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To evaluate the utility of 87Sr/86Sr ratio for determining the geographical provenance of vegetables, we
compared 87Sr/86Sr ratios and Sr concentrations in five vegetable species grown in Japan and China,
and we also examined the relationships between 87Sr/86Sr ratios in vegetables, the soil-exchangeable
pool, irrigation water, and fertilizer from 20 Japanese agricultural areas. The vegetable 87Sr/86Sr ratios
in Japan were similar for all species within a given agricultural area, but tended to be low in northeast
Japan and high in southwest Japan. The median 87Sr/86Sr ratio in Japanese vegetables was similar to that
in fertilizer, suggesting that in addition to rock-derived Sr, vegetables contain Sr derived from fertilizers.
In most cases, the 87Sr/86Sr ratios for the Japanese and Chinese vegetables differed by approximately
0.710. Linear discriminant analysis using both 87Sr/86Sr and the Sr concentration allowed more accurate
discrimination between vegetables from the two countries.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The globalization of food systems has increased societal
demand for information about the geographical provenance of
foods. The calorie-based food self-sufficiency rate in Japan has been
approximately 40% for the last two decades (MAFF, 2016), and
many foods are imported from abroad. The amount of foreign-
grown vegetables consumed in Japan started to increase in the
mid-1980s. Starting in the late 1990s, consumption of vegetables
imported from China increased owing to their low price and the
geographical proximity of the two countries; during the 2000s,
the production-based ratio of Chinese vegetables in Japan
exceeded 99% for ginger, taro, podded pea, shallot, lotus root, gar-
lic, and Shitake mushroom and 80% for burdock (Fukase, 2016).

A Japanese law established standards and labeling require-
ments for agricultural and forestry products. This law started for
ginger, garlic, broccoli, taro, and Shiitake mashroom in 1996,
extended for burdock, asparagus, podded pea, and onion in 1998,
and established for all perishables in 2000. Nevertheless, false
information about the geographical provenance of foods and agri-
cultural products continues to be a problem. For example, in 2011
and 2012, ginger and podded pea of Chinese origin were falsely
labeled as having been produced in Japan (Mainichi, 2011, 2012).
Even within Japan, rice from Fukushima Prefecture has been sold
as being from Nagano Prefecture (Nikkei, 2012). Therefore, scien-
tific methods are needed for authenticating the provenance of both
foreign and domestic agricultural products.

Many indicators for determining the provenance of foods and
agricultural products have been explored (Kelly, Heaton, &
Hoogewerff, 2005). The strontium (Sr) stable isotope ratio
(87Sr/86Sr) is reported to be a powerful hydrogeological and biogeo-
chemical tracer and has recently been used to determine the geo-
graphical provenance of bottled water (Montgomery, Evans, &
Wildman, 2006; Voerkelius et al., 2010), wine (Almeida &
Vasconcelos, 2001; Durante et al., 2013, 2015; Marchionni et al.,
2013; Victor et al., 2016), rice (Ariyama, Shinozaki, & Kawasaki,
2012; Kawasaki, Oda, & Hirata, 2002; Lagad, Singh, & Vinai,
2017; Oda, Kawasaki, & Hirata, 2001), and vegetables (Bong
et al., 2012; Giacomo, Signore, & Giaccio, 2007; Swoboda et al.,
2008; Trincherini, Baffi, Barbero, Pizzoglio, & Spalla, 2014). This
method was developed on the basis of the assumption that
87Sr/86Sr ratios in surface water and soil water depend on the geol-
ogy of the watershed rocks, basement rocks, or both, and that
because the soil water and surface water are the sources of
bioavailable Sr, the 87Sr/86Sr ratios in these waters are reflected
in biota 87Sr/86Sr ratios.

87Sr/86Sr ratios have been used to distinguish rice and onion
grown in Japan from those grown in the United States and Thailand
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(Ariyama et al., 2012; Hiraoka et al., 2016; Oda et al., 2001). How-
ever, 87Sr/86Sr ratios in foods and agricultural products can vary
substantially within a country, and thus 87Sr/86Sr ratios likely vary
within the Japanese archipelago. In addition, most land plants,
such as vegetables, grow in the soil of the vadose zone, whereas
aquatic plants, such as rice, grow in soil saturated with water.
87Sr/86Sr ratios in soil water and land plants differ from the ratios
in surrounding surface water, groundwater, and aquatic plants.
The former contains more precipitation-derived Sr than the latter,
which contains large amounts of Sr derived from watershed rocks,
basement rocks, or both (Blum, Taliaferro, Weisse, & Holmes, 2000;
Graustein, 1988; Koshikawa et al., 2016; Nakano et al., 2001;
Nakano, Yokoo, Okumura, Jeon, & Satake, 2012). Furthermore,
although the 87Sr/86Sr ratios in vegetables, such as cabbage (Bong
et al., 2012), potato (Giacomo et al., 2007), asparagus (Swoboda
et al., 2008), tomato (Trincherini et al., 2014), and onion (Hiraoka
et al., 2016), vary depending on geology, vegetables tend to contain
larger amounts of fertilizer-derived Sr (Vitòria, Otero, Soler, &
Canals, 2004; Hosono et al., 2008) than aquatic rice. Because Japan
comprises a variety of geological regions with different character-
istic 87Sr/86Sr ratios, it may be possible to link the 87Sr/86Sr ratios in
agricultural products with those of geological materials. However,
no such linkage has been clearly established.

In order to enhance the accuracy and potential of Sr isotope
ratios as a geographical index for vegetables, it is effective to con-
struct the distribution map of 87Sr/86Sr ratios of vegetables in
national scales and to quantify the geological contribution in the
87Sr/86Sr ratio in vegetables. Working toward this goal, we deter-
mined the 87Sr/86Sr ratios and Sr concentrations in five respective
vegetable species (burdock, garlic, taro, ginger, podded pea) grown
in 44 prefectures in Japan, and we compared the values to those for
the same vegetables grown in China. We chose these species
because societal demand for information about their provenance
is high. To investigate the source of the Sr in the vegetables, we
also determined 87Sr/86Sr ratios in various vegetable species, the
soil-exchangeable pool, fertilizer, and irrigation water collected
in 20 agricultural areas in Japan; these media are considered to
be potential sources of the Sr in vegetables.
2. Materials and methods

2.1. Samples

We sampled five types of vegetable species—burdock (Arctium

lappa L.), garlic (Allium sativum), taro (Colocasia esculenta (L.)
Schott), ginger (Zingiber officinale), and podded pea (Pisum sativum
L.)—from 44 of the 47 Japanese prefectures except 3 prefectures
with low production (Fig. 1, 1–44). To the extent possible, the
number of samples collected for each vegetable species in each
prefecture was proportional to the annual production of that spe-
cies in the prefecture. Most of the vegetables were obtained
directly from producers or from agricultural cooperatives from
2004 to 2010, but some were purchased at direct-sales depots from
wholesale and retail traders. We also obtained samples of the same
vegetables that had been grown in China, because more than 80%
of the amounts of these vegetables imported into the Japanese
market are from China, (Fukase, 2016). All the Chinese samples
were commercial products that we purchased from importers
and processors. The total number of samples for five vegetables
in Japan and China amounted to be 210 and 193, respectively.

To elucidate the sources of Sr in vegetables grown in Japan, we
sampled 44 vegetable species and soils from 20 agricultural areas
in 15 Japanese prefectures (Fig. 1, a–t, Appendix 2). The soil sample
was not necessarily collected immediately adjacent to the corre-
sponding vegetable sample. In addition, we collected irrigation
water samples from 17 of the 20 areas and fertilizer samples from
6 of the areas. Soil samples (1–2 kg) were collected from the plow
layers with plastic shovels and were placed in plastic bags. Irriga-
tion water samples were filtered through a disposable cellulose
acetate filter (pore size, 0.2 lm; DISMIC 25CS020A5, Advantec,
Tokyo, Japan) and were subsequently stored in 100-mL polyethy-
lene bottles that had been rinsed three times with a few milliliters
of the filtered water. We collected approximately 500 g of fertilizer
from each field.
2.2. Sample preparation and digestion

We randomly selected three to ten samples of burdock, ginger,
taro, garlic, podded pea, and other vegetables from the collected
samples. The selected samples were washed with tap water and
glove made of resin to remove soil on the sample surface. We
peeled the ginger, burdock, taro, and garlic with a ceramic peeler
and then cut the peeled samples into small portions with a clean
ceramic knife. The podded peas were shelled to collect the peas
inside; the pods were discarded. For other vegetables in Appendix
2, which were used only for the Sr isotope analysis, we also dis-
carded outer tunic and root parts with a ceramic peeler or knife.
We washed the three to ten samples thus treated with high-
purity deionized water (Milli-Q Element A10, Japan Millipore)
and then mixed them to make one sample for chemical analysis.
About 30 g of the mixed sample were pulverized in a mixer mill
equipped with ceramic siezer.

Each sample was washed with high-purity deionized water
(Milli-Q Element A10, Japan Millipore) and then pulverized in a
mixer mill equipped with ceramic siezer. Approximately 2 g of
each pulverized sample was placed in a 100-mL polytetrafluo-
roethylene heatable beaker, and 10 mL of 61% HNO3 (analytical
grade, Kanto Chemical Co., Japan) was added. The beaker was cov-
ered with a polytetrafluoroethylene watch glass, transferred to a
hotplate, and heated at 120 �C until vigorous evolution of brown
gaseous products was observed. Then the sample solution was
cooled to room temperature, and 2.5 mL of 70% HClO4

(TAMAPURE-AA-100 m; Tama Chemicals Co., Tokyo, Japan) was
added. The beaker was tightly capped and heated overnight at
180–230 �C. The resulting solution was evaporated to dryness,
and the residue was dissolved in 5 mL of 1% HNO3. The solution
obtained from this digestion procedure was transferred to a 50-
mL Teflon bottle and subjected to chemical analysis.

Soil and fertilizer samples (10 g, not pulverized) were placed in
a Pyrex beaker, and then 20 mL of 1 M ammonium acetate solution
was added to collect Sr (Jap. J. Soil. Sci. Plant Nutr., 1997). The bea-
ker was shaken for 1 h, and the leachate was transferred to a 20-mL
plastic bottle by means of a polyethylene pipette.
2.3. Chemical separation and determination of Sr concentrations and
87Sr/86Sr ratios

The digestion solutions obtained from the vegetables and the
leachates obtained from the soil and fertilizer samples were cen-
trifuged and then filtered through a 0.45-lm cellulose acetate filter
(Advantec, Tokyo, Japan). The Sr concentrations in the filtrates
were determined by inductively coupled plasma mass spectrome-
try (ICP-MS; 820-MS, Varian, Mulgrave, Australia) at the Food and
Agricultural Materials Inspection Center. We used certified refer-
ence material NIM-GBW10015 (spinach; Seishin Trading Co.,
Japan) for analysis of the vegetable samples; and we also prepared
five working standard solutions, which contained Sr at concentra-
tions of 2.5, 5, 10, 20, and 40 lg L�1 and indium (In) at a concentra-
tion of 5 lg L�1, from a standard solution of Sr and In (Wako Pure
Chemical, Japan).



Fig. 1. (a) Sampling locations for the five vegetable species used in this study and (b) geological map of Japan (modified version of a map produced by the Ministry of Land,
Infrastructure and Transport).
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The Sr in the filtrates obtained as described in the preceding
paragraph was separated by cation exchange chromatography on
AG50W-X8 200–400 mesh resin (Muromachi Technos Co., Tokyo,
Japan) with 2 N HCl as the eluent; the HCl had been purified by
evaporating 6 N HCl in 2-L Teflon bottles at low temperature using
an infrared heater. 87Sr/86Sr ratios were determined by means of
multicollector double-focusing ICP-MS (Neptune Plus, Thermo
Fisher Scientific, Bremen, Germany) with an instrument installed
at the Research Institute for Humanity and Nature (Kyoto, Japan);
the analytical conditions were as described by Hiraoka et al.
(2016). The 87Sr/86Sr ratios were internally normalized to a
88Sr/86Sr ratio of 8.375209. Replicate analyses of the NIST987 stan-
dard during this study gave an 87Sr/86Sr ratio of
0.710238 ± 0.000022 (mean ± SD, n = 45). The standard deviation
of the 87Sr/86Sr ratio of all the samples was better than 0.000015.
All measurements were normalized to the 87Sr/86Sr ratio of
0.71025 recommended by Faure and Mensing (2004). The total
blank was negligible (<0.5 ng).
2.4. Geology

The geology of Japan is shown in Fig. 1b. Northeast Japan and
southwest Japan are divided by the Fossa Magna (a graben that
runs through Niigata, Nagano, Yamanashi, and Shizuoka prefec-
tures in eastern Chubu region) and is bordered on the west by
the Itoigawa-Shizuoka Tectonic Line. The Median Tectonic Line, a
large fault line running east and west through the central part of
the region, divides southwest Japan into the Inner Zone to the
north and the Outer Zone to the south.

Northeast Japan, which includes the Hokkaido, Tohoku, and
Kanto regions, is rich in Quaternary volcanic rocks. The Green Tuff
Belt, which was formed by submarine volcanic activity in the Mio-
cene, is widely exposed in areas facing the Sea of Japan and eastern
Hokkaido. The central and western mountains in the Hokkaido
region and the Kitakami and Abukuma mountains in eastern
Tohoku region are composed of Paleozoic–Mesozoic sedimentary
and metamorphic rocks, as well as Cretaceous plutonic rocks con-
sisting mainly of granite. In contrast, southwest Japan has wide-
spread deposits of Jurassic accretionary prism and Cretaceous–
Paleogene one—which are composed mainly of sandstone and
shale with smaller amounts of limestone, chert, and basaltic
rocks—and Cretaceous granite and gneiss. Quaternary volcanic
rocks are found only locally, except in the central and southwest-
ern areas of the Kyushu region, where such rocks are widespread.
The Miocene Green Tuff Belt is also exposed in the northern Chu-
goku region.

Agricultural activity is concentrated on the coastal plain and in
the basin, where the soil consists of Quaternary sediments derived
mainly from hinterland mountains. The number of samples of veg-
etables collected in Japan varied by region. To mitigate the effects
of this variation, we combined the data for the Hokkaido and
Tohoku regions and the Chugoku and Shikoku regions on the basis
of the geological similarity of the pairs of regions.
3. Results and discussion

3.1. Geographical variation of 87Sr/86Sr ratios in the five vegetable
species in Japan

The 87Sr/86Sr ratios in the five vegetable species in Japan varied
from 0.70482 to 0.71445 (ave = 0.70820, Appendix 1), and those in
other vegetable species were given in Appendix 2. This variation
was geographical and was independent of vegetable species.
Unlike 87Sr/86Sr, the concentration of Sr in the vegetables varied
with species; specifically, taro and podded pea contain higher con-
centrations of Sr than burdock, garlic, and ginger. We also deter-
mined average 87Sr/86Sr ratios for all the vegetables collected
from each individual prefecture (Table 1, Fig. 2). The interprefec-
tural variation in 87Sr/86Sr corresponded with the geological varia-
tion, and the values could be roughly classified into two groups by
region: northeast Japan (Hokkaido-Tohoku and Kanto regions) and
southwest Japan (Chubu, Kinki, Chugoku-Shikoku, and Kyushu
regions) (Fig 1b).



Table 1
Mean 87Sr/86Sr ratios for vegetables collected in Japan, by preference.

Prefecture no.a Prefecture name Number of samples 87Sr/86Srb

Hokkaido-Tohoku region 44 0.70705
1 Hokkaido 20 0.70685
2 Aomori 9 0.70658
3 Akita 2 0.70810
4 Iwate 3 0.70749
5 Yamagata 6 0.70782
6 Miyagi 3 0.70698
7 Fukushima 1 0.70742

Kanto region 50 0.70742
8 Ibaragi 4 0.70746
9 Tochigi 2 0.70859
10 Gunma 6 0.70641
11 Saitama 2 0.70828
12 Tokyo 2 0.70797
13 Chiba 33 0.70746
14 Kanagawa 1 0.70646

Chubu region 30 0.70960
15 Niigata 1 0.70957
16 Nagano 6 0.70911
17 Yamanashi 2 0.70593
18 Shizuoka 7 0.70825
19 Aichi 10 0.70975
20 Ishikawa 2 0.71014
21 Gifu 2 0.71301

Kinki region 67 0.70937
22 Shiga 2 0.71087
23 Kyoto 5 0.70956
24 Osaka 12 0.70971
25 Mie 2 0.70881
26 Nara 14 0.70880
27 Wakayama 11 0.70934
28 Hyogo 21 0.70944

Chugoku-Shikoku region 50 0.70902
29 Tottori 3 0.70777
30 Shimane 2 0.70849
31 Okayama 14 0.70892
32 Hiroshima 1 0.70736
33 Yamaguchi 2 0.70926
34 Kagawa 4 0.70964
35 Tokushima 4 0.70895
36 Ehime 4 0.70927
37 Kouchi 16 0.70928

Kyushu region 51 0.70786
38 Fukuoka 1 0.71018
39 Saga 1 0.70926
40 Nagasaki 2 0.70766
41 Ooita 2 0.70748
42 Kumamoto 12 0.70660
43 Miyazaki 23 0.70845
44 Kagoshima 10 0.70765

a See Fig. 1a for the prefecture numbers.
b The values in boldface type are the average 87Sr/86Sr ratios of vegetables of each

region.

K. Aoyama et al. / Food Chemistry 237 (2017) 1186–1195 1189
In northeast Japan, the 87Sr/86Sr ratios for the vegetables ranged
from 0.70482 to 0.70927 (ave = 0.70724), and none of the vegeta-
bles had 87Sr/86Sr ratios higher than 0.710. In the Hokkaido-
Tohoku region, 44 vegetable samples had low 87Sr/86Sr ratios
(0.70482–0.70927, ave = 0.70705), and only 7 samples had
87Sr/86Sr ratios higher than 0.708. In the Kanto region, 50 vegetable
samples had also low 87Sr/86Sr ratios (0.70553–0.70888,
ave = 0.70742). In northeast Japan, Miocene–Quaternary volcanic
rocks and Andosols derived from them are widely distributed.
The Kanto Plain, which is the largest plain in Japan (total area,
17,000 km2) and which occupies half of the Kanto region, is widely
covered by Andosols originating from Quaternary volcanic materi-
als. The 87Sr/86Sr ratios in volcanic rocks in northeast Japan show
geographical variation, but most of the ratios fall in the 0.703–
0.707 range (Faure & Mensing, 2004; Notsu, 1983; Ohki, Shuto, &
Kagami, 1994; Shuto, Sato, & Ohki, 2008), indicating the contribu-
tion of mantle Sr, which has a low 87Sr/86Sr ratio. Cretaceous gran-
ites occur in northeast Japan, which is home to the Hidaka,
Kitakami, and Abukuma mountains. Most of these granites also
have low 87Sr/86Sr ratios (0.705–0.707; Shibata & Ishihara, 1979).
It is likely that the low 87Sr/86Sr ratios in the vegetables collected
in northeast Japan can be ascribed mainly to Sr originating from
these igneous rocks.

In contrast, vegetables collected in southwest Japan tended to
have higher 87Sr/86Sr ratios (0.70513–0.71445, ave = 0.70891) than
those in northeast Japan. For example, the average 87Sr/86Sr ratios
in vegetables collected in Shiga and Gifu prefectures were higher
than 0.710 (Fig. 2; note however that the number of samples was
small). In both prefectures, sandstone and shale of Jurassic accre-
tionary prism predominate. According to Nakano et al. (2008),
stream water in the Lake Biwa watershed of Shiga Prefecture has
high 87Sr/86Sr ratios (0.70912–0.71604), which these researchers
attributed mainly to Sr derived from Jurassic sandstone and shale
(0.721–0.754) and from Cretaceous granites (0.710–0.730). The
87Sr/86Sr ratios in vegetables in Aichi and Ishikawa prefectures
(western Chubu region) were similar to each other
(ave = 0.70975 and 0.71014, respectively). These data are consis-
tent with those of Kusaka, Ando, Nakano, Yumoto, and Ishimaru
(2009), who showed that tree leaves in southern Aichi Prefecture
have 87Sr/86Sr ratios ranging from 0.709 to 0.713, and those of
Yoshioka et al. (2016), who showed that groundwater, river water,
and irrigation water in the Tedori alluvial fan in southern Ishikawa
Prefecture have 87Sr/86Sr ratios ranging from 0.7087 to 0.7116.

Vegetables in the Chugoku-Shikoku region had high and rela-
tively uniform 87Sr/86Sr ratios (0.70678–0.71042, ave = 0.70902,
SD = 0.00073). The geology of this region is similar to that of the
Chubu and Kinki regions, but Cretaceous granites are more widely
distributed in the former than in the latter. In the Chugoku-
Shikoku region, low 87Sr/86Sr ratios were observed for vegetables
collected in Tottori and Shimane prefectures (0.70678–0.70984,
ave = 0.70806), where the Miocene Green Tuff Belt, Quaternary
volcanic rocks, and Paleogene granites, which have low 87Sr/86Sr
ratios, are widely distributed. In the Kyushu region, vegetables in
Kumamoto and Kagoshima prefectures, where Quaternary volcanic
materials predominate, had low 87Sr/86Sr ratios (0.707 ± 0.001),
similar to those measured in northeast Japan. In contrast, vegeta-
bles from Fukuoka, Saga, and Miyazaki prefectures, where volcanic
materials are relatively uncommon, had slightly higher 87Sr/86Sr
ratios (0.70647–0.71078, ave = 0.70853).

Our results suggest that the lower 87Sr/86Sr ratios in vegetables
in northeast Japan relative to those in southwest Japan can be
attributed to the wide distribution of Miocene–Quaternary vol-
canic rocks, the rarity of sedimentary rocks of accretionary prism
(which have high 87Sr/86Sr ratios), and the distribution of Creta-
ceous granite rocks with low 87Sr/86Sr ratios. In southwest Japan,
the similarity of the vegetable 87Sr/86Sr ratios in the Kyushu region
to those in northeast Japan is also consistent with the wide distri-
bution of volcanic materials in the central and southern areas of
the Kyushu region. This correspondence between vegetable
87Sr/86Sr ratios and bedrock or watershed geology indicates that
the Sr in the vegetables was derived from chemical weathering
of rocks. This view is supported by the fact that variations in veg-
etable 87Sr/86Sr were unrelated to species.

3.2. Relationships between 87Sr/86Sr ratios in vegetables, the soil-
exchangeable pool, irrigation water, and fertilizer

The 87Sr/86Sr ratios in vegetables, the soil-exchangeable pool,
irrigation water, and fertilizer collected at 20 agricultural areas in
Japan are listed in Appendix 2. The range of vegetable 87Sr/86Sr
ratios (0.70619–0.71351; 91 samples) was similar to that for the



Fig. 2. Prefectural variation of average 87Sr/86Sr ratios in five vegetables species collected in Japan.
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soil-exchangeable pool (0.70621–0.71276; 91 samples). In the case
of 87Sr/86Sr ratio analysis, isotopic fractionation is small owing to
the small difference in mass between the two stable isotopes, and
further mass-dependent isotope fractionation can be compensated
for during analysis (Faure & Mensing, 2004). Accordingly, in a pre-
vious study, we found that 87Sr/86Sr ratios in biota were identical to
the ratios in ambient water in a lake ecosystem and the ratios in soil
water in a forest-soil ecosystem (Nakano, 2016). Therefore, we
assumed that vegetables in this study had 87Sr/86Sr ratios similar
to those of the soil-exchangeable pool. This assumption was sup-
ported by results from 14 of the 20 agricultural areas (Fig. 3a),
where the differences between the vegetable 87Sr/86Sr ratios and
the ratios in the soil-exchangeable pool were small (<0.0005), indi-
cating that the vegetables absorbed bioavailable Sr from the soil
substrate through the roots. However, at the other 6 agricultural
areas, the differences were large (0.001–0.002, Fig. 3b). These large
differences suggest that the 87Sr/86Sr ratios in the soil-exchangeable
pool were not uniform even within a single cultivation area.

Irrigation water is derived from stream water or groundwater,
which contains large amounts of Sr originating from rocks and
minerals in the watershed. Although there was a positive correla-
tion between vegetable 87Sr/86Sr ratios and the ratios in irrigation
water, the correlation was weak (R2 = 0.49, Fig. 3c). This weak cor-
relation indicates that the Sr in the vegetables did not originate
from the surrounding geological materials. The variation of the
87Sr/86Sr ratios in the irrigation water (0.70391–0.71573; 27 sam-
ples) was larger than the variation in the vegetables and the vari-
ation in the soil-exchangeable pool, but the median 87Sr/86Sr ratio
for the vegetables (0.70883) was close to the medians for the irri-
gation water (0.70835) and the soil-exchangeable pool (0.70881).
These results indicate that the sources of the Sr in the vegetables
have 87Sr/86Sr ratios similar to the median vegetable 87Sr/86Sr.

The 87Sr/86Sr ratios for fertilizer varied widely (0.70762–
0.71854; 19 samples), but most of the values fell within the narrow
range from 0.708 to 0.710, with a mean of 0.70998 and a median of
0.70881. The mean and median are almost identical to previously
reported 87Sr/86Sr ratios for six samples of fertilizer used in the
Lake Biwa watershed (0.70827–0.71020; Hosono et al., 2008).
According to Vitòria et al. (2004), 87Sr/86Sr ratios for fertilizer vary
depending on the rawmaterial, but most of the reported values fell



Fig. 3. Relationships between 87Sr/86Sr ratios in vegetables and (a, b) ratios in the soil-exchangeable pool, (c) ratios in irrigation water, and (d) ratios in fertilizer in
agricultural areas in Japan. The letters in the legend correspond to the letters on the map in Fig. 1a.
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in the narrow range between 0.708 and 0.709. This range is consis-
tent with the mean and median 87Sr/86Sr ratios for all the Japanese
vegetables analyzed in this study (0.70839 and 0.70856). It is likely
that the vegetables and the soil-exchangeable pool contained
fertilizer-derived Sr, mostly with 0.709 ± 0.001.

Precipitation is another source of Sr in vegetables. Previous
studies have shown that forest plants are richer in precipitation-
derived Sr than stream water is (Graustein, 1988; Koshikawa
et al., 2016; Nakano et al., 2012). Annual average 87Sr/86Sr ratios
of precipitation at five sites from Hokkaido to Kyushu in Japan
range from 0.7082 to 0.7094 (Nakano et al., 2006). The relation-
ships between the ratios for the vegetables, the soil-
exchangeable pool, and the irrigation water in this study suggest
that fertilizer, precipitation, or both were the sources of the Sr in
the vegetables.

3.3. Comparison of vegetable 87Sr/86Sr ratios in Japan and China

Although the average 87Sr/86Sr ratios and the 87Sr/86Sr ranges
for the five vegetable species in China differed from one another,
the 87Sr/86Sr ratios in China tended to be higher than those in Japan
(Fig. 4); this difference was due mainly to differences in geology
between the two countries. This result agrees well with the results
of a previous study of onions reported by Hiraoka et al. (2016).

However, the cutoff 87Sr/86Sr ratio at which the Japanese and
Chinese vegetables could be distinguished, and the utility of the
cutoff value, depended on the vegetable species (Fig. 4). For exam-
ple, the range of 87Sr/86Sr ratios for Japanese burdock (0.70482–
0.70976) did not overlap with the range for Chinese burdock
(0.71062–0.72020), and the cutoff value separating the two coun-
tries was approximately 0.710. Likewise, the range for Japanese
garlic (0.70553–0.71012) did not overlap with that of Chinese gar-
lic (0.71129–0.71183), but the cutoff value for garlic was slightly
higher (0.711) than that for burdock. In contrast, the 87Sr/86Sr
ratios for taro, podded pea, and ginger in the two countries par-
tially overlapped, indicating that 87Sr/86Sr ratio alone cannot be
used to discriminate these three vegetables. There was consider-
able overlap in 87Sr/86Sr ratio between Japanese and Chinese pod-
ded pea (note that the number of samples was small).

We attributed the differences in 87Sr/86Sr ratio for the vegeta-
bles in the two countries mainly to differences in where the veg-
etables were produced in Japan. In Japan, not much burdock and



Fig. 4. Histograms of 87Sr/86Sr ratios for five vegetable species collected in Japan (green) and China (red). The dotted lines show the cutoff 87Sr/86Sr ratios used to discriminate
the Japanese and Chinese vegetables. The cutoff ratios are listed in the inset tables, along with the numbers of samples with 87Sr/86Sr ratios above and below the cutoff. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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garlic are produced in the Chubu and Kinki regions, where vegeta-
bles had 87Sr/86Sr ratios as high as those in China; whereas large
amounts of burdock and garlic are produced in the Hokkaido-
Tohoku and Kanto regions, which had low 87Sr/86Sr ratios. (Table 1,
Fig. 2). In contrast, large amounts of taro and podded pea are pro-
duced in the Chubu and Kinki regions.



Fig. 5. Plots of Sr concentration versus 87Sr/866Sr ratio for five vegetable species in Japan (green) and China (red). The solid and dotted lines indicate the discrimination line
and the cutoff 87Sr/86Sr ratio between the two countries, respectively. The letters a, b, and c are the constants from the equation used for linear discriminant analysis. R and M
indicate the discrimination rate and misclassification rate, respectively.
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The concentrations of Sr in Chinese vegetables tended to be
higher than those in Japanese vegetables, although the difference
in Sr concentration was not as clear as the difference in 87Sr/86Sr
ratio. In particular, the Sr concentrations in garlic clearly differed
in the two countries. The relationships between 87Sr/86Sr and Sr
concentration for the five vegetable species from the two countries
are shown in Fig. 5. Burdock and garlic from the two countries
could be readily discriminated. However, because the number of
samples was small, statistical analysis was needed to evaluate
how reliably the vegetables from the two countries could be dis-
criminated. We carried out linear discriminant analysis using
87Sr/86Sr and Sr concentration and the equation ax + by + c = 0,
where x is 87Sr/86Sr ratio, y is Sr concentration, and a, b, and c are
constants. The values of a, b, and c, as well as the discrimination
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probability value for each vegetable in Fig. 5, were calculated using
statistical analysis software (multivariate analysis ver 7.0, Esmi,
Tokyo, Japan).

Discriminant analysis using 87Sr/86Sr ratio alone indicated that
96% of the Japanese vegetables had 87Sr/86Sr ratios lower than
0.71054 and that 83% of the Chinese vegetables had ratios higher
than this value (Fig. 4). When both 87Sr/86Sr ratio and Sr concentra-
tion were used for the analysis, the discrimination rate improved
for all five vegetable species, and the misclassification rate
decreased. For example, in the case of garlic, the discrimination
rate and the misclassification rate were 93.8% and 3.0%, respec-
tively, when only 87Sr/86Sr was used, but when both 87Sr/86Sr ratio
and Sr concentration were used, the discrimination rate was 100%
and the misclassification rate was 0% (Fig. 5). In the case of garlic
and burdock, Japanese and Chinese vegetables were completely
separated on the 87Sr/86Sr–Sr concentration plots (Fig. 5). However,
the discrimination rate for burdock was 95.4%, and the misclassifi-
cation rate was 0.9% even when linear discriminant analysis was
carried out with both indicators. This difference is due to the small
number of samples of each vegetable and the non-normal distribu-
tion of their 87Sr/86Sr ratios. The discrimination rate exceeded 90%
for taro and ginger, but the rate was 78.4% for podded pea.

The area in which various vegetables are produced can change
over time. Therefore, a geochemical index and model that can be
used to accurately identify the geographical provenance of vegeta-
bles must be developed (Kelly et al., 2005). To achieve this goal, it
will be necessary to accumulate and apply spatial data on geo-
chemical indicators, such as stable isotope ratios, for agricultural
products, as well as for the geological materials, fertilizers and
atmospheric fallout from which the isotopes are derived. The
development of a method to quantitatively evaluate the contribu-
tions of the source materials to the constituent elements of agricul-
tural products will also be indispensable.
4. Conclusions

We determined 87Sr/86Sr ratios and Sr concentrations in five
vegetable species grown in Japan and China, as well as 87Sr/86Sr
ratios for other vegetables, the soil-exchangeable pool, irrigation
water, and fertilizer collected in 20 agricultural areas in Japan.

We found that Sr concentration in the vegetables varied sub-
stantially depending on species but that vegetable 87Sr/86Sr ratios
did not vary much within a single production area, regardless of
species, and instead varied with the geological characteristics of
the growing area.

The 87Sr/86Sr ratios were low for vegetables produced in the
prefectures of northeast Japan, where post-Miocene volcanic mate-
rials are widely distributed. In contrast, the ratios were high in veg-
etables produced in the prefectures of southwest Japan, where pre-
Miocene granitoids and Mesozoic–Cenozoic accretionary sedi-
ments are widely distributed. This result indicates that soils origi-
nating from bedrock or watershed rock are the predominant source
of Sr in vegetables.

The 87Sr/86Sr ratios for most of the Chinese vegetables were
higher than those for the Japanese vegetables, and the Sr concen-
trations showed a similar but weaker tendency. Discriminant anal-
ysis using both 87Sr/86Sr ratio and Sr concentration was slightly
better than analysis with 87Sr/86Sr ratio alone for distinguishing
between Japanese and Chinese vegetables.

The vegetable 87Sr/86Sr ratios showed good correlation with the
ratios for the soil-exchangeable pool and irrigation water in the
same agricultural area, but there were significant differences in
87Sr/86Sr ratio among them which cannot be accounted for by the
exchange of Sr between vegetables and soil or irrigation water.
The Sr in vegetables originates primarily from basement or water-
shed rocks, but Sr in fertilizers or precipitation may also contribute.

To accurately identify the geographical provenance of vegeta-
bles, it is important to precisely elucidate the variation of geo-
graphical indices such as 87Sr/86Sr ratio in the vegetables and Sr
source materials and to quantify the contributions of the Sr source
materials to the vegetable.
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