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ABSTRACT:	  
Mercury is a globally-distributed pollutant, present in all ecosystems. Research on mercury distribution is critical 
due to the ability of mercury to bioaccumulate and biomagnify within food webs. Natural materials and living 
organisms are increasingly being used to monitor heavy metals in the atmosphere as alternative to commercially-
available passive-adsorbing collectors. Lichen’ species are one of the common organisms used for this purpose. 

This dissertation examines the use of Usnea lichens collected in Nova Scotia, Canada, as passive air samplers and 
indicators of mercury dispersion. This thesis is specifically focused on how abiotic climatic factors, such as radiation 
and temperature variations might affect the stability of mercury in the lichen. Both controlled lab analyses and 
seasonal field sampling was used in order to quantify the stability of mercury on these lichens. 

The most important conclusion from the controlled experiments performed is that all measured amounts of mercury 
released from lichens were a small portion of the total adsorbed mercury (picograms of Hg released). This 
reinforces the hypothesis that mercury forms a stable association with lichens and therefore is a reasonable 
candidate for spatial monitoring over longer time periods.  

From the long-term data collected for mercury on lichens from a single site, no significant seasonal patterns can be 
observed. 
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1. Introduction	  
Mercury is a globally distributed pollutant found in the 
atmosphere, terrestrial and aquatic ecosystems. This 
global distribution is possible due to the volatility of 
elemental mercury as well as the solubility in water of 
some oxidized mercury species such as divalent mercury 
(Hg(II)). These specific properties promote long-range 
transport enabling the presence of mercury in remote 
ecosystems such as Polar Regions (Schroeder and 
Munthe, 1998). Although it is present in trace amounts 
(<1µg/L) in air and water, organic forms can bio-
accumulate in food webs resulting in toxic concentrations 
in predators and humans. As a consequence, it is one of 
the main pollutants of concern in aquatic ecotoxicology, 
demanding detailed research on the mercury 
biogeochemical cycle and its transfer processes between 
environmental compartments (Qureshi et al., 2009). 

Mercury is released to the atmosphere in many different 
ways that can be grouped as either natural, 
anthropogenic, and re-emitted sources (AMAP/UNEP, 
2013). Natural emissions are estimated to account for 
between 30 and 50% of total Hg emissions to the 
atmosphere from all sources (UNEP, 2008). Natural 
sources integrate emissions from forest fires, volcanoes, 
aquatic systems, and also weathering of the Earth 
surfaces phenomena, whereas anthropogenic sources 
account for coal burning, metals smelting, artisanal 
gold/silver mining and chlor-alkali production using Hg as 
sources of emissions and more. Finally the re-emission 
of both natural and anthropogenic deposited mercury is 
included in the re-emitted source (Minister of 
Environment and Climate Change, 2016). Since 
biosphere (mainly vegetation) has both uptake, emission 
and re-emission status, its long-term role as sink or 
source still remains uncertain. Moreover, vegetation 
covers almost 30% of Earth’s surface, meaning it is a 



significant factor in the atmosphere-earth mercury 
balance, both at global and local scales. The 
atmospheric mercury global trends are really difficult to 
measure and control for many different reasons, of 
which, the lack of a wide monitoring network within 
Southern Hemisphere is one of the most significant 
(Sprovieri et al., 2010).  

As mentioned, vegetation covers a large percentage of 
the Earth’s surface, which makes it potentially an ideal 
surface to examine as a passive sampler. These living 
organisms appear as an alternative to mainstream 
technical collectors. While direct instrumental 
measurements require its own availability for long period 
of time bringing associated costs, passive samplers 
present several advantages, including: (i) reduced cost of 
sampling material and (ii) wide spatial distribution both 
regionally and nationally (Bergamaschi et al., 2007; 
Lodenius, 2013). Many studies based their 
methodologies on lichen and moss behaviour, being 
those the most used passive samplers (Bargagli, 2016). 

The effectiveness of lichens as passive samplers has not 
been tested in a rigorous way. Pollutants absorb and 
desorb from surfaces depending on many biotic and 
abiotic variables. Important factors that affect the stability 
of a pollutant on lichens may include: (i) the type of 
number of chemical binding sites on the surface, (ii) 
photoreactions with solar radiation, (iii) temperature and 
humidity effects on binding (Bargagli, 2016). Also, each 
species of lichen may can present different uptake and 
emission rates depending on its chemical 
characterization, foliage surface area, or even its 
metabolism (Rea et al., 2002). As such, a standardized 
protocol for the use of lichens in air quality monitoring is 
lacking. 

This study uses Usnea lichens collected in Nova Scotia, 
Canada, as passive air samplers and indicators of 
mercury dispersion. It is also specifically focused on how 
abiotic climatic factors, such as radiation, temperature 
and humidity variations might affect the stability of 
mercury in the lichen. Both controlled lab analyses and 
seasonal field sampling was used in order to fill some of 
the research gaps referred to above. 

2. Methods	  

Sampling	  and	  storage	  	  
All lichens were collected in The Wolfville Watershed 
Nature Preserve, South Mountain, Nova Scotia, site with 
geographical coordinates of 45.05º N, 64.33º O, 206 m. 
Usnea lichen samples were collected from mostly pine 
trees (genus Pinus) and balsam fir trees (genus Abies), 

within a range of around 1.5- 3.5m high. From (10 
December 2016) to (22 July 2017) a small bulk of lichens 
were sampled weekly for Total Mercury Analysis within a 
10 m radius of trees. On 5th May 2017 a large bulk lichen 
sample was collected for controlled experiments. Lichens 
were sampled by hand using latex gloves and 
temporarily stored in Ziploc bags for transport. Usnea 
individuals, with similar development characteristics, 
were sampled without distinguishing the species, 
however the species present at the site were 
predominantly Usnea longissima, Usnea trichodea and 
Usnea filipendula. All the samples were transferred and 
let to dry passively in paper bags at room temperature 
(i.e. around 23ºC). 

Sample	  and	  apparatus	  preparation	  
After allowing the samples to dry, each one was cleaned 
of any foreign matter such as tree bark, dirt, small 
invertebrates or spider silk. Once cleaned, the samples 
collected for Total Mercury Analysis were stored in 
polypropylene tubes until its analysis. The rest of 
collected lichens, for the controlled experiments, were re-
storaged and re-labelled in paper bags until its analysis.  

Before use, apparatus, were extensively rinsed with Milli-
Q deionized (DI) water, placed in a 20% HCl acid bath 
over 24 hours and rinsed again. After this, the material 
was kept in a laminar flow fume hood until its usage. 
Before irradiation experiments, the system was blanked 
for background mercury by irradiation with high intensity 
UV-A radiation until gaseous elemental mercury readings 
were less than the analytical detection limit (<0.01 ng m-

3). 

Mercury	  reduction	  analyses	  
Elemental mercury concentrations, from both irradiation 
and temperature experiments, were measured using a 
Tekran 2537A mercury vapour analyser (Tekran 
Corporation, Inc., Toronto, Ontario, Canada). It uses two 
gold cartridge absorbers (A and B), each one intercalary 
operating on each 5-minute sampling cycle. The Tekran 
has a precision of 2% and an average analytical 
detection limit of 0.01 ng m-3. The air-sampling rate was 
set to 1 L min-1, meaning 5 litres of air per 5-minute 
sample period. To supply mercury-free air to the Tekran 
2537A, a Tekran 1010 Zero Air Generator module was 
used. The Zero Air was also used as continuous input air 
in the sparger to purge GEM as it was formed in both the 
irradiation and temperature control cells (see Figure 1 
and Figure 2). 



Quality	  and	  assurance	  control	  

Quality assurance included blanking of the analysis 
system, recoveries of external gaseous elemental 
mercury standards and triplicate analysis of all samples  

To verify the accuracy of the permeation source, a 
Tekran 2505 mercury vapour calibration unit with digital 
syringe (Hamilton 700) was used. External manual 
injections of 10µL gaseous Hg0 corresponding to 111.72 
pg at 17ºC were done (n= 6 for each, A and B, trap), in a 
room at 21ºC. The mean recovery was 128%, with a 
standard deviation of 28,63 on these injections. On the 
second Tekran n=5 injections were done in each trap 
with a global mean recovery of 118%. Moreover, an 
internal calibration was performed on this same 
instrument.  

Irradiation	  control	  system	  
The irradiation system consisted of a 300 cm3 quartz 
beaker (6 cm in diameter and 9.6 cm in height) with a 
silicone stopper and Teflon tubes, for air flow, integrated 
on it, placed inside a Luzchem ORG photo-reactor 
maintained at a constant temperature (25 ± 1ºC) and 
carried with UV-A bulbs for irradiation. The range of 
possible integrated spectral irradiation reaching the 
future samples (inside a quartz beaker), between 320-
400 nm, was measured. This was done using an Ocean 
Optics USB 4000 spectra radiometer fibre optic probe. 
Four incidence radiation intensities were used (Table 1), 
one from an older photoreaction and the three others 
using a newer one. Moreover, the solar radiation 
spectrum of a typical full sun day (May 9, 2017) was 
measured with the same instrument. Both UV-A and 
solar spectra can be seen in figure 3.1. UV-A radiation 
approximates relatively well solar radiation on a sunny 
day. The gap between 300 nm and 320 nm represents a 
small area loss between these. The option of considering 
also UV-B, fulfilling this gap, was discarded since it 
would consider some radiation produced below 300 nm, 
which would not be typical of the natural incoming 
radiation spectrum. Gold trap amalgamation and atomic 
fluorescence spectroscopy were used to continuously 
measure the production of gaseous elemental mercury 
(GEM reduced and released from lichens samples). 
Before each sample experiment, all system components 
(quartz sparger, silicone stopper and Teflon tube ends) 
were blanked using UV-A maximum intensity (2.63x 103 
µW cm-2), to remove any photo reactive mercury that 
may have been residual from the previous experiment. 

 
Figure	  1.	  -‐	  Irradiation	  system	  scheme.	  

A typical gross reduction experiment consisted of an 
average 3.9 g of Usnea lichen sample from which around 
0.4 g were storage in polypropylene tubes for Total 
Mercury Analysis. The remaining mass (average of 3.5 
g) goes into the pre-irradiated 300 ml quartz beaker and 
placed inside the photo reactor. The stopper with 
sampling tubes was securely positioned in the beaker 
with the longest tube (Zero Air inlet) dove into the lichen 
sample and the shorter tube (air sampling outlet). 
Mercury-free air was pumped through each sample in the 
dark until Hg readings were below analytical detection 
limits (<0.01 ng m-3) in order to remove any initial 
gaseous elemental mercury present in the cell. Once no 
GEM measured, UV-A bulbs were turned on and 
samples were irradiated for several hours until reaching 
5 measurements in a raw below method limit 0.01 ng m-3 
(Figure 1). The remaining lichen sample was then re-
stored again in new paper bags, for future Total Mercury 
Analysis, in order to compare before and after irradiation 
total mercury concentrations in each sample. 

In a second phase, the same experiment was done again 
using the highest intensity (2,63x103µW cm-2), however 
testing dry samples against wet samples. This way, each 
sample of a triplicate was tested, firstly dry as all 
experiments done before, and secondly wet. With more 
detail, as each dry sample reached the end of its 
controlled experiment, it was taken out and wet with DI 
water from a spray bottle. The amount of water sprayed 
was consistent in all samples and just enough to bring 
the lichen thalli some humidity. After that, the sample 
was reintroduced in the beaker system following the 
same procedure as before. At this stage, the Tekran 
machine had to be exchanged by a similar one, however 
because they have different calibrations and variability 
between them, values cannot be crossed or compared. 
Moreover, in case the measurements were taking long 
time to reach 5 zeros in a raw, at a certain point the 
cumulative curve was modelled in SigmaPlot in order to 



get an approximation of the total cumulative amount or 
mercury that would have been released.  

Data	  collection	  and	  interpretation	  

Data collected for the gross reduction analysis curve was 
blank-corrected when presenting values below method 
detection limit (<0.1 ng m-3). 

Using SigmaPlot 12, in the first phase, multiple Hg0 
measurements were plotted cumulatively such that the 
graph approaches a maximum representing the whole 
mass of elemental mercury released by the sample. This 
mass is assumed to be equivalent to the total available 
photo-reducible mercury in that lichen sample. In order to 
find a rate constant, firstly the plots were applied a first 
order kinetics curve fit (O´Driscoll et al., 2006).  

In order to get a better fit to the plots, a zero order curve 
fit (linear regression) was applied (Equation 1). 

Equation	  1	   [Hg0]t=	  b0	  +	  kt	  

From where k is the rate constant in pg h. 

From the second phase of experiments also using 
SigmaPlot 12, the Hg reduced from dry and wet samples 
was plotted and compared. 
 

Temperature	  control	  system	  
The temperature control system was in part similar to the 
irradiation one (Figure 2). It consisted as well on a 300 
cm3 quartz beaker (6 cm in diameter and 9.6 cm in 
height) with a silicone stopper and Teflon tubes, for inlet 
and outlet air flow, but immersed in a temperature-
controlled water bath (ThermoHakke, model K20). Given 
the airflow set through the beaker, the temperature inside 
it was expected to be few degrees offset comparing to 
the actual water temperature set. In order to know the 
exact temperature inside the beaker, the temperature 
was monitored with a traceable dual-channel 
thermometer (digital thermometer). Simultaneously the 
thermometer read the water temperature (confirming the 
value given by the water bath) and the temperature 
inside the beaker (giving the exact temperature of the 
sample surroundings). Again, gold trap amalgamation 
and atomic fluorescence spectroscopy were used to 
continuously measure the production of gaseous 
elemental mercury (GEM reduced and released from 
lichens samples). Temperature effects on Hg0 emissions 
were evaluated in dry and wet lichens at 25 and 50ºC. 
Before each sample experiment, all system components 
(quartz sparger, silicone stopper and Teflon tube ends) 
were blanked using the respective temperature to 
remove any mercury that may have been residual from 

the previous experiment and make sure that the readings 
are exclusively relative to the sample. In similarity to 
what was explained before, a set of triplicates was tested 
at each temperature, from which each sample was tested 
dry and then wet.  

A typical gross reduction experiment is similar to the 
irradiation one. However the remaining mass (around 3.5 
g) goes into the pre-blancked 300 ml quartz beaker that 
is already placed in the water bath with at certain 
temperature (25º or 50ºC). The stopper with sampling 
tubes was securely positioned in the beaker with the 
longest tube (Zero Air inlet), dove into the lichen sample, 
and the shorter tube (air sampling outlet), (Figure 2). The 
readings were started at this moment. In these 
experiments the Tekran machine used was the same as 
Dry vs Wet experiments in radiometry. 

 
Figure	  2.	  -‐	  Temperature	  controlled	  mercury	  flux	  analysis	  system.	  

 

Total	  Mercury	  analyses	  
Mercury analysis was conducted using thermal pyrolysis 
combined with gold amalgamation atomic absorption 
analysis with a Nippon Instruments MA-2000 Mercury 
Analysis System. Internal quality control included 
verification of calibration, blanks, and analysis of 
analytical standards. The standards consisted of 
Certified Reference Materials and were run every 12, or 
less, samples throughout the analysis to quantify the 
accuracy of the results. The Certified Reference 
Materials (CRMs) used was DORM-4 (Fish Protein) with 
mercury content of 412 ± 0.036 ng g-1 Hg (NRCC 2015). 
This way, n=12 DORM-4 boats were ran with a mean 
percent recovery = 105.277 and a Standard Deviation = 
0.25. Within analysis batches (n=12), the samples’ 
values were corrected according to its respective 
reference materials recoveries. A sample triplicate was 
also run within every sample batch to evaluate the 
analytical precision (n = 12, %RSD = 10.53, SD=9.6). To 
calibrate the instrument, serial dilutions in L-cysteine of a 



standard solution of 1000 ppm Hg(II) in from BDH 
Chemicals/VWR Analytical, Pennsylvania, were ran. The 
respective calibration curve had R2 of linear fits of 0.94 
for a 7-point curve, and boat blanks and purges were 
non-detectable.  

Before introducing the boats in the instrument, they were 
prepared according to the following procedure: a base of 
64% Sodium Carbonate (Na2CO3) and 36% Calcium 
Hydroxide (Ca(OH)2) (Reagent M, Wako Chemicals 
USA, inc.) was laid down along the boat, and longitudinal 
channel was formed in it using a clean spatula. The boat 
was then transferred to a 4-decimal Ohaus precision 
balance in order to approximately add 25mg of sample 
along channel previously done in the reagent. The exact 
value was inserted into the computer interface of the MA-
2000 for computation after analysis. Finally the sample 
was covered with a layer of Aluminium Oxide (Al2O3) 
(Reagent B, Wako Chemicals USA, inc.) and a further 
layer of Reagent M on top of that. The boat was then 
placed into the analyser. The MA-2000 was then run to 
completion, and the mercury recovery concentration data 
exported to an Excel sheet, along with calibration data. 
The cycle was repeated until all samples had been 
analysed, intercalating with standard and purge/blank 
boats as referred above. 

3. Results	  and	  Discussion	  
Effects	   of	   controlled	   irradiation	   of	   lichens	   on	  
mercury	  flux	  
It is important to highlight that the mass of Hg(0) 
released from the lichens, in both radiometry and 
temperature-controlled experiments are very low. All 
measured amounts were integrated to calculate the total 
mass release (in a pg range which is 10-12 of a gram). 

Temporal	  Flux	  of	  Mercury	  with	  Radiation	  

A total of four sets of triplicates were tested, each one 
with a different radiation - Intensity A corresponding to 
1,72x103, Int B to 1,90 x103, Int C to 2,45 x103 and Int D 
to 2,63x 103 µWatt cm-2. Each sample took a different 
time of experiment, as it was explained in the methods 
(Chapter 2). Moreover, each sample had a different 
weight, which can confuse the analyses when the results 
are not presented relatively to it. Few conclusions or 
comparisons, about the samples behaviour and results, 
can be made. This happens mainly because the 
measurements are dependent on each sample mass. As 
an example, the great variability that can be noticed 
between samples 1 and 2 and Sample 3 from Intensity A 
has, at least in part, to do with the difference of lichen 
mass used in each sample. A greater mass means 
higher surface area, meaning consequently higher 
amount of mercury available to be reduced by irradiation. 
 

Table	  1.	  -‐	  Information	  about	  Total	  Reducible	  Hg	  in	  pg	  and	  pg	  g-‐1	  of	  
sample.	  

Sample Radiation 
intensity 
(µW/cm2) 

Hg (RED) 
(pg) 

Hg (RED) per 
g of sample 

1 
A.   1,72x103 

46,7 37.1 
2 74,3 21.5 

3 644 88.5 

1 
B.  1,90 x103 

18,4 5.05 

2 45,2 12.7 

3 61,3 17.1 

1 
C.  2,45 x103 

865 249 

2 213 62.6 

3 650 191 

1 
D.  2,63 x103 

745 195 

2 336 92.3 

3 378 57.8 

 

Most samples took much more time than expected to 
finish its experiment. The experiments were 40 hours 
average long while the expected duration was around 24 
hours. For each set of triplicates, the mean value of Hg 
(RED), is 254.9; 41.6; 576.1; 486,1 pg, respectively, 
regarding an ascending order of radiation (Table 1). In a 
better way, 49.0; 11.6; 167.7; 132.6 are, respectively 
again, the mean values of Hg (RED) but this time per 
gram of sample (Table 1). 

Linear	  behaviour	  

Firstly it was done a first order approximation, (R2 value 
> 0.94, p value < 0.089). However, the zero-order 
approximation revealed a better fit to the curves (R2 
value > 0.96, p value <0.0001).  

The application of a linear fit to these curves over a short 
time period is appropriate given the length of natural 
irradiation receive in an ecosystem. In a natural 
environment, the maximum time any lichen can get 
irradiated by the sun in temporal latitudes would be ~12 
hours. As such, even the curves that did show the start 
of a plateau effect this takes place usually after the first 
12 hours of constant irradiation. Regarding the mercury 
exchange processes known until the moment in the 
lichens, it could be concluded that the extracellular cation 
exchange occurs at a linear rate. This would be 
considering this the main air-surface exchange 
mechanism within the lichen. 

Rate	  constant	  vs	  Intensity	  

The relation between the linear rate constants and the 
four irradiation intensities is positive and significant 
(slope = 0.0062; p<0.05; n=12), Figure 3. Consequently, 



higher intensities result in higher rate constants, meaning 
a faster rate of mercury release from the samples. 

 
Figure	   3.	   -‐	   Linear	   regression	   between	   radiation	   intensity	   and	   the	  
cumulative	  Hg(0)	  rate	  of	  producton	  (Zero-‐order	  rate	  constants).	  

This positive correlation does not necessarily mean 
greater values of total reduced mercury in the end but a 
faster reduction and release of mercury. The positive 
correlation observed matches well with the published 
literature that has examined UV radiation effects on 
Hg(II) reduction to Hg(0) in a variety of media (Carpi and 
Lindberg, 1997; Lindberg, Dong and Meyers, 2002; 
Moore and Carpi, 2005; Bahlmann, Ebinghaus and Ruck, 
2006.) 

Total	  Reducible	  Hg	  vs	  Intensity	  

The linear correlation is significantly positive (slope = 
0.144), from which we can conclude that higher 
intensities of radiation are able to reduce bigger Hg mass 
values. 

%	  Reducible	  Hg	  vs	  Intensity	  

 
Figure	  4.	  -‐	  Scatter	  plot	  and	  linear	  regression	  of	  irradiation	  intensity	  
versus	  the	  percentage	  of	  reducible	  mercury.	  

The values of Total Reducible Mercury were compared 
with the Total Mercury present in each sample. From 
this, the percentage of reduced mercury was calculated. 
The linear regression of irradiation intensities versus % 
mercury reduced shows a positive trend but it is hard to 
say if significant or not (Figure 4). Analysing it in more 
detail, the radiation intensity showed to be a significant 
factor (one-way ANOVA, F= 6.028, p= 0.019) when 
comparing Int. 2 with Int. 3 and 4 (Tukey HSD, p=0.014 
and p=0.09, respectively). Important to mention that the 
minimum and maximum % Hg reduced are 0.003 and 
0.146, respectively, representing a really low percentage 
(almost null) coming out of any of the samples tested. 
These values may be important to proof the stability of 
mercury within the lichens. 

Wet	  vs	  Dry	  samples	  experiment	  

In order to examine the effect of wetting through rainfall 
on mercury photoreduction on the lichens, a last test was 
done using the photo-reactor system, comparing dry and 
wet lichen samples. The following graph (Figure 5) 
shows the result from that test, whereas the percentage 
of total mercury reduced is shown. To test for significant 
differences between treatments, a t-test was run 
(t=16.98, p=0.02). In contrast to what was expected, the 
dry samples released on average 3 times more mercury 
than the wet samples in the wet lichens: the average is 
0.2%, in the dry lichens it increases to greater than 0.6%. 
The explanation for such a difference may be related to 
the method used on some of these tests. All the wet 
samples behaviour was modelled at a certain point 
because of its long duration process. It is always 
important to highlight that what is being discussed here is 
a minimum amount of mercury and the variation in 
between these really low quantities. It is important to 
refer that in this last test, the Total Hg (RED) values 
measured in dry lichen samples are significantly higher 
(average of 1186.6 pg g-1) than the ones measured in the 
first test, regarding intensity D (average of 11 because 
the Tekran machine had to be substituted.  

 
Figure	   5.	   -‐	   Average	   percentage	   of	   Reducible	   Mercury,	   out	   of	   the	  
total	  amount	  of	  mercury,	  on	  A:	  dry	  and	  B:	  wet	  samples.	  

 

Slope = 0.0062 
Std. Error = 0.002 
R2= 0.3942 
p = 0.0288 

A: Dry 

B: Wet 

Slope = 6.86x10-5 

Std. Error = 3.35x10-5 

R2= 0.2956 
p = 0.0677 



Effects	  of	  Controlled	  Temperature	  exposure	  of	  
Lichens	  on	  Mercury	  Flux	  
The controlled experiments with samples’ exposure to 
different temperatures were done comparing dry and wet 
lichen behaviour (Chapter 2). As the reducible Hg on dry 
samples showed to be null, for a set of triplicates, under 
the highest temperature (25ºC), there was no reason to 
test lower temperatures. Figure 6 show the comparison 
of reducible mercury released between wet and dry 
samples, under 25ºC and 50ºC, regarding its percentage. 
All the readings from the dry samples exposed to 25ºC 
temperature were below detection limit. Analysing how 
the different factors presented here interact, (Annex II, 
Table 11 and 12), the sample state (wet/dry) showed to 
be a significant factor (two-way ANOVA, F= 37.498, 
p<0.0001), more precisely when comparing all 
combination of different states and the two temperatures: 
25W with 25D; 50W with 25D; 25W with 50D; 50W with 
50D (Tukey HSD, p=0.011 and p=0.026, p=0.005, 
p=0.011, respectively). 

 
Figure	  6.	  -‐	  Average	  Total	  Reducible	  Mercury	  on	  A:	  dry	  and	  B:	  wet	  
samples,	  exposed	  to	  25ºC	  and	  50ºC.	  

As it can be noticed, the dry samples released a lower 
percentage of Hg than the wet ones. This happened in 
contrast to the same test done with irradiated samples. 
However, in this case, Reducible Hg values vary 
between 0.9 pg g-1 and 14.1 pg g-1, whereas when 
irradiated they varied between 356.7 pg g-1 and 1186.6 
pg g-1. If the reducible Hg values from irradiation were 
already really low, these last from temperature 
experiment are even more insignificant measurements in 
comparison to the total mercury in the sample. These 
results further indicate the mercury stability within the 
lichens. 

Long	  Term	  Site	  sampling	  
In order to complement the cotrolled experiments done, 
through time several lichen samples were collected from 
a common sampling location (within a 5 m radius). The 
objective here would be to look for patterns (e.g. 
seasonal patterns) and compare them with the local 
climate data. Below, the graph, Figure 7, shows the Total 
Hg concentration measured per g of sample, collected 

through time (around 8 months), represented on the x 
axis. The results showed a quite disperse and random 
distribution. 

 
Figure	  7.	  -‐	  Long	  term	  samples	  Total	  Hg	  concentration	  from	  
December	  2016	  to	  July	  2017.	  

 
a) 

 
b) 

	  Figure	  8.	   -‐	  Halifax	  daily	  mean	  a)	   temperature	  and	  b)	  precipitation	  
from	  December	  2016	  to	  July	  2017.	  

Comparing these values and disribution with the Halifax 
daily temperature data records  Figure 8 a), there is no 
direct conclusion that can be taken. Eventhough, there is 

A: Dry 

B: Wet 



an evident increase of temperature from 2nd April 2017 
forward. The mean temperature before that day is -
2.8ºC, whereas from that day on is 13.3ºC. Dividing also 
the measured Total Hg in these two same periods of 
time, the mean THg are 199 and 154 ng g-1, respectively. 
This slight reduction is visible in the graph also,  Figure 
8. 

Moreover, comparing THg distribution with the halifax 
daily Precipitation data records (Figure 8 b)), once again, 
there is no straight forward conclusions. However when 
looking at the data, it is possible to identify two peaks. 
When analysing the monthly mean values for both THg 
and precipitation, it is possible to notice that the highest 
THg value (April, 227.84pg) follow the highest 
precipitation value (March, 4.36mm). In this case the 
water seems to have enhanced the process of 
deposition/adsorbance of mercury within the lichens. 
These results do not indicate that the rainwater 
augmented the mercury flux from the lichens to the 
surrounding air.  

From Table 2, the summer months show an average of 
157 pg of Total Mercury while the winter months have an 
average of 183 pg, whish is matching with a possible 
seasonal volatilization pattern. 

Table	   2.	   -‐	   Comparison	   between	   monthly	   mean	   values	   of	   THg	  
measured	   within	   Long	   Term	   lichen	   samples	   and	   of	   precipitation	  
records	  from	  Halifax.	  

Month	   THg	  (pg)	   Precipitation	  (mm)	  

December	   184,3	   2,9	  

January	   203	   3,8	  

February	   164,4	   4,4	  

March	   227,8	   2,6	  

April	   160,9	   0,9	  

May	   157,6	   3,5	  

June	   172,5	   2,8	  

July	   140,9	   3,3	  

 

4. Conclusions	  
In contrast to what was expected, irradiated lichen In 
contrast to what was expected, irradiated lichen samples 
released mercury as a linear function of time. The 
mercury desorption process, which may be the most 
important mechanism within lichens, would then be a 
linear rate (at least during the first ≅ 12 hours). Further 
research is needed to evaluate if this cation exchange 
process is, in fact, the most important one regarding 
mercury exchange between lichens and the surrounding 
air. Adsorption phenomena should also be considered, 
however, there is again a lack of information on this sub-
subject.  

Higher irradiation intensities resulted in higher rate 
fluxes, meaning faster release of mercury from the 
samples. In addition, the amount of Total Reducible 
Mercury was found to have a positive correlation with the 
UV-A irradiation intensity. In spite of the correlations 
found, the percentages total mercury that could be 
released from the sample ranged from ≅ 0.01% to 
1.14%, indicating he stability of the association between 
mercury and the lichen. 

In contrast to what was expected, irradiated wet samples 
released less mercury than dry ones. The percentage of 
Total Reduced Mercury was then lower on wet samples 
than on dry samples. This experiment would have to be 
repeated, in better conditions, in order to reach more 
accurate results and conclusions. 

When exposed to different temperatures, dry lichens 
released a negligible amount of mercury (<0.001%). 
However, in contrast to what was expected, wet lichens 
showed to have a three times higher percentage of 
Reducible Mercury (≅ 0.006%). Regarding this, the 
degree of humidity within the lichens’ surface was found 
to be a significant factor regarding the Reducible Mercury 
percentage. 

From Long Term Data it was possible to match a 
decrease of Total Mercury with a high temperature 
period, suggesting a better release of Mercury to the 
atmosphere during that period. Nonetheless more 
research is needed to have this conclusion confirmed. 
Moreover, heavy precipitation months were followed by a 
period in which higher Total Mercury amounts were 
measured. This can mean that the rainfall have 
enhanced processes, other than the release of mercury 
to the surrounding atmosphere. However, this increase in 
the Total Mercury amount can have been caused by 
other multiple reasons that are not taken into account 
here. However, lichens showed to have lower Total 
Mercury values during the summer months than during 
winter months, as it was expected initially. This way, it 
cannot be assured that there is a seasonal volatilization 
pattern, even though some results suggest such 
behaviour. 

The most important conclusion, taken from the controlled 
experiments performed, has to do with the fact that all 
measured amounts of mercury released from lichens, 
presented negligible amounts in comparison with total 
mercury (picograms of Hg). This reinforces the statement 
that mercury is a rather stable metal within lichens and, 
consequently, they are likely a useful passive air sampler 
for mercury. 
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