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Water-salt distribution and desalination characteristics of saline-alkali soils
under combined irrigation of brackish-fresh water in Northern Shandong
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Abstract: [Objective] This study aims to reveal the regulatory effects of diluted brackish water irrigation on
water and salt dynamics in saline-alkali soil in Northern Shandong and to provide a safe irrigation scheme to
alleviate agricultural freshwater shortage and soil salinization-alkalization. [ Methods] Severely saline-alkali soils
collected from the Kenli District were used in this study. LLaboratory-based soil column simulation experiments and a
one-dimensional algebraic model were used to investigate soil water-salt distribution and desalination characteristics
under different combination ratios and irrigation sequences of brackish and fresh water. The five combination ratios
were: all fresh water, all brackish water, and brackish-to-fresh water ratios of 1:2, 1:1, and 2: 1. Two sequences
were: brackish water irrigated before fresh water and fresh water irrigated before brackish water. [ Results] As the
combination ratio of brackish-to-fresh water increased, the soil water content in the same soil layer initially

increased and then decreased. The highest soil water content was observed in the 5—15 cm layers under the
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brackish-to-fresh water ratio of 1: 2 and 15—55 cm layers under the ratio of 2: 1. Compared with the fresh water-first
sequence, applying brackish water before fresh water resulted in higher soil water content. The one-dimensional
algebraic model performed excellently in simulating vertical soil water distribution, with a normalized root mean
square error<< 10% and an index of agreement=>0.9. Soil salt content under the 1:2, 1:1, and 2: 1 brackish-to-fresh
water ratios, was lower than that under brackish water irrigation alone, and was consistent with that under fresh
water irrigation alone in soil layers of 5—35 ¢cm, 5—25 cm, and 5—15 cm, respectively. Therefore, combined
irrigation of brackish and fresh water produced the same desalination effect as using only fresh water in certain soil
layers, especially under the 1: 2 brackish-to-fresh water ratio, where the effective desalination depth showed no
significant difference from that produced by fresh water irrigation alone. Applying brackish water before fresh water
was more effective for soil desalination in shallow soil layers (5—10 cm), whereas the fresh water-first sequence
was more effective in deep soil layers (40—45 cm). [Conclusion] Considering both combination ratios and
irrigation sequences, a brackish-to-fresh water ratio of 1: 2 combined with the irrigation sequence of brackish water
first and then fresh water is recommended.

Keywords: saline-alkali soil; combined irrigation of brackish and fresh water; simulation experiment; soil water-

salt distribution; soil desalination
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Table 1 Main physicochemical properties of experimental soils
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Fig.1 Experimental device

R2 BRKAGERKE TR

Table 2 Experimental schemes of combined irrigation of brackish and fresh water
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Fig. 2 Vertical distribution characteristics of soil water under combined irrigation of brackish and fresh water
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Fig.5 Vertical distribution characteristics of soil salt under combined irrigation of brackish and fresh water
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Table 3 Changes in soil salt under combined irrigation of brackish and fresh water

TR d Stk oy A8 et /(g » kg™t

Ak

5cm 10em 15ecm 20em 25em 30ecm 35cm 40cm 45cm 50em 55cm 60 cm

SRR —3.2b —3.1b —3.0b —3.0b —3.0b —2.9b —2.9b —2.9b —2.3b 0.0d 1.5d  5.5b

. ¥=1:2  —3.3b —3.0b —3.0b —2.9bp —2.9b —2.9b —2.8b —2.1a —0.5a 1.8b 4.1c 10.9a
gﬁﬁﬁu Fi:¥=1:1 —3.2b —3.0b —2.9b —2.9b —2.8b —2.3a —2.2a —2.1a —0.4a 1.0c  3.9¢ —
ci=2:1  —3.3b —3.2b —2.9b —2.3a —2.3a —2.2a —2.2a —2.0a —0.4a 1.5bc 5.2b —

EUBMUR K —2.3a —2.3a —2.2a —2.2a —2.3a —2.2a —2.2a —2.0a 0.0a 2.4a 6.2a —

IR K Se e R —3.3B —3.0B —3.0A —2.9A —2.9A —29A —2.8A —2.1A —0.5A 1.8A 4.1A 10.9B
HEWRT SEIR 5 R —24A —2.5A —2.7A —2.8A —2.9A —2.9A —29A —2.9B —1.5B 0.4B 3.3B 124A

T« [ 5B 5 04 AS 5] /NS 52 R sl R 5 57 R 3 7% Ak S R] () 1 8 30 73 A8 L i A 0. 05 7K P A7 8 3 22 5 5 — "R LK Ar R A B B TR B, K

NIRRTy

R FRAY £ R TR AE A7.0 e A AT, Z IRIR
FHEBEMZERCGRD ., XTFEREEMHEE,
H1 2% 4 W50, X% P AR AE AN A /N 22 R ] JBOR K 414 L
1] 1 3550 R — 0, i E R OR RN R B AN R SR K
HAEWH A TAFEMZmW, 2MIRKEBR T Z
F KN K TR 35 bR AR TR e K, B TR
W=1:1,2: 1 VA A FMBKER B 5B iR=1:2
BAEREEZS . TREMEMELNE BREEE

KRR L, kAR I £ TR 5 XoF Jal R 7K 4 A Uy 1 T
WL AN 3K o B L R TR K A A B, Rk
P58 0 R OK LA L], T LR A e 52 e R
PAiDY IS ERS

3 W w

FIWRAKA L, BOSOK T AF AR — s B i o)
A R M 9 PR R o3 B, R o B K ER



5 3 3]

ETYUTAE R K LA BT 45 AU £R 58 - K R 3 A K i £ 4T 263

Zah o R, R AR ORI — A JR R AT RE A AE
JeJZ VIR R A AR R B — 2 ) K R
B A AR R BSE I R T R 13 2R [ R R

KA G R T AR K o A B R
fiE, A X050 R A R O 28 0 Ak B S Y 2 — s 1
1T BEAT LA R R AR R £ o

R4 BRKAGEBRTLENRDRE

Table 4 Soil desalination depths under combined irrigation of brackish and fresh water
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SRR K HE R 50.1a 46.5a 45.8a 45.4a 44.7a
Bk=1:2 46.1a 41.6a 40.6a 40.0ab 38.6a
JRIR K AL LB Bik=1:1 46.3a 41.4a 40.5a 38.7b 29.7h
ik =211 46.0a 41.2a 40.3a 37.5b 19.8¢
A TR BIUROK T I 45.0a 41.1a 40.3a 38.4b 8.1d
SRS R 46.1A 41.6A 40.6A 40.0A 38.6A
IR IK A WRF )
FEIR 5 48.9A 44.6A 43.5A 42.8A 42.0A

T« RSV B S5 AN TA] /NG 5 B sl R 5 5 R 3R b ) £ 1 S B0 4 3 B sl b A 1 BB R R AE 0. 05 7K AP AR L 35 22 57t

PO K HE B T 4 HE K 4338 B4 A RRAE — M5 A
B KA EE TR A G, BDE A A= 3 v i 3R 4 8
HF Na ™ Bt 3L R 52 m + oKk ag . Mk A+
by R oy BE R, S HEKAE 07 B IE ARG
KA, Y S — B, 2F A ) Na $los ) +
e K fE SR P e R, B Na B ik 2 |, 5K g
JIRRES L P LA Y OROK T K i CER Ay B R
Na - HCi [F] i 35 0D B, B — W B2 ) 3 5 AR IR R —
ELHE T R S S N S s AR A A AR ST Al
BRI S5 R RFEA TR 1 12, S sUR K 4
A HBIARE AL 5—15 em )2, 80 %k =1: 2 i L 0
IR e A 5 78 15—55 em + 2, i ik =2: 1 /) L3
KR AECE 2) . FrLLL, g k=1 2013 T % inig
T B AE R BR B R R =2 1 VR E AR 2
T o X FEIR A A UERE B T LA B, AT
Xif WK B8 S IR AE TR R R B2 i . A AT SEIR R
Ji L 26 B R IR AN TR R 1 S K R AR B T 4R
o ORI R A [ A HE K CE BT, SE R IR 1 41
BT A 25 T ks 8K o B A0 0 2 A
WK I A7 7E A R B N D TR 2B

H A, VB £k 2 v/ £6 e+ 398 R A fe
AR I KRR IE 2 I, O 1V
J K 3R AR S I BOE K, £ K 4 B R AT i S RE %
i e 197 i o A S (SR @5 N e S
i =S R R R R i AR NG TR E N D w4
Joi £ 2 S AN R K E R, B = AT g T B
ERISILET b SRR AR IR K AL TR T AT LAAS B
— 5 ) 5% il E K AR SR K E K B D
HEBEZ R, YR =1:20 84t X F L
YEY (R AE & /INZE TR AR 50 1 38 b 4= 18 it 46

RIE 5 UK RE B B 225 (R ) X AE
—EFEE F U R IR =12 Q)3 T 5 A E IR K HE B
R B AR 2R AR K R 3R . RV AR R K 4 &
UOF F e AR i CF 2D | A M TR 5 Ak
B R R AR — B H R K A Y 2 5 TR
AT 2 BB R O o Herb de R IR xR R (56—
10 em) Y J5E 8 A S AR 107 S8 R e NS TR J= (40—
45 ) B BEER R ST . ) sl S B, B2 AR
VEWI AR 22 0 A d5c %5 4R 1 DX I, 6 I G &5 SR i 7E 42 T
EhodcAe R Uy 0 B AR YT R L, AR B
DN, AR T e IR 5 R, ST R TR B4 A S I e Ak
AR TR AR T, R TR IEAE 8 047 K

L5 A 5 JEA R) IR K 2L A LE ) AR B
A58 SR IR K 21 A LB e 4% 1: 2, R K 45
JP SRR IR o (R APPSR R T E N
TR AR R, R R SRR E AL
f, F e U8 A o ik — AP Bk o

4 5 8

(D) B KALG B T L IEOKRES . B
WK E B BURUR R R 2 /] — RE R+
HES KRS TH R R B R . AR T SRR A WL, B U
RT HHEEHKETE & T K o H 564
il , —ZEAC RO R T LB " o i i

(2) JFIRK L& HE WA RO Ve 1 R TR
— & LR, BORAK A5 R AR T S ROk
e — A A M R AR | IR K AL LU A N 2 TR
R TEHY R R =12 206, b 4 S Jd 6 R 8 5 4 0
WROKFEBE— B SE)UE IR AE T2 1Y IR 6 ROR TEAE
1117 6 TR i JBAE TR 2 04 i 5 SR T A



264

P/ S VI S

33 %

(3) O T B4 M BAC 8 R B - S A K SR 3R 85, 0

JRR 7K 21 A FE AN 350 1= 2 RS g kL (HL
T i) 200 2R 5 8 3k — 2L Bk

2 % X ik (References) :
(1] Zemesiie, R B, B2 B . 1L 2548 A 7k b W8 1 ) 25 D i A

[2]

(4]

(5]

[7]

[8]

Jal AT IFE [T]. il Rl 2241, 2020, 25(11D : 1-11.
Li XY, HaoJ M, Chen A Q. Time-space matching pat-
tern and

evaluation of agricultural water and soil

resources in Shandong Province [J]. Journal of China
Agricultural University, 2020,25(11):1-11.

2R HESE T BRI AR T 5 | B X fRlRl K T A
P ARBEZR T] P9 R MR, 2024(3) :63-66.

Li E H, Yan M Y, Zhang X F. Application technology
of brackish water irrigation in the Yellow River diversion
irrigation area of Dongying City [J]. Shanxi Hydrotech-
nics, 2024(3):63-66.

HLL KRR, B 55 DR A Fh it 4 A ok R A
FHEUR 5300 B0 1 a3 A [T ] i AR A2, 2017,
49(5):134-139.

Dong HY, ZhuZ L., Li X H, et al. Analysis on distribu-
tion, utilization status and governance effect of saline-
alkali soil in Shandong Province [J]. Shandong Agricul-
tural Sciences, 2017,49(5) :134-139.

Wang H, Zheng C L., Ning S R, et al. Impacts of long-
term saline water irrigation on soil properties and crop
yields under maize-wheat crop rotation [J]. Agricultural
Water Management, 2023,286:108383.

N XN TR Eh i K P A s [T
AR 2E ], 2018,26(10):1528-1536.

Sun H'Y, Liu X J, Zhang X Y. Regulations of salt and
water of saline-alkali soil: a review [J]. Chinese Journal
of Eco-Agriculture, 2018,26(10):1528-1536.

RN, R 8 i A5 R U K/ BOROR R0l 2 4 5
ORI WF 58 3 e 5 e R (7). W 4K 27 4z, 2023, 42
(12):149-156.

Ni G, He C, Zeng Y, et al. Safe and efficient utilization
of saline and brackish water in saline-alkali farmland:
progress and perspective [J]. Journal of Irrigation and
Drainage, 2023,42(12):149-156.

EHR I PSR A 2O AN (R B R
KB BEHEEIE R TR XERSH 5,
2023,37(7):137-145.

Wang Y Q, Guan Y, He X H, et al. Effects of leaching
irrigation patterns on water and salt transport in saline-
alkali soil with different textures[J]. Journal of Arid Land
Resources and Environment, 2023,37(7):137-145.
Feng D, Ning S R, Sun X A, et al. Agricultural use of
deserted saline land through an optimized drip irrigation
system with mild salinized water[J]. Agricultural Water
Management, 2023,281:108261.

Feng D, Sun C T, Li X B, et al. Reclamation of heavy

[10]

[(11]

[13]

[14]

[17]

[18]

[19]

coastal silt saline soil and optimal tomato production
through a drip irrigation system with saline water [J].
Plant and Soil, 2023,484(1):407-423.
LiJS, Gao Y M, Zhang X Y, et al. Comprehensive
comparison of different saline water irrigation strategies
for tomato production: soil properties, plant growth,
fruit yield and fruit quality [J]. Agricultural Water Man-
agement, 2019,213:521-533.
R S BRI AR [RBOK A T 2O A AR
BRIOCSE I IR ma [T AR L4, 2021,
33(1):13-21.
Wang G E, Guo L., Qian Y Y, et al. Effects of different
saline water irrigation on chlorophyll fluorescence param-
eters in cotton and the soil salt content[J]. Cotton Sci-
ence, 2021,33(1):13-21.
BT AP KR 2= ML b 5 v K A K H R A
2023.
Kang S Z. Agricultural water conservancy discipline
[M]. Beijing: China Water &. Power Press, 2023.
L0 S SR SR % T Y B s | s S ES S A
#t,2000.
Bao S D. Soil and agricultural chemistry analysis [ M ].
3rd Edition. Beijing: China Agriculture Press, 2000.
TR R B R TS, A I = U S R
SR 2 E] A SR AE IS DL RO E g ] [T, ARl
PR 5 H BT R, 2015,32(2) :154-161.
Wang Z R, Zhao G X, Gao M X, et al. Characteristics
of soil water and salt spatial variations in the spring
season in typical Yellow River Delta areas of Kenli
County, China [J]. Journal of Agricultural Resources
and Environment, 2015,32(2):154-161.
Wang Q J, Horton R, Shao M A. Algebraic model for
one-dimensional infiltration and soil water distribution
[J]. Soil Science, 2003,168(10):671-676.
MRIE 2 XA L SR 45 S AKAE LR K AR TS 46 B
25 /N F2 i B e B R i L [T ] Ak TR AR,
2023,39(21):120-129.
Lin YR, LiuP Z, Guo X Y, et al. Establishment of
critical nitrogen concentration dilution curves for winter
wheat in Weibei dryland under normal and dry years[J].
Transactions of the Chinese Society of Agricultural
Engineering, 2023,39(21):120-129.
Liu S, Yang J Y, Zhang X Y, et al. Modelling crop
yield, soil water content and soil temperature for a soy-
bean-maize rotation under conventional and conserva-
tion tillage systems in Northeast China[J]. Agricultural
Water Management, 2013,123:32-44.
BRI RV ERHOK TR (M]3 M. Jb st
Al H A, 2020.
Cat H J, Hu X T. Irrigation and drainage engineering
[M].3rd Edition. Beijing: China Agriculture Press, 2020.
Weil R R, Brady N C. The nature and properties of soils



5 3 3]

ETYUTAE R K LA BT 45 AU £R 58 - K R 3 A K i £ 4T 265

[21]

[24]

[M]. 15th Edition, Global Edition. Harlow: Pearson
Education, 2017.

Hopmans J] W, Qureshi A S, Kisekka I, et al. Critical
knowledge gaps and research priorities in global soil
salinity [M] //Advances In Agronomy. Amsterdam:
Elsevier, 2021.

R, E T SRR, S5 ROR 2 A T X 4 ek Eh
a3 AT 4R AR ) 52 [T]. HE JE LA R o 4R, 2014, 32
(12):1085-1090.

Wu Z D, Wang W H, Zhang Z L, et al. Effect of infil-
trated by fresh and saline water alternately on water-salt
distribution properties[J]. Journal of Drainage and Irriga-
tion Machinery Engineering, 2014,32(12):1085-1090.
Ayers R S, Westcot D W. Water quality for agriculture
[M]. Rome: Food and Agriculture Organization, 1985.
Sastre-Conde I, Carmen Lobo M, Icela Beltran-
Hernandez R, et al. Remediation of saline soils by a
two-step process: washing and amendment with sludge
[J]. Geoderma, 2015,247/248:140-150.

FIBIR, EaIL ABKO LR LA BRI 11T
BRI [T ] AW AU, 2010,41(7):64-69,75.
WuZ D, Wang Q J. Effect on both soil infiltration char-

acteristics and ion mobility features by mineralization

[25]

(26]

degree of infiltration water[J]. Transactions of the Chi-
nese Society for Agricultural Machinery, 2010,41(7) :
64-69,75.

X E A [ 9 B A X R A B R R A K
SATRFAELD ] OK 5 R s K%, 2015,

LiuJ Y. Soil infiltration and water salt distribution under
the saline water supply conditions [D]. Taiyuan: Tai-
yuan University of Technology, 2015.

RWRT e, 5K ST Ak, A UK T X A g - 3
KRR 5 AN PR R [T ], o EAR R KRR A,
2019(8):28-35.

Mu X Y, Pang G B, Zhang L. Z, et al. Effects of brack-
ish water irrigation on water-salt distribution and winter
wheat yield in saline-alkali areas[J]. China Rural Water
and Hydropower, 2019(8):28-35.

SRR ATt AT, A AR IE A BILIE BC i X ¥ 2 9 X
LR 53 K FORAKNE AN AT 52 Wi [T ] 000 H il 5 T2 7
Rh22#41) ,2023,31(5):1170-1182.

Zhang Z W, LiH Y, Fu Q, et al. Effects of combined
application of chemical and organic fertilizers on soil
salinity and corn water and fertilizer utilization in Hetao
irrigation district[J]. Journal of Basic Science and Engi-
neering, 2023,31(5):1170-1182.

(E8% 246 1)

[19]

[20]

[21]

WO . H S8 A A KRR AE il 2k B LA B IE S AT (D .
P2 K%K, 2018,

Xie X. Study on soil-water characteristic curve and pore
characteristics of compacted loess[D]. Xi’an: Changan
University, 2018.

PRIEDL, W R om , S840 , 55 . OC T e/ R h 2 58 1y JL
AHT] A R LR, 2023,45(4) :671-679.

Chen Z H, Miao Q Q, Guo N, et al. On some prob-
lems of researches on soil-water retention curve[J]. Chi-
nese Journal of Geotechnical Engineering, 2023,45(4):
671-679.

Gardner W R. Calculation of capillary conductivity from
pressure plate outflow data[J]. Soil Science Society of
America Journal, 1956,2003):317-320.

[24]

[25]

Brooks R H. Hydraulic Properties of Porous Media[ D].
Fort Collins: Colorado State University, 1965.

van Genuchten M T. A closed-form equation for predict-
ing the hydraulic conductivity of unsaturated soils [J].
Soil Science Society of America Journal, 1980,44(5) :
892-898.

Fredlund D G, Xing A Q. Equations for the soil-water
characteristic curve[J]. Canadian Geotechnical Journal,
1994,31(4):521-532.

TR HE ok s R ST, 85 R AE K Ay 45 B i 2R 1Y
JU A5 2 1 3 o P A 9 [T). L A, 2002, 39(4)
498-504.

Xu S H, Zhang J B, Liu J L, et al. Suitability of
models describing soil water retention curve [J]. Acta
Pedologica Sinica, 2002,39(4) :498-504.

(L% 256 )

(28]

[29]

Nie Y P, Chen H S, Wang K L, et al. Rooting charac-
teristics of two widely distributed woody plant species
growing in different karst habitats of southwest China
[J]. Plant Ecology, 2014,215(10):1099-1109.

RATE WL ARET S B e IR A AR XK [R) AR B
507 SR A B W2 m L], K £ 47444 , 2025, 39
(4):60-70.

LiR X, Fan B H, Lin K, et al. Effects of different veg-

[30]

etation restoration on rainfall infiltration in the loess pla-
teau gully region[J]. Journal of Soil and Water Conser-
vation, 2025,39(4):60-70.

Nie Y P, Chen H S, Wang K L, et al. Water source uti-
lization by woody plants growing on dolomite outcrops
and nearby soils during dry seasons in karst region of
Southwest China[J]. Journal of Hydrology, 2012,420:
264-274.



