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A Monte-Carlo Simulation Based Assessment of the Vertical Soil Moisture Distribution
and Infiltration Rate in the Vadose Zone of the Badain Jaran Desert, China
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Abstract: The strong spatial variability of the soil characteristics in the unsaturated zone has a significant impact on the distribution and transport
process of the soil water. It should be particularly concerned in the Badain Jaran Desert, China, where the vadose zone has a huge thickness and
is difficult to observe. Based on the collected data from soil water observations at different depths and measurements of the hydraulic parameters,
the variability characteristics of the aeolian sands in the Badain Jaran Desert is analyzed with Monte-Carlo simulation by using the logarithmic
normal distribution model and the cross-correlated model of the soil water retention characteristics. As indicated in the results, the volumetric
content of movable water is less than 5% in the downward infiltration zone. Accordingly, the vertical distribution of the soil water potential is
reconstructed and the results indicate that the hydraulic gradient is approximately 1.0 in the downward infiltration zone, which basically satisfy the
free infiltration condition under the force of gravity. Taking the residual water content as an independent random variable and using the Richards
equation, the distributions of volumetric water content with respect to different infiltration rates are assessed with Monte-Carlo simulation. The
reasonable variation range of the infiltration rate is determined from the comparison of statistical properties between simulated and observed data.
Results show that the most possible range of the infiltration rate is 30~41 mm/a. The possibilities of infiltration rate values are very small for that are
less than 10 mm/a or higher than 50 mm/a. Stochastic simulation of the vadose zone water provides a new perspective for the study of groundwater
recharge in the Badain Jaran Desert.
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Fig.1 The water content profiles of the unsaturated zone in the Badain Jaran Desert
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Table 1 The hydraulic parameters of the aeolian sand in the Badain Jaran Desert
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Fig.2 Statistical characteristics of the saturated permeability for the shallow aeolian sands in the Badain Jaran Desert
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Fig.3 The frequency histogram of data samples from the Monte-Carlo simulation on characteristic parameters
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WK BBUE3Z 51 JIVE T B R, H8 0T LR 7K A %R
25 WRYR MR 0K B 72 BR (B BARAE, 1988),
THOK T B0 )& K, 5 R

¥(z) = h(0) + 2, (10)

Hodeh SR 2 A 1K Sk (m), & IS KR
MY RREL, PIARYE V-G AHfiE ; 2 i B TR E 1 5
& (1 EoMIE ,m) .

DS 3585 7K 320 S 2 R (690 MK
£ (0, 0 ) Z IR H R A 7 7K 30, B 2
SR A ) Monte-Carlo BE[45 5 #HE=C (10) AT LA
THEAR R EE A K3 oo R an B S s, AT LA
F il KB EIRAE — 2 MBEAL A RRE , (H AR
ARG K, Heliy= k. A= EWE
FOKFR B  1, S FABE AR X35

EE T B EKEAL TEIEHART
32 TEREEMNTEESEE

HRAE 47K ) 2 ) S0 AT HREAE, o€ TR
KN B9 EE AT LU 2T Richards J7 F2 1) - 587K
ST, H:

q::KX@EszB;KMSJ, (11)

Hrpig ZoRm T RBHREE (m/d); K(O) J&XT R 7% 7K
RIS T R (m/d); FKE IR 0y/0z R0 1,
PRI T 92 5 B S0 R0 A A 0 A [ AR AR RIS 3 2R AL
FEXFEDLT, SKRLPR - RME T B0 i AE
fbiy, ATFR N

9—9r+(es—er>K:1<[§s,n>, (12)
Ho:K, ~1 FoRaX (4) 19 R R 72 0 HHERAE S8
MTBMEENERT, TR (12) #E S KR
BE. I, 5K R A BENL i RRAE S B0 B AL
AR e E (T

T VAR P ARV AL A K B T RE T R
[, EHFBRERE TBERNTBMmE N =, FIH
3 (12) X &K A543 4T Monte-Carlo B340, I
HES KR GEHRFAE A T3 L. FEAR YK Monte-
Carlo BT rh, 2 (8) W 2y RE5E 2T FEAL
AR, X AEAOT LR ER 0, TS TH0, kR, Wi
B BUE A, WA AR 5, S ReiE—
B0 (ERRIEE R 8 R ARG B0 7
B, IR L E 6. M TR (=5 mm/a) R iR
T (¢=150 mm/a) 74 T RYBLHILE SR BoR7E Kl6a
EATTERS S0, FAEIR A B AR . S KR
YIEREE 95 50 (88 Kk, 24 =30 mm/a i},
BB S5 KRR B R p=—3.29, 5w T B
SN ACR IR E AR, 5546, B K R BU bR
ZERfE NIB R R KM/, 4 ¢=41 mm/a B, B
PGSR S KRB EZE R o=0.44, 5Ta0E BB
AL 25 SR AH ] 33K 156 BH B P35 VDA S K I
B R 1Y) R PT RE HU{E Y FELZ: 30~41 mm/a, 411EI6b
HH R A8 T BRI S TR
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Fig.4 Results of the Monte-Carlo simulation on characteristic parameters: (a) the relative saturation and (b) the effective water con-
tent in the downward infiltration zone.
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Fig.5 Vertical distribution of the soil water potential in the downward infiltration zone of the vadose zone in the Badain Jaran Desert
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Fig.6 The relation between the mean annual infiltration rate and the statistical characteristics of the volumetric water content
a. HERSME L b, F7KEITEL In(0) BYXIME (n) FkRHEZE (o) ZRfLIIZR; T BB RN : 1=5 mm/a; ¢,=35 mm/a; ¢3=150 mm/a.

4 iﬂ‘i/b\ SCY RS BRKBE R AN AR K . #h AR T
JEVASCEEIA RO 25 K 7 3R F 5T B P35 AR VD B 4
4.1 Monte-Carlo #IZE RIHN IR KR E X ARBEMRDE IR, |7 AR H 207 e i it 17 178

AT Monte-Carlo AR AHEAVPEL  of, EABIME5BHZEE R £ (1990) A}
AU RE T B B B KIEA L T E I /EHT A PRSI B M AR ACHR SR R TR K, K
TBIRE, HEAGRMNTBERER 30~41 mm/a.  FASD T I ER, R K A S 58 5 b
PO TR EPH S ARVP B KRR BA BB #8IK 350 mm/a, & AGERFIINAZE . 8 K B AIPE &8
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F1(2007) WA K FEIK A B 58 5 H 2 15~20 mm/a
BIe] 4E F59807A 78 & . {H)& Ma and Edmunds (2006) Al
Gates et al. (2008) FI| ] CMB VEHHEE 4 7 S i30T
KAME R T 5 mm/a, FEIEIEAF] 2 mm/a.CMB
PR A ST K IR T CL B R A 1) R 76 28
KiE#, AIREIFAE 26 KD N K i 52 bR
TEL.CMB LA Cl— [l — R & %K B
BT Aok Ko Al B IR FRE E , WA —E R 1B
RS RS Ay T U AT DTk A SE PRI B0 FRA 10025
FIWEET A CMB B AIRAS T ELFH 5 AR VDB T 7K
hef R, EOR ELAR R B H AT AR . B gE
R 5 /K R S S I AR 1A T T AR K A2 B
OB, (R, 20145 Hou et al., 2016), K 3 m
TREE AL AL Sl /K R B R E —RAE 10~30 mm/a Z
] AR A, , EAS S PEAL 5 SR e

4.2 RS

AR SO RGE T 5 BoK oyl 2 A 45 AR A7 7E
—RE BN M, 3R 3 2 E AR RN B K R
EISENR. Rt , BB TR T T R A3 #T.

ELPF 35 MR VD BE KRR D 1 T 25 I S O
1.4~1.7 glem?®, 4% BEGX — 3§05 Bl AT UM BT, 45
WY FFR3P. B TR FE A, B8R &K
) K Monte-Carlo FLU75 2] B4 305 7K 2 AR
FUE AT B8 S ARG, sk 3. W%
TR FE WA E M, A0 K T35 B A A0
Rl K F] 27~48 mm/a.

FRRD B 5% A 5 K R G RRAE A7 AR AN 2
A& Monte-Carlo A1 2HEF 1 =—3.62 Flo=0.57 5¢
B ARG 2 ANMFRIEE R A £10% 9784k, B4

Rz AL, AR, ATLLEH, ARE
IKZEFIARR AR AN EEXS g B9 IRAS HEBCBBURR, T X oy 1Y
TRB T AR, HE, Ritu WIS R, B
A O B & WA 30 B & AR B 2 AR 4.
R 8 B £10%, TBEE AR K
F19~54 mm/a; M % [&oy % £10%, W T B R
BUEEEY KB 9~81 mm/a. i, 5 CHEREEEAH L,
W78 X XABP B oy HE 2K, #HF—2 K 10% 1)
ATREMERIN, I ¢ FIBCRIEAS K T A E] 81 mm/a.

i B BUBPE A R, AN B
VO T K AN SR E R T 10 mm/a AT T 50 mm/a
AT BEPE AR/,
43 AXHBRE

HEAT AL 7K Monte-Carlo #5480 75 52 L) K 1Y
BARAEAS Ry BRI T e, AR IR AL 3 1Y
BRI B IR BE A S i B —
(14 Jey B . S 5 7K SR8 1) B b e A VDA
WITERE AT DX, BB 2 T P ARV VB 2R R i 1 2%
P REETE 10 m AN AL BAE s e 2 iR B AE
20 m AR BULIAL S AR /D, R = Ryl b, A0SR Y
JEREEAAE RIS 100 m, X ] BEREIRE B SRS
FHEFIE A — 2 58 A R Sy YA, ARl i
I KRR S K BIFSE (Walvoord et al., 2002;
Scanlon et al., 2003), BEAETRAL, T &5 & #HE T2
SEAE. P, P ARV 100 m DUF A9AL K
FACRASRBENLAE AL, (AR5 58 B 19748 S0 nT BE AR
N, IR T EAEAR RIS BB AR S AR 254 T
VIR E . ARSI G MR A T, AASCH | T Carsel and
Parrish (1988) WF5¥ (1) 200 Z2 4785 +F¢ Sh e 40k A

RITREGRESTER
Table 3 Sensitivity analysis of bulk density
THE (pg) WL 57K (6) 16 HME BREKFEE AR FIEE H (B BRI (9)
g/em? % - % % mm/a
1.40 0.8~11.5 —3.44 0.45 1.30 27~36
1.63 09~13.4 —3.29 091 2.60 30~41
1.70 1.1~15.6 —3.14 1.10 3.10 41~48
RABREKEGRESRER
Table 4 Sensitivity analysis of residual water content
’T{i ﬁuﬁﬁ EU] ,ﬂéﬂzm EM} 7%*50'1
ft% 5 (%) 0 -10 10 —-10 10
o —3.62 —3.98 —3.26 —3.26 —3.26
o4 0.57 0.57 0.57 0.51 0.63
HREIRZBE (%) 0.93 1.78 0.10 0.84 1.10
FHXH RS (%) 2.66 498 0.28 2.40 3.00
TBME ¢(mm/a) 30~41 45~54 19~45 9~31 38~81
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IR, G AR AT SERY , (S FIAR e
22ESHORR T P15 MRV B KBRS A4S0 7K
FRAE 2R A AN A2 30 A, B /D, ME LU B B
BT N, TR Z A A S
PR AR AR MR, 57 58 4 & EL PR35 MRV i
SEBRSEAE R Z S8 O 225 0, X AR RE AT 2 T
Hfi i) Monte-Carlo #2145 5.

KK ] Monte Carlo 4= e € T BBk
SRS, FREATRE N B BRI AE S — R
BEMLIA AL IR, TR IS TTRA R BE TR B 1 2 S
PE. SZFEA 7S 1 MUBCRE IR BE A BRI, S80S0 H R 1R
A BT T ) A8 S M DL K e 5 e A K S0 T
AR TR KPR T LM V-G A F KR
AL B, (FRTEA B TERIRAETR , AT g
A = SEA, AT V-G LRI 0515 (Peters and
Durner, 2008). Hif A\ 7EFC 26 V5 b [X & Bl )2 T4+
HE 114 5 S0 B Vi Al £ 3K MPa % 2% (Scanlon, 1994;
Andraski, 1997), Wi = S A0 AT RER s, AR
SCHHA A AT B B B 9 (0.1 MPa) A X 4
K HAR A REAFAE AL 55072 H Richards J7 R4k
7K AT IE AT R R, FEE— 20 B B9 b i E A
V-G AFH Richards 38 i #e (938 FH PR, X 2
LGE TR A ] 48 S P ) A

P ELPF 5 MRUD X R A B R T R kD
(b Ty, AL K A ia B it A i 3 a7 3] - ek s
T AR SR AR R, 7E AR BORIFSE oo 32 B B AL AR SC
WS ELPH 5 PRI 5 7K I H5 4 A 7K s 2850
Bt , 51 FRT AR 0 L ACRRAE B R g A AL, X 1
FEE ARV BAL S BR AR KR IURE 3 RECE R
TEZ AT T Monte-Carlo #54], WA E T B BL
AR ACRIE 5% LINAELL, fAfe— 80T A
TBEK. FIH Monte-Carlo Fl S 501HE 1
IRSABETREE ARk, RIIFRRE T BB =01 k3
AAFESEM AR FBRE. RIEEAKESTB
) Richards B FRIE , SR S KR AR RHEZ ] T
BRI, LABRAR & KR Rl s BEAILAS B iE AT 1)
Monte-Carlo £4ll, 77 T N B E 5 &K EL TS
B RR : A TS 3, &K 0 38(E
BEATT 7 2200 53 PR S ARG R AR S LS Y
T 5 5 B I FLE: 30~41 mm/a, i K TR A Cl

R ERA AR AR, HS R U K S S5
(ELRLPDURS 21 B3 T KRN 258 B R L AT A AU
R 32 B — LA E K 2R BRI AU K 6] 3 A1
A BEHLAEADC R BIF ST L P AR VDB R KR 25 S it 1
B,
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iz 1 EA X RAT R ILAREHER LA-ICP-MS EF K ( FHEA Ma)
Appendix table 1 Detrital zircon LA-ICP-MS dating data of Early Jurassic Lishan formation in southwestern Fujian

L 3Cifik HUREA B HifLREE (m) Hb R KA (m) SRR S FaE 12 BLURE U5
Ds-11 AR PRRE AL 0.5 <1.5 4 0
DA-1 JElHEdG (2015) Hitk sk 0.7 0.7 9 0
DW-3 LI ATE PRI LA AR 12 12 13 0
SP1 EL PR R AR R (5% 4.6 22 7
SP2 555 DU R B P e L 5.5 22 10
SP3 - TRV A KL 5.8 23 11
SP4 JREIH (2010) BRI AR R (553 5.5 >6 ) 10
SPs LED NN 2 HE B2 O DB 5.5 23 10
SP6 TR Bl R 52 22 9
SW-1 Ma and Edmunds (2006) B IR M 225 >23 177 154
BAI Ma and Edmunds (2006) 5 H W) s 3 75 10 33 16
site la 49 32 13
site 1b 5 32 13
site 2a 5 34 14
site 2b 49 33 13
site 3a 5 34 14
e HRFEIA K > >52 " "
site 4b BEE 2011) 49 33 13
site 5a 5.1 34 14
site 5b 5.1 34 14
site 6a 5 34 14
site 6b 5 34 14
site 7 TR BB AR R U L AU 8.3 >9 53 36
site 8 Jo A PR VD L KU 4.4 >5 30 10
site 9 Jeb A AR RV LU XU 4.5 >5 31 11
sV 3.8 >5 9 2
SL 33 >5 8 1
SO 6.8 >8 15 8
ST 7.8 >9 17 10
SD 9.8 >11 21 14
SQ 8.3 >9 18 11
SP 9.2 >10 20 13
SN 8.3 >9 18 11
SA 10.3 >11 23 15
o A 011) PR RIS X o o o o
SJ 9.8 >11 21 14
SB 9.8 >11 21 14
SE 9.8 >11 21 14
SH 9.9 >11 20 14
SW 9.8 >11 21 14
DS 10.3 >11 20 15
GS 10.2 >11 22 15
FS 10.3 >11 22 15
HS 10.3 >11 22 15

ZFH 690 4NEE
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