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ABSTRACT

Editor: Xiaohong Guan.

The odor problems in plain reservoirs are more complex compared to valley reservoirs and ground water reservoirs.
Just as YL Reservoir with wetlands ecosystem in Lixiahe Plain, Jiangsu Province has been suffering from complex
odors, however, the odorants were unclear. In this study, a systematic study on odorants characterization and evaluation of plain YL reservoir was accomplished. Totally musty, septic, fishy, chemical and grassy odors were first
identified simultaneously, twenty-four odorants were identified correspondingly. According to odor activity value
ranking, 2-methylisoborneol and geosmin, with odor activity values of 14–18 and 2.5–3.8, were major musty odorants, while bis(2-chloroisopropyl) ether, dimethyl disulfide, dimethyl trisulfide, pentanethiol and indole, with odor
activity values of 15.3–18.8, 1–1.3, 1.5–2.3, 2–3 and 0.7-0.9, were major septic compounds. Fishy and grassy odors
were associated with 2,4-decadienal, hexanal, nonanal, decanal, benzaldehyde and β-cyclocitral, while chemical odor
was related to indane, eucalyptol, 2-nitrophenol, 2-methylphenol, tetramethylpyrazine, 1,4-dichlorobenzene, p-xylene
and ethylbenzene. By reconstituting tests, 98, 95, 88, 85 and 81 % of musty, septic, fishy, chemical and grassy
characteristics in source water could be explained. It was notable that wetlands ecosystem has almost no effect on
odor removal. This study would offer more understandings and supports for odors's control in such source waters.
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1. Introduction

constructed and completed by June 2012 in the Plain of Lixiahe Region
and by the side of Mangshe River originated from Dazhong Lake. It is an
important source water of drinking water for domestic and industrial
demand among cities and towns in Jiangsu province. However, this
reservoir has been suffering from complex odors, and the corresponding
odor causing compounds were not comprehensively studied so far due
to the complex odor types and water matrix, which make it difficult to
adopt efficient means and remove odors effectively in waterworks.
In this study, the characteristics of odors/odorants in plain YL
Reservoir were systematically discussed and explained for making clear
the odor problems, and the effect of wetlands ecosystem on odor removal were evaluated. Specifically, the whole odor profiles of plain YL
Reservoir were estimated by FPA, then corresponding potential odor
causing compounds were identified and determined through GC-O,
GC × GC and GC–MS-MS. Finally the detected odorants were verified
by FPA, odor activity value (OAV) and reconstitution test. This is the
first time to clarify potential odorants of highly complex water matrix in
Plain and evaluate the effect of wetlands ecosystem on odor removal.

Odors have become the primary concern problems gradually in
source waters of drinking water worldwidely in recent years, even
causing public panic in some odor incidents (Dietrich and Burlingame,
2019; Wang et al., 2019a; Yang et al., 2008; Zhang et al., 2019). A large
number of compounds, such as industrial pollutants and microbial
metabolites, were associated with odor problems as musty, septic, fishy,
etc. in drinking water (Li et al., 2012; Watson, 2004; Zhang et al., 2013;
Lin et al., 2002). Except musty odor frequently triggered by geosmin
and 2-methylisoborneol (2-MIB) as natural sources from microbial
metabolites (Lin et al., 2002), the rest odors, including septic, fishy,
chemical, etc., are perceived as fishy, irritating, medicinal and disgusting smells, which were further hard to bear for consumers, particularly chemical odor make people connect with drugs, toxicity, chemical spill or anthropogenic pollution origin (Wang et al., 2019a; Fisher
et al., 2018; Guo et al., 2016a), which would cause a panic among
consumers and require a quick response from water suppliers
(Gallagher et al., 2015). Even though some compounds have been related to these odor problems, for instance, thioethers and thiols could
induce septic-like odor (Cao et al., 2019; González et al., 2019), aldehydes, including 2,4-heptadienal, 2,4-decadienal, 2,4-octadienal, and
2,4,7-dectridienal, etc., were associated with grassy or fishy odor (Guo
et al., 2019a; Liu et al., 2019), and some substituted benzenes, ethers,
phenols, etc. were reported to cause chemical odor problems
(Schiffman et al., 2001; Davi and Gnudi, 1999), the odorant identification and odor characteristics evaluaiton in complex water matrix has
been the big challenge for a long time (Dietrich and Burlingame, 2019).
Gas chromatography with olfactory port and mass spectrometry
(GC-O) was ever adopted for identifying odorants in source of waters
(Sun et al., 2013). Due to the limitation in separating power, sensitivity
and resolution ratio of one dimensional gas chromatography (Dalluge
et al., 2003), comprehensive two dimensional gas chromatography with
time of flight mass spectrometry (GC × GC), gas chromatography with
triple quadrupole tandem mass spectrometry (GC–MS-MS) and proton
transfer reaction-mass spectrometry (PTR-MS), which enable detection
at the ppt or ppb level and can detect compounds that are wanted to be
characterized by a low odor detection limit, have been adopted for
determining the complex odorants in recent years (Guo et al., 2015;
Wang et al., 2019b). By using these approaches, lots of odor causing
compounds in environmental samples were screened and recognized
successfully (Wang et al., 2019a; Guo et al., 2016b; Byliński et al.,
2019; Hewitt et al., 2003). In source water for drinking, 2-MIB,
geosmin, diethyl disulfide, 2-nonenal, 2,6-nonadienal, etc. have been
identified using GC × GC (Guo et al., 2015; Guo et al., 2016b), while
dimethyl disulfide, dimethyl trisulfide, diisopropyl sulfide, etc. were
detected by GC–MS-MS (Wang et al., 2019b). Sulfur compounds, including diethyl sulfide, dimethyl sulfide, methyl mercaptan, methanethiol, and ethyl mercaptan, were detected as the most significant
chemical compounds responsible for malodorous effect in stabilized
dewatered sludge of wastewater treatment plant by PTR-MS (Byliński
et al., 2019; Hewitt et al., 2003). For evaluating odor contribution of
identified odorants, odor activity value (OAV) and reconstitution tests
estimated by flavor profile analysis (FPA) were used, synergistic effect
among compounds with different odors characteristics and key odorants were ever found in preceding studies (Watson, 2004). All above
approaches had formed the systematic sensory and instrumental analysis for identifying and verifying odorants in water matrix.
To solve the deficiency of drinking water in Plain, the artificial reservoirs were constructed in China and worldwide. Usually the confronting environmental issues of these reservoirs were more complex
than valley reservoirs and ground water reservoirs, because large
numbers of people and industries are congregated in the plains, and
source waters are easily contaminated (Koronkevich et al., 2019). For
example, YL Reservoir with wetlands ecosystem of pretreatment,
emergent aquatic plant, submerged plant and deep purification was

2. Materials and analytical methods
2.1. Chemicals
As Table S1 showed, totally fifty-one authentic standards, with
maximal purity (exceeding 99 %), were purchased at Sigma-Aldrich Co.
from USA, which were used for of potential odorants's confirmation.
1000 mg/L stock solutions of odor standards were accomplished by
dilutingodor standards solutions using chromatographically pure methanol. The alkanes (C7-C30) at analytical grade purity for calculating
retention indices (RIs) was also purchased at Sigma-Aldrich Co..
Reagents, covering methylene chloride, acetone and methanol at
chromatographically pure, were purchased at CNW Co. in Shanghai,
China. Other reagents of anhydrous Na2SO4, NaCl with guaranteed
purity grade, were purchased from Beijing Chemicals Co. in China.
Ultrapure water was generated using from Milli-Q system (18 MΩ*cm).
2.2. Samples and pretreatment
The study was conducted in plain YL Reservoir including four ecological purification processes of districts of pretreatment (PT), emergent
aquatic plant (EAP), submerged plant (SP) and deep purification (DP)
as shown in Fig. S1. PT includes aeration by water fall and microvesicle,
artificial biological film and plain sedimentation. EAP consists of
Zizania caduciflora, Typha angustifolia and Phragmites communis, while
SP consists of Vallisneria natans, Myriophyllum verticillatum, Elodea nuttallii, Potamogeton crispus and Hydrilla verticillata. DP contains emergent
aquatic plant on the lakeside, submerged plant and algae-eaters such as
Hypophthalmichthys molitrix and Aristichthys nobilis. Samples were taken
at the effluents of four ecological purification processes and Mangshe
River, which is the source water (SW) of YL Reservoir, from January to
December in 2018. 1 L of water was taken using brown glass bottle and
transported to lab timely usinginsulated box in each month. Ice bags
were adopted for maintaining water samples's temperature below 4 °C.
All sampling tools were rinsed fully before taking samples.
Once received water samples, the sensory characteristics, including
odor type and intensity, were estimated by FPA, and pretreatment of
liquid-liquid extraction for GC-O, GC × GC and GC–MS-MS analyses
was finished within twenty-four hours. The specific processes were as
follows: water sample was first filtered using glass-fiber membrane
(Whatman, 1.2 μm, GF/C, UK). water sample of 500 ml at each sampling point was extracted twice by methylene chloride for obtaining
target compounds fully. 50 mL methylene chloride was for the first
extraction, while 30 mL was for second time, then the extracts were
dehydrated using Na2SO4. The extract liquors of water samples were
then condensed to 500 μL using rotatory evaporator first and followed
by N2 flushing. The specific conditions of rotary evaporation of
2

Journal of Hazardous Materials 393 (2020) 122404

Q. Guo, et al.

chamber pressure, water bath's temperature and cooling water's temperature were 900 mbar, 28 °C and 4 °C, respectively.

2.4. GC-O and GC × GC methods
Potential odorant's identification was completed by combining results
of GC-O, GC × GC by RIs. Olfactory peaks detected in GC-O were analyzed in GC × GC once again for identifying flavor compounds. Specific
procedures and conditions listed in supporting information could be found
in preceding researches (Guo et al., 2016b). For verifying potential
odorants, odorants' standards and C7-C30 at different concentrations were
determined in GC-O, GC × GC for comparing informations of olfactory
peaks and chromatographic peaks, including RI values, mass spectra, peak
area and ion ratio, etc., between standards and practical samples.

2.3. Sensory analysis
Odor characteristics of samples, including odor type and intensity,
were estimated using FPA (APHA., 2005). In this paper, the panelists of
FPA were five non-smokers of normal olfactory function between 25
and 45 years of age. Seven grades for 1–12, including 1 (odor
threshold), 2&4 (soft odor intensity), 6&8 (moderate odor intensity)
and 10&12 (strong odor intensity), were adopted to assess odor intensities of samples. 200 mL sample was placed in 500-mL erlenmeyer
flasks, then flasks were placed in water bath at 45 ℃ for 15 min.
Odorant standards at different concentrations were used to remind the
panelists of the odor descriptors and intensities with each batch of
tested samples. Other specific procedures and operations could be
found in Standard Method of Water & Wastewater (APHA., 2005). The
odor detection port of GC-O was also evaluated by panelists conducting
FPA.

2.5. GC–MS-MS analysis
Odorants' determination was achieved by multiple reaction monitoring (MRM) analysis of GCMS-TQ8040 (Shimadzu, Japan). Specific
procedures and conditions listed in supporting information can be referred to preceding researches (Wang et al., 2019b).

Fig. 1. Temporal and spatial variation of odor characteristics in YL Reservoir from January to December 2018, (a): musty odor intensity, (b): septic odor intensity,
(c): fishy odor intensity, (d): chemical odor intensity, (e): grassy odor intensity, (f): odor characteristics at different districts of YL Reservoir.
3
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intensity, was conducted to evaluate the whole odor types and intensities by reconstituting all identified odorants with actual concentrations in water matrix, then odor characteristics between reconstituted and practical samples were assessed and compared by spider
web diagrams. The odor contribution ratios of reconstituted samples to
odor characteristics of practical source water of YL Reservoir were
calculated (Guo et al., 2019b). Considering influence of water factors
on odor type and intensity, finished water without odor of YL water
purification plant, adopting YL Reservoir water as raw water, was
employed as reconstituted water matrix for the RC.
3. Results
3.1. Olfactory evaluation of water samples
According to Fig. 1, odor characteristics of YL Reservoir was complex, and mainly involved with five types of odors, including musty,
septic, fishy, chemical and grassy odors with FPA intensities of 6.4–8.1,
6.0–7.8, 2.7–7.5, 4.8–6.4 and 3.7–5.2, respectively, in SWs from January to December 2018. The highest intensity was occurred in summer,
the tendency of seasonal change was obvious. This is in accordance
with preceding investigations of odors/odorants occurred in major cities across China (Wang et al., 2019a; Sun et al., 2014).
The changes of odor intensities for SWs and effluents from PT, EAP,
SP and DP are shown in Fig. 1. It should be noted that musty, septic,
fishy, chemical and grassy odors evaluated by panelists of FPA could be
not removed effectively through PT, EAP, SP and DP, particularly intensities of musty, chemical and grassy odors rose a little after DP. This
indicated that ecological processes of wetlands system had little effect on
odors’ control (Srinivasan and Sorial, 2011; 32). Usually the wetlands
were adopted to remove nutrients such as nitrogen, phosphorus, etc., and
advanced treatments, including activated carbon adsorption, ozonation,
etc., were effective for odors’ removal (Guo et al., 2016a). Odorants’
analysis at different wetlands system will be further discussed later.

Fig. 2. Olfactogram overlaid on a GC-O/MS chromatogram for source water of
August in full-scan mode, pre-concentration method: LLE, pre-concentration
factor: 1000, black line: chromatography peaks, gray line: olfactometry peaks
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

2.6. OAV determination and reconstitution tests
In order to assess screened compounds's odor contribution to whole
odors in SW of plain YL Reservoir, OAV was adopted, and it is obtained
through dividing compounds’s concentrations by its olfactory threshold
concentrations (OTCs) (Benkwitz et al., 2012). Considering the OTCs of
compounds were not constant and changed over the years, three-alternative forced choice (3-AFC) was adopted to assess the practical OTCs of
detected odor causing compounds in water matrix in this study, the
specific procedures of 3-AFC could be found in Standard Practice Designation E 679-91, American Society for Testing and Materials (ASTM.,
1997). Odorants, whose OAVs are equal to or above one, are deemed to
be major odorants for odors, the larger odorants's OAVs are, the greater
they contribute to odors of water samples (Benkwitz et al., 2012).
For verifying screened compounds's odor contribution to the whole
odor in SW of plain YL Reservoir, reconstitution test (RC) corresponding
to source water sample taken at August, which was the maximum odor

3.2. Odorants's identification using GC-O and GC × GC
Olfactory evaluation for SW of YL Reservoir at August indicated that
a septic, fishy, musty, chemical and grassy odors with an intensity of

Table 1
Summary of characteristic olfactometry peaks and identified odorants for SW of YL Reservoir in August.
Peak No.

Olfactometry peak

—
—
—
1
2
3

Grassy
Septic
Chemical

4
5
6
7

Almond
Septic
Chemical
Fragrant

8
9
10
11
12
13
14
15
16
17
18
19

Septic
Medicinal
Sour
Fragrant
Medicinal
Musty
Fruity
Fragrant
Stinky
Oily
Stinky
Earthy

Compounds

RT(min)

RI

Odor description

DMDS
Thiazole
Pyridine
Hexanal
Pentanethiol
Ethylbenzene
p-Xylene
Benzaldehyde
DMTS
1,4-Dichlorobenzene
Eucalyptol
Indane
BCIE
2-Methylphenol
Tetramethylpyrazine
Nonanal
2-Nitrophenol
2-MIB
Decanal
β-Cyclocitral
Indole
2,4-Decadienal
3-Methylindole
Geosmin

4.08
3.92
4.24
5.12
5.51
6.55
6.78
9.41
9.56
10.91
11.39
11.47
11.954
12.50
12.82
13.46
14.33
16.08
16.32
16.87
18.94
19.49
21.48
22.12

722
743
674
806
822
893
907
982
972
1040
1059
1047
1016
1014
1121
1104
1297
1161
1204
1204
1174
1220
1264
1386

Septic, swampy
Septic, foul smell
Septic, stinky
Grassy, almond
Septic, rancid
Chemical, plastic
Chemical, solvent
Almond, herbal
Septic, swampy
Chemical, solvent
Fragrant, Peppermint
Fragrant, musk
Septic, medicinal
Medicinal
Sour, fragrant
Fragrant, fruity
Medicinal
Musty
Fruity, fragrant
Fragrant, orange
Stinky, foul smell
Oily
Stinky, foul smell
Earthy

4
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8.6, 9, 8, 7 and 9, respectively were connected with water samples. It
should be noted that more complex olfactory profiles in GC-O were
detected as shown in Fig. 2 and Table 1. Totally nineteen olfactory
peaks, including two musty/earthy peaks, three septic peaks, two stinky
peaks, one grassy peak, two chemical peaks, one almond peak, two
medicinal peaks, three fragrant peaks, one sour peak, one oily peak and
one fruity peak, respectively, were detected. By analyzing the results of
GC-O, GC × GC (Fig. S2), totally twenty-one potential odorants were
identified and confirmed through authentic standards in the source
water of August as shown in Table 1, these odorants were corresponding to above nineteen olfactory peaks. Besides, septic odorants
including dimethyl disulfide (DMDS), thiazole and pyridine were detected in GC × GC, while olfactory peaks were not detected in GC-O
because of solvent delay. Summarily, twenty-four odorants were identified and confirmed in SW of YL Reservoir at August. Most olfactory
peaks were also detected in SWs at other months (Table S2).
As Table 1 showed, the corresponding compounds for olfactory
peaks of 2, 5 and 8 were related to pentanethiol, dimethyl trisulfide
(DMTS) and bis(2-chloroisopropyl) ether (BCIE), respectively. With the
addition of DMDS, thiazole and pyridine identified in GC × GC directly,
six compounds of septic odor were identified in the sample of SW in
plain YL Reservoir. The sulfur compounds, including DMTS, DMDS and
pentanethiol with OTCs as 10, 30 and 50 ng/L, respectively, were reported to result in septic/rancid odors in drinking waters frequently.
These odorants were mainly associated with microbial metabolite,
agricultural operation, swine operation process, domestic waste,
bioindustry as well as food industry (Watson, 2004; Schiffman et al.,
2001; Lu et al., 2013; Botalova et al., 2011). The DMTS had been reported to be major septic odorant with highest concentration as
11,399 ng/L in odor incident of Wuxi city, and with lower concentrations in source water of Huangpu River (Guo et al., 2016b). BCIE, as a
septic odorant with OTC of 17 ng/L, has been detected in previous SWs
investigations in China (Wang et al., 2019a), it is usually reported to be
a by-product originated from chemical synthesis (Botalova et al., 2011).
Pyridine as the solvent used for industrial manufacture was also found
in coking processes and oil refining operations (Zhao et al., 2004).
Thiazole, expressing an unpleasant flavor, is related with the discharges
of food industry (Mahattanatawee et al., 2007). As you see, the SWs
were contaminated in the plain, for taking effective protection measures, more investigations were needed to clarify the sources of pollutions.
The chemical odor for olfactory peak No. 3 was identified as
ethylbenzene and p-xylene, while chemical odor peak No. 6 was assigned to 1,4-dichlorobenzene. Benzenes, as vital industrial products,
are generated through productive processes of chemicals including
gasoline, petroleum and coking (Botalova et al., 2009).
Olfactory peaks No. 7 with fragrant odor was confirmed as eucalyptol and indane, which may be related to industrial wastewater
discharge or industrial additives or solvents (Pousse et al., 2010).
Olfactory peaks No. 9, 10 and 12 were identified as 2-methylphenol,
tetramethylpyrazine and 2-nitrophenol. Phenol compounds are detected in water matrix widely, and are associated with agriculture and
industry businesses (Shi et al., 2014). Tetramethylpyrazine is also associated with industry businesses with roasted smell (Guo et al., 2015).
The stinky peaks No. 16 and 18 were confirmed as indole and 3methylindole. Indole is usually produced in agricultural activites by
catabolism of fertilizer and feces (Wood et al., 2003), while 3-methylindole with serious foul smell is linked to domestic sewage (González
et al., 2019).
The detection of nitrogen compounds, including tetramethylpyrazine, 2-nitrophenol, thiazole, pyridine, indole and 3-methylindole, suggested that exogenous pollution were connected with the
water matrix in Lixiahe Plain. There had been researches discovering
that most nitrogen contamination in Taihu Reservoir was caused by
domestic wastewater's emission without disposal (Xie et al., 2007). In
addition to DMDS, DMTS, BCIE, pentanethiol, ethylbenzene, p-xylene,

1,4-dichlorobenzene, eucalyptol, indane, 2-methylphenol, so many artificial chemicals suggested that the SW of YL Reservoir is contaminated
by domestic, agricultural and industrial pollutions. As a matter of fact,
this reservoir and its upper river are situated at the most populated and
industrialized region of China, involving in plentiful domestic installation, agricultural industry and industrial manufactures making the
plain YL Reservoir easily polluted (Yan et al., 2013). The detection of
above odorants indicated that more anti-pollution measures should be
adopted in the days that followed.
The olfactory peak No. 13 of musty odor was identified as 2-MIB,
while No. 19 of earthy odor was assigned to geosmin. These two
odorants were reported to be the primary compounds responsible for
musty/earthy odors in investigations of water quality across China (Sun
et al., 2014). 2-MIB is usually produced by cyanobacteria, while
geosmin could be generated through actinomycetes (Sun et al., 2013).
Other olfactory peaks were associated with algal metabolites of hexanal, nonanal, decanal, benzaldehyde, β-cyclocitral and 2,4-decadienal
(Zhang et al., 2013; Liu et al., 2019; Watson, 2010). The concentration
of detected hexanal with grassy odor was less than its OTC as 14 μg/L,
while benzaldehyde is smelled as herbal flavor, and its detected concentration was also lower than corresponding OTC of 24 μg/L (ÖmürÖzbek and Dietrich, 2008). β-Cyclocitral with characteristic hay-tobacco flavor is a well-known metabolite of Microcystis (Zhang et al.,
2013). Nonanal and decanal have been detected in drinking water as
fruity/fragrant/orange-like odorants (Guo et al., 2015). Fishy odor
event could be caused by 2,4-decadienal as the polyunsaturated fatty
acid (Liu et al., 2019). The occurrence of many microbial metabolites,
including geosmin, 2-MIB, nonanal, hexanal, decanal, benzaldehyde, βcyclocitral and 2,4-decadienal, may be involved in Dazong Lake located
at the upriver of Mangshe and Hengtang Rivers and has experienced
cyanobacterial blooms every year (Ke, 2001).
3.3. Evaluation of compounds's odor contributions to whole odor profile by
OAV
As Table S2 showed, the potential odorants in water samples of YL
Reservoir from January to December 2018 were listed. Geosmin and 2MIB were identified in all water samples, while septic odorants BCIE,
DMTS, DMDS, pentanethiol, thiazole, pyridine, indole and 3-methylindole were frequently detected, and other compounds odorants were
detected occasionally.
To further evaluate the odor contributions of identified compounds
to the whole odor profile, frequently detected twenty-four odorants
were determined quantitatively by GC–MS-MS, then average OAVs
were calculated and evaluated. As Figs. 3 and 4 showed, detected
odorants were roughly classified as musty/earthy odorants (geosmin
and 2-MIB), septic/rancid odorants (DMDS, DMTS, pentanethiol, BCIE,
pyridine, thiazole, indole and 3-methylindole), aldehydes odorants
(hexanal, nonanal, decanal, benzaldehyde, β-cyclocitral and 2,4-decadienal) and other odorants (indane, eucalyptol, 2-nitrophenol, 2-methylphenol, tetramethylpyrazine, 1,4-dichlorobenzene, p-xylene and
ethylbenzene) on the basis of odor characteristics and chemical structure. Amongst odor causing compounds identified in plain YL Reservoir,
gesomin and 2-MIB, as important musty odorants, were detected with
concentrations of 140−180 ng/L and 10−15 ng/L, respectively. Both
compounds’ concentrations exceed their OTCs. Concentrations of
DMDS, BCIE, DMTS, pentanethiol, pyridine, thiazole, indole and 3methylindole were 260–320, 28–40, 15–23, 100–150, 430–510, 25–40,
70–90 and 35−50 ng/L, respectively. According to OAV ranking, the
odorant with OAV higher than one is deemed to be crucial for odor
profile's constitution (Benkwitz et al., 2012). Therefore geosmin, 2-MIB
would be the mainly musty/earthy compounds, while major compounds with septic/rancid odor should be pentanethiol, DMDS, BCIE,
DMTS, and indole. The results were rational because above odorants
have been frequently associated with musty, earthy, septic and rancid
odors in numerous odor incidents worldwide (Wang et al., 2019a;
5
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odor interactions among compounds significantly influenced their
mixture’s odor intensity (Yan et al., 2017). The odor intensity of an odor
mixture could be directly predicted by employing the Vector Model and
usual quantitative analysis of individual compounds in previous studies
(Yan et al., 2017; Szulczyński et al., 2017; Yan et al., 2015), and this
observed regular odor interaction pattern could be the important
foundation for accelerating extensive application of olfactory evaluation in odor pollution monitoring. For illustrating the odor interaction
among compounds, it is necessary to verify the detected compounds’
odor contributions by RC furtherly.
As Fig. S3 and Table S3 showed, wetlands ecosystem, including PT,
EAP, SP and DP, have almost no effect on odorants’ removal. Usually
the wetlands were used to remove nutrients such as nitrogen, phosphorus, etc., the effective removal and control of odorants were mainly
associated with advanced treatments including activated carbon adsorption, ozonation, etc. (Guo et al., 2016a; Srinivasan and Sorial,
2011; von Gunten, 2003). What is more, the concentrations of musty
and aldehydes compounds at DP were even higher than that at SP,
which was in accordance with intensities variation of musty, fishy and
grassy odors (Fig. 1). This could be attributed to the growth of odorproducing algae at DP section, where it was more suitable for algal
proliferation with slow flow, low turbidity and high light intensity (Jia
et al., 2019).

Fig. 3. The concentrations of detected odorants in source water.

3.4. Odorants verification by reconstitution test
The odor characteristics of SW taken at August 2018 and corresponding reconstituted sample in odorless finished water were shown in
Fig. 5. FPA intensities for musty, septic, fishy, chemical and grassy
odors in reconstituted sample could explain 98, 95, 88, 85 and 81 % of
the corresponding odor characteristic in SW. Thus it is no doubt that
musty odor is primarily caused by geosmin and 2-MIB mainly involving
in microbial metabolites. This is in accordance with odorants’ OAVs
evaluation, and rational because the two odorants have been found to
be important musty/earthy odor causing compounds at home and
abroad (Dietrich and Burlingame, 2019). On the one hand, the septic
odor contribution of 95 % in reconstituted sample indicated the importance of detected odorants of BCIE, DMDS, DMTS, pentanethiol,
pyridine, thiazole, indole and 3-methylindole, on the other hand, the
septic odor may be involved with the synergistic effect of other odorants, particularly with the help of 2-MIB and geosmin (Guo et al.,
2019b). 88, 85 and 81 % of fishy, chemical and grassy odor’s contribution suggested that major odor causing compounds responsible for
fishy, chemical and grassy odors were identified and verified in this
Fig. 4. OAV ranking of the detected odorants in source water.

Watson, 2004; Sun et al., 2014).
Hexanal, nonanal, decanal, benzaldehyde, β-cyclocitral and 2,4decadienal were detected with concentrations of 102–131, 381–463,
485–571, 161–232, 26–35 and 36−52 ng/L, respectively. Amongst
above compounds, the odorant with maximal OAV of 1.5 was 2,4decadienal, then followed decanal, nonanal, β-cyclocitral, benzaldehyde and hexanal. Besides 2,4-decadienal, the OAVs of other aldehyde
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Fig. 5. Odor characteristics of source water (SW) taken at August 2018 and
corresponding reconstituted sample (RC) in odorless finished water.
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4. Conclusion
In this study, the odor characteristics and key odorants were systematically characterized and evaluated in the plain YL Reservoir by
combing sensory evaluation, GC-O, GC × GC, GC–MS-MS, OAV and RC.
Totally five typical odors, as musty, septic, fishy, chemical and grassy,
were identified in a whole year of 2018. Nineteen olfactory peaks were
detected by GC-O, while twenty-four odor causing compounds were
identified successfully in GC × GC. 2-MIB and geosmin, with OAVs of
14–18 and 2.5–3.8, respectively, were found to be related to musty
odor, while DMDS, DMTS, pentanethiol, BCIE and indole, with OAVs of
8.7–10.7, 1.5–2.3, 2–3, 1.6–2.4 and 0.7-0.9, respectively, were mainly
responsible for septic odor. Fishy and grassy odors were associated with
hexanal, nonanal, decanal, benzaldehyde, β-cyclocitral and 2,4-decadienal, and chemical odor may be related to indane, eucalyptol, 2nitrophenol,
2-methylphenol,
tetramethylpyrazine,
1,4-dichlorobenzene, p-xylene and ethylbenzene. 98, 95, 88, 85 and 81 % of
the musty, septic, fishy, chemical and grassy odor characteristics in SW
could be explained after reconstituting detected odorants. It was notable that the wetlands ecosystem has almost no effect on odor removal.
This is the first study for odors investigation, odorants identification
and evaluation in plain reservoir comprehensively, which will provide
more scientific basises and data supports for odor cognition, control and
management for drinking water industry.
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