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Abstract This study analyzed the water-soluble sulfate
(Sso4) and total sulfur (St) concentrations and their iso-
topic signatures (5**Ssos and 8°*St) in needles of Pinus
massoniana Lamb collected from Guiyang (seriously
affected by acid rain) and Yunnan areas (acid rain did not
occur), China SW. The results indicated that the Sgo4
concentrations in needles of Pinus massoniana Lamb col-
lected from several Chinese areas were found to be sig-
nificantly correlated to ambient sulfur dioxide
(R2 = 0.9176, p = 0.01), showing that Sgo4 concentrations
in needles were more reliable to indicate atmospheric
sulfur. The average 8%Ss04 (=72 %0) and 8*Srg
(—=5.1 %o) in needles in Guiyang areas were significantly
lower than those in Yunnan areas (+3.9 and +5.7 %o,
respectively), which were in accordance with the lower
84S of coals in Guiyang areas than in Yunnan areas. The
8**Ss04 and 8**Stg in needles became less positive with a
distance from a plant combusted **S-enriched coals while
for another plant combusted **S-depleted coals, more
positive was observed. These results indicated that 3**Ssou
in needles was also a good indicator of atmospheric sulfur
sources. A very small difference between 8** St and §**
Ssos for most needle samples suggested that little isotopic
fractionation accompanies sulfur assimilation processes.
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Introduction

With the development of the industrial economy, a large
amount of anthropogenic sulfur has been input into the
atmospheric system and has caused high atmospheric sulfur
deposition. This has become one of the major global
environmental problems (Yang et al. 1999).

The use of plant tissues has long been shown to be an
effective indicator of atmospheric pollution. In the 1970s,
scientists found that sulfur concentration in plant tissue
could be an indicator of pollution levels (Martinez et al.
1971; Yeaple 1972). Various kinds of plants have been
studied to find if they are effective alternatives to the more
usual monitoring methods, including mosses (Berg et al.
1995; Xiao et al. 2009), lichens (Sloof 1995), tree bark
(Turkan et al. 1995; Fatoki and Ayodele 1991) and tree
needles (Al-Shayeb et al. 1995; Lau and Luk 2001).
However, most of these works have been done to analyze
isotopic signatures of total sulfur (8**St) in plant needles.
For example, Zhao et al. (1998) determined soil and grass
samples collected since 1856 and found that sulfur con-
centrations and isotopic ratios of monitoring samples
showed SO, pollution on terrestrial ecosystem. Sulfate-S
was believed to be superior to TS as an indicator of S status
in plants because of large differences in SO4-S levels
between S-deficient and S-nondeficient plant tissues (Fre-
ney and Spencer 1967). However, few works have been
done on the isotopic signatures of water-soluble sulfate
(8**Sso4). Up to now, the possibility of using 8**Sso4 as an
indicator of atmospheric sulfur sources was still unknown.

In this study, the inorganic sulfur (Sgo4) and total sulfur
(St) concentrations and their isotopic signatures (6348304
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and 8**Sy) in needles of Pinus massoniana lamb collected .16
from Guiyang and Yunnan areas, SW China were investi-
gated. The Chinese red pine (Pinus massoniana lamb) was ]
selected because it met many of the requirements of a good &
bioindicator plant. This species was widely distributed in o
China, easily identified, and had already been used in \E:‘ - 081
bioindication studies by some researchers (Hiive et al. 2
1995; Legge et al. 1988). The aims of this work were 041
firstly, to know if sulfur isotopic signatures of water-solu-
ble sulfate in needles of Pinus Massoniana Lamb can be a —
new indicator of atmospheric sulfur and secondly, to find if 000 A "3 ('; ||3 l'E

sulfur isotopes of Sgo4 in needles can be used to discrim-
inate sulfur sources in the atmosphere.

Materials and methods
Study area description

This study was carried out in Guiyang and Yunnan areas,
SW China. The former was seriously polluted by SO, and
acid rain, while acid rain was not found in the latter area
(Fig. 1). The SO, concentrations in the atmosphere were
obviously higher in Guiyang area than in Yunnan area in
2011 (Fig. 2). The main air pollution source in Guiyang
area is coal combustion, which accounts for over 90 % of
energy consumption of the whole city. It was once one of
the most serious acid deposition cities in SW China
(Galloway et al. 1987). Air quality in Guiyang improved
from 1996 to 2005 (Guiyang Environmental Protection
Bureau 2006; Xiao and Liu 2002, 2004) because coal had
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Sampling sites

Fig. 2 Concentrations spatial change of ambient SO, from Yunnan
(A-D) to Guiyang areas (E) of 2011. The data was cited from
Guiyang Environmental Protection Bureau (2012) and Yunan
Environmental Protection Bureau (2012). A Jinning, B Kunming,
C Anning, D Qujing, E Guiyang

been replaced by natural gas. Similarly, major air pollu-
tants in Yunnan areas were also from coal combustion,
but the qualities of coals in these two places were dif-
ferent. Coals combusted in Yunnan areas were >*S-enri-
ched (averaging +13.8 %o) while those used in Guiyang
areas were ~'S-depleted (averaging —7.5 %o; Xiao
unpublished data). In addition, coals combusted contained
higher content of sulfur (0.86 %; Ni, 1997) in Guiyang
than that of Yunnan (0.5 %; Xiao unpublished data).
Four sites in the Yunnan area including Jinning, Anning,
Kunming and Qujing and three sites in the Guiyang city
were chosen for needles and soil collection (Fig. 1). Two
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point polluted areas (the Kunming Steel and the Qujing
Power Plant) were also chosen for needle and soil sam-
pling. The two point polluted areas were >20 km away
from the other sampling area. **S-enriched coals were
combusted in the Kunming Steel (averaging +13.8 %o;
Xiao unpublished data) and those in the Qujing Power
Plant were **S-depleted (averaging —7.5 %o; Xiao unpub-
lished data).

Sample collection and treatment

From March to April 2012, 56 Pinus massoniana Lamb
needle samples and 23 rhizosphere soil samples were col-
lected. All trees sampled were about 5-10 years old and
only those 1.5 and 2 m high were selected. Only green,
healthy samples were taken, avoiding yellow or dark
samples. Fresh needles were stored in cleaned plastic bags
before being transported to the laboratory.

For total sulfur (not adsorbed), all needles samples were
gently rinsed in 1.5 mol L™' HCI solution, then sonicated
and washed with deionized water (Milli-Q). The main
purpose of this washing procedure was to remove pollu-
tants adsorbed on needles tissues thoroughly. Samples were
finally dried in a vacuum oven at 70 and re-dried after
being ground separately in liquid N into fine powders. Soil
samples were taken at depths of 50-100 cm and dried for
24 h at 105, then passed through 100-mesh sieve.

Sample analytical methods

All needles and soils were air dried and ground to pass
through a 100-mesh screen in order to ensure adequate
homogeneity. Total sulfur contents of needles and soils (%,
dry weight) were determined with an elemental analyzer
(PE2400II, USA) with an analytical precision of £0.1 %.

For determinations of water-soluble sulfate concentra-
tions and 8**Sgqa, five grams air-dried sample powder was
weighed into an agate mortar and grinded with quartz sands.
Then, it was transferred into a 125-ml extraction vessel and
extracted in 30 ml boiling Milli-Q water by placing on a
reciprocating shaker for 12 h. The extract was filtered two
times through a Whatman No. 42 filter paper; the material on
the filter was carefully rinsed with enough boiling Milli-Q
water to remove all the water-soluble sulfate into the filtrate.
The water extract method was a modification of the boiling
acid extraction method developed by Richter and Johnson
(1983) and Kelly and Lambert (1972). Boiling acid was not
used because appreciable amounts of hydrolysable organic
sulfates are present in the extract from the boiling HCI
method. Ten milliliter aliquot of filtrate was stored for water-
soluble sulfate content determination and analyzed with ion
chromatography (DIONEX ICS-1100, America). The limit
of detection was 0.01 mg 17" for SO,*~. The other aliquot of

filtrate was transferred into a 500-ml beaker, added 10 ml of
1 mol 17" hot HCI and heated to boiling. Then 10 ml of
2 mol 17" BaCl, was added and kept boiling for 2 h. After
precipitating for 24 h, the mixture was filtered through a
dense ashless quantitative filter paper. The precipitate
(BaSO,) on the filters was carefully rinsed with enough
Milli-Q water to remove CI (silver nitrate was used to check),
then transferred into crucibles with the filters and combusted
at 850 for 1 h in air. The results of X-ray diffractometry
showed >99 % BaSO, in the white powder in the crucible.
The BaSO, was weighed into tin capsule and 5°*S determi-
nation was conducted with an elemental analyzer combus-
tion continuous flow isotope ratio mass spectroscopy (EA-C-
CF-IRMS, EAIsoPrime, Euro 3000, GV instruments, United
Kingdom). The standard deviation for the 8°*S analysis of
NBS127 (barium sulfate, 8**S = +20.3 %o) was better than
£0.2 %o (n = 5).

For 534ST analysis of needles, all forms of sulfur in
leaves tissues were converted to sulfate based on the Esc-
hka method (Mott et al. 1955). Sulfate was recovered from
washings by precipitating as BaSO, with enough 2 mol
L~' BaCl, solutions. The subsequent procedure was the
same as water-soluble 8>*Sgo4 (see above)

Results

Total sulfur and water-soluble sulfate in needles at two
areas

Water-soluble sulfate concentrations in Pinus massoniana
Lamb needles under different areas ranged from 0.001 to
0.24 % and total sulfur ranged from 0.10 to 0.28 %. The
average concentrations of sulfate and total sulfur in Yun-
nan areas were 0.04 and 0.16 %, respectively, significantly
lower than that in Guiyang areas (averaging 0.11 and
0.20 %, respectively) (Fig. 3). Water-soluble sulfate con-
centrations account for more than 50 % of the total sulfur
in Guiyang sites, significantly higher than the ratios in
Yunnan sites. However, the soil sulfur concentrations from
different sites changed little.

The concentration of water-soluble sulfate in the needles
was found to be significantly correlated with ambient sulfur
dioxide (R2 = 0.9176, P < 0.05), but no correlation was
seen between total sulfur concentration and ambient sulfur
dioxide (Fig. 4).

The 8**Sgo4 and 83*St value of Pinus massoniana Lamb
needles in different areas varied widely from —14.5 to
+7.3 %o and —10.6 to +10.8 %o, respectively. The mean
8**Sso4 and 8*Sy values in Guiyang areas were about
—7.2 and —5.1 %o, respectively, significantly more nega-
tive than those in the Yunnan areas (+3.9 and +5.7 %o)
(Fig. 5).
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Fig. 3 Between-site comparisons of sulfur concentration of water-
soluble sulfate (Sso4-S), total sulfur (Sts) and soil total sulfur (Syu;;)
in Yunnan (A-D) and Guiyang (E1-E3) areas. The error bars repre-
sent 1 sigma. A Jinning, B Kunming, C Anning, D Qujing, EI-E3
Guiyang
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Fig. 4 a Relationship between SO, concentration and water-soluble
sulfate S (Sso4-S) concentrations in needles in Yunnan and Guiyang
areas. b Relationship between SO, concentration and total sulfur
(Sts) concentrations in needles in Yunnan and Guiyang areas.
A Jinning, B Kunming, C Anning, D Qujing, £ Guiyang
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Fig. 5 Comparisons of the 5°*S values of water-soluble sulfate
(8°*Sso4) and the 3**S values of total sulfur (3°*Sts) in needles in
Yunnan (A-D) and Guiyang (E1-E3) areas. The error bars represent
1 sigma. A Jinning, B Kunming, C Anning, D Qujing, E/-E3 Guiyang

Table 1 Contents of SO4-S and total sulfur in needles and soil total
sulfur around Kunming Steel Plant and Qujing Power Plant

Distance from  SOy4-S in Total sulfur of Soil total
the plants (m)  needles (%, needles (%, DW) sulfur (%,
DW) DW)
Kunming Steel Plant
10 0.160 0.330 0.023
100 0.020 0.150 0.020
8,000 0.002 0.100 0.017
Qujing Power Plant
10 0.042 0.123 0.023
500 0.019 0.115 0.025
2,000 0.016 0.108 0.018
10,000 0.006 0.113 0.034

Total sulfur and water-soluble sulfate in needles around
two plants

The sulfate and total sulfur concentrations in leaves around
Kunming Steel Plant and Qujing Power Plant decreased
with the distance from the factories. For instance, the sul-
fate and total sulfur concentrations were 0.16 and 0.33 %,
respectively, at 10 m from Kunming Steel Plant, signifi-
cantly higher than that at 8,000 m from Kunming Steel
Plant (0.002 and 0.10 %, respectively) (Table 1). The
sulfate to total sulfur ratios decreased with the distance
from the factories. For instance, the sulfate accounted for
50 % of the total sulfur at 10 m from the Kunming Steel
Plant while only 2 % at 8,000 m from the plant. The soil
total sulfur concentrations did not change with the distance
to the factories.



Environ Earth Sci (2015) 73:1805-1811

1809

Table 2 The 5°*S values of water-soluble sulfate and total sulfur in
needles around Kunming Steel Plant and Qujing Power Plant

Distance from the Water-soluble sulfate Total sulfur (%o,

plants (m) (%0, CDT) CDT)
Kunming Steel Plant
10 +4.9 +8.1
100 +3.4 +5.9
8,000 +3.8 +4.6
Qujing Power Plant
10 -3.5 —1.5
500 -29 —1.1
2,000 -1.9 —-1.3
10,000 —1.8 —-0.3
25
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Fig. 6 Differences between 5°*S values of water-soluble sulfate and
total sulfur in needles. A**S = §*S1 — §**Sgo4. X-coordinate rep-
resented the values of A**S, Y-coordinate represented the number of
occurrences. The frequency of A*S was in normal distribution

At Kunming Steel Plant sites, the 8**Sgos and 8>Sy
value of needles decreased with the distance from the
factory (Table 2). For instance, the 8°*Sgos and 8**Sy
value of needles were +5.0 and +8.1 %o, respectively, at
10 m from the factory, higher than that at 8000 m (+3.8
and +4.6 %o, respectively). However, contrary to that at
Kunming Steel Plant sites, the 8**Sgo, and 5**St values of
needles at Qujing Power Plant sites increased with distance
from the factory and significantly more negative than those
at Kunming Steel Plant.

Isotopic comparisons between total sulfur and water-
soluble sulfate in needles

Compared with 8%*Sgo4 values of the needle samples, the
8**St values were slightly higher (Fig. 5; Table 2). As

shown in Fig. 6, the frequency of A**S (8** St- 8°* Ssou)
was in normal distribution. The A**S values of most
samples were focused within the range of +2 to +3 %eo.

Discussion

Tissue sulfate and total sulfur concentrations of needles
indicating atmospheric SO,

Generally, sulfate taken up by the root is the main source of
sulfur for plant. However, atmospheric sulfur from SO, and
particulate matter can also be used as the sulfur source if
the sulfate supply to the roots from the soil is limited, in the
case of high SO, concentration due to air pollution. Plant
tissues can be used as an effective indicator because of
large leaf areas and the physical properties of their sur-
faces, trapping and absorbing air pollutants (Bao et al.,
2009). More and more researches have shown that some
plant leaves have the capability of absorbing and accu-
mulating sulfur dioxide. The amount of sulfur contained in
plants may be closely related to the concentration of SO, in
the air (Alfani et al. 2000; Cicek et al. 2004). This study
found significantly high total sulfur and sulfate concen-
trations in Pinus massoniana Lamb needles in higher SO,
areas (Guiyang) than in lower SO, areas (Yunnan) (Fig. 3).
A similar study reported by Bao et al. (2009) also dem-
onstrated that the long-term coal-burning pollution resulted
in an enhanced concentration of the total sulfur and sulfate
in the leaves. They found that the uptake of sulfur by leaves
had exceeded the metabolic requirement of plants and the
excess of sulfur was stored as SO,>~.

The concentration of water-soluble sulfate in the needles
was found to be significantly correlated with ambient sulfur
dioxide (R2 = 0.9176, P < 0.05), but no correlation was
seen between total sulfur concentration and ambient sulfur
dioxide (Fig. 4), indicating that sulfate concentration in
needles was more reliable to reflect ambient sulfur input
relative than the total sulfur concentration. Some previous
studies (Legge et al. 1988; Yang et al. 2006) have sug-
gested that chronic SO, exposure tended to increase the
levels of inorganic and total sulfur in plants, whereas the
organic sulfur pool frequently remained less affected, since
the foliar organic sulfur fraction reflected the process of
assimilation of S by plant tissue while the sulfate fraction
reflected the process of accumulation of S by the plant
tissue.

Isotopic signatures of water-soluble sulfate and total
sulfur in needles indicating atmospheric sulfur sources

The sulfur isotopic signatures in non-vascular plants have
been proved to be a good tool to identify their long-term
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sulfur sources because: (1) most sulfur sources had distinct
5*'S signals; (2) there was very little isotopic discrimina-
tion during sulfate assimilation and reduction by plants
(Ishii 1953; Xiao et al. 2009). Therefore, epiphytic lichens
and many mosses have been found to have 3**S values
close to their major source of sulfur, which usually is
atmospheric SO, (Krouse 1977; Case and Krouse 1980;
Winner et al. 1978). However, for vascular plants, whether
sulfur isotopic signatures can be used for source discrimi-
nation or not is still unclear.

Subsequent surveys of marine, freshwater and terres-
trial plants (most vascular plants) have found that plants
have 8**S values that average about 1.5 %o less than that
of environmental sulfate (Trust and Fry 1992). The total
sulfur contained inorganic sulfur and organic sulfur.
Inorganic sulfur was present in SO,*~ form stored in
vacuoles, the contents of which depended on the level of
sulfur supply. Sulfate could enter the sulfur assimilatory
pathway and was utilized for organic sulfur compound
synthesis as sulfur nutrient. There was very little isotopic
discrimination during sulfate assimilation and reduction
by plants (Ishii 1953). In this study, the §**St values were
slightly higher than 5**Sgq, values of the needle samples,
due to the little isotopic discrimination during sulfate
assimilation process in Pinus massoniana Lamb needles.
The difference between sulfate and total sulfur §°*S val-
ues in Pinus massoniana Lamb needles was also small. As
shown in Fig. 6, A**S (8% Sp- 8** Sgo4) for most needle
samples was within range of +2 to +3 %o, demonstrating
that little isotopic fractionation accompanies occurred
during sulfur assimilation process in Pinus massoniana
Lamb needles.

Coals from different areas had various geological
backgrounds; therefore, their 53*S values were very dif-
ferent (Xiao and Liu 2011). The 8**Sgo, in leaves at
Guiyang sites (averaging —7.2 %o) was significantly more
negative than that at Yunnan sites (averaging +3.9 %o) in
this study (Fig. 5), indicating that their sulfur sources were
different between these two areas. The 6348504 values in
leaves at Guiyang sites (—7.2 %o) were similar to the
334Sg04 of rainwater (—4.9 £ 2.8 %o) which was collected
in the same study area in 2001 (Xiao and Liu 2002), even
much closer to the coal 5**S value (—7.5 %o) reported by
Hong and Zhang (1992) for Guiyang city, suggesting that
8%*Ss04 in leaves at Guiyang sites is mainly affected by
coal-derived atmospheric sulfur deposition. Although we
did not find similar &° 4Sso4 values in leaves (+3.9 %o) to
coal 8°*S values (+13.8 + 0.6 %o; Xiao and Liu 2011) at
Yunnan areas, they are both more positive than those
in Guiyang area. This may be related to the influence of
3S-depleted soil sulfur. According to the study by Mayer
(2005), the typical range for 8°*S value of sulfate from soil
solutions was —10 to +10 %o and more negative than that
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of atmospheric deposition. Just because of mixing of
34S—depleted soil sulfur sources (5345 +7 to +12 %o), the
5**S values in leaves of Picea glauea and Abiesbalsamea
(averaging +18 %o0) were more negative than those in
mosses (averaging +24 %o) near a gas smelter (Winner
et al. 1978).

The 8**Sg04 values of needles decreased with the dis-
tance from the Kunming Steel Plant while they increased
with the distance from the Qujing Power Plant (Table 2).
This may be due to the much different 5°*S values of coals
combusted in the two plants (4+13.8 and —7.5 %o, respec-
tively). With the increasing distance from plants, the con-
tribution of coal-derived sulfur turned out to be less, and so
the closer to the Kunming Steel Plant, 83*Sgo4 value was
higher in the leaves while the closer to the Qujing Power
Plant, lower 8>*Sgo4 value was found in the leaves. This
provides further evidence that 83*Ss04 in leaves was a good
indicator of atmospheric sulfur deposition.

Conclusions

The results of the study are summarized as follows:

(1) The concentrations of water-soluble sulfate in Pinus
massoniana Lamb needles were found to be signif-
icantly correlated to ambient sulfur dioxide, and the
concentrations of soil sulfur in these sampling sites
were not significantly different. No correlations were
seen between total sulfur concentrations of Pinus
massoniana Lamb needles and ambient sulfur diox-
ide, implying that concentration of water-soluble
sulfate in needles was more reliable to indicate
ambient sulfur input relative to the total sulfur.

(2) In accordance with higher isotopic values of coals in
Yunnan areas than in Guiyang areas, the Sgos4 and
Sts values in Pinus massoniana Lamb needles
collected in the former areas were more >*S-enriched
than those in the latter areas. And very similar 5°*S
values between needles and coals were found in
Guiyang areas. These indicated that 5°*Sso4 in
needles was a new good indicator of coal-derived
atmospheric sulfur deposition.

(3) In the point pollution areas, both the 8**Sgos and
5>*Sts values in needles increased with the distance
from the Kunming Steel Plant or decreased with the
distance from the Qujing Power Plant and this was
mainly controlled by the 8**S values of coals used.

(4) The differences between 3** St and 8** Sgo, for
most needle samples were within the range of +2 to
+3 %o, suggesting that little isotopic fractionation
accompanies occurred during sulfur assimilation
process in needles of Pinus massoniana lamb.
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