT RE T EL 5 e W7 XA A T 10 58 & 1~ 1 <A, 5 B
i 3 m B[R] A7 2% 8 2095 5 67 0 ) 2k i (Retallack, 2005). R, BRATCH & I LI
HA— M, s 3915 st KR S 807 1A b s BOR iR IR Eh KR R, 16Tk
TN SCRIRIR B8 5 EROIRIRIR B K & . teah, SRV 3 A = A 8 H ) A R T 5L
100 2% ELHILIN 2 A= P e VA 5 T IR 328 (497) 4 v 22 K B 45 )55 )(Mouraviev et al., 2015; Diaz-
Hernandez et al., 2018). {HAEA ) 1ATHIH 1) H 2= A0 dRARBTIT, 9K WATART A= P T 24 B 1 7
T MRFAE(E 7A, 8A), H.AEHE(EDS)Z H7 Hh o AR A I 3 5 A L BTAH 5C 1K) 70 3 7 3 2R (&
7F), HEAE EMAEYEES 5 B A UTER T REE.

9: R EBRIR L BB . R KT A I ENLRR . SRR 2R 2 g
Fig. 9 Inorganic carbon and oxygen isotope compositions of pedogenic carbonate, calcite cement, and groundwater
calcite

HB 4 B0 K IE T Naiman et al. (2020);Raigemborn et al. (2018);Yu et al. (2022)
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bR o =R AR RIR T P R S, 58] 1 BT =54

(DB PEAT VA T R — 8 Tty H 3 P R =R R AR BRI £k, B S M SOIRBRIR
e GRRERIRER . DUSCERSCIRIRIR EL. A M SURBRRE T AR E E DA = A 5 h %
NE, A SRR, MRS EESAROMA A, A RZRASE TR
BRIR £6 W 2N T A A LR B A A A 2.

QBB MSCIRMERBRIR £ K & A A, HRAT B2 S A 0T - T a4
Ha) BAB 5 bR G5 M A ORI A SR AL, AR BRIR S 1 0 A1 T 9 B ) A 5 10 25
PR DU FEFL B AR T A5 B 5 M0 i 7 AR AE, IR 45 Sl se . RENE . AR R g 2R T
CAHEWT, A= A2 R B B BCA DU TR A1, mSCRIRIR s T A k8 T+
S TRAR AN 5 2 BRI ey, o2 o S S IE, Dy Bt JE iR AR I B 7420,

(3)MSCIRS G5 A% IR - e i B TR R 1 §13C T 8180 (B AN B0, S e L R A il
(IR AR AARR, Dy H IR AL BRI B AT R AE I, HOR 32 2R e 1 T3 28
M, R ER 3 45 4% N SR AR 895 S 52 485 00 [ 57 3R B TR ABODRBRIBR 6 1 [ 3 2% 3R UL B Al 14
ik, S By s 3915 R KR TP TR .
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