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Abstract 

 
 Methylmercury (MeHg) is a potent neurotoxin which has gained special attention in 

recent years for its ability to bioaccumulate in organisms and biomagnify through the food chain 

of aquatic ecosystems. It can have a severe impact on human health and even lead to death in 

severely exposed humans. The formation of MeHg is biotically mediated and occurs mainly in 

oxic-anoxic boundary of sediments, soils and waters. Recent studies have shown that sunlight 

might contribute to the degradation of MeHg in the water column. The concentrations of 

dissolved organic matter and RSH groups or Hg-C bonds groups control MeHg degradation rates 

in lake waters, although the mechanisms behind remain poorly understood. Using different cut-

off light filters, we have investigated how different parts of the spectrum affect MeHg 

degradation rates. We found that the UVB part of the spectrum is the biggest contributor to 

MeHg photodegradation and that DOC concentration is an important factor for MeHg 

degradation. We furthermore tested whether MeHg photodegradation constants were universal, 

by studying 22 lake waters. MeHg photodegradation constants range between 0.0013 and 0.0046. 

That further suggests that they are effectively universal. 
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Abbreviations 

 

Hg   Mercury 

MeHg   Methyl-mercury 

IHg   Inorganic mercury 

GI   Gastro-intestinal 

CNS   Central Nervous System 

BBB   Blood-Brain Barrier 

DOC   Dissolved Organic Carbon 

NOM   Natural Organic Matter 

DOM   Dissolved Organic Matter 

ROS   Reactive Oxygen Species 

GABA   Glutamate and γ-aminobutyric acid 

GSH   Glutathione 

RSH   Thiol groups 

PAR   Photosynthetically Active Radiation 

UVA   Ultraviolet A 

UVB   Ultraviolet B 

SUVA   Specific UltraViolet Absorbance  

MQ   Milli-Q water 

Ängessjön  ANG 

Ängessjön storage ANG2 

Lilla Sångaren  LS 

Ljustjärn  LJ 
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1. Introduction 
 

1.1 What is Hg?  

 

Hg is a heavy, silvery, metallic trace element and the only metallic element that is liquid at 

room temperature. Hg is used in a variety of objects such as thermometers, barometers, float valves 

and fluorescent lamps. It is one of the most hazardous substances naturally occurring in the 

environment. At low concentrations it is highly toxic and thus it should be handled with extreme 

care as it can be absorbed through the skin and mucous membranes and its vapors can also be 

inhaled.  

Although the toxic effects of Hg depend on the chemical species, all forms may damage 

the central nervous system (Harada, 1995). MeHg (CH3Hg+) is a methylated form of Hg that has 

received a lot of attention because it is the form of Hg that poses the greatest risk for human 

exposure (Fernández-Gómez et al., 2013; Jonsson et al., 2014). In aquatic ecosystems MeHg 

bioaccumulates and biomagnifes up the food chain, thus reaching the highest concentrations in 

predatory fish. Human exposure to Hg takes place mainly via the intake of the organic form MeHg 

through fish consumption (UNEP, 2013). According to Nielsen and Andersen (1992) the 

absorption rate of MeHg in the GI tract is between 90-95% which is much higher than inorganic 

forms of Hg (IHg) that people are exposed to through food.  

 

1.2 Hg sources 

 

Hg is released from both natural sources such as volcanoes, forest fires, certain soils and 

rocks, and from anthropogenic sources such as burning of fossil fuels, mining, diverse industries, 

thermometers and batteries. Certain forms of Hg can be transported globally following releases 

from both natural and anthropogenic sources (Pacyna et al., 2010). Although it is stored, released, 

transported and transformed in aquatic and terrestrial ecosystems the atmosphere is considered to 

be the main transport medium of Hg worldwide (Pirrone and Mason, 2008; Nelson et al., 2012). 

Hg is mostly emitted to the atmosphere by natural and human sources in its elemental form (Hg0). 

Human activity, especially mining and burning of coal, has increased the mobilization of Hg into 

the environment, raising the amounts in the atmosphere, soils, fresh water and the oceans, majority 
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of which has happened after 1800. Pirrone et al. (2010) estimate the amount of global emission of 

total Hg from anthropogenic sources is 2319.7 Mg yr-1, mostly from fossil-fuel fired power plants 

(810 Mg yr-1) and gold mining (400 Mg yr-1), while natural sources account for 5207 Mg yr-1. 

Other estimates for anthropogenic emissions say that 1960 Mg yr-1 have been released in to the 

atmosphere as a result of direct human activity (UNEP, 2013). Man-made Hg contamination has 

decreased considerably, mostly through improvements in industrial manufacturing and efforts to 

reduce the release in the environment (Ceccatelli et al., 2010). However, Hg is still considered to 

be a global pollutant especially in developing countries where regulations are not as strict and 

improvements to reduce the release have not been fulfilled yet.  

 

1.3 MeHg toxicity 

 

There are two major historical events that have shown the severe and dramatic toxicity of 

MeHg. The first is referred to as Minamata disease as it happened in Minamata Bay in Japan 

between 1953-1960. The bay was extremely polluted by Hg that came from the waste water of an 

acetaldehyde chemical plant. The released Hg was methylated in the Bay and it was biomagnified 

in the food chain. The local communities consuming the Hg contaminated fish presented severe 

symptoms. Hg damages the central nervous system in severely exposed people. Among the worst 

effects of MeHg poisoning are ataxia, tremors, sensory disturbances, hearing impairment, walking 

difficulties and in some cases death (Harada, 1995; Ceccatelli et al., 2010). The second event was 

in Iraq when flour was produced with seeds that had been treated with a fungicide that contained 

alkali-Hg compounds, which instead of being planted were directly used for flour production 

(Amin-Zaki, 1974). This affected at least 7500 people and some still suffer from effects even fifty 

years later. 

 Being a neurotoxicant, MeHg can affect both developing and mature central nervous 

systems (Kaur et al., 2011) and can pass through the blood-brain-barrier (BBB) and reach high 

levels in the CNS (Farina et al., 2011) in adults and pass the placental barrier to reach the fetus in 

pregnant women. The mechanisms of how MeHg passes through the BBB have not been fully 

characterized but it has been hypothesized that it is transported through the BBB by amino-acid 

carrier system as a MeHg-cysteine complex (Aschner and Aschner 1990; Ceccatelli et al., 2010). 

Histopathological changes associated with MeHg exposure are particularly associated with the 
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cerebral cortices, cerebellar cortices and peripheral sensory nerves (Ceccatelli et al., 2010). Three 

major mechanisms have been attributed to the cytotoxicity of MeHg: (1) perturbation of 

intracellular Ca2+ levels, (2) induction of oxidative stress by either overproduction of reactive 

oxygen species (ROS) or by reduced defense capacity, which can affect oxidative balance, (3) 

interactions with sulfhydryl groups and thus forming complexes with thiol-containing compounds 

targeting proteins and peptides containing cysteine and methionine (Ceccatelli et al., 2010). Other 

effects can be reduced mitochondrial health, induction of apoptosis and impairment of glutamate 

and γ-aminobutyric acid (GABA) signaling (Fretham et al., 2012). 

Hg compounds are excreted mainly in the kidneys and GI tract but the demethylation 

occurs mostly in the liver which is vital in the excretion process. Both MeHg and IHg that are 

formed in the liver are excreted in the bile conjugated with glutathione (GSH) and related 

compounds (Ceccatelli et al., 2010). But as mentioned earlier 90-95% of MeHg is reabsorbed in 

the GI tract, and then recirculated into the body.  

 

1.4 MeHg production 

 

MeHg is mainly formed from HgII that are bound to thiols or sulfides by heterotrophic 

anaerobic bacteria in sediments, soils and bottom waters (Fleming et al., 2006; Jonsson et al., 

2012; Gilmour et al., 2013; Parks et al., 2013). The production of MeHg from the model 

methylating bacteria Desulfovibro desulfuricans ND132 and Geobacter sulfurreducens PCA 

involves cellular uptake of HgII by active transport, methylation of HgII in the cytosol and export 

of the MeHg from the cell (Schaefer et al., 2011). Hg methylation is an enzyme-catalyzed process 

proposed to be associated with the reductive acetyl-coenzyme A (CoA) pathway and potentially 

linked to corrinoid proteins involved in this pathway (Parks et al., 2013).  

It has been suggested that reduction of HgII to Hg0 could be a good method to decrease the 

amount of Hg for methylation since Hg0 is considered to relatively inert (Siciliano et al., 2002; 

Wiatrowski et al., 2006; Hu et al., 2013). 
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1.5 Photodegradation of MeHg 

 

MeHg can be degraded (demethylated) by microbes in both sediments and in the water 

column (Lehnherr and St. Louis, 2009) but sunlight is the most important factor responsible for 

degradation of MeHg (Seller et al., 1996). The wavelength compositions that are usually studied 

are the photosynthetically active radiation (PAR), 400-700 nm, ultraviolet A (UVA), 315-400 nm, 

and ultraviolet B (UVB), 280-315 nm. First-order photodegradation rate constants (kpd) have been 

modeled for PAR; UVA and UVB (Fernández-Gómez et al., 2013). Accordingly, the ratio between 

the photo-decomposition rate constants, UVB:UVA:PAR, in lake waters has been reported 

previously (Black et al., 2012; Fernández-Gómez et al., 2013; Poste et al., 2015). In those studies 

the ratio they found was quite different, 400:37:1 in Black et al (2012), 3100:43:1 in Fernández-

Gómez et al. (2013) and 365:98:1 in Poste et al. (2015). The difference might be due that 

Fernández-Gómez et al. (2013) modelled the photodegradation rate constants from the whole PAR 

irradiation separately for the first time after taking into account the light attenuation by the Teflon 

fluorinated ethylene propylene (FEP) bottles and the water color of the NOM. They did use a UV 

lamp with increased UVB strenght in their experiment for their modelling while a special lamp 

was used for this experiment to simulate natural sunlight. What is evident in both studies is that 

the UV part of the spectrum, especially UVB, is critical for the photodegradation of MeHg. 

Lehnherr and St. Louis (2009) found that the kpd decreased significantly when UV light was absent 

and also when samples were only exposed to visible light, compared to full spectrum samples and 

UVA and visible light, the kpd was much smaller. However, as yet, the specific degradation rate 

constants of the different parts of the spectrum have been modeled but not determined. 

 Natural organic matter (NOM) can have a big effect on degradation rates for MeHg by 

determining the spectral composition as the light is transmitted in lake waters by light attenuation 

and by controlling the chemical speciation of MeHg with complexation with RSH groups 

(Williamson et al., 1996; Qian et al., 2001; Fernández-Gómez et al., 2013). Complexation of 

MeHg with RSH groups of well-defined organic molecules enhances the photolysis of MeHg, as 

compared to when MeHg is complexed with carboxyl groups or inorganic ligands such as Cl- 

(Fernández-Gómez et al., 2013). Zhang and Kim (2010) also found that MeHg degradation rates 

were higher when it was bound to organic-sulfur-containing thiol ligands such as GSH and 

mercaptoacetate while MeHg-Cl complexes were unreactive. When binding to RSH the excitation 
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energy of the C-Hg bond on the MeHg molecule is lowered (Zhang and Kim, 2010). In short the 

photolysis of MeHg in waters is promoted by strong bond with RSH groups in NOM. 

  

Dissolved organic matter (DOM) is often defined as any organic material that passes 

through a filter of a certain pore size (0.1-0.7 µm). It consists mostly of matter of terrestrial origin 

that has been deposited into an aquatic system but it can also come from macroalgae or 

phytoplankton and also from man-made sources, such as industry (Mostofa et al., 2013). In aquatic 

systems DOM has a big role in Hg cycling and photolytic reactions because it binds strongly with 

the reactive inorganic form HgII and MeHg (Qian et al., 2001; Khwaja et al., 2010; Fleck et al., 

2014). Photolytic reaction within DOM can alter its structure by breaking larger macromolecules 

into smaller ones that are more available for bacterial utilization (Cory and McKnight, 2005; Fleck 

et al., 2014) while DOM that is dominated by fresh, low molecular weight structures can lead to 

formation of larger DOM molecules and particles during light exposure (Stepanauskas et al., 

2005). 

 

1.6 Aim 

 

Swedish lakes are subject to MeHg pollution and understanding its degradation processes in 

natural waters can lead to development of remediation techniques and to a further extend to treat 

contaminated waters. Photodegradation is the main pathway for MeHg degradation in surface 

water so this process is of particular interest for this thesis. 

The aims of this thesis were to: 

1. Determine the  specific MeHg photodegradation constants for different wavelength 

ranges in Swedish lakes  

2. To determine the significance of UV-light in the process and to see what effect other 

variables such as DOC have on the degradation. 

3. To elucidate whether MeHg photodegradation constants are universal.  

 

 

2. Methods and materials 
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2.1 Sampling and sample handling 

Sampling was conducted at Lake Lilla Sångaren (59°89’ N, 15°39’ E) a 0.198 km2 lake 

with an average depth of 7 m and maximum depth of 20 m, on 2nd of February 2015 and Lake 

Ljustjärn (59°89’ N, 15°25’ E) on 26th of March 2015. Samples from Lake Ängessjön (64°2′56″N 

20°50′17″E) a dystrophic lake with an average depth of 2.0-2.5 m were provided by Ulf Skyllberg 

in Umeå. All samples were oxidized for 30 minutes prior to filtering. 

Water samples were collected with a Ruttner water sampler at a depth of 1 m from 

approximately the center of the lakes and then stored in a 5 L acid washed glass bottle and 

immediately protected from direct sunlight. The bottles were wrapped in aluminum foil and kept 

in a dark 4°C room until the experiments were conducted. The samples were oxidized for 30 

minutes before being filtered within 3 days of collecting through 1 µm (Whatman GF/B, GE 

Healthcare, Little Chalfont, Buckinghamshire, UK) and then 0.2 µm (Supor®-200, Pall 

Corporation, Ann Arbor, Michigan, USA) filters using an electric pump (Masterflex L/S Digital 

modular drive, Cole-Palmer Instrument Company, Barrington, Illinois, USA) with a pump drive 

(Masterflex L/S Pump drive, Cole-Palmer Instrument Company, Barrington, Illinois, USA). About 

200 ml were collected from each lake for chemical analysis. The remaining water was used for the 

light induced MeHg degradation incubations. Absorbance, fluorescence and Dissolved Organic 

Carbon (DOC) analysis were carried out from water samples that had been collected from the 

cuvettes after light exposure.  

 

2.2 Incubations 

Filtered water was incubated in in 45 ml cylindrical glass cuvettes with a quartz top, in the 

Q-SUN solar simulator (Q-SUN / 1000 Xenon test chamber, Q-panel Lab Products Europe, 

Bolton, UK).  The reproducibility and stability of the Q-SUN is presented in table 4 in Appendix 

A. The cuvettes were covered with black tape to keep out all light except through the quartz top. 

All vials. Bottles and cuvettes that were used had been acid washed (10% HCl) for 24h and then 

rinsed thoroughly with MQ water. All glassware was then placed in a muffle furnace at 450°C for 

4h. An enriched stable isotope tracer Me200Hg was added to 500 ml of lake water to a final 

concentration of 0.6 ng L-1, which corresponds to ambient concentrations of MeHg in lake waters. 
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The sample was then divided into six different cuvettes for each lake. Each cuvette had a specific 

cut off filter (CVI Laser Corporation, obtained from former Gamma Optronik AB, Sweden and 

Oriel Instruments, Newport Corporation, Irvine, California) placed on top of them. The filters cut 

off all wavelengths below their set point. The filters were 250, 309, 350, 380, 420 and 455 nm 

respectively. Each cuvette was labelled from 1-12, we recorded the specific volume of each cuvette 

and each cuvette was always placed in the same position in the simulator for each run. Cuvettes 1-

6 were used for one lake and 7-12 for a second one so two lakes could be run simultaneously. 

Cuvettes in positions 1 and 7 had the same filters (250 nm), as did the ones in positions 2 and 8 

(309 nm), 3 and 9 (350 nm), 4 and 10 (380 nm), 5 and 11 (420 nm), and 6 and 12 (455 nm), 

respectively (Fig 1). All the samples were kept at constant temperature (19°C). The cuvettes were 

positioned inside a tray that was filled with de-ionized (DI) water and coupled to a cooling system. 

A plastic tube was inserted into the tray to have constant flow of new water in to compensate for 

the evaporation that occurred and maintain a constant temperature of 20°C.  

 

Figure 1. Locations of each filter inside the water filled tank inside the solar simulator during incubations. Each lake, 

blue and beige color, had 6 different filter cut-offs that were placed on top of the cuvettes holding the lake waters.  

 The incubation was then conducted for five different time intervals (T1-T5) 3h, 6h, 12h, 

18h and 30h, where the irradiance was set to 0.65 Wm-2 in the simulator. In addition a second 30h 

run was conducted with dark controls where a black lid was placed on top of the cuvette, full 

spectra where the cuvettes had no filters and replicates for the 250, 309, 380 and 420 nm filters. 
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MeHg204 samples from T0 (no exposed to light) and light exposed samples (T1-T5) were as an 

internal standard, to correct for possible losses during storage. Before each incubation a T0 sample 

was taken and mixed with MeHg204 and immediately frozen. After each incubation 10 ml from 

each cuvette were collected in 20 ml vials for absorbance, fluorescence and DOC measurements. 

The remaining volume was collected into 100 ml plastic bottles and fixed with MeHg204 and then 

immediately frozen.  

 

Figure 2. The fiber optic cable and cosine receptor that were used to measure the irradiance level for each position 

inside the solar simulator.  

The irradiance of the lamp in the solar simulator varies in each position so both before and 

after the incubation experiments were conducted the irradiance was measured at each position. It 

was done using a spectrometer (BLACK Comet UV-VIS, StellarNet Inc., Tampa, Florida, USA) 

that was equipped with a fiber optic cable (STEF600-UVVis-SR, StellarNet) and a cosine receptor 

for UV-Vis near-infrared irradiance (STE-CR2, StellarNet), fig 2. The spectrometer was linked to 

a computer where measurements were recorded. 

The cumulative full spectrum photon flux was calculated after measuring the irradiance 

with the same spectrometer (BLACK Comet UV-VIS, StellarNet Inc., Tampa, Florida, USA), as 

was used previously, in each position inside the solar simulator, equation 1, and extrapolated for 

each time interval, T1-T5,  
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(𝐸𝑞 1) 𝐸 𝑚−2  =  (𝑊/𝑚2) ∗ (𝑊𝐿) ∗ (ℎ ∗ 𝑐)/(𝐴) ∗ 𝑡 

where (W/m2) is the irradiance for each wavelength WL, h*c is the speed of light, c, multiplied 

by Planck constant, h, A is the avogadro’s number and t is time in minutes (3600). 

 

2.3 Chemical properties 

2.3.1 Absorbance 

All samples from all lakes were tested for absorbance in a Lambda35 UV-VIS 

Spectrometer (PerkinELmer Lambda 25, Perkin Elmer, Waltham, USA). Samples were collected 

into a 1 cm glass cuvette that had been stored in ethanol and rinsed with MQ water before being 

used. Cuvettes containing the sample were placed in the spectrometer and absorbance from 200-

800 nm measured. Specific UV absorbance (SUVA), defined as the UV absorbance of a water 

sample at a given wavelength normalized for DOC concentration (Weishaar et al., 2003), was 

calculated from the data acquired from the spectrometer as the ratio between the absorbance 

coefficient at 254 nm and the DOC concentration in the samples. Samples from Lake Ängesjön 

were diluted to the factor of 3, both the normal and the storage samples, due to its high DOC 

content.  

 

2.3.2 Fluorescence 

All T0 and T5 samples were scanned in a Spectrofluorometer (FluoroMax-4, Jobin Yvon, 

Horiba, Kyoto, Japan). Samples were collected into a 1 cm quartz cuvette that had been stored in 

ethanol and rinsed with MQ water before being used. Cuvettes with the sample were placed in the 

spectrofluorometer and fluorescence was measured.  

The definition of fluorescence is the ability to re-emit light after having absorbed the light. 

Information about the origin of fluorophores is obtained through the wavelength and intensity from 

which the fluorescence occurs. The scanning of the samples resulted in excitation-emission 

matrixes (EEMs) with excitation wavelength between 250-445 nm with 5 nm increments and 

emission wavelength 300-600 nm with 4 nm increments. MQ water sample was scanned along 

with other water samples and was used to blank subtract from the EEMs. The EEMs were also 
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corrected for bias and filter effects from the instrument and normalized to Raman units (Lawaetz 

& Stedmon, 2009; Kothawala et al., 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Summary and description of the spectroscopic properties used in this study. Modified from Catalán et al. 

(2013).  

Parameter Description Interpretation 

Specific ultra-violet 

absorbance at 254 

nm (SUVA254; L mg- 1 

m-1 ) 

Ratio of the absorbance 

coefficient at 254nm and the 

DOC concentration in mg L-1 

(Weishaar et al., 2003) 

Informs on the aromaticity of DOM, with 

values generally ranging between 1 and 6 L 

mg-1 m-1 (Weishaar et al., 2003) 
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Absorption coefficient 

A440 (m-1) 

Absorbance  at  440 divided by path 

length and multiplied by 2.303 

(Cuthbert & Giorgio, 1992) 

. Informs of colored DOM content (Ask et al., 2009; 

Cuthbert & Giorgio, 1992) 

Sr 

 

Slope ratio of S275-295 to S350-400 

(Helms et al., 2008) 

Inversely correlated to molecular weight 

(Helms et al., 2008) 

Humification Index 

(HIX) 

 

Peak area under the emission 

spectra 435–480 nm divided by 300–

345 nm, at an  excitation of 254 nm. 

(Zsolnay, 1999) 

Higher values correspond to a higher degree of 

humification (Huguet et al., 2009; Fellman et al., 

2010) 

Biological Index 

(BIX) 

 

Ratio of the emission intensities 

at 380/430nm for an excitation of 

310 nm (Huguet et al., 2009) 

Indicator of recent biological activity (Huguet et al., 

2009) or recently produced DOM (Wilson and  

Xenopoulos, 2009) 

Degradation index 

(A/C ratio)( α’/ α) 

Ratio of intensity of Peak A and Peak C 

(Kothawala et al., 2012) 

 

Indicator of biological (Kothawala et al., 2012) or 

photochemical (Moran et al., 2000) degradation of 

humic fraction of DOM 

Peak A (or α’) 

 

250Ex – 450 Em (Coble, 1996; 

Huguet et al., 2009) 

 

Humic substances and recent materials (Fellman et 

al., 2010 UVA-humic like; Stedmon and Markager, 

2005  Comp.1) 

Peak C (or α) 

 

350Ex – 450 Em (Coble, 1996; Huguet 

et al., 2009) 

Humic substances from terrestrial sources (Fellman et 

al., 2010 UVC-humic like) 

Peak T (or δ) 

 

280 Ex – 330 Em 

(Coble, 1996; Parlanti et al., 2000) 

Protein-like material from microbial degradation 

(Moran et al., 2000) (resembling the aminoacid 

Tryptophan signal) ( Fellman et al.,  2010)  

 

 Specific absorbance wavelengths, ratios and slopes that are used to characterize NOM 

properties can be found in table 1 above.  

 

2.3.3 DOC 

All samples from all lakes were measured in a total carbon analyzer (Shimadzu TOC-L, 

Shimadzu Corporation, Kyoto, Japan) where DOC concentrations were determined with a method 

for the analysis of non purgeable organic carbon (NPOC) concentration. Samples were placed into 

a 9 ml vial and 3 µl of 10% HCl acid was added to each vial to lower the pH of each sample to pH 

<3. The Shimadzu TOC-L uses a 680°C catalytic oxidation method that makes the samples 

combust. The inorganic carbon (IC) in the samples is represented by the CO2 that is generated in 
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the run. The CO2 is removed and the remaining carbon, the organic carbon (OC), is obtained when 

the total carbon (TC) is measured in each sample. All samples were acidified before being placed 

in the instrument so all IC had been discarded so the remaining carbon measured in the samples 

was the NPOC. The amount of NPOC corresponds to the DOC in each sample. 

 

2.4 Gas Chromatography/Inductively Coupled Plasma-Mass Spectrometry (GC/ICP-MS)  

Water samples were put in a fridge to defrost before analysis began at the Department of 

chemistry at Umeå University. Each sample was poured into a glass bottle and 200 µl of 2M buffer 

and 100 µl of 1% sodium tetraethylborate (STEB) were added. The buffer was mixed in a 50 ml 

tube and consisted of 9.5 g NaAC 136.08 g/mol, 1.69 ml HAC and MQ water filled up to the 50 

ml mark. The bottles were then sealed with a cap that had two out-flow points on top and a nitrogen 

flow tube of approximately 300 ml/min that was inserted into the samples, figure 3. A Tenax TA® 

column was attached to one of the out-flow points for 8 minutes to collect the ethylated Hg. 

Thermal desorption and separation of Hg species was achieved by using a thermal desorption 

station and an Agilent 6890 Gas Chromatograph connected to a Agilent 7500a ICPMS via a 

commercial interface (Yokogawa Analytical Systems), which was built in-house at Umeå 

University. The Tenax trap was then desorbed by heating up to 250 °C and injected into Agilent 

HP-1 fused silica column at a gas flow rate of 25 ml per minute (He) during 15 seconds after 45 

seconds of heating. Hg species were separated using an initial GC temperature of 80 °C for one 

minute followed by a 50 °C per minute ramp to 250 °C which was kept for one minute. The data 

was then collected by monitoring mass to charge (m/z) ratios 200, 202 and 204 at a 0.1 second 

integration time per point (Fernández-Gómez et al., 2013).  
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Figure 3. A sample mixed with 1% STEB and buffer. In the sample is an inflow point for N2 gas and the outflow point 

into the Tenax column is located on the top-right side of the bottle. 

 

The ln (Cf/Ci) is the natural logarithm of the ratio between the final concentration and the 

initial concentration of MeHg added (204MeHg) to the sample and was used to calculate MeHg 

degradation constants. 204MeHg was calculated with equation 2, 
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(Eq 2) 

Ci=(
Ctx200MeHg

a200MeHg
)/(

Ctx204MeHg

a204MeHg
)*(Cspike204MeHg*

𝑅𝐼𝐷𝑎𝑣204𝑀𝑒𝐻𝑔

𝑀𝑤204𝑀𝑒𝐻𝑔
)*Mw200MeHg/sample*1000 

where Ctx is the measured concentration of 200 or 204 MeHg in a sample, a is the abundance of 

200 or 204 MeHg, RID is the reverse isotopic dilution from a natural standard which the 

concentration is known and Mw is the molecular weight of 200 or 204 MeHg in g/mol. Fig 4 shows 

the natural abundance of IHg and MeHg at the initial (T0) and final (T5) time as well as the 204 

MeHg spike that was added to the samples and its degradation over time.  

 

 

Figure 4. Natural abundance of MeHg and IHg at initial, T0, and final, T5, exposure time as well as the 204 MeHg 

spike added to the samples. 
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3. Results 

3.1 Specific wavelength MeHg photodegradation  

 

The response of the natural logarithm of the ratio between final and initial concentration of 

MeHg to photodegradation is shown in fig 5, where each graph represents a specific cut-off light 

filter. They show the relationship between ln Cf/Ci of MeHg and cumulative full spectrum photon 

flux. The slopes of the lakes in fig 5 are all negative, except for LS 420 nm cut-off filter which 

was left out due to it affecting and skewing the other results, and as the cut-off filters cut-off more 

of the spectrum the slopes decline, going from -0.0034 (250 nm) to -0.0007 (455 nm) for LS. This 

is evident for all the lakes and is in line with the findings of Fernández-Gómez et al. (2013) where 

the study lakes also displayed a negative relationship between MeHg degradation and the full 

photon flux, indicating that MeHg is degraded by light. The slope and the cumulative full spectrum 

photon flux (E m-2) determine the kpdFULL constant, as was described by Fernández-Gómez et al. 

(2013).  

Table 2 shows the natural logarithm of the ratio between final and initial concentration of 

MeHg for the dark control samples and the samples that were exposed to the full spectrum in the 

solar simulator. There is a noticeable difference between the dark and full spectra samples with 

the full spectra samples showing much higher degradation of MeHg. 

 When performing a t-test it showed that all lakes showed a significant difference between 

the T0 samples and all cut-off filters, p > 0.05, for all time intervals, T1-T5, except for ANG2 who 

showed no significant difference for the 380 nm, 420 nm and 455 nm cut-off filters. 
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Fig 5. The relationship between natural logarithm of the ratio between final and initial concentration of MeHg, ln (Cf/Ci), and cumulative full spectrum photon 

flux, E m-2. Each graph represents one of the waters that were tested. In each graph there is a representation of the R2 values and line equation for each of the cut-

off light filters used. The slopes of the equations are of special interest since they represent the specific first-order photodegradation rate constants, kdp, of each 

light cut-off filter, with the lowest cut-off filter, 250 nm, at the bottom and the highest, 455 nm at the top in each graph. All lakes had statistical significance, p > 

0.05, for all cut-off filters and all time intervals, T1-T5, when compared to T0 values. Exceptions were 380 nm, 420 nm and 455 nm cut-off filters for ANG2. LJU 

= Ljustjärn, ANG st = Ängessjön storage, LS = Lilla Sångaren, ANG = Ängessjön.
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Table 2. Natural logarithm of the ratio between final and initial concentration of MeHg for dark and full samples for 

each lake. Dark samples were covered with a black lid on top of the cuvette and full samples were exposed to full 

spectra in the simulator, no filters were used. 

Sample ln (Cf/Ci) 

ANG dark -0.57129 

ANG full -1.64872 

ANG2 dark 0.042969 

ANG2 full -1.07073 

LS dark -0.54849 

LS full -2.40996 

LJ dark -0.04749 

LJ full -1.85473 

 

DOC concentrations were measured for each lake sample for all time intervals (fig 6). DOC 

concentrations were lower at T5 than in T1 in all instances except for 455 cut-off filter for LJ when 

it ended at 1.2% higher than T0 measurements. The biggest decrease came from the 309 nm cut-

off filter in ANG where it decreased ca 27% from T0–T5. In general the 250 nm and 309 nm cut-

off filters decreased more than the other cut-off filters, ranging from 22-27% decrease compared 

to 1-21% decrease of other cut-off filters. Samples from LJ were much more erratic than other lake 

samples measuring over the initial 100% set by the T0 samples several times, this was evident for 

various cut-off filters and different time intervals. Because of this LJ 309 was removed from the 

graph. LJ also had the lowest concentration of DOC of all the lakes while ANG had the highest. 

When looking at the dark controls all lakes experienced some decrease of DOC ranging from 2.3% 

in ANG2 to 8.6% in ANG. Samples that were without a cut-off filter and exposed to the full spectra 

experienced decreases similar to the 250 nm and 309 nm cut-off filters, ranging from 19.2% - 

22.7% except for ANG where an increase of 57.5% was measured. When tested ANG, ANG2 and 

LS had statistical difference between the 250 nm cut-off filter and 455 nm cut-off filter, p > 0.05, 

but LJ did not. All readings for LJ 309 nm cut-off filter were excluded from the graph because it 

showed inconsistent data that could not be interpreted.
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Fig 6. Percentage loss of DOC from T0, which is set as 100%, for each cut-off filter for each time interval, T1-T5. LJ309 was excluded from the graph due to 

inconsistencies in the data. Statistical difference between 250 nm cut-off filter and 455 nm cut-off filter: ANG p = 0.002, ANG2 p = 0.02, LS p = 0.009, LJ p = 

0.3.
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A254 for all samples declined steadily over time, T0-T5, with samples with 250 nm cut-off 

filter declining more and 455 nm cut-off filter values staying closer to the original value at T0 

(Table 3). Statistical significance was found between the T0 and 250 nm cut-off filter in ANG2 

and LS, p > 0.05, while 250 nm and 455 nm cut-off filters for other lakes showed no such 

difference. 

Sr is the slope ratio of S275-295 to S350-400 that is calculated by running absorbance data 

into R statistical program and it represents that the slope is inversely correlated to molecular weight 

(Helms et al., 2008). Sr for 250 nm cut-off filter increased for every lake through the time intervals, 

T0-T5, except for ANG where it increased rapidly from T0-T1, or 30.8%, but then decreased in 

T2 but kept rising after that but never reaching the high point of T1, but the increase from T0-T5 

was 27.7% or lower than the increase from T0-T1. The biggest increase from T0-T5 was LS 

(34.9%) and the lowest increase from T0-T5 was ANG (27.7%). When looking at the Sr with 455 

nm cut-off filter it can be seen that the increase was much more modest. The highest increase was 

ANG (8.9%) while the lowest increase was ANG2 (4.5%). All lakes showed statistical difference 

for the 250 nm cut-off filter, p > 0.05, except for LJ which had p = 0.12. It was also evident, for 

both cut-off filters, that the Sr for LJ was always higher than all other lakes for all time intervals. 

The absorption coefficient (A440) informs of the colored NOM that is present in water 

samples (Ask et al., 2009). The lakes did not show much difference over time, regardless of cut-

off filters, except for LS which lowered over time, T1-T5, with the 250 nm cut-off filter by 42%, 

other lakes only had marginal decrease or even an increase of A440.  

 Figure 7 shows an example of EEM spectrum from LJ for T05 and 250 nm cut-off 

filter at T5. All peaks (A, C and T), that were mentioned in table 1, are labelled in the pictures and 

certain changes can be detected and are documented in table 3. 
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Fig 7. Example of an EEM spectrum of LJ T05 and LJ 250 T5. The peak labels (A, C and T) show different 

representation of the spectrum and the changes of them from T0-T5 for the LJ 250 T5.  

 

Table 3 shows the changes in peaks A, C and T, A:C ratio, BIX, HIX and spectral slopes 

between 275-290 nm and 350-600 nm for T0 and 250 nm and 455 nm cut-off filters at T5. ANG 

and ANG2 showed increase in peaks T and A for the 250 nm cut-off filters as well as the 455 nm 

cut-off filter but not as high. Peak C showed decrease for the 250 nm cut-off filter from T0 for all 

lakes, except ANG2 where it increased, while all lakes showed increase values for the 455 nm cut-

off filter. HIX had the same pattern for all lakes where it showed decrease from T0 for the 250 nm 

cut-filter and then showing increase for the 455 nm cut-off filter. BIX showed small changes for 

both 250 nm and 455 nm cut-off filters with increasing for the 250 nm cut-off filter and then 

decreasing back with the 455 nm cut-off filter. The spectral slopes, S275-290 and S350-600 

showed little change, biggest changes were seen for 250 nm cut-off filters. 
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Table 3. Results of Fluorescence and Absorption measurements for the lakes. T0, 250 nm and 455 nm cut-off filters 

are represented for each lake.  

  ANG ANG2      LS LJ 

  T0 250 455 T0 250 455 T0 250 455 T0 250 455 

Peak 

T 
0.553 0.699 0.596 0.474 0.731 0.478 0.254 0.19 0.212 

0.09

6 

0.07

9 

0.11

4 

Peak 

A 
3.148 4.807 5.48 3.9 5.941 5.219 1.089 

0.88

9 
1.528 

0.25

3 

0.13

6 

0.26

1 

Peak 

C 
2.352 2.001 2.758 2.229 2.492 2.696 0.532 

0.31

7 
0.682 

0.09

6 

0.04

6 

0.10

2 

A/C 

ratio 
1.338 2.402 1.987 1.75 2.384 1.936 2.048 

2.80

2 
2.241 

2.64

8 

2.97

5 

2.56

8 

BIX 0.472 0.481 0.44 0.484 0.507 0.444 0.459 
0.49

2 
0.433 

0.69

4 

0.69

8 

0.71

6 

HIX 
19.53

6 

13.01

1 

21.14

5 

24.38

8 

18.42

2 

30.24

5 

13.32

4 

6.58

5 

14.71

8 

4.70

8 

2.18

9 

3.82

8 

S275

-295 
0.012 0.014 0.012 0.012 0.014 0.012 0.012 

0.01

8 
0.013 

0.01

7 

0.02

1 

0.01

7 

S350

-600 
0.016 0.012 0.015 0.015 0.012 0.014 0.016 

0.01

4 
0.016 

0.01

6 

0.01

3 

0.01

4 

  

 

3.2 Universal MeHg photodegradation contants  

 

In table 4 the kdpFULL results from other experiments are compared to the kdp250 from this 

experiment. Results from Fernández-Gómez et al. (2013), Poste et al. (2015) and an ongoing 

Universality project, represent the full spectrum, but in the current experiment is not represented. 

Instead the results from 250 nm cut-off filter are compared to the other full spectrum results as it 

comes closest to represent full spectrum from this experiment. Here it shows a different kdp for 

ANG from the Fernández-Gómez et al. (2013) research to the ones measured in this experiment, 

more than twice as high, 0.004 compared to 0.0013 and 0.0017. Highest kdp measured was Lake 

Breidtjern in the paper by Poste et al. (2015), 0.0046, while the lowest were ANG2 and Fuch2 

from the Universality project, 0.0013.   
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Table 4. Photodemethylation first-order rate constants (kdp), absorption of a sample at 254 nm, Abs254, the DOC 

concentrations (mg/L) and SUVA254 for different lake sites from current experiment, Fernández-Gómez et al. (2013), 

Poste et al. (2015) and an ongoing Universality project. Current experiment did not have full spectrum but 250 nm 

cut-off filter comes closest to being exposed to full spectra. 

  
250 nm 

filter (kdp250) 

m2 E-1  

Full 

spectrum 

(kdpFULL) m2 

E-1 

Abs254 DOC (mg L-1) SUVA254 

Current experiment         

ANG 0.0017 NA 1.94 39.5 4.91 

ANG2 0.0013 NA 1.92 39.2 4.9 

LS 0.0023 NA 0.38 9.1 4.2 

LJ 0.0033 NA 0.05 2.9 1.72 

Fernández-Gómez et al., 2013   TOC   

ANG NA 0.004 NA 17.5 3.3 

KSN NA 0.0029 NA 27 4.2 

SKM NA 0.0023 NA 81 4.1 

Poste et al., 2015     TOC   

Breidtjern NA 0.0046 NA 10.1 NA 

Langtjern NA 0.0033 NA 12 NA 

Sognsvann NA 0.0032 NA 3.9 NA 

Tollreien NA 0.0041 NA 9.2 NA 

Universality     DOC  

Stech NA 0.0026 0.04 5 1.60 

Fuch1 NA 0.0032 0.57 17.3 3.28 

Fuch2 NA 0.0013 0.49 45.1 1.09 

Melzer NA 0.0037 0.2 11.3 1.77 

Elvåga NA 0.003 0.24 5.8 4.08 

Solbergvann NA 0.0024 0.54 13.9 4.03 

Funil NA 0.0033 0.09 3.9 2.40 

UHE Samuel NA 0.003 0.18 5.2 3.51 

Juruena  NA 0.0026 0.12 4.2 2.79 

Marfil NA 0.0024 0.16 5.5 2.86 

Siá Mariana NA 0.0031 0.06 2.4 2.64 

Baía Grande NA 0.0031 0.05 1.8 2.84 

Svarttjärn NA 0.0022 0.55 12.1 4.54 

Feeagh NA 0.0033 0.31 7.6 4.03 

Black NA 0.0041 0.13 4.7 2.70 

Mendota NA 0.0036 0.09 7.9 1.13 

Mary lake NA 0.002 1.16 28.7 4.04 

Trout bog NA 0.0023 0.75 20.1 3.74 
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4. Discussion 

 

4.1 Comparison of first-order rate constants (kdp) 

 

In the paper by Fernández-Gómez et al. (2013) they modelled the specific photo 

degradation constants, kdp from PAR irradiations and incubation experiment with a UV lamp, that 

were then tested in this project. They suggested that if photon fluxes of PAR, UVA and UVB 

radiation are determined separately and corrections are made for wavelength-specific light 

attenuation the kdpPAR, kdpUVA and kdpUVB will be universal for waters where NOM controls ROS 

formation and MeHg speciation is controlled with NOM associated thiols. Figure 5 shows that the 

kdp for all lakes lowers as more of the spectrum is cut off with the filters. This is in line with UV-

light, and especially UVB, being extremely important in MeHg photodemethylation (Lehnherr & 

Louis, 2009) as previously mentioned. From table 3 all the first-order kdpFULL and kdp250 can be 

compared. One of the main differences between this experiment and the one conducted by Poste 

et al., (2015) was the use of a solar simulator instead of using direct sunlight while placing the 

samples on top of a building. By using a solar simulator the amount of light exposed to the samples 

can be better controlled, the amount of exposure for instance, instead of relying on unreliable 

weather conditions, and the irradiance of the light measured accurately. All of the kdp are within a 

0.0013-0.0046 range that can be used as a universal wavelength-specific photodegradation rate 

constant for MeHg.  

The kdp250 for ANG in this experiment was quite different from the kdpFULL for ANG 

modelled by Fernández-Gómez et al. (2013), 0.0017 for ANG and 0.0013 for ANG2 against the 

0.004 in the other experiment. One factor to consider here is that the kdp250 was not corrected for 

light attenuation by NOM and was not wavelength-specific for PAR, UVA and UVB. Differences 

in terrestrial matter could also affect the kdp of the samples in this experiment since NOM has a 

big effect on MeHg degradation rates through light attenuation and complexation with RSH 

groups.  

Considering the DOC concentrations in Poste et al. (2015), LJ and LS come closest to 

having similar concentrations in this experiment. The kpd250 for LJ here is in line with the findings 

of the kdpFULL in Poste et al. (2015), especially that of Lake Sognsvann which comes closest to the 
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DOC concentration of LJ. LS had similar kpd as well as Lakes Sognsvann and Langtjern but its 

DOC concentration is closer to Lake Trollreien which has a higher kdp. Even though the lakes from 

Poste et al. (2015), tend to have higher kdp, the differences are not great and seem to be similar to 

the findings in this experiment. 

 

4.2 Degradation of MeHg and DOC 

MeHg as well as DOC were degraded (fig 5 and 6), the longer the exposure in the solar 

simulator the higher the degradation in both cases. The highest degradation of DOC was consistent 

in samples that had 250 or 309 nm cut-off filters as with the MeHg degradation. This is in line 

with the findings of Lehnherr and St. Louis (2009) as mentioned above, where they showed that 

UV light is essential in MeHg degradation and that part of the spectrum is cut-off with the other 

cut-off filters.  

Correlation between the MeHg and DOC degradation was tested and it was found that there 

was strong correlation for the 250 nm cut-off filters in LS and ANG, 0.82 and 0.77 where 1.0 

would be absolute correlation. Their p-values were 0.02 and 0.003, showing statistical significance 

for their degradation. ANG2 and LJ had weaker correlations for the 250 nm cut-off filter, 0.26 and 

0.11 with p values 0.04 and 0.4 so there was no statistical significance between MeHg and DOC 

degradation for LJ. Little or no correlation was found for the 455 nm cut-off filter for ANG, ANG2, 

LS and LJ, -0.81, -0.29, -0.62 and 0.19 respectively. 

DOC concentration have a big impact on MeHg demethylation rates. Increasing DOC 

loading to lakes can have strong influence on reducing MeHg photodemethylation particularly in 

clear lakes (Poste et al., 2015). They also suggest that if DOC concentrations increase in the future 

it may lead to higher MeHg concentrations because of increased DOC-associated MeHg inputs 

that are paired with decreases in loss of MeHg through photodemethylation because of increased 

light attenuation. This goes well with the correlation in this experiment that was mentioned above. 

Light exposure, not water chemistry, is maybe the primary determinant of MeHg loss through 

photodemethylation (Poste et al., 2015) as is in line with the Fernández-Gómez et al. (2013) 

experiment. Since DOC here was degraded, and is in quite low concentration in LS and LJ, which 
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are clear lakes, it influenced MeHg to be degraded as well since the lower concentration of DOC 

has less influence on reducing MeHg photodmethylation.  

From table 2 it is evident that there is considerable difference in the degradation of MeHg 

between the dark control samples and the samples exposed to the full spectrum. There was some 

degradation on all dark control samples, but the degradation was much less then in full spectra 

samples and could be because of short exposure to light when the samples were treated before 

being put into the solar simulator. 

 

4.3 Changes in water features  

 

When samples are irradiated increasingly we see that Sr increases and DOC decreases, this 

is the same results as Helms et al. (2008) saw. In that paper they found that irradiating water 

samples consistently increased Sr, while UV absorption and DOC decreased. This is consistent to 

observations in this experiment over time (fig 5 and fig 7). The decrease of DOC and the amount 

of increase of Sr is connected to the filters that were used. Comparison of the increase between the 

250 nm and 455 nm cut-off filters (fig 7), show that the increase is much greater when more of the 

spectrum is able to reach the sample. 

Little or no decrease of A440, except for 250 nm cut-off filter for LS, can be evidence that 

there was little change in the NOM content on the samples over time while being irradiated in the 

solar simulator, even though that to the naked eye it seemed that the color of darker samples, ANG 

and ANG2, seemed to fade over time.  Other lakes, LS and LJ, were very clear to begin with so it 

was hard to detect any visible changes.   

Increase in peak A suggests increased presence of humic substances and recent materials 

from T0-T5. This could be a result of the water in the sample evaporating so the concentration of 

humic substances was increased over time as there was less water in the sample. Peak C does not 

show much change over time in any lake suggesting there was little addition of humic substances 

from terrestrial sources affecting the samples. The increase of peak T suggests that protein-like 

material from microbial degradation might be more apparent over time. ANG and ANG2 showed 

increase in that peak for the 250 nm cut-off filter but for the 455 nm cut-off filter the peaks were 
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closer to the original T0 value. Peaks A and C had a very good correlation, >0.95, for both LS and 

LJ but for ANG and ANG2 it was considerably lower, 0.32 and 0.69, suggesting that these peaks 

are more likely to show the same trends in clearer waters. Other peaks showed less correlation 

with each other, the highest being peak T correlating with peaks A and C in LJ, 0.88 and 0.9. 

BIX remained relatively constant for all lakes for both cut-off filters with increase or 

decrease not exceeding 10%, this suggests little biological activity (Huguet et al., 2009) or that no 

NOM was recently produced (Wilson and Xenopoulos, 2009). HIX had a significant change in all 

lakes with the 250 nm cut-off filter with a big decrease while the 455 nm cut-off filter showed a 

big increase compared to T0. When HIX shows lower values it corresponds to a low degree of 

humification (Huguet et al., 2009; Fellman et al., 2010).  

 

4.4 MeHg degradation constants and light attenuation  

The significant (p-value=0.002) correlation found between the kpd and the A254 indicates 

that MeHg degradation is controlled by light attenuation (Figure 8). Indeed kdp decreases with an 

increase on A254. Our results suggest that kpd, which presented a narrow range in the studied 

lakes is universal and that light attenuation (or A254) is the main driver. 
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Fig 8. Relationship between A254 and kdp, (m2 E-1) from this experiment and the Universality project, p = 0.002. 

 

5. Conclusion 

 My results show that MeHg photodegradation is highly dependent on absorbed UV section 

of the spectrum. This was demonstrated when the cut-off filters were applied when exposing the 

MeHg spiked samples to the irradiance in the solar simulator. Correlations for MeHg and DOC 

degradations were shown for the 250 nm cut-off filter, which should imply that the same should 

be evident for all samples exposed to the full spectrum. The cut-off filters had the biggest influence 

on DOC degradation, with the 250 nm and 309 nm cut-off filters contributing the highest, rather 

than the initial concentration of the lakes to begin with.  

 Testing the specificity of the kdp, which was modelled by Fernández-Gómez et al. (2013), 

went well and the results look promising and within the model that was set up in their paper. Some 

differences in ANG variables, DOC for instance, was apparent but all in all the final results are 

promising. The next step, which is already in motion with the Universality project, is to explore 

the universal application of kdp to waters world-wide that are exposed to different amounts of 

sunlight, DOC and NOM concentrations. 
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 Appendix A 

Table 4. Shows the cumulative photon flux (E m-2), for 1 h, for each position, 1-12, in the solar simulator. The E m-2 for each filter is accounted for every position. 

In each position a measurement was taken every 10 min for 1 h and the average of those 7 measurements is presented with standard deviation (sd) and relative 

standard deviation (r

 p1 p2 p3 p4 p5 p6 

 Av  sd rsd Av  sd rsd Av  sd rsd Av  sd rsd Av  sd rsd Av  sd rsd 

250 20.244 0.362 1.787 17.385 0.301 1.731 20.729 0.483 2.330 20.916 0.231 1.105 17.087 0.325 1.900 21.881 0.643 2.940 

309 20.241 0.364 1.796 17.378 0.364 1.796 20.721 0.483 2.333 20.907 0.230 1.100 17.086 0.324 1.899 21.871 0.643 2.942 

350 19.919 0.369 1.851 17.115 0.304 1.778 20.384 0.484 2.375 20.576 0.227 1.101 16.844 0.319 1.895 21.505 0.641 2.983 

380 19.304 0.363 1.880 16.608 0.298 1.794 19.749 0.470 2.380 19.942 0.219 1.098 16.358 0.308 1.881 20.817 0.621 2.983 

420 18.097 0.345 1.904 15.607 0.282 1.807 18.507 0.439 2.369 18.691 0.203 1.088 15.387 0.286 1.857 19.476 0.576 2.955 

455 16.752 0.320 1.910 14.491 0.263 1.814 17.133 0.400 2.336 17.299 0.185 1.069 14.297 0.261 1.826 17.993 0.522 2.902 

                   

                    

                   

 p7 p8 p9 p10 p11 p12 

 Av  sd rsd Av  sd rsd Av  sd rsd Av  sd rsd Av  sd rsd Av  sd rsd 

250 20.770 0.592 2.851 17.009 0.245 1.439 21.313 0.282 1.323 20.635 0.159 0.768 16.991 0.212 1.247 21.308 0.253 1.186 

309 20.765 0.595 2.865 17.007 0.245 1.438 21.310 0.282 1.323 20.633 0.158 0.767 16.990 0.212 1.247 21.306 0.253 1.186 

350 20.427 0.601 2.940 16.765 0.240 1.431 20.960 0.273 1.302 20.320 0.152 0.749 16.750 0.207 1.235 20.963 0.247 1.177 

380 19.789 0.586 2.959 16.283 0.231 1.422 20.292 0.258 1.272 19.701 0.143 0.728 16.268 0.198 1.219 20.309 0.236 1.162 

420 18.531 0.550 2.966 15.314 0.215 1.406 18.979 0.230 1.214 18.468 0.128 0.693 15.303 0.182 1.189 19.023 0.214 1.127 

455 17.136 0.504 2.942 14.230 0.198 1.390 17.528 0.200 1.143 17.089 0.113 0.658 14.219 0.165 1.162 17.589 0.190 1.082 
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