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Lichens are abundant with functional groups that are capable of adsorbing dissolved metals in
moisture and intercepting suspended particles in the atmosphere. Using lichen chemistry as an indi-
cator is a prominent method of assessing a long-term baseline of atmospheric quality. This study
collected foliose lichens, Parmelia sp., from an area with intensive post-volcanic activity (Tatun
Volcano Group) and a deep mountain trail (Nan-ao Trail) in northern Taiwan. The geochemical
results show that the lichens from Nan-ao have much higher enrichment factors (EFs) for most metals
than those from the Tatun Volcano Group, which revealed that the geochemistry of Nan-ao lichens is
dominated by interception of suspended particles rather than absorption of lichen surface. In addition,
the fact that no Eu-negative anomaly (Eu=Eu� & 1.0) can be observed in the normalized patterns of
rare earth elements of lichens from Nan-ao reconBrms the derivation. In contrast, lichens from the
Tatun Volcano Group are characterized by lower enrichment factors of metals, evident from Ce-
negative and Eu-positive anomalies (Ce=Ce� \ 0.6 and Eu=Eu� [ 1.0), which implies that the lichen
chemistry may be principally established by the chemical adsorption of functional groups on the lichen
surface. In addition, the extraordinary enrichment factors of Ca, Mg, Na, and K of lichens near the
northern coast (EF[ 10) prove the involvement of seawater aerosol on the atmospheric chemistry.
The lead isotopic compositions reveal that unleaded gasoline could be the dominant source of lead for
Nan-ao lichens (207Pb/206Pb[ 0.86 and 208Pb/206Pb\ 2.105), while the local andesite provides the
lead to lichens from the Tatun Volcano Group. However, the Tatun Volcano Group is very close to
Taipei City, with all kinds of anthropogenic activities, which also contribute a considerable amount of
lead to the atmosphere.
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1. Introduction

In Taiwan, atmosphere quality is predominantly
monitored with the analysis of atmospheric aero-
sols, including liquid and/or suspended solid par-
ticles, collected by air Blters and deposition
collectors, which demonstrate reliability and eD-
ciency for detecting atmospheric pollution events.
However, for a long-term investigation of atmo-
spheric geochemical background like this study, a
longer sampling time is necessary to obtain a long-
term average. The sampling duration in the range
of days to a couple of weeks is not enough for this
kind of study (Rossbach et al. 1999; Francov�a et al.
2017; Fabri-Jr et al. 2018; Kousehlar and Widom
2020). In addition, atmospheric conditions, such as
wind, rain, and humidity, can have dramatic
eAects that complicate the processes of sampling
aerosols in a relatively short duration. The col-
lected samples may not represent the typical
atmospheric geochemistry, and more weather
parameters should be simultaneously measured to
adjust the results. Otherwise, a sampling network
with a large number of sampling sites should be
established to increase the spatial coverage for
obtaining a regional average. However, there are
some solutions proposed to tackle the difBculties of
long-duration sampling and interference of ambient
environments (Sahu et al. 2011; Sinha et al. 2019)
and biomonitoring with lichen is just one of the
possibilities.
Compared to conventional air sampling tech-

niques, lichens can be eDciently collected without
any installation of Beld equipment. They have been
widely used as biomonitors not only at polluted
locations for monitoring atmospheric pollution, but
also in unpolluted areas for the investigation of
regional geochemical backgrounds (Chettri et al.
1997; Getty et al. 1999; Conti and Cecchetti 2001;
Bergamaschi et al. 2004; LeGalley et al. 2013;
Mezhibor et al. 2016; Bolshunova et al. 2018;
Ndlovu et al. 2019). The advantage of using lichens
as air pollution indicators is made evident in the
fact that, lichens are absent of a protective cuticle
and well-developed roots, and they subsequently
rely on nutrient supply exclusively from the
atmosphere (Brown 1976). In addition, the growth
rate of lichens is much slower than other plants,
and the self-sustaining symbiosis can potentially
extend the life span of lichens to decades, some-
times even hundreds to thousands of years in
nature (Aubert et al. 2006). Therefore, the geo-
chemistry of lichens preferentially represents a

long-term average of atmospheric quality. If his-
torical lichen samples were available, the change of
atmospheric conditions could also be evaluated
(Purvis et al. 2007).
In addition to lichen use in air pollution moni-

toring, there have been many studies demonstrat-
ing that lichen geochemistry, which is highly
related to their growth environment can serve
other purposes, such as exploiting economic ores
and monitoring volcanic activities (e.g., Varrica
et al. 2000). Lichens growing in these areas would
accumulate anomalous concentrations of heavy
metals.
In recent years, many countries have routinely

collected the geochemistry of lichens as an indica-
tor for the investigation of regional geochemical
backgrounds (e.g., Getty et al. 1999; Rossbach
et al. 1999; Bergamaschi et al. 2004; Koz et al.
2010; Will-Wolf et al. 2020). Accordingly, this
research aims to evaluate the eAect on air quality
from post-volcanic activity in the Tatun Volcano
Group in north Taiwan, and hopefully, it can
promote a nationwide project to investigate
atmospheric geochemistry using lichens in the near
future.
To reveal the source of heavy metals accumu-

lated in lichens, rare earth elements (REEs) were
also analyzed in this study. REEs are a suite of 14
metals from atomic number 57 (La) to 71 (Lu),
which share similar chemical and physical proper-
ties; however, a systematic biogeochemical frac-
tionation, called lanthanide contraction, could
occur among REEs due to a gradual change of
atomic number (Nesbitt 1979). Accordingly, they
have been widely used as a natural tracer or an
indicator of redox reaction (e.g., Seto and Akagi
2008; Stille et al. 2009; G€ob et al. 2013; V�azquez-
Ortega et al. 2015). The major sources of REEs in
the atmosphere are marine aerosols and suspended
particles of weathered silicate minerals. The REE
concentrations of marine aerosols are generally
much lower than those of weathered rock dust.
During transportation in the atmosphere and/or
accumulation in lichens, many processes may
modify the concentrations of REEs, which may not
be sensitive for identifying the source. However,
each source of REEs usually has its unique distri-
bution pattern. A Cat pattern could be obtained, if
the REE concentrations of lichens were normalized
by those of potential source.
In addition to REEs, lead isotopes can be a

reliable tracer for indicating both anthropogenic
and natural sources due to their greater variability
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of isotopic ratios and insignificant fractionation
during geological processes. Naturally-occurring
lead is composed of four major stable isotopes:
204Pb (1.4%), 206Pb (24.1%), 207Pb (22.1%), and
208Pb (52.10%). Except for the non-radiogenic
204Pb, the other three isotopes are generated from
the decay chains of 238U, 235U, and 232Th, respec-
tively (Veron et al. 1994; Kom�arek et al. 2008). The
atmospheric Pb is normally characterized by dif-
ferent proportions among geological materials from
local and/or remote areas and anthropogenic
emissions. Accordingly, with the long-term accu-
mulation of heavy metals in lichens, the lead iso-
topes can eAectively indicate the most dominant
source of heavy metal in an area.
It is worth mentioning that, biomonitoring with

lichen is not a replacement for other sampling
methods. There are many disadvantages to moni-
tor atmospheric quality with lichen. One of the
critical issues is the selective adsorption of func-
tional groups on lichen surface as the consequence
of bioavailability and pH (Purvis and Pawlik-
Skowro�nska 2008). The selective adsorption would
result in fractionation among metals and leads to
inconsistency with the results by air Blters and
deposition collectors. However, lichen still has
great performance for long-term monitoring pro-
grams and provides information of atmospheric
geochemical background. This study is the Brst
attempt in Taiwan to examine the lichens with
complete geochemical analysis. The geochemical
relationship between lichen and ambient natural
environments is the major target in this study.
With the results of this study, the geochemical
properties of lichen as a proxy of atmospheric
geochemical background can be preliminarily
revealed and the subsequent monitoring program
can be scheduled in the future.

2. Study area

The study area, the Tatun Volcano Group (TVG),
is located at the northern tip of Taiwan, only
15 km away from downtown Taipei City (Bgure 1).
It is composed of more than 20 dormant andesitic
volcanoes over an area of approximately 150 km2.
The most recent eruption with lava Cow was dated
at 200,000 years ago, but the deposition of young
(\10,000 years ago) volcanic ash can be frequently
found in the formations under Taipei City. In
addition, according to the study of seismic waves, a
deep magma reservoir beneath the Taipei

metropolis can be identiBed (Lin 2016). However,
although it is still controversial whether the TVG
is active, the extensive emission of fumarolic gases
and geothermal springs can be observed in the
study area. The top four emission centers are
shown in Bgure 1. These post-volcanic activities
introduce large amounts of sulfate into the atmo-
sphere and result in acidic precipitation (Lu 2014).
Subsequently, the environment is not favourable
for the growth of lichens, and the biodiversity of
lichens is actually limited in the study area.
Lichens from a remote area, Nan-ao, were also

collected and analyzed for comparison purposes.
Nan-ao is also located in northern Taiwan
(Bgure 1). The lichens in Nan-ao were sampled
because Nan-ao is situated in a deep mountain
area. The sampling locations in Nan-ao can be
accessed only by walking, and there is no potential
anthropogenic pollution source within the range of
10 km. The lichens can represent the local atmo-
spheric geochemical background. In addition, the
distance between Nan-ao and TVG is only about
80 km (Bgure 1). Both areas share a very similar
climate type. The mean annual rainfalls of TVG
and Nan-ao are approximately 3000 mm/year.
Typhoon events bring in massive precipitation in
summer. In winter, the northeast monsoon carries
moisture into northern Taiwan and results in
continuous precipitation, although the average
depth of seasonal precipitation is only about half of
the rain in summer. In addition, the elevation of
the sampling location in Nan-ao is about 500 m
higher than that in TVG. A lower atmospheric
temperature can be expected in Nan-ao. These
climatic factors may cause different growth rates of
lichens, which means that the accumulation time
may vary even though lichens are in the same size.
It is believed that the concentrations of metals in
lichens are highly dependent on accumulation time.
Therefore, in this study, the geochemical compar-
ison of lichens from the two areas is based on rel-
ative concentrations (enrichment factors) rather
than absolute ones as many previous studies did
(e.g., Paoli et al. 2018; Parviainen et al. 2019).

3. Sampling and analytical methods

3.1 Lichen sampling

Lichens can be categorized into three main mor-
phological groups: crustose, foliose, and fruticose
types (Nash 2008). Crustose lichens are capable of
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surviving in highly polluted and extreme environ-
ments. In contrast, the growth of foliose and fru-
ticose lichens is very sensitive to atmospheric
quality, especially the concentrations of sulfur,
nitrogen, and Cuorine-containing pollutants in air
(Nash and Gries 2002; Atari et al. 2008; Gibson
et al. 2013). This study provides evidence that very
few lichen species can be found due to post-volcanic
activity in the TVG, and most of them belong to
crustose families, such as Lepraria sp., Lecanora
sp., Pertusaria sp., and Graphis sp. However,
crustose lichens generally adhere Brmly to rocks or
trees. It is difBcult to separate crustose lichens
clearly from substrate and the contamination of
substrate would be a serious problem. In addition,
it is hard to Bnd fruticose lichen in the TVG.
Accordingly, the foliose lichen Parmelia sp., which
is very common in both areas of the TVG and Nan-
ao, was chosen for the geochemical analyses in this

study. With identical lichen species, the differences
in biogeochemical behaviours can be minimized. In
this study, the lichens were collected exclusively
from tree bark, and those at a higher distance from
the ground were preferred to reduce the interfer-
ence from ground dust. The sampling locations are
shown in Bgure 1.

3.2 Sample preparation and chemical analysis

In the laboratory, the sampled lichens were cut
from the tree bark with a ceramic knife, and the
extraneous material, such as dead tissue, soil, rock
fragments, and tree bark on lichens was carefully
removed under a binocular microscope. To ensure
that no dust and unwanted material remained on
the lichen surface, the lichens were repeatedly
cleaned up with an ultrasonic bath. The cleaned
samples were dried at 60�C and then ashed in

Figure 1. (a) Topographic map of northern Taiwan showing the two sampled localities (TVG and Nan-ao). (b) Topographic
map of the TVG showing sampling sites (T) and major gas vents (GV).
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Pyrex tubes for 4–5 h at 500�C. The ash powder
was digested in a mixture of 6 mL ultrapure 6 mL
HCl–HNO3 at 95�C for 1 h (Demiray et al. 2012).
The digestion solution was Bnally diluted to 20 mL
with deionized water and analyzed for metals by
induced coupled plasma-mass spectroscopy (Agi-
lent ICP-MS 7500 cx). To minimize the polyatomic
interference of oxides, the ICP-MS was carefully
tuned with different sample depths, voltages of the
ion lens system, torch temperatures, and helium
Cow rates in a collision/reaction cell.

3.3 Data processing

As stated above, even though lichens grow in the
same location, the metal concentrations of lichens
may still be related to many factors, especially
accumulation time. In addition, although the pro-
cedures of sample preparation were identical, the
metal concentrations may still be dependent on the
water and carbon contents of lichens. To minimize
the Cuctuations of absolute concentrations, the
original measured concentrations can be normal-
ized to the metal concentrations of a chosen refer-
ence. It is generally aluminium or titanium to
represent the content of clay mineral, which can be
one of the potential major sources of atmospheric
chemistry (Chiarenzelli et al. 2001; Bergamaschi
et al. 2002; Purvis et al. 2007; Agnan et al. 2015).
However, the concentration of titanium is low and
difBcult to be measured accurately. In this study,
the metal concentrations of lichen samples are
normalized by aluminium concentrations them-
selves to mitigate the eAect of accumulation time
and then the enrichment factors (EFs) are calcu-
lated compared to the earth’s upper continental
crust (UCC) as the following formula (e.g.,
Prudêncio 2007; Agnan et al. 2014, 2015):

EFM ¼ M=Al½ �lichen
M=Al½ �UCC

; ð1Þ

where EFM is the enrichment factor of metal M;
and [M/Al]lichen and [M/Al]UCC are the ratios of
concentration of metal M to aluminum in the
lichen and reference UCC, respectively (Taylor and
McLennan 1985).
In addition, multivariate statistical analysis is

an eAective way to elucidate geochemical data. In
this study, principal component analysis (PCA)
was utilized to depict the geochemical properties
of lichens from two sampling areas. PCA is a
technique to convert a set of possibly correlated

variables into a set of values of independent
variables, called principal components (PCs). In
the application of lichen geochemistry, PCs gen-
erally represent the major source of lichen
chemical compositions (e.g., Loppi and Pirintsos
2003; Leonardo et al. 2011; Gandois et al. 2014).
Using PCA in this study, a mixing model of
geochemical background in the TVG might be
established.

4. Results and discussion

4.1 Lichen geochemistry

A total of 11 lichen samples were collected from
four sites in the TVG (Bgure 1). In Nan-ao, four
lichens were sampled within a distance of 15 km
along the deep mountain trail (Bgure 1). The
samples are labelled according to the following
example: for sample T-a-1, T = TVG (if ‘T’ is
replaced by ‘N’, the samples were collected from
the Nan-ao area), a = sampling site and 1 = sam-
ple number at the same site. The statistical values
of the maximum, minimum, and average chemical
compositions for the two areas are summarized in
table 1, which can roughly reveal the regional
chemical variations of lichens.
In general, the EFs of most metals are relatively

depleted in the TVG. It is worth noting that the
chemical properties of lichens in Site T-a are quite
different from the others in TVG. Compared to
lichens from the other TVG sites, those from Site
T-a have higher EF values of Na, Mg, K, and Ca,
but there is no considerable difference in heavy
metals of Fe, Co, Ni, As, and V. On the other hand,
the lichens from Nan-ao (Sample N-a) are much
enriched in most of the metals, as listed in table 1.
The EF values are generally greater than 10,
especially for Ca, Mg, Na, and K. The depleted
metals (the average of EFs\ 1) only include Fe, V,
and U. However, Co and Ni are relatively enriched,
which is not consistent with the lichens from T-a.
When comparing the lichens from Nan-ao (Site

N-a) and TVG (Site T-b to T-d), the differences of
alkali and alkali earth elements (Na, K, Ca, Mg,
and Sr), transitional metals (Cr, Fe, Co, and Ni)
and REEs (La to Lu) can be seen clearly in Bgure 2.
As listed in table 2, the prevailing wind directions
(NNW and NW) are not preferred to carry sea-
water aerosol from the NE coast. Accordingly, the
seawater aerosol may not be the source of alkali
and alkali earth elements. It is worth noting that
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Table 1. Variations of EFs of lichen metals with basic statistical information.

T-a (n = 3) Na Mg K Ca Mn Fe Sr V Cr Co

Max. 12.26 70.29 2167.31 24.53 4.76 0.16 3.28 0.33 0.13 0.80
Min. 1.96 21.24 713.53 10.87 2.59 0.02 1.72 0.31 0.07 0.32
Average 6.71 51.44 1456.49 19.30 3.69 0.10 2.43 0.32 0.10 0.55
Range (%) 63.20 41.94 40.78 31.19 24.02 57.87 26.44 1.75 22.23 36.04

T-a (n = 3) Ni Cu Zn As Ba Pb U La Sm Lu

Max. 1.27 63.01 64.35 7.94 13.80 17.57 0.46 0.002 0.002 0.009
Min. 0.57 28.92 39.87 4.23 6.79 9.97 0.17 0.001 0.001 0.002
Average 0.82 49.07 50.08 6.01 10.10 14.00 0.27 0.001 0.001 0.005
Range (%) 38.28 29.73 20.76 25.28 28.48 22.27 49.28 44.10 42.41 56.27

T-b (n = 2) Na Mg K Ca Mn Fe Sr V Cr Co

Max. 0.11 1.86 4.55 0.18 2.51 0.46 1.50 2.65 0.35 0.077
Min. 0.10 1.38 2.99 0.17 2.28 0.38 1.35 2.53 0.30 0.002
Average 0.10 1.62 3.77 0.18 2.39 0.42 1.42 2.59 0.32 0.040
Range (%) 1.67 14.99 20.70 2.67 4.86 9.83 5.31 2.42 7.13 93.73

T-b (n = 2) Ni Cu Zn As Ba Pb U La Sm Lu

Max. 0.84 15.52 159.44 26.96 0.23 325.82 5.74 0.001 0.006 0.004
Min. 0.69 13.53 149.04 26.87 0.21 313.37 4.72 0.001 0.005 0.003
Average 0.76 14.52 154.24 26.92 0.22 319.60 5.23 0.001 0.006 0.004
Range (%) 9.98 6.83 3.37 0.16 5.71 1.95 9.73 1.64 3.25 10.80

T-c (n = 5) Na Mg K Ca Mn Fe Sr V Cr Co

Max. 0.41 1.49 4.90 2.17 6.93 0.58 8.85 2.48 0.11 0.035
Min. 0.07 0.24 0.95 0.15 3.05 0.12 2.53 0.62 0.06 0.001
Average 0.19 0.81 2.85 0.99 4.92 0.31 5.51 1.57 0.09 0.009
Range (%)a 67.40 56.59 45.04 81.30 29.78 54.49 47.34 48.95 21.82 138.35

T-c (n = 5) Ni Cu Zn As Ba Pb U La Sm Lu

Max. 1.54 19.64 44.87 39.18 1.41 966.13 2.92 0.003 0.007 0.005
Min. 0.19 5.49 24.39 8.78 0.20 50.30 1.31 0.001 0.001 0.002
Average 0.78 11.13 32.72 23.18 0.76 464.74 2.26 0.002 0.004 0.003
Range (%)a 68.12 42.61 21.69 50.87 62.73 85.43 24.30 34.66 53.97 38.18

T-d (n = 1)b Na Mg K Ca Mn Fe Sr V Cr Co

Max. – – – – – – – – – –
Min. – – – – – – – – – –
Average 0.08 0.29 0.54 0.16 4.07 0.59 2.86 1.47 0.10 0.269
Range (%)a – – – – – – – – – –

T-d (n = 1)b Ni Cu Zn As Ba Pb U La Sm Lu

Max. – – – – – – – – – –
Min. – – – – – – – – – –
Average 0.49 8.91 50.41 21.18 0.29 62.41 4.22 0.001 0.005 0.007
Range (%) – – – – – – – – – –

N-a (n = 4) Na Mg K Ca Mn Fe Sr V Cr Co

Max. 32.02 79.96 611.70 610.14 6.79 1.31 18.66 0.68 4.93 6.67
Min. 2.89 42.67 136.28 410.57 2.54 0.49 13.92 0.35 0.98 2.00
Average 13.43 63.90 311.88 519.64 4.17 0.96 15.94 0.48 2.39 4.54
Range (%)a 11.62 15.86 183.36 82.01 1.63 0.34 1.86 0.12 1.51 2.11

N-a (n = 4) Ni Cu Zn As Ba Pb U La Sm Lu

Max. 11.05 86.73 38.25 5.04 5.49 10.23 1.29 1.40 3.02 17.38
Min. 3.84 12.34 13.07 2.37 1.50 6.56 0.30 0.86 1.99 1.88
Average 6.56 43.82 21.12 3.60 3.31 8.31 0.63 1.13 2.60 5.97
Range (%)a 2.80 27.03 10.10 0.96 1.57 1.44 0.40 0.20 0.42 6.59

aRange is calculated by (standard deviation)/average in %.
bOnly one lichen sample is available. The EFs are shown in average.
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not all of the heavy metals in the lichens from Nan-
ao (N-a) have higher EF values than those from the
TVG. The transitional metals of Cu and Zn show
similar EF values (Bgure 2). The elements of Fe,
Co, and Ni naturally have higher oxidation num-
bers (+2 and +3) than Cu and Zn (+1 and +2).
Theoretically, the metals with higher oxidation
numbers could have stronger hydrolysis reaction in
water and tend to form insoluble hydroxides, while
Cu and Zn prefer to be hydrated with water
molecules (Scholz and Kahlert 2015). It is believed
that hydroxides of Fe, Co, and Ni are not prefer-
able to transport in oxidizing atmosphere, com-
pared to the more soluble hydrated Zn and Cu.
Accordingly, the relative depleted transitional

metals in lichens from the TVG can be possibly
explained by the fact that the functional groups on
the lichen surface adsorb chemical compositions

dissolved in the atmospheric water vapour. In
addition to the adsorption of functional groups, the
direct capture of suspended particles by the lichens
from Nan-ao may be significant in the enrichment
of alkali, alkali earth, and transitional metal ele-
ments. This derivation can be reconBrmed with the
enrichment of REEs, which are also enriched in the
lichens from Nan-ao (Bgure 2).

4.2 PCA analysis

In this study, all chemical components listed in
table 1 from all sampling sites were considered as
variables for PCA. Subsequently, PCA extracted
three PCs having eigenvalues of[1.0, accounting
for 86.56% of the total variance. The factor coor-
dinates (eigenvectors) of the variables, eigenvalues,
percentage of variance, and cumulative percentage

Figure 2. Average EFs of the lichens from each sampling site with the order of atomic number.

Table 2. Selected geographical and climatic information of sampling locations in this study.

Site

Elevation

(m)

Distance to

nearest coast (m)

Prevailing winda 2nd most frequent windb

Direction Speed (m/s) Direction Speed (m/s)

T-a 580 7400 NE 1–2 NNE 1–2

T-b 760 10,900 NNE 2–3 NE 1–2

T-c 1020 11,500 NNE 2–3 NE 1–2

T-d 870 12,600 ENE 4–5 WSW 5–6

N-a 700–1500 10,000 NNW 2–3 NW 2–3

aThe most frequent wind direction and speed at the weather station nearest the lichen sampling site over the period 2015–2019.
bThe wind direction and speed next to the prevailing wind at the same weather station over the same period.

a and b: All the data were retrieved from the website of the Central Weather Bureau, Taiwan (http://e-service.cwb.gov.tw/
HistoryDataQuery/index.jsp).
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of variance of three PCs (PC-1 to PC-3) are given
in table 3. The eigenvalues of PCs are 12.13, 3.17,
and 2.01, which account for 60.67, 13.86, and
10.03% of the total variance, respectively. How-
ever, there is only one variable (Zn) with a signif-
icant loading of[0.7 in PC-3. This suggests that
PC-3 can be considered to have only minor geo-
chemical importance and will not be discussed in
this study. Accordingly, the original data were
projected into the new coordination system of two
major PCs (PC-1 and PC-2), as shown in Bgure 3.
Table 3 shows that PC-1 strongly correlates

with most of the chemical components of lichens.
It is predominant that the major PC (PC-1) can
distinguish the geochemical properties of lichens
between the TVG and Nan-ao (dashed line in
Bgure 3b). This trend from Nan-ao to the TVG
demonstrates the decrease of EF values of most
elements (table 3), which conBrms the derivation
from EF values of lichen geochemistry. In con-
trast, the EF values of V, U, and Pb contem-
porarily increase in the same trend. These
elements are generally enriched in most of the
volcanic areas; however, their loadings do not
show a substantial correlation. Accordingly, PC-1
simply serves as higher EF values for lichens from
Nan-ao. Compared to the enrichment of Na, K,
Ca, and Mg for the lichens from T-a, the enrich-
ment of almost all elements indicates that the
participation of seawater aerosol is suspicious for
Nan-ao lichens. Otherwise, a depletion of Fe, Co,
Ni, and other transitional metals should be
observed.
It is believed that lichens can scavenge chemicals

from the atmosphere with two different mecha-
nisms (Conti and Cecchetti 2001; Bergamaschi
et al. 2004; Purvis and Pawlik-Skowro�nska 2008):
(1) Lichens capture suspended micro-particles,
which may show similar geochemical properties
with clay minerals. (2) The functional groups on
the lichen surface absorb dissolved ions from air
moisture. It is plausible to suggest that the high
EFs (the positive end member of PC-1) result from
suspended particulates adding considerable
amounts of adsorbed ions. In contrast, the negative
end member of PC-1 is characterized by depletion
of Fe, Co, Ni, and most REEs (table 1 and
Bgure 2), which may probably represent the dom-
inance of the absorption process over the capture of
suspended particles due to the lower solubility of
heavy metals during the transportation in the
atmosphere. However, in the area with volcanic
activity, the high emission of SO2 and H2S gases

would give rise to an acidic environment and pro-
mote the dissolution of metals in the atmospheric
moisture. This could possibly enhance the adsorp-
tion process.
Figure 3(b) shows that PC-2 is capable of eAec-

tively separating the lichens from the TVG. The
lichens from sites T-b, T-c, and T-d have relatively
higher EF values of As, V, and Pb, which are
generally enriched in volcanic gas, but these ele-
ments are depleted in the lichens from Site T-a. As
mentioned above, Site T-a has the privileged con-
ditions (distance and wind direction, as seen in
table 2) to receive seawater aerosol. This deriva-
tion can be reconBrmed with the distribution of
TVG lichens along PC-2.

4.3 REE chemistry

REEs were also analyzed in this study to further
understand the geochemical exchange between
lichens and the atmosphere. To assume that clay
mineral is the major potential source of REEs, the
analytical results of REEs were normalized by
UCC as the calculation of EF values (Taylor and

Table 3. Factor loadings of the variables based on correlations
in PCA for lichen chemistry.

Components PC-1 PC-2 PC-3

Na 0.878 0.068 0.428

Mg 0.987 0.035 –0.055

K 0.560 0.649 0.233

Ca 0.972 –0.159 –0.118

Mn 0.915 –0.130 0.192

Fe 0.530 –0.539 –0.472

Sr 0.949 –0.223 –0.215

V –0.552 –0.719 0.288

Cr 0.822 –0.160 –0.236

Co 0.968 –0.099 0.054

Ni 0.970 –0.108 0.172

Cu 0.904 0.128 0.345

Zn 0.062 –0.350 0.728

As 0.428 –0.796 –0.258

Ba 0.732 0.460 –0.027

Pb –0.328 –0.574 0.058

U –0.519 –0.637 0.466

La 0.920 –0.199 –0.178

Sm 0.937 –0.193 –0.152

Lu 0.781 0.003 0.531

Eigenvalue 12.13 3.17 2.01

Total variance (%) 60.67 15.86 10.03

Cumulative (%) 60.67 76.53 86.56

Bold indicates a statistically significant loading.
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McLennan 1985). In general, the lichens from each
site share a similar normalized REE pattern;
Bgure 4 shows the representatives for all sites.
There are three distinct types of REE patterns:
T-a, T-b to T-d, and N-a. The highest concentra-
tions of REEs are found in the lichens from Nan-ao,
which are about 4–20 times those of the TVG
(Bgure 4). The reason for the enrichment of REEs
is the same as the EF values, which results from the
direct capture of suspended particles on lichen
surface. In contrast, the lichens from T-a have
much lower concentrations of REEs, as expected,

due to the dilution eAect of seawater aerosol with
very low REE contents.
Most of the REEs naturally have the valency of

+3 in the environment, while only cerium (Ce) and
europium (Eu) are known to take different valen-
cies of +4 and +2, respectively. The peculiar
behaviours of Ce and Eu would accordingly occur
due to the difference in ionic charge density, which
can be manifested as anomalies in the normal-
ized REE patterns. The anomalies (Ce=Ce� and
Eu=Eu�) can be quantitatively evaluated with the
abundances of neighbouring REEs as equations

Figure 3. Results of PCA for the lichen chemistry: (a) loading plot of PC-1 vs. PC-2 and (b) projection of chemical components
on the plot of PC-1 vs. PC-2.
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(Chiarenzelli et al. 2001; Dominique et al. 2006;
Symphonia and Nathan 2018; Ayala-P�erez et al.
2021):

Ce=Ce�ð Þ ¼ Ce
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

La� Pr
p ð2Þ

Eu=Eu�ð Þ ¼ Eu
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Sm�Gd
p : ð3Þ

The calculated results are listed in table 4.

The Ce anomaly is an excellent indicator of
redox state. The oxidation environment would
result in the dominance of Ce(IV) species, which is
preferred to form CeO2 oxide with very low solu-
bility (Akagi and Masuda 1998). Under this cir-
cumstance, it can be expected that the Ce-negative
anomaly (Ce=Ce�\ 1.0) would be observed, if
REEs dissolved in the moisture were transported in
the atmosphere. In contrast, the REE pattern of
the suspended particles would be preserved during
transportation, and there would be no considerable
Ce-negative anomaly. Table 4 shows that the Ce-
negative anomaly (Ce/Ce*\ 0.6) appears in all
lichens from the TVG, which demonstrates that
the REE origin is dominated by the adsorption
process on lichen surface functional groups rather
than the direct capture of suspended particles. It is
worth noting that the lichens from Site T-a are
characterized by the most intense Ce-negative
anomaly (Ce=Ce� \ 0.4) (table 4 and Bgure 4). As
mentioned, seawater aerosol may make a signifi-
cant contribution to those near the coastline (Site
T-a). It is well recognized that the Ce-negative
anomaly extensively appears in seawater due to Ce
scavenging by non-dissolved oxide (Piepgras and

Jacobsen 1992; Hongo et al. 2006; Hathorne et al.
2012, 2015; Deng et al. 2017). This natural fact
reconBrms that the participation of seawater truly
aAects the geochemical compositions of the lichens
from Site T-a. However, although the enrichment
of Na, K, Ca, and Mg can also be observed in those
from Nan-ao, the inconsiderable Ce-negative
anomaly (Ce=Ce�[ 0.9) demonstrates that the
eAect of seawater is negligible.
Eu is traditionally known as a proxy for calcium

in plagioclase during igneous fractionation due to
its reduced divalent (2+) cation (Weill and Drake
1973). The positive Eu anomaly can be accordingly
observed in plagioclase. In this study, the Eu-
positive anomaly exists in all lichens from both
study areas (table 4), but very strong Eu-positive
anomaly occurs only in the lichens from Site
T-a (Eu=Eu� [ 7) compared to those from all
other sites showing minor positive anomaly
(Eu=Eu�\ 2). Although seawater aerosol is one of
the possible sources in Site T-a, the predominant
Eu-positive anomaly is rarely observed in open
seawater (Olivarez and Owen 1991; Dubinin 2004;
Hongo et al. 2006; Hathorne et al. 2015; Deng et al.
2017). Meanwhile, the hydrothermal Cuid was fre-
quently reported with highly Eu-positive anomaly
due to the strong water–rock interaction, especially
in sedimentary host rocks (Olivarez and Owen
1991; Bao et al. 2008). According to Wang et al.
(2004), the TVG andesites demonstrate REE pat-
terns with insignificant negative Eu anomaly.
Later studies measured the REE patterns of river
water in the TVG watershed, which are also
slightly enriched with Eu (Lu 2014; Kao et al.

Figure 4. UCC-normalized REE pattern of representative
lichens from each sampling site.

Table 4. Geochemical characteristics of REEs for the
lichens in this study.

Sample Ce=Ce� Eu=Eu�

T-a-1 0.36 8.19

T-a-2 0.35 7.22

T-a-3 0.34 7.02

T-b-1 0.81 1.19

T-b-2 0.80 1.05

T-c-1 0.55 1.40

T-c-2 0.58 1.50

T-c-3 0.61 1.23

T-c-4 0.74 1.33

T-c-5 0.58 1.46

T-d-1 0.62 1.66

N-a-1 0.92 1.99

N-a-2 0.95 1.26

N-a-3 0.93 1.16

N-a-4 0.99 1.24
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2017). In this study, the Eu anomalies of lichens,
except those from Site T-a, are consistent with
those of river water. It is considered that the REEs
of hydrothermal Cuid in the TVG could be closely
associated with those of host andesites. During the
weathering process in the hydrothermal system,
the plagioclase is likely to be dissolved and pro-
vides additional Eu to result in the slight Eu-
positive anomaly.
The REE patterns from Site T-a are obviously

exceptional (Eu=Eu�[ 7) (table 4). As mentioned
above, although seawater aerosol can make the
lichens at T-a Site show Ce-negative anomaly, it is
not possible to depict the extraordinary Eu-posi-
tive anomaly with the contribution of seawater
aerosol. It is worth noting that there are several
minor hydrothermal vents close to Site T-a, which
are hosted by sedimentary rocks instead of igneous
rocks, as in the other three cases (Bgure 1). In
general, sedimentary rock is highly enriched with
plagioclase and can be a substantial source of Eu
(Chao et al. 2015). It is believed that the plagio-
clase can be easily dissolved and enhances the Eu-
positive anomaly, while the hydrothermal Cuid
passes through the sedimentary rocks. Although
there are no analytical results for the sedimentary
rocks from Site T-a, according to unpublished data

from the researchers, for the Sr isotopic composi-
tions of hydrothermal Cuid, the additional source
from sedimentary rocks can be conBrmed. The
unpublished data reveal that the ratio of 87Sr/86Sr
of hydrothermal Cuid from Site T-a is about 0.714,
which is much higher than 0.705 for those from the
other sites in the TVG. Because the radioactive
decay of 87Rb is one of the major sources of 87Sr,
the age of rocks would increase the ratio of
87Sr/86Sr. And, because the sedimentary rocks are
formed by the accumulation of weathered geologi-
cal material on the Earth’s surface, it can be
expected that the ratio of 87Sr/86Sr of sedimentary
rocks must be much higher than those of its parent
geological material. Radiometric age dating
demonstrates that the TVG is composed of very
young andesitic rocks, which have ages from 2.8 to
0.2 Ma and a low ratio of 87Sr/86Sr, in a range of
0.70414–0.70488 (Wang et al. 1999, 2004; Shellnutt
et al. 2014). Accordingly, the Sr isotopic composi-
tions of hydrothermal Cuid at Site T-a actually reveal
that the sedimentary source is significant to the
hydrothermal Cuid at Site T-a, which can support
the Eu-positive anomaly observed in the lichens.

4.4 Lead isotopes

The analytical results of lead isotopes of lichens
demonstrate distinct values from the TVG and
Nan-ao. Those from the TVG have lower ratios of
208Pb/206Pb and 207Pb/206Pb as well as higher
ratios of 206Pb/204Pb (table 5). However, they still
roughly follow a straight-line trend (dashed eclipse
in Bgure 5), which indicates that the lead sources of
lichens in this study may be controlled by a mixing
model between two major components.
In previous studies, there were some lead iso-

topes available, including gasoline, suspended
particles, and TVG andesite, which can potentially
contribute to the lead of lichens in this study. Yao
et al. (2015) analyzed lead isotopic compositions of
unleaded gasoline collected from gas stations in
Taipei City. Compared to those in this study, the
unleaded gasoline has higher ratios of 208Pb/206Pb
and 207Pb/206Pb, but much lower 206Pb/204Pb
(Bgure 5). In addition, the lead isotopic composi-
tions published by Wang et al. (2004) revealed that
local andesites in the TVG have the opposite
properties of unleaded gasoline (Bgure 5). Accord-
ingly, the lichens from the TVG are close to the
TVG andesites, and those from Nan-ao lie are
nearer to unleaded gasoline. Thus, it is reasonable

Table 5. Results of lead isotopic compositions of lichens in this
study.

Lichen 208Pb/206Pb 207Pb/206Pb 206Pb/204Pb

Tatun volcanic

group

T-a-1 2.0974 0.8541 18.2875

T-a-2 2.0954 0.8532 18.3101

T-a-3 2.0961 0.8535 18.2922

T-a-4 2.0968 0.8553 18.2254

T-a-5 2.0945 0.8514 18.3959

T-b-1 2.0948 0.8543 18.2379

T-b-2 2.0940 0.8547 18.3382

T-c-1 2.1015 0.8556 18.2771

T-c-2 2.0990 0.8579 18.2049

T-c-3 2.0982 0.8569 18.2101

T-c-4 2.1019 0.8554 18.2080

T-c-5 2.1002 0.8561 18.1991

T-d-1 2.0995 0.8553 18.2120

Average 2.0976 0.8549 18.2614

Nan-ao

N-a-1 2.1111 0.8645 18.0765

N-a-2 2.1095 0.8646 18.0847

N-a-3 2.1088 0.8580 18.2310

N-a-4 2.1090 0.8601 18.1801

Average 2.1096 0.8618 18.1431
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to expect that the emitted volcanic gases dominate
the atmospheric geochemistry around the TVG.
To conceptually connect unleaded gasoline and

TVG andesite representing a mixing trend between
two-end members (dashed line in Bgure 5), the
lichens from Nan-ao perfectly fall in the mixing
line. However, it is unclear, whether TVG andesite
can be considered as a major source based on the
facts that the two locations are more than 80 km
distant (Bgure 1) and the prevailing wind direc-
tions are not preferred to transport volcanic
material to Nan-ao (table 2). According to the
derivation from the aforementioned results of
REEs and general geochemistry, it is believed that
sedimentary material contributes significantly to
the lichens from Nan-ao. Unfortunately, there are

no available data of sedimentary rocks in Taiwan
to establish the mixing model between unleaded
gasoline and sedimentary rocks. However, the lead
isotopic ratios from Nan-ao are akin to those of
unleaded gasoline (Bgure 5), which implies that
unleaded gasoline is a major contributor of lead. In
contrast, it is surprising that the data points of
TVG lichens do not fall within the mixing line, but
show some oAset towards the higher ratio of
207Pb/206Pb, which approaches the value of ambi-
ent aerosols/suspended particles from Taipei City
(dashed arrow in Bgure 5a). Hsu et al. (2006)
reported seasonal lead isotopic compositions of
208Pb/206Pb and 207Pb/206Pb of Taipei City
atmospheric aerosols. The authors concluded that
the atmospheric aerosols in Taipei City are prin-
cipally composed of local anthropogenic emission
and pollution of long-range transport from south-
eastern China during the northeast monsoon sea-
son. As shown in Bgure 5(a), the Taipei City
aerosols are potentially responsible for the third-
end member in addition to the local andesite and
unleaded gasoline. Although the ratios of
206Pb/204Pb of Taipei City aerosols were absent,
the data points of lichens in this study also
demonstrate slight deviation from the lower
206Pb/204Pb, which could possibly represent the
lead isotopic compositions of Taipei City atmo-
spheric aerosols (Bgure 5b). Accordingly, it can be
concluded that the lead source of the Tatun
atmosphere is dominated by local andesite, but is
slightly aAected by Taipei City aerosols and
unleaded gasoline.

5. Conclusion

This study examines the chemical properties of
lichens from a volcanic area (TVG) and undis-
turbed deep mountain (Nan-ao) to preliminarily
understand the long-term baseline of atmospheric
geochemistry in northern Taiwan. The results
demonstrate that the lichen chemical properties
are dominated by two mechanisms, which are the
interception of suspended particles and the adsorp-
tion of metals on the functional groups of the lichen
surface. Lichens can inherit the chemical properties
from suspended particles if interception is domi-
nant. On the other hand, the chemical components
dissolved in moisture would be fractionated during
the processes of transportation in the atmosphere
and adsorption on the lichen surface. The lichens
from Nan-ao combine both mechanisms to achieve

Figure 5. Lead isotopic compositions for the lichens in this
study: (a) 207Pb/206Pb vs. 208Pb/206Pb, (b) 206Pb/204Pb vs.
208Pb/206Pb.
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much higher EFs for most of the metals, while
those from the TVG with lower EFs may be mostly
aAected by the adsorption process. The normalized
REE patterns demonstrate that the Ce-negative
anomaly commonly exists in most of the lichens
from the TVG. It is believed that Ce4+ is unlikely
to be transported in the atmosphere due to the
oxidation environment. The Ce-negative anomaly
of lichens also conBrms that the chemical proper-
ties of TVG lichens are mainly determined by the
adsorption process. In addition, the lead isotopes
show that TVG lichens were inCuenced by local
andesites, unleaded gasoline, and anthropogenic
emissions, while unleaded gasoline is possibly the
main source of lead of Nan-ao lichens.
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