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underground crude oil storage caverns based on
hydrogeochemical characteristics
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Abstract: Water curtain system effectiveness is important for the safe and stable operation of underground crude
oil storage caverns; however, current methods on evaluating the water curtain systems effectiveness are not
efficient and convenient. Based on the first large water sealing petroleum storage caverns in China, this study
analyzed the hydrogeochemical feature and the mineral composition characteristic of rock mass by water quality
tests, SEM analysis, and statistical analysis. The groundwater curtaining system effectiveness were then assessed

based on the hydraulic connection analysis. The results show that groundwater is dominated by HCO, — Na* Ca

Wi BHEA: 2023-05-10; {&ITHEA: 2023-07-28 REMLE: www.swdzgedz.com
EEWB: HEAKB LS LW H (42177157) ; 10 7245 b IE R F 55 1K1 35 H (2022020363-JH2/1013)
F—1EH: wREN976—), B, Wit Mm% TR, 32 NFH M I EF AWM ST . E-mail: peng_zhenhua_cn@163.com


https://doi.org/10.16030/j.cnki.issn.1000-3665.202305049
https://doi.org/10.16030/j.cnki.issn.1000-3665.202305049
https://doi.org/10.16030/j.cnki.issn.1000-3665.202305049
https://www.swdzgcdz.com
mailto:peng_zhenhua_cn@163.com

2024 4F

WARME, 55 T T MR KA 2R B K B PR K R R G SO TR

.35

type water in the early stage of oil storage running. With the interaction between groundwater and mineral
components in rock, such as potassium feldspar, albite, and anorthite, the concentration of K*, Na*, Ca®*, Mg”", and
HCO;3 increases, and pH decreases. The concentration of CI" maintained in the allowable range, indicating no
groundwater corrosion on the support system. The similarity of hydrogeochemical characteristics between water in
the water curtaining system and background groundwater shows that water from the system has a hydraulic
connection with the background groundwater, forming a good containment for the storage. This study provides an

important basis for safe and effective operation of oil storage and a scientific method for judging the water curtain

system effectiveness.

Keywords: underground crude oil storage caverns;

water curtain system effectiveness;

hydrogeochemical

characteristics; water-rock interaction; cluster analysis; principal component analysis
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Fig.1 Schematic diagram of underground crude oil

storage caverns

W K 2R OB Tl AUk 0 F AT
FH AT 2 B T K B R K i R B SR
VA KK %8 B G0 A BAF NN KRR GUR DRI il
BP0 AL AR Ay o A K AR R ST BEKTE I X

JAl FEIE A E 98 i 50, S BUIR e s Bk . AR
A U3 o BT R T MR K B R K B
o Qiao FEPUWFFE T [ A S R B 4t R K il 2 Y
B K FAS 8] O3 A R A, LD Al K B PR R, IR 3
AR T K SCH BT S5 % K B 7 B e L KR R 45¢
R AT JRy LA B K 3 040 3 3 P A S0 - Shi S5 ) F ik U
TOH 10 R 5% ZR RO K R R G A R AT T A
Lin 8E5 7387 177K 3 R GEBT B SEA 0 DL K 3R oy 2
Bk RGERERI R . © A BT 98 2 R HEUE Y
A 7 1 RV B 53 A7 D7 vk 0 IR P2 % R 2% 1 ] T K
FefLZ A B . T AR, SR BTy
M 3 MR K R ) R R A B T R IR AT K R G
AT BLHE VT XE BE AR R o R IR, A7 0 B S — v A
TEFE RN Tk

MR K AR B A A b R Sl I, AR A ) 2
0L, — 04 5 A A R A s BORE, i 5 — 343 W)
AN RS NS 2 1R KB RIS AT R, K
FGAK AR KCRl 1d e RE 1 = R, G
053 A 126 1k DX M T K KA 22 18 o0 Al AR AR AR B, BT
AT fifp A ] A Y5 T 7K 225 18] 23 A AL, DA T 40 0BT 7K 5
RGMIKHB T, PPN K R G R S AR
Y o Jezersky®™™ 1K v (T H R IR URE A IR % BEAT K
P2 5T, T8 I S0 A GRS T T 7K AR K R 0 45 2R
PEAG Al A7 5 BB BB A PERE . Ko 5557 il Kim 455
X i I M 98 A A A 5 A R 1 3t T R
BEATARAR S 53 B, DRSO A R M 7K R Al 2 1 o Y
AR IR AR AR R T

AR SCHRFE [ A B S Bl K B 2R TR, i
RIS AT 5 B R AR KRR, 23 B T 7KK Al 2 1R 5,
FFT %0 H XL AR A 22 Ak e 3 A2 B, ) TR
B TN W T & €2 W RPN S <o a3



- 36 - 7K SC Ml J5T T b 5 5534
MR K Z 1R] A K 306 2, R T 0 7K % 28 48 B0 A S8R A K ATK B IEL
HERR VTS, A A4 ] SR s TR ® iR AL AL
@ i XU
®i5Kk0
1 TiEHR OF o Ktk

M K E v T R N RS KA R R
it £ 100 H , 2574 96 B 2490 600 m, B ALK £)°h 838 m,
B H 5 AR 50 a0 TRE fy T &850 A i 4 B ik
it 2 o A . MR AR A EE 9 S E R E L 4 il T
HIE A S FoKFEARE, WK 2, TR 2010 4F 11 AJF
LR, 2014 4F 4 H 52, 2015 4 6 H IE XA .

% DX L R B U B 1 Iy 2
T, RE AR A B KRR AR R A . AR B T A
A SRR TR R AR Y 22 5, b )2 A PR T LA 4
425 SRR BRI AR, THESE KK A,
ot FAE R A, TR ESERE S MINK S, R
JRE 7 B 1 80% LA I, JLAMWL AR 4168 2 i 75 K
oy E, KAk, Jka. ke, 5K A%,
RN R, ABATY SR CR A 2 AH 2 1Y R A

X K 2 A R el AR R R KA .
M T K S 2 A S R I IS AL K R R A LK
([ 3) o MR /K 3225 RAFEAKAMNES o 20102019 4F
AEHREIK RN 605.95 mm. FIABIEF A 0.12 ~ 12 mD,
MR 1.2 mD. AR S GERE, i X3~ /KA
4 HCO,*SO,—Na*Ca %K ,

oW
2 Tk iHERE R EE

Fig.2 Groundwater sampling locations in the underground

crude oil storage caverns
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Table 1 The water quality of samples

BURE AR ke Fa e/ (mg L) -
G Fif ] ot K Na' ca Mg cr so*  HCO;  CO¥  NO; DS R
g t 3 3 3

20154E7H 8.4 3.0 33.0 522 14.2 53.1 49.1 124.9 15.0 5.1 349.6 188.7
;ﬁi 20164F1H 7.8 4.0 110.0 622 323 117.4 167.0 195.6 0 16.4 704.9 288.8
20164E7H 8.3 49 443 60.0 18.4 44.4 16.7 151.4 0 0.5 340.5 211.5
201547 H 8.0 3.7 36.0 422 6.7 323 18.7 170.6 0 3.5 313.7 133.2
OF1 20164F1H 7.5 3.4 34.0 422 13 31.4 3.0 177.8 0 0.8 293.9 111.1
2016471 6.8 43 40.0 46.4 13.2 26.2 3.1 196.8 0 0.1 330.0 155.6
20154E7 1] 8.0 2.0 18.0 41.1 5.4 24.0 29.5 115.8 0 13.4 249.1 124.9
OF2 20164F1H 7.6 22 18.8 46.7 6.1 23.1 442 130.4 0 13.1 284.6 141.6
201647 H 6.9 3.6 22.1 49.0 8.3 222 7.4 125.2 0 3.0 240.8 147.3
20154E7H 8.1 3.0 28.2 222 6.1 27.1 11.3 106.6 0 1.6 206.1 80.5
OF3 20164E1H 7.9 2.8 25.5 222 47 293 3.0 106.7 0 0.2 194.4 75.1
20164FE7H 7.9 43 27.3 24.8 8.5 26.8 40.5 115.6 0 0.6 248.3 101.3
20154F7H 7.7 42 47.0 31.1 6.7 325 41.7 163.0 0 0.6 326.8 105.1
OF4 20164F1H 7.7 4.1 47.0 35.6 5.4 293 29.5 183.7 0 0.5 335.1 110.6
20164E7H 73 43 50.5 42.7 9.8 33.0 2.6 191.3 0 0.1 3343 128.8
201547 H 7.7 1.1 19.8 15.6 1.4 17.7 113 457 0 6.6 119.2 44.4
OF5 20164F1H 7.4 2.7 18.0 422 6.7 14.7 24.6 165.9 0 0.4 275.2 133.1
2016471 7.7 44 22.9 473 12.4 14.2 11.9 180.3 0 0.1 293.5 150.1
20154E7 1] 7.9 19.8 72.0 10.0 2.0 43.8 86.0 60.9 0 1.1 295.5 323
SF3 20164F1H 7.4 19.5 71.0 13.3 2.7 472 98.2 68.2 0 0 320.1 44.5
201647 H 78 27.8 97.1 38.0 8.2 39.2 71.4 177.5 0 0.5 459.7 111.6
20154E7H 8.4 16.8 63.0 44 0.7 325 66.3 385 8.7 17.0 247.9 14.0
SF6 20164E1H 7.7 27.0 115.0 133 1.3 74.4 113.0 109.6 0 3.7 4573 39.0
20164FE7H 8.1 13.4 90.9 46.6 8.8 87.0 28.6 172.0 0 0.1 4474 157.4
20154F7H 7.9 20.8 72.0 15.6 2.7 50.3 81.0 71.1 0 9.5 323.0 50.0
SF7 20164F1H 7.3 20.0 86.0 24.4 1.3 69.2 103.1 88.9 0 3.5 396.4 66.6
201647 H 8.2 31.4 84.5 39.2 8.1 78.4 95.2 172 0 0.3 467.8 136.6
20164F1H 8.4 1.0 16.5 15.6 0.0 14.7 14.7 50.4 29 25 118.3 39.0

ZK009
20164E7H 6.8 1.4 17.3 13.2 2.8 17.4 21.4 55.0 0 1.8 130.4 50.3
K013 201641 H 7.9 4.6 27.5 40.0 4.0 37.7 58.9 91.9 0 1.1 265.7 116.6
201647 H 7.1 6.4 31.9 40.0 8.5 37.8 50.0 89.4 0 0.7 264.7 121.1
VTl 2016411 9.1 19.5 71.0 8.9 5.4 39.8 71.2 5.9 35.0 19.4 276.1 44.0
201647 H 6.4 29.6 67.8 8.0 32 40.8 5.0 26.1 27.1 42 2442 36.9
v 20164F1 1 8.9 20.5 75.0 11.1 0.0 39.8 61.4 47.4 17.9 23.4 296.1 27.5
201647 H 6.6 353 76.5 10.5 45 43.8 17.1 55.0 13.3 5.3 130.4 40.4
VT3 20164F1H 8.5 17.5 56.8 11.1 0.0 293 34.4 83.0 2.9 21.3 256.3 27.5
201647 H 7.5 28.6 62.3 10.2 4.6 29.4 7.9 96.3 0 49 264.7 41.4

Ca* + S0 — CaSO, | Y REDHr, 2l R RE D RRENE 6. 8

4 KERZAIETM

TR % R G0 AT SO T R K 5 R ) I B
TTRCEE . A SCGHE A [ K FE Z 18] /9 7K Ak 2 RRAE
PR I R, AR A A K S A K A7 A K T3 R B L
B M H AT a L, oK RGN A R .

4.1 R
X 2016 4F 7 A SREMHL N KFEAR AT RS

R ROIR L, AT DU X 2 KR 43 1 5 4, HAK 4
HIFH I 3. FEAHAKFEH, TW,. OF1. OF2, OF3,
OF4, OF5 il ZKO013 24 %5 1 4, SF3. SF6 1 SF7 K 4
24, VTL M5 340, VT2 #l VT3 A% 4 41, ZK009
55540 i TR —2H MR K B Ak 2 R, R DL A
I H 20 v AN KRR AR — 2 B 7K T JRBR:
42 FEWH 5

W5 K ARERG I 45 5 5 A B Origin #4F P -4 7 3 00



2024 4F WARME, 55 T T MR KA 2R B K B PR K R R G SO TR -39 -

nK* mNa* m Ca? Mg*

SRR AR LR/ (mg L)

Y ifggEggg8cs
NW'XSSSOCCBAA>>>3 g
e N N
® HURE A
(a) BHEF
150 uCl” uSO7 mHCO;
11130'
0 110 |
E o0t
= 707
N 50
@30-
@ log
i 10 f
= 30 |
750.
M = &N n N O~ — NN en
N e o R R R DR S =
HKOOOOOBBA S>> >3 g
i N N
® OB £
(b) BIEsT

B4 XEFEERETF.PETRERETN

Fig.4 Concentration changes in the cations and anions

SrHTe AT 2 A FA I BT TR R 79.4%, B
AR IR s . 7 AT LUK, BB AT Y SRR
IR Z (B (R K Ak 2k T e 30, PR i ] LUK 438 KA 43
4 41: TW, OF1, OF2, OF3, OF4, OF5, ZK013 K%
141, SF3. SF6, SF7 A% 241, VT1, VT2, VI3 K%
3 4, ZK009 W 4 4 .

43 IKEA B

A RIS E EMS S5 R, 4 OF1. OF2,
OF3. OF4, OF5. ZKO013 W5t 4 iy b T /K 558 43 0 46
144, ¥ SF3. SF6. SF7 Hr ISt £ (1 i T 7K 43 S 5 2 4,
¥ VTL, VT2, VT3 Hrlie 8 09 3 R oK 48 56 3 40, 4%
ZK009 2b W £ 1 b R 7K 3 R 55 4 4, ELAR o3 AL O L
#* 4,

M 4 145 R FH, OFI—OF5 L Jz ZK013 W AY
R KA EA R T K S K B KA 2 R i, 3 13 B
EAMZEAEEBVRK IR 456K 2% OF1—
OF5 1 ZKO13 94347 , 156 BH 7K F5 A1 /K 1) 52 i S A< 7 25
BN MR K B . S5 T LA B KR R T
ALK T DA AR 12 3 201 2 8 BB, 0T A 250 1k T
A 2 NS UE o 1%L T K B K RO B, K
FERGRA BB AT . [FIET, 5 2 43 R I KR,

100% 80% 60% 40% 20% 0O 0 20% 40% 60% 80%100%
Ca Cl

(a) SEIDHEL

100% 80% 60% 40% 20% 0 0 20% 40% 60% 80%100%
Ca

100% 80% 60% 40% 20% 0 0 20% 40% 60% 80%100%
Ca Cl
(c) %3 HrE
5 HBTEEETEUKEER Piper

Fig. 5 Piper diagram of the water samples
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Table 2 Chemical element composition of rock slices
- B FEf2 K3 K4 Fiihs
JGZR
AR ik AR ik ASERTHsEe i ASEw TS i Aaew Tl ik
C 2.48 1.02 3.17 1.88 0.70 0.54 0.47 0.57 1.13 0.90
(0] 69.07 4.73 66.62 4.22 62.36 4.54 66.06 3.57 66.92 2.56
Na 0.99 1.98 2.50 2.89 0.18 0.35 2.35 2.95 0.15 0.30
Mg 0.31 0.61 0 0 0 0 0 0 0.30 0.60
Al 8.19 2.25 8.97 1.93 4.86 6.05 6.88 0.97 2.31 2.99
Si 14.42 4.06 16.25 3.75 27.23 6.79 19.97 1.77 24.37 6.07
K 0.63 0.45 0.59 0.50 3.12 3.68 3.62 2.42 1.30 2.61
Fe 2.75 2.29 0.70 1.14 0.40 0.80 0 0 2.12 4.24
Ti 0.16 0.32 0.19 0.38 0 0 0 0 0.31 0.62
Zr 1.02 0.18 0.84 0.57 0.58 0.75 0.46 0.58 1.11 0.48
Pt 0 0 0.18 0.35 0.59 0.69 0.20 0.39 0 0
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Fig. 6 Tree diagram of the cluster analysis R4 FUTHFRER
Table 4 The classification of water samples
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