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enrichment processes of shale oil in saline lacustrine basin: A case
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Abstract: To enhance the fundamental scientific understanding of fine-grained sedimentation in saline lacustrine
basins and to expedite shale oil exploration in China, this study focuses on the Eocene saline lacustrine sediments
(the upper member of the Lower Ganchaigou Formation) within the Qaidam Basin, summarizing previous research
insights regarding the development mechanism of high-quality source rock and the enrichment process of shale oil
and discussing existing deficiencies that require urgent attention. The Qaidam Basin is a saline lacustrine basin
situated within a mountainous plateau, characterized by a complex hydrocarbon-generating organism composition
that includes three primary categories: algae, bacteria, and higher plants. Notably, Botryococcus braunii blooms
under conditions marked by intermittent warm-humid climates and nutrient-rich diluted water column,
demonstrating a clear responsive relationship with high-quality source rock development. The "relatively eutrophic,"
"moderate salinity," and "appropriately anoxic" environments promote elevated primary productivity alongside
suitable preservation conditions that collectively enhance organic matter accumulation within the saline lacustrine
basin. Saline lacustrine source rocks exhibit a characteristic "two-stage" hydrocarbon generation process; soluble
organic matter generates oil during immature stages while kerogen produces oil during mature stages, thereby
establishing a material foundation for shale oil enrichment from a sourcing perspective. Well-developed layered
calcareous dolomite with favorable physical properties ensures large-scale shale oil accumulation from a reservoir
standpoint. Diverse source-reservoir combinations dictate differential enrichment patterns of shale oil; specifically,
integrated-type shale oils accumulate through self-generation and self-storage processes exhibiting high hydrocarbon
contents, whereas differentiated-type shale oils rely on micro-migration for accumulation but display lower overall
hydrocarbon contents despite possessing higher light component content. The sub-salt zone within the upper member
of the Xiaganchaigou Formation represents an essential stratum for developing high-quality source rock and serves
as a critical layer for contemporary shale oil exploration and production. However, its thickness exceeds 1,200 meters,
making it a focus of research to further pinpoint the sweet spot of shale oil. The distinctive formation background of
the Qaidam Basin serves as a paradigmatic case for researching the development mechanism of source rocks and the
enrichment process of shale oil under extreme water body circumstances. Numerous scientific challenges necessitate
comprehensive investigation, including cycling pattern of lake nutrient elements under the condition of high-salinity
water medium, the differential enrichment mechanism of organic matter in diverse salinization stages, the synergistic
variation patterns between biological systems and environment and their influence on the quality of source rocks,
the hydrocarbon generation process and reservoir formation model within extremely thick shale sequences and their
dissimilarities, as well as the occurrence and enrichment mechanisms of shale oil associated with diverse source-
reservoir combinations, etc. All these are of significant importance for further clarifying the development mechanism

of shale sequences in the Qaidam Basin and facilitating the increase of reserves and production of shale oil.
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Fig.1 Structural units and stratigraphic distribution characteristics of the Qaidam Basin,
adapted from internal data of Qinghai oilfield. (a) Classification of structural units and
distribution of oil and gas fields in the Qaidam Basin; (b) Thickness of the Upper Member of
the Lower Ganchaigou Formation and corresponding oil and gas distribution in the Western

Qaidam Depression; (c) Comprehensive stratigraphic column for the Western Qaidam Depression
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i 7% AR AR Y 7K R P08 45 AR T e (BRI S, 2017a; B E @S, 2017; Guo et
al., 2017; Xiong et al.,2021).
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Fig.2 Synergistic variation patterns diagram of water salinity and biological development

characteristics in modern high—salinity aquatic environments (oceans, brackish lakes). (a)



Salinity tolerance ranges of representative microorganisms. The seawater concentration ratio
is defined as the ratio of the inflow volume into the basin to the total outflow volume from
the basin, including both evaporation and tidal ebb. The conversion between g/L and psu
salinity assumes a seawater density of 1.05 g/cm®, modified from Barbe et al., 1990; (b)
Diversity and total biomass of organisms associated with various salinity ranges in

contemporary marine ecosystems, modified from Warren, 2011
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Fig.3 The schematic diagram of salinity stratification of water column, biological
stratification, and sedimentary differentiation in saline lake, adapted from Guo et al., 2020

and Liang et al., 2024
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Fig.4 Synergistic change patterns diagram of biology and environment in typical deep—time
saline (alkaline) lakes in China. (a) Sedimentary period of the lower third subsection of the
Shahejie Formation in the Dongpu Sag of the Bohai Bay Basin, modified from Li et al., 2020;
(b—c) Sedimentary period of the Fengcheng Formation in the Mahu Sag of the Junggar Basin,
modified from Xia et al., 2022
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Fig.5 Biological community characteristics during the sedimentary period of the Upper Member

of the Lower Ganchaigou Formation, inferred from organic petrology and biomarker compounds



Micrographs were captured under transmitted 1light and blue-light—-induced fluorescence
conditions. (a—d) Botryococcus, as reported by Zhang et al.,2023; (e-f) Acritarchs, according
to Xing et al., 2022; (g-h) Pollen, as noted by Zhang et al.,2023; (i-1) Macroalgae identified
in Well C908; (m) Total ion chromatogram of saturated hydrocarbons in Well YH10X, according
to Zhang et al.,2023; (n) Total ion chromatogram (partial view) of saturated hydrocarbons in
Well YH103. The high abundance of high-branched isoprenoid C;HBI suggests contributions from
Diatoms, as indicated by Zhang et al.,2011; (o) Chromatogram of sterane compounds of saturated
hydrocarbons in Well C906, according to Hao et al., 2023; (p) Chromatogram of aromatic compounds
in Well C10. The detection of a high abundance of aryl isoprenoids and isohypsanes indicates

contributions from green and purple sulfur bacteria, as detailed by Hao et al., 2023

SEVE AL B A A RS R R BN R R T Y, AR R TR
WRANBE, A TR R A YR A T A o BRI KT SR 0 R AR
W AB NS G b B AL = R AR A WU S & R s ml ik 97%, 1
¥y 60%Lh L OWEH, 2022), LGP h IEM bR I AR5, T IEmREs
A Cis B Coo H. Cor MU (88 010 34 W 2 ABACHIE 73X FHHIT (I 5o, ABJIdE%E, 2023). #EHF
FERTAE AW B A S SR e G E B+ E, MERELEME BRI,
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TRAFAEDIRRIE e, IR i e B VAL & b o EETD R Bk — IR AT, H T R A sty
7T e BV . A HLE AR T W A A, oA B iR m ik 150 K
/o’y SFYIEEL) HRAANLEMLAL N 1%~43% (Zhang et al., 2023), i A IFE 1)
VAT EBG ISR, EUMERIATIT i g 28 AT, BRI 2 BT FE 0 il ) A S
VAN 7335 2 S Al o 4 50 = R A

BEXr S AL B AE AL S AT AT R T — I TT, B A 5% B S S HE Xt L B A 2 41
BRTIMEREHE . BB @R BERICE . Kadh. AFAAIRTR, REEHKA R
SR, WA E A A KR BUKIA S, R B DUE & 54N IR & b
A IR o HI AR S R A SR A, JUHRANAE R K- TR K R R R
RIET 2, RS B — R AE M A S 2 2k 2 R E TR S AP AE —E T JE, ST
IS AR AL 7K A1 5 S5 A AU R AL G AR AR AN o A SN e ol b ik 22 3 1) T e Ji R 2 ok
H=J5H: ERSIREA B A G, M EHRREEE, BT F0IE WP R AT A0 2%
FRRE) 3 1 R DA R ) AT AR R FE TR R B R DUAR = BOHAT IURE , PR 85 i B — € R
BRYE: HRSAMTEA R, EREAE T HIEER B M SaHUR AL, +
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B R S VRN R IRAFE 0%, AR AEM . AKWELL R S R A0 S BEY T
AR TSRO AR T R IRAARE T, T AR AE YRR SR AT Be i T A 25 AN, HEDUORAT
4.1. 2 WAETHENR B 5504

R AT ST R R R I B AR R, BAERR, BTG, BA
Ko I BRI G, PER BT, TR IR A LR 0 B SR B
(TR A RN . AR IR IO, R AR R T IR B A A LU ™ A%, BRE
FREI, 25 CAAMIKIER . BK. BRI a &, AHEF IR AEBR R IL R
IKPRERFESE N, ¥ SEOLAKER T4 50%~300% (Li and Qin, 2005). Zhang % (2023)
B Xof IR AT 7E 56 V8 UL I B SUZR DA vh R & BT R RIS, S 1 ARAARI R i, AUt
I W9 B XA 1 K s B B A 95 Bh & B (L R BT AT R B I N 3R . MR R LA &)
BAEKIER B EUE T+ Ehm (K 6a), mKOEfE g & & b 7 DU I =k il i i
FEREIG N, MR ARG R, X RE AR A KB WOKANE IR ER, W] DL & 5 2
Ky WKEWESUZEIRG G2, a8+ R E S, R 7% Hii g 1) FE 8 A2,
B WY B R D A M SR AR RS . B IR LA AN, 18 U A R B KR R T R TR
YURBIRIR L, FE LT R (B 6b), faa 7AEHE R T 5%, R
RAEFEE T KR, BRI T AT Eh R, PR T HRE .
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KERELE BKRBRIEHLE HiglR O
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RIS, 1BEH Zhang et al., 2023

Fig.6 Schematic diagram of petrological characteristics and Botryococcus distribution of

laminated shale in the upper member of Lower Ganchaigou Formation. Micrographs were captured



under reflected light and blue-light—induced fluorescence conditions, adapted from Zhang et

al., 2023

&R BT LU B IR R A7 0, RIS B R B BUE VIl . 722874
A TR IR TP, S A S AL P SO R TUE B HURAR X 4R, ToC AT
0. 14%~3.31%, P4 1. 11%, 52 H BT sl & S A Ui+ i m il (Zhang
et al.,2023) BEAh, FEJEIMARE S AP T T T S A AR VR P R R e, ER T
A A R EETTER (Xing et al., 2022), JE I 4 B AL PE G A L TSR
RS o> B, (HR A EY AR EEZ AR RN, HE BN R g, EFITH
FENR I PTAR O ) -2 7A M X 5 908 F: 151 TOC TUEFE dh R I 1 R E B R RA (J& 5
e~h), VLI FEREXS R BURRIR S 1)K B B HE TR .

4.2 LT AL TS BHLR S EHF

BN E NN, SEEREN < mEr R M <Rl A, W
TS UK AR AR SRR, 597 IR S AR A, B 5 32 A3 AN AU, A AL & AR F B
ME 2. MWRRA LR, AHLRE BERTHHLS T PR A DU s IR 7 5
AR . RO ORI A BT Y e R R SR BRI« AR AR
=HEILFRER R
4.2. 1 MIRA )

IR A J1 R WA BT S B R, ok A A 3 MBI MBS A %,
KAV R B B TR B A B A E R Eh b 45 o AR R G, KRR ARk AR K AR
S BN — REREIHLH], EHEY R ANE T, R R A J1KF (Warren, 2016).
IR IR — e i R A 2 T AYEAR—rh ERE (<100%0) (/K FARIFEESN R, X et Yhl
HE R ST E RESE T, ket R I A7 75 (Warren, 20115 B X35,
2017) . EFFEMLLE ST AN A AN N ISR E ], EIRPRIRIE AN, BRI X
AR ISR, B2 BB TRV, Rl 2 AR 0 R B 70 2 BE R AT NI, Rk T
WM K . I LTS R PRN K A2 N S 57 2 () A A T D 3 22 4
KREREFRYBL, X THEIHE R E R RN (Liang et al., 2018;
Kong et al., 2022). &FY 5t AT OB DU BB AT A IR Rl KA, FE7K 1K
FREAE R R RR A E ] T RENEGTT, AIRES SR, HEM4ERE T RE SR

771 (Katz, 2001),



BEXT SR PU IR AL 7, IO SR F S B M BRI 2 4R bR (P/ALL K/ALL Fe/Al) RAE
VRGBTSR, B HE T0C & & BT IEA S, $8R T mAIg A= Jin
AR EE TS0 (B Ta). BB UCh @R KT S & 8 78 Hik
IR IR AT 56 . FEMZEUE R X8, MR BRI T E & M EFR BRI, MR T
BRI AT, MAER BTG, BT R RERE AR, KRS IR
B2 HEREERE, AP KCPARRHAR (Rola%, 2018). SR —INUUEH FERIME, AT
KPS RS B TR (AR IR M AR T R B T4, BRI A g (Rt A A
Fth ik = e BAC IR, 788 8 TR LM o h R 8 A IR RER s . RIE, gk
7= 73 (R0 TR L) B 43 XT38 50— B 9
4. 2. 2 (RAF A

W R WUREDTE AR A B BOE T 4 T — ROV R, B RE T AL
R R AR/ RAEFIID . KESREFIRIELT T A QS 77
FEVIREARSS, LA CO. AT HCOs T 2R [l /K PN KSR, LA Mk 1) v HLBR . RAZAE T
PREB R UK A, B R B AR AE S IR I A, A B d A MR A BT AS UGR AT
BENUTRA IR 6 A B i e A WL . /K A 1 S R A e B PO B R Bk )ik
1 Pt R I S R AT WURR & B O R 2. DA AR 8o, LR (KR AE RCRAETT
W A AU I IR T S 0. 1%, TEAHXSE A SREIOIEER B AAF] 4% (Menzel and
Ryther, 19705 Warren, 2016). JSALHIZE S, @b EEKA B4 SEAFI T HHIURMRAE, BN
KA B BE TR AT DARAC SR T R, I FE BUK AR 2 KBS HAER A IR, &
B SRR JZKIAEE (Warren, 1986).

S5 PG K T 725 O T ST S A . MR AR IR 5 R AT B R S A LR
EEREE, (X HABFIHUAAE A FE . 58— R A B S A PR 85 B S
B, ATERCKIREEGRAFA NG, i~ ER B ROK R EEAN AL, A WU I DR AT R AR 3
1%, AT A AP R PO . A RIS Y8 TUA B2 R B (I S T IR A
CRIRMAIEH, 20065 &iRAF, 2008). SRTIREHERT TR, KEHALECREAH S 7 &
7~ TOC i SHRR KM EREE R CT B &, LRI R EGIE SR gk & R V/NT ELi
KR MRIIRIHSGIEME, JE MBS (BT b-e, Liu et al.,2016; 5Kut%,
2018), PEULEE AL A AR R L & S I A R T LR E A, R R
BREAU PR AT REAETEA A AU = SR IOMEF o Blhn, HPEBRIR $hL R AR H B LT, 78
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Fig. 7 Correlation analysis diagram of TOC content and geochemical indicators in the upper
member of Lower Ganchaigou Formation source rock, adapted from Zhang et al., (2018) and Liu et
al., (2016). (a) TOC vs productivity indicators; (b—c) TOC vs salinity indicators; (d—e) TOC

vs redox conditions

4.2. 3 PIRUHEFR

VIR IR DR I HER R, 2 A IO S SRS 1 e, TR0 1 A LB A RE 1
FREE o PR A WL R B4 AP FE R 9T A, IR SR BRI REN 5. 0~12.0 em/kyr
(Chen et al.,2014; Ding et al.,2015), {EARTIGFHARMIETH, FURUERIH e
A HURPOE DTS . 5258 T KA s S IR B (I TRk, 4 R T3 4 LR I A7 2038
FRE MAE S TG SR MRS, AU @ R T, OB AR N ko
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AR AR T ARG SR . KO AR AN S 2 MR R,
K ER BRI A BB, W SR W R A VR DTRO  RGE R 1 I,
DURH 83 5 T K IR S, 2023).

FESEVE A 7, EFE A I R SCHE [B1 75 A B8N TSV 4 B BUTARIN [ 290 4. 45~
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K, AHURER S CERERRSE, 2022; FERE, 2023b). WA ERBIIFERN T
33~45 cm/kyr FAF T LT RACHI A PR AN &8 (BESE, 2024). Bk, H
ORI e K HC R R 1 F 7 LRSS, A2 M3 (o B RO AR R B s (s, TR ik
MELE R SRR E AP E 2, BRGMTTARARITRE.

SRS, H ATER S A A ML R SN T FOAL T B, 2 R AR
R T “HMXEEFR CRERET. CEUHE FEMNATRAEHEANREE, RE
WU ) B IR AT . [RIRS, RTARF 0 R BERAE A% Ju s BRI 550 U7 i,
FAETFBORAER PR 2 R BB, B 10 2 R TERR . TR IR A1k, 4
JAVESE, TTERHIRALE SRR AT e PR, T BT R IEIA 2 2 R B EL A, RS
A AR LKA H 6 R A€ (R AL 3 BEAT PP
4.3 SEP R A M RIZIRE N ER
4. 3. 1 KA Eh BE PRI B R o 1 TH 23 AT

BRI A7 JI A R (R ORAT S AR BRI 20 DA I S 08 SR 8 B A LT R R OGS TR 3R
THINBR AL S R B X TR P BA A R R A
WA 7= JIRRAF S AR UL BC ) dpe e X 3, HC 3 E RIS FR S B4 B AR Ol o BB
FIFEWAK, KR 2 IR A K ) B A R FE A1 3R B YR MR SE A, A 2 e
REMFIR S (GRS, 2018; Guo et al.,2020). %M A 7E S BIHEHSE] 7 EIE,
TESIB AR G 3R FEE h PRI X (462 1 IF. BRJK 106X 146, i EhFEZ0 0 15%0~17%0)
FRUEE (1 TOC P20 1. 8%; Ak (I 41-2 3F, W EEZYN 25%0) KB IEIRE
TOC ZHLULT 1. 0%, (KERFEECHRIIR BT IR 5 il — P %, T0C F'AT 0. 2%~
0. 8%, FARMLT 0. 4%.
4. 3. 2 WA B AL AR PR IR S R F

G-, SEP IR IR T SRR D AR AR T AR, A T B AR
(RIEAE, I REM T O R S 7 SRR B I a ARG ) B i 15, IXIMG & 3)
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F—ANRGAIR TR MR (ERHDO FIAE GERRIZE, 2017bs RS, 2022); 4k
AR T PR RI N AR SR AT AR R IR 7 KV 1 XU i) S PG S B s, 8 X 3 AU PR
(6] JRUBE N R BRI ) - 2V 46 A8, AL R BE BT SS (Fang et al., 2019). i3I
A (I FE A 78 b DX K 1 28 R BB K TN KRR #h B BT, UURR



FIHM MR I B (Guo et al., 2017; Xiong et al., 2021). Wang 55 (2020) #RHH
TR AR P22 e, R pi it XN T2 A B BRI 9 L s 1 3 AN
Bo RN ROKAEE, R FWIR S E TR S Th UK, PR ER
FEEF 29. 3%, EERE VAR MRS, A 40. 0%, JEM
JBEREA . WERRE S MUY S BRI A A (B 8) RAEA VLT H A7 & i
PR R B A WU R T R ITURIRA IR B R B I OB G AR o A 74 555
Wl T AEwAK, B LTPAKRERERES (Guo et al.,2019; Zhang et al., 2023).
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Fig.8 Schematic diagram of sedimentary environment evolution and shale oil sweet spots
distribution in the upper member of Lower Ganchaigou Formation, modified from Wang et al.,

2020
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Fig.9 Schematic diagram of hydrocarbon generation model of saline lacustrine source rock in
the Western Qaidam Depression, (a) Natural hydrocarbon generation evolution profile of Well

X8, modified from Peng, 2004; (b) Two—stage hydrocarbon generation model from immature to



mature stages, modified from Li et al., 2023

L FHT TN TR S VTR AR B P B A G T AT, A DU =07 Rk (1D
A AR ESE VIR s R L, ATRE R R EEA AR O R3E5E, 2002). (2)
WEEBAERB R, REEERRSENREREEE, 20 HEDIRT ER
50%~83%F 20%~76% (Aaronson et al.,1983); (3) Hii%]j v LATE AR BRI B K& A
K, ARl RGBSR IR T I T RGO A KRR AR A IR, FE IR
PR BEARHEEEINE 170 C (R~0.4%), WIHEAIFEE T, BE GEREHSS
KRy MELEI R RN, SRR TS 2 2560°C (RA0.5%) I, JERIHLEITAE
A (RERMIZERAE, 1992). il 942 BN Dy 5 5L 1A B ml A LS — ik
BRI T BRI B AR A 0. B PR RBBHU IO R, IR 250 CTHE 490 C (R i
0.5 ¥IN%E 1.8), WA EAEI, E &R TARRILEIA Cs LR E A

BN Co~Cu IR TT Ko T IR AR I AR ST AL W R S 2 L) “Tissot A7,
A E LT RAEDN 0. T%~1. 3%HIIX ], A B RAE Y 1. 0%4k, SA LML T e
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Jo ek J2= BRI 5 A R RS TR B R T R BRI S AR, Rl 0t SUZARK 5 i
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Fig. 10 Schematic diagram of petrological characteristics and physical property differences
of different lithofacies reservoirs in the upper member of Lower Ganchaigou Formation.
Physical property evaluation parameters include helium porosity and air permeability

measured from shale plug samples, modified from Xing et al., 2024
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Fig. 11 Schematic diagram of source-reservoir combination types and their oil content variations

in the upper member of Lower ganchaigou Formation. The right panel presents a laser confocal
microscope image, highlighting the heterogeneous distribution features of shale oil, modified

from Li, 2023c
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