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Abstract: The Jinan karst system is one of the typical karst systems in North China. The karst springs
in Jinan are important historical heritage in China. However, in recent years, due to urbanization
and the excessive exploitation of groundwater resources in Jinan City, the rate of spring flow has
decreased tremendously. Preferential runoff belts are channels of karst aquifers where fractures
and conduits are well-developed and serve as the main pathways for groundwater movement
and solute transport. In view of this, a study was conducted in the Jinan Spring Basin to identify
preferential runoff belts based on hydrological time-series correlation. Firstly, through cross wavelet
transform and Pearson correlation coefficient, the time-lag and correlation of spring water level
and precipitation were analyzed, the result show that the precipitation in the areas of Xinglong,
Donghongmiao, Qiujiazhuang, Xiying, Yanzishan and Liubu stations has a greater impact on spring
water level. In addition, combined with the hydrogeological conditions of the Jinan Spring Basin,
the above stations meet the characteristics of the preferential runoff belt. In conclusion, the above
stations are most likely to be located on the preferential runoff belt. The results of this study can
serve as great reference points for building a correct hydrogeological conceptual model, and for the
future planning of spring protection measures.

Keywords: Jinan Spring Basin; preferential runoff belt; hydrological time-series analysis; wavelet
analysis; time-lag; correlation coefficient

1. Introduction

More than 25% of the world’s population either lives on or obtains water from karst
aquifers, which makes the understanding of these systems crucial to water management [1].
The Jinan karst system is one of the typical karst systems in North China, and karst
aquifers contain much of the groundwater resource, which is an important water source.
The Cambrian and Ordovician carbonate rocks, which are easily dissolvable, are widely
distributed in Jinan. Affected by geological structure, lithology, climate and other factors, a
large number of karst fractures and pipelines have been developed, which have become a
good channel for groundwater migration and a huge storage space. Jinan City has been
known as “Spring City” since ancient times because of its fractured-karst springs. Spring
is a concentrated discharge of groundwater appearing at the ground surface as a current
of flowing water. However, in recent years, due to social and economic development
in Jinan, urbanization has significantly accelerated the extraction of karst groundwater.
Despite the fact that protective measures such as limited exploitation and artificial recharge
of groundwater have been adopted in Jinan, the spring is still at risk of drying up. This
is mainly because of insufficient understanding about the spring recharge [2—4]. It is
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extremely important to carry out karst water protection scientifically and effectively in
the Jinan Spring Basin. Artificial recharge has a dependable repair effect on Jinan karst
water systems [5,0]. Jinan springs are mainly affected by natural factors and human factors.
Natural factors include atmospheric precipitation, and human factors include groundwater
exploitation and urbanization [3,7]. The primary factor that has affected spring dynamics
since 2003 is atmospheric precipitation [5]. Precipitation infiltration is a major recharge
source of karst groundwater in karst region, and the variation of groundwater level and
spring discharge in Jinan is closely related to precipitation [8]. Using remote sensing
technology and groundwater numerical simulation, it was found that rapid urbanization
has reduced precipitation infiltration recharge in the Jinan Spring Basin [9]. The time-lag
of spring water level and precipitation in Jinan on a yearly scale for 19592011 is around
3—-4 months based on wavelet transform [10]. Precipitation and spring discharge data are
considered the input and output signals of a karst spring catchment, respectively [11]. Karst
aquifers have very high spatial heterogeneity, the distributions of pores, fractures, and
conduits in karst aquifers are extremely uneven, and this heterogeneity strongly influences
the hydraulic behavior of the karst. From the south of the Jinan Spring Basin to the spring
discharge area, the karst development varies from weak to strong, forming a complex
underground network system of dissolution fissures—caves—pipes. The higher the degree
of karst development, the better the permeability. The karst near the spring is the most
developed, where dissolution conduits and fractures form a strong karst development
zone. According to the analysis of existing borehole data in the Jinan Spring Basin, the
hydraulic conductivity is 10-100 m/d in most areas, and may be greater than 100 m/d in
the area near the spring.

Preferential runoff belts are channels of karst aquifers where fractures and conduits
are well-developed and serve as the main pathways for groundwater movement and solute
transport [12-14]. Preferential runoff belts control most of the hydrological response of
the aquifer [11], and cause the karst groundwater to quickly reach the spring, so it is more
effective to recharge the spring on preferential runoff belts. In addition, the identification
of these runoff belts is critical for building the correct hydrogeological conceptual model,
and for future planning of spring protection measures. The characteristics of karst chan-
nels was studied through tracer tests and spring water level dynamic observations in the
Jinan Spring Basin [3,15,16], and the results show that the karst water runoff channel has
single-pipeline and multiple-pipelines in the Jinan Spring Basin; the development of runoff
channels is controlled by permeable fractures, and there is a preferential runoff belt through
the northern of the Qianfoshan Fault. There are few studies on identifying preferential
runoff belt by mathematical methods in the Jinan Spring Basin. The traditional method to
find preferential runoff belt is analyzing a considerable amount of hydrogeological data,
such as hydrogeological map, hydrogeological profile, groundwater data (e.g., water levels,
hydraulic conductivity, flow rates, and others) and so on. In addition, groundwater data are
sparse in most karst terranes, so it is generally difficult to characterize the spatial distribu-
tion of preferential runoff belts in karst aquifer [17,18]. The geological structure of the Jinan
Spring Basin is rather complex; therefore, accurate characterization of its hydrogeological
characteristics requires a lot of data. many researchers have conducted investigations in the
Jinan Spring Basin. However, hydrogeological exploration and hydrogeological mapping
are expensive and time consuming. Moreover, it is difficult to carry out detailed field
geological surveys in the entire spring basin, and the information currently obtained is
not enough to describe the spring basin very finely. The cost of obtaining hydrological
time-series data is low and time-saving. Using hydrological time-series to identify the most
likely location of preferential runoff belt can carry out hydrogeological survey more perti-
nently, which can preliminarily locate the preferential sites of recharge and exploitation.
The purpose of the project described in this paper is to identify preferential runoff belts in
the Jinan Spring Basin by analyzing hydrological time-series correlation.

Wavelet analysis as a mathematical method has developed rapidly in recent years and
is widely used in image processing and time-series analysis. Wavelet analysis is a data pro-
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cessing and analysis method that has been found to be effective for hydrologic time-series
analysis and can facilitate the analysis of multitemporal-scale structures, identification
of deterministic components, noise removal, and quantification of complexity [19-23].
Furthermore, the Continuous Wavelet Transform (CWT) can reveal the cross-correlation
and coherence of hydrologic time-series [24,25]. The Cross Wavelet Transform (XWT) is
built on two CWTs to disclose their common power and relative phase in time-frequency
space [24]. The XWT can examine relationships in time frequency space between two
time-series, and can calculate cross wavelet phase angle, the cross wavelet phase angle can
be used to analyze the time-lag of two time-series [24]. For example, the XWT was utilized
to investigate the correlation between groundwater level, spring water level or spring
flow and precipitation, and quantify the lag characteristics of water level or flow dynamic
response to precipitation [25-28]. Correlation has also gained popularity in hydrological
research, with correlation being used to study precipitation [29], evapotranspiration [30],
surface water [31], and groundwater [25]. Pearson correlation coefficient is one of the most
commonly utilized correlation coefficients for determining the linear correlation between
two variables [32].

The goal of this paper is to apply XWT and the Pearson correlation coefficient to
analyze the relationship between spring water level and precipitation in the Jinan Spring
Basin. Cross wavelet transform was used to calculate the time-lag of the spring water
level and the precipitation, and the Pearson correlation coefficient of spring water level
and precipitation was calculated. According to the groundwater level data of the Jinan
Spring Basin, phreatic water is mainly distributed in the northwest of the Jinan Spring
Basin, and the aquifer is mainly Quaternary, moreover, only some small areas in the
northwest of the Jinan Spring Basin have groundwater depths of 0-5 m, the buried depth
in most areas is greater than 5 m, and the phreatic evaporation is very small [33], so in
this study, evaporation is not considered. In addition, the analysis result of spring water
level and precipitation was compared with the groundwater level in different places and
precipitation. Precipitation signals can quickly reach the aquifer and impact groundwater
levels in locations with a high karst development degree. Therefore, the time-lag between
the two is short and the correlation coefficient is high. On the contrary, in areas with
a low degree of karst development, the time-lag is long and the correlation coefficient
between the two is relatively small [11,27]. Finally, the result of the XWT and Pearson
correlation coefficient was combined with the hydrogeological conditions of the study area
to determine whether the precipitation station is located in the preferential runoff belts.

2. Study Area

The Jinan Spring Basin is located in midwestern Shandong Province, with Mountain
Tai to the south and the Yellow River Plain to the north; because of this landscape, the
elevation reduces from south to north [2,34-36]. The southern boundary of the Jinan Spring
Basin is the surface divide of Mountain Tai, the northern boundary is the Carboniferous-
Permian igneous rocks, and the east and west are, respectively, bounded by the Dongwu
Fault and the Mashan Fault (Figure 1). The annual average precipitation of the Jinan Spring
Basin is approximately 650 mm [2], the spatial distribution of precipitation is uneven, and
the overall distribution trend decreases from southeast to northwest.

Jinan has many springs because of its unique topographic features and geological
structure. The Jinan karst aquifer system has a gentle monoclinic structure, with limestone
serving as the main aquifer in the groundwater system. Limestone is easily dissolvable,
forming a complex underground network system of dissolution fissures—cavities—pipes in
Jinan. Karst groundwater flows mainly from south to north, which corresponds to the karst
strata’s dipping and the topography [5,35]. In the southern part of the Jinan Spring Basin,
the basement of the aquifer is consisting of Archean Taishan Group. The basement in the
middle of the Jinan Spring Basin is covered by Cambrian and Ordovician karst carbonate
rock strata (Figure 1), and the Cambrian is characterized by the interbeds of limestone
and shale. While the Ordovician is composed of thick limestone, argillaceous limestone
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and dolomitic limestone, with developed karst fissures and strong permeability, which are
conducive to groundwater recharge, runoff and discharge. The consistency of topography
and limestone occurrence causes the karst water to be recharged by atmospheric precipi-
tation controlled by topography and karst network system flowing from south to north
(Figure 2). In the north of the Jinan Spring Basin, karst groundwater flow is obstructed
by impermeable Mesozoic igneous rocks or Carboniferous—Permian sand and shale, and
collects in the contact zone. Under the influence of high water pressure, the confined karst
groundwater flows out as ascending springs in the suitable topographic and structural
areas (Figure 2) [37]. Amongst many springs in Jinan, the Baotu Spring (BTS) and the
Heihu Spring (HHS) are the most well-known. However, due to the over-exploitation of the
karst groundwater and changes in the recharge conditions, the discharge from the springs
has been declining continuously in recent years, and the springs have dried up during
dry seasons [2,37]. Therefore, BTS and HHS are selected as the representative springs in
this study.
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Figure 2. Hydrogeological

cross-section of Jinan Spring Basin (south-north). 1 Soil (Q4), 2 Limestone (O,), 3 Dolomitic

limestone (O;), 4 Limestone and shale (€3), 5 Oolitic limestone (€3), 6 Limestone and shale (€3), 7 Granitic gneiss (Ars),
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3. Data and Methods
3.1. Data

The data used include the precipitation, spring water and groundwater level records
in the Jinan Spring Basin. The observed daily precipitation time-series from January
2010 to December 2019 were collected from fifteen precipitation stations in the Jinan
Spring Basin. The daily BTS and HHS water level time-series from January 2010 to De-
cember 2019 were obtained from Jinan Urban and Rural Water Affairs Bureau website
(http:/ /jnwater.jinan.gov.cn (accessed on 30 June 2020)), precipitation and spring water
level time-series are both from January 2010 to December 2019. Groundwater level is
obtained from observation well 546 and S86, is also daily record from January 2010 to
December 2017. The location of each precipitation station and observation wells in the
Jinan Spring Basin is shown in Figure 1, and the basic information of each precipitation
station is shown in Table 1. The monthly average precipitation of the study area, spring
water level and groundwater level time-series are shown in Figure 3.

Table 1. Basic information of each precipitation station.

Station Annual Average Distance to Distance to Distance to Distance to
Precipitation/mm BTS/km HHS/km S46/km S86/km
Changging 663.70 25.75 27.24 13.69 2.42
Huangtaigiao 639.10 5.52 4.69 19.58 3.83
Donghongmiao 515.90 8.63 10.03 727 19.11
Shaoer 640.42 11.11 12.26 8.71 17.95
Xinglong 572.95 8.66 8.57 16.85 26.74
Yanzishan 538.10 3.43 2.04 17.75 30.16
Gushan 692.29 23.59 24.57 16.11 13.54
Qiujiazhuang 527.85 18.02 17.89 22.62 28.43
Wohushan 677.11 18.22 18.73 17.46 21.15
Xiying 555.90 25.41 24.36 35.49 43.19
Jijiayu 569.40 29.13 29.48 27.27 26.21
Liubu 549.90 26.77 26.34 31.98 36.21
Nangaoer 749.36 28.88 28.91 30.00 31.10
Wopu 731.62 31.92 31.35 37.78 41.74
Wande 626.19 37.25 37.73 33.19 28.63
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——BTS---- S46
34 ——HHS---- S86
;’I‘\ ‘\\ i = Precipitation
nd fL f
i YL ik ; ',\\
= AR A AN J400 ¢
E 314 PRV S
AR NN B N BN s
E 30—\: I,' Ly W W i W §
< Ny [=9)
=
291" ¥l 1400
\‘\ ; ! |
L
27 Al 1 ||| .l:l I| | |.|||I..H ||1| i l|‘| L | Ll |||| 0
2010 2012 2014 2016 2018 2020

Year

Figure 3. Plots of monthly precipitation, spring water level and groundwater level.

3.2. The Continuous Wavelet Transform (CWT)

The idea behind the CWT is to apply the wavelet as a bandpass filter to the time series.
The wavelet is stretched in time by varying its scale (s), the CWT of a time series (x,,, n =1,
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, N) with uniform time steps J;, is defined as the convolution of x,, with the scaled and

normalized wavelet:
X Ot ul / ot
s) = < Y. xutpo | (n —n)? 1)
n'=1

where 1 is the Morlet wavelet. The Morlet wavelet is defined as:
Yo(y) = m ke Ve @

where wy is dimensionless frequency and 7 is dimensionless time, 77 = s-£.
The wavelet power is defined as |W,§ (s) |2. The background power spectrum (P) is

defined as:
(1-4)

Pe= 11— ae-2imk|?

®G)
where k is the Fourier frequency index, « is the correlation coefficient of autoregressive
equation in power spectrum of red noise.

3.3. The Cross Wavelet Transforms (XWT)

The XWT mainly studies the multi-time scale correlation between two time series
in time domain and frequency domain. This method can reveal the consistency and
correlation of two series in different time scale, and reflect the phase relationship of two
series in time-frequency space [23].

The XWT is built on two CWTs. The XWT of two time-series x, and y, is defined
as WXY = WXWY*, where * represents complex conjugation. The cross-wavelet power
further defined as | WXY |, if | WXY| value is high, it indicates that the two have a common
high-energy region, and they are significantly correlated with each other. The complex
argument arg (WXY) can be interpreted as the local relative phase between x, and vy, in
time-frequency space. The theoretical distribution of the cross wavelet power of two
time-series with background power spectra PX and P! is defined as:

Zy
RN < py = 202D fry @

where v is equal to 1 for real and 2 for complex wavelets, Z,(p) is the confidence level
associated with the probability p for a pdf (probability density function) defined by the
square root of the product of two x? distributions.

D(

3.4. Cross Wavelet Phase Angle

In order to know the phase difference between the components of the two time-series,
it is necessary to estimate the mean and confidence interval of the phase difference. The
circular mean of the phase over regions with higher than 5% statistical significance that are
outside the COI (Cone of Influence, in which edge effects cannot be ignored) can be used
to quantify the phase relationship. The circular mean of a set of angles (a;, [ =1,... ,n)is
defined as:

ay =arg(X,Y) =arg [i cos(w;), i sin(zxi)] (5)

i=1

3.5. Pearson Correlation Coefficient Method

Pearson correlation coefficient is widely used to measure the linear relationship be-
tween two variables x and y. Pearson correlation coefficient is defined as the quotient of
covariance and standard deviation between two variables:

i= l( ( 7y)

\/Z xl_x \/Zz 1 yl

(6)
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In general, the larger the absolute value of the correlation coefficient between the two
variables, the higher the degree of correlation between the two variables.

4. Results
4.1. The XWT of Spring Water Level and Precipitation

The XWT was used to analyze the relation between precipitation and spring water
level. The XWT of precipitation and spring water level are shown in Figures 4 and 5. The
first time-series is precipitation and the second time-series is spring water level. As shown
in Figures 4 and 5, there is significant common power can be found with periodicity of
one year from 2010 to 2019. Figures 4 and 5 are similar, because BTS and HHS are very
close to each other (Figure 3), and the spring water level dynamics of the two springs are
similar. In addition, the characteristics of annual distribution of precipitation is the same
in different regions, i.e., over seventy percent of precipitation is concentrated between
June and September [2]. The XWT phase angle within the 5% significant regions, outside
the COI and with a period between 0.95 and 1.05 years was calculated. The time-lag of
precipitation and spring water level was quantitatively analyzed through the cross wavelet
phase angle.

Table 2 displays the outcomes of the calculations. For example, the XWT phase angle
of precipitation of Xinglong station and BTS water level within the 5% significant regions
and outside the COI has the mean phase 1.61 £ 0.07 rad. The value before “%” is the
average XWT phase angle, and the value after “+” is the circular standard deviation.
The XWT phase angle can be used to calculate time-lag. Because the spring water level
varies after the precipitation changes, the average phase angles are all positive, and the
circular standard deviation has no effect on the phase angle. Since the cross phase 27t rad
corresponds to a period of one year, the time-lag was calculated, which falls within the
range of 3 to 4 months.

Table 2. Cross-wavelet phases and time intervals of precipitation and spring water level.

BTS HHS
Station Phase Angle Mean Time-Lag Phase Angle Mean Time-Lag Rank
(Rad) (Day) (Rad) (Day)

Xinglong 1.61 £0.07 93.81 £ 4.03 1.61 £0.08 93.79 + 4.84 1
Donghongmiao 1.62 £0.10 94.39 £ 5.97 1.62 £0.11 94.37 £ 6.63 2
Qiujiazhuang 1.63 +0.10 94.49 + 6.01 1.63 +0.12 94.46 + 6.71 3
Xiying 1.63 £0.10 94.61 +5.8 1.63 £0.11 94.59 £+ 6.41 4
Yanzishan 1.64 +0.07 95.11 +4.23 1.64 +0.09 95.08 + 5.09 5
Liubu 1.64 £0.09 95.26 +5.24 1.64 £0.10 95.24 +5.72 6
Jijiayu 1.65 +0.10 95.80 &+ 5.97 1.65+0.12 95.78 + 6.97 7
Shaoer 1.69 £0.10 98.20 £ 5.67 1.69 £ 0.11 98.17 £ 6.50 8
Gushan 1.70 +0.08 98.54 1 4.48 1.70 £ 0.09 98.52 4 4.94 9
Wohushan 1.72 +0.08 99.7 £ 4.86 1.72 £0.09 99.68 + 5.45 10
Wande 1.74 £ 0.07 101.2 £+ 3.89 1.74 £ 0.06 101.18 £3.75 11
Wopu 1.74 £ 0.07 101.28 £ 4.00 1.74 £ 0.07 101.25 £ 4.06 12
Changgqing 1.75 £ 0.10 101.38 + 5.58 1.74 £ 0.10 101.36 + 5.77 13
Nangaoer 1.75 £ 0.08 101.55 + 4.41 1.75 4+ 0.08 101.53 + 4.69 14
Huangtaigiao 1.79 £ 0.07 103.76 + 4.34 1.79 £ 0.09 103.73 4 4.97 15

The time-lag of BTS water level to precipitation is around 93.81-103.76 days while
the time-lag of HHS water level to precipitation is around 93.79-103.73 days. The Pearson
correlation coefficient of time-lag and distance from springs to precipitation stations was
calculated; the correlation coefficients of BTS and HHS were —0.2956 and —0.3025, respec-
tively, indicating that the farther the precipitation station location is, the longer the time-lag.
However, the absolute value of the correlation coefficient is not large, the relationship
between distance and time-lag is faint, illustrating that the distance has a limited impact on
the time-lag, so the time-lag is mainly affected by other factors such as the hydrogeological
conditions of the position of precipitation station.
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Figure 4. The XWTs of precipitation and BTS water level. (a—o) fifteen precipitation stations. The color scale indicates
the cross wavelet power spectrum density corresponding to the different colors. The red and blue on the color scale
represent the peak and valley values of power spectrum density, respectively. The thick black contour designates the 5%
significance level against red noise, lighter shade represents the COI, and the arrows represents relative phase relationship
of two time-series. The relative phase relationship of the two time-series is shown as arrows (with in-phase pointing right,
anti-phase pointing left [13].)
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Figure 5. The XWTs of precipitation and HHS water level. (a—o) fifteen precipitation stations.
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The XWT was applied to quantitatively evaluate the time-lag between spring water
level and precipitation, and the time-lag of the two was compared and ranked. The result
showed that Xinglong, Donghongmiao, Qiujiazhuang, Xiying, Yanzishan, Liubu stations
are most likely to be located on the preferential runoff belts.

4.2. Pearson Correlation Coefficient of Spring Water Level and Precipitation

The Pearson correlation coefficient of monthly precipitation and spring water levels of
BTS and HHS was calculated and ranked (Table 3), the correlation coefficients are small,
but a high correlation might not always mean that there is a good relationship between
the variables and a correlation close to zero might not mean that there is no relationship
between the variables. This approach, without considering the variation of behavior seen
through time series data, might cause misleading results [32,38].

Table 3. Correlation coefficient of spring water level and precipitation.

Station BTS HHS Rank
Xinglong 0.1687 0.1566 1
Donghongmiao 0.1626 0.1507 2
Qivjiazhuang 0.1604 0.1478 3
Xiying 0.1467 0.1342 4
Yanzishan 0.1463 0.1333 5
Liubu 0.1454 0.1326 6
Jijiayu 0.1380 0.1241 7
Shaoer 0.1284 0.1154 8
Gushan 0.1283 0.1154 9
Wohushan 0.1268 0.1145 10
Wande 0.1235 0.1089 11
Wopu 0.1142 0.0996 12
Changging 0.1139 0.0978 13
Nangaoer 0.1065 0.0928 14
Huangtaigiao 0.1025 0.0878 15

According to Figure 3 and the previous result, the variation of spring water level lags
behind precipitation. If the spring has no response time to precipitation, the correlation
coefficient will be relatively large, and the correlation coefficient is about 0.3-0.4. However,
there is a time-lag of 3—4 months between precipitation and spring water level, and the
time-lag will affect the correlation coefficient between the two, so the correlation coefficient
is small. The effect of the distance from BTS and HHS to precipitation stations on the
results was analyzed; the Pearson correlation coefficient of BTS and HHS were —0.3313 and
—0.3483, respectively, indicating that the farther the precipitation station location is, the
smaller the correlation coefficient. The stations with the largest correlation coefficients are:
Xinglong, Xiying, Yanzishan, Donghongmiao, Qiujiazhuang, and Liubu stations. These
stations are same as the results obtained by the XWT.

4.3. The XWT and Correlation Coefficient of Groundwater Level and Precipitation

Because karst groundwater in the Jinan Spring Basin mainly flows from south to
north, while observation wells 546 and S86 are located in the northwest of the Jinan
Spring Basin (Figure 1), and these two observation wells have the same time-series data
with precipitation. The XWT and Pearson correlation coefficient were used to assess the
relationship between precipitation and groundwater level; the results also reveal that
Xinglong, Xiying, Yanzishan, Donghongmiao, Qiujiazhuang, and Liubu stations are more
likely to be on the preferential runoff belts. The result of the above six stations are shown
in Table 4 and Figure 6, but the time-lag of precipitation and groundwater level is longer
than that of precipitation and spring water level; the correlation coefficient of precipitation
and groundwater level is obviously smaller than that of the precipitation and spring water
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level. This shows that precipitation and spring water level are more correlated, and that
precipitation is more likely to affect springs in the northeast.

Table 4. Time-lag and Correlation coefficient of groundwater level and precipitation.

Mean Time-Lag Correlation Coefficient

Station

S46 S86 S46 S86
Xinglong 102.05 £ 5.80 112.87 £ 5.80 0.0659 0.0435
Donghongmiao 101.66 £ 7.04 112.47 £ 6.63 0.0526 0.0231
Qiujiazhuang 101.71 £ 6.85 112.51 + 6.69 0.0382 0.0431
Xiying 101.97 £7.34 112.78 £ 6.33 0.0537 0.0274
Yanzishan 103.22 £ 5.62 114.03 £ 5.98 0.0982 0.0326
Liubu 102.80 £ 7.05 113.62 + 5.64 0.0584 0.0031

4.4. Verification Based on Hydrogeological Conditions of Study Area

In karst areas, precipitation infiltration recharges groundwater, which causes ground-
water level to rise, and hydraulic pressure to propagate through the aquifer. Spring is
natural outcrop of groundwater; as the pressure waves reach the spring outlet, the ground-
water is forced to surface, altering the spring water level. The spring water level variance is
the response of groundwater aquifer system to precipitation. The direction and intensity of
karst groundwater runoff are influenced by topography, lithology and geological structure
in the study area. In the Jinan Spring Basin, the overall direction of karst groundwater
runoff is from southeast to northwest. The Qianfoshan Fault plays an important role in
groundwater runoff, and the northern part of it is permeable [39,40]. The northern area
of the Qianfoshan Fault has good permeability [9,15,41], and the fractures and conduits
near the fault are relatively developed. The hydrogeological conditions for the location
of each precipitation station were analyzed individually. Yanzishan Station is located in
an area with Ordovician limestone aquifer and has a short straight-line distance to spring.
Considering the overall flow direction of groundwater in the Jinan Spring Basin, the pre-
cipitation at Yanzishan station recharges spring along the direction of groundwater runoff.
Existing hydrogeological data showed that when groundwater reaches the north of the
Jinan Spring Basin, the groundwater runoff will be blocked by the northern impermeable
magmatic rock, which will divert groundwater runoff to the east. Because the fissures in
the northern part of the Qianfoshan Fault are extremely well developed and the perme-
ability is high, groundwater runoff can recharge the springs through the northern part of
the Qianfoshan Fault, so the precipitation of Donghongmiao station can easily recharge
groundwater, and groundwater runoff recharge the spring through the Qianfoshan Fault.
Hence, Donghongmiao station also has the likelihood of being located on a preferential
runoff belt. Liubu, Qiujiazhuang and Xinglong Stations are distributed along the Qianfos-
han Fault, and the direction of groundwater runoff is controlled by the impermeable part
of the Qianfoshan Fault, and precipitation can recharge spring along the Qianfoshan Fault,
and both Qiujiazhuang and Liubu stations are located in the area near the fault and with
strong karst development. The Xiying station is situated in the east side of the Qianfoshan
Fault. In addition, the aquifer at the Xiying station is the Cambrian Zhangxia Formation.
According to previous drilling data, the Zhangxia Formation is basically composed of
thick oolitic limestone with the highest degree of karst development, the water-bearing
formation is highly soluble and has strong karst development, so groundwater runoff along
the water-rich zone to the northwest, and then recharge spring along the Qianfoshan Fault.

According to the hydrogeological conditions of each precipitation station, Xinglong,
Donghongmiao, Qiujiazhuang, Xiying, Yanzishan, and Liubu stations all meet the char-
acteristics of being located on the preferential runoff belts. The runoff belts in the Jinan
Spring Basin are the Liubu-Qiujiazhuang-Xinglong belt along the Qianfoshan Fault, the
Xiying-Yanzishan belt on the west side of the Qianfoshan Fault, and the Donghongmiao-
northern part of the Qianfoshan Fault-Baotu Spring belt. The preferential runoff belts are
marked in the water-abundance zone map of the Jinan Spring Basin, as shown in Figure 7.
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The location of preferential runoff belts provides a primary field for spring recharge and
water supply.
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Figure 6. The XWTs of precipitation and groundwater level. (a—f) six precipitation stations and 5S46; (g-1) six precipitation
stations and S86.
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Figure 7. Location of preferential runoff belts in Jinan Spring Basin.

5. Conclusions

The time-lag and correlation of spring water level and precipitation time series were

computed using mathematical statistics methods, in conjunction with the hydrogeological
characteristics of the Jinan Spring Basin. The following conclusions were drawn:

@

@)

®)

The time-lag of BTS and HHS water level and precipitation within the range is
3—4 months. The results of XWT and Pearson correlation coefficient indicated that
Xinglong, Donghongmiao, Qiujiazhuang, Xiying, Yanzishan, and Liubu stations are
more likely to be located on preferential runoff belt.

Based on the hydrogeological conditions of the Jinan Spring Basin, the approximate lo-
cation of the preferential runoff belt was identified: the Liubu-Qiujiazhuang-Xinglong
belt along the Qianfoshan Fault, the Xiying-Yanzishan belt on the west side of the
Qianfoshan Fault, and the Donghongmiao- northern part of the Qianfoshan Fault-
BTS belt.

The time-lag and correlation between groundwater level and precipitation in the Jinan
Spring Basin are still not clear, the mechanism of the quick response of groundwater
level to precipitation is still obscure. Further study is necessary to use more appro-
priate mathematical methods and more hydrological time-series data to identify the
location of preferential runoff belt, and to conduct more fundamental theory research
on this subject.
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