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Abstract Shahu Lake is a well-known tourist lake in
Ningxia, northwest China. This study analyzed the general
hydrochemical characteristics of the lake water to deter-
mine the spatiotemporal variability of contaminants and to
assess the potential health risk associated with the surface
water. Lake water was monitored at three stations each
month throughout 2013. Samples were analyzed for pH,
total dissolved solids, temperature, EC, major ions (Na*,
K", Ca’", Mg*", SO,*~, ClI”, HCO;~, and CO;*"),
ammonia nitrogen (NHy4-N), fluoride (F™), phenol, and
heavy metals (As, Hg, and Cr®"). The results suggest that
Nat is the dominant cation in the lake water, and C1~ and
SO,*~ are the dominant anions, resulting in a primary
water type of Cl-SO,—Na. Contaminant levels (NH4-N, F~,
As, Hg, Cr®", and phenol) vary through time and space
(spatiotemporal variations). As and F~ are high in the
summer season; Cr®" and Hg do not significantly change
over the year; and the NH4-N and phenol concentrations
also remain relatively stable. Concentrations of all these
substances are within the acceptable limits for recreational
water use (1.5, 1.5, 0.1, 0.001, 0.05, and 0.01 mg/L for
NH4-N, F~, As, Hg, Cr6+, and phenol, respectively). An
assessment model recommended by the Ministry of
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Environmental Protection of the P.R. China was used in the
study to conduct the health risk assessment. While workers
do experience higher non-carcinogenic and carcinogenic
risks than tourists, the risks are low and negligible. As and
Cr®" contribute the most to total carcinogenic and non-
carcinogenic risks.
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Introduction

Water pollution is a worldwide environmental problem,
limiting sustainable socio-economic development and
affecting the health of people who use contaminated water
for domestic uses (Wu and Sun 2016; Li et al. 2015). Lake
water is usually used for recreation and fishing, and its
quality is deteriorating in many places because of climate
change and human pollution (Juma et al. 2014). Many
scholars have conducted lake water quality studies around
the world. Chapra et al. (2009) analyzed chloride trends in
Great Lakes (United States), and found that the chloride
concentrations in these lakes were increasing. Yu et al.
(2010) assessed eutrophication using a synthesized trophic
state index model in Gucheng Lake, China. Jirsa et al.
(2013) studied major and trace element geochemistry of
two athalassic endorheic lakes in Kenya during an extreme
drought. Saeed and Hashmi (2014) evaluated effects of
human activity on water quality and bacterial diversity in
Rawal Lake, Islamabad. All these lake water quality
studies benefit lake water quality protection and lake water
resources management.

Shahu Lake (also known as Sand Lake) is the largest
lake in Ningxia, northwest China. Operated by Shahu Lake
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Tourism Company, it is a national 5A-class tourist loca-
tion, attracting hundreds of thousands of domestic and
foreign tourists each year. It is famous for its scenery and
abundant fishery resources. The lake, however, is experi-
encing water quality deterioration because of tourism,
industrial, and agricultural development around the lake.
The lake water deterioration may ultimately endanger
ecosystem sustainability and biodiversity; therefore, the
area has attracted significant attention from local govern-
mental officials and researchers. Lu et al. (2001) analyzed
the ecological and environmental problems in Shahu Lake,
proposing several remedial measures. Qu (2007) analyzed
tourism impacts on lake water quality by assessing DO,
suspended matter, BOD, NH,", TP, and F~. Luo and Qu
(2011) assessed water quality variability trends at Shahu
Lake using principal component analysis and a fuzzy
comprehensive evaluation method. Wang et al. (2008)
studied TN, TP, and organic matter distribution, and Ren
et al. (2008) assessed heavy metal pollution in the surface
sediments of Shahu. Chen and Qian (2016) engaged in
numerical modeling to characterize replenishment water,
lake water, and groundwater interactions in this area. These
local research studies help protect the lake water
ecosystem.

However, these studies did not focus on the negative
health impacts of polluted water on human beings. When
tourists play and workers work on and around the lake,
their bodies may contact the water. As a result, lake water
contaminants, such as ammonia nitrogen, fluoride, and
heavy metals, may pose non-carcinogenic and carcinogenic
risks to tourists and the workers. Previous studies have not
determined whether health risks posed by the lake water
through the dermal contact exposure pathway are at
acceptable levels. Therefore, the main objectives of this
study were (1) to characterize the major ion geochemistry
of lake water, (2) to analyze the spatiotemporal variability
of contaminants, including ammonia nitrogen, fluoride,
phenol, and selected heavy metals (As, Hg, and Cr6+) in
Shahu Lake, and (3) to evaluate health risks to tourists and
workers who are exposed to lake water through the dermal
contact pathway. This study provides information for local
lake administrators to support water quality management. It
also provides international researchers with new reference
information for similar studies.

Materials and Methods
Study Area
Shahu Lake is the largest lake in Ningxia, in northwest

China (Fig. 1). It is located in the north part of Ningxia, at
longitude 106°18’E, and latitude 38°45'N, covering
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8.2 km? (Zhao et al. 2010). The average lake water depth is
2.2 m (Chen and Qian 2016), with a maximum depth of
6 m. Located in a semiarid area, there is little precipitation
but intense evaporation. The average annual precipitation
in the area is 172.5 mm, with 66.6% concentrated in July to
September. The average evaporation rate is 1755.1 mm per
year, which is ten times the annual precipitation. Intense
evaporation is the primary factor causing lake water
salinization. The average annual temperature is 9.74 °C
(Chen and Qian 2016).

South of the lake is a sand dune surrounded by a canal
linking the lake’s inlet and outlet. The sand dune covers
12.74 km? (Fig. 1). The lake and the dune are important
elements of the tourist attraction. Tourists are transported
to the dune by hovercrafts and motorboats. The lake is
primarily recharged by the Yellow River water through
irrigation canals during May to September and from
October to November (Chen and Qian 2016). Because of
intense evaporation, the lake water is rarely discharged at
the outlet, keeping the water level stable. As such, the lake
is actually a closed water body, putting it at risk of
becoming a salt lake, with deteriorating lake water quality.
People in the area rely on groundwater for domestic use;
Shahu Lake water is primarily used for recreation and
aquaculture.

Geographically, the area is a part of the alluvial-lacus-
trine plain (Qian et al. 2014), fine sand and clay rich in
carbonates and silicates have been deposited in the area. In
most of the area, groundwater level is high and the depth to
groundwater level is usually less than 3 m, favorable for
the evaporation of shallow groundwater (Qian et al. 2014).
Because the lake contains stagnated water, there is a
chance of increasing inorganic substances due to the
interactions between the water and the rocks. In addition to
impacts from human activities, the lake water quality may
undergo deterioration due to intense evaporation in the area
and water—rock interactions.

Data Collection and Analysis

Data used in this study were collected from the Shizuishan
Environmental Monitoring Station, which regularly moni-
tors lake water quality. Samples were collected each month
throughout 2013, except in January and February when the
lake water was frozen. Major ions were also not analyzed
in March, due to exclusion from regular monitoring
parameters before April 2013. Samples were collected
from three monitoring sites (Fig. 1). Station 1 is located
near the outlet of the lake; Station 2 belongs to an aqua-
culture zone where the inlet of the lake is situated; and
Station 3 is the wharf serving as a tourist attraction at the
middle section of the lake. In total, 30 lake water samples
were collected.
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Fig. 1 Location of Shahu Lake and sampling stations

Contaminants monitored for this study included
ammonia nitrogen (NH4-N), fluoride (F7), phenol, and
heavy metals (As, Hg, and Cr6+). In addition, pH, total
dissolved solids (TDS), temperature, electric conductivity
(EC), and major ions in the lake water were also analyzed
to delineate general characteristics of the lake water.
Temperature, pH, and EC were measured in situ using a
portable multi-parameter water quality monitoring device
(HACH HYDROLab). The other parameters were analyzed
in the Laboratory of Shizuishan Environmental Monitoring
Station. The study applied standard analytical procedures
recommended by the American Public Health Association
(2012) (Table 1).

Health Risk Assessment

The main exposure pathway for contaminated lake water
was determined to be dermal contact, given that the lake
water is usually used for recreational purposes. It is also
used for fishing; however, there are no data on the con-
taminants found in the fish consumed by tourists and

Station 111

Station 11

residents. Therefore, this study only assessed human health
risks through dermal contact. The assessment models rec-
ommended by the Ministry of Environmental Protection of
the P.R. China (2014) were adopted. Contaminants con-
sidered for non-carcinogenic risk assessment included
ammonia nitrogen, fluoride, volatile phenols, and heavy
metals (As, Hg, and Cr®"); As and Cr®" were also included
in the carcinogenic assessment.

The chronic daily intake (CDI) dose through dermal

contact can be calculated using Egs. (1) and (2).
C xSA XK xtxED xEF x CF x EV x ABSy4

DI =
¢ BW x AT ’
(1)

SA =239 x H**!7 x BW!7 x SER (2)

In these expressions, C represents the contaminant
concentrations in lake water (mg/L); SA is the skin surface
area exposed to water (cm?); K is the coefficient of skin
permeability, estimated at 0.002 for Cr®" and 0.001 cm/h
for other contaminants (Yang et al. 2015; USEPA 2004);
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Table 1 Analytical methods to assess selected parameters

Indices  Units  Methods Instruments Instrument types Detection limits
/Na* mg/LL  Ion chromatography Ton chromatograph Dionex ICS-1500 0.0007
K* mg/L  Ion chromatography Ion chromatograph Dionex ICS-1500 0.001
Ca** mg/L  Ton chromatography Ion chromatograph Dionex ICS-1500 0.001
Mg>t mg/L Ion chromatography Ion chromatograph Dionex ICS-1500 0.002
S04~ mg/L  Ion chromatography Ion chromatograph Metrohm advanced Ic 0.1
HCO;~ mg/L  Titrimetric method Acidometer pH211 /
CO;>~  mg/L  Titrimetric method Acidometer pH211 /

Cl™ mg/LL  Ton chromatography Ton chromatograph Metrohm advanced Ic ~ 0.04
TDS mg/L  Drying and weighing Analytical balance AL204 4

F mg/L Ion chromatography Ion chromatograph Metrohm Advanced Ic  0.02
NH4-N  mg/L  Spectrophotometry Spectrophotometer T6 Xinyue 0.025
Phenol mg/L  Spectrophotometry Spectrophotometer T6 Xinyue 0.0003
As mg/L  Atomic fluorescence spectrometry — Atomic fluorescence spectrophotometer ~ AFS-920 0.0001
Hg mg/L  Atomic fluorescence spectrometry  Atomic fluorescence spectrophotometer ~ AFS-920 0.00001
ot mg/L.  Spectrophotometry Spectrophotometer T6 Xinyue 0.004
COD mg/L.  Spectrophotometry Swift COD detector 5B-3C 5

BOD mg/LL  5-day BOD test Incubation bottles and water bath 2

and 7 is the duration of contact (h). ED, EF, EV, BW, AT,
H, and ABS, denote, respectively, the exposure duration
(a), exposure frequency (d/a), daily exposure frequency of
dermal contact, average body weight (kg), average time of
duration of the health effects (days), average height (cm),
and the absorption ratio of dermal contact. CF is a con-
version factor which equals 0.001 in this study. SER sig-
nifies skin exposure ratio. This study adopted values
recommended by the Ministry of Environmental Protection
of the P.R. China (2014) for BW (56.8 kg), AT
(21,600 days for carcinogenic effect and 7200 days for
non-carcinogenic effect), H (156.3 cm), and SER (0.32).
For ED, 20 years and 1 year were assigned to workers and
tourists, respectively. This signified that tourists would visit
this lake only once in their lives, while workers work there
for 20 years. EF values of 1 and 220 were assigned to
tourists and workers, respectively. EV is 2 and 10 for
tourists and workers, respectively, and ¢ is 0.3 h for the
duration of each exposure event. ABS; was also derived
from Ministry of Environmental Protection of the P.R.
China guidelines (2014) and is 0.03 for As and 0.001 for
other contaminants.

Potential non-carcinogenic risks are usually repre-
sented using the hazard quotient (HQ, Yang et al.
2015), computed using Eq. (3). The hazard index (HI),
representing the total hazard from multiple contami-
nants, is calculated by adding the HQs of all contami-
nants (Eq. 4) as follows:
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CDI

HQ= o—,
RfDdermal

(3)

HI = Z HOQ;. 4)
i=1

In this expression, RfDge;ma; i the reference dosage for
non-carcinogenic pollutants through the dermal contact
exposure pathway [mg/(kg d)]. It is computed by multiplying
RfD, and ABS,;. RfD, represents the reference dosage for
non-carcinogenic pollutants through the oral intake exposure
pathway, and ABS,; is the gastrointestinal absorption factor.
The value of ABS; is 1 for all the studied contaminants
considered in this study, except Cr®" and Hg, which have
ABSg; values of 0.025 and 0.07, respectively (USEPA 2015).
The RfD, values for NH4-N, F~, volatile phenols, As, Hg,
and Cr®" are 0.97, 0.04, 0.3, 0.0003, 0.0003, and 0.003,
respectively. The parameter n signifies the total number of
non-carcinogenic contaminants considered. If HQ and HI are
less than 1, then the non-carcinogenic risk is acceptable,
otherwise it is unacceptable (Wu and Sun 2016; Li et al.
2016a; Yang et al. 2015; Yu et al. 2010).

For carcinogenic risks, when CDI x SF < 0.01, Eq. (5)
applies. Otherwise, Eq. (6) is used instead (Li and Qian
2011; Li et al. 2014; Yang et al. 2015). Equation (7) cal-
culates the total carcinogenic risk from multiple carcino-
genic contaminants.

CRi = CDI, X SF,‘, (5)
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CR; = 1 — exp(—CDI; x SFy), (6)

CRtotal = Z CRi~ (7)

i=1

In this expression, CR represents the carcinogenic risk;
SF is the slope factor of each toxic contaminant; and
n signifies the number of carcinogenic contaminants.

Results and Discussion

General Hydrochemical Characteristics of the Lake
Water

Table 2 presents the annual minimum, maximum, and
mean analytical values for major parameters at each sam-
pling station. The pH value expresses the acidity or alka-
linity of water (Ravikumar et al. 2013). Water with low pH
is corrosive and harms skin and eyes (Rao and Rao 2010).
The pH values of water at the stations ranged from 8.23 to
8.93 (Station 1), 8.35 to 8.94 (Station 2), and 8.36 to 9.77
(Station 3), with average values of 8.65, 8.70, and 8.74,
respectively. The highest pH and the highest mean pH was
seen in samples from Station 3. This may be due to the
more intensified human activity at this station. A pH value
between 6 and 8.5 indicates a productive water body (Garg
et al. 2010); however, the mean pH of water at the three
stations in this study were within the permissible limit of
6-9 (Bureau of Quality and Technical Supervision of
China 2002).

COD and BOD are important parameters indicating the
lake water quality. In this study, COD ranges from 19.2 to
20.1 mg/L with the highest mean value observed at Station
1 and lowest at Station 2. This is indicative of the greater

seriousness of organic pollution of water at Station 1 than
other stations. Similarly, the highest mean COD was
detected from Station 1 and lowest from Station 2, con-
vincing the statement that organic pollution is more serious
at Station 1.

TDS is an indicator of water salinity and represents
dissolved salts in water, including bicarbonates, chlorides,
calcium, and magnesium. The average TDS values in lake
water at Stations 1, 2, and 3 were 4188, 4156, and
4194 mg/L, respectively. This indicates that the water
salinity in Shahu Lake is high, likely because of a high
degree of evaporation, intensified human activities, and
inadequate lake water outflow. The water EC also indicates
water salinity (Wu and Sun 2016). The EC values of lake
water at different stations were 5320-7600, 5550-7590,
and 5460-7590 puS/cm, respectively; these values indicate
that the lake water belongs to very high salinity class
(EC > 2250, Wu and Sun 2016). The highest average EC
value was recorded at Station 3, likely due to intense
evaporation and human activities such as waste disposal.

In Shahu Lake, the mean concentration of Ca** ranges
from 44.9 to 47.0 mg/L. Lake water collected at Station 1
contained slightly higher Ca®" levels than lake water col-
lected at Stations 2 and 3. However, Ca®"t levels at all
stations were generally low, indicating weak impacts from
water—rock interactions in the lake. The concentrations of
Mg?" in lake water varied between 187.0-366.0 mg/L at
Station 1, 196.0-286.0 mg/L. at Station 2, and
204.0-289.0 mg/L at Station 3. These levels are low
enough for the water to be considered acceptable for irri-
gation and fishery. The low concentration of Ca** and
Mg " leads to lake water being classified as medium hard
water (total hardness within 75-150 mg/L as CaCOs,
WHO 2004).

Table 2 Statistical analysis of

major parameters for lake water Parameters  Units Station 1 Station 2 Station 3

Min Max Mean  Min Max Mean  Min Max Mean
pH 8.23 8.93 8.65 8.35 8.94 8.70 8.36 9.77 8.74
Na* mg/L  1027.0 1545.0 1286.1 996.0 1280.0 11419 1024.0 1514.0 1222.7
K" mg/L  20.6 22.7 21.5 20.2 22.7 21.1 19.7 22.7 21.1
Ca®" mg/L  34.6 60.9 47.0 36.9 55.7 449 37.0 55.2 45.5
Mg2+ mg/L  187.0 366.0 258.9 196.0 286.0 2448 2040 289.0 248.3
S0,*~ mg/L 1086.0 1443.0 12439 1094.0 1281.0 1190.6 1009.0 1267.0 1172.9
HCO;z™ mg/L  500.2 5954  546.7 480.1 617.9 542.6 4923 618.5 547.2
CO;2~ mg/LL.  21.0 57.0 38.7 16.4 55.2 38.9 16.1 55.2 375
Cl™ mg/L.  845.0 1238.0 10319 845.0 1429.0 988.2 777.0 1430.0 968.7
TDS mg/L 3842 4460 4188 3770 4359 4156 3952 4382 4194
EC pS/em - 5320 7600 5949 5550 7590 5912 5460 7590 5963
COD mg/L 123 26.9 20.1 12.3 253 19.2 12.2 25.8 20.0
BOD mg/L 1.8 4.2 2.8 1.7 3.6 2.5 1.9 3.8 2.6
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Na* concentrations in lake water were high compared to
Ca”’* and Mg®", ranging from 1027.0 to 1545.0, 996.0 to
1280.0, and 1024.0 to 1514.0 mg/L at Stations 1, 2, and 3,
respectively. Na® averages at all three stations were higher
than 1100 mg/L, which is five times higher than the per-
missible limit (200 mg/L) for multiple purposes. The
concentrations of K* in lake water were the lowest of all
the major cations, ranging on average from 21.1 to
21.5 mg/L; the levels of this cation are usually controlled
by rock weathering.

For anions, SO427 concentrations at Stations 1, 2, and 3
varied from 1086.0 to 1443.0, 1094.0 to 1281.0, and 1009.0
to 1267.0 mg/L, respectively, with the highest level
observed at Station 1. The SO,>~ concentration exceeds the
acceptable limit for drinking and irrigation (these limits are
250 mg/L for drinking purpose and 350 mg/L for irriga-
tion). The mean Cl™ concentration was also very high in
lake water collected for this study. Its mean concentrations
were 1031.9, 988.2, and 968.7 mg/L for lake water at
Stations 1, 2, and 3, respectively. The high SO,*~ and C1~
concentration may be due to intense evaporation and
extensive agricultural activities in this area. Recharge
water entering the lake contains high concentration of
SO, and CI7; this water originates from agricultural
return water and municipal wastewater. Compared with
SO,*~ and CI™, the HCO;~ concentration is lower. Its
concentration varied from 500.2 to 595.4, 480.1 to 617.9,
and 492.3 to 618.5 mg/L, respectively, for Stations 1, 2,
and 3, with the highest detected at Station 3. High con-
centrations of carbonate and bicarbonate ions can harm
soils and plants. This is because high concentrations of
them induce sodium hazards, by enhancing the tendency of
calcium and magnesium to precipitate as carbonates. This
results in an increased proportion of sodium (Li et al.
2016b; Ravikumar et al. 2013; Wu et al. 2015).

The concentration of Na™ is higher than Mg?", which in
turn exceeds Ca>™ + K. This makes Na™ the dominant
cation. There were more Cl™ anions than SO427, which in
turn exceeded HCO;™ + CO327 (Fig. 2). Major ion con-
centrations at different stations were close to each other,

I
IM
golméyr, SO

HCO; +CO; ™~ < g

HCO; + CO3~~
Station 1

suggesting that the lake water at different stations is
influenced by similar factors. The high abundance of Na*,
Cl™, and SO,*~ results in the lake water being mainly a
CI-SO4—Na type. All water samples were plotted in similar
regions of the Piper diagram (Fig. 3).

The CI~ and SO4*~ type water is mainly the result of
progressive salinization (Li et al. 2016b), due to rock
weathering and evaporation. However, aerial deposition
and human activities can also introduce Cl~ and SO42_
into water bodies (Li et al. 2016c¢). “Gibbs diagrams” help
analyze the natural mechanisms that drive water formation
(Gibbs 1970). They divide water formation mechanisms
into three types: rock dominance, evaporation dominance,
and precipitation dominance. Figure 4 shows that all water
samples align with the evaporation dominance zone of the
diagrams. This suggests that evaporation plays a dominant
role in the formation lake water geochemistry. The
potential evaporation rate in the study area is very high
(1755.1 mm per year), resulting in intense lake water
evaporation, elevating major ion concentrations, and
deteriorating water quality.

Spatiotemporal Variability of the Contaminants

Lake water contaminants may change differently over time
due to diverse factors. Figure 5 illustrates the temporal
variations of F~, NH, ™, Cr6+, phenol, As, and Hg; con-
taminants differ over time. F~ increases during the summer
season and declines during the winter season. A similar
trend can be observed for the As concentration. These
trends may be due to the recharge water entering during the
summer season. This recharge water includes municipal
and industrial wastewater and agricultural return water,
with diverse contaminants such as As and F~. The high
temperature and intense evaporation may also lead to ele-
vated As and F~ during the summer season. The high
temperature may favor dissolution reactions of As and F~
containing minerals and compounds.

Cr®" and Hg do not experience significant increasing or
decreasing trends over the course of a year. Their

__-a

g HCO; + CO;~ ~
Station 2

Station 3

Fig. 2 Radial diagrams showing spatial trends in major water chemistry compositions
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Fig. 3 Piper diagram of lake
water samples

QOOOCOGN ¢ suiont
QUEKKR
00,0‘0‘:,:‘0

20% y 20%

VAVAVAVAVAVAVAV/ \NNANNNNNN/
& > B> 2 \° \° \° \°
0 0 0 0 i) QS i) i)
2 2 2z 2 S S &S
€& Ca e —_— C] =—p
Fig. 4 Gibbs diagrams S -~ S DS
indicating the dominant = o ¥ \] g P !
controlling factor of lake water - = Station 1 - o - = Station 1 P ® ;
h ist ® Station 2 ~ &\9‘5 » Station 2 > -\o‘b‘\
chemistry | u Station3 - R ! o L 4 sution3 = o !
g -7 RO // S -7 3 //
-
S < ® L = < i L
P = ng b - - -
F ™ g, W Y e ¥ &
. e g -
a ] I z T ~ 2 S e - T~ N
» = ¢ R 7z N
g 4 ) \
. \
g Rock Dominance N P 4 é’ Rock Dominance R P 7
o — < ~ _ - - o [~ ~ - > &S - >3 .
S S Y g s Y
\\\/(///[) \\ \\’//// \\\
B Zep N\ > Sor B
L ™ B Clp"a[,' \ L 2 Cbl)‘all X \
S ~ o % o S ~ %
~ g, \ N 01?11',, \
~ e | ~ e |
Vi ] RS ]
_ P R R N R _ S R N R s
0 0.2 0.4 0.6 0.8 1 0 0:2 04 0.6 0.8 1
Na/(Na+Ca) Cl/(CIHHCO,)

concentrations do, however, vary in different months. Cr®"  from recharge water, contamination by human activities,
concentrations are high in March, June, and August, and  and concentration due to evaporation.

Hg concentrations are high in March, June, and October. In contrast to other contaminants, NH4-N and phenol
The significant variations of Cr°" and Hg in different  concentrations remain relatively stable during the year.
months may be due to the combined effects of different =~ NH4-N and phenol are both chemically active contami-
factors, such as natural release from sediments, addition nants. As such, they can be easily transformed into other
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forms or states, depending on the redox conditions and
environmental conditions. For example, phenol easily
volatilizes at a low temperature. NH4-N can be transformed
into nitrogen gas or nitrous oxides such as NO, NO, ™, and
NO;™ under oxidizing and/or acidic conditions (Dou et al.
2016). Possible NH4-N transformation reactions are as
follows:

NH] + NO; — N, | + 2H,0 (R1)

nitrobacteria

NH; + 20, 2H,0 + NO; . (R2)

Lake water contaminant levels at different stations show
spatial variability. Table 3 shows that NH4-N ranges from
0.376 to 0.781, 0.325 to 0.803, and 0.380 to 0.795 mg/L at
Stations 1, 2 and 3, respectively. Average levels are lowest
at Station 1, higher at Station 2, and the highest at Station
3. This indicates more significant contamination at Station
3. Similarly, mean F~ concentration was lowest at Station
1, higher at Station 2, and highest at Station 3, with ranges
of 0.661-1.270, 0.662-1.230, and 0.665-1.280 mg/L,
respectively, at Stations 1, 2 and 3. The NH4-N and F~

concentrations are below acceptable limits for recreational
purpose (1.5 mg/L for both NH4-N and F~, Bureau of
Quality and Technical Supervision of China 2002).

Both As and Hg are toxic elements in the environment
(Cottet al. 2016; Rebelo and Caldas 2016), and were present
at trace levels in the lake water. The allowable limits of As
and Hg in water for recreation are 0.1 and 0.001 mg/L,
respectively (Bureau of Quality and Technical Supervision
of China 2002). As concentrations ranged from 2.40 to 8.70,
2.201t09.20, and 2.40 to 8.50 pg/L, with means of 4.99, 4.87,
and 4.96 pg/L. for samples from Stations 1, 2, and 3,
respectively. The Hg concentration was even lower than As.
Its average values are 0.026 (Station 1), 0.025 (Station 2),
and 0.027 (Station 3). Station 1 samples had the highest As
mean, while Station 3 samples had the highest Hg means. As
discussed above, the As concentration is primarily influ-
enced by water recharge and natural climate conditions, such
as high temperature and intense evaporation. Hg concen-
trations, however, are impacted by diverse factors such as
industrial and agricultural pollution.

Table 3 Comparison of

contaminant levels at different Contaminants Units  Station 1 Station 2 Station 3

stations Min Max Mean  Min Max Mean  Min Max Mean
NH,;-N mg/LL. 0376 0.781 0493 0325 0.803 0486 0.380 0.795 0.500
F~ mg/L 0.661 1.270 0984 0.662 1230 0987 0.665 1.280 1.002
As neg/L 240 8.70 4.99 2.20 9.20 4.87 2.40 8.50 4.96
Hg pg/L  0.018 0.041 0.026 0.015 0.035 0.025 0.014 0.040 0.027
ot mg/L  0.004 0.010 0.007 0.004 0.008 0.006 0.004 0.012 0.007
Phenol mg/L  0.0013 0.0024 0.0018 0.0011 0.0028 0.0018 0.0013 0.0030 0.0018
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Table 5 Calculated non-carcinogenic quotients for tourists and workers

Non-carcinogenic quotients for workers

Non-carcinogenic quotients for tourists

Stations

HQ-Phenol

HQ-NH, HQ-F HQ-As HQ-Hg HQ-Cr

HQ-Phenol

HQ-As HQ-Hg HQ-Cr

HQ-F

HQ-NH,

9.26E—10

7.92E—05 1.98E—07 2.67E—05
2.37E-05
2.63E—05

7.73E—05
7.88E—05

3.91E-06
3.92E-06
3.98E—06

1.78E—10 3.60E—09 9.00E—12 1.21E—09 4.21E—14 8.07E—08
3.51E-09 4.23E—14 7.95E—08
3.58E—09

3.67E—12

Station 1

9.31E—10

1.86E—07
2.04E—-07

1.08E—09

8.45E—12

3.61E—12 1.78E—10

Station 2

9.58E—10

1.19E—-09 4.35E—14 8.18E—08

9.28E—12

3.72E—-12 1.81E—10

Station 3

Cr®" is also a highly toxic element (Kiran et al. 2016)
due to its ability to penetrate cell membranes (Wang et al.
2016). The acceptable limit of Cr®" in water for recreation
is 0.05 mg/L (Bureau of Quality and Technical Supervi-
sion of China 2002). In this study, the level ranged from
0.004 to 0.010, 0.004 to 0.008, and 0.004 to 0.012 mg/L at
Stations 1, 2, and 3, respectively. These levels are well
below the acceptable limit. Station 3 had the highest
average value of Cr®" and Station 2 had the lowest.

The spatial variability of phenol was weaker than the
other contaminants, with the same mean at the three sta-
tions. The specific concentration ranges at Stations 1, 2,
and 3 were 0.0013-0.0024, 0.0011-0.0028, and
0.0013-0.0030 mg/L, respectively. These phenol concen-
trations were below the acceptable limit for recreation
(0.01 mg/L, Bureau of Quality and Technical Supervision
of China 2002).

Health Risk Assessment

All contaminants discussed above are at levels within
acceptable limits for recreational use. However, tourists
and workers may be exposed to health risks if they fre-
quently contact water containing carcinogenic and non-
carcinogenic contaminants. Table 4 lists the carcinogenic
and non-carcinogenic health risks for tourists and workers
when exposed to F~, NH4-N, Cr6+, phenol, As, and Hg.
Table 5 and Fig. 6 provide the contribution of each con-
taminant to the non-carcinogenic quotients and carcino-
genic risks, respectively, for comparison.

As Table 4 shows, Hl s ranges from 4.78 x 1077 to
5.00 x 10_9; the non-carcinogenic risk at Station 1 is
slightly higher than that at the other stations. However, the
values of Hl,;s are far lower than the threshold of 1. This
suggests that the non-carcinogenic risks to tourists are
quite low and negligible, and the lake water is safe for
tourists in terms of non-carcinogenic risk. The HI values
for workers are 4-5 magnitudes higher than for tourists,
because the workers there usually do such work as catching
fish and operating boats for tourists, and they have higher
daily exposure rates through dermal contact (EV) and a
higher annual contact frequency (EF) than tourists. This
means that workers have a greater chance of being exposed
to the lake water, and if exposed may be exposed for longer
periods. However, the non-carcinogenic risk for workers is
also significantly lower than the threshold, indicating that
the lake water is also safe for workers in terms of non-
carcinogenic risk.

Workers experience higher carcinogenic risk than
tourists. Table 4 shows that the carcinogenic risk for
workers ranges from 1.19 x 1078 to 1.22 x 10~ with the
highest mean CR value at Station 1 and the lowest at
Station 2. In contrast, the carcinogenic risk for tourists
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ranges from 5.41 x 107" to 5.55 x 107", The carcino-
genic risks for tourists and workers are well below the
acceptable level (I x 107°) recommended by the Ministry
of Environmental Protection of the P.R. China (2014). This
suggests that the lake water is a safe environment for
tourists and workers.

Of all contaminants considered in this study, As con-
tributes the most to the total hazard quotients due to its
high toxicity, followed by Cr®" and F~ (Table 5). As and
Cr®" have small reference dosages. Hg is also highly toxic
and is assigned a very low reference dosage; however, it
contributes little to the total hazard quotients in this study,
because of its low concentration in the lake water. NH4-N
and phenol contribute least to the total quotients, because
they can be easily transformed and/or removed from the
water, and they are not as toxic as the other contaminants.
In terms of carcinogenic risk, As contributes more to the
total carcinogenic risk than Cr®" does at all three stations
(Fig. 6). Therefore, any preventive measures should con-
sider methods to reduce As exposure or risk.

Conclusions

Tourist lake water is rarely studied in terms of its hydro-
chemical characteristics and its health impacts on tourists
and workers. This study investigated the major ion chem-
istry and contamination status of several contaminants
(ammonia nitrogen, fluoride, phenol, and heavy metals) in
lake water at the popular Shahu Lake. Health risks to
tourists and workers from the selected contaminants were
assessed to verify the lake water’s suitability for recreation.
The following conclusions can be drawn.

1. Na' was the dominant cation, followed sequentially by
Mg*", Ca®>", and K". CI~ and SO,*~ were the
dominant anions, followed by HCO;™ + CO;>". This
resulted in the formation of Cl-SO,—Na type water.
There are only slight differences in the water at
different stations in terms of the concentrations of
major parameters. Evaporation is the primary

b 1.28-008
w
3
'Z 8E-009
Q
g
(5]
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o
£
2 4E-009
Q
cre
0
2 3 301

Stations

influencing factor on the major ion chemistry of the
lake water.

2. As and F~ concentrations are high in summer season
due to water recharge, high temperature, and intense
evaporation. Cr®" and Hg, influenced by the combined
effects of diverse factors, showed no obvious increas-
ing and decreasing trend over the year. The NH4-N and
phenol concentrations remain relatively stable during
the year, because they are easily transformed to other
forms or states. These contaminant concentrations also
show slight spatial variability, because of different
degrees of human activities and diverse environmental
conditions. Mean concentrations of NH4-N, F~, Hg,
and Cr°" were higher at Station 3 than at the other
stations; the concentration of As was highest at Station
1; and the phenol concentration was the same at the
three stations. All contaminant levels in the lake water
were well below the acceptable limits for recreational

purposes.
3. The mean carcinogenic risk and the mean non-
carcinogenic risk for workers range from

1.19 x 107* to 122 x 107® and 1.05 x 107* to
1.10 x 10™*, respectively. The carcinogenic risk and
the non-carcinogenic risk for tourists are in the range
of 5.41 x 107" t0 5.55 x 107" and 4.78 x 10~ to
5.00 x 107°, respectively. Workers experience higher
non-carcinogenic and carcinogenic risks than tourists.
However, the risks are within the acceptable limits or
thresholds, indicating that the lake water quality is safe
for tourists and workers. As and Cr®" contribute the
most to the total carcinogenic and the total non-
carcinogenic risks; as such, any future preventive
measures should focus on avoiding exposure or
minimizing risk associated with these metals.

This study may stimulate further lake water research.
The origin of the pollutants in the lake water should be
determined, and the factors influencing their migration and
transport should also be well studied. Besides, as the Shahu
Lake is also used for fishery, the study on the impacts of
contaminants on fish and in turn on consumers is also an
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important subject deserving attention. In addition, the
health risk assessment model can also be improved by
sensitivity analysis. This is a critical research topic in all
health risk assessment studies.
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