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Abstract

A fractured karst aquifer polluted by petroleum hydrocarbons (PH) for several decades was selected to study the influences of PH
on the hydrochemical environment. The research was implemented using the hydrochemical indicators (Ca**, Mg?*, Na*+K*,
HCO;~,NO; ", CI', F~, and SO,*") and PH with the help of GIS and origin platforms, statistical analyses, and graphical methods.
Results showed that PH had significant influences on the hydrochemical environment over the last several decades. The main
principle elements influencing the evolution processes of hydrochemical environment were carbonates dissolution, leaking
wastewater, and biodegradation processes from 1977 to 2019, and hydrochemistry types changed from HCO;—Ca—Mg and
HCO;—Ca to HCO;—Cl-Ca—Mg and HCOj3-Cl-Ca. The contribution rate of PH biodegradation to the representative ion increased
at first, then decreased over time, which has a close relationship with the variation characteristics of PH. The dynamic evolution
processes of hydrochemical environment have significances for indentifying the influencing mechanisms of hydrogeochemical
reactions, which could provide valuable scientific suggestions for the local administrators to take effective efforts to optimize and
protect the karst groundwater environment.
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Introduction

Groundwater resources account for ~98% of the earth’s avail-
able fresh water (Mari¢ et al. 2018), where karst groundwater
almost provides drinkable water for 25% of the world’s pop-
ulation (Hillebrand et al. 2015). Karst aquifer systems in
North China have enhanced carbonate networks and stable
groundwater flow, whose groundwater resources have
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become the most important water supply sources for local
inhabitants (Liang et al. 2018).

The karst hydrogeological system has high sensitivity and
vulnerability with the complex dissolution processes of lime-
stone and dolomite (Ivan and Madl-Szonyi 2017). With the
growth of population and the accelerating pace of economic
development, petrochemical industries and wide utilization of
petroleum products contributed to social development signif-
icantly (Liang et al. 2011). However, improper manual oper-
ation and old and damaged mining equipment have become
the most common causes of groundwater pollution during the
processes of mining, transportation, storage, and production
(Tfincsics et al. 2010). Petroleum contamination is one of the
most serious types of groundwater pollution, possibly becom-
ing more widespread and more serious in the future as more
freeways and more petrochemical plants are built. Many con-
stituents of petroleum crude are recalcitrant and highly toxic
(Meckenstock et al. 2016), volatile organic compounds
(VOCs) are extremely harmful to humans (Souza et al.
2014), and polycyclic aromatic hydrocarbons (PAHs) have
potential to induce malignant tumors (Desforges et al. 2016).
Consequently, the petroleum contamination in karst ground-
water sources is a global concern of protecting drinking water
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source in the world. Groundwater contaminated by petroleum
hydrocarbons (PH) has become a major challenge in North
China where the groundwater resources are in severe shortage.
Being one of the most important groundwater supply sources,
karst groundwater and its hydrochemical evolution character-
istics have always been the focus of hydrogeological studies in
North China (Wang et al. 2018).

It is notable that organic compounds start natural attenua-
tion when they enter the aquatic environment (Borden et al.
1995; Varjani and Upasani 2017; Logeshwaran et al. 2018).
Natural attenuation of PH in the karst groundwater system is
one of the most popular strategies to remove the contaminants.
As the most effective way of natural attenuation, bioremedia-
tion with a low energy consumption was defined as a process
where microorganisms are capable, under favorable condi-
tions, of utilizing these compounds as a metabolic carbon
source (Mari¢ et al. 2018; Zhang et al. 2017).
Microorganisms are widely distributed in water, soil, and air,
which adapt to the polluted environment rapidly (Varjani and
Upasani 2017). Consequently, their subsequent generations
would become hydrocarbon degraders in petroleum polluted
areas. PH being natural energy-rich compounds, there are sev-
eral hydrocarbon degrading/utilizing organisms available in
nature (Varjani 2017). According to the thermodynamic con-
cept, electron acceptors of the environment will be utilized in
the following sequence: O,— NO; — Mn**—Fe**—S0,>~
(Maric¢ et al. 2018). Dissolved oxygen (DO) is supplied as an
electron acceptor in aerobic conditions, and other electron
acceptors (e.g., NO;~, Mn**, Fe’*, SO,%7) would be used by
microorganisms in anaerobic conditions (Huang et al. 2018).
Natural biodegradation is a series of oxidation and reduction
reactions where the hydrocarbons become the electron donors,
concentrations of electron acceptors and PH reduce, and bio-
degradation products (e.g., CO,, CHy, CI') would influence
the characteristics of hydrochemical compounds, isotopic
characteristics of related reactants, and resultants
(hydrochemical indicators) in the groundwater system (Lv
et al. 2019; Guo et al. 2020a). The long-term exposure of
groundwater to PH would cause significant changes in water
chemistries and isotopic compositions due to the biodegrada-
tion reactions in the groundwater system (Mari¢ et al. 2018).
Interrelationships among hydrochemical components and PH
could interpret the dynamic variation characteristics of
hydrochemical environment with the help of multivariate sta-
tistical analyses, graphic methods, mathematical model, and
other approaches.

A typical karst groundwater source polluted by PH for
several decades was chosen to study the variation characteris-
tics of hydrochemical environment. PH was always one of the
most important influencing factors in the evolution processes
of karst groundwater environment (Liu et al. 1996; Xu et al.
2000; Li et al. 2014; Gao et al. 2019; Guo et al. 2020b). Oil
sewage leakage of petrochemical company in the 1990s has

caused hydrogeochemical changes comparing with the
groundwater environmental background values in the study
area (Liu et al. 1996). Groundwater quality of the study area
was mainly polluted by trichloromethane, carbon tetrachlo-
ride, benzene, and methylbenzene in 1990s (Xu et al. 2000).
The typical organic pollutants screened by potential damage
risk index and comprehensive evaluation method were
trichloromethane, trichloroethylene, tetrachloroethylene, car-
bon tetrachloride, and benzene in 2010. (Li et al. 2014). Gao
et al. (2019) also reported that the main types of organic pol-
lutants are chlorinated hydrocarbons and monocyclic aromatic
hydrocarbons, and the over standard organic pollutants were
mainly trichloromethane, trichloroethylene, carbon tetrachlo-
ride, and benzene using the monitoring data in 2017 and 2018.
Contamination characteristics of PH and its influences on
hydrochemical ions in the study area were mainly summarized
from the monitoring data in a short period and the previous
research results. However, the variation characteristics of
groundwater chemistries influenced by PH during the last
several decades were unclear. In this work, monitoring data
of hydrochemical components and PH in the karst groundwa-
ter system were collected and analyzed to intepret the evolu-
tion mechanisms of hydrochemical environment influenced
by organic contaminants during the past several decades.
Overall, the objectives of the research were to (1) interpret
variation characteristics of hydrochemical environment in
the last several decades, (2) analyze the interrelationships
among hydrochemical indicators, and (3) calculate the
contribution rate of PH to the representative component.
The evolution processes of hydrochemical environment in-
fluenced by PH were studied based on the biodegradation
mechanisms of PH combining with the actual situations in
the groundwater system, which have significances for the
optimization of groundwater environment and remediation
technologies development of petroleum hydrocarbons in
the fractured karst environment.

Study area

The study area, with an area of ~115 km?, is a rare super-large
fractured karst water source in Zibo city, Shandong Province,
North China (Fig. 1). The fractured network composed of
faults, joints, and fissures is the main catchment space of the
aquifer. The nine subareas in Fig. 1 a were divided based on
the groundwater types and water abundances of the ground-
water source. Generally, groundwater flow direction is from
southwest to northeast; the hydrogeological profile map of
A—B (Fig. 1a) was drawn in Fig. 1 b. The study area belongs
to a warm temperate continental monsoon climate with an
average annual temperature of 13.1 °C, rainfall of 630 mm,
and relative humidity of 67%; the rainy season is from July to
September for each year (Guo et al. 2016).
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Fig. 1 The study area: a the
hydrogeological map and
sampling points; b the
hydrogeological section map of A
— B
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The hydrological boundaries of the groundwater source are
composed of geological structures (Fig. 1a). The eastern
boundary is the compressive and water-resistant graben. The
western boundary is the water-transporting geological fault.
Groundwater flows to the north where Carboniferous and
Permian coal-bearing strata with relatively impermeable
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formed a groundwater barrier (Zhu et al. 1990). The karst
aquifer locates in Ordovician strata with the lithologies of
thick-bedded limestone, leopard limestone, dolomitic lime-
stone, and dolomite (Fig. 1b); the formations fractured,
karstified, and formed a uniform aquifer (Guo et al. 2018).
Recharging sources of the karst aquifer are lateral runoff,
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precipitation infiltration, and surface water seepage.
Groundwater resources can be discharged in ways of artificial
exploitation, lateral discharge, land surface evaporation, and
surface flow spilling water overflowing belt (Guo et al. 2016).

In the middle of 1980s, a petrochemical company was built
up in the western area and had the ethylene engineering plant
0f300,000 tons (including petrochemical industries, oil refin-
ing industries, ethylene chemical plants, alkene plants, and
chlor-alkali plants) (Zhu et al. 2000) (Fig. 1a), which made it
become the important petrochemical industry base in Zibo
city, Shandong Province, China. The foundation in the south-
ern company was directly placed on the Ordovician limestone,
the thickness of Quaternary in the north part of the company is
only 1-12 m, and many wastewater pipes were directly placed
surrounding the Ordovician limestone (Zhu et al. 2000). Its
oily wastewater including large amounts of oils, Na*, Caz+,
and CI was very corrosive (Liu et al. 1996), so that pipes
were damaged, leaking wastewater entered the fractured karst
aquifer, and polluted the karst groundwater (Zhu et al. 2000).
These contamination areas were exactly located at the up-
stream of water-rich regions, putting the groundwater source
into serious situations.

Methods and materials
Sample analyses

Karst aquifer in the groundwater source provides drinking
water and domestic water for local inhabitants and industrial
productions. Therefore, groundwater samples were collected
in the karst aquifer and analyzed to describe the evolution
mechanisms of hydrochemical environment. Hydrochemical
ions were detected in all monitoring periods, and PH were
detected since the 1990s.

There are ~18 monitoring wells arranged around the
groundwater flow path (Fig. 1a). Different groundwater sam-
ples were collected in different periods due to natural or an-
thropogenic factors. HCO;  (mmol/L) was titrated in the field
using a portable alkalinity meter (Merck KGaACo., Germany)
with a precision of 0.05 mmol/L. Water samples were collect-
ed using injection syringes, filtered through 0.45-um filter
membranes for ion analyses, and stored in 500-mL high-den-
sity polyethylene (HDPE) bottles. Water samples for cations
measurement were acidified to pH<2 using 1:1 HNO;. PH
samples were collected in one 1000-mL and two 40-mL
brown glass bottles with polytetrafluoroethylene (PTFE) caps
to avoid the influence of light. All groundwater samples were
kept on ice in the field and then at 4 °C in the labora-
tory, and they were analyzed in Key Laboratory of
Karst Dynamics/Institute of Karst Geology, CAGS with-
in 1 week after collection.

Major hydrochemial cations (e.g., Ca**, Mg>*, Na*, K*)
were measured by ICP-OES (IRIS Intrepid II XSP, Thermo
Fisher Scientific, USA) based on EPA method 200.7. Major
hydrochemial cations anions (e.g., HCO; , NO; SO,*, CI,
F") were measured by the automated Dionex ICS-900 ion
chromatograph based on APHA 2012 method. Estimated an-
alytical errors were within + 5%.

PH are composed of saturates (or alkanes), aromatics,
resins and asphaltenes, and resins compounds are dissolved
in oil, while asphaltenes are colloidally dispersed in crude oil
(Varjani and Upasani 2017). Therefore, PH compounds
existed in the groundwater system are alkanes, alkenes
cycloalkanes, aromatic hydrocarbons, and other unsaturated
hydrocarbons (Lv 2014). Seventy species of these hydrocar-
bon compounds were analyzed by LC-20A Liquid chroma-
tography and Agilent 7890A-5975C gas chromatograph/mass
spectrometer based on EPA 8260B method with the room
temperature of 24°C and humidity of 56%, the detection range
is 0.10~100 pg/L (groundwater sample with high concentra-
tion exceeding the maximum detection limit should be diluted
to detect), estimated analytical errors were within + 4.38%, all
blank samples were below the minimum detection limit, and
their average standard recovery rate is 97.15%.

Analyses methods

Geospatial analysis has been used in analyzing spatio-
temporal patterns of groundwater variables successfully
(Chien et al. 2013; Yu et al. 2015). Geographic Information
System (ArcGIS 10.2) was used to graph the spatial distribu-
tion of groundwater environment information. Spatial distri-
bution correlations of PH, CI', and petrochemical com-
pany were used to analyze the contamination character-
istics of PH. The spatial variation characteristics of
hydrochemistry types in the last several decades using
inverse distance weighted (IDW) interpolation technique
were used to evaluate the evolution processes of
hydrochemical environment. Piper diagram was plotted
to analyze the variation characteristics of
hydrochemistry types influenced by PH with the help
of Origin platform using the percentages of major ions
(meq L', Ca?*, Mg**, Na*, K*, COs*, HCO;", CI,
and SO42).

The evolution mechanisms of hydrochemical environment
influenced by PH were multivariate problems. The hydro-bio-
geochemical processes could be obscurely interpreted by mul-
tivariate statistical methods (Monjerezi et al. 2011). The Na*
normalized Cl™ versus NO; plot with the help of statistical
analyses platform was used to evaluate the hydrochemical
evolution processes. Descriptive statistical analyses of
hydrochemical data were used in the research to reveal the
influencing mechanisms of PH in the karst groundwater
system.
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Results and discussion
Contamination characteristics of PH

The petrochemical company started its production activities in
1987, and 1 year later, the dissolved components of PH have
been detected in the groundwater monitoring wells (Zhu et al.
2000; Li et al. 2001). During the long-term monitoring pe-
riods, the highest concentration level of total PH was 78.23
mg/L (detected in 1994) (Zhu et al. 2000). The serious con-
tamination of PH in the karst groundwater caught attentions of
local administrators, and numerous remediation strategies
were deployed in the 1990s (Liu and Dai 1996; Zhu et al.
1997; Chen and Zhu 1999; Li et al. 2001). Concentration
levels of PH in the contaminated site followed the first-order
decay model from 2017 to 2019 based on the monitoring data
(Guo et al. 2021), suggesting that the contamination sources
(e.g., leaking pipes and tanks) have been controlled. The
groundwater flow patterns have recovered recently compared
with that of the 1970s (in the natural situation) (Guo et al.
2021) due to the reasonable exploitation of groundwater re-
sources. The industrial wastewater must meet the integrated
wastewater discharge standard of China (GB8978-1996) since
1996; otherwise, production activities could not be carried
out. Therefore, the entire groundwater system was expected
to improve significantly over time since the 1990s.
Concentration levels of PH in the contaminated sources de-
creased from > 20 mg/L in 1996 to 10-20 mg/L in 2009, and
1-5 mg/L in 2017 and 2018 (Guo et al. 2020a) due to the
natural attenuation ability of the fractured karst aquifer.
Concentrations of total PH were mostly reported as the
organic contamination characteristics before the 2000s, and
PH components were detected since the 2000s to analyze their
influence mechanisms on the hydrochemical environment.
The detected dataset in the dry season of 2018 was analyzed
to interpret the relationships among organic compounds with
petrochemical company. Twenty organic compounds were

detected from ten groundwater samples collected in the frac-
tured karst aquifer, and their detection rates and ranges were
summarized in Table 1. The detected chlorinated hydrocar-
bons are mostly C1-C5 chlorinated alkanes and alkenes
(Table 1), which are reported to be petroleum hydrocarbon
compounds in many contaminated sites caused by petrochem-
ical companies (Giger and Schaffner 1981; Flathman et al.
1989; Deng 2010; Varjani 2017; Jiang 2020). Chlorinated
hydrocarbons have been reported to come from the production
activities of petrochemical company and the major com-
pounds of PH in the study area (Li et al. 2014; Gao et al.
2019; Guo et al. 2020c), and the same conclusions were also
concluded in other similar fractured karst aquifer (Wei 2015;
Lu 2019) or porous aquifer (Jiang 2020) contaminated by
petroleum hydrocarbons. It can be concluded that chlorinated
hydrocarbons probably come from the production activities of
petrochemical plants, chlor-alkali plants and olefin plants in
the petrochemical company. D5 is the groundwater monitor-
ing well at the contaminated site, which has the highest con-
centration of organic contaminants. All its detected organic
compounds were chlorinated hydrocarbons, and its top seven
chlorinated hydrocarbon compounds accounted for 95.54% of
the total organic hydrocarbons, whose order from high to low
is trichloromethane, 1,1,2-trichlorethane, 1,1-dichlorethane,
carbon tetrachloride, trichloroethylene, tetrachloroethylene,
and 1,2-dichloropropane.

The area of petrochemical company was delineated based
on the spatial distribution of numerous plants. From the total
spatial perspective, there are other petrochemical plants in the
southwestern of the study area, which also have influences on
the karst groundwater considering the groundwater flow di-
rection. CI™ as the indicator of the intensity of human activities
(Henson et al. 2017) could be used to describe the production
activities of petrochemical company in the study area.
Although the spatial distribution of PH and C1 mapped using
ArcGIS 10.2 did not perfectly depict the real field due to the
non-homogeneous karst aquifer media and dispersed

Table 1 The analyzed results of detected organic compounds

No. Type Detection rate Range No. Type Detection rate Range
1 1,1,2-Trichloroethane 90 0-261.00 11 Anti-1,2-dichloroethylene 20 0-9.79
2 Trichloroethylene 80 0-47.20 12 Trichloromethane 20 0-404.00
3 Tetrachlorethylene 80 0-33.50 13 Chloroethylene 10 0-0.39
4 1,1-Dichloroethane 60 0-147.00 14 1,1-Dichloropropene 10 0-0.24
5 1,2,3-Trichloropropane 60 0-7.51 15 Benzene 10 0-0.58
6 1,1-Dichloroethylene 50 0-14.00 16 1,1,2,2-Tetrachloroethane 10 0-1.73
7 1,2-Dichloropropane 50 0-30.50 17 Dichloromethane 10 0-1.12
8 Tetrachloromethane 50 0-57.10 18 Chlorobenzene 10 0-0.30
9 cis-1,2-Dichloroethylene 40 0-26.60 19 1,3-Dichlorobenzene 10 0-0.20
10 1,2-Dichloroethane 30 0-1.76 20 1,4-Dichlorobenzene 10 0-0.27
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monitoring wells, the overall spatial distribution characteris-
tics could be captured adequately. The delineated
petrochemcial company had the area of 10.40 km?, and its
sewage pipelines and leakage points were distributed disper-
sively. Even though the highest concentration zones of CI”
and PH did not overlap, the area where petrochemical compa-
ny located had higher concentrations of CI and PH (Fig. 2).
Concentrations of CI' and PH both decreased along the
groundwater flow direction and had the similar spatial
variation distribution characteristics. Therefore, Cl
could be used to indicate the contamination characteris-
tics of PH in the study area.

Variation characteristics of hydrochemical
environment

Because the petrochemical company was built up in 1987,
hydrochemical environment was in the natural evolution state
before 1987. Anthropogenic influences on the karst ground-
water environment increased with the rapid urbanization since
1987. The productions of petrochemical industries (alkene
plants, alkali-chlorine plants, plastic plants, and others)
brought a quite large amount of wastewater to the surround-
ings. The hydrochemical environment would be changed by
the long-term productive and anthropogenic activities.
Hydrochemical data in different periods (1977, 1988, 1999,
2009, and 2019) was used to interpret the dynamic variation
characteristics of hydrochemical environment over time. Both
NO;s and CI are indicators of the intensity of human activi-
ties (Henson et al. 2017; Squillace and Moran 2007), and the
Na" normalized CI” vs NO;~ map (Fig. 3) could interpret the

variation characteristics of influencing factors during the last
several decades. Spatial distributions of hydrochemistry types
(Fig. 4) and the piper diagram of groundwater samples (Fig. 5)
during the monitoring periods could reveal the evolution char-
acteristics of hydrochemical environment.

It can be seen from Fig. 3 that CI” came from the halite
dissolution in 1977 without human activities, variation ranges
of NO; /Na* and CI'/Na* became wider over time, and the
influencing degrees of human activities became greater. The
great increasement in the concentrations of Cl" made the
groundwater had similar features of seawater. Therefore,
hydrochemistry types also had great changes in the last four
decades (Fig. 4) due to the human activities.

Even though the spatial distributions of hydrochemistry
types based on the uneven monitoring groundwater wells
could not perfectly describe the real situation, evolution char-
acteristics of hydrochemical environment were captured ade-
quately in the last several decades (Fig. 4). The piper diagram
(Fig. 5) graphically represented the relative contents of major
ions in groundwater samples, which could also be used to
evaluate hydrochemical evolution processes (Huang et al.
2018). In the early stage (1970s), hydrochemical environment
was mainly determined by the geological background (Fig. 3).
The lithologies of the karst aquifer media are mainly calcite
(CaCOs;), dolomite (CaMg(CO3),), and a small amount of
gypsum (CaSQ,) in the study area (Lan 1996). In 1977,
hydrochemical ions come from the interactions among water
and carbonates without the influences of human activities,
hydrochemistry types were mainly HCO;—Ca-Mg and
HCO;—Ca, only a few of groundwater monitoring points
were HCO;—S0O4—Ca—Mg where have the dominated

Fig. 2 Spatial correlations of PH,
CI', and petrochemical company
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lithologies of CaMg(CO3), and CaSO4 (Fig. 4a). The
hydrochemical environment has been influenced by the pet-
rochemical company since 1987 (Li et al. 2001), and the spa-
tial distribution of hydrochemistry types in 1988 already had
differences from 1977 (Fig. 4b). Long-term natural attenua-
tion of PH in the karst groundwater system had made the great
influences on the hydrochemistry types in the last several de-
cades (Fig. 4c~e). With unobvious influences of PH in the
beginning, spatial distributions of hydrochemistry types in

1999 changed in comparison with 1977 and 1988 (Fig.
4a~c). Groundwater samples collected in 1977, 1988, and
1999 mostly fell in area 5 (Fig. 5), indicating that the relative
Ca**+Mg”* and HCO; +CO5” contents exceeded 50% of the
total cation and anion contents, respectively. With respect to
cations and anions, groundwater samples collected in 1977,
1988, and 1999 mostly fell in zones A (Ca** type) and E
(HCO5 ™ type) (Fig. 5), respectively. Hence, hydrochemistry
types were mainly influenced by carbonates dissolution from
1977 to 1999. More than 90% of the PH are chlorinated hy-
drocarbons in the karst groundwater system (Guo et al.
2020a). Cl is a conservative ion, and the increasement of
Cl in the groundwater system would come from the waste-
water and the long-term natural degradation of chlorinated
hydrocarbons (Guo et al. 2020a; Yang et al. 2019; Wu et al.
2020). Groundwater samples collected in 2009 and 2019
mostly fell in area 9 and zone B where had the mixed
hydrochemistry type and no dominant cation or anion type
(Huang et al. 2018) (Fig. 5). The first pattern (arrow 1) showed
that the percentages of anions have changed, and CI™ content
had an obvious increasing trend from 1977 to 2019 (Fig. 5). It
can be seen from the second pattern (arrow 1) that Cl +S0,*~
contents were almost equal to ClI” content, which had the
similar percentage with HCO5; +CO5® contents, indicating
that CI” became the important anion in the karst groundwater
system gradually over time. Consequently, the main

B HCOs-Ca
I HCOs-Ca-Mg

[T HCO3-S04+-Ca

[ HCO3-S0s-Ca-Mg
[1S04-Ca-Mg

1 HCOs-S04+-Cl-Ca
[0 HCOs-SO4-Cl-Ca-Mg
I HCO:-CI-Ca

Il HCO:-Cl-Ca-Mg

Fig. 4 Spatial distributions of hydrochemistry types during the monitoring periods
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Fig. 5 The piper diagram of
groundwater samples during the
monitoring periods

hydrochemistry types have turned into HCO;—Cl-Ca—Mg and
HCO;—Cl-Ca in 2009 and 2019 (Fig. 4d, ¢).

Evolution processes of the hydrochemical
environment

Typical hydrochemical indicators

PH had obvious influences on the hydrochemical environment
from 1999 to 2019 based on the foregoing analyses. In the
groundwater system, Ca>*, Mg®", and Na*+K™ are common
cations, and HCO37+CO327, SO427, and Cl are common an-
ions. With respect to cations, groundwater samples of all mon-
itoring periods fell in zone A (Ca”* type) (Fig. 5), indicating
that Ca®* was always the main cation in the evolution process-
es of hydrochemical environment. NO;  and S0, were the
main electron acceptors in the natural biodegradation process-
es of PH (Guo et al. 2020a). Oxidation and reduction reactions
of iron and manganese could be ignored by considering the
background conditions in the fractured karst aquifer (Guo
et al. 2020a; Lan 1996). As the reaction products, CI" and
HCO; would be greatly influenced by the natural biodegra-
dation of PH in the study area (Guo et al. 2020a).

Average values of typical hydrochemical indicators in
1977 (Liu 2013), 1988, 1999, and 2009 were summarized in
Table 2. Since the petrochemical company was built in 1987,
the chemical field was changed by its production activities
from that time, and the variation evidences were showed in

Table 2. Generally, the groundwater system has the continu-
ous water table with a flow direction from southwest to north-
east. Because the groundwater flow channels are composed of
the fractured karst networks, there are some differences in the
regional water flow direction. The hydrodynamic field is the
carrier of hydrochemical field, so the heterogeneous dynamic
variation of water tables would influence the water chemis-
tries. Therefore, the summarized values of hydrochemical ions
have higher standard deviations (Table 2), which is the char-
acteristic of hydrochemical field in the fractured karst aquifer.

Concentrations of Cl increased obviously so that
hydrochemistry types have changed a lot. The interpretation
of CI" sources was very essential to obtain influencing mech-
anisms of PH. Correlations among F, Na*, NO;, and CI”
during the evaluation periods (Fig. 6) could interpret the var-
iation characteristics of Cl . Average values of CI" in 1977
and 1988 were 36.54 mg/L and 31.73 mg/L, respectively.
Average values of F in 1977 and 1988 were 0.40 mg/L and
0.26 mg/L, respectively. CI" and F~ had little changes without
the influences of petrochemical company. The lithologies are
mainly carbonate rocks, so CI" and F accounted for about
12% and 1% of the main anion (HCO5_) before 1988, respec-
tively. The strong linear correlations between ClI and F in
1977 and 1988 (Fig. 6a) suggested that they had the same
source of halite dissolution without human activities.
Wastewater discharged by petrochemical company and hu-
man daily activities includes Na*, CI", and NOs . Variation
ranges of F~ had little changes in the last four decades, while
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Table 2  Field investigation results' in different monitoring periods

Types Unit 1977 1988 1999 2009 2019

K*+Na* mg/L 21.36%+16.65° 23.00+19.33 31.83+25.56 38.24+22.21 41.954£23.66
Ca®* mg/L 73.82434.75 114.43+68.74 93.75+£21.44 137.94+44.10 175.16+87.58
Mg mg/L 18.46+6.34 23.36+13.45 21.89+7.56 32.7448.29 34.67+11.03
SO mg/L 83.73493.66 95.95496.98 56.74+27.46 116.05+73.11 191.4+164.76
NO; mg/L 6.18+7.60 32.034+25.33 62.72£121.57 53.71+21.54 67.79+38.35
HCO;5™ mg/L 241.17436.32 301.69+£125.47 251.17+100.11 252.11+61.73 303.45+69.13
Ccr mg/L 23.80+18.02 46.83+46.75 73.89+83.97 130.25+£77.22 117.48+61.49
F mg/L 0.20+0.28 0.31+0.26 0.36+0.19 0.25+0.17 0.23£0.16

pH — 7.25+0.21 7.71£0.59 7.75+0.45 7.23+0.32 7.33+0.19

! Results are average values of monitoring wells
2 Average values

? Standard deviation

4Not exist or not detected

CI' became wider since 1988 (Table 2, Fig. 6a). The com-
pound of human daily wastewater including Cl is mainly
NaCl. Sampling points collected in 1977 and 1988 fell on
nearby the line of 1:1 (Fig. 6b), others fell below the line of
1:1, suggesting that CI” had another source of petrochemical
company besides the halite dissolution and human daily
wastewater. NO;  is the hydrochemical indicator of human
activities in the groundwater system and the priority electron
acceptor in the biodegradaton processes of PH. The becoming
stronger relationship between NO; and CI over time (Fig.
6¢) also indicated that the another source of Cl is petrochem-
ical company. Concentration of Cl in 1977 is the background
value (36.54 mg/L) without the influences of human activities.
The difference value of Na* and the background value of C1~
comes from the human daily wastewater. The difference value
of CI"” and Na* comes from the petrochemical company. The
calculated concentrations of CI” coming from the human daily
wastewater in 1999, 2009, and 2019 were 15.54 mg/L, 31.12
mg/L, and 13.49 mg/L, respectively. The calculated concen-
trations of CI" coming from the petrochemical company in
1999, 2009, and 2019 were 15.62 mg/L, 89.81 mg/L, and

56.01 mg/L, respectively. The percentages of CI coming
from human daily wastewater and petrochemical company
in total Cl in 1999, 2009, and 2019 were 46.03%, 76.80%,
and 65.54%, respectively. It could be concluded that petro-
chemical company and human activities had great contribu-
tions to the concentrations of CI" in the groundwater system.

Interrelationships among hydrochemical indicators

Interrelationships among hydrochemical indicators during the
evaluation periods could be used to interpret the influencing
mechanisms of PH in the evolution processes of
hydrochemical environment. Concentrations of PH and
hydrochemical indicators in the contaminated site during the
monitoring periods were mapped in Fig. 7, and relationships
among these components could be captured from these varia-
tion curves.

Because of the higher natural attenuation rate in the frac-
tured karst aquifer (Guo et al. 2020a), as well as the effective
actions carried by administrators, PH had an obvious decreas-
ing trend during the monitoring periods (Fig. 7a). Although
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Fig. 6 Correlations among F~, Na*, NO3 , and Cl, a Cl vs F; b Cl” vs Na*; ¢ Cl” vs NO;~
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there existed uncertainty due to the dynamic variations of
hydrochemical ions, the variation trend could still be captured
in the long-term monitoring periods. Ca**, Mg**, and Na*+K*
had the similar variation features and the increasing trend over
time (Fig. 7b~d), indicating that they had close interrelation-
ships. The discharged wastewater including Na* (Liu 2013)
would increase the concentrations of Na*+K* in the ground-
water wells, and Ca®* and Mg®" would also be increased un-
der the influences of cation alternative adhesive action. After
the built of petrochemical company, NO3  as the main elec-
tron acceptor was the typical hydrochemical indicator of hu-
man activities and had continuous recharing sources (Guo
et al. 2020a) increasing from 1977 to 1988, while SO,% as
another main electron acceptor had litte changes due to the
different sources from 1977 to 1988. The highest concentra-
tion of PH was detected in 1994 during the long-term moni-
toring periods (Zhu et al. 2000). The decreasing of NO;™ and
SO,* from 1988 to 1999 (Fig. 7f~g) suggested that there
existed strong anoxic or anaerobic natural biodegration of

1977 1988 1999 2009 2019

PH in this period. Therefore, HCO3 as the biodegradation
product had the obvious increasing trend from 1988 and
1999. The increasing trends of SO,*~, Na*+K*, and CI” were
similar from 1999 to 2009 (Fig. 7d, f, h). The consumed
amount of SO4> decreased with the decreasing concentra-
tions of PH from 1999 to 2009. SO,> had the increasing trend
in this period. Na*+K* probably came from the wasterwater,
and the variation of CI” was probably caused by the natural
biodegradation of chlorinated hydrocarbons in PH besides
wastewater by analyzing the relationship between Na* and
CI'. Chlorinated hydrocarbons biodegradation was a long pro-
cess, Cl as the final biodegradation product had the obvious
increasing trend from 1988 to 2009. Because of the decreasing
concentrations of PH (Fig. 7a) and discharge amount of waste-
water recently, HCO; and Cl decreased from 2009 to 2019
due to the weak biodegradation of PH and strong hydrody-
namic conditions; Ca**, Mg?*, Na*+K*, and CI™ also de-
creased due to the small amount of leaking wastewater con-
trolled by administrators.
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The increasment of Na*+K* mainly came from wastewater,
while CI" had another source of biodegradation of chlorinated
hydrocarbons besides wastewater. The differences in the slope
values of variation curves of Na"+K" and CI™ over time could
be used to calculate the contribution rates of PH to the chem-
ical ion of CI". Contribution rates of biodegradation of PH to
CI in 1988-1999, 19992009, and 2009-2019 were 53.84%,
82.64%, and 65.72%, respectively. The highest concentration
of PH was detected in 1994; concentrations of PH in
the groundwater had the variation trend of increased
firstly after declining from 1988 to 2019, which has
the similar variation trend of contribution rates of bio-
degradation of PH to CI" over time.

Evolution mechanisms of the hydrochemical environment

Correlations among hydrochemical indicators can be provided
by multivariate statistical analyses, which could be used to
unveil the obscured relationships and elucidate the
hydrochemical processes (Lv et al. 2019). Principal compo-
nent analysis (PCA) could be used to identify the
hydrochemical processes by analyzing the hydrochemical
datasets (Lv et al. 2019). PCA could drill complex datasets
down to a few factors based on the relationships among
hydrochemical indicators, which could explain the monitoring
indicators to reveal the underlying data structure and highlight
the interrelationships among indicators. Two principal factors
were extracted in different monitoring periods (Table 3) to
evaluate the evolution mechanisms of the hydrochemical en-
vironment influenced by PH. KMO (Kaiser-Meyer-Olkin) test
values of hydrochemical datasets were higher than 0.50, and
cumulative variance contribution rates of the two principal
factors were greater than 90% in all periods (Table 3), indi-
cating that PCA could be used to analyze the hydrochemical
characteristics and the extracted principal factors could repre-
sent almost all the hydrochemical information in the karst
groundwater system.

Natural attenuation processes of PH and water-rock inter-
actions could be evaluated by analyzing variation characteris-
tics of principle factors using the long-term monitoring
hydrochemical data. PH had little influences on the

Table 3

hydrochemical environment before 1988, and indicators of
F1 from 1977 to 1988 were Ca’*, Mg?*, and HCO;~
(Table 3) due to carbonates dissolution, which was consistent
with the foregoing analyzed hydrochemistry types in 1977
and 1988. PH was always the main influencing element in
F1 from 1999 to 2019, indicating that it has become the part
of the hydrochemical environment since the production activ-
ities of the petrochemical company. The long-term natural
attenuation processes of PH influenced the concentrations of
hydrochemical indicators. CI in F1 from 1999 to 2009 was
caused by biodegradation of PH and wastewater, while Na™+
K* mainly came from the wastewater. Both Ca**, Mg”* and
CI', Na*+K" belonged to the F1 in 2009, Cl" and Na*+K*
exchanged with Ca®* and Mg?* in 2019, and the transitional
processes of elements in F1 from 1999 to 2019 were caused
by the increasing influences of cation alternative adhesive
action over time. The degradation products decreased with
the decreasing concentration levels of PH, CI as the biodeg-
radation product of chlorinated hydrocarbons turned into F2 in
2019 due to the decreasing concentration of PH (Fig. 7a) and
the decreasing discharged amount of wastewater controlled by
administrators, which was consistent with the foregoing anal-
ysis. As the most common pollutant caused by human activ-
ities, NO5  had the continuous and various sources in the karst
groundwater system and weak relationships with other ele-
ments. Therefore, NO3;  was always in F2 from 1977 to 2019.

The evolution mechanisms of hydrochemical environment
in the study area could be interpreted based on the dynamic
variation components of principal factors in different monitor-
ing periods. The evolution characteristics of hydrochemical
environment were determined by the geological background
conditions before 1988. Dissolution of carbonates and other
minerals dominated the main hydrochemical ions in the karst
groundwater system without the great influences of produc-
tion activities of petrochemical company. PH has been the
main influencing factor in the evolution processes of
hydrochemcial environment since the production activities
started. The highest concentration of PH was detected in
1990s. In 1999, Ca** and Mg** became the main components
of F2, while CI" became the component of F1. These phenom-
ena indicated that the large volume of wastewater (including

Statistical information of principal component analysis in different monitoring periods

Principle factors Sample numbers F1

F2 KMO test Cumulative variance

contribution %

1977 8 Ca®*, Mg**, HCO5~ Na*+K*, NO;~, CI', SO 0.70 98.97
1988 8 Ca**, Mg**, HCO;~ Na™+K*, NO;~, CI', SO.%  0.65 95.42
1999 9 CI', Na*+K*, HCO; ", PH Ca®*, NO5, Mg*, SO.*  0.56 90.01
2009 8 Ca®*, Na*+K*, CI', PH, HCO; ", Mg>*, SO,> NO;~ 0.66 96.22
2019 9 S04*", HCO; -, Ca**, Mg**, PH NO; -, CI', Na*+K* 0.68 94.56
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Na*, CI') leaking into the groundwater had relatively high
contributions to the hydrochemical ions from 1988 to 1999.
In 2009, contamination sources and wastewater were con-
trolled to a certain extent. Ca®* and Mg®* became the compo-
nents of F1, and CI as the final product of chlorinated hydro-
carbons is still the component of F1, indicating that the bio-
degradation processes had great influences on the
hydrochemical environment from 1999 to 2009. In 2019, the
preventive measures of potential contamination sources and
wastewater discharge were very well, and the obvious de-
creasing trend of PH in the karst groundwater system over
time (Guo et al. 2020a) suggested that the contamination of
PH in the fractured karst aquifer has been greatly improved.
Therefore, Na*+K* and Cl~ became the components of F2
again in 2019, which also indicated that the influences of PH
on the hydrochemical environment declined with the decreas-
ing concentration of PH over time.

Conclusions

The influencing mechanisms of PH on the karst groundwater
environment in the last several decades were elucidated using
hydrochemical indicators and PH. Spatio-temporal variation
distributions of hydrochemistry types were mapped and ana-
lyzed from 1977 to 2019. Hydrochemistry types were HCOz—
Ca—Mg and HCO;—Ca in the background conditions due to
carbonates dissolution. HCO;—Cl-Ca—Mg and HCOs;—CIl-Ca
became the common hydrochemistry types in the karst
groundwater system influenced by PH for several decades.
The evolution characteristics of hydrochemical environment
were influenced by carbonates dissolution, leaking wastewa-
ter, and biodegradation processes over time. Contribution
rates of biodegradation of PH to the representative ion had a
close relationship with the variation concentrations of PH dur-
ing the long-term evaluation periods. The research showed
that the long-term existence of PH in the karst groundwater
system had siginificant influences on the evolution processes
of hydrochemical environment. The influencing mechanisms
of PH on the hydrochemical environment would help the ad-
ministrators to take effective efforts to optimize and protect
the karst groundwater environment.
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