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The scientific field test site of rainfall-soil moisture-groundwater conversion in Dabie Mountain
Area—Jianghan Plain is located in the northern region of the Jianghan Plain, the transition zone between
the Dabie Mountain Area and Jianghan Plain. It’s a great field test site to study the material and energy
exchange among rainfall, soil moisture, and groundwater of the Earth’s critical zone in subtropical
monsoon climate plain areas. This paper analyzed the connection between rainfall and volume water
content (VWC) of soil at different depths of several soil profiles, and the dynamic feature of groundwater
was discussed, which reveals the rainfall infiltration recharge of Quaternary Upper Pleistocene strata. The
results show that the Quaternary Upper Pleistocene aquifer groundwater accepts a little direct rainfall
recharge, while the lateral recharge is the main supplement source. There were 75 effective rainfall events
among 120 rainfall events during the monitoring period, with an accumulated amount of 672.9 mm, and
the percentages of effective rainfall amount and duration time were 62.50% and 91.56%, respectively. The
max evaporation depth at the upper part in Quaternary cohesive soil was no less than 1.4 m. The soil
profile was divided into four zones: (1) The sensitive zone of rainfall infiltration within 1.4 m, where the
material and energy exchange frequently near the interface between atmosphere and soil; (2) the buffer
zone of rainfall infiltration between 1.4 m and 3.5 m; (3) the migration zone of rainfall infiltration between
3.5 m and 5.0 m; and (4) the rainfall infiltration and groundwater level co-influenced zone below 5.0 m.
The results revealed the reaction of soil moisture and groundwater to rainfall in the area covered by
cohesive soil under humid climate in Earth’s critical zone, which is of great theoretical and practical
significance for groundwater resources evaluation and development, groundwater environmental
protection, ecological environmental improvement, drought disaster prevention, and flood disaster
prevention in subtropical monsoon climate plain areas.

©2020 China Geology Editorial Office.

1. Introduction

2001; LiJQ et al., 2019; Zhang GL et al., 2019).
The Dabie Mountain Area is one of the 14 contiguous

The Earth’s critical zone extends through the pedosphere,
unsaturated vadose zone, and saturated groundwater zone
(National Research Council, 2001), including the land surface
and its canopy of vegetation, rivers, lakes, and shallow seas.
The critical zone’s environment sustains nearly all terrestrial
life, and it is regarded as the top one of six basic research
opportunities in Earth Science (National Research Council,
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destitute areas in China; it is not only an important ecological
functional area but also the ecological security barrier in the
middle and lower reaches of the Yangtze River. The Jianghan
Plain is located in the south-central part of Hubei Province,
and most of its groundwater resources are stored in
Quaternary aquifers. With the rapid development of industry
and agriculture in Jianghan Plain in recent years, the
groundwater has been gradually over-exploited and polluted
by domestic garbage (Liu LC et al., 2009; Chen W et al.,
2017), industrial waste (Zhao J et al., 2019), fertilizers and
pesticides (Zhao DJ et al., 2007; Meng SH et al., 2011; Deng
QJetal., 2014; Yang J et al., 2018).
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In recent years, the research on soil moisture transport at
domestic and overseas mainly focus on sand, loam, clay loam,
and loess in arid or semi-arid areas, covering different fields
(Xiao DA and Wang SJ, 2009; Zhang JX et al., 2017; He MN
et al., 2017) such as farmland irrigation, environmental water
conservancy, hydrogeology (Lin D et al., 2014; Sun FQ et al.,
2017; Pang ZH et al., 2018), and agricultural water-saving
irrigation (Zhu HY et al., 2014). However, there is little
research on water transport in cohesive soils in humid climate
areas. Some progress was made on hydrogeological
characteristics of the study area (Fig. 1) in the previous
hydrogeological investigation. By analyzing the rainfall and
groundwater dynamic of different aquifers, Chang W et al.
(2019) and Liu XR et al. (2019) pointed out that the
Quaternary Upper Pleistocene (Qp3“1) shallow confined
aquifer in the eastern side of the Huan River mainly accepts
the rainfall infiltration recharge in front of the eastern
mountain and the lateral runoff recharge of Wudang Group
(QbW,) weathered fissure water. Then the shallow confined
groundwater flows through the unconfined pore water aquifer
in the form of horizontal runoff and finally drains into the
Huan River. Hu MY et al. (2018) found that the Quaternary
Upper Pleistocene (Qp3“l) shallow confined groundwater has
multiple recharge sources and the maximum variation of 8D
and 8'%0 among different aquifers in the study area based on
hydrogen and oxygen isotope data of rainfall, surface water,
and groundwater.
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Based on the -current progress of a regional
hydrogeological survey project by the Wuhan Center of
Geological Survey, China Geological Survey (CGS) in
Xiaogan City, the authors built a field test site named “Dabie
Mountain Area —Jianghan Plain rainfall, soil moisture, and
groundwater conversion scientific field test site” in 2018 to
make further study of (1) the rainfall infiltration recharge of
Quaternary Upper Pleistocene shallow confined aquifers
covered by thick cohesive soil; (2) groundwater supply in
plain areas; and (3) the sources, way, and process of pore
groundwater pollution. This research will contribute a lot to
regional groundwater environmental protection, ecological
environmental improvement, drought disaster prevention, and
flood disaster prevention; which provides strong theory and
method support for the Yangtze River great protection
strategy.

2. Geological background

Xiaogan City has a subtropical monsoon climate and is
located in the northern region of the Jianghan Plain, China, with
an average annual temperature between 15.5 °C and 16.5 °C.
The annual average rainfall of Xiaogan in recent decades is
about 1152 mm, and 70% of the rainfall is mainly
concentrated from May to August.

The Quaternary Upper Pleistocene (Qp3“l) stratum is most
widely distributed in the study area, followed by the
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Fig. 1. Regional geological sketch map and the location of the field test site. The symbols in the figure are shown in Table 1.


http://dx.doi.org/10.31035/cg2020053

464

Quaternary Holocene (Qh*) stratum. The stratum widely
covered after Quaternary is the Yuntaiguan Formation (Ey) of
Paleogene. Wudang Group (Qb#,) is the oldest stratum in the
region, which is exposed only in the northeast corner on the
bottom of the study area (Fig. 1; Table 1).

The sand-gravel layer in the bottom part of the Quaternary
Upper Pleistocene stratum has good water yield property and
plenty of water. As the main domestic water for local
residents, the quality and quantity of the water stored in this
aquifer are very important to the residents’ lives. Because of a
10 m thick or even thicker layer of cohesive soil covering the
area, whether the rainfall can vertically get through the thick
cohesive soil to a shallow confined aquifer becomes a key
issue for groundwater resource evaluation.

To find out the recharge mode of the Quaternary Upper
Pleistocene stratum with thick cohesive soil in Jianghan Plain,
the authors built a field test site in Xiaogang Town, Xiaogan
City, Hubei Province, China (Fig. 1).

The ground elevation of the field test site is 33.40 m. The
initial stable groundwater level is 25.72 m. According to the
drilling data (Liu TW et al., 2020) (Table 2), the geological
structure can be divided into three parts from top to bottom:
The top part is 13.00 m thick cohesive soil, the middle part is
2.00 m thick gray-black muddy sand, and the bottom part is
3.00 m thick sand gravel. It’s an ideal test site for rainfall-soil
moisture-groundwater conversion research.

3. Materials and methods
3.1. Factors and monitoring systems

The establishment of the field test site aimed at studying
the influence of thick cohesive soil to rainfall infiltration
recharge of groundwater. Based on learning from previous
studies (Yang JF et al., 1999; Xiao DA and Wang SJ, 2009;
Chen SN et al., 2010; Cremer CIM et al., 2016; Zhang JX et
al., 2017; He MN et al., 2017; Xu YD et al., 2018; Liu FF et
al.,, 2020) of soil moisture, the authors determined the
monitoring elements of the test site by introducing Time
Domain Reflectometry (TDR) (Zhao Y et al, 2016)
technology, stable hydrogen and oxygen isotopes (Gazis C
and Feng XH, 2004; Li FD et al., 2007; Song XF et al., 2009;
Ma B et al., 2017; Sprenger M et al., 2017; Brewer PE et al.,
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2018; Brinkmann N et al., 2018; Che CW et al., 2019; Huang
H et al., 2019), element geochemistry (Zhao J et al., 2019;
Huo SY et al., 2020; Qian Z et al., 2020), organic chemistry
(Wang X1J et al., 2006; Yuan RQ et al., 2012; Zhang CX et al.,
2013; Kafaei R et al., 2020), heat flux (Haverd V et al., 2007,
Ren R et al., 2017; Gomez I et al., 2018; Shao W et al., 2018;
Wan HL et al., 2020;) et cetera into this research.

As is shown in Fig. 2 (the ground conditions were all bare
land during the monitoring period), the field test site consists
of three monitoring systems: The meteorological monitoring
system, the soil moisture monitoring system, and the
groundwater monitoring system. The monitoring factors of
the field test site mainly included air temperature, humidity,
rainfall, evaporation, volume water content (VWC), soil water
potential, soil temperature, soil salinity, groundwater level,
groundwater temperature, and groundwater conductivity
(Table 3).

3.2. The soil moisture monitoring system

This system is aimed at studying the transport of soil
moisture, solute, and heat in the unsaturated zone above the
groundwater level. VWC, soil water potential, soil
temperature, and soil salinity were monitored online every 10
minutes in the soil moisture monitoring system. The
monitoring factors and equipment are detailed in Table 4.

According to the geological structure and groundwater
level at the field test site, the soil moisture monitoring system
included three test wells which were 7 m deep and 2 m in
diameter. Each cylindrical test well consisted of four vertical
set profiles in four directions (east, south, west, and north),
and each vertical profile included two rows of holes going
vertically.

The three test wells were excavated manually, and a
reinforced concrete round wall was built at each 0.90 m until
the depth of 7.00 m. The bottom of these three test wells were
also constructed of reinforced concrete. The holes of test
wells were drilled horizontally by using an electric drill with a
diameter of 110 mm. PVC pipe with 110 mm diameter and
rotatable pipe covers were used to fit the holes to prevent
water from passing through freely. In order to reduce the edge
effect of soil water transport, all the probes (CS650, CS257)
were buried horizontally in the soil, 0.10 m away from the

Table 1. Table of the regional chronostratigraphy in the Jianghan Plain.

Erathem System Series Group/Formation/  Symbol Type and description of rock
Bed
Cenozoic(Kz) Quaternary(Q) Holocene(Qh) Qn* The upper part is silty clay, sandy silt; the top part is medium
sand with gravel; the bottom part is sandy gravel
Pleistocene(Qp) Qps” The upper part is clay and silty clay with a different color; the
bottom part is the sand-gravel layer
Qp,* ! The upper part is the sand-gravel layer; the top part is the net-
like clay; the bottom part is sand-gravel layer with net-like
clay
Paleogene(E) Yuntaiguan Ey Fuchsia sandstone, gravelly sandstone, sandy conglomerate
Neoproterozoic Ediacaran/Sinian Doushantuo Zd Black siliceous rock
(Pt3) (Z/Sn)
Mesoproterozoic Wudang Qbw, Biotite-albit schist

(Pty)
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Table 2. Geological structure information of the field test site.

Stratum Depth/m  Elevation/ Main Hydraulic ~ Permeability
symbol m lithology conductivity
(K)/(cm/s)
Qps? 0-02 33.20 Cultivated  107-107  Extremely
soil low-weak
0.2-12.55 21.85 Silty loam
12.55-13.0 21.40 Silty clay
13.0-15.0 18.40 Gray-black \ \
muddy sand
15.0-18.0  15.40 Sand-gravel 1.3x107 strong
concrete.

The depths of monitoring layers should take the
stratification of lithology into consideration. Being affected
by rainfall and evaporation, the soil water content and the soil
water potential gradient change frequently in the zone near the
surface (Xiao DA and Wang SJ, 2009; Chen SY et al., 2012;
Lin D etal., 2014; Zhu HY et al., 2014). Because of these two
points, the distance between adjacent monitoring layers at a
depth of 2.0 m should be delineated to be 0.2 m, 0.5 m, 0.9 m,
1.4 m, and 2.0 m. The distance between adjacent monitoring
layers with depths between 2.0 m and 7.0 m are designed to
be equal to 0.5 m, and the depths of reserved monitoring
layers are 2.5m,3.0m, 3.5 m,4.0m,4.5m, 5.0 m, 5.5 m, 6.0 m,
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and 6.5 m in test wells. Each vertical profile reserved 14 side
holes for probe installation, soil moisture sampling, and soil
moisture testing.

The authors have monitored the western profile named
2W in test WELL 2, eastern profile named 2E in test WELL 2
and the eastern profile named 3E in test WELL 3 since Jun.
1%, 2018 under bare land conditions. The equipment layout
plan of the monitoring profile in WELL 2 and WELL 3 can be
seen in Fig. 3 and Fig. 4. The equipments’ distribution in 2W
profile and 3E profile are the same with the depths of 0.2 m,
05m09m,14m,20m,2.5m,3.0m,3.5m,4.0m, 4.5m,
5.0 m, and 6.0 m. The 2E profile only has six layers
monitored with the depths 0of 0.2 m, 0.5 m,0.9m, 1.4 m, 2.0 m,
and 2.5 m.

3.3. Meteorological monitoring system

This system was located at the northeast of the field test
site, and mainly aimed at monitoring normal meteorological
factors (Table 3) in order to document the amount of water
and energy the soil received. Rainfall and evaporation were
monitored online once a day. Other factors in Table 5 were
monitored online every 10 minutes in the meteorological
monitoring system since Jun. 1%, 2018.

N

Soil monitoring

system
[on)
0‘5
AN
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Groundwater ‘ ¢
monitoring system

o
} WEL

. v (]
| @ ) o l 1
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(D,-L/' DY
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= Three-parameter probe (CS650)
Soil water potential probe (CS257)
= Reserved hole

Fig. 2. The schematic plan of the field test site.

Table 3. Monitoring systems and factors.

Object Factor Monitoring type Monitoring system
Soil Volume water content (VWC), soil electrical conductivity, soil water potential, soil temperature, Auto Soil moisture
surface heat flux monitoring system
Soil moisture hydrochemistry, stable hydrogen and oxygen isotopes, heavy metal pollutants, Manual
pesticide pollutants
Atmosphere Rainfall, evaporation, air temperature, humidity, wind speed, wind direction, atmospheric Auto Meteorological
pressure, net solar radiation, photosynthetically active radiation monitoring system
Groundwater Level, temperature, electrical conductivity Groundwater
Hydrochemistry, stable hydrogen and oxygen isotopes, pesticide pollutants Manual monitoring system
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Table 4. Monitoring equipment and factors of the soil moisture
monitoring system.

Equipment  Factor Company Frequency
model
CS650 Volume water content, electrical Campbell, Every 10

conductivity, soil temperature America  minutes
CS257

HFPO1

Soil water potential
Surface heat flux

The authors got the daily rainfall data of Xiaogan rainfall
station (station number: 57482) from Jan. 1%, 2016 to Aug.
31%, 2018 from the Xiaogan Meteorological Bureau to help
study this issue.

3.4. Groundwater monitoring system

The authors constructed a 20.00 m deep hydrogeological
borehole named SYC-01 at the southwest of the field test site.
110 mm diameter porous PVC pipe was used to be the well
wall between the depths of 15.00 m and 18.00 m in order to
let the groundwater of Qp;® aquifer in. Other parts of the
hydrogeological well wall were PVC pipe with 110 mm
diameter. The groundwater monitoring system mainly aimed

CS650 distribution of -5 in WELL 2

at monitoring the dynamic changes of the shallow confined
groundwater level. The factors measured in the groundwater
system were water level, temperature, and electrical
conductivity of groundwater (Table 6). These factors were
monitored online every 10 minutes by groundwater probe
(Solinst levelogger III 3001) hung at 14.85 m deep with wire
rope since Jun. 1%, 2018.

3.5. Manual sampling and monitoring

Factors which couldn ’t be monitored automatically by
these three monitoring systems in Table 3 were monitored and
sampled manually. The authors take soil moisture samples for
hydrochemistry, stable hydrogen and oxygen isotopes, heavy
metal pollutants, and pesticide pollutants tests by using soil
solution sampler (KHIOOR, Made in China) in sifu.
Groundwater samples were taken from Qp;” sand-gravel
aquifer in borehole SYC-01.

3.6. Data processing

All the data were processed by using Excel 2010. All the
figures were plotted by using Origin 2017 and Auto CAD
2007.
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Fig. 3. Equipment layout plan of monitoring profile in WELL 2.
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4. Results and discussion

4.1. Dynamic relationship analysis between rainfall and
groundwater

The authors used the groundwater level dynamic data
(Qp;” sand-gravel aquifer and Ey pore-fissure aquifer) and
the daily rainfall data (from Jan. 1%, 2018 to Jun. 1%, 2019) to
draw Fig. 5 in order to analyze the relationship between
rainfall and groundwater.

As can be seen in Fig. 5, the groundwater level has a
positive reaction to the rainfall and grows sharply following
the rain. The rainfall was recorded at 98.4 mm beginning
when the groundwater level of Qp;” aquifer was 25.59 m
(depth of 7.80 m) at 23:00 on Jul. 4™, 2018. According to the
groundwater level data (every 10 minutes) of Qp;“ aquifer,
the groundwater level began to grow one hour after it started
to rain and reached the stable peak of 26.52 m at 12:20 on Jul.
5™ 2018. The growth rate of the groundwater level of Qp;®
aquifer was about 0.075 m/h during this period. The saturated
vertical hydraulic conductivity of cohesive soil the authors
measured in the laboratory was about 10 m/d. If the growth
of the groundwater level of Qp;® aquifer is caused by the
vertical infiltration of rainfall at the field test site, the average

1 CS650
CS257

CS650 distribution of -5 in WELL 3

vertical hydraulic conductivity of cohesive soil should be
187.20 m/d. The groundwater level of Qp;* sand-gravel
aquifer was higher than Ey pore-fissure aquifer all the time
during the monitored period in Fig. 5; this means that the Ey
pore-fissure aquifer accepted the downward recharge from
Qp;* sand-gravel aquifer during that time. It’s obvious that
the cohesive soil having a vertical hydraulic conductivity of
187.20 m/d doesn’t align with common sense, so the shallow
confined aquifer must not accept the vertical rainfall
infiltration recharge of the field test site directly. Based on
these two points, the authors believe that the growth of the
groundwater level of Qp;” sand-gravel aquifer is caused by
lateral recharge from other aquifer or rainfall recharge of the
junction zone between mountain and basin by means of
pressure conduction, which is consistent with researches by
Chang W et al. (2019) and Liu XR et al. (2019).

Groundwater is the main water source for drinking and
irrigation in Xiaogang, where the field test site is located.
There was little rain but very strong exploitation of
groundwater from May. 31° to Jul. 4™ in Xiaogang. It can be
find that the fluctuation of Qp;* groundwater level (SYC-01)
was mainly caused by the intermittent exploitation of
groundwater in the aquifer as is shown in Fig. 5.
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Fig. 4. Equipment layout plan of monitoring profile in WELL 3.
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Table 5. Monitoring equipment and factors of the meteorological
monitoring system.

Equipment Factor Company Frequency
model
TE525MM Rainfall Campbell, Once a
255-100 Evaporation America  day
LI190R Photosynthetically active

radiation
CRN4 Net solar radiation
034B Wind speed, Wind direction Every 10
CS100 Atmospheric pressure minutes
HMPI55A Air temperature,Air humidity

Table 6. Information of groundwater monitoring system.

Aquifer Borehole Equipment Factor Company
number  model
Qp;* SYC-01 Levelogger Water level, Temperature,  Solinst,
1113001 Electrical conductivity Canada.

4.2. Dynamic relationship analysis between rainfall and soil
moisture

The land type which 3E profile monitored was bare land
before Jun. 2019. The data (VWC, and soil water potential) of
3E profile and rainfall data the authors used were monitored
from Jun. 1%, 2018 to Jun. 1%, 2019. Based on these data
during this period, Fig. 6 and Fig. 7 were plotted to show the
change of volume water content and soil water potential
affected by rainfall over time.

According to the classifications of rainfall pattern (Table 7)
by China Meteorological Administration, 120 rainfalls
received in the field test site during the study period were
classified into different patterns (Table 8). Because the
minimum depth of the monitoring probe in soil is 0.2 m, the
rainfall which caused a water migration less than 0.2 m below
the ground can’t be detected by the probe and is considered to
be invalid rain. The invalid rain can be stored in the surface
layer of soil for a short time and evaporates quickly.

The amount of invalid rain was less than 3.1 mm
according to the dynamic change of volume water content of
layer 0.2 m in Fig.6. There were 45 invalid rains and 75
effective rains during the study period. The amount of
effective rains was 672.9 mm in total. The effective rates of
rainfall amounts and times are 62.50% and 91.56%. The 6D

and 5'%0 weighted average (weighted by rainfall amount) of
rainfall in summer and autumn were closer to the 8D and §'%0
of soil moisture in the vertical soil profile at the field test site.
Rainfalls in summer and autumn were the main supply source
of soil moisture in the field test, and they experienced a
certain degree of evaporation during infiltration (Liu TW et
al., 2020).

It rained a lot from Jun. 15" to Jul. 12" The VWC of
monitoring soil layers were high in value overall ranges from
0.35 cm’/cm’® to 0.67 cm®/cm® with a change of no more than
+0.05 cm’/cm® (Fig. 6). The VWC of the soil layer within
depth of 1.4 m responded quickly to the rain and it changed
relatively much more than other layers. The soil water
potential changed little and the upper layer was larger than the
lower layer during this period (Fig. 7). There was a positive
water potential gradient existing from the upper layer to every
lower layer, as soil moisture continued to move downward.
Rainfall infiltration was slightly higher than infiltration and
evaporation in the soil layer; soil moisture accumulated
slowly no more than 0.05 cm’/cm® during this period.
Because of the high temperatures with strong evaporation in
hot summer and the existence of soil macro pores, the water
potential of soil layers within the depth of 0.2 m reacted
relatively obviously to the rain.

The field test area entered a drought period with the sharp
decrease of rainfall both in frequency and amount from Jul.
12" to Sep. 1° in 2018. During this period, the evaporation
intensity increased, and the accumulated evaporation was
much larger than the cumulative rainfall amount. It can be
seen in Fig. 7 that the water potential began to decline at
different moments in the order of depth from small to large,
and the water potential shows a decreasing trend during this
period as well. The VWC of soil above the depth of 2.5 m was
affected by the drought and started to decrease on Jul. 21%,
2018. The soil moisture supply was less than the sum of
downward infiltration and evaporation in the soil zone to the
depth of 2.5 m because of a month and a half of drought since
Jun. 12, 2018. The difference of water potential between 0.9 m
layer and 1.4 m layer on Aug. 30" was —35 kPa, the gravity
potential could no longer drive the downward migration of
soil moisture at that moment. The decrease of VWC of soil
above the depth of 1.4 m was caused by evaporation only,
which means that the depth of evaporation was no less than
1.4 m.
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Fig. 5. Dynamic diagram of rainfall and groundwater levels.
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In order to study the law of soil moisture movement, the gradient existing from the upper layer to every lower layer
authors analyzed the data about VWC and the water potential and in general, soil moisture kept moving downward.
. . . t . .
of soil profile 3E in a complete hydrologic year from Jun. 1%, It can be seen from Fig. 6 that the soil profile could be
2018 to Jun. 1%, 2019. There was a positive water potential
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Table 7. Classifications of rainfall pattern.

Rainfall pattern Amount/mm
Light rain 0.1-9.9
Moderate rain 10.0-24.9
Heavy rain 25.0-49.9
Torrential rain 50.0-99.9
Downpour 100.0-249.9

Table 8. Statistics of rainfall data in the field test site.

Rainfall pattern ~ Amount/mm  Times Accumulated amount/mm
Light rain 0.1-8.3 100 267.8

Moderate rain 12.1-21.0 16 249.3

Heavy rain 32.0-49.7 3 119.5

Torrential rain 98.4 1 98.4

Downpour / 0 0

Total / 120 735.0

Note: / means not exist in the field test site.

mainly divided into four zones. The VWC of soil above the
depth of 1.4 m layer are sensitive and respond quickly to
every effective rain. Soil moisture fluctuates greatly in the
depth range of 0 m to 0.9 m and the wetting front takes less
than 1 hour in moving to 0.9 m layer from the 0.2 m layer for
almost all the rain. The fluctuation range of soil moisture
decreases gradually with the increase of depth in the range of
0.9 m to 1.4 m and the same wetting front from the upper
layer takes about 12 hours to get through this 0.5 m of thick
soil. The response of the soil layer to rainfall infiltration and
evaporation is relatively active in the depth range of 0 m to
1.4 m, so it is considered to be the sensitive zone of rainfall
infiltration. Soil moisture in the depth range of 1.4 m to 3.5 m
responds much slower to the rain than that of the sensitive
zone and its fluctuation decreases gradually with the increase
of depth. Depth from 1.4 m to 3.5 m is considered to be the
buffer zone of rainfall infiltration. In the depth range of 3.5 m
to 5.0 m, the soil moisture shows a seasonal upward and
downward trend as the time goes by, which is considered to
be the rainfall infiltration migration zone. The zone below 5.0 m
has a similar trend in soil VWC and soil water potential to the
rainfall infiltration migration zone, but there were obvious
peaks of soil VWC in four periods (from Jul. 4™, 2018 to Aug.
5" 2018; from Feb. 19", 2019 to Mar. 23", 2019; from Apr.
9™ 2019 to May. 14™, 2019; from May. 26", 2019 to Jun. 1%,
2019) during the hydrologic year. There should be other
factors affecting the soil VWC of the zone below 5.0 m
besides the rainfall infiltration.

4.3. Dynamic relationship analysis between soil moisture and
groundwater

The pore water pressure of the cohesive soil covered on
the confined aquifer is in relative balance with the pressure at
the top of the aquifer under natural conditions (Sun J, 1992).
The groundwater level of SYC-01 reflects the shallow
confined groundwater pressure of Quaternary Upper
Pleistocene (Qp;*) stratum in the field test site. The pore
water pressure of confined groundwater decreases when the
groundwater level drops down. In this situation, the cohesive
soil at bottom releases water to recharge the groundwater with
a decrease of soil VWC. The groundwater recharges the
cohesive soil at bottom when the pore water pressure of

confined groundwater increases due to the increase of
groundwater level. Then, the soil VWC is increased.

In view of the doubt that the soil moisture in the depth
range of 5.0 m to 6.0 m is affected by other factors in the
analysis in chapter 4.2, the soil moisture data (5.0 m layer and
6.0 m layer) and the groundwater level data of Qp;* sand-
gravel aquifer during the monitoring period are used to plot
dynamic diagram (Fig. 8) for analysis.

The elevations of 5.0 m layer and 6.0 m layer are 28.40 m
and 27.40 m. The elevation of groundwater level changes
between 23.10 m and 26.80 m. The vertical distance between
the groundwater level and 6.0 m layer (5.0 m layer) is from
0.60 m to 4.30 m (from 1.60 m to 5.30 m). In Fig. 8, it can be
found roughly the same change trend in soil VWC of the 6.0
m layer and the groundwater level. Besides, the rise of
groundwater level coincides with the time when the soil VWC
of the two soil layers (5.0 m, 6.0 m) started to increase, and
the soil VWC responded rapidly to the change of groundwater
level. According to the distribution of hydrogen and oxygen
isotope values in the profile of boreholes (ZK1 and ZK2) in
the test field site, the hydrogen and oxygen isotope values of
surface soil moisture were on the positive side, which shows
obvious evidence of evaporation. The vertical distribution
characteristics of 8D and 5'30 values in the range of 0 m to
6.2 m indicate the migration of rainfall on the vadose zone
profile obviously (Liu TW et al., 2020). Affected by
groundwater level, the 8D and 5'%0 values of soil moisture in
the depth of 6.6 m to 9.3 m (ZK1) show an inflection point
with a positive deviation close to groundwater. The 13.8 m
deep layer of the gray-black muddy sand layer had a relatively
strong permeability coefficient as compared to the silty loam
which caused stronger affection by groundwater than soil
layers at depths of 6.6 m to 9.3 m.

Finally, the soil zone below 5.0 m is considered to be the
rainfall infiltration and groundwater level co-influenced zone.
The deeper the layer below 5.0 m, the much more obviously
affected by the change of the groundwater level.

5. Conclusions

The groundwater level of Quaternary Upper Pleistocene
(Qp;™) shallow confined aquifer is sensitive to the rain. The
main recharge of groundwater is the lateral recharge from
other aquifers or rainfall recharge of the junction zone
between mountain and basin by way of pressure conduction.
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Fig. 8. Dynamic diagram of soil VWC (5.0m, 6.0m) and groundwa-
ter.
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The Qp3“l aquifer accepts a small amount of recharge from the
rainfall of the field test site and the relatively great fluctuation
of Qp;® groundwater level (SYC-01) is mainly caused by the
intermittent exploitation of groundwater.

There were 120 rainfalls (45 invalid rains and 75 effective
rains) at the field test site during the study period. The amount
of effective rains was 672.9 mm in total. The effective rates of
rainfall amounts and times are 62.50% and 91.56%. The
maximum depth of evaporation reached no less than 1.4 m.

The soil profile in the field test site could be mainly
divided into four zones. The rainfall infiltration and
evaporation were relatively active and the soil VWC was
sensitive to the rain in the depth range of 0 m to 1.4 m.
Materials and energy exchanged frequently at the atmosphere-
soil interface, so it was considered to be the sensitive zone of
rainfall infiltration. Soil moisture in the depth range of 1.4 m
to 3.5 m responded much slower to the rain than that of the
sensitive zone and its fluctuation decreased gradually with the
increase of depth. Depth from 1.4 m to 3.5 m was considered
to be the buffer zone of rainfall infiltration. In the depth range
of 3.5 m to 5.0 m, the soil moisture shows a seasonal upward
and downward trend as the time goes by, which was
considered to be the rainfall infiltration migration zone. The
zone below 5.0 m had the similar trend in soil VWC and soil
water potential to the rainfall infiltration migration zone; it
was considered to be the rainfall infiltration and groundwater
level co-influenced zone. The deeper the layer below 5.0 m,
the much more obviously affected by the change of the
groundwater level.
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