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Formation and evolution of the Yuncheng Salt Lake and sources of the saline ions

Abstract: [Objective] Yuncheng Salt Lake, located within the core area of the Fenwei Graben System in the south-central
part of the North China Craton, is the earliest known salt lake in China and worldwide. The formation and evolution of the
Yuncheng Salt Lake are closely related to the Cenozoic tectonic domains of the coastal Pacific in eastern China and the
Qinghai-Tibet Plateau in western China. However, there are many debates regarding the spatiotemporal processes and key
timing associated with these two domains in the Yuncheng Salt Lake. Additionally, the salt lake is rich in sodium,
magnesium, chloride, and sulfate ions; however the sources of these saline ions remain unclear. [Methods] This study
investigated the major changes in the Cenozoic tectonic geomorphology of the Yuncheng Basin and its surrounding areas,
focusing on the evolution of the Cenozoic river-lake system to establish the formation and evolution stages of the
Yuncheng Salt Lake. This study combined the tectonic background and geochemical element analysis of typical strata in
the adjacent Zhongtiao Mountains to identify the main sources of saline ions in the Yuncheng Salt Lake. [Results] At the
boundary between the Paleogene and Neogene, there was a widespread angular unconformity across the central and eastern
parts of the North China Craton. This unconformity affected the Weihe Basin in the Fenwei Graben System to the west, and
not the northeastern edge of the Qinghai-Tibet Plateau, which connects to the western North China Craton. This indicates
that the tectonic forces during this period originated mainly from the coastal Pacific tectonic domain of the eastern North

China Craton. In the mid-Miocene, a widespread unconformity along the northeastern edge of the Qinghai-Tibet Plateau
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connect to the western North China Craton. The northeastward uplift and expansion of the Qinghai-Tibet Plateau affected
caused the Ordos Basin to rotate counterclockwise, initiating the formation of the Shanxi Graben System within the Fenwei
Graben System. The Cenozoic evolution of the Yuncheng Salt Lake is the result of the interaction between the two major
tectonic domains of eastern and western China. Before the mid-Miocene, the coastal Pacific tectonic domain predominantly
controlled the region. Subsequently, the long-distance effects of northeastward uplift and expansion of the Qinghai-Tibet
Plateau began to influence the Yuncheng Salt Lake. The Jixian System Longjiayuan Formation in the Zhongtiao Mountain
area is composed of marine carbonate deposits that is the primary source of magnesium ions for the salt lake, with an
average magnesium oxide content of 20.92%. The Paleogene Pinglu Group, an arid lake basin deposit rich in gypsum
layers, provids sodium, chloride, and sulfate ions to the salt lake, with an average sodium oxide content of up to 2.6%.
[Conclusion] This study suggested that approximatedly 700000 years ago, during the transition between the early and
middle Pleistocene, the Yellow River flowed eastward into the sea through the Sanmenxia Gorge, leading to the
disappearance of the Sanmen paleolake and the initial formation of the Yuncheng Salt Lake. Approximately 70000 years
ago, during the mid-late Pleistocene, the Fen River changed its course and left the Yuncheng Basin, transforming the salt
lake from an open to a closed system, ultimately forming the Yuncheng Salt Lake. Subsequently, under the continuous
influence of the fault at the northern edge of the Zhongtiao Mountains, a large sedimentary depression formed,
accumulating a large amount of saline minerals. Natural salt lake is formed over long periods of precipitation and
evaporation. Currently, the saline ions of the Yuncheng Salt Lake mainly originate from adjacent sedimentary strata in the
Zhongtiao Mountains and deep mineralization layers. The major fault controlling the salt lake provides the upward
migration and injection of saline substances from deep mineralization layers into the salt lake. The marine high-magnesium
dolomite of the Longjiayuan Formation of the Mesoproterozoic Jixian System in the Zhongtiao Mountains is a major
source of magnesium ions for the salt lake. [Significance] The research findings provide fundamental geological evidence
for the implementation of an ecological protection strategy to restore the lake by reducing salt levels in Yuncheng Salt
Lake.

Keywords: geochemical elements; saline ions; Sanmen paleolake; Fenhe River diversion; Yuncheng Salt Lake; Cenozoic;
lake landform

W OE: EWMBMCTHRERTERANRCHM, EPEDEHREAARENEY, ExddEai Ry
EWHARAENESG, FZ R - AR, XEREFLERMREZ ARG R BHERDK ., EFHE=
Tkt A X AANBEE=ZTHEHHE T, P T RERHERAREERZABRUARFF LG RFEE
HHRLMMBEANEENE, R ZHEANHRECTIR, HELARBEEFEAEMNMRMF TR
AT, WHBRHEXYTINEERR, FRERE T, THLEHRALPHY PN, FE A KB E
AFPEMERMELINERBGRENEREBAE TZERMEHEANNTE; ESAT0FFNE—FEH
#, EAFA=ZTRBERARANE, ZITHEHET, EREVNERLTEPR; BELATFENGEEHR
M, PAAAEKERBEMAEH, EWENHTRERRAANTAGRR, TRENRATR; HEE
PALIGHBNFZEHERAT, PRT DN AEBROAREH, KENSGR LT HYRAXELE,
ZRKHMARER, RARRTRRAEY,; ERENNBEYREITERFETEBRY 2, =43 H
MEEHARBETREYRNEFERYE, PALI LGP AT RAEZAREAENGE AT 2 RBETH
HIRF. FERRENERWESRY ELEFRB - FKE,

KHEIR: WM FILE; BT Z1HW,; 2Kk, BWMEH,; ER; HAaHR

FESHKS: P931; P595 XHERFRIRES: A XEHS: 1006-6616(2024)06—-0933-19

DOI: 10.12090/j.issn.1006-6616.2024003

FE& Dy, R TR Tk &, HiEs

0 3= FE TR A A | BE R S LAy A (5K i ) A
WA, 2004; FNIEEE, 2007) . IEAE K, 718 Eh 0 W

iz YR R 1L T A A v BE bR U A R Y Az A DR 1 S v, A B R I % 2R S Ml T AR
A0 FB AV, 2 IR 1) B 1R A R R W, LA 4600 4F 1 JBS, LA H: S 5 A A B AR S IF R RO T8 I


https://doi.org/10.12090/j.issn.1006-6616.2024003
https://doi.org/10.12090/j.issn.1006-6616.2024003
https://doi.org/10.12090/j.issn.1006-6616.2024003

¥

%6 AR, S

&

S R WA R 15 5 TR TR 935

W TAEM . i, O T s R W 1 TR BT Ak
FHERZSYITORIE, 51 T A S 5T & 1 G

oK T35 R WP B AL NI E B AFAE LR
2 A A Dz 3R 1B BT B4 6500 7 4F 1 5 1
P iz SR, 5 R a R T Y S R N % DA
K (FILYLE, 2006); @iz IR ER 1 1 T8 1 6 16 Dy s
CIRVSIER ISy 8 N I W e IS S o RV e 5L'e
TE R I T T S A AR AR 8 IR ER ) A 20
FEJE P AR A 53, 1994) o 38 33 1 1E K
i A8 3 0 SRR T TE b B AR, PR R R Ak
501 Hh R BT B Ak 0 SR B VDA OG . I AR Ok
O T U T b R A8 B A RO TR 2R 1A
W BFFE N B2 X 3z 3R 190 AR 48 A9 v 4% Ll 5 i ki
W AR K BR AR 2 0 B 45 R SR, U MR R i
WIE R F AL 5240 2381 6900 714 £ 47, i2
I ER 4 A7 T U T M AR R e R TR OB A A
2023); {H 5 Z A WF 55 8 SR A O FOR B F ol i 40
IR e o 0 e B N T N R E S AP
Tia] P ) A i A D, 3 B AF v 5 i Y L P O B A K
R R EE L, R AR AR L 2 O i, O
Z T AR R B DR OV AE = 46, 2005; Fan et al.,
2019; Shi et al., 2020; % ¢ 1 55, 2023) . 53 A 58 %
AR, U T Ml AR TR vt e s 00 DAL S D R T
P e 0y 3 AR AE FH OB B (F 38 45, 2000; Chen et al.,
2021; Su et al., 2021; & 5¢ Bk 4F, 2022; & 40 & 5,
2023) . iz Il b B ALK L I v A L B A X —
F ) 1LV M F AR 0 AR AR ZE M Y IS AR I R 2
TE 10~8 Ma, R 45 ¥ 18 b %0 2 37 A4 4R 19 T8 a3 1k
Je FL ol BR Bl ) 25 S o8 k] LU Y, i iE Hh A
FRIFAE G — M3 W 15 S 0P, B S R A
Shy ¥ 8 M R 0 T A A, LA 0 TR R T Ak
AR ARG — B ) 305 5, R BR AU 3 8
JE B T 1) 320 R 5500 O il R o g A, A el i B T B
ST AT T T B )k AR A A 2
TR B YIAH OG0 & T 2R o] BF 558 = 7 e ) ) AR
WA R G, FEAE Lp e L R R i | e
BT LA S i T T 22 R0 a5 (52 8 0 A, 1998; R IR
FH 4, 2005; Jiang et al., 2007; #% 5§\l %, 2001; Shang
et al., 2018; = 20 JC %5, 2021; # £ & %, 2022) . [A]
B, 5532 33k ) de 24T B2, 8 O A oty o T A i) R
t 3z I A b o A7 R R SR R B 6 R op
F 4 (5040 RN B & BF, 1958; 25 Al fil g 5t 45,
1994; §A e 4f , 1997; m FHuk 55, 2023) . 38 R ER 1 &

AEEWHE T BER T AR T MRRRET
(4% P Fn 2= 5 &2, 1998), X S6 £h 2 7 ok | T W
JU7 35 %% B8 T8 AT 7 3 2 n] 8 s 3 T EEAR I 18
IR ) B G T 0 4 b B 45 A O e &R S T
I, U 5 3R £ o k2t % G 408 DO A AUA 3
SR G B R, OB AR AT W R & i &
2, 5 i BES AY am W ) 0008 L A i R, A5 S
FH AR Hh 2% 1 3 DXt R 3 ) 4 3t K Ak 2 T R AR, 4R
o iz IR W £ 2 W oA R T

1 X33 R A

LR R (VA = | AR 1V | S S B
VY 1] 1 T T 45 b K 30T b 2R — B P4 1) 60 L P AR R
ILTR)2H 8o 3z Il A b Ak L Y b R R Y e B, R
M % 1, AL 422 I oy 4 M, DG I VT 2, R P 3
BB JE RS 26 PO R U AR BT 55 (| 1; Bellier et al.,
1988, 1991; Xu et al., 1993; Zhang et al., 1998; 1 =
& 2005; Mercier et al., 2013; Shi et al., 2015, 2020;
Chen etal., 2021) o iz 3 ER W15 T 12 3 45 Hb 1) 7R B 3
(I 1a), FEE P A db 2, B A0 AR — B 7 1) Al IR e
A1, JHE g I 0 2 e o R 2R T A AR, R — R
b F W) TV AR 324.5 m, VAL S B AR 20 m A2
oo WK BB F A SO,-Cl-Na-Mg B, & {1k Jif
32.6~112.5 g/L,

iz YR ER T T 00 T A% 1 B B2 DX A T R T R
T 2% S R RS2, AR B R L S 2 EE A —,
Gl gR A R FLHOKEE Ll A AR hool
PRl Z A L& L BTl AR B Ml A R IR
(& 1b) 5 B 2 M J2 50 b B B2 AR XS 45058, I IR B A
THARBERDZKIGH, EHAERAORFAREH
FREH, ZESRINEHM T A& TH. BrER
U V- Bl RRT I R DR AR A (18] 2) o Rl SRk B
Mool b AR BRI FUAE R, oA
T A de g (AR b 4, 1991 Ot 45, 20125 XX
85,2015, POt A RMAME LR LT —El
AHRE B & Ak IR #h o TR, K Il R DLV AR 0 08 5
T, R g B = B B, i) B RO — R JZ 1 A ik
2 E DU, AR S A T b 2%kl b R (O SO 55
2012; Z/RAR4AE, 2017) o HPon il KR 5 TRA
[ Fof £ 22 =2 ) 52 £ BE AN 8 5 4 fid o 7 oT il AR
UURR T EER R B&R, S — & MR A pkOK IR & BT
BLOKBT, 1991) 0 FER R THLLELA QR IUA KT



https://journal.geomech.ac.cn 2024

105°00" E

110°00"E

115°00'E

35°00'N

Py :
LS P e

e

110°30"E 110°45"E

111°00"E

111°15"E 111°30"E

b

34°50'N

34°45'N

K% )

34°40'N

[ 7 57 [P ot o 7 [P 4 bk 7 [P i . 7% [ v 72— v i 2 [N ¢ 52— — e % [ e 2 [N ] i % Q] 4 s [N 9/ — J v

a0 D031 P15 b— W3 48 I I B I 2]
B aE R E R X

Fig. 1 Regional location and geological map of the Yuncheng Salt Lake

(a) Regional location map of the Yuncheng Salt Lake ; (b) Geological map of the Yuncheng Salt Lake and adjacent areas
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Fig.2 Comprehensive histogram of the stratigraphy of the Yuncheng Salt Lake and adjacent areas
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Fig.3 Representative outcrop photos of Jixian and Paleogene in the Zhongtiao Mountain area (see Figure 1 for section locations)

(a) Contact relationship between the Jixian, Sinian and Cambrian System ; (b) Paleogene Pinglu Group dark gray argillaceous siltstone with thin

layers of marlstone
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Table 1 Geochemical elements analysis of dolomite from the Jixian System in Guojiayao section in the Zhongtiao Mountains (%)
K G ey Si0,  ALO;  TiO,  Fe,O;  FeO CaO MgO KO NaO MnO PO, H,0" HO
SH-1 Mz 0.08 0.22 0.00 0.03 0.09 30.94 22.38 0.01 0.05 0.01 0.01 0.04 0.20
SH-2 Mz 4.60 0.10 0.00 0.03 0.08 29.91 21.40 0.01 0.07 0.01 0.00 0.02 0.20
SH-3 Az 0.54 0.10 0.00 0.03 0.08 31.30 2237 0.01 0.03 0.01 0.00 0.00 0.20
SH-4 Mz 0.04 0.13 0.00 0.01 0.07 31.34 2237 0.01 0.05 0.01 0.00 0.00 0.30
SH-5 Mz 6.98 0.11 0.00 0.06 0.08 29.34 20.18 0.01 0.05 0.01 0.00 0.00 0.21
SH-6 Mz 3.35 0.15 0.00 0.05 0.38 29.82 20.75 0.01 0.04 0.06 0.00 0.02 0.22
SH-7 Hzd  17.28 0.12 0.00 0.08 0.07 26.97 16.88 0.01 0.04 0.01 0.00 0.03 0.20
SH-8 Mz 4.00 0.08 0.00 0.05 0.07 31.15 20.39 0.00 0.04 0.01 0.00 0.05 0.19
SH-9 Mz 3.76 0.10 0.00 0.02 0.08 30.12 21.58 0.00 0.03 0.01 0.00 0.00 0.15
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Table 2 Geochemical elements analysis of Paleogene clastic rocks in Mitanggou section in the Zhongtiao Mountains (%)

FEih i A SiO, ALO,  TiO, Fe,0;  FeO CaO Mg0 KO Na0O MnO PO, HO"  HO
MTG-1 WA 5204 1861 0.69 5.43 0.50 3.14 361 330 3.49 0.06 0.14 5.96 4.04
MTG-2 WibE 4762 1889 0.68 5.46 0.74 4.07 498 363 2.94 0.14 0.18 6.56 459
MTG-3 Wb 48.90 1670  0.64 5.29 0.58 6.09 437 336 2.49 0.11 0.14 6.73 498
MTG-4 WibE 4623 1529  0.63 521 0.64 8.96 419 316 2.40 0.10 0.15 6.71 5.17
MTG-5 wmibE 5001 1741 0.65 5.08 0.72 5.81 403 351 2.68 0.06 0.17 5.78 5.06
MTG-6 Wb 55.69 18.65  0.75 4.48 0.31 221 333 3.73 2.39 0.02 0.04 6.48 7.55
MTG-7 wibE  sLel 1806  0.69 5.89 0.62 2.87 436 343 2.38 0.07 0.13 6.93 6.83
MTG-8 JWAE 3346 1184 047 3.59 020 2631 221 253 2.33 0.03 0.06 7.30 12.64
MTG-9 Wb 49.82 1699  0.67 4.82 0.36 5.28 313 352 2.42 0.04 0.07 7.66 7.82
MTG-10 RIRAE 1412 571 0.20 1.97 056 2324 1516 098 2.64 0.26 0.14 3.23 2.01
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Fig. 4 Stratigraphic correlation map of the main Cenozoic basins in Hexi Corridor and North China
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Fig. 7 Contact relationship diagram between the Sanmen paleolake and Lishi loess (see Figure 1 for section locations)
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Fig. 8 Typical outcrop sketchs of contact relationship between the Sanmen paleolake and Lishi loess (see Figure 1 for section locations)

(a) Beishuncun section; (b) Shendongcun section; (¢) Nanshuncun section
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Fig. 9 Late Pleistocene-Holocene stratigraphic thickness and geological profile of the Yuncheng Salt Lake and adjacent areas

(a) Contour map of late Pleistocene stratigraphic thickness of the Yuncheng Salt Lake and adjacent areas; (b) Contour map of Holocene

stratigraphic thickness of the Yuncheng Salt Lake and adjacent areas; (c) Late Pleistocene geologic profile of the Yuncheng Salt Lake and

adjacent areas
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Fig. 11 Salt ion migration and accumulation pattern diagram in the Yuncheng Salt Lake

(a) Late Pleistocene-Holocene stratigraphic composite column diagram of the Yuncheng Salt Lake; (b) Salt ion migration and accumulation

pattern diagram of the Yuncheng Salt Lake
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