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Fig. 1 Schematic diagram of vertical stratification in soil columns
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Table 1  Soil textures in soil columns

s . o 2H B/ %
AR LA Wk b g FRL
HIE L Hi+ 28.2 45.6 26.2
Hzoa L ERAKL E+ 36.7 49.1 14.2
HIRALRBAKE biiE e 26.1 57.6 16.3

e b By FRRCRIAR 43 31°40.05~2 mm, 0.002~0.05 mm, <0.002 mm; 385 1 73244 B8 5 [ 4l 58 (United States Department of Agriculture, USDA) 1+
S 2 RARAEREAT o
Note: The particle sizes of sand, powder and clay are 0.05-2 mm, 0.002—0.05 mm and <0.002 mm, respectively. Soil textures are classified according to the soil

texture classification standards of United States Department of Agriculture.
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Table 2 Basic structures and physical properties of soil columns

+ 53 JERHIE G HHERE/gom’ HARER%Y  BERKA0T) cm/s’

a ®0~23 em (AKAE FEF)AKE 100 1.34 0.815
@ 23~38 cm 1K +—FHh 20 1.34 - 13.7°
(3 38~83 cm I+ —H 20 1.25 - 13.7
@ 83~133 cm Ak - - 8 18.9
® 133~143 cm K IEJZE () - - 25 479

b Do020em (Harm LEB)AKL 100 1.00 3.14
@ 20~150 cm F =7 (A7) - - 40 17.8

c ®o~15em (AKE FLEF)AKL 100 1.34 - 0.815
@ 15~85 cm B+ 100 1.25 0.0221
@ 85~148 em {1 K5 (A7) - - 12.1 213

TF: *23~83 em/Z7E /K Sl H 11537 R AU

Note: * Permeability coefficient of the layers from 23 cm to 83 cm measured in water injection experiment.
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Fig. 2 Rainfall-runoff process during 21 June-21 October, 2020
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Table 3 Characteristics and variation range of rainfall and runoff

GEit4abs i 21 = A (X DA A
KRR P mm 10.0~69.4
R st T h 2~40
KR B 8 I mmh™ 0.43~8.50
K1 hiv i P mm 0.6~16.8
IR EAOR Sw - 0.178~0.365
(EHTREN R mm 0.33~67.37
PR A Om mm 0.04~9.26
WL U b 8] Ty h 0.1~18.0
T W SO ] T h 0.1~25.0

1.2.3 K@ ER X 5 A2 R0 N FFIESH

FR 4 VR B FR DU AR AL (P, T, 1, P,), R K-
means JRAFIL, K 23 GFEW 4 425 AL B. C. D
RIR%FN o K-means RISTHE LN 76 23 MEEAH
BEBLIERE 4 DHEAAE PR R L T, TR
B AR MREAR R AR B BT RIE R E PO RN
— R, TR D A, B AR R ny R rh
O, PR BT Bk B, BRI R oA AL, W
RETW . HHEREN T EREAGRENZR(P<
0.05), MITA A 432 A 31,

M4l K -means 273 Mr &5 2R, 23 35 B T <4 AT
PR AR 4) A TR R BRI, Dy B
B HUREFI RN /N W/ D7 C AR RN
MR /N DTS D RUFE RN I &/ . BSR4
4 R AR AR AR AR M 00 22 S 10 o B A
(P<0.05). 7EMIZE(20204F 6 H 21 H-10 H 21 H),
A FIRERR & AE R B e, o IR 43.5%, Rt

x4 TEIFEMERFEERSE
Table 4 Average value of characteristic indexes under

different rainfall types

VT KMERR AR MERTIREE MR
2 P/mm T/h I/mmh™ P,,/mm
A 34.5 11.8 32 10.8
B 15.8 28.0 0.6 2.9
C 52.9 31.0 1.7 12.3
D 16.3 6.3 3.6 8.7

W T 2 B A, A 345.0 mm; B B R 5 A4 37 W
17.4%, B3 63.2 mm; C B[R & B K 1Y
8.7%, B3 B i 105.8 mm; D B B [ 835 i
30.4%, FiTFEF I 114.0 mm,

it AL B. C. D WAL A2 300 W AR AF A A 24
Xif FL AT = A AR R R 7= i s 4 A

A, R B/ b 2 P 2% 59 (Least-Significant
Difference, LSD), 4 T 46 5 7 17 45 2 ] A9 B X bk
B LSD K50 i SRR 7, 4% KT TB] 4 4 {ELA7
TN 22 S 5 R 5 HE Ok

2 HRESH

2.1 JkFEEIFEE

A FT I T 45 LAEGE T 1 44 DL KRN 22 K i
P, R, R (2) A SLPRZE L i E, BAREE
W5, BB ER: T a, by o 4 IR IO
b, BRI : R.>R,>R.; 7R R EUR/ PA3 514 0.88.
0.79. 0.55; F LR & e HE Ty S8 i s HEp AR i, B
E>E,>E,, 57 3 5 4E BE K 5 19 47% . 21% 1 11%.
A e BAEZE KRR AT a IUIT 475 A b IR
205, THE A AWA (R ) AR E RS TR
ARAKE (A a) 3 2 £

FEMZE, 14 a, b BRI RER/PAHIL T 24 3%
HK, 43R 096, 0.91; 1 £ 4% ¢ N ZRAYR/P(0.59)
1R F AR I 2 50(0.55) .

2.2 RFEWM—ZRNE M FFIERI X EE

221 RERH—RAZTEHEAHE

Xt 23 Tk ek T e S 0 i 2 RN A ad o
/N L AT AE A3, 13 E LA AL b, e [
F—FE 0 MR R (P 4) o S5 A gt [ml 5 5 /2
(R =aP+pB) WM R B R T 0.76, W H 58 Yy
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Table 5 Annual and rainy season water balance

tHta THEb R
LAE [GES SAE (S SAF S
[N A P/mm 1294 850 1294 850 1294 850
S R/mm 1136 817 1016 771 717 499
3K E 22 AW/mm 10.7 10.0 12 3.5 -32.0 8.3
PR % B E/mm 146.7 22.6 276.0 75.5 608.4 342.6
B R BRI P 0.88 0.96 0.79 0.91 0.55 0.59
801, ria R=0mF, BN 1 467 it I 75 B 5/ DR R 2
707 ﬂ;ﬁ 1=0.999 6x—3.933 7 & A B AR AR ¢(7.90 mm), KT
07 S 304 +HE a, b BIE (4510 3.94 mm, 4.91 mm), BLH +
£ 509 £ JEIEHIN T 3T R R MG T (. AR
= b e 4136 5 IS B T B M T T T 7 2 8 D, B PSR
© 30 § o m0sn SR AR A4 0.9996, 0.8430, 0.7768
207 "‘y:wo.77658.'\'76.140i ' XA PRI A a P I RE B, A b HOR,
VAR e o PGS
0 10 20 30 40 50 60 70 80 520 e iR A 8

FA T H:/mm

B4 23FBARMEHRE—ERXE
Fig. 4 Relationship between rainfall and runoff in 23 natural

rainfall events

LR PEAH S
MR (2), YRR 0 7= 70 S5 42 7 0 2 K
(P-E-AW), NI, &M REIHTREATH, R =015
H A AR IR S TG 7 T T ) T B . AR A
NEWE
%mm@:-é @)
Ao iR MR T R ARSI, o 2B R, Y

K Spearman FEAHSC /AT 715, 15 23 7KW
FAFT AR TR 5 UK B R AR (B RN R A 3
KEZ A RBUE (R 6) . = AR E
TLIRR UL 5 Q, KA S IR T & P& 1 35 1E
(P <0.01) .

XoF T W0 4 A% Tk W 1z B () 7o, A aL b 8 T Bk
TR R G AR, B 55 RN b B T 3 3 IE A 56, 55 R RR i
FET, fe K 1 h Wit P, 3 3 TR G 1 1 4F ¢ 19 TofX
TG T AKRS s, B W2 ARG

X Tk e N N (R] 7, 14 ¢ BT, SRR &L BE
FOREE R 1 h W 2 R OC; T 4 al b YT,

K6 FEMIBHRBIESLITE Spearman X RHE

Table 6 Spearman correlation coefficient between rainfall and runoff statistical features

YAR TG/ mm UL/ mm YR URAR T I3 5 1) /b YRk e 3 s i) /b
Ry Rp R. Oma Omp Om,c Toa Top Toc Tina Tonp Tone

P 08737 08717 08177 0.686 06837 0.684" —0201 —0.043 —0.115 —0.160 -0324 —0.615"

T 0322 0265 0.194 0085 —0.009 -0.040 05307  0.690"  0.409 0213 0325 0384

I 0140 0.186 0239 0243 0396 0281 —0.676" —0.685" —0318 —0302 —0.484 —0.590"
Pu 0375 0516 0458 0339 0.557° 0378 —0.523" -0.438" 0356 —0334 —0.570° —0.794"
Swa  0.283 0.558 -0.150 -0.137
S 0.118 0.355 0.083 0.072
Swe 0.247 0.447 -0.626" 0.004

TE: #*FRTE0.0 LRI - A * KR TE0.05 /K- (R | i E AR

Note: ** indicates a significant correlation at the level of 0.01 (bilateral); * indicates a significant correlation at the level of 0.05 (bilateral).
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Fig. 5 Average runoff characteristics of soil-rock structures under four rainfall types
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Effect of soil-rock structures on the characteristics of rainfall-runoff
responses in epikarst zones

XU Zifan', CHEN Xi'?, LIU Weihan', LIU Hao’, ZHANG Zhicai’
( 1. Institute of Surface-Earth System Science, School of Earth System Science, Tianjin University, Tianjin 300072, China;
2. College of Hydrology and Water Resources, Hohai University, Nanjing, Jiangsu 210098, China )

Abstract This study was conducted at the Puding Karst Ecosystem Research Station, Chinese Academy of Sciences.
Three square columns were set up in the experiment to simulate different soil-rock structures. Each column has a cross-
sectional area of 1 square meter and a height of 2 meters. The station is located in a warm, humid mid-subtropical
monsoon climate zone, with an average annual rainfall of 1,315 mm and an average annual temperature of 15.1 °C. The
soil-rock structures in this area are diverse, mainly comprising limestone, dolomite, and associated soils.

This study aims to reveal the impact of complex soil-rock structures on hydrological processes in the karst areas
of Southwest China. In this study, physical models of three typical soil-rock structures (Column a: thin limestone soil
over limestone blocks; Column b: thin limestone soil over dolomite gravel; Column c: thick soil over limestone gravel)
were constructed, the underground runoff processes formed by natural rainfall were observed, and the water balance
and runoff response characteristics under different soil-rock structures were compared. The research findings provide
scientific insights into better understanding of the transformation and effective utilization of water resources in karst
areas.

Three square columns were used as experimental devices in this study to simulate different types of soil-rock
structures (combinations of limestone, dolomite, overlying lime soil, and yellow soil). During natural rainfall events,
evaporation and runoff of the soil columns with different soil-rock structures were compared and analyzed. Various
methods of statistical analysis were employed to quantitatively assess the impact of these structures, revealing the
hydrological processes of the complex soil-rock structures in epikarst zones.

The main results are as follows. (1) Water Balance: As soil thickness increased (20 cm, 23 cm, 85 cm),
evaporation increased and runoff decreased. Dolomite gravel (Column b) retained more water than limestone blocks
(Column a), leading to higher evaporation and lower runoff. Seasonal runoff variability was significant in areas
covered with thinner soil, in which flood and drought are prone to occur. (2) Rainfall-Runoff Relationship: Linear
regression revealed a threshold-linear two-stage pattern. Runoff started after reaching a threshold, becoming linear
beyond that. The increase of soil thickness raised the rainfall threshold for runoff formation. Column a had the highest
runoff efficiency, while Column c had the lowest. The specific surface area of the gravel in Column b is larger, so its
evaporation is twice as much as that of Column a, and the regression slope is lower. (3) Impact of Rainfall Patterns:
Small-event rainfall (Patterns B and D) caused higher peaks in Column a, while large-event rainfall (Patterns A and C)
caused higher peaks in Column b. Thicker soil in Column ¢ delayed initial runoff and peak flow, especially in small
events. Additionally, the initial runoff response time of soil-rock structures with thin soil layers depends on the rainfall
process, while the initial runoff response time of soil-rock structures with thick soil layers is negatively correlated with
soil moisture content.

This study reveals the significant impact of different soil-rock structures on hydrological processes in the karst
areas of Southwest China. The physical properties of soil-rock structures (e.g., soil thickness and characteristics of
underlying rocks) not only affect the water balance but also determine the rainfall-runoff relationship and runoff
characteristics under different rainfall patterns. Firstly, the soil layer thickness is a key factor influencing water balance
and underground runoff response. Thicker soil can significantly delay the response time of underground runoff, reduce

peak flow, and increase the rainfall threshold required for runoff generation. Additionally, the physical properties of
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rock fractures affect the water balance, with dolomite gravel under the soil having a higher water retention capacity
than limestone blocks, leading to higher evaporation losses and lower runoff. Lastly, the response of water balance and
underground runoff to different rainfall patterns varies significantly with soil-rock structures. Low-fracture limestone
blocks beneath the soil (fracture porosity of 8%) have high water conductivity, allowing small rainfall to easily
infiltrate and form substantial peak flows. In contrast, dolomite gravel beneath the soil, with a higher water storage
capacity (fracture porosity of 40%), facilitates the accumulation of infiltrated water during heavy rainfall, leading to

larger peak flows.

Key words Kkarst, soil-rock structure, subsurface stormflow, water balance, runoff response characteristics
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concentration is higher than the risk control value of other agricultural land (120 mg-kg ') covers about 22,297 m’, with
an average thickness of 2.5 m. The volume of arsenic contaminated soil is 55,742.5 m’.

Two tracing tests of underground water found that arsenic flows to Chengxi water plant through underground
karst runoff, and the pathway is as follows: karst depression in the east of Sanjingcun arsenic factory — Xingdong in
Xingdong village of Liuwei town — Fandong — Oudong — Nalong reservoir (underground runoff zone) — Chengxi
water plant. The runoff is 12.25 km long with a groundwater flow rate of 0.86 km-d ' and a permeability coefficient of
0.995 cm's .

The long-term monitoring of water quality shows that the arsenic content of Chengxi water plant is at risk of
exceeding the permitted level of Class III (0.01 mg-L ") during the flood season. Therefore, it is necessary to control
the pollution source (karst depression in the east of the arsenic factory) and to strengthen the monitoring of
groundwater quality in the water source area of Chengxi water plant by setting up monitoring points for long-term
observation of water quality at key points in the runoff area. For example, new monitoring points can be established at
Lingxiao spring, estuary of Dula underground river, Xingdong skylight and Fandong skylight.

The pollution source is located outside the quasi-protected area of the water source of Chengxi water plant.
Considering that the water source mainly consists of karst water, and the groundwater primarily flows through karst
pipelines, the pollutant runoff path is long and the attenuation is slow, it is suggested to expand the quasi-protected area
of the water source of Chengxi water plant, with the southern boundary defined by groundwater divide of Longjiang

karst groundwater system and Diaojiang karst groundwater system.

Key words Kkarst area, groundwater, water source area, causes of pollution, tracer test
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