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Abstract 

Lichen as a Bioindicator of Atmospheric Mercury Deposition and Emissions: A Study of the 

Sulphur Bank Mercury Mine and New Almadén Mercury District 

Michelle Rothman 

 
 Mercury, a highly toxic heavy metal, remains of global concern due to its capacity to 

cause significant harm to human health and the environment. Mercury (Hg) can travel long 

distances within the atmosphere, bioaccumulate in living organisms, and act as a potent 

neurotoxin. Mercury contamination remains a prevalent issue due to historic mining practices, as 

it was once mined for various industrial applications and for its ability to form a gold amalgam. 

Large amounts of mine waste, also known as calcines, remain at historic mercury mines, 

representing significant sources of Hg emissions to the local environment through wet and dry 

atmospheric deposition. Even though the presence of mercury contamination at these abandoned 

mines has been documented, there is a notable gap in our understanding of how mercury 

emissions from mine waste can contaminate the environment through atmospheric transport. 

This study aims to investigate the spatial and temporal environmental impacts of Hg emissions 

and determine atmospheric pathways of contamination from mine waste at the New Almadén 

Mining District (NAMD) and the Sulphur Bank Mercury Mine (SBMM) in Northern California. 

However, traditional methods of monitoring atmospheric mercury present challenges due to the 

high cost of equipment and the temporal and spatial variability of air pollution. So, in this study, 

we employed lichen as a bioindicator of atmospheric mercury emissions due to its abundance in 

the study area, low cost, and past success in using lichen to record Hg. Measuring total mercury 

concentrations across various lichen species and locations at the NAMD and the SBMM allowed 
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us to identify Hg emission hotspots and provide valuable insights into the spatial and temporal 

distribution of Hg in a contaminated environment. The concentration of total mercury in lichen 

samples reached 45 ppm at the Sulphur Bank Mercury Mine, indicating significant levels of 

contamination in historic calcine processing areas. 
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Lichen as a Bioindicator of Atmospheric Mercury Deposition and Emissions: A 

Study of the Sulphur Bank Mercury Mine and New Almadén Mercury District 

Michelle Rothman 

1. Introduction 

1.1 Mercury  

 Mercury is a highly toxic contaminant of global concern due to its ability to 

bioaccumulate in the food chain and linger in the environment, posing risks to 

ecosystems and human health. Mercury is a naturally occurring element within 

Earth's biogeochemical system and can be released into the atmosphere through 

natural and anthropogenic sources1. Volcanic activity, forest fires, rock weathering, 

and soil emissions are all natural sources of mercury emissions2,3. Anthropogenic 

sources of mercury include coal-fired power plants, fossil fuel combustion, non-

ferrous metal production, waste incineration, abandoned mercury mines, and artisanal 

gold mining4,5. Over centuries of anthropogenic activity, mercury has been introduced 

into the atmosphere, leading to both wet and dry Hg deposition into aquatic 

ecosystems6.  

Mercury exists in many forms and oxidation states, primarily as elemental 

mercury (Hg0), divalent inorganic mercury (Hg2+), and organic mercury compounds 

(MeHg)2,3. Gaseous elemental mercury (Hg0), the most abundant form of mercury in 

the atmosphere, is considered a global-scale pollutant due to its long residence time 
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and ability to be transported over long distances1,4,7. Elemental mercury (Hg0) can be 

oxidized to form the highly reactive divalent mercury (Hg2+)4. In aquatic 

environments, inorganic mercury (Hg2+) can be methylated by sulfate- and iron-

reducing bacteria, producing methylmercury (MeHg)8,9. Methylmercury (MeHg) is a 

highly toxic form of mercury that is of concern due to its ability to pass through the 

blood-brain and placental barriers and bioaccumulate in food chains, resulting in 

elevated concentrations found in top predators within aquatic ecosystems3,8,9. Long-

term and low-dose exposure to methylmercury can result in severe damage to the 

central nervous system, as well as the kidney, liver, cardiovascular, and immune 

systems9. In 2013, the Minamata Convention was agreed upon by over 140 countries 

to address the consequences of mercury exposure to human health and the 

environment by reducing global Hg emissions9,10. 

 In the San Francisco Bay Area, mercury contamination remains a prevalent 

issue due to historic mining practices. Mercury was used in small and large-scale gold 

mining to separate and purify gold from ore due to its ability to form an amalgam2,11. 

The mercury used in the gold recovery process was primarily obtained from mines in 

the California coast range on the west side of the Central Valley2,12. Mercury is 

recovered from the chief mineral ore Cinnabar (HgS) in the process known as 

calcination. The calcination process involved heating the cinnabar ore in a retort or 

rotary furnace, and then extracting and condensing elemental mercury vapor. Mercury 

calcination is considered an inefficient process, and poor-quality unroasted ore and 

roasted ore residues were dumped in the surrounding environment13. These mercury-
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enriched ore deposits, also known as calcines, present a significant source of mercury 

emissions to the local environment and atmosphere. Calcines can also release Hg into 

nearby aquatic ecosystems through erosion and leaching14. The mercury species in 

these deposits include metacinnabar, elemental mercury, mercury sulfates, and 

mercury chlorides15,16. Significant amounts of calcines remain at Hg mining sites after 

the California gold rush, contaminating aquatic ecosystems and leading to 

atmospheric mercury emissions2,16.  

1.2 New Almadén Quicksilver Mining District 

 In 2000, the United States Geological Society reported that about 550 

abandoned and inactive mercury mines in California continued to cause significant 

environmental harm2. The New Almadén Quicksilver Mining District (NAQ) in Santa 

Clara County, California, stands out as having been North America’s largest and most 

productive mine. Mercury production on a commercial scale began at the New 

Almadén Mine in 1846 until its closure in the mid-1970s17. Once the largest mercury 

producer in the United States, the New Almadén mine produced 38,000 metric tons of 

mercury, or 5 percent of the world’s total mercury, through 197717,18. In 1975, the 

mine closed and was sold to the Santa Clara County Parks and Recreation 

Department for recreational use, now known as Almadén Quicksilver County 

Park19.  The park has undergone remediation at five former mercury processing areas 

from 1998-2000, and the implementation of the Hacienda and Deep Gulch Calcines 

Remediation Project began in October 202220.  New Almadén Mining District is 
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located in the watershed of the Guadalupe River, which drains into South San 

Francisco Bay through the Alviso Slough. Even with current remediation efforts, 

calcine deposits continue to pollute the surrounding environment and the San 

Francisco Bay through the transport of mercury-enriched sediment and leaching of 

mine waste into waterways2,21.  

 Atmospheric monitoring of Hg around mining areas is crucial to 

understanding the complex dynamics of Hg transport and its potential impacts on the 

environment.  Numerous studies have been performed to measure mercury emissions 

from highly productive mining areas, including the Almadén mines in Spain and the 

Idrija mines in Slovenia13,22,23. These studies found that the local environment 

surrounding former mercury mines demonstrated high levels of mercury 

contamination. In a study conducted by Jiménez-Moreno et al, they found that the Hg 

isotope composition in lichens surrounding mines at the Almadén mining district 

revealed that both the atmosphere and rivers are significantly impacted by Hg 

released from the mines 23. Considering how productive the New Almadén Mining 

District once was, there is a surprising absence of studies actively monitoring 

atmospheric mercury emissions around the mine. The lack of prior air monitoring 

studies at this location represents a gap in our understanding of the extent of mercury 

contamination. 
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1.3 Sulphur Bank Mercury Mine  

 Similar challenges of mercury contamination stemming from mine waste 

persist at the Sulphur Bank Mercury Mine, once one of the largest producers of 

mercury in California. The Sulphur Bank Mercury Mine is a 160-acre abandoned 

open-pit mercury mine situated on the south shore of the Oaks Arm of Clear Lake in 

Lake County, California24. The Sulphur Bank Mercury Mine experienced intermittent 

mining operations for sulfur and mercury from 1865 to 195725. During this period, 

mining operations removed between 4400 and 7000 metric tons of Hg recovered from 

2.5 million cubic yards of mine waste24,25. On-site, a 23-acre flooded open-pit mine 

exists, referred to as the Herman Impoundment24. The Herman Impoundment is 

inundated with mine waste, polluted water, and geothermal groundwater naturally 

containing mercury and arsenic24. Mining activities at the Herman Impoundment have 

led to the dispersal of calcines across the region, eventually ending up in Clear 

Lake24. The disposal of mine waste has led to the contamination of soils, surface 

water, and groundwater in the area, releasing hazardous contaminants such as 

mercury, arsenic, and antimony, thereby posing risks to human health24. Mercury 

contamination threatens the Elem Indian Colony, located adjacent to the Herman 

Impoundment, who rely on Clear Lake’s food and water resources. Stormwater and 

groundwater movement of mercury from mine waste have resulted in mercury-

enriched sediment at the bottom of the lake, which has accumulated in fish over 

time24. In 1987, the California Office of Environmental Health and Hazard 

Assessment (OEHHA) issued a fish consumption advisory due to elevated mercury 
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concentrations in fish24. In 1990, the Sulphur Bank Mercury Mine became an 

Environmental Protection Agency (EPA) superfund site and has undergone various 

cleanup efforts to minimize the site’s impact on human health and the environment24. 

The EPA is currently working with the Elem Indian Colony, the greater Clear Lake 

community, the United States Geological Survey (USGS), and the Tribal nations to 

distinguish natural sources of mercury from mine waste mercury, reduce mercury 

entering Clear Lake, remove and cover contaminated residential soils, and clean up 

the waste piles in a finalized plan24. Clear Lake is currently used for recreational 

activities including fishing and swimming, as the mercury levels in the lake water 

comply with government standards24. 

1.4. The Release of Mercury into the Environment through Mine Waste 

 Calcines can release mercury into the environment through mercury vapor 

emitted into the atmosphere, mercury-contaminated soils, and mine drainage. The 

dumping of calcines can contaminate soil, resulting in atmospheric emissions of 

elemental mercury through volatilization and wind entrainment of Hg bound to dust 

particles14,26. Total mercury concentration in soil, soil temperature, light energy, 

rainfall, and vegetation can influence the amount of Hg emitted from soil27.  Mercury 

emitted from calcines and contaminated soils to the atmosphere can be re-deposited to 

terrestrial and aquatic environments through wet and dry deposition16. Additionally, 

mercury-contaminated soils at mine sites are a source of ionic and elemental mercury 

that can be transported and subsequently converted to methylmercury in downstream 



7 

aquatic environments through surface runoff16.  Mercury can be mobilized into 

aquatic environments when contaminated soil becomes saturated by rainfall and then 

eroded by overland flow into tributaries14. Another source of mercury and 

methylmercury can be mine drainage, created when rainwater or groundwater mixes 

with waste extracted primarily through underground mining methods16. Acidic mine 

drainage can provide a favorable environment for mercury methylation by sulfate-

reducing bacteria due to the high concentration of sulfate added as sulfuric acid in the 

process16. The formation of sulfuric acid results from the chemical reaction of surface 

water and shallow subsurface water with rocks that contain sulfur-bearing minerals28. 

The release of mercury from calcines and contaminated soils, along with the 

formation of mine drainage, demonstrates the need for more research at these 

abandoned mine sites to mitigate the risks to human health and the environment. 

When observing mercury-contaminated sites, mercury fluxes to water are often 

prioritized due to the direct correlation with methylation and bioaccumulation in 

downstream aquatic ecosystems14. However, understanding the complex dynamics of 

atmospheric Hg emissions around mining areas is imperative for assessing their 

impact on environmental and human health. The emissions of elemental Hg through 

volatilization around mining areas can contribute to the global atmospheric pool due 

to the long atmospheric lifetime of Hg14. Hg emissions originating from mining areas 

can eventually be re-deposited, methylated, and accumulated in aquatic and terrestrial 

organisms14. Additionally, observations have shown that the release of mercury from 

contaminated sites has increased mercury concentrations in the local ambient air, 
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posing a risk to human health when inhaled14. Atmospheric Hg monitoring is needed 

to accurately determine the transport and fate of airborne Hg emissions around 

mining areas. With more data, the full scope of exposure risks facing nearby 

communities and ecosystems can be assessed. However, traditional air sampling 

methods present difficulties due to the high cost of equipment, the risk of theft or 

vandalism, and the temporal and spatial variability of air pollution which may require 

multiple monitoring sites. 

1.5 Lichen as a Bioindicator 

 Lichens are a symbiosis composed of a fungus (mycobionts) and green algae 

or cyanobacteria (photobionts). The fungi provides the algae with protective 

sheltering structures, while the algae supplies photosynthetically fixed carbon as an 

energy source29. Lichens are ubiquitous, as they are perennial organisms and can 

grow nearly in all habitats. Lichens primarily receive nutrients from the atmosphere 

as they lack a vascular and root system30. Unlike vascular plants, lichens do not 

possess a waxy cuticle, nor structures specialized for the transport of minerals, water, 

and food. The lack of protective cuticles and specialized structures allows lichens to 

accumulate atmospheric nutrients and metals that are required from metabolism 

across the thallus surface. The process also results in the uptake of heavy metals in 

proportion to their environmental concentrations31. It has been observed that lichens 

accumulate pollutants through extracellular cation exchange in the cell wall and on 

the plasma membrane surface32. Lichens can also accumulate insoluble particulate 
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matter in the thallus in proportion to the environmental availability of particles and 

duration of exposure32,33. These unique properties of lichens allow them to be one of 

the best and most reliable options to serve as bioindicators of air pollution.  

The use of lichens as bioindicators to measure inorganic and organic air pollutants 

has been well documented.30,31,34. One way that lichens act as bioindicators is through 

their susceptibility to pollution, where the absence of sensitive species, decreased 

diversity, and observable morphological, anatomical, and physiological alterations are 

taken as evidence of the presence of significant amounts of pollution35. Lichens have 

been recognized as an indicator of air quality since 1866 by the Finnish lichenologist 

W. Nylander, who observed that lichens showed incomplete development near urban 

areas in Paris36. In recent decades, lichens have been one of the most used 

bioindicators to measure air pollution, particularly heavy metals such as 

mercury37.  Studies carried out by Jiménez et al (2016) and Berdonces et al. (2017) 

used lichen as a bioindicator to measure mercury concentrations at the Almadén 

mercury mining district in Spain. Both of these studies used lichen to identify “hot 

spots”, and the fate of mercury contamination using Hg isotope signatures in lichens 

in the Jiménez et al (2016) experiment and comparing mercury concentrations in air 

with respect to mercury concentrations in lichen in the Berdonces et al. (2017) 

study22,23. Past research has demonstrated that different lichen species in the same 

location can contain various concentrations of metals, attributed to differences in 

morphological and structural features31. A study conducted by Garty (2001) revealed 

that the extent of surface area in lichen species can impact the distribution of heavy 
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metals31. For example, foliose lichens are characterized by an equal-sized surface as 

they have a leaf-like thallus and flattened lobes, and can therefore promote a uniform 

accumulation of heavy metals31,38. There have also been reports of significantly 

higher heavy metal concentrations in the inner, older areas of the thalli than in the 

peripheral areas of foliose native lichens at contaminated sites, suggesting that the age 

of the thallus may influence the accumulation of heavy metals37,39. 

Lichens can provide significant benefits over other methods of air sampling. 

Lichens can serve as an inexpensive air sampling method as they are abundant over a 

wide geographical range and relatively easy to collect40. Lichens can be available for 

monitoring throughout the year and are tolerant to extreme environmental 

conditions31. In addition, lichens can allow assessment of long-term air pollution 

accumulation as many species can accumulate high levels of pollutants in their thalli 

without exhibiting damage40. Lichens can be particularly useful in monitoring the air 

quality of remote areas with limited road access and electricity. In this study, we used 

epiphytic fruticose lichens as a bioindicator to measure atmospheric mercury 

emissions due to their abundance in the study area, low cost, and past success in the 

field. However, interpreting Hg concentrations in lichen can present difficulties due 

to the influence of climatic and environmental conditions, impacting metabolic 

growth rate and the deposition and bioavailability of Hg37.  
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1.6 Using Lichen Transplants as Active Bioindicators of Atmospheric Mercury 

 Lichen transplants can serve as a creative technique for the biomonitoring of 

airborne pollutants, particularly heavy metals such as mercury. The methodology for 

lichen transplantation experiments involves transferring lichens from an 

uncontaminated site to a contaminated area, followed by measurements of pollutant 

uptake through subsampling of the transplanted lichens at different intervals. 

Additionally, reverse lichen transplantation studies have been conducted, where 

lichens from a contaminated site are transplanted to an uncontaminated location, 

allowing for the measurement of pollutant release over time41. In recent years, lichen 

transplant studies have become increasingly popular as lichens are relatively 

inexpensive and easy to transport, the monitoring sites can be chosen, and the initial 

elemental concentration and exposure time are known beforehand42.  

Extensive research has been conducted to explore the uptake of airborne 

pollutants in lichen transplant experiments. In a study performed by Lopez-Berdonces 

et al (2017), multiple lichen species were transplanted from an uncontaminated site to 

the Almadén mercury mining district (AMMD) in South Central Spain, once one of 

the world’s most productive mercury mines22. The authors sampled the transplanted 

lichens at various intervals: 10, 45, and 92 days22. The authors found differences in 

the uptake rate based on the lichen species sampled and measured high mercury 

uptake rates in the lichens closer to known sources of mercury emissions22. It was 

also noted that the mercury concentrations in lichens reach an equilibrium with 

mercury in air, based on their additional mercury gas samples collected using a 
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LUMEX RA-915þ22. The accumulation of mercury was represented in a first-order 

kinetic model, utilizing the ratio of measured mercury concentrations at each time 

point to the initial mercury concentrations in transplanted lichen22. Furthermore, a 

lichen transplant study by Loppi et al (1998) measured the accumulation of trace 

metals (Cd, Cr, Cu, Pb, and Zn) in the lichen species Evernia prunastri. The authors 

transplanted the epiphytic (tree-growing) lichen species from an unpolluted area to 

the urban environment of Teramo in Central Italy, subsampling and analyzing the 

lichen every two months over a year-long period32. It was found that concentrations 

of trace metals were statistically higher in transplanted lichens than in control samples 

after only two months, ultimately revealing that the elements in question polluted the 

transplanted lichens32. 

While the monitoring of pollutant uptake has been studied in lichen transplant 

experiments, there has been comparatively less focus on documenting the release of 

airborne pollutants in lichen. However, one study conducted by Vannini et al (2021) 

investigated both the accumulation and release of the ionic form of mercury in 

lichens, using the lichen species Evernia prunastri41. The authors collected native 

lichen from a remote area in Tuscany of central Italy, incubated the lichens with 

solutions containing Hg2+ at different concentrations, and then transplanted them to 

another location free of local mercury contamination. The authors found that the 

transplanted lichens accumulated mercury proportionally to the incubation 

concentrations and then released mercury over time, eventually decreasing to stable 

concentrations after 6-24 months41. The results of that study provided valuable 



13 

insights into the dynamics of the uptake and release of mercury over time, 

demonstrating how lichens can exhibit different concentrations of mercury depending 

on temporal and spatial changes. 

These studies demonstrate how lichen transplantation experiments can offer 

advantages in determining the transport and emissions of atmospheric mercury in 

contaminated areas. Measuring mercury uptake in transplanted lichens can provide 

accurate spatial and temporal patterns of Hg contamination around emission 

sources23. Reverse transplant experiments can provide insight into the amount of 

mercury released over time once accumulated in lichens, reflecting the decreasing 

environmental availability of Hg in the surrounding environment23. 

1.7 Objectives and Goals 

The main objectives of this study are to investigate the spatial and temporal 

environmental impacts of Hg emissions and determine atmospheric pathways of 

contamination from mine waste at the New Almadén Mining District and the Sulphur 

Bank Mercury Mine in California.  At NAMD, we aimed to identify and measure Hg 

emission sources and deposition by utilizing lichen as a bioindicator for atmospheric 

mercury in a transplantation study. Conducting a lichen transplantation experiment at 

the NAMD allowed us to quantify the Hg uptake and release rate over time in 

transplanted lichens. We also determined how site location and the lichen species 

used impact Hg accumulation and release.  
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At the EPA Superfund Sulphur Bank Mercury Mine (SBMM), our goal was to 

gain a better understanding of the transport of atmospheric Hg in a contaminated 

environment. We accomplished this goal by identifying elevated gaseous mercury 

emissions and deposition using native epiphytic lichens. We collected lichens from 

various locations where calcines were present, including background lichens free 

from mercury contamination to represent a control.  

2. Methods 

2.1 Study Areas 

2.1.1 Transplantation Experiment at New Almadén Mining District 

A lichen transplantation experiment was conducted to investigate the 

accumulation and release of mercury over time using selected lichen species at 

various sites in the New Almadén Mining District (NAMD).  Former Masters 

students, Bella Zheng and Brittany Straw, conducted multiple experiments using 

native lichens to identify hotspots of mercury contamination at NAMD. Their 

findings helped us determine where to transplant the lichen, as we aimed to position 

them in areas exhibiting elevated mercury concentrations. We collected three lichen 

species, Evernia prunastri, Ramalina leptocarpha, and Usnea sp., from the 

background area at Lexington Reservoir. Ramalina leptocarpha was the most 

abundant species collected at Lexington Reservoir, allowing it to be transplanted to 

every site. The Lexington Reservoir is an artificial lake on the Los Gatos Creek near 
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Los Gatos, California and is determined to be free from local Hg contamination43. 

Lichens were collected from mainly Oak tree branches with heavy lichen growth at 

the Lexington Reservoir, with species identified using a field guide. The collected 

lichens were then rinsed using spring water, separated by species, pat-dried with 

KayDries, and placed into acid-cleaned nylon mesh bags. We chose to use spring 

water instead of deionized water to rinse the lichens, as deionized water could leach 

nutrients out from the lichen and potentially damage our samples. The lichens were 

spread out in the mesh bags to promote airflow. The lichen bags were then hung in 

rain shields from tree branches at 8 different sites in the New Almadén Mining 

District demonstrated in Figure 1, including three sites at Mine Hill near Englishtown, 

two sites near Almadén Reservoir, two sites in the Hacienda Furnace Yard, and one 

site in the Deep Gulch area (Figure 3). At each site, four lichen bags were hung below 

a shield to protect the samples from rain. Transplantation shields 1-5 consisted of 

three bags of each lichen species from Lexington to measure mercury uptake and one 

control bag. Transplantation shields 7-9 located in the Hacienda/Deep Gulch area 

consisted of three bags of only Ramalina leptocarpha, in addition to one control bag. 

The control bags consisted of native lichens gathered from each respective shield 

location. The control bags helped us assess if there were any changes in the health of 

the lichens resulting from transplantation, as well as any changes in the uptake or 

release of mercury.  The bags were hung from oak trees approximately 1.5 m off the 

ground, hidden in dense foliage and invisible from trails nearby to prevent 

vandalism.  
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In addition to measuring mercury uptake, we also conducted a reverse 

transplantation experiment to quantify the release of mercury in lichens. Lichens were 

collected from various locations in Mine Hill, the Hacienda Furnace yard, and the 

Deep Gulch area. The lichens were then transplanted to the Lexington reservoir, our 

background site. The same sampling and transplantation protocols were used in the 

reverse transplantation experiment. However, only two shields were placed at the 

same site near the Lexington Reservoir, as demonstrated in Figure 2. Each shield 

contained three transplanted lichen bags and one control bag, with the control 

consisting of lichen collected at Lexington reservoir. 

After the shields were deployed, subsamples of each species in each bag were 

collected to represent the initial time point. Approximately every 30 days, we 

returned to subsample the bags for 6-7 months. About 2-5 grams of lichen was 

collected from each bag, ensuring that there was a sufficient supply of lichen to 

sustain the experiment for an extended period. 
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Figure 1: Map showing the location of the two study areas, the New Almadén 
Mining District (NAMD) and the Sulphur Bank Mercury Mine (SBMM).  

 
 

 

Figure 2: An example of the equipment used for transplantation experiments, 
depicted at NAMD. This photo and approach were developed by Straw (2023)44. 
Each site contained a shield with 4 mesh bags of lichen suspended from it. 
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Figure 3: A map indicates each transplantation site's location in the New 
Almadén Mining District. These shields were transplanted from the Lexington 
Reservoir. Shields 1-3 are located in Mine Hill, 4-5 are near Almadén Reservoir, 7in 
the Deep Gulch area, and 8-9 are in the Hacienda Furnace Yard. 
 

 

Figure 4: A map indicates each transplantation site's location compared to a 
heat map, obtained from Brittany Straw’s master's thesis45. This map was made with 
ArcGIS’s Empirical Bayesian Kriging analysis tool, using THg concentrations from 
238 lichen samples. The heatmap shows low average THg levels in blue and high 
average THg levels in red. Shields 1-3, 4-5, and 7-9 were transplanted from the 
Lexington Reservoir to the New Almadén Mining District (NAMD). Shields 6 and 10 
were transplanted from NAMD to the Lexington Reservoir.  



19 

 

2.1.2 Mercury Passive Air Samplers 

Two Mercury Passive Air Samplers (MerPAS) from the Tekran Corporation 

were installed alongside each lichen transplantation shield at NAMD. Supplementing 

our lichen measurements with the MerPAS allowed us to investigate the potential 

correlation between the air concentration of elemental mercury and the THg 

concentrations and uptake rate of Hg in the lichens. MerPAS are a power-free passive 

air sampling method that uses an activated carbon sorbent to sample Hg in ambient 

air45.  Briefly, gaseous elemental Hg enters the sampler and diffuses at a known rate 

into a chamber where it is trapped on a sulfur-impregnanted carbon sorbent46. The 

carbon sorbent is contained in a stainless-steel mesh cylinder that is inserted into a 

porous polyethylene diffusive barrier, controlling the rate of diffusion from the air to 

the sorbent46. This diffusive barrier is then inserted into a protective plastic jar that 

eliminates the impacts of wind and solar radiation and can be used as a container for 

transport45. The MerPAS were deployed in duplicates at each lichen transplant 

location to assess variance and ensure analytical replication. The MerPAS were 

installed on trees near the transplantation shields, approximately 1.5 m off the ground. 

Each MerPAS was left in the field and sampled ambient air for 60 days. After 60 

days, the MerPAS were uninstalled and mailed to the USGS in Madison, WI for 

further analysis. The carbon sorbent was then analyzed in a Direct Mercury Analyzer 

following US EPA method 7473, where total Hg was determined. Gaseous Hg 
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concentrations in the atmosphere, C (ng/m3), are calculated from the following 

equation: 

               𝐶𝐶 = 𝑚𝑚
(𝑆𝑆𝑆𝑆 ∗ 𝑡𝑡)

                                                                                                               (1) 

 

where m is the mass of sorbed Hg (ng), SR is the sampling rate of the PAS (m3 day-1) 

and t is the deployment time of the sampler (days). We used a sampling rate of 0.111 

m3 day-1 as recommended by the Tekran Corporation46,47 

 

 

Figure 5: An example of the installation of the MerPAS, depicted at NAMD. 
This photo and approach were developed by Straw (2023)44. Alongside every shield, 
2 air collectors were installed approximately 1.5 m off the ground and left in the field 
for about 60 days. 
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2.1.3 Sulphur Bank Mercury Mine (SBMM) 

We used native epiphytic lichen to identify hotspots of gaseous mercury 

emissions and deposition originating from mine waste at the Sulphur Bank Mercury 

Mine (SBMM). In March of 2022, preliminary lichen sampling at the SBMM 

revealed extremely high total Hg concentrations of up to 23 ppm, and lower, but still 

elevated total Hg concentrations of 1 ppm at the shore of Clear Lake. In May of 2023, 

we returned to the SBMM to collect lichen samples from various locations around 

Herman Impoundment where waste rock is present and in areas with known 

contamination. Lichens were collected from the North Waste Pile, South Waste Pile, 

West Waste Pile, West Ore Pile, a tailings pile where calcines used to be processed in 

a furnace plant, and from the west shoreline of the Herman Impoundment where 

hydrothermal vents are present.  We collected multiple lichen species, including 

Evernia prunastri, Ramalina leptocarpha, Usnea sp., Ramalina farinacea, and 

Ramalina menziesii, all visually identified with the assistance of a comprehensive 

field guide. The selection of lichen species for this study was based on their 

abundance in the area as well as ease of visual identification. Various lichen species 

were collected to investigate potential variations in sensitivity to total mercury (THg) 

based on species and morphological traits.  

Additional lichen samples were collected in background locations to represent 

controls. Ukiah, Nice, Cole Creek, Middle Creek, and Kelsey Creek are the areas we 

used as control sites. These locations are all in Northern California, with some close 
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by to Clearlake. Sampling these areas helped us determine the extent of mercury 

contamination originating from the SBMM at Clear Lake.  

 

 

 

Figure 6: Figure 6A shows a photograph of Clear Lake in the distance 
captured in May of 2023. Figure 6B shows a photograph of the Herman 
Impoundment at Clear Lake, captured in May of 2023. Mining scars are visible along 
the shore of the Herman Impoundment. 

 

2.2 Sampling Procedure  

 The coordinates of each sampling location were recorded using GPS and 

Google Maps. Samples were collected using trace-metal clean sampling techniques 

EPA Method 1669, clean hands-dirty hands, cleaning of tools with methanol between 

samples, and sample storage in two polyethylene storage bags42. Once the subsamples 

were placed into Ziploc bags, they were kept at ambient temperature when 

https://www.zotero.org/google-docs/?broken=aUaEKv
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transported back to the laboratory. At the laboratory, the samples were promptly 

stored in a freezer awaiting analysis.  

 

2.3 Sample Preparation 

After being removed from the freezer, lichen samples were inspected, 

identified, and separated by species. The approximate species composition of each 

sample was recorded. All foreign materials, such as tree bark, leaves, insects, and 

other plants, were removed from the lichen samples. Samples separated by species 

were then homogenized with liquid nitrogen to flash freeze the lichen and crushed 

using an acid-washed mortar and pestle. Samples were stored in a 50 mL 

polypropylene tube and then freeze-dried in a lyophilizer for 24 hours. Until analysis, 

the samples were placed back in the freezer at 4 °C.  

 

2.4 Total Mercury Analysis 

Total mercury concentrations (THg) were measured using direct mercury 

analyzer atomic absorption spectroscopy (DMA-80) (Milestone Corp.) following 

EPA method 747348. Approximately 0.01-0.05 grams of the dried lichen samples 

were scooped onto quartz and nickel sample boats and placed into the DMA-80. 

Lichen samples were analyzed in duplicates and were calibrated with liquid NIST Hg 

standards and Certified Reference Materials (CRM). Dogfish liver (DOLT-3) and 

peach leaves (SRM peach) were used for QA/QC. The mean recovery of THg in 

DOLT-3 was 102 ± 2.9% (N = 24) and 92 ± 39% (N = 18) for SRM peach leaves. 
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Certified Reference Materials (CRM) were used to assess the accuracy of the DMA 

between consecutive runs of <10 samples. Once the lichen samples were placed into 

the DMA-80, the samples were thermally decomposed in an oxygen-rich furnace and 

all mercury species in the samples were reduced to elemental Hg49. The released 

elemental Hg is trapped through gold amalgamation. The system is purged and the 

amalgamator is subsequently heated, releasing all mercury vapor49. The mercury 

vapor is then analyzed using a fixed wavelength atomic absorption 

spectrophotometer49. 

 

2.5 Data Analysis  

All statistical tests were performed using R (4.3.2)50. To determine the rates of 

mercury accumulation and release in transplanted lichens at NAMD, we first 

averaged the duplicate concentrations measured by the DMA-80. The averaged total 

mercury concentrations were then fitted into a first-order kinetic model, a method 

used by Lopez-Berdonces et al (2017) to measure mercury accumulation in lichen 

over a long exposure time22.  The rate constant of mercury accumulation and release 

in the lichen can be described in the ratio as follows:  

Rate Constant =     
𝑞𝑞𝐿𝐿
𝑞𝑞𝐿𝐿
0                                                                                                                                          (2) 

where qL is the lichen mercury concentration at a specific time and q0L is the initial 

mercury concentration measured at the start of the transplantation experiment. The 

q0L value was obtained by averaging several initial mercury concentrations from the 

same lichen species at different shield locations. We chose to average the initial 
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mercury concentrations from different shield locations to reduce variability and 

normalize the data. Linear regression tests were performed to determine if the lichen's 

exposure duration significantly influences the ratio between the lichen mercury 

concentrations at each time (qL) and its initial mercury concentration (q0L). Linear 

regression analyses were conducted individually for each bag within transplantation 

shields 1-6 and 10, as they contained different species. Due to shields 7-9 comprising 

the same species in the mercury uptake bags, only one linear regression was 

performed for each shield. An ANOVA test was performed to determine if the rate of 

mercury accumulation differed significantly between each lichen species. 

Furthermore, a Pearson’s linear correlation test was conducted to assess the 

correlation between the concentration of Hg0 in the MerPAS and the slopes of daily 

kinetic THg accumulation in Ramalina lichen across transplants 1-5, 7-9, as well as 

the control lichen from shield 6. 

Duplicates of total mercury concentrations were also averaged for the lichen 

samples at the SBMM. Nonparametric tests were performed due to the non-normality 

of the data. A Kruskal-Wallis test was conducted to determine if THg concentrations 

differed significantly between the lichen species sampled at SBMM.  

  

2.6 Geostatistical Analysis  

The ArcGIS Pro Geostatistical Analyst Interpolation tool, Empirical Bayesian 

Kriging (EBK), was used to create a map demonstrating the spatial distribution 

pattern of THg at the SBMM. Empirical Bayesian kriging is an interpolation 
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technique, meaning it is used to estimate unknown values that fall within the range of 

known data points. It makes these predictions more accurate by considering potential 

errors in the data patterns through multiple simulations51. Unlike other kriging 

methods requiring one to adjust parameters manually, EBK automatically calculates 

these parameters through subsetting and simulations51. This automatic process helps 

ensure the results are more reliable and less subjective. 

The data underwent log empirical transformation due to EBK’s sensitivity to 

outliers. Standard circular search neighborhood search parameters were used with a 

K-Bessel semivariogram model, allowing for the most accurate results. Using this 

tool allowed us to visualize the distribution of Hg contamination and identify Hg 

emission hotspots at the Sulphur Bank Mercury Mine.  

 

3. Results  

3.1 Transplantation Experiment 

3.1.1 THg Accumulation  

Linear regression and ANOVA tests revealed significant differences in the 

rates of mercury uptake among various lichen species, with notable variations 

depending on species and location. Linear regression tests were used to determine the 

rate constant of mercury uptake per day in the transplanted lichen. We found that 

each lichen species in the mercury uptake bags at the NAMD demonstrated an 

increase in THg concentrations over time. The only exception was the Usnea species 

located at shield 5, showing a decreasing slope of -0.0008082 per day, as 
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demonstrated in Table 1. The lichen species Ramalina leptocarpha demonstrated the 

largest increase in mercury concentration per day, as compared to Usnea and Evernia, 

in every shield except for shield 2. Linear regression revealed a significant 

relationship between the Ramalina lichen’s exposure time and the rate constant of 

mercury accumulation in shields 1, 3, 4, and 5 (Table 1). An ANOVA test was 

performed to determine if the rate of mercury accumulation per day differed 

significantly between each lichen species. The ANOVA test revealed a significant 

difference in the rate of mercury accumulation per day among the three lichen species 

(Table 1) (ANOVA, F(2,15) = 6.23, p = 0.0107). A post-hoc Tukey test was then 

conducted given the statistically significant results of the ANOVA test, revealing that 

the rate of mercury accumulation per day is significantly smaller in Usnea than in 

Ramalina leptocarpha (p = 0.008), but no other pairs have significant differences. 

Out of all of the transplantation sites, shields 7,8, and 9 located in the Hacienda/Deep 

Gulch area, demonstrated the largest increase in THg per day. Linear regression tests 

revealed the transplanted lichen's exposure duration significantly influences the ratio 

between the lichen mercury concentrations at each time (qL) and its initial mercury 

concentration (q0L), which increases as exposure increases in shields 7-9 (Table 1). 
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Figure 7: Plots of THg kinetic curves for lichen transplants 1-3 at the Mine 

Hill site color-coded by lichen species. Figure 7A represents shield 1 at Mine Hill, 
figure 7B represents shield 2 at Mine Hill, and figure 7C represents shield 3 at Mine 
Hil.  Linear regression statistics are given in Table 1.  
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Figure 8: Plots of THg kinetic curves for lichen transplants 4 and 5 at the 
Almadén Reservoir site color-coded by lichen species. Figure 8A represents shield 4 
at Almaden Reservoir and figure 8B represents Shield 5 at Almaden Reservoir. 
Linear regression statistics are given in Table 1. 
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Figure 9: Plots of THg kinetic curves for lichen transplants 7-9 at the 
Hacienda site color-coded by mesh bags A, B, and C. Figure 9A represents shield 7, 
figure 9B represents shield 8, and figure 8C represents shield 9. Linear regression 
statistics are given in Table 1.  
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Figure 10: Bar plot demonstrating the slope of THg uptake per day for all 
lichen transplant shields at NAMD color-coded by lichen species Evernia prunastri, 
Ramalina leptocarpha and Usnea sp.. Shields 7-9 contained only Ramalina 
leptocarpha. The rates of THg uptake per day are given in Table 1.  
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Table 1: Linear regression statistics for shields 1-10. The slope describes the 
change in the rate of mercury accumulation and release per individual day.  

 

 

 

 

 



33 

3.1.2 THg Release 

To measure the rate of Hg release in lichens, we transplanted native lichens 

from the NAMD to the Lexington Reservoir. Lichens were collected at various 

locations with known elevated Hg concentrations, including Mine Hill, Deep Gulch, 

and the Hacienda Furnace Yard. 

They were then transplanted to the same location at the Lexington Reservoir, 

suspended from shields 6 and 10.  Shield 6 included only Evernia prunastri and 

Usnea, while shield 10 included Evernia prunastri and Ramalina leptocarpha. Shield 

6, with lichen originating from Mine Hill, did not show a decreasing trend in mercury 

release and revealed a positive rate of mercury uptake over time. Linear regression 

tests showed a significant relationship between the lichen’s exposure time and the 

rates of mercury accumulation in the Evernia prunastri species at shield 6 (Table 1). 

It is important to note that the location of shield 6 at the Lexington reservoir was not a 

source of Hg contamination, as the control bag did not demonstrate an increase in Hg 

concentration over time. Linear regression tests did not reveal any statistically 

significant relationships between the exposure duration of lichens and the rates of 

mercury accumulation and release in the other lichen species at shields 6 and 10. At 

shield 10, with lichen originating from the Hacienda/Deep Gulch area, a sharp decline 

in THg was observed in the Evernia prunastri species, contrasting with a variable 

release of THg in Ramalina leptocarpha over time.  
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Figure 11: Plots of THg kinetic curves for lichen transplants 6 and 10 at the 
Lexington Reservoir color-coded by lichen species. Figure 11A represents shield 6 at 
Lexington Reservoir with lichen originating from Mine Hill. Figure 11B represents 
shield 10 at Lexington Reservoir with lichen originating from the Hacienda area. 
Linear regression statistics are given in Table 1.  

 

3.1.3 THg in Controls 

In addition to the three bags that contained transplanted lichen, control bags 

were suspended from each shield. The control bags consisted of native lichens 

gathered from each respective shield location. A steady increase in the rate of THg 

uptake was observed in most of the shields. The only exceptions to this were Evernia 

Prunastri at Shield 1, collected and suspended at Mine Hill, and Ramalina 

leptocarpha at Shield 8, collected and suspended at the Hacienda furnace yard. The 

controls at shields 1 and 8 demonstrated negative slopes in THg accumulation per day 

(Table 1).  No significant trends were observed in the controls at shields 6 and 10 at 

the Lexington reservoir. Linear regression tests determined no statistically significant 
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relationships between the exposure duration of lichens and the rates of mercury 

accumulation and release in the control species at each shield (p=0.05) (Table 1).  

 

Figure 12: Plots of THg kinetic curves for lichen controls CS1, CS2, and CS3 
at the Mine Hill site color-coded by shield. Linear regression statistics are given in 
Table 1.  
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Figure 13: Plots of THg kinetic curves for lichen controls CS4 and CS5 at the 
Almadén Reservoir site color-coded by shield. Linear regression statistics are given in 
Table 1.  

 

 

Figure 14: Plots of THg kinetic curves for lichen controls CS7, CS8, and CS9 
at the Hacienda/Deep Gulch sites color-coded by shield. Linear regressions statistics 
are given in Table 1. 
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Figure 15: Plots of THg kinetic curves for lichen controls CS6 and CS10 at 
the Lexington Reservoir site color-coded by shield. Linear regressions statistics are 
given in Table 1. 

 

3.1.4 MerPAS Results 

After analysis, MerPAS results indicated the average elemental mercury 

concentration in nanograms per cubic meter of air sampled for each shield location 

(Table 2). Gaseous Hg concentrations in the MerPAS ranged from 0.845-2.02 ng/m3 

(Table 2). The lowest concentration of 0.845 ng/m3 was recorded at the Lexington 

Reservoir near shield 6. The highest concentration of 2.02 ng/m3 was recorded at the 

Hacienda Furnace Yard near shield 8, corresponding with the elevated rates of THg 

uptake observed in the transplanted lichen. The four locations including Mine Hill, 

Lexington Reservoir, Almaden Reservoir, and the Hacienda/Deep Gulch area showed 

distinctly different air concentrations. An atmospheric mercury monitoring study 
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conducted by Gačnik et al compared active measurements, lichen biomonitoring, and 

passive sampling to assess atmospheric Hg concentrations at the Idrija Mercury Mine 

in Idrija, Slovenia52. This study deployed multiple MerPAS for a 12-week period 

using a sampling rate of 0.131 m3 day-1, finding average Hg0 concentrations of 13-17 

ng/m3 around a historical Hg smelting area at the Idrija mine52. They also deployed 

MerPAS for a 12-week period in the town of Anhova that is known for elevated Hg 

concentrations due to cement production, resulting in average Hg0 concentrations of 

1.6-1.7 ng/m3 52. Compared to this study, our concentrations of 2.02 ng/m3 recorded at 

the Hacienda Furnace Yard are relatively low for Hg monitoring at an abandoned 

mercury mine, suggesting that NAMD is not as contaminated as other Hg mines 

including the Idrija Mercury Mine. The sampling rate we selected was 0.111 m3 day-1 

as recommended by the Tekran Corporation46,47. In the future, it may be more 

appropriate to use a higher sampling rate as shown by Gačnik et al52. 

The data from the MerPAS was normally distributed, and a Pearson’s linear 

correlation test was used to determine a correlation between the concentration of Hg0 

as indicated by the MerPAS and the slopes of THg accumulation per day of Ramalina 

lichen in transplants 1-5, 7-9, and the control lichen from shield 6. Pearson’s linear 

correlation test revealed a significant positive correlation between the lichen's daily 

rate of THg accumulation and the average elemental mercury concentration in the 

MerPAS (Pearson’s correlation: r = 0.73, p = 0.02). A positive correlation implies 

that the rates of THg accumulation in the transplanted lichens are proportional to the 
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MerPAS concentrations for each shield location, indicating that the transplanted 

lichens are reacting to their altered atmospheric conditions. 

 

Table 2: A table summarizing the average elemental mercury concentrations 
in the MerPAS at Shields 1-9.  
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Figure 16: A scatterplot illustrating the relationship between the daily rates of 
THg accumulation in transplanted lichens and average elemental mercury 
concentrations in the MerPAS, color-coded by shield location. Each data point 
represents a specific measurement taken at shield locations 1-9. 
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Figure 17: Figure 17A shows a map illustrating the spatial distribution of 
daily rates of THg accumulation in shields 1-9. Figure 17B depicts a map illustrating 
the spatial distribution of average atmospheric elemental mercury (Hg0) 
concentrations from the MerPAS, in shields 1-9. 

 

3.2 Sulphur Bank Mercury Mine 

3.2.1 Total Mercury Concentrations in Lichens within SBMM and the Surrounding 

Areas 

Throughout the SBMM area, mean THg concentrations within lichen ranged 

from 299 to 45,348 ppb. Lichen samples collected at the Tailings pile, the South 

Waste Rock Pile, and the West Waste Rock Pile south of the Herman Impoundment 

demonstrated the highest mean total mercury concentrations, ranging from 11,025 to 

45,348 ppb. These findings imply that these locations serve as significant Hg 

emission hotspots. The application of ArcGIS Pro’s Empirical Bayesian Kriging 

analysis tool validated the identification of hotspots at SBMM through data 
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interpolation techniques to create reliable spatial predictions (Figure 18). This method 

considers the variability in the data, enhancing the confidence in the identified 

hotspots through statistical validation51. The tailings pile south of the Herman 

Impoundment was once used as a calcine processing site, revealing the highest mean 

THg concentration among our lichen samples, peaking at 45,348 ppb. This area 

previously hosted a furnace plant in 1931, directly aligning with the site of the lichen 

sampled exhibiting this elevated THg concentration. These results demonstrate how 

lichen can be used as an effective bioindicator of atmospheric mercury emissions at 

mining sites. 

Lichen sampled at the Satellite Waste rock pile and the North Waste rock pile 

located north of the Herman Impoundment revealed relatively lower mean THg 

concentrations, ranging from 299 to 6,663 ppb. Our results indicated that mean THg 

concentrations within lichens decreased with distance from known hotspots of 

atmospheric Hg emissions, particularly those once used as calcine processing areas. 

We collected additional lichen samples from background locations to serve as 

control specimens. Background sites included the Ukiah Airport, Nice, Cole Creek, 

Middle Creek, and Kelsey Creek, located northwest of the Herman Impoundment. 

Mean THg concentrations in control samples from these background sites ranged 

from 140 to 939 ppb. The highest THg concentration of 939 ppb was observed in 

Nice, approximately 29 km north of the SBMM. The lowest concentration of 140 ppb 

was sampled from Kelsey Creek, approximately 15 km west of the SBMM. These 
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results suggest that other sources of Hg may exist considerably beyond the mine’s 

vicinity, such as enriched soils in naturally occurring mercury deposits53. 

 

Figure 18: Map demonstrating the sampling locations at SBMM and 
surrounding areas in the Clearlake region. Each point represents a sampling location 
of lichen with a corresponding THg concentration. All points outside of the SBMM 
represent control samples at background locations. 
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Figure 19: Heat map of total mercury concentrations at the SBMM, with 
notable mine waste piles labeled. This map was made using ArcGIS’s Empirical 
Bayesian Kriging analysis tool. Each point represents a sampling location of lichen 
with a corresponding THg concentration. 

 

3.2.2 Total Mercury Concentration by Lichen Species 

Multiple lichen species were sampled at SBMM to explore potential 

differences in sensitivity to total mercury depending on species and morphological 

characteristics. Our lichen sampling at SBMM was divided into multiple lichen 

collection zones with species sampled at the south waste rock pile and the Green 

Pond southeast of the Herman Impoundment, the tailings pile and the south waste 
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rock pile south of the Herman Impoundment, the Satellite waste pile and disturbed 

rock north of the Herman Impoundment, and the North-Waste rock pile. Within each 

lichen collection zone, we took various samples of lichen and then separated those 

samples by species at the laboratory.  Based on their abundance in the area and ease 

of visual identification, the lichen species Evernia prunastri, Ramalina leptocarpha, 

Usnea sp., Ramalina Farinacea, and Ramalina menziesii were sampled. We observed 

variability in the mean THg concentrations among the various lichen species. The 

data was determined to be non-normally distributed, and a Kruskal-Wallice test was 

performed to evaluate potential variations in mean THg concentrations among 

sampled species, revealing no statistically significant differences (H = 8.68, df = 4, p 

= 0.07). These findings suggest that the choice of species is unlikely to significantly 

impact the identification of areas with heightened mercury emissions when using 

lichen as a bioindicator. 
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Figure 20: Bar graph comparing the mean THg concentrations of lichen 
samples, color-coded by species. These samples were collected from the tailings pile 
and the south waste rock pile south of the Herman Impoundment.  
 

 

Figure 21: Bar graph comparing the mean THg concentrations of lichen 
samples, color-coded by species. These samples were collected from the Satellite 
waste pile and disturbed rock north of the Herman Impoundment.  
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Figure 22: Bar graph comparing the mean THg concentrations of lichen 
samples color-coded by species. These samples were collected from the North-Waste 
rock pile north of the Herman Impoundment. 

 

4. Discussion 

4.1 Lichen as a Bioindicator 

Lichens can serve as an inexpensive and effective technique for the active 

biomonitoring of atmospheric mercury in a contaminated environment. In this study, 

we accomplished our objectives of identifying Hg emissions and deposition at the 

NAMD and SBMM by utilizing lichen as a bioindicator. Our study investigated the 

dynamics of THg accumulation in lichens across different species and contaminated 

settings, aiming to elucidate the rate of uptake of Hg in lichen.  

 

4.2 THg Accumulation and Release by Transplanted Lichens at NAMD 

4.2.1 Effect of Lichen Species on THg Accumulation 
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In our transplantation experiment at the NAMD, results indicated that species 

played a significant role in THg accumulation within transplanted lichens. Linear 

regression tests revealed statistically significant relationships between the Ramalina 

lichen’s exposure time and the rates of mercury accumulation in every uptake shield 

except for shield 2 (Table 1). Compared to Usnea sp. and Evernia prunastri, the 

Ramalina species demonstrated the largest daily rate of THg accumulation in every 

shield except for shield 2 (Table 1). Numerous studies have reported that the age and 

extent of surface area in lichen species can impact the accumulation of heavy 

metals31,37,39.  The lichen species selected for our study were epiphytic fruticose 

lichens with varying surface area, possibly resulting in an unequal accumulation of 

Hg.  

 

4.2.2 Hg Emission Hotspots at NAMD 

In addition to lichen species, our results highlighted the significant influence 

of transplantation sites on the rates of THg accumulation in lichens. Linear regression 

tests revealed statistically significant relationships between the transplanted lichen’s 

exposure time and the rates of mercury accumulation in shields 7-9, all located in the 

Hacienda/Deep Gulch area (Table 1). Transplanted lichens in the Hacienda/Deep 

Gulch area showed the largest increase in the rates of THg accumulation out of all of 

the transplant sites. These results indicate that the Hacienda/Deep Gulch areas at the 

NAMD are Hg emission hotspots. Historically, the Hacienda Furnace Yard was a 

calcine processing area where cinnabar ore was heated in a furnace to extract and 
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condense elemental mercury vapor20. Large amounts of calcine deposits remain in the 

Hacienda and Deep Gulch area, even with remediation efforts in place20. The rates of 

THg accumulation in the transplanted lichens reveal that calcines and mercury-

contaminated soils at these locations continue to represent significant sources of Hg 

emissions. It thus supports our overall objective in identifying Hg emission hotspots 

and pathways of contamination by using lichen as a bioindicator. 

 

4.2.3 THg Release  

Our results demonstrated variability in the rates of THg release within lichens 

transplanted from the Hacienda/Deep Gulch area to the Lexington reservoir. Shield 6, 

with lichen originating from Mine Hill, revealed a positive rate of mercury uptake 

over time instead of the decreasing trend we were expecting. The Ramalina species at 

Shield 10 first demonstrated a decreasing trend in the rate of THg release, but then 

spiked in THg concentration during the last time point. These variable results can 

possibly be explained by our method of sampling and analysis. As we subsampled the 

lichen transplants, we collected different parts of the lichen and then crushed them 

together. When analyzing the subsamples in the DMA, we then scooped out a small 

portion of the dried lichen subsamples. As stated previously, the fruticose lichen 

involved in this study possibly have an unequal accumulation of Hg due to the 

varying surface area of each species. Additionally, numerous studies have shown that 

the age of the thallus can influence heavy metal accumulation, with older, inner areas 

of the lichen demonstrating higher concentrations of heavy metals compared to 
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peripheral areas37,39. These factors might explain how our method in sampling and 

analyzing different parts of the lichen may have resulted in variable THg 

concentrations over time. In the future it would be good to normalize the 

accumulation to surface area and age. Another possible explanation for our results of 

the lichens transplanted to the Lexington reservoir might be due to the length of time 

the lichens stayed in the field. A transplantation study conducted by Vannini et al 

(2021) found that transplanted lichens accumulated mercury proportionally to the 

incubation concentrations and then released mercury over time. The results in the 

Vannini et al experiment showed that the lichens eventually decreased to stable 

concentrations after 6-24 months41. The lichens involved in our experiment were only 

transplanted to the Lexington reservoir for 7 months, and this may have not been 

enough time for them to release THg and eventually reach stable concentrations that 

reflect the environmental setting. 

 

4.3 Hg Pathways at SBMM 

Our investigation at the SBMM revealed no statistically significant 

differences in THg concentrations among the various lichen species sampled. 

Although our results at SBMM suggested that the choice of lichen species may not 

significantly impact the identification of atmospheric mercury emission hotspots, our 

results at NAMD indicated a species-specific response to THg accumulation. 

Utilizing lichen as a bioindicator at the SBMM allowed us to pinpoint areas of 

elevated atmospheric mercury emissions, as high THg concentrations in lichens 
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correlate with the historical land usage. The tailings pile south of the Herman 

Impoundment exhibited the highest THg concentration found within our lichen 

samples. This location was formerly the main calcine processing area of the SBMM, 

once the site of condenser plants where extracted mercury was condensed into 

elemental mercury vapor, retort and rotary furnace plants used to heat cinnabar, 

screening and sorting plants, and mud overflow ponds used to store calcines. South of 

the condenser plant remains a large calcine dump in the tailings pile. Elevated THg 

concentrations at this location demonstrate that this area continues to remain a 

significant hotspot of atmospheric mercury emissions and deposition in comparison to 

the other mine waste piles. Regardless as previous studies reported species 

dependence of THg uptake although our data does not show this dependance we 

advise that future studies should use a single species for comparison to reduce species 

dependance effects. 

 

5. Conclusions 

5.1 Impact of Research 

Our research involving lichen as bioindicators shed light on mercury 

emissions and transport dynamics at the NAMD and the SBMM. Furthermore, our 

findings can inform future studies utilizing lichen as bioindicators for atmospheric 

mercury in contaminated environments. By providing valuable insights into Hg 

distribution and emission hotspots, this research can assist state and government 

agencies in remediation efforts and inform future policy decisions. Identifying 
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hotspots of atmospheric mercury emissions and deposition is crucial for mitigating 

the adverse effects of mercury on ecosystems and human health. The ability of 

lichens to reflect historical land usage patterns, as demonstrated through our research, 

illustrates their use as sensitive bioindicators of environmental change over time. In 

addition to contributing to the understanding of mercury cycling in contaminated 

settings, our research offers guidance in biomonitoring strategies aimed at reducing 

mercury pollution.  

 

5.2 Future Studies 

While our research has provided valuable information regarding the use of 

lichen as bioindicators of atmospheric mercury, future studies are necessary to 

increase our understanding of the complex dynamics of Hg transport in a 

contaminated environment. The extreme winter weather of 2023 most likely impacted 

the Hg concentrations in lichen at NAMD, as low temperatures likely lowered Hg 

emission rates from contaminated soil. The anomalous weather patterns in 2023 likely 

compromised our experiment at NAMD, revealed by the variability in the rates of 

THg accumulation and release over the winter months. In August of 2023, we 

decided to start a new transplantation experiment for shields 7-9 in the Mine 

Hill/Hacienda area. We chose these locations as lichens transplanted to the Mine 

Hill/Hacienda areas showed the largest THg increase over time out of all of the 

shields in the first transplantation experiment. Beginning a new transplantation study 

will allow us to determine the Hg uptake rates in transplanted lichens throughout the 
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dryer and warmer months. This study will continue until June of 2024 and the lichen 

samples at the last time point will be analyzed for THg and Hg isotope ratios.  

Furthermore, we aim to analyze the mercury isotopes and speciated form of 

mercury within the lichens at the SBMM. Examining the speciated form of mercury 

within the lichens will provide valuable information regarding potential mercury 

mobilization, methylation, and remission into the atmosphere. This analysis will 

allow us to distinguish between natural and anthropogenic sources of Hg emissions, 

as well as provide a better understanding into the pathway of Hg contamination at 

SBMM. Additionally, analyzing mercury isotopes within our lichen samples will 

enhance the Hg isotope data currently compiled by the USGS. These results will play 

a crucial role in determining the impacts of mine waste on Hg bioaccumulation within 

the Clear Lake food web. 
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