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Abstract: This paper is the result of mineral exploration engineering.

[Objective] Natural soda—ash deposits, also called sodium carbonate evaporites, are mainly used to produce soda ash. In the soda
industry, compared with synthetic soda, this process has advantages for environmental protection and lower cost. The downstream
industries contain various fields, including glass, medicine, and so on. The booming of new energy industries such as photovoltaic
has brought new demand for soda ash. China consumes loads of soda ash annually; thus, soda may become a scarce resource in the
future. Mineralization process of natural soda—ash evaporites is of great significance in evaporite community. In China however,
soda— ash deposits have received little attention and have great research potential. Investigations on types and distribution
characteristics of global soda—ash deposits and their genesis are helpful and useful for deepening research and prospecting of Na—
carbonate deposits in China. [Methods] Compiling published data and systematically summarizing the regional setting, provenance,
genesis of typical soda—ash deposits. [Results] Most deposits are Cenozoic in age and located in North America, Asia and Africa.
Modern soda—ash deposits predominate in number, but resources size of ancient deposits is tremendous. Specific ancient deposits
include the Green River Formation, United States and the Anpeng soda deposit in Biyang Depression in Henan, the counterparts,
typical modern alkaline lake deposits formed in Lake Magadi, Kenya and Chaganor, Inner Mongolia. [Conclusions] The
requirement for Na—carbonate deposits precipitation are (1) hydrologically—closed basins, (2) arid climate, and (3) sufficient sodium
carbonate supply. Unlike other evaporites, the sources of CO, required to maintain Na—carbonate brines are complicated. Efforts for
prospecting in China should focus on Quaternary saline lakes, Cretaceous restrict basins in Inner Mongolia, and tectonically—closed
depression in which dolomite and oil shale develops in Henan. It is of great significance to carry out the metallogenic theory

research and mine prospecting.

Key words: soda—ash deposits; Na—carbonate brine; arid climate; genesis factors;mineral exploration engineering; resource prospecting
Highlights: (1) This paper systematically summarizes the resource characteristics and genesis factors of global soda—ash deposits.
(2) Prospecting targets in China are proposed based on resource characteristics, and genesis factors.
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Fig.1 Distribution of major soda—ash deposit in the world (after Warren, 2010)
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F1 @AWY Y= RRERNIE= (18 USGS, 2023)

Table 1 Soda-ash mine production and reserves (after

USGS, 2023)
, AHA ) B T t
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20214F  20224F
FH 1130 1100 2.3x10°
T YN 26.2 26 40000
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BRI PRI e B ] R PR B
T RE R AL I = F A AT L)
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R SF 2 — , R B KSR A e AR
LA 7E AN T 7% K W Ak R v, Bt R B B B s
FRELA5 ST HH RIRTRE™ ), B 200 R SRR IR o

95 BH 1915 2 52 31 N'W ORITNINE P 41 = 3 7 4
U 1) PAT I 2 5 P 2 0, A R T e B ™ 1Y)
DU (BREEST, 2013) ;5 36 [ ] 78 b R SR il 2 4b
T PO JEER S L ik ) P 42 b (Dickinson et al., 1988;
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b B AR G o] A A, R b A2 AR K 2 1R BR A
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FRAR S AR S, VM2 A 5 2 i) ST )2, B3 v
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(Bugster, 1969 ; McNulty,2017) .
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F2 R AR TR R (FBIKRE, 2013; FHEEHE, 2013; Warren, 2016)
Table 2 Typical Na—carbonate deposits in the world (after Zhang Chending, 2013; Ye Tielin, 2013; Warren, 2016)
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Lowenstein et al., 2017) ; 4 FH M1 B 4 87 Ge 4% Ak el 4H
R 2= B L S I MR e 5 T R AR A
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LI IR AN, 2013) 5 By i i) X 4F 2% & £ 3500 mm,
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(McNulty, 2017) .,
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FEFR KA RIE M) L2 K . Hardie and Eugster
(1970) £t T AN FIZKAAR 11 2 & e 4 it b s A (1]
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Fig.2 Brine evolution pathways with different brine types for
Na-carbonate evaporites formation (modified from Hardie
and Eugster, 1970)
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al., 2015)
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2013; 5K/= 4%, 2013; Smith et al., 2014) .
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JRAE, 2004)

1 R TR AL ORRAS, DU bE L A Ak T
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W, LR B AR B K AL %5 & B (Helvaci,
2010) . PRI, 7E49 1 B P K SCOREE T, ML T
I R B 30 AN A 0 A b R A 4 T
FE M Na', T OS2 2, HEW e
71 COIR A T A I CO, FIR S CO. 1Y TTRk,
B Y50 53T A W, BERH COL IR B I AN 2R
# o Na 1 CO \HCO, ™ Fifi b & Fl L 42 Ji 1A i)
L ERIT 2T, 28 R W 4n i DTRUR SR i
& (Helvaci, 1998) .
413 EHZMARITEH IR

LTI T A RAL T B 52 2 s BH U155 , & 3
F20 2 80 4EAR . W IARIE Wl T tn it J& Tl AR
KRG PR o 06 BH 1574 2 P 2 R IR R M B, 32

35 W 28 3] 3 b T S 190 I G g R T — S [l 7 2
T AR AL A AR ) S el —s B r 24 (B 57, 2013,
Gy, 2016) . KEMWZLIIER N FE  AEET
ArFER A= 2 b B TA 8500 m, H T 1T 143l
IR R ERTA KA kB
W Ak AR AT A AR B2, WA
WS RN, ST A A FRERHSAR.
U KA 2 (BT LEAE, 2014) o B8 IRAEAE A%
Bt (Bh,) F LA R4 = Bt (Ehy) FEB (& 6) 120
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PRI, 2 WA 2 15 52 322 I 38 o B R COL Y
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A WBERRORRI S5 (BR A, 1998; 114,
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i ER 20T WA LI SRR TORR, A Bk el 21 (0 AR i) 481
PR i e R e N R AL iR X LN (R TR
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AT RIRGEA A 1 (BREEST, 2013) .
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L fin i 2 AR AR A A 1 e pE BB A — 2
P AR | T PR N B BR (E7) A T AR T R
I ) R b e A e A v R TR I L A
JE B0 AL T 7 (1.4~0.7 Ma) (Baker, 1986; Crossley,
1979; Eugster, 1980; Le Gall et al., 2008; Muirhead et
al., 2016; McNulty, 2017; Owen et al., 2018, 2019) .
WX PR F A R B 6 2 B, 2R 2
B A R W R R 5 b, LR THE R R R 1L A
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etal., 2015; McNulty, 2017) .
422N RFETFHEREHRT K

A TR RO T N 58k Th il L 3% i Ry
7R FE 29 80 km, & — > 1 4 AR AR (5K R,
2013 ; 5K KARAFE, 2020) , T 1966 4F I FR I & B (5 4%
TBAE, 2011) . " XKL 1000 m, & —A> T 555
U SIOE S Ee O RUIRTERESS: N B/ - = o ki oY 3]
w1 10 4%, A% T (Warren, 2016) , 7 i35 h
F I R ED A U, 52 W0 45 B VU — U AR 1) DB 24 42 ol
(Warren, 2016) . 75T H 585 R AR R G2 B0
TR Bz bt i vty AR B RIAE O P B RN He L
Kb IR T LR —28g (K8), KM
AR I e S = B2 TH AR 21 km?,
JERE23.03 mo LR LHR  RIRGR, FEAE TR
ARG Yy, DL S RN A BT R AN

1. 5 Na,COfif it 11.3 Mt(SF /84 2011; 7k
R4k, 2013; Warren, 2016) . 75 JE Fmd0l 2 7l R FH 22
KA1 5 I RA TR 2, A4 7 2k
B/ INIRAT (iR R 4, 2013) 4

AT R AT R (9 B o A EL A AR
ANTEF15 JE S5 met 8 1 S A, A i R i
TE B 114 B0 B B th— 4 thE it 09 . e ) el
HEHb A 25 A 1 AR R XA 25 T i T i
FIENES F o X COLRUE, Fr T 220 J8 2% i ok 4 B1
TP AR IR . PR 40N CO, F2 %0k F KA,
AR R IR A b4 o 7B — 54T 47 — IR
TR S e T4 T A X (E 3) , B H
AR (COL MR AR EREE T 7 AT RUE BTt , X0 T
JSLAT R ) B BT T — 4 thE T4 A AR AR K
SCOMEE . AL, 0 IRTEA T SR A B PR SR
Yy, RE R I T8 S R, KA R 6 20 3 A
FHES , S0 g K AE DU I, AP AEAE 343 SO 5
T, J8 T Na—CO,—SO,—C1 15 7K , M % 78 K ik
AR FREEHEAT S S . e E S, BT
ST KRR COMBERERIIELLT , Hohkfs: 1k
S5 i, TR 7R IR R R T AR I R AR AT
(& 3) , W ZEA AR DURUR 51 B B T s — K
SROB— TR T S5

5 HPERIRE A I 5

ZEA IR KRR PR 1) B 2L 3 A LA B IR
JRAT IR IR A5 A (1) P T M L
2w MG (2) TR—Fk TR, (3)F
B Na' fl CO ML, . TEXLEpn ZE R, BRI
Iy 7RI A A M A B DAY A 1 SRR R
B R DB TR T KR, KL, e e &
T BB 1) AR T A 75 RE IS SRt 32 5 Na
HCO,, H 5t 1 CO 45 U i 2, MR [k
BEURRFAE AR S AT T b R AR R 2

I R AR R 9 R AR T R B e, W IR AR
KRR RRW B EEWER(E9), #
TAEC KB R AR IR EZ 0 Mm T NS
o Horpr, JER A NS RARIEAT R TE B T4 U 22
TR AUME T ISR IRIET IR, 20 )2 1
KRB, AT A DU L s S AR  FE N 55 T
245 L KR b 5 B T KRB -0 T 4 2

http://geochina.cgs.gov.cn H1EHLFT, 2023, 50(5)



5504 55 5 WRAREL A - TSR IR BT R GE U0A1  B™ [H 2R S 4R 5 1409

zgs/ $ | e 2
= W %
Wi K@, LEE
% /A
AN »
4
ok WS B as
i BRI L
¢
4t
112°42E 112943 112°44°E
EWALY N i ik E
Baolié_ajomiao Formation T)—ike W
w
WA e oA I8 )7 4
Late Carboniferous gabbro Fault N
A w |aepusne
| 7 1 I K IAE AR Y A=k
Late Carbonjicferous grafodiorite ES % ;JH\ JCIR A1 5

P8 A /0K DX gl [ 7 P R i P o PR 7 P (8 1 9K AR 4, 2013)
Fig.8 Schematic map of Chaganor lake area and stratigraphic column of soda deposits (modified from Zhang Chending, 2013)

1:48000000
< [ AR AR

Trona mining area in China

i &5 GS(2019)1823 %5

Wiy
=

%0 W
i 8 /

5% 52
119000 00|

P9 F [ ARG 7 b (42 ™ 7= s i 42, 20219)
Fig.9 Natural soda-ash deposits in China (National Mineral Resources Database, 2021®)

http://geochina.cgs.gov.cn H1[E BT, 2023, 50(5)



1410 th H

b, J 2023 4F

FIRIRIA PR, 21T 1 S 4R COLM BE R i Y
5 S, IR R R . DR, OREAT IR iy
SRS BE T AR SER HUX, 25 DU 28 LI i R
T T AR BT IR T PR A4 28 551X 1 P L 204 i
B b T O AR IR AT 11 F AR X ek

10 B R B B AR B 14 O vy AR IR IR
LA RN SICI R B s N N N AWSE G F i | N
RIRAF T H A R, W SMCaE A ()2,
7 358 A R 22 6 T 28 R A 2 M B AR 1 4 R
PR, WZR I M B R 07 SR MIBE R, £ 3R AT PR AR
P S —BRTR R 1 ML 18 R K BB S 2R o 1
JEE AR 1, B R AT i A R AR RS X HE 3G
[E| LRI ZH A, COKBRARE TR AIK CO.1
SR, A AN . DR, 48 AR IX AT 4R TP e Y
Hza G Ua & 8 g it Ak

KRt ]I T B = 3 shas 2 K s 3l
WIS E I COMERE R B ZRAS b, 1 an S finsh BRAC R
SRIA . b R A B N S R A AR
BEA , TR CO, TTRR A TESE AR 800 o 0L 1 BR
TIE BT R4 P A 2R R A R B R TR, 38
D) L 5 R ] R SR B 1R RIS, 35 T AR K
BIH AR T A%

6 4% i

(1) KRG EAT 4340 12 ARXF AR iR
o WX BTG TN ALSE AR,
R P E L EHI E R R A8 R
Ko ) ZRHTAmE T B2,

(2) ARl 1 b Jo A AR 40 IRAR R SR B A K
PR KRB PR . SRV BLAR KSR R AT B
GRS e 7V 7 N SR AW/
BB R A 9 [ 2 ) 241 AR 0] R e B L
FILDUAFLE AR . AT AR B TR AR | F
DR AR 5 o

(3) KERTE PR ZAE T 2 1 S 45 1 1R
)P 65 B 58 LA KA A 1A 4 TR ) 7 J 16 ke R 5 75
IKEE 3P EEZ A T AR . B rE
WEEPRAE T 07 IRDTEUN B0 S 7 5 A% iR 2%
R SRAAR A B W A DTVE AT R TR ER 250 5 1
PRAIE =Bk 1 FRAAE R T8 A 2 fi i £5 7Y
Kk AR AT R & COL \HCO, AR ME HUR

Ko COJ2 P K FIFASRE B Y B 2P R, HOR
BONE IR, EEOR ARAPH COBHEHRIBAIK B
AIREIR G T AR A0 T A B P s LIS A A

(4) [ AR BT LR E i, B B R R
Wt TEARA Iy [ b, I SR ARAE A 52l A DU 4 R 18
S TR | 1 W20 B PG 3 -4 AR
KRB, A RAE RGBT I A = e k&
(it PA) bt R AR R B

E

@ Brownfield M E, Johnson R C, Self J G, Mercier T J. 2009.
Nahcolite resources in the Green River Formation, Piceance Basin,
northwestern Colorado[R]. U.S. Geological Survey Fact Sheet 2009—
3011.

@ Bradley W H, Eugster H P. 1969. Geochemistry and
paleolimnology of the trona deposits and associated authigenic minerals
of the Green River Formation of Wyoming[R]. U.S. Geological
Survey.

OWIEL. 2015, HEFH ) BERAR T —— R IRBR[R]. Jb ot
rhe AR 5 AR BT

QDyniJ R. 1997. Sodium Carbonate Resources of the Green
River Formation[R]. U.S. Geological Survey.

@2 EW P HUER FE . 2021, 4 EH F=H B FE 2021 B (ngac.
org.cn)[BD/OL].

@& FHT IR RZIH R . 2021, 2021 4F 42 G 7 7F Ut it
Gii13% (mor.gov.cn).

Reference

Baker B H, Mitchell J G. 1976. Volcanic stratigraphy and
geochronology of the Kedong—Olorgesailie area and the evolution
of the South Kenya rift valley[J]. Journal of the Geological Society,
132: 467-484.

Baker B H. 1986. Tectonics and volcanism of the southern Kenya Rift
Valley and its influence on rift sedimentation[J]. Geological
Society London Special Publications, 25(1): 45—57.

Chen Jianli. 2013. Geological characteristics, genesis and ore
prediction of natural soda deposit in Biyang depression: Taking
Anpeng trona deposit as an example[J]. Contributions to Geology
and Mineral Resources Research, 28(3): 393—400 (in Chinese with
English abstract).

Crossley R. 1979. The Cenozoic stratigraphy and structure of the
western part of the Rift Valley in southern Kenya[J]. Journal of the
Geological Society, 136(4): 393—405.

Culbertson W C. 1972. Trona and Halite resources in Wilkins Peak

Member of Green river Formation, Green River Basin, Wyoming:

http://geochina.cgs.gov.cn H1EHLFT, 2023, 50(5)



5504 s

RAREL A5 -t SR IRAR PR

YIRS AT R R R R 1411

Abstract[J]. AAPG Bulletin, 56: 612—612.

Cumming V M, Selby D, Lillis P G. 2012. Re—Os geochronology of
the lacustrine Green River Formation: Insights into direct
depositional dating of lacustrine successions, Re— Os systematics
and paleocontinental weathering[J]. Earth and Planetary Science
Letters, 359/360: 194—-205.

Cumming V M, Selby D, Lillis P G, Lewan M D. 2014. Re— Os
geochronology and Os isotope fingerprinting of petroleum sourced
from a Type I lacustrine kerogen: Insights from the natural Green
River petroleum system in the Uinta Basin and hydrous pyrolysis
experiments[J]. Geochimica et Cosmochimica Acta, 138: 32—-56.

Damnati B, Taieb M, Williamson D. 1992. Laminated deposits from
Lake Magadi (Kenya); climatic contrast effect during the
maximum wet period between 12,000— 10,000 yrs BP[J]. Bulletin
De La Société Géologique De France, 163(4): 407—414.

Demicco R V, Lowenstein T K, Hardie L A. 2003. Atmospheric pCO,
since 60 Ma from records of seawater pH, calcium, and primary
carbonate mineralogy[J]. Geology, 31(9): 793—796.

Dickinson W R, Klut M A, Hayes M J, Janecke S U, Lundin E R,
McKittrick M A, Olivares M D. 1988. Paleogeographic and
paleotectonic setting of Laramide sedimentary basins in the central
Rocky Mountain region[J]. Geological Society of America
Bulletin, 100: 1023—-1039.

Earman S, Phillips F M, McPherson B J O L. 2005. The role of
“excess” CO, in the formation of trona deposits[J]. Applied
Geochemistry, 20(12): 2217-2232.

Eugster H P. 1967. Hydrous sodium silicates from lake Magadi,
Kenya: Precursors of bedded chert[J]. Science, 157(3793):1177—
1180.

Eugster H P, Blair F J. 1968. Gels composed of sodium— aluminum
silicate, Lake Magadi, Kenyal[J]. Science, 161(3837): 160—163.
Eugster H P. 1969. Inorganic bedded cherts from the Magadi area,

Kenya[J]. Contributions to Mineralogy and Petrology, 22(1): 1-31.

Eugster H P, Hardie L A. 1975. Sedimentation in an ancient Playa—
Lake Complex: The Wilkins peak member of the Green River
Formation of Wyoming[J]. Geological Society of America Bulletin,
86(3): 319-334.

Eugster H P, Jones B F, Shirley L R. 1977. Hydrochemistry of the Lake
Magadi basin, Kenya[J]. Geochimica et Cosmochimica Acta, 41
(1): 53-72.

Eugster H P. 1980. Hypersaline Brines and Evaporitic
Environments[M]. Netherland: Elsevier Science.

Garcia— Veigas J, Gundogan I, Helvact C, Prats E. 2013. A genetic
model for Na— carbonate mineral precipitation in the Miocene
Beypazari trona deposit, Ankara province, Turkey[J]. Sedimentary
Geology, 294: 315-327.

Hardie L A, Eugster H P. 1970. The evolution of closed— basin
brines[J]. Mineralogical Society of America Special Publication, 3:
253-273.

Helvaci C, Inci U, Yilmaz H, Yagmurlu F. 1989. Geology and Neogene
trona deposit of the Beypazari region, Turkey[J]. Turkish Journal of
Engineering and Environmental Sciences, 13: 245-256.

Helvaci C. 1998. The Beypazari Trona Deposit, Ankara Province,
Turkey[C]//Wyoming State Geological Survey Public Information
Circular 40.

Helvaci C. 2010. Geology of the Beypazari trona field, Ankara,
Turkey. Mid— congress field excursion guide book, tectonic
crossroads: Evolving orogens of Eurasia— Africa— Arabia[C]//
Tectonic Crossroads: Evolving Orogens of Eurasia— Africa—
Arabia, Ankara, Turkey.

Hyland E G, Sheldon N. 2013. Coupled CO,—climate response during
the Early Eocene climatic optimum[J]. Palacogeography,
Palaeoclimatology, Palacoecology, 369: 125—135.

Inci U. 1991. Miocene alluvial fan— alkaline playa lignite— trona
bearing deposits from an inverted basin in Anatolia: Sedimentology
and tectonic controls on deposition[J]. Sedimentary Geology, 71
(1): 73-97.

Jagniecki E A, Lowenstein T K, Jenkins D M, Demicco R V. 2015.
Eocene atmospheric CO, from the nahcolite proxy[J]. Geology, 43
(12): 1075-1078.

Jagniecki E A, Lowenstein T K, Demicco R V, Baddouh M, Carroll A
R, Beard B L, Johnson C M. 2021. Spring origin of Eocene
carbonate mounds in the Green River Formation, Northern Bridger
Basin, Wyoming, USA[J]. Sedimentology, 68(6): 2334—2364.

Jin Qiang, Xiong Shousheng, Lu Peide. 1998. Volcanic activity in
major source rocks in faulted basins of China and its significance
in main source rocks of fault basins in China [J]. Geological
Review, 44: 136—142 (in Chinese with English abstract).

Lee H, Muirhead J.D, Fischer T P, Ebinger C J, Sharp Z.D, Kianji G.
2016. Massive and prolonged deep carbon emissions associated
with continental rifting[J]. Nature Geoscience, 9: 145—149.

LeGall B, Nonnotte, P, Rolet J, Benoit M, Guillou, H, Mousseau—
Nonnotte M, Albaric J, Deverchére J. 2008. Rift propagation at
craton margin. Distribution of faulting and volcanism in the North
Tanzanian Divergence (East Africa) during Neogene times[J].
Tectonophysics, 448, 1—-19.

Lowenstein T K, Demicco R V. 2006. Elevated Eocene atmospheric
CO.and its subsequent decline[J]. Science, 313(5795): 1928—1928.

Lowenstein T K, Lauren A D, Garcia— Veigas, J. 2016. Influence of
magmatic— hydrothermal activity on brine evolution in closed
basins: Searles Lake, California[J]. Geological Society of America
Bulletin, 128: 1555—1568.

Lowenstein T K, Jagniecki E A, Carroll A R, Smith M E, Renaut R W,
Owen R B. 2017. The Green River salt mystery: What was the
source of the hyperalkaline lake waters?[J]. Earth— Science
Reviews, 173: 295-306.

Lowenstein T K, Demicco R V. 2019. When evaporites are not formed

by evaporation— The role of temperature and pCO, on saline

http://geochina.cgs.gov.cn FPEHLT, 2023, 50(5)



1412 h &

b, J 2023 4F

deposits of the Eocene Green River Formation, Colorado, USA[J].
Geological Society of America Bulletin, 132: 1365—1380.

McNulty E. 2017. Lake Magadi and the Soda Lake Cycle: A Study of
the Modern Sodium Carbonates and of Late Pleistocene and
Holocene  Lacustrine  Core  Sediments[D].  Binghamton:
Binghamton University.

Muirhead J D, Simon A K, Hyunwoo L, Sara M, Brent D T, Tobias P F,
Kianji G W, Sarah S D. 2016. Evolution of upper crustal faulting
assisted by magmatic volatile release during early— stage
continental rift development in the East African Rift[J]. Geosphere,
12: 1670—-1700.

Ogola J S, Behr H J. 2000. Mineralogy and Trona Formation in lake
Magadi, Kenya[C]/Applied Mineralogy in Research, Economy,
Technology, Ecology and Culture: Proceedings of the Sixth
International Congress on Applied Mineralogy. Gottingen, GER:
ICAM, 383-386.

Olson K J, Lowenstein T K. 2021. Searles Lake evaporite sequences
Indicators of late Pleistocene— Holocene lake temperatures, brine
evolution, and pCO,[J]. Geological Society of America Bulletin,
133(11): 2319-2334.

Owen R B, Muiruri V M, Lowenstein T K, Renaut R W, Rabideaux N,
Luo S, Deino A L, Sier M J, Dupont—Nivet G, McNulty E P, Leet
K, Cohen A, Campisano C, Deocampo D, Shen C, Billingsley A,
Mbuthia A. 2018. Progressive aridification in East Africa over the
last half million years and implications for human evolution[J].
Proceedings of the National Academy of Sciences, 115(44): 11174—
11179.

Owen R B, Renaut R W, Muiruri V M, Rabideaux N M, Lowenstein T
K, McNulty E P, Leet K, Deocampo, D, Luo S, Deino A L, Cohen,
A, Sier M J, Campisano, C, Shen C, Billingsley A, Mbuthia A,
Stockhecke M. 2019. Quaternary history of the Lake Magadi
Basin, southern Kenya Rift: Tectonic and climatic controls[J].

Palacogeography, Palaeoclimatology, Palacoecology, 518: 97—118.

2

i Bingde, Xie Xing, Deng Liangwu, Zeng Qingliang, Ma Lanlan.
2011. Analysis on metallogenic conditions of Chaganur natural
alkali deposit in Sunite Right Banner, Inner Mongolia[J]. Journal of
Sichuan Geology, 31(S1): 8—10 (in Chinese).

Renaut R W, Ashley G M. 2002. Sedimentation in Continental

Rifts[M]. US: SEPM Society for Sedimentary Geology.

Renaut R W, Owen R B, Lowenstein T K, De C G, Mcnulty E, Scott J
J, Mbuthia A. 2021. The role of hydrothermal fluids in
sedimentation in saline alkaline lakes: Evidence from Nasikie
Engida, Kenya Rift Valley[J]. Sedimentology, 68(1): 108—134.

Schubel K A, Simonson B M. 1990. Petrography and diagenesis of
cherts from Lake Magadi, Kenya[J]. Journal of Sedimentary
Petrology, 60(5): 761-776.

Smith M E, Carroll A R, Scott J J, Singer B S. 2014. Early Eocene

carbon isotope excursions and landscape destabilization at

eccentricity minima: Green River Formation of Wyoming[J]. Earth

and Planetary Science Letters, 403: 393—406.

USGS. 2023. Mineral Commodity Summaries[R]. United States
Geological Survey.

Wang Aiyun, Chen Wenxi. 2022. Trona: From ancient washing powder
to the mother of chemical industry[J]. Earth, (1): 6—11 (in Chinese).

Wang Jiuyi, Liu Chenglin, Wang Chunlian, Yu Xiaocan, Yan Kai, Gao
Chao. 2021. Tectono— paleoclimatic coupling process for
mineralization of Late Cretaceous— Paleogene evaporites in South
China[J]. Acta Geologica Sinica, 95(7): 2041— 2051 (in Chinese
with English abstract).

Warren J K. 2010. Evaporites through time: Tectonic, climatic and
eustatic controls in marine and nonmarine deposits[J]. Earth—
Science Reviews, 98(3/4): 217—268.

Warren J K. 2016. Evaporites: Sediments, Resources and
Hydrocarbons[M]. Switzerland: Springer International Publishing
AG.

Xu Hong, Peng Qiming, Martin R Palmer. 2004. Origin of tourmaline—
rich rocks in a Paleoproterozoic terrene (N.E. China): Evidence for
evaporite— derived boron[J]. Geology in China, (3): 240—253 (in
Chinese with English abstract).

Xu Yang, Cao Yangtong, Liu Chenglin. 2021. Whether the middle
Eocene salt—forming brine in the Kuqa Basin reached the potash—
forming stage: Quantitative evidence from halite fluid
inclusions[J]. Geofluids, 2: 1—12.

Xu Yang, Liu Chenglin, Cao Yangtong. 2021. Salt—forming evolution
characteristics of Middle Eocene in the Kuqa basin, Xinjiang: A
case study of borehole KL4[J]. Acta Geologica Sinica, 95(7):
2183—2192 (in Chinese with English abstract).

Yan Kai, Liu Chenglin, Wang Chunlian, Fan Meiling, Xu Haiming,
Wang Jiuyi. 2021. Mineral deposition and paleoenvironment of
Cretaceous evaporite in Southwestern Congo[J]. Acta Petrologica
et Mineralogica, 40(3): 525—534 (in Chinese with English abstract).

Yang Jianghai, Yi Chenglong, Du Yuansheng, Zhang Zongheng, Yan

Jiaxin. 2014. Geochemical characteristics of Paleogene alkali—

bearing rock series in Biyang Depression and their indicative

significance for alkali— formation[J]. Scientia Sinica (Terrae), 44

(10): 2172-2184 (in Chinese).

Tielin. 1978. Trona and its genesis briefly[J]. Industrial Minerals

and Processing, 6: 18—23 (in Chinese).

Yo

a

Ye Tielin. 2013. Trona Resources, Geology, Mining and Processing,
3rd Edition[M]. Beijing: Chemical Industry Press (in Chinese).

Yi Chenglong. 2016. Sequence stratigraphy characteristics and its
significance of alkaliferous strata of the Paleogene Hetaoyuan
Formation in Anpeng area, Biyang sag in Henan Province[J].
Journal of Palacogeography (Chinese Edition), 18(1): 93— 100 (in
Chinese with English abstract).

Zachos J C, Dickens G R, Zeebe R E. 2008. An Early Cenozoic
perspective on greenhouse warming and carbon— cycle
dynamics[J]. Nature, 451: 279-283.

http://geochina.cgs.gov.cn H1EHLFT, 2023, 50(5)



5550 % 55 53 WRARZLA: « TS AR PRI A B PR 2R M e e 5 1413
Zhang Chending. 1979. Soda—ash deposits[J]. Soda Industry, 3: 56—64 (7): 2041-2051.
(in Chinese). VFIL, 32571, Martin R Palmer. 2004. 15 ot Ui & RS

Zhang Chending. 2004. Development of the Trona deposit in
Beypazari, Turkey [J]. Soda ash Industry, (2): 15—18 (in Chinese).

Zhang Chending. 2013. Development of the Trona Deposit[M].
Beijing: China Petrochemical Press (in Chinese).

Zhang Tianfu, Zhang Yun, Cheng Xianyu, Sun Lixin, Cheng Yinhang,
Zhou Xiaoxi, Wang Shaooyi, Ma Hailin, Lu Chao. 2020. Borehole
databases and 3D geological model of Jurassic— Cretaceous strata
in Dongsheng area, North Odors Basin[J]. China Geology, 47(S1):
220-245 (in Chinese with English abstract).

Zhong Yisi, Wang Licheng, Dong Haowei. 2022. Evaporite
sedimentary characteristics and environment: A review[J]. Acta
Sedimentologica Sinica, 40(5): 1188— 1214 (in Chinese with
English abstract).

Bt Fh 32225 3Lk

ST . 2013, 70 BH R B0 PR ST RRAIE L IR B ™ i —— DA %¢
WS PRI, Hu AR 182N, 28(3): 393-400.

G, BEFRAE, PTG . 1998, v [ W B A S AR T T i LT
Bl M CHE ST, e T, 44: 136-142.

FrERAE, R, AP R, MR, B2 2% 2011, N SE TR R AR A AT
TR RIRGR IR SB[, DU 4R, 31(S1): 8—10.

TZ 7, BRI . 2022, KRBl A i AR P AR )4k T2 BE[I]. Hb Bk,
(1): 6-11.

I, KUk, AR, A/l BT, S 2021 B A —
GAEFEZE R A IRIE B AR 3 R AR B [0, M4, 95

P AT A ZE A TR AR E (B S0 [J]. o T, (3): 240~
253.

R, R Obk, SR IR] . 2021, 088 2 A A v R T R T A R
—— DA KLAESFLA BT, M4, 95(7): 2183-2192.

BT, XAk, £, 1838, MREH], £IL—. 2021. WIS AT
B 2R EN W S IR AE ()], A0 AR, 4003):
525-534.

WL, ke, K/, TS, BUERT . 2014, WP M 0 20 55
B FR R A 2 R AE AT BUORAE T (8 7R 3 L [0]. v R bk
Rl2E, 44(10): 2172-2184.

AR . 1978, R ARG S H R AR [J]. 46 T IR, 6: 18-23.

kAR . 2013, JCERBE G - b TG - PR - 0 58 3 AR (M. dbort: k2
ol AL

Sy e . 2016. 707 1 2 100 B 114 2 A 4t X v 30 2R A M el 200 45 it )22
JEFPRRIE R T, Al AR, 18(1): 93—100.

SRR . 1979, FKARTEH PR[J]. 265 Tk, 3: 56—64.

kA . 2004, -+ FH DUMAFL B R ARG IR 19 IF & [7]. ZE0E ik,
(2): 15-18.

FRIRA . 2013, KARGIH PRI A M. b5t P A A Rt

TRRAR, K2, BESCER, FISTHT, FARAT, BN, TR, SifEak, &
. 2020. BRI Z Wi A A8 A ek b X AR B R — 111 T RALFLER
R =BR[], IR, 47(S1): 220-245.

BRI, AT, I 2022, R H TUBRHMIE R IABEL5AR 1], YT
A4, 40(5): 1188—1214.

http://geochina.cgs.gov.cn FPEHLT, 2023, 50(5)



