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Abstract 

 

The atmosphere is an important pathway for the transport of mercury around the globe. It 

has been established that reactive mercury (RM) concentrations in the atmosphere are 

underestimated, and there are multiple compounds present. The objectives of this project 

were to improve RM measurements and provide better understanding the atmospheric 

chemistry, sources, and oxidants forming RM. RM concentrations and chemistry were 

measured with the University of Nevada Reno Reactive Mercury Active system 2.0 

(UNR-RMAS 2.0) at field stations in Nevada, Utah, Colorado, Maryland, and Hawaii. 

The 2.0 version of the UNR-RMAS has been improved with new hardware, system 

design, and analytical techniques. The revised method has significantly improved data 

precision and allows for better understanding RM chemistry. This project allowed for 

comparison of RM concentrations and chemistry at field locations affected by different 

air masses and atmospheric oxidants across the USA. 
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Deleterious effects of Hg on humans are related to the chemical form and route of 

exposure. As elemental Hg, important exposures occur associated with gold and silver 

mining activities, chlor-alkali manufacturing plants, and dental amalgams (Clarkson, 

1997). The widest concern globally is exposure through consumption of methylmercury 

in fish (Gill et al., 1999; Hammerschmidt and Fitzgerald, 2006; Heyes et al., 2006; 

Monperrus et al., 2007; Schroeder and Munthe, 1998; Zhang et al., 2009) and rice (Gong 

et al., 2018; Rothenberg et al., 2014). The atmosphere is a key pathway for long and 

short-range transport of Hg to areas where methylation and exposure may occur.  

 Methylation of inorganic mercury can occur in aquatic systems. This process 

appears to be predominantly biotic. Hg(II) methylation is primarily carried out by 

microorganisms such as sulfate-reducing bacteria (King et al., 2001), iron-reducing 

bacteria (Fleming et al., 2006), and methanogenic archea (Parks et al., 2013). Abiotic 

mechanisms of Hg(II) methylation have been proposed, but it is thought that these are not 

likely to be relevant in most ecosystems (Weber, 1993). Methylmercury (MeHg) can be 

taken up and retained, or bioaccumulated, in lower trophic level organisms such as 

microbes and algae (Fitzgerald, 2013). Then MeHg can be moved through the food web 

and bio-magnify in higher trophic level organisms. Microbial methylation amplifies the 

toxicity of legacy and modern Hg pollution (Fitzgerald, 2013).  

 Attention to Hg as a health concern grew during the MeHg poisonings from fish 

consumption in Minamata and Niigata, Japan in the 1960s. Factory wastewater from 

acetaldehyde production was released into coastal waters and contained high levels of 

MeHg. MeHg accumulated in fish and seafood, the main local food source for the 

inhabitants of the area. The poisonings in Japan and several other incidents have driven 
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an agreement named the Minamata Convention. This convention managed by the United 

Nations Environmental Program specifically seeks to address and limit the long-range 

transport and bioaccumulation of Hg through comprehensive policy. Today, 128 

countries have signed the agreement for future compliance with the Minamata 

Convention in an increasing effort to curb the regional and global spread of Hg pollution. 

(http://www.mercuryconvention.org/).  

 The pathways for Hg transport in the environment are not well understood. The 

atmosphere is a key pathway and the forms of Hg in the atmosphere determine Hg 

deposition and behavior once in an ecosystem. In this project, our goal is to gain more 

knowledge of Hg compounds in the atmosphere by examining reactive mercury (RM) 

compounds collected on membranes at various field sites across the country.  

1.2 Atmospheric chemistry of Hg 

Forms of atmospheric Hg are generally separated into three categories: gaseous 

elemental mercury (GEM), particulate bound mercury (PBM), and gaseous oxidized 

mercury (GOM). These categories are determined by how they are separated for 

measurement. The most common instrument used to measure atmospheric mercury, the 

Tekran® 2537/1130/1135 speciation system, measures Hg in these categories as part of 

national and global Hg monitoring networks. The standard operating protocol was 

developed by the U.S. National Atmospheric Deposition Program (NADP) Atmospheric 

Monitoring Network (AMNet) and the Canadian Air Monitoring network (Gay et al., 

2013). The limitations of this instrument are discussed in the next section.  

The dominant form of Hg in the atmosphere, GEM, is relatively inert (Schroeder 

and Munthe, 1998). Earlier work, i.e. Schroeder and Munthe 1998, indicated that mercury 

http://www.mercuryconvention.org/
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emissions from anthropogenic sources were primarily GEM. More recent studies of coal 

fired power plant emissions show that can GOM make up a significant component of 

mercury emitted (Edgerton et al., 2006; Wang et al., 2013). GOM is most commonly in 

the +2-oxidation state in the atmosphere (Schroeder and Munthe, 1998). PBM, Hg 

attached to particulate matter surfaces, can remain in the atmosphere for days to weeks, 

and this is dependent upon particle size and interaction with moisture (Schroeder and 

Munthe, 1998). Reactive mercury (RM) is defined in this thesis as the sum of GOM and 

PBM (RM = PBM + GOM). The UNR-RMAS 2.0 membranes collected RM, but not 

GEM (Miller et al., 2019). Recent and ongoing experiments to separate the PBM fraction 

from total RM using a PTFE (Teflon) membrane are detailed in Gustin et al., 2019. 

RM is emitted directly from anthropogenic sources formed by oxidation reactions 

between GEM and O3, hydroxyl radical, nitrate (NO3), hydrogen peroxide (H2O2, or 

halogen containing compounds such as Cl and Br radicals, ClO, BrO, ClBr. (Hedgecock 

et al., 2005; Lin et al., 2007; Lin et al., 2006; Lyman and Jaffe, 2012; Pal and Ariya, 

2004a; Pal and Ariya, 2004b; Raofie and Ariya, 2004; Saiz-Lopez et al., 2007; Sillman et 

al., 2007). RM compounds are varied and may exhibit different deposition velocities, 

reactivity, spatial distribution, and solubility (thus bioavailability to form methylmercury) 

influencing their impact on ecological systems (Landis et al., 2002; Lin et al., 2006). The 

type of oxidant encountered will determine the amount and RM compound formed 

(Gustin et al., 2012; Huang and Gustin, 2015). Up to 100% of Hg in the lower 

stratosphere where O3 is concentrated is GOM (Lyman and Jaffe, 2012). While GOM is 

the dominant form of Hg in the stratosphere, GOM is present is significant amounts in the 
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troposphere as well (Lyman and Jaffe, 2012). Additionally, total Hg can be present as 

100% GOM in the Arctic during springtime oxidation events (Steffen et al., 2008).  

 

Figure 1: This schematic from Ariya et al. 2015 shows some known transformations and cycling of Hg at 

atmospheric interfaces. The question (?) marks indicate gaps in understanding (Ariya et al., 2015). 

 

GOM compounds with different atoms bonded to Hg have by effect differing 

molecular properties and chemical behavior. As demonstrated by Huang et al. (2013) 

(figure 2), permeations of GOM compounds onto nylon membranes have distinct 

desorption profiles. Nylon membranes were loaded with specific gas phase Hg 

compounds in charcoal scrubbed, mercury free air, which were then desorbed in a tube 

furnace connected to a pyrolyzer and Tekran® 2537 mercury analyzer. The tube furnace 

heating program consisted of an initial hold time at 50°C followed by a 75-minute 
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temperature ramp to 200°C at a rate of 2.0°C per minute. The pyrolyzer reduces the 

GOM to GEM that is detected by the Tekran® 2537A (Ambrose et al., 2013; Gustin et 

al., 2013; Lyman et al., 2016). The thermal desorption procedure has undergone 

significant optimization and is discussed further in the methods section and chapter 2. 

GEM and other Hg compounds have distinct temperatures of peak desorption that reflect 

their chemical properties. 

 

Figure 2. This figure from Huang et al. (2013) shows the results of permeation of various GOM compounds 

through a heated manifold system onto nylon membranes that are then thermally desorbed, releasing from 

the membrane at the above temperatures.  

 

Tekran® 2537/1130/1135 Mercury Speciation 

The Tekran® 2537/1130/1135 system consists of three operational units designed 

to collect GOM, PBM, and GEM, respectively. A KCl-coated quartz annular denuder is 

used to collect GOM. PBM is collected on a column of quartz chips and a quartz filter. 

GEM is concentrated directly on two gold traps. Once collected, Hg is thermally 

desorbed from each collection surface and quantified as GEM using cold vapor atomic 

fluorescence (CVAFS). There is no external calibration of GOM or PBM in this current 
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system, which has encouraged efforts to develop a method to calibrate for GOM (Lyman 

et al., 2016).  

This instrumentation suffers from bias. Atmospheric measurements in the past 

using this instrument have assumed all GOM compounds are captured using the KCl-

coated denuder (Landis et al., 2002). Due to the inherent chemical and physical 

differences in GOM compounds, it is likely that they are collected at different efficiencies 

by the denuder. The RAMIX study (Gustin et al., 2013) showed that the 2537/1130/1135 

system reported much lower concentrations of GOM than an alternative method 

developed by researchers at the University of Washington, and that total Hg varied within 

the manifold. Because of the latter, Gustin et al. (2013) concluded that fast reactions in 

the manifold were converting GEM to GOM. (Gustin et al., 2016) reported GOM 

concentrations measured by the KCl-coated denuder are under-represented by a factor of 

1.6 to 12 depending on the chemistry of the GOM.  It has also been demonstrated that O3 

and water vapor interfere with collection efficiency of GOM on the KCl-coated denuder, 

and collection efficiency is also impacted by chemical properties of the GOM compounds 

(Huang and Gustin, 2015; Lyman et al., 2010; McClure et al., 2014). With the current 

system design, the 2537/1130/1135 system is not useful for determining GOM specific 

chemistries or precise concentrations without considering the limitations of the 

instrument (Ariya et al., 2015). 

The project objectives were to 1) carry out experiments to improve the University 

of Nevada Reactive Mercury Active System, abbreviated as UNR-RMAS and given the 

new title UNR-RMAS 2.0, and further refine methods for thermal desorption profiles to 

identify GOM compounds. 2) Deploy the UNR-RMAS 2.0 at field locations to compare 
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concentrations of RM species and to further determine concentrations, trends, sources, 

and chemistry of RM from these sites. We compared the UNR-RMAS 2.0 data with that 

collected using Tekran® 2537/1130/1135 speciation system where possible. By 

improving the understanding of chemical forms and concentrations of RM, this work will 

hopefully inform future directions for the Hg research community, as well as 

policymaking regarding this contaminant at the local, regional, and global scales. 

1.3 UNR-RMAS 2.0 

The University of Nevada, Reactive Mercury Active System (UNR-RMAS) has 

been a technology in the making for over 10 years and been deployed at many sites: 

Nevada (Gustin et al., 2016; Peterson et al., 2009; Pierce et al., 2018), Florida (Huang et 

al., 2017) Australia, and Tasmania (Miller et al., in prep). The updated version used in 

this thesis, the UNR-RMAS 2.0, was used to collect ambient air during two-week 

deployment periods from 2017-2019 at the field sites described below. The Valley Road 

Greenhouse (GH) site in Reno Nevada had reduced deployments of 1 week. Each field 

site operated for approximately 1 year. The UNR-RMAS 2.0 was deployed in Colorado 

for 10 weeks during the summer of 2018 alongside a dual-channel system designed by 

Seth Lyman, derived from the DOHGS system (Gustin et al., 2013). The Colorado Hg 

data trends are shown in Chapter 3, but detailed analyses will be published by Seth 

Lyman and Lynne Gratz.  

Reactive Mercury Collection Surfaces 

RM is collected on two membrane types, with three replicates of two in-series 

filters for each filter type per deployment period and three sample blanks for each 

membrane type. This filter collection likely collects PBM, however it is theorized that it 
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discussed further in the methods section. The CEM was used to quantify GOM and the 

nylon membrane was used to qualitatively identify the RM compound collected. 

After the two-week deployment period, the samples as well as 3 field blank 

membranes are placed in sterile, polypropylene Falcon centrifuge tubes (Corning Inc. 

352070) for storage in -22°C freezer until analysis. 

Hardware 

The UNR-RMAS 2.0 system consists of two vacuum pumps that provide negative 

pressure to a six-port vacuum manifold. Airflow of approximately 1 liter per minute 

(Lpm) moves through each port and is controlled by a critical flow orifice (Teledyne). 

Bev-a-line tubing is used to connect the pumps to the critical flow orifice and filter 

assemblies. The filter membrane assemblies are housed underneath anodized aluminum 

weather shield, mounted at an accessible location at 1 m or higher above the ground and 

close to the inlet of the accompanying Tekran® 2537/1130/1135 where available. The 

system is designed so that the filter holders can be disconnected and moved to a clean 

surface for the removal and replacement of sample membranes. The filter holders are 

dual phase, so there is an A position for an upstream membrane and a B position for a 

downstream membrane that serves to collect any breakthrough RM compounds.  

 The sample lines alternate membrane materials. From left to right, filter packs 1, 

3, and 5 house cation exchange membranes, and filter packs 2, 4, and 6 house nylon 

membranes. The purpose for this is to account for the potential for preferential air flow 

between each filter pack. Additionally, the alternating pattern prevents all samples of one 



http://www.esrl.noaa.gov/gmd/obop/mlo/
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assessed. This site operates the Tekran® speciation unit as a part of the AMnet network 

and RM data from this instrument was compared to the UNR-RMAS 2.0 measurements. 

Additional site measurements compared to UNR-RMAS 2.0 measurements included air 

temperature, relative humidity (RH), O3, CO2, CO, N2O, SO2, and CH4. 

Valley Road Greenhouse, Nevada 

The UNR-RMAS 2.0 operated in Reno, NV at the University of Nevada, Reno 

Valley Road Greenhouse Complex (abbreviated as GH), location 39.53747, -119.8047, 

1371 masl. Earlier versions of the UNR-RMAS were deployed at the Valley Road 

Greenhouse Complex (Gustin et al., 2016). The Tekran® speciation system operated 

alongside the UNR-RMAS 2.0 system and the inlets of air collection were at the same 

height from the ground. Ancillary data used to compare with RM data were temperature, 

precipitation, solar radiation, RH, CO, SO2, NO2, O3. Meteorology measurements were 

collected on the GH grounds by Western Regional Climate Center (WRCC) operated by 

the Desert Research Institute, and criteria air pollutant data was collected at nearby 

Washoe County Air Monitoring station in downtown Reno (station number: 302310016, 

address: 1-121 River Rock St, Reno, NV 89501).  

Piney Creek, Maryland 

This UNR-RMAS 2.0 field site, abbreviated as MD, is northwest of Frostburg, 

Maryland at coordinates 39.7053, -79.0122 near the Maryland-Pennsylvania border at 

elevation 769 masl. This rural site is downwind of coal-fired power plants in Ohio, 

Pennsylvania, and West Virginia. Previous studies at this field site suggest that this site 

has elevated GOM concentrations because of direct local impact by local power plant 

sources from the west (Castro et al., 2012; Castro and Sherwell, 2015; Cheng et al., 
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Other Sites 

The UNR-RMAS 2.0 was deployed on Zeppelin Mountain in Svalbard, Norway 

in March through September 2019 in collaboration postdoctoral researchers Sarrah 

Dunham-Cheatham and Stefan Osterwalder. This sampling campaign was set up to 

capture an Arctic depletion event, where GEM is reduced to GOM and subsequently 

deposited to the Arctic environment from photochemical reactions involving marine 

ozone and halogen compounds (Steffen et al., 2008). The system is also currently 

deployed in Nanjing, China operated by Lei Zhang. This system operates with increased 

temporal resolution (1-week sampling), because RM concentrations are high enough at 

the site that sample membranes can collect detectable concentrations of RM in a shorter 

period than can the membranes deployed at other field sites. 

1.5 Chapter Overview 

Chapter 2 of this thesis is a manuscript published Atmospheric Environment 

(January 2020). This manuscript details the UNR-RMAS 2.0 sample management and 

analysis methods, including thermal desorption for RM compound determination and RM 

quantification by CVAFS. In addition to the thermal desorption method for RM 

compound determination, the methods for peak deconvolution of these thermal 

desorption profiles are discussed, and the use of ion chromatography for differentiation of 

RM compounds on the nylon membranes. 

Chapter 3 is a manuscript to be submitted to Science of the Total Environment. It 

details the data collected at the field sites using the UNR-RMAS 2.0 and detailed 

analyses. Comparisons with the Tekran® system are discussed and the methods for peak 

deconvolution and IC methods for RM compound differentiation. Detailed analysis 
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methods for criteria air pollutants data comparisons and source modeling with HYSPLIT 

back trajectories are detailed as well.  

Chapter 4 provides a summary of the research questions, conclusions, and goals 

accomplished in this thesis, as well as recommendations and directions for future 

research. 
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Abstract  

The mercury (Hg) research community is in need of a method to quantify reactive, 

gaseous oxidized, and particulate-bound Hg compounds. The University of Nevada, 

Reno-Reactive Mercury Active System (UNR-RMAS) was designed to quantify reactive 

Hg, as well as identify compounds present in the atmosphere. This system has undergone 

significant improvements and is now designated as UNR-RMAS 2.0. The system 

physical design, flow management, and sample analytical methods have been improved. 

A new sample manifold increased reliability and consistency of air flow. The thermal 

desorption method for identification of gaseous oxidized Hg compounds was improved 

with respect to temporal resolution and temperature management. A statistical method 

was developed that allows for quantifying reactive Hg compounds. In addition, analyses 

of anions on nylon membranes was investigated as means of understanding air mass 

chemistry and potential RM compounds. The results of these improvements are 

demonstrated through comparison of a year of UNR-RMAS 2.0 sample data collected in 

2018 to 2019 with that collected in 2014 to 2015. Implemented changes resulted in 

improved sample replication and resolution of gaseous oxidized Hg quantification and 

speciation.  

  



22 

 

1 Introduction 

There is a demonstrated need for a mercury (Hg) measurement system that allows 

for quantification of gaseous oxidized Hg (GOM), particulate-bound Hg (PBM), and 

reactive Hg (RM = GOM + PBM). The only commercially available system for 

measurement of atmospheric Hg is the Tekran® 2537/1130/1135 (Tekran® Corporation, 

Toronto, Canada) system designed to quantify GEM, GOM, and PBM, respectively. 

Studies have shown the Tekran® system underestimates the amount of GOM in the air 

(Ariya et al., 2015; Gustin et al., 2015), and there are demonstrated interferences 

associated with the GOM measurement (Gustin et al., 2013; Lyman et al., 2010; 

Marusczak et al., 2017; McClure et al., 2014) and artefacts with PBM measurement 

(Talbot et al., 2011). Results of the Reno Atmospheric Mercury Intercomparison 

eXperiment (RAMIX) indicated that GOM not collected by the denuder was collected by 

the 1135 PBM unit (Gustin et al., 2013). In addition, it is important to understand the 

chemistry of GOM. This is necessary to determine deposition velocities and potential 

impacts to ecosystems and humans.  

The University of Nevada, Reno-Reactive Mercury Active System (UNR-RMAS) 

is an active sampling system with cation exchange and nylon membranes used as 

collection surfaces for RM (Huang et al., 2017; Huang et al., 2013; Pierce and Gustin, 

2017). Cation exchange membranes (CEM) provide a quantitative measurement of RM, 

and nylon membranes provide a collection surface that is thermally desorbed allowing for 

identification of RM compounds (Gustin et al., 2013; Gustin et al., 2016; Huang and 

Gustin, 2015a; Huang and Gustin, 2015b; Huang et al., 2017; Huang et al., 2013). The 

UNR-RMAS reported in previous studies (Gustin et al., 2016; Huang et al., 2013) has 
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how much Hg is contained on the sample membranes prior to deployment. Sample and 

blank membranes are stored at -20 °C until analyzed by thermal desorption for upstream 

nylon membranes or a Tekran® 2600 for CEM and downstream nylon membranes, 

respectively. 

2.2 Membranes 

For both UNR-RMAS and UNR-RMAS 2.0, RM was collected on two membrane 

types, CEM and nylon membranes. For each deployment period, three upstream and 

downstream sample membranes of each filter type were deployed. It has been 

demonstrated by using a polytetrafluoroethylene (PTFE) membrane to separate PBM and 

GOM that the membranes in Reno, NV that PBM made up 22 to 52% RM (Gustin et al., 

2019). Given the study design, Hg collected on the membranes in this study is referred to 

as RM (Gustin et al., 2013).  

The CEM material is a negatively charged polyethersulfone membrane (0.8 µm 

pore size; Mustang-S, Pall Corporation). CEM have been widely applied for RM 

measurements in ambient air (Caldwell et al., 2006; Castro et al., 2012; Ebinghaus et al., 

1999; Gustin et al., 2019; Huang et al., 2012; Marusczak et al., 2017; Miller et al., 2019). 

This material is purchased in sheets (Pall Corporation) that were cut into 47 mm diameter 

discs using a steel cutting die (see Huang et al., 2013 and SI for additional information). 

Miller et al., 2019 showed GEM uptake by the CEM material was negligible. CEM were 

digested in 50 mL centrifuge tubes (Falcon®, Corning Inc.) in which they were collected 

and stored, and Hg was quantified using a Tekran® 2600. Analyses for the UNR-RMAS 

employed the peristaltic pump model, whereas the UNR-RMAS 2.0 used the in-vial 

sparge model; specifications of the in-vial sparge method are detailed in the SI. 
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Teflon® outer diameter tubing, and filter holders were not protected from direct sunlight. 

The flow rate was difficult to manage. Samples membranes were deployed for 2 weeks 

and stored in glass jars.  The UNR-RMAS 2.0 uses multiple-stage filter packs, a 

protective metal shield, a two-pump design, and critical flow orifices (CFO) to restrict 

flow to a constant rate of 1 Lpm. The deployment time has been reduced from 2- to 1- 

week, and storage vessels were changed to centrifuge tubes. Manufacturer information 

and part numbers for components of the UNR-RMAS 2.0 are provided in the supporting 

information (Table SI 1). 

Filter holders were upgraded to multi-stage perfluoroalkoxy alkane (PFA) filter 

holders that hold one, two or three membranes 5 mm apart (Savillex). Contamination risk 

is reduced using the multi-stage filter holder due to less surface area for GOM and 

particles to potentially sorb to surfaces. 

Filter holders are housed underneath a custom designed anodized aluminum 

weather shield (Deluxe Welding, Reno, Nevada) mounted 1 m above the ground. The 

custom designed shield was constructed using an aluminum plate 56 cm wide x 35.5 cm 

bent at 45° and 90o angles resulting in 15, 13, and 7.5 cm segments (Figure SI 2). Six 

holes are drilled through the top of the shield at 7.6 cm intervals to hold the CFO 

assemblies securely. Filter holders are connected to the shield by 5 cm long Teflon® 6.35 

mm outer diameter tubes that connect to the CFO assemblies.  

Flow rate management has been simplified with CFO that control flow at 1 Lpm, 

and 2 diaphragm vacuum pumps (KNF Neuberger Inc., 34 Lpm capacity; we recommend 

finding an alternate pump). CFO are housed in a steel tube with a particle filter frit at the 

inlet to prevent clogging (Figure 1a). Bev-a-line® tubing is used to connect the CFO for 
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three sample lines to a 4-way union with the fourth port connected to one vacuum pump. 

Ports 1-3 are sampled by one pump, and ports 4-6 by another. The two-pump system with 

CFO provided more consistent flow than one pump for each line. The positioning of the 

filter membrane types was alternated so that: 1) two samples of one membrane type and 1 

sample of the other membrane type would continue to be sampled in case of a pump 

failure, reducing the risk of losing all of one membrane type in such an event; and 2) to 

minimize the bias of air flow coming into the manifold from the middle and sides. Filter 

holders 1, 3, and 5 house CEM, and filter holders 2, 4, and 6 house nylon membranes 

(Figure 1a).  

A pump box (Husky® plastic toolbox) provides weather-resistant protection for 

the pumps and functions as an easy-to-transfer unit. The pump box is equipped with 

mounting brackets custom fit to securely attach the pumps to the particle board bottom 

(Figure 1b). The pumps are wired to toggle switches mounted on the side of the box to 

allow for simple turning on and off the pumps. The pump box has air ventilation holes 

covered with particle filters to reduce debris from entering the box, and holes for the 

samples lines and power cables to lead out while the pump box is closed. For this study 

the pump box was housed in a trailer with the sample lines leading outside to the 

manifold. 

Flow rates for each line were measured at the sample air inlet of each of the 6 

sample ports (Figure 1a) at the beginning and end of the deployment period using a 

TetraCal® flow calibrator.  Flow rates ranged from 0.6 to 0.9 Lpm during the campaign 

and deviated less than 0.1 Lpm from the beginning to the end of individual deployments. 

The mean of these flow rates was used to calculate the volume of air that was pulled 
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through each membrane. All flow rates were recorded as standard flow. Deployments 

were 2 weeks long beginning in March 2018. The deployment time was then reduced to 1 

week in September 2018 until the end of the experiment in March 2019. Sample 

membranes were analyzed within 1 month of collection.  

2.4 Modifications to the thermal desorption method 

Different Hg compounds are desorbed from the nylon membrane at different 

temperatures, due to differing chemical structures and bond strengths. This is similar to 

work done using soils and coal combustion materials (Lopez-Anton et al., 2010; 

Rumayor et al., 2013; Rumayor et al., 2015; Yang et al., 2017). Hg(II) compounds were 

identified by comparing the peak release temperatures with standard curves developed for 

each compound (Gustin et al., 2016; Huang et al., 2013). Nylon membranes were heated 

in a tube furnace to release RM. Hg released then travelled through a pyrolyzer that 

reduced the RM to GEM, and then was measured by the Tekran® 2537A (Figure SI 3). In 

the initial design, the pyrolyzer temperature and temperature ramp of the furnace was not 

optimized. The tube furnace program was 65 minutes long and the rate of temperature 

change over time was not consistent during the entire cycle. The temperature reported by 

the tube furnace was lower than the actual temperature inside the membrane desorption 

environment, and therefore the true peak desorption temperature for a given compound 

was misrepresented. 

The thermal desorption system of UNR-RMAS 2.0 used an improved pyrolyzer 

(Miller et al., 2019) that maintained stable temperature set to 387.7°C. Testing the 

pyrolyzer temperature at 387.7, 450, 650, and 900 oC showed no significant difference in 

profile shape or total amount of Hg measured by the downstream Tekran® 2537A (details 
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in SI; Figure SI 4). The UNR-RMAS 2.0 thermal desorption method was simplified to 

have a consistent rate of change with 5 min holding temperatures at the beginning and 

end of the program. The tube furnace was programmed to start at 50 oC for 5 min, then 

increased to 200 oC over the course of 75 min (5 oC change for every 2.5 min cycle of the 

Tekran® 2537A), then held at 200 oC for 5 min (Figure SI 3). For additional details see 

the SI. 

The tube furnace was calibrated every 6 weeks. The calibration was very stable 

and did not change. Calibration of tube furnace temperatures using a thermocouple 

showed that the actual temperature on the wall of the tube furnace that is where the 

membrane rests during analysis was significantly lower than the display of the tube 

furnace between 4 oC (minimum difference) and 17 oC (maximum difference) (Figure SI 

5). This was true for both the temperature ramp program used to generate the standard 

curves in Huang et al., 2013 and for the UNR-RMAS 2.0 improved temperature ramp. 

All samples analyzed using UNR-RMAS 2.0 methods were calibrated to reflect the actual 

temperature inside the tube furnace.  

2.5 Thermal desorption method comparison 

To demonstrate the effect of changing the thermal desorption temperature ramp 

between the UNR-RMAS and UNR-RMAS 2.0, replicate field samples were thermally 

desorbed using both tube furnace programs (Figure SI 6). Six nylon membranes were 

deployed in the UNR-RMAS 2.0, collecting ambient air, over a 1-week period. Three of 

the samples were analyzed using the UNR-RMAS tube furnace program and plotted 

using the furnace display temperature, following the procedure from Huang et al. 2013, 

and three samples were analyzed using the improved UNR-RMAS 2.0 program and 
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During the two sampling campaigns, Tekran® systems were operated the same. 

Air first passed through an elutriator designed to remove particles > 2.5 µm, then through 

a KCl-coated denuder in the 1130 unit followed by a short line into a glass fiber filter, 

then through a heated line (50 oC; 7.6 m) at 5.5 Lpm. The lower flow rate does not affect 

denuder performance, but increased the aerodynamic diameter cut point of the impactor 

to 3.0 µm (Chow, 1998; Lyman et al., 2007).  

To ensure that the mean GOM concentration measured with the Tekran® 1130 

system over the one-week sampling intervals was representative of actual GOM collected 

by the denuder, the total mass of Hg in pg collected by the denuder was divided by the 

total volume of air that passed through the Tekran® system during GOM collection as 

calculated using flow measurements at the inlet (Figure 2 a). These values were not 

significantly different from the mean concentrations of GOM reported by the Tekran® 

(ANOVA, p = 0.995). Thus, mean GOM concentration in pg m-3 determined by 

averaging the concentrations over time was compared with the UNR-RMAS 2.0 data. 

This is consistent with other studies that report mean Tekran® results in comparison with 

alternate Hg measurement systems (Ambrose et al., 2013; Gustin et al., 2013; Lyman et 

al., 2016; Marusczak et al., 2017; Zhang et al., 2016). Sample t-tests were performed in 

Excel and ANOVA tests were performed in R Statistical Package v.3.4.1 

3 Results and Discussion 

3.1 Concentrations measured by CEM, nylon membranes, and Tekran® system 

UNR-RMAS 2.0 CEM and nylon membranes collected more RM (29 ± 12 pg m-3; 

14 ± 9 pg m-3) than the Tekran® 1130 collected GOM (5 ± 4 pg m -3) during the limited 

time they overlapped during the 2018-2019 experiment (Figure 2 a.; the gap in Tekran® 
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data from April to December was due to instrument failure). Concentrations measured by 

the CEM were 3.3 to 9.7 times higher than those measured by the Tekran®. This is within 

the range 1.7 to 13 times reported by Gustin et al. (Gustin et al., 2016). Comparing the 

trends between seasons of sampling (Figure 2a and 2b) showed that mean GOM 

measured by the Tekran® was higher in Reno during summer 2014 (24 ± 15 pg Hg m-3) 

than winter 2014-2015 (14 ± 15 pg Hg m-3). This same trend was observed using the 

Tekran® system in past studies at this filed site. Mean summer GOM was 51 pg m -3 and 

7 pg m -3 during winter 2004-2007 (Peterson et al., 2009). Summer GOM concentrations 

were 36 pg m -3 and 4 pg m -3 in winter on average from 2007-2009 (Lyman et al., 2009 

(Figure 2)).  

 In 2018-2019, RM concentrations on the CEM increased from 54 ± 4 pg m-3 in 

the spring to 112 ± 7 pg m-3 in the summer. Concentrations decreased in the fall to 41 ± 

4 pg m-3 and RM concentrations are lowest in winter at 23 ± 2 pg m-3. The CEM captured 

more RM on average during the year 2018-2019 than did the nylon (nylon recovery was 

69 % of that recovered by CEM), but during the summer, nylon membrane Hg 

concentrations (97 ± 5 pg m-3) increased to 87% recovery relative to the CEM. Three 

summer deployments had higher nylon membrane Hg concentrations than CEM 

concentrations (Figure 2 a). This trend indicates that the nylon membranes were more 

efficient at collecting summertime RM compounds that were primarily halogen based. 

Field data collected over a year at NOAA Mauna Loa Observatory, Hawaii; Valley Road 

Greenhouse, Reno, Nevada; Piney Reservoir, Maryland; and Horsepool, Utah 

demonstrated that nitrogen compounds are not as efficiently collected by nylon 

membranes as the other compounds (Luippold et al. in progress). 
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Percent recovery of nylon compared to CEM during the 2014-2015 study was 

24% for the year on average and 23% during summer.  The discrepancy between 2014-

2015 and 2018-2019 CEM versus nylon membrane comparisons could be due to 1) some 

change in manufacture of the nylon membranes or 2) differences in atmospheric 

chemistry. Potential GOM compounds collected on the nylon membranes are discussed in 

the next section. 

Coefficients of variation for replicate membranes (n = 3 for each sampling period) 

of total Hg collected by CEM and nylon membranes of the UNR-RMAS 2.0 system, 

8.2% ± 4.7 % (n = 126) and 6.3% ± 5.0% (n = 103), respectively, were less than the 

coefficients of variation for CEM, 12.3% ± 12.8 % (n = 149), and nylon, 12.8% ± 12.4% 

(n = 105) of the UNR-RMAS. This demonstrates that the UNR-RMAS 2.0 methods 

improved sample replication. 

Breakthrough of Hg through the upstream membrane to the downstream 

membrane was on average lower for UNR-RMAS 2.0 samples than UNR-RMAS. The 

average breakthrough for CEM of the UNR-RMAS 2.0 samples was 13.1% and for nylon 

membranes was 7.4%. The breakthrough for UNR-RMAS samples was 25.5% for CEM 

and 13.9% for nylon.  

3.2 Thermal desorption profiles 

Comparing the UNR-RMAS and UNR-RMAS 2.0 thermal desorption tube 

furnace programs by analyzing replicate samples under the two treatments showed that 

the sample peaks desorbed at different temperatures for each method, with the UNR-

RMAS 2.0 method peaking ~15 °C lower than the UNR-RMAS. When the actual 

temperature of the tube furnace is used to plot the samples desorbed using the UNR-



37 

 

RMAS temperature ramp program, there was no significant difference between the two 

methods (ANOVA p = 0.916, 0.693, 0.914; Figure SI 6 d-f).  

Thermal desorption profiles from 2014-2015 (Gustin et al., 2016) UNR-RMAS 

deployment nylon membranes are shown in Figure 3 column 1 (a-e) with pg Hg released 

plotted against original tube furnace display temperatures (black line) and the calibrated 

temperatures (orange line). The difference between these curves in each plot shows 

shifted peaks by approximately 15°C to the left when the actual temperature of the tube 

furnace was used to graph the results. Desorption profiles from the UNR-RMAS 2.0 

(Figure 3, column 2) showed more consistent replication of sample membranes, as 

indicated by the blue curves in column 2 compared to the grey curves in column 2. 

Coefficient of variation of the Hg released from the nylon membranes shown in Figure 3 

was 9.7% ± 1.2% (n = 15) on average, for thermal desorption profiles (n=3 for each 

sample) for the UNR-RMAS 2.0 samples and 21.4% ± 9.2% (n = 15) for the UNR-

RMAS samples. This indicates that the overall replication between samples was better for 

nylon membrane samples collected and analyzed using UNR-RMAS 2.0 methods 

compared to the UNR-RMAS method. 

Additionally, the peak area under the thermal desorption curves did not change 

significantly between methods. The area under the curve for desorption profiles in Figure 

SI 6 was not significantly different in weeks 1 and 3 (95% confidence; two-sample, two 

tail t-tests assuming equal variances, p = 0.850, 0.019, 0.804 for replication weeks 1, 2, 

and 3, respectively). Because the temperature of peak release and the total Hg released by 

membranes using each method were similar, nylon membranes analyzed in 2014-2015 

can be directly compared with the 2018-2019 UNR-RMAS 2.0 results.  
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Desorption peaks based on actual temperatures of the tube furnace are 

approximately 83 oC for oxide (O) compounds, 90 to 110 oC for bromide (Br) and 

chloride (Cl) compounds, 130 oC for nitrogen (N) compounds, 150 oC for sulfur (S) 

compounds, and 180 to 190 oC for what has been considered organic compounds. The 

investigation of thermal desorption trends for 2018-2019 demonstrated that S and 

organic-based Hg compounds were most prevalent in winter (Table SI 2). These S and 

organic compounds were accompanied by O-based compounds in the winter. In spring, 

the most common compounds were Br/Cl compounds. O-based compounds were present 

late summer into winter. S-based compounds followed a similar pattern to the O 

compounds, where they were present generally in all seasons excluding late spring and 

summer. Thermal desorption profiles from 2014-2015 UNR-RMAS samples showed 

Br/Cl based compounds in the winter and spring, with no instances of these compounds 

in summer or fall. S and organic compounds were seen sporadically throughout the year. 

N compounds were shown throughout the year but were not present in late fall. O-based 

compounds rarely appeared in 2014-2015 samples. During the summer of 2018, when 

total Hg on the nylon membranes was similar or greater than on the CEM, the dominating 

compounds were O and Br/Cl based. N and S compounds appeared in addition to these 

compounds in late summer.  

3.3 Peak deconvolution and ion chromatography 

Deconvolution of the UNR-RMAS 2.0 thermal desorption peaks in Figure 3, 

column 2 resulted in the curves shown in column 3. These desorption profiles were each 

characterized by a major peak. For profiles (k), (l), and (o), these major peaks desorb in 

the range for O-based compounds. Profiles (m) and (n) major peaks were Br/Cl with 
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4 Conclusions 

The UNR-RMAS 2.0 collected more RM than the Tekran® system, had improved 

sample replication compared to a previous system, and increased the temporal resolution 

for RM sampling from 2 to 1-week. The thermal desorption method was refined by 

calibrating samples to actual tube furnace temperatures, simplifying the tube furnace 

temperature program, and increasing the measurement resolution of released Hg. The 

peak deconvolution method paired with ion chromatography is a significant step in 

defining RM compounds on nylon membranes. Gustin et al., 2019) demonstrated that the 

UNR-RMAS 2.0 is currently the best system available for RM, GOM, and PBM 

quantification and compound identification. 

There are some limitations and uncertainties that need to be considered with 

respect to the UNR-RMAS 2.0 method that need further investigation. Potential reactions 

on the membrane, between GEM and other compounds, such as organic and sulfate 

aerosols and particles collected on the membrane could occur. Emission of GEM through 

reduction of GOM could reduce the concentration of GOM on the membranes resulting 

in under estimation of GOM compounds. There are a limited number of compounds for 

which we can develop calibration profiles, and these may not reflect compounds in the 

atmosphere. Development of a GC-MS system that would allow for identification would 

be very useful for understanding the exact compounds present. We are currently 

investigating if reactions on the membranes in ambient air could generate compounds 

observed. Our work using multiple lines of evidence (i.e., ion chromatography, back 

trajectory analyses, criteria air pollutant data and meteorology) suggest that the 
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Tables and Figures 

 

Table 1. Results of UNR-RMAS 2.0 thermal desorption peak deconvolution showing the 

peak temperature, the GOM compounds present based on calibrated profiles, the peak 

area, and the relative percent of each compound in the sample. Samples 1-5 correspond to 

the profiles in column 3 of Figure 3 (k-o). The total pg Hg for each peak is shown with 

the proportion of the GOM compound relative to the total peak area 

 

Sample 
No. 

Peak 
No. 

Peak 
Temp 

GOM 
Form 

Peak 
Area 

Proportion 

pg Hg % 

Sample 1 
(k) 

P1 84 O 257 31.2 

P2 93 Br/Cl 345 42.0 

P3 132 N 173 21.1 

P4 189 MeHg 47 5.8 

Sample 2 
(l) 

P1 83 O 52 27.4 

P2 91 Br/Cl 44 22.9 

P3 125 N 69 35.9 

P4 154 S 12 6.4 

P5 179 MeHg 14 7.3 

Sample 3 
(m) 

P1 100 Br/Cl 32 22.5 

P2 130 N 80 56.5 

P3 186 MeHg 30 21.0 

Sample 4 
(n) 

P1 101 Br/Cl 54 41.1 

P2 130 N 53 40.7 

P3 182 MeHg 24 18.2 

Sample 5 
(o) 

P1 83 O 186 23.9 

P2 96 Br/Cl 448 57.6 

P3 150 S 144 18.5 
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Figure 3. Column 1 (a-e) shows UNR-RMAS thermal desorption profiles from 2014-

2015. The grey lines are replicate profiles of sample membranes (n = 3) and the black 

line with dots represents the average profile for the deployment. The orange line with 

triangles is the average profile plotted to reflect the actual temperature of the tube 

furnace. In Column 2 (f-j) are UNR-RMAS 2.0 samples from 2018-2019 plotted using 
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Figure 3 caption (cont.): actual temperature of the tube furnace. The blue lines represent 

replicate samples and the black line with dots represent the average profile of the 

replicates (n = 3). Samples in columns 1 and 2 were chosen because of their similar 

shapes. For example: samples b and g are similar profiles in shape and peak desorption 

temperature when compared with calibrated temperatures. Column 3 (k-o) shows the 

results of integrating peaks of the profiles in column 2. Legend: black = average profile 

points; red = fitted curve; blue = O; yellow = Br/Cl; grey = N; green = S; purple = MeHg. 
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desorption profiles also did not change as a function of pyrolyzer temperature (Figure SI 

4, a, c).  

The tube furnace was kept at 50°C for 10 to 20 minutes after loading a membrane 

to ensure that Hg concentrations were <0.5 ng m-3 prior to starting the temperature ramp 

(usually at 0 ng m-3). When the sample Hg reached the Tekran® 2537A, it was 

concentrated on a dual gold trap system for 2.5 min sample periods, after which the 

sample flow switched to the second trap to provide continuous measurement while the 

first trap was analyzed by thermal desorption and CVAFS. Each 2.5 min sample cycle 

period represented 5.0°C temperature increase on the sample membrane. 

Tube Furnace Programs and Calibration 

The UNR-RMAS thermal desorption profiles for oxidized mercury standards in 

Huang et al., 2013 and the profiles presented in Gustin et al., 2016 were made using a 65 

min temperature ramp cycle. This method maintained 50 oC for 7.5 min, then was 

programmed to reach 60oC in 2.5 min. Then the temperature was set to increase to 170 oC 

over the course of 50 min. Then over the course of the next 2.5 min, the temperature was 

increased to 180 oC. In the following 2.5 min, the temperature ramped to 190 oC degrees. 

After reaching 190 oC and staying at that temperature for 5 min, the program was set to 

the original 50 oC to cool down, ending the 65 min cycle (Figure SI 5). 

The tube furnace heating program used for UNR-RMAS 2.0 consisted of an initial 

5 min hold time at 50°C followed by a 75 min temperature ramp to 200 °C at a rate of 2.0 

°C per min, or 5 degrees per 2.5 min cycle on the Tekran® 2537A. The end of the cycle is 

a 5 min holding period at 200 °C. 
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Calibration of the tube furnace was conducted every 4-6 weeks (2 or more 

replications for each calibration). An outside temperature probe was inserted into the 

tube, resting in the position and conditions that a nylon membrane sample would be. A 

calibration desorption cycle was started under the same conditions as a sample, with air 

flowing through the system pulled by the Tekran® 2537A pump at 1 Lpm. The 

temperature was recorded at the start and every 2.5 min when the Tekran® 2537A 

switched sample lines. 

Total mercury measurement using Tekran® 2600 IVS System 

 Membranes were analyzed following EPA method 1631 Revision E: Mercury in 

Water by Oxidation, Purge and Trap, and Cold Vapor Atomic Fluorescence Spectrometry 

(2002) using the Tekran® 2600 in-vial sparge (IVS) total mercury analyzer. This method 

allowed for the determination of mercury in aqueous samples by stepwise conversion of 

oxidized mercury species to elemental mercury. Samples membranes were preserved in 

1% HCl Optima (Fisher Scientific A466-1) solution in their original sample collection 

tubes. Bromine monochloride was added to oxidize all mercury in the sample to Hg2+ in 

solution (Ratio: 3ml BrCl in 50 ml sample solution). Samples were digested overnight to 

ensure complete oxidation. The next day, argon purged hydroxylamine hydrochloride 

was added to neutralize halogens. Argon-purged stannous chloride was added to reduce 

Hg2+ to elemental mercury. A steady flow of argon gas released GEM at the beginning of 

sample analysis by the Tekran® 2600 IVS. Gaseous elemental mercury released from 

solution was amalgamated on gold traps and then desorbed at 550°C and detected by 

cold-vapor atomic fluorescence spectrometry (CVAFS). The Tekran® 2600 IVS induced 

Hg fluorescence with an ultra-violet (UV) lamp that emitted 253.7 nm wavelengths, the 
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fluoresced photons were measured and amplified using a photo multiplier tube. The 

amount of Hg measured in a sample was calculated from the voltage signal generated 

when the fluoresced photons impact the detector. Because of inherent variation over time 

of the intensity of the UV lamp and sensitivity of the detector, the instrument was 

calibrated using Hg standards at the start of each day of analyses.  

All sample analysis was accompanied by stringent quality control methods. Hg 

standards were prepared in 1, 5, 10, 25, and 100 parts per trillion concentrations that were 

analyzed to develop a calibration curve that achieved an R-squared value of at least 

0.9975 before samples were analyzed (Ricca 1000 ppm Hg standard: PHG1KN100). No 

more than 12 consecutive samples were analyzed without checking the calibration curve 

by analyzing a mercury standard resulting in 5% or less deviation of its expected 

concentration. Reagent blanks, or calibration blanks, were analyzed to develop a baseline 

concentration of mercury that was subtracted from all standards and samples. The three 

sample membrane blanks collected at the time of sample harvest were analyzed using the 

same method as the samples and the Hg concentrations on the blanks were averaged. The 

average Hg concentration of the blanks was subtracted from the samples of the 

corresponding deployment period. CEM mean blank for all UNR-RMAS 2.0 samples 

was 0.036 pg Hg (n = 124) for CEM and 0.019 pg Hg for nylon membranes (n = 123). 

Total mercury recovered from the upstream (A) nylon membrane during the 

thermal desorption cycle reflects the concentration of total Hg verified by analyzing 

replicate membranes using Tekran® 2600. Four sets of 3 replicate nylon membranes were 

deployed alongside one another on a UNR-RMAS 2.0 sample manifold. Each set was 

tested by analyzing via thermal desorption (n= 3 for each set) and on 2600 (n=3 for each 



http://nadp.slh.wisc.edu/lib/manuals/AMNet_Operations_Manual_v1-2.pdf
http://nadp.slh.wisc.edu/lib/manuals/AMNet_Operations_Manual_v1-2.pdf
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Table SI 2. Theorized Hg compounds based on profile peak temperatures calibrated to 

tube furnace actual temperature. Samples from UNR-RMAS and after system design 

improvements of the UNR-RMAS 2.0 are on the left and right respectively. Weeks 1-52 

correspond to calendar weeks beginning with January 1. Note that the MeHg designation 

represents organic-associated Hg compounds generally. 

 

Week Season HgO HgCl2/HgBr2 Hg(NO3)2 Hg(SO4)2 MeHg HgO HgCl2/HgBr2 Hg(NO3)2 Hg(SO4)2 MeHg

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52
Winter

Fall

Summer 

Spring

Winter

UNR-RMAS (2014-2015) UNR-RMAS 2.0 (2018-2019)





59 

 

 
Figure SI 1: This photograph taken at the Reno, NV Valley Road Greenhouse facility 

shows two UNR-RMAS 2.0 systems side by side. The pump boxes are inside of the 

trailer. On the wall of the greenhouse building is the Tekran® system. 

 

 

Figure SI 2. Dimensions of the UNR-RMAS 2.0 aluminum weather shield in cm.
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Figure SI 4. Test 1 was conducted using 4 replicate nylon membranes that were deployed 

for 1 week on the UNR-RMAS 2.0 sampling manifold. The same procedure was 

conducted for Test 2 the following week. a. and c. show the thermal desorption profiles 

for the replicate membranes desorbed under the same conditions with the only change 

being the temperature of the pyrolyzer measured by thermocouple. The variation of 

replicates (a. and c.) is typical of what we would see in field replicates under normal 

desorption conditions (See Figure 2 for examples of field samples). Therefore, the shape 

of the thermal desorption profile is not dependent upon the temperature of the pyrolyzer. 

b. and d. show the recovery of total Hg per total air volume that passed through the 

membrane during deployment. These results show that Hg recovery is similar at all 

temperatures tested; pyrolyzer temperature does not affect total Hg measured by the 

downstream Tekran® 2537A.  
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Figure SI 5. The UNR-RMAS programmed temperature ramp (dotted black line) was 

used to analyze samples in 2014-2015. Hg recovery was interpreted using the 

programmed temperatures. The actual temperature inside the tube furnace is lower (solid 

black line with circles). The 85 min UNR-RMAS 2.0 programmed temperature ramp 

(blue dotted) and actual temperatures (solid blue with triangles) are shown. All UNR-

RMAS 2.0 Hg data is interpreted using the actual temperature inside the tube furnace. 
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Figure SI 6. These profiles demonstrate the difference between the UNR-MAS and UNR-

RMAS 2.0 desorption tube furnace heating programs. The grey line with triangle points 

is the average profile (n=3 for each week) analyzed using the UNR-RMAS desorption 

program settings and is plotted with the furnace display temperature on the x-axis. The 

black line with circles shows the average profile (n=3 for each week) using the UNR-

RMAS 2.0 heating program and the actual (thermocouple) measured temperature on the 

x-axis. Error bars represent standard deviation. P-values are from ANOVA analyses. 
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Figure SI 7. Peak deconvolution of nylon membrane (2 replicates) thermal desorption 

profiles are shown as colored lines. Legend: black = average profile points; red = fitted 

curve; blue = O; yellow = Br/Cl; grey = N; green = S; purple = MeHg. Quantification of 

the peak deconvolutions are reported in the table, units: pg Hg. IC data for one replicate 

membrane are presented on the right side of the table for these samples in concentrations 

of parts per billion per volume in filtrate (ppb). Values of zero are where specific anions 

were not detected in the sample. The samples deployment dates are as follows: (a) 

December 4, 2018 to December 11, 2018 (b) January 1, 2019 to January 8, 2019 (c) 

January 22, 2019 to January 29, 2019. 
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Abstract 

From November 2017 to February 2019, the improved University of Nevada-Reno 

Reactive Mercury Active System (UNR-RMAS 2.0) was deployed in Hawaii, Nevada, 

Maryland, Utah, and Colorado, USA, to test system performance and develop an 

understanding of reactive mercury (RM) at locations impacted by different atmospheric 

oxidants. Mauna Loa Observatory, Hawaii, is at high elevation and impacted by the free 

troposphere and the Pacific Ocean. The Nevada location is directly adjacent to a major 

interstate highway, the site in Maryland is downwind of coal fired power plants, and the 

location in Utah is in a basin impacted by fracking and thermal inversions. RM 

concentrations and chemistry were measured at each location using the UNR-RMAS 2.0 
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oxidized Hg (GOM). Both can interact with aerosol to form particulate bound Hg (PBM). 

GEM can be deposited to and re-emitted from surfaces (e.g. Miller and Gustin, 2015). 

Since oxidation reactions can occur quickly and deposited GEM can be re-emitted, the 

lifetime of a molecule of Hg in the atmosphere may be as short as a few hours.  

Currently the only instrument available for measurement of the 3 forms of 

atmospheric Hg is the automated Tekran® 2537/1130/1135. The instrument components 

collect GEM, GOM, and PBM, respectively. The KCl-coated denuder used to collect 

GOM has been shown to underestimate concentrations (Ambrose et al., 2013; Gustin et 

al., 2019; Gustin et al., 2013; Huang and Gustin, 2015; Huang et al., 2013). There are 

artefacts associated with the PBM measurement, and it has been shown to collect GOM 

(Gustin et al., 2019; Talbot et al., 2011). Because of the limitations of this instrument, 

this research focused on using a membrane-based system for the collection of reactive Hg 

(RM= GOM+ PBM) concentrations, as well as identifying RM compounds present. The 

University of Nevada, Reactive Mercury Active System (UNR-RMAS) has been a 

technology in the making for over 10 years and been deployed globally at sites in: 

Nevada (Gustin et al., 2016; Peterson et al., 2009; Pierce et al., 2018), Florida (Huang et 

al., 2017), Australia, and Tasmania (Miller et al., in prep). The UNR-RMAS 2.0 was used 

in this study at field sites in Nevada, Hawaii, Utah, Colorado, and Maryland. In 2019, it 

was also deployed at Svalbard, Norway in the Arctic Circle, and in Nanjing, China.  

The UNR-RMAS 2.0 has the same operation principle as past models but has 

undergone significant changes that have improved sample replication, reliability, and 

temporal resolution. This system uses cation exchange membranes (CEM) and nylon 

membranes to quantify RM concentrations and chemistry of the compounds, respectively.  
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CEM are digested and solutions analyzed for RM concentrations. Nylon membranes are 

thermally desorbed to determine the chemistry of the RM compounds present. Ion 

chromatography has also been applied as a tool to determine whether anions on the 

membranes correspond to the chemistry of RM compounds (Luippold et al., 2020).  

The hardware of the sampling system was updated with critical orifices for flow 

control, a custom weather shield, and a durable pump system. Analytical methods have 

been improved for RM compound identification by thermal desorption by regular 

calibration of the tube furnace temperature and development of a new pyrolyzer. An in-

depth comparison and description of all improvements constituting version 2.0 are 

provided in Luippold et al., (2020). In depth discussion of thermal desorption speciation 

based on standard materials and standard profiles is in Huang et al., (2013) and Luippold 

et al., (2020). Standard compounds used to calibrate thermal desorption peaks to specific 

compounds were permeated using perm tubes, and then loaded nylon membranes for 

collection (Huang et al., 2013). Compounds inside the permeation tube may not be the 

same as the compounds released to the membrane, and this needs to be verified (Gustin et 

al., 2015a). Therefore, we discuss the compounds collected by the UNR-RMAS 2.0 

membranes generally and label them Br/Cl, O, N, S and organic-Hg compounds 

corresponding to desorption profiles of standard materials (Luippold et al. 2020).  

In this research the utility and versatility of the UNR-RMAS 2.0 as a RM 

measurement method was investigated. CEM RM concentrations, and nylon membrane 

RM concentrations and chemistry were compared with ancillary meteorology and criteria 

air pollutant data from the field sites. Potential sources of RM compounds were 

determined using back-trajectory analyses, as well as anion chemistry on membranes. 
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One hypothesis for this work was that the Kilauea Volcanic eruption in 2018 influenced 

RM chemistry at Mauna Loa Observatory, and this would be observed using our system.  

Other research hypotheses included that given our new system and previous observations: 

1) the UNR-RMAS 2.0 will collect more RM than the Tekran® system; 2) breakthrough 

RM is specific to compounds collected on the membrane; and 3) disparities between the 

nylon membrane and cation exchange membrane RM concentrations can be explained 

based on the dominate RM forms present. To address these research hypotheses a year of 

RM and ancillary data were collected and assimilated for 4 field sites with lesser amounts 

of data for Colorado. Specific thermal desorption profiles from each site were compared 

with corresponding back-trajectories, anion chemistry, and ancillary data.  

2. Methods 

2.1 RM collection and analyses using the UNR-RMAS 2.0  

 Cation exchange membranes (CEM) and nylon membranes were housed in dual-

stage filter packs through which air is pulled through using vacuum pumps at 1 Lpm 

regulated by critical flow orifices. Membranes were deployed for 1 or two-week periods. 

Membranes were removed from filter packs in a clean environment and stored in 

polypropylene 50 mL centrifuge tubes (Falcon®, Corning Inc.). The membranes do not 

collect significant elemental Hg (Miller et al., 2019); therefore, the Hg that is analyzed is 

assumed to be reactive mercury compounds (RM = GOM + PBM). Further description of 

this system and sample analysis methods are described in Luippold et al. (2020).  

Two membranes were deployed in series in each dual-stage filter pack. There is a 

space of 5 mm between the membrane stages. The upstream membrane typically collects 

the majority of RM, and the downstream membrane is used to quantify breakthrough. 
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2.3 Tekran® Speciation System 

 Mauna Loa Observatory, the Reno, Nevada, Greenhouse site, and Piney Creek 

Reservoir in Maryland had Tekran® 2537/1130/1135 or 2537/1130 system measurements 

alongside the UNR-RMAS 2.0 membrane deployments, allowing for comparison of the 

two methods. The Greenhouse site in Reno did not operate the 1135 system for PBM 

measurement due to instrument failure. Tekran® systems were maintained following 

AMNet protocols (http://nadp.slh.wisc.edu/lib/manuals/AMNet-

2003_Operations_Manual_v_3-0.pdf). Data collected that did not meet AMnet A or B 

quality standards was omitted. The inlets of the Tekran® system and UNR-RMAS 2.0 in 

Reno were 2 m apart and at the same level above the ground. At Mauna Loa, both 

systems were installed adjacent to each other on a deck 3 m above the ground. The 

systems at Piney Creek were next to each other outside the monitoring station shed. 

Tekran® data was compared to UNR-RMAS 2.0 data by averaging the total GOM + PBM 

measurements for the corresponding time period of UNR-RMAS 2.0 deployments. For 

more details see Luippold et al., 2020.  

2.4 Dual Channel System 

The Utah and Colorado sites hosted the Utah State University dual channel 

system for oxidized Hg measurement alongside the UNR-RMAS 2.0. The dual channel 

system instrument pulled air through an elutriator (Teflon-coated) and a particle 

impactor. The sample line was 6 m long and 6.35 mm diameter and the entire line was 

heated to 120°C. Air was then pulled through a CEM or pyrolyzer heated to 650°C. After 

passing through the CEM or pyrolyzer, air enters a Tekran® 2537B analyzer for elemental 

http://nadp.slh.wisc.edu/lib/manuals/AMNet-2003_Operations_Manual_v_3-0.pdf
http://nadp.slh.wisc.edu/lib/manuals/AMNet-2003_Operations_Manual_v_3-0.pdf


http://www.esrl.noaa.gov/gmd/obop/mlo/
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There were two common thermal desorption profile shapes observed at MLO. 

Most thermal desorption profiles (89%) had a clear bell shape and single peak in the 

Br/Cl range (Figure 2 a). An example profile with this shape, shown in Figure 2 a), was 

dominated by Br/Cl compounds, with 74.1% of the RM desorbing the in the Br/Cl 

temperature range of 90-125°C. 10-day back-trajectory analyses for this sample indicated 

that air moved to MLO over the Pacific Ocean, and much of this air resided within the 

marine boundary layer (Figure 2.: brown grids indicate > 25% of trajectory points in the 

grid were within the marine boundary layer). For all HI profiles obtained during this 

project as well as those at other sites, see the SI.  

The second thermal desorption profile shape at MLO was bimodal, with a peak in 

the Br/Cl range and in the N range. N peaks were only detected at MLO after the Kilauea 

eruption began. These samples (3) were collected June 4, 2018; June 18, 2018; and July 

30, 2018. The desorption profile for 18th of June (Figure 2 b) included 77.8% N, 12% 

Br/Cl, and 9.8% S. Back-trajectories of this deployment showed that air came to MLO 

from over the Pacific Ocean then from the south over Kilauea. Many of these trajectories 

resided beneath the marine boundary layer (Figure 2 b, brown). This shows a mix of 

influence from the free troposphere and within the marine boundary layer from the 

direction of Kilauea. Additional back-trajectories were performed for another sample 

with this profile shape, and the air pathway was similar (Figure S3). Given that 10-day 

back-trajectories coinciding with the eruption resided within the marine boundary, the 

RM chemistry on the membranes was likely influenced by reactions with oxidants such 

as HNO3, BrO, SO4
2- ,and OClO found to be present in eruption plumes (Bobrowski et 

al., 2007; Martin et al., 2012; Oppenheimer et al., 2006).   
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air pollutants or SO2 (p = 0.96). Selected air pollutants, RM, and GEM measurements 

during the time period of the eruption are plotted in Figure S1. SO2 and O3 concentrations 

increased after the eruption as did RM concentrations; however, O3, relative humidity, 

and GEM showed no trends. RM chemistry and ancillary pollutants suggest that the 

eruption could have influenced the chemistry of the compounds present; however, we do 

not have enough data to understand this. 

Nylon membrane concentrations were always lower than CEM concentrations at 

MLO (Figure 1 a). However, there was variation in the disparity. The difference between 

nylon membrane concentrations and CEM concentrations was calculated for each 

deployment using Equation 2. Nylon membrane concentrations were between 10% and 

87% lower than the CEM. The largest disparity in concentrations was when nylon 

membrane concentrations were 30% to 87% lower than CEM from August through 

October. There were no significant correlations (p > 0.05) between the nylon membrane 

to CEM ratio and the ancillary data.   

Each MLO sample analyzed for anions by ion chromatography (n=9) yielded 

SO4
2-, ranging from 11-100% of all anions detected. The next most prevalent anion 

measured was Cl-, at 9-64% of the total anions measured (Table S3). The presence of Cl- 

supports the profile peak deconvolution results of Br/Cl compounds in corresponding 

thermal desorption profiles. Although SO4
2- was observed on the membranes but S was 

not present in the thermal desorption profiles, it is possible that RM compounds were not 

generated by oxidation associated with S compounds.  Each of the samples analyzed for 

ions was collected between October 8th, 2018 and 23rd of January 2019, after the end of 
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the Kilauea eruption August 4th. No samples collected before or during the eruption were 

analyzed by ion chromatography.  

3.2 UNR-Valley Road Greenhouse facility (GH) 

Mean RM concentration on the CEM for the duration of the sampling campaign 

was 60 ± 40 pg m-3 RM. Mean nylon membrane concentration was 44 ± 3 pg m-3 RM 

(Figure 1 b). The Tekran® system was offline for much of 2018, but while it was 

operating, mean RM concentrations were 5 ± 4 pg m-3 GOM. During the deployment 

periods when the Tekran® was online, CEM RM concentrations were 3.3 to 9.7 times 

higher than those measured by the Tekran®. This is within the range of 1.7 to 13 times 

reported by Gustin et al. (2016) for the same location and agrees with past comparisons 

(Ambrose et al., 2013; Gustin et al., 2013; Huang et al., 2013; Marusczak et al., 2017; 

McClure et al., 2014). Mean percent breakthrough for CEM was 13 ± 1 %. For nylon 

membranes, mean percent breakthrough was 7 ± 2 %. 

The three common desorption profile shapes observed at GH are exemplified in 

Figure 3, with more examples in Figure S2. These profiles were made up of O, Br/Cl, N, 

S, and organic-Hg compounds. Sample a) was predominantly comprised of Br/Cl RM 

compounds (63.5%), and the tail was in the temperature range of N and organic-Hg 

compounds. The percent breakthrough on the sample membranes for this deployment was 

0.7%, low relative to the other samples from GH (Figure 3). The low breakthrough is 

consistent with MLO samples that were made up of dominantly Br/Cl compounds. 

HYSPLIT trajectories for sample a) showed that the GH site was influenced by long 

range transport over the Pacific Ocean. Of the calculated trajectories, 0.02% of them 

resided in the Northern Eurasian box, 0.01% in the East Asia box, and 0.11% in the San 
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Francisco, California source box. The gridded frequency distribution shows that 

trajectories were concentrated (yellow: 5-25% of trajectories) over the Pacific Ocean 

from the west. These trajectory patterns to GH were similar to transport to the GH 

reported in Pierce et al. (2018). 

For the deployment ending September 25, 2018 (Figure 3 b), the thermal 

desorption profile peaked in the Br/Cl range and had a secondary peak in the S range. 

The total residence time for trajectory points within the Northern Eurasia source box was 

0.15% and in East Asia box was 0.03%. The frequency distributions indicated that > 25% 

of trajectories within brown grids traveled within the calculated marine boundary layer 

over East Asia (Figure 3 a) into the free troposphere, then travelled east over the Pacific 

Ocean to the GH site in Nevada. It is possible the S was derived from ocean, because of 

the air passing through the marine boundary layer, or from Asian sources as described in 

VanCuren and Gustin, (2015). Additional GH back-trajectories are in Figure S4. 

The thermal desorption profile for sample c) (Figure 3) is the most diverse of the 

patterns seen at the GH. The profile contained O, Br/Cl/N, S, and organic-Hg compounds 

per peak deconvolution. The dominant peak was between the Br/Cl and N temperature 

ranges, and was therefore described as Br/Cl/N. Sample c) trajectories shown in Figure 3 

demonstrate a similar pattern to the previously discussed GH samples However, a larger 

percentage, 6.18%, of trajectory points resided in the Northern Eurasian source box, 

1.71% in the East Asian box, and 2.07% in the San Francisco box. These trajectory 

patterns were similar for transport to GH as reported in Pierce et al., 2018. Trajectories in 

brown grids had >25% probability of residence in the marine boundary layer. High 

elevation air parcels moved from the eastern hemisphere and dipped into the marine 
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boundary layer before arriving at the GH site. The diversity of compounds on this 

membrane supports the hypothesis that GH RM chemistry was influenced by long range 

transport from Asia and variable chemistry associated with complex terrain (Gustin et al., 

2015b). The % breakthrough of this sample was higher than the samples (10%) of other 

shapes and total RM on this membrane was lower, indicating the possibility that the 

membrane did not collect RM chemistry associated with N as effectively as the other 

cases where Br/Cl was dominant. This supports the hypothesis that the nylon membranes 

collect compounds with varying efficiencies in ambient air, and N compounds pass 

through the membrane more readily than Br/Cl compounds. 

At the GH, nylon membranes RM concentrations were significantly positively 

correlated with CEM RM, Tekran® RM, O3, temperature, absolute humidity, and solar 

radiation; and negatively correlated with relative humidity and NO2. CEM concentrations 

were positively significantly correlated with Tekran® RM, O3, temperature, absolute 

humidity, and solar radiation; and negatively correlated with relative humidity. Tekran® 

RM was significantly positively correlated with temperature and solar radiation; and 

negatively correlated with relative humidity. This indicates that each Tekran® GOM 

measurement method was recording similar trends. The positive correlation with ozone 

was hypothesized to indicate when O3 is higher, there are more oxidants in the air that 

could convert GEM to GOM (Lyman and Jaffe, 2012). When the temperatures were 

higher and there was more solar radiation, more oxidation reactions could occur.  

The nylon membrane concentrations ranged between 90% lower than the CEM to 

23 % higher than the CEM. At GH, the first instance of nylon concentrations exceeding 

CEM concentrations was observed for all field experiments using the UNR-RMAS 
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(Gustin et al., 2016; Huang et al., 2017; Miller et al.; Pierce et al., 2018). It was 

hypothesized that summer conditions played an important role in this trend. During July 

through September 2018 when nylon membrane concentrations exceeded CEM 

concentrations by 5-23%, the maximum measurements for temperature (26.9 °C) and O3 

(73 ppb) were observed, along with higher solar radiation than in other seasons (> 240 

Watts/m2).  

Ion chromatography results for the GH (n=15) showed presence of SO4
2- in all 

samples. Cl- was present in all samples analyzed except two, and the presence of Cl- 

supports the observations of Br/Cl in GH samples. For Figure 3 sample b), the anion 

concentrations were 93% SO4
2- and 7% Cl- ions, which coincided with the compounds 

found on peak deconvolution results for this profile: 47.5% Br/Cl/N and 27.8% S. An 

additional profile with this pattern is shown in Figure S2 (sample 5). Anions detected in 

these samples match the theorized compounds desorbed from the membrane.  

3.3 Piney Creek Reservoir, Maryland (MD) 

Mean RM concentration for samples taken from MD was 17 ± 2 pg m-3 for CEMs 

with a mean breakthrough of 14 ± 7%. For nylon membranes, RM concentrations were 6 

± 2 pg m-3 with breakthrough of 8 ± 3%. This site had the lowest total RM concentrations 

on membranes observed at the field sites. There were 2 common profiles at this location, 

exemplified by MD samples a) and b) in Figure 4 (and Figure S2 samples 6-7). All MD 

thermal desorption profiles had peaks in the N range, but the second common profile 

shape (sample b) had large proportions of organic Hg compounds in addition to N. All 

thermal desorption profiles are shown in the SI. 
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Sample a) of Figure 4 is characterized by a strong N peak (69.0% of peak) with S 

(19.2%) and Br/Cl (11.8%) compounds. Sample a) along with other profiles sharing this 

shape had high % breakthrough (12.4%) This suggests, similar to GH results, that RM 

compounds associated with N are passing through the membrane more than other 

compounds measured. Thus, nylon membranes did not capture nitrogen compounds with 

the same efficiency as other RM compounds. Trajectory points did not reside in defined 

source boxes. Piney Reservoir was influenced by air travelling across the continental 

United States as shown by the 10-day back-trajectories in Figure 4 a), with air masses 

originating from the west and southwest (More trajectories in Figure S5). There was a 

high density of trajectories, > 50% of total (red), over Pennsylvania, Ohio and West 

Virginia, areas with documented coal-burning activity that release SO2, NOx, chlorine 

and Hg (Castro and Sherwell, 2015; de Gouw et al., 2014; Pacyna et al., 2006; Pirrone et 

al., 2010; Yang et al., 2017). The influence of coal-burning near the area is reflected by 

the composition of the RM species on the membrane. The air flow pattern supports the 

hypothesis that coal-fired power plant emissions influenced RM chemistry at MD.  

Sample b) shown in Figure 4 is bimodal in shape, with organic-Hg compounds 

(54.2%) and N (14.8%), S (3.4%), and Br/Cl (27.6%). The samples with high organic-Hg 

were collected from May through July 2018. Biogenic compounds such as isoprene and 

nitrogen oxides were observed to be highest during the summer months in North America 

(Fuentes et al., 2000; Guenther et al., 2000). Back-trajectories for this sample show air 

flow from the southeast over the Atlantic Ocean, in a hurricane-shaped weather pattern. 

Many of these trajectories were within the calculated marine boundary layer (Figure 4 b). 

This air was marine influenced in addition to following a path land surface on the east 





90 

 

 

trajectory points in this period of sample a) was 4.08% for Northern Eurasian box, 1.13% 

for East Asian box, and 1.84% for San Francisco box. Greater than 25% of trajectory 

points within grids are shown to travel below the marine boundary layer over the East 

Asian source box (Figure 5 a). The trajectories for sample b) showed air passed over the 

Asian continent, Alaska, Canada, and the Pacific Ocean. A large percentage, 9.6%, of 

total trajectory points resided in the Northern Eurasia source box. 1.0% of points resided 

in the East Asia source box. A portion of trajectories resided beneath the boundary layer 

over East Asia, with a heightened density of trajectories (yellow: 5-25%). The peak 

deconvolution proportions were 27.7% O compounds, 30.5% Br/Cl, 39.3% N, and 2.5% 

organic RM. 92% of ions detected on a replicate field membrane from this deployment 

were SO4
2- and 8% were NO3

-. The presence on SO4
2- on the membrane does not 

correspond with peak deconvolution results, indicating that S compounds were either not 

participating in the oxidation of GEM or if they did, the compounds degraded as they 

traveled or on the membrane. Based on evidence provided by peak deconvolution and 

back-trajectories, the RM chemistry may have been influenced by long range transport 

from Asia. Long range transport of Hg from Eurasia and Asia has been observed in other 

studies for the Western United States (Pierce et al., 2018). In addition, elevated S was 

observed on IMPROVE network filters collected at Great Basin National Park associated 

with long range transport from Eurasia and elevated ozone events (Pierce et al., 2019; 

VanCuren and Gustin, 2015).  

The Utah State University dual channel system for oxidized Hg measurement 

overlapped in sampling with two UNR-RMAS 2.0 deployments from January 30, 2019 to 

February 27, 2019 (Figure 5). The mean RM concentrations from the dual channel 
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system were 15 and 19 pg m-3, lower than the CEM concentrations of the UNR-RMAS 

2.0 (27 and 29 pg m-3), but higher than the nylon concentrations (5 and 5 pg m-3). The 

thermal desorption profiles from these periods showed peaks at approximately 115°C 

(between the Br/Cl and N ranges) with secondary peaks at 135°C in the N range (Figure 

5). More data and discussion will be presented in a future publication (Lyman and Gratz, 

in prep). 

CEM concentrations for the campaign were significantly correlated positively 

with nylon membrane concentrations, O3, absolute humidity, total UV radiation, and 

temperature, and negatively with NOx and relative humidity. Nylon concentrations were 

significantly correlated positively with temperature, absolute humidity and O3, and 

negatively with NOx, relative humidity, and total UV radiation. This suggests that high 

O3, water vapor, and temperature are factors that increase RM concentrations. The Uintah 

Basin has strong winter inversions and complicated air chemistry. More detailed analyses 

of data are being conducted to determine sources and oxidants of GEM (Lyman et al., in 

prep).  

3.5 Rocky Flats North Station, Colorado (CO) 

Mean CEM concentrations were 40 ± 2 pg m-3 for the 5 two-week deployment 

periods at CO. Nylon membrane concentrations were 19 ± 1 pg m-3 on average. The 

mean breakthrough percentage for CEM was 11 ± 3% and 7 ± 1% for nylon membranes. 

There was no detectable trend between thermal desorption composition and breakthrough 

percentage for samples at CO. Thermal desorption profiles from this site indicated Br/Cl, 

N and S species, and the trend was consistent during the campaign. The largest 

proportion of the desorption peak in Figure 6 had N type compounds, at 67.3% with 
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Br/Cl at 26.5% of the profile. Back-trajectories calculated for this deployment (Figure 6) 

show air flowing from all directions with much of the air over the continental United 

States and the Pacific Ocean residing within the boundary layer. In addition, 2.4% of 

trajectory points resided within the East Asia source box, and 2.0% of points resided 

inside of the Los Angeles source box. This indicates that the air arriving at the CO site 

was likely influenced by anthropogenic pollution and Pacific Ocean influences. This is 

consistent with the Br/Cl and N RM compounds found on the membranes, and with the 

findings at UT and GH. An additional desorption profile is shown in Figure S2 and its 

corresponding back-trajectory is in Figure S7. 

The hourly data of the Utah State University dual channel system were averaged 

to match the two-week deployment of the RMAS system. The mean concentration in pg 

m-3 of RM measured by the UNR-RMAS 2.0 and by the dual channel system were 

similar for the 2 overlapping periods in July 2018: 24 ± 1 and 23 ± 37 pg m-3; 43 ± 2 and 

52 ± 48 pg m-3 respectively. More analyses and comparisons with the Utah State 

University dual channel system will be discussed in a future publication (Lyman and 

Gratz, in prep). 

4. Conclusions 

All sites had lower nylon membrane concentrations than the CEMs (Figure 1), 

except for GH during the summer of 2018. This is consistent with past experiments using 

the UNR-RMAS (Gustin et al., 2016; Huang et al., 2017; Miller et al.; Peterson et al., 

2009; Pierce et al., 2018).  This indicates that the CEM was more efficient at collecting 

total RM than nylon membranes, but the ratio of nylon membrane concentrations to CEM 

concentrations varied for different RM compounds collected, as evidenced by comparing 
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the ratios with corresponding thermal desorption profiles. Specifically, nylon membranes 

with Br/Cl generally had little breakthrough and membranes that contained N in the 

thermal desorption profiles had more breakthrough.  

Additionally, the UNR-RMAS 2.0 CEM RM concentrations were higher than 

Tekran® RM concentrations in all cases, except for two 2-week periods at MLO (Figure 

1). Tekran® data exhibited similar temporal trends as CEM measurements. (p = 0.04) but 

did not collect RM compounds as efficiently and this varied by location. This is 

consistent with past studies comparing CEM and Tekran® RM concentrations (Ambrose 

et al., 2013; Gustin et al., 2013; Huang et al., 2013). The presence of Br/Cl on the MLO 

membranes during the times where Tekran® concentrations were close to CEM 

concentrations agreed with studies indicating that the KCl-denuder collects halogenated 

Hg compounds more efficiently than other Hg compounds (Huang et al., 2013). At the 

GH and MD sites that had more diverse thermal desorption profiles, the temporal trends 

between Tekran® and membranes measurements did not clearly follow similar patterns 

and concentrations were low (< 6 pg m-3 on average for each deployment period). It is of 

note that RM concentrations are possibly underestimated at GH, as the 1135 unit was 

offline for the campaign at GH. Tekran® concentrations did not exhibit the same temporal 

patterns as the membranes possibly due to the lower efficiency of the KCl-denuder to 

collect S, N, and organic RM compounds collected at GH and MD. 

Percent breakthrough was the lowest at MLO of all the sites. Breakthrough at UT 

was highest. In order from lowest to highest, breakthrough for MLO was 5 ± 1% for 

CEM and 1.2 ±0.3 % for the nylon membranes < CO CEM: 11 ± 3%, Nylon: 7 ± 1% < 

GH 13 ± 1 and 7 ± 2% < MD 15 ± 7% and 8 ± 3 %< UT 19 ± 6% and 9 ± 4%. The MLO 



94 

 

 

membranes collected predominantly Br/Cl compounds. The primary compounds for CO 

and the GH were Br/Cl with N, S, and organic-Hg as small secondary peaks. MD had N 

in all profiles and high breakthrough %, and the most organic-Hg. and UT had the highest 

% breakthrough. 

Ion chromatography results agreed with the compounds determined based on thermal 

desorption profiles. The least common ion in the samples was Br-, which was only 

detected in 2 MLO samples and made up 1% of the total ions detected on those samples. 

It is possible that if there were bromine ions on the nylon membranes, they were not in 

the Br- form.  

Complex terrain and the air chemistry change that may occur over the ocean versus 

the land are all factors to consider in interpreting the RM chemistry of the UNR-RMAS 

2.0 membranes. The back-trajectories used in this analysis link location with 

hypothesized air chemistry influences on RM. The RM chemistries differ greatly from 

location to location as evidenced by the varying recovery efficiency of the membranes 

and the shapes of thermal desorption profiles. As noted, the exact compounds thermally 

desorbed from the nylon membranes are unknown. However, comparing thermal 

desorption behavior with that of pure standard compounds is a significant step forward in 

discerning the RM chemistry and characteristics as they are collected in the field. The 

membranes capture RM chemistry and its changes through time, and analyses of UNR-

RMAS 2.0 membranes and paired methods such as peak deconvolution, ion 

chromatography, back-trajectories, and air chemistry relationships each reveal important 

information to discovering the characteristics and sources of the RM chemistry at 

different locations around the world. 
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This work demonstrates that data from the UNR-RMAS 2.0 if deployed at past 

Tekran® 2537/1130/1135 sites a more quantitative assessment of GOM concentrations 

could be done (Gustin et al., 2019), a better understanding of GOM chemistry at each 

location would be possible, and old Tekran® RM data could be corrected.  
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Tables and Figures 

 

Table 1. Regression results and slope are shown for ancillary data and RM measurement 

correlations. Correlations are significant where p < 0.05 (bold). An r2 value > 0.6 is 

considered a good fit (bold). Definitions for abbreviations are as follows: Temp. = 

temperature, Precip. = precipitation, Rad. = solar radiation, UV rad. = ultra-violet 

radiation, RH = relative humidity, AH = absolute humidity. NA indicates no correlation. 

M
L

O
 

  Nylon RM CEM RM TEK RM 

  r2 p r slope r2 p r slope r2 p r slope 

CEM RM 0.55 0.00 0.74 0.88          

TEK RM 0.18 0.04 0.43 0.88 0.23 0.01 0.48 0.22     

O3  0.03 0.43 0.17 0.01 0.03 0.42 -0.17 -0.01 0.00 0.82 -0.05 -0.01 

SO2 0.48 0.00 NA 0.09 0.17 0.09 NA 0.05 0.00 0.87 NA 0.01 

Temp. 0.38 0.00 0.62 0.01 0.65 0.00 0.81 0.02 0.15 0.06 0.38 0.02 

Precip. 0.06 0.22 -0.25 -0.00 0.02 0.54 -0.12 -0.00 0.03 0.44 -0.16 -0.00 

RH 0.17 0.03 -0.42 -0.07 0.05 0.24 -0.23 -0.03 0.05 0.28 -0.23 -0.07 

CO2 0.22 0.03 NA 0.01 0.01 0.75 NA 0.00 0.00 0.86 NA 0.00 

CH4 0.15 0.07 NA -0.06 0.23 0.02 NA -0.07 0.05 0.32 NA -0.06 

N2O 0.01 0.70 NA -0.00 0.00 0.89 NA -0.00 0.06 0.32 NA -0.00 

AH 0.05 0.25 -0.23 0.00 0.00 0.74 0.07 0.00 0.00 0.77 NA 0.00 

G
H

 

  Nylon RM CEM RM TEK RM 

  r2 p r slope r2 p r slope r2 p r slope 

CEM RM 0.85 0.00 0.92 0.87          

TEK RM 0.66 0.00 0.81 0.36 0.49 0.00 0.70 0.23     

O3  0.63 0.00 0.79 0.25 0.65 0.00 0.81 0.27 0.36 0.01 0.60 1.16 

SO2 0.02 0.33 -0.16 -0.00 0.03 0.29 -0.17 -0.00 0.04 0.43 -0.21 -0.02 

Temp. 0.68 0.00 0.82 0.18 0.79 0.00 0.89 0.21 0.69 0.00 0.83 0.77 

Precip. 0.02 0.41 -0.13 -0.00 0.02 0.32 -0.16 -0.00 0.00 0.90 -0.03 -0.00 

RH 0.70 0.00 -0.84 -0.38 0.77 0.00 -0.88 -0.43 0.71 0.00 -0.84 -2.34 

CO 0.07 0.10 -0.26 -0.83 0.12 0.02 -0.35 -1.20 0.24 0.05 -0.49 -19.0 

NO2 0.17 0.01 -0.41 -0.07 0.28 0.00 -0.53 -0.09 0.14 0.15 -0.38 -0.46 

Rad. 0.50 0.00 0.71 1.59 0.68 0.00 0.82 1.97 0.62 0.00 0.79 11.5 

AH 0.13 0.02 0.35 0.00 0.21 0.00 0.45 0.00 0.06 0.37 0.24 0.00 

M
D

 

  Nylon RM CEM RM   

  r2 p r slope r2 p r slope     

CEM RM 0.67 0.00 0.82 0.28          

O3 0.04 0.44 0.20 0.00 0.09 0.22 0.30 0.00     

SO2 0.35 0.01 0.59 0.06 0.12 0.16 0.35 0.08     

Temp. 0.41 0.00 -0.64 -0.84 0.24 0.04 -0.49 -1.63     

Precip. 0.00 0.86 -0.04 -0.00 0.04 0.44 0.19 0.00     

RH 0.49 0.00 -0.70 -0.61 0.48 0.00 -0.69 -1.60     

NO2 0.41 0.00 0.64 0.09 0.22 0.05 0.47 0.17     

CO 0.30 0.02 0.54 0.00 0.13 0.14 0.36 0.00     

Rad. 0.03 0.50 -0.17 -1.36 0.00 0.82 -0.06 -0.49     

AH 0.45 0.00 -0.67 -0.00 0.30 0.02 -0.55 -0.00     

U
T

 

 Nylon RM CEM RM     

 r2 p r slope r2 p r slope     

CEM RM 0.67 0.00 0.82 0.61         

O3 0.27 0.01 0.52 0.26 0.18 0.03 0.43 0.06     

Temp. 0.59 0.00 0.77 0.46 0.70 0.00 0.84 0.66     

RH 0.22 0.01 -0.47 -0.87 0.27 0.01 -0.52 -1.24     

NOx 0.26 0.02 -0.51 -0.03 0.17 0.17 -0.31 -0.02     

UV Rad. 0.06 0.31 0.24 0.18 0.02 0.58 -0.14 -0.17     

AH 0.10 0.12 0.32 0.00 0.16 0.05 0.40 0.00     
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Figure 2. Thermal desorption profiles a) and b) show the two common profile shapes for 

nylon membranes collected at MLO. Peak deconvolution results for these profiles are 

shown in the table. The lines within thermal desorption profiles are deconvoluted peaks 

of RM compounds, where black = average curve, yellow = Br/Cl, mustard = Br/Cl/N, 

blue = O, grey = N, green = S, and purple = organic-Hg. Corresponding 10-day back-

trajectory point frequency distributions are shown at the bottom. Brown indicates grids 

where > 25% of trajectories in that grid were within the marine boundary layer.  
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Figure 3. Thermal desorption profiles a), b) and c) show the three common profile shapes 

for nylon membranes collected at GH Peak deconvolution results for these profiles are 

shown in the table. The lines within thermal desorption profiles are deconvoluted peaks 

of RM compounds, where black = average curve, yellow = Br/Cl, mustard = Br/Cl/N, 

blue = O, grey = N, green = S, and purple = organic-Hg. Corresponding 10-day back-

trajectory point frequency distributions are shown at the bottom. Brown indicates grids 

where > 25% of trajectories in that grid were within the marine boundary layer. Black 

boxes are source boxes. 
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Figure 4. Thermal desorption profiles a) and b) show the two common profile shapes for 

nylon membranes collected at MD. Peak deconvolution results for these profiles are 

shown in the table. The lines within thermal desorption profiles are deconvoluted peaks 

of RM compounds, where black = average curve, yellow = Br/Cl, mustard = Br/Cl/N, 

blue = O, grey = N, green = S, and purple = organic-Hg. Corresponding 10-day back-

trajectory point frequency distributions are shown at the bottom. Brown indicates grids 

where > 25% of trajectories in that grid were within the marine boundary layer.  
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Figure 5. Thermal desorption profiles a) and b) show the two common profile shapes for 

nylon membranes collected at UT. Peak deconvolution results for these profiles are 

shown in the table. The lines within thermal desorption profiles are deconvoluted peaks 

of RM compounds, where black = average curve, yellow = Br/Cl, mustard = Br/Cl/N, 

blue = O, grey = N, green = S, and purple = organic-Hg. Corresponding 10-day back-

trajectory point frequency distributions are shown at the bottom. Brown indicates grids 

where > 25% of trajectories in that grid were within the marine boundary layer. Black 

boxes are source boxes. 
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Figure 6. The above thermal desorption profile shows the common profile shape for 

nylon membranes collected at CO. Peak deconvolution results for these profiles are 

shown in the table. The lines within thermal desorption profiles are deconvoluted peaks 

of RM compounds, where black = average curve, yellow = Br/Cl, mustard = Br/Cl/N, 

blue = O, grey = N, green = S, and purple = organic-Hg. Corresponding 10-day back-

trajectory point frequency distributions are shown at the bottom. Brown indicates grids 

where > 25% of trajectories in that grid were within the marine boundary layer. Black 

boxes are source boxes. 
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This document contains Tables S1-S3 and Figures S1-S7, and an additional 21 pages of 

thermal desorption profiles (pages 17-37) 

 

Regression results were generated using the following R code used in R version 3.2.2 

(2015-08-14) MESS pack was installed. 

 
AncData <- read.csv("AncData.csv") 
head(AncData) 
scatter.smooth(x=AncData$y, y=AncData$x) 
cor(AncData$x,AncData$y) 
#format: lm([target variable]~[predictor variable], data=[data source]) 
linearMod <- lm(y~x, data=AncData)   
print(linearMod) 
summary(linearMod) 
 
Table S1. Source box parameters for trajectory residence time calculations. These source 

boxes were adapted for use from Pierce et al. 2018. 
Source Box Latitude Longitude Area (km2) Height (km) 

Northern Eurasia (NE) 78 to 45 30 to 180 28801728 10 

East Asia (EA) 45 to 20 100 to 150 12931786 10 

San Francisco, CA (SF) 39 to 37 -123 to -121 38971 1 

Los Angeles, CA (LA) 35 to 32.5 -120 to -117 77098 1 



http://dx.doi.org/10.7289/V57P8WBF
https://wrcc.dri.edu/cgi-bin/rawMAIN2.pl?nvunrc
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Table S3. Ion concentrations in parts per billion by volume (ppbv) of digestate from 

nylon membranes after blank correction. Boxes highlight instances where 2 nylon 

membranes of the same deployment were analyzed.  

Site Start Date End Date F- Cl- NO2- Br- NO3- SO42- PO43- 

GH 6-Nov-2018 13-Nov-2018 56.40 0.00 64.50 0.00 0.00 470.24 0.00 

GH 13-Nov-2018 20-Nov-2018 5.89 473.77 270.97 5.45 1250.11 614.48 151.76 

GH 20-Nov-2018 27-Nov-2018 60.62 0.00 23.19 0.00 15.39 689.68 0.00 

GH 27-Nov-2018 4-Dec-2018 0.00 28.81 0.00 0.00 0.00 409.22 0.00 

GH 4-Dec-2018 11-Dec-2018 0.00 490.58 0.00 0.00 752.48 1205.56 0.00 

GH 11-Dec-2018 18-Dec-2018 4.89 275.10 10.52 0.00 290.70 962.18 0.00 

GH 4-Dec-2018 11-Dec-2018 1.95 83.28 0.00 0.00 25.39 643.74 0.00 

GH 24-Dec-2018 1-Jan-2019 3.80 211.70 10.74 0.00 207.72 751.64 0.00 

GH 1-Jan-2019 8-Jan-2019 6.11 934.57 0.00 7.38 478.10 1195.56 0.00 

GH 8-Jan-2019 15-Jan-2019 5.77 511.13 34.30 6.02 397.69 1141.17 0.00 

GH 15-Jan-2019 22-Jan-2019 45.49 300.03 0.00 0.00 0.00 473.79 0.00 

GH 22-Jan-2019 29-Jan-2019 8.10 360.62 31.30 1.09 769.58 1283.39 0.00 

GH 5-Feb-2019 12-Feb-2019 4.16 2352.69 94.30 7.79 864.11 1249.74 0.00 

GH 29-Jan-2019 5-Feb-2019 5.10 740.06 29.61 0.00 920.14 448.04 121.50 

GH 12-Feb-2019 19-Feb-2019 43.67 372.25 0.00 0.00 0.00 557.90 0.00 

          

HI 24-Sep-2018 8-Oct-2019 0.00 0.00 0.00 7.12 0.00 1118.24 0.00 

HI 8-Oct-2018 22-Oct-2018 50.76 0.00 0.00 0.00 0.00 288.25 0.00 

HI 22-Oct-2018 5-Nov-2018 49.26 0.00 0.00 0.00 0.00 304.56 0.00 

HI 5-Nov-2018 19-Nov-2018 32.17 325.64 0.00 0.00 179.01 431.49 187.35 

HI 19-Nov-2018 3-Dec-2018 0.00 0.00 0.00 0.00 0.00 739.96 0.00 

HI 3-Dec-2018 17-Dec-2018 1.00 83.91 0.00 4.80 0.00 512.92 0.00 

HI 17-Dec-2018 7-Jan-2019 3.25 235.63 0.00 0.00 0.00 697.38 0.00 

HI 7-Jan-2019 23-Jan-2019 1.29 797.88 0.00 0.00 312.39 141.66 0.00 

HI 7-Jan-2019 23-Jan-2019 2.13 93.45 0.00 0.00 0.00 914.79 0.00 

          

UT 14-Sep-2018 28-Sep-2018 0.00 54.35 0.00 5.91 715.42 1944.60 0.00 

UT 28-Sep-2018 12-Oct-2018 7.33 0.00 0.00 0.00 0.00 711.30 0.00 

UT 12-Oct-2018 26-Oct-2018 0.00 0.00 0.00 0.00 0.00 836.40 0.00 

UT 26-Oct-2018 9-Nov-2018 5.51 0.00 0.00 0.62 92.64 1124.58 0.00 

UT 9-Nov-2018 21-Nov-2018 77.03 193.39 0.00 1.64 1656.53 2251.91 0.00 

UT 21-Nov-2018 5-Dec-2018 0.00 348.31 20.50 0.00 892.97 0.00 34.66 

UT 21-Nov-2018 5-Dec-2018 0.00 0.00 0.00 0.17 466.48 1154.35 0.00 

UT 5-Dec-2018 17-Dec-2018 0.00 512.17 51.99 0.60 6759.54 0.00 158.22 

UT 5-Dec-2018 17-Dec-2018 0.00 122.47 0.00 2.41 4810.50 2242.84 0.00 

UT 19-Dec-2018 2-Jan-2019 0.00 0.00 0.00 0.00 395.50 1461.47 0.00 
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Figure S1: MLO criteria air pollutants and RM measurements during and after the 

volcanic eruption began May 5, 2018. SO2 and the CEM measurements have a slight 

increase in June 2018. The grey bar represents the start of the volcanic eruption on May 

4th, 2018. GEM concentrations were divided by 2 to allow for comparison of trends. 
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Figure S2: The above thermal desorption profiles are examples of the common profile 

types seen at each field site in addition to the profiles in Figures 2-6. Details are in the 

table. The deconvoluted peaks are shown and labelled as follows: black = average curve, 

yellow = Br/Cl, mustard = Br/Cl/N, blue = O, grey = N, green = S, and purple = organic-

Hg.



111 

 

 

 

 
Figure S3: The above 10-day back trajectories points for MLO are displayed as points 

across time for samples with thermal desorption profiles that were deconvoluted (Figure 

2, Figure S2 samples 1-2). The dates are the collection dates of samples and the end date 

for the trajectories. The colors represent altitude, where warm colors are low altitude and 

cool colors are high altitude (See legend). Black boxes represent source boxes (table 1 for 

dimensions). Black stars are marked field site locations. 
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Figure S3 (cont.): The above 10-day back trajectories points for MLO are displayed as 

points across time for samples with thermal desorption profiles that were deconvoluted 

(Figure 2, Figure S2 samples 1-2). The dates are the collection dates of samples and the 

end date for the trajectories. The colors represent altitude, where warm colors are low 

altitude and cool colors are high altitude (See legend). Black boxes represent source 

boxes (table 1 for dimensions). Black stars are marked field site locations. 
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Figure S4: The above 10-day back trajectories points for GH are displayed as points 

across time for samples with thermal desorption profiles that were deconvoluted (Figure 

3, Figure S2 samples 3-5). The dates are the collection dates of samples and the end date 

for the trajectories. The colors represent altitude, where warm colors are low altitude and 

cool colors are high altitude (See legend). Black boxes represent source boxes (table 1 for 

dimensions). Black stars are marked field site locations. 
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Figure S4 (cont.): The above 10-day back trajectories points for GH are displayed as 

points across time for samples with thermal desorption profiles that were deconvoluted 

(Figure 3, Figure S2 samples 3-5). The dates are the collection dates of samples and the 

end date for the trajectories. The colors represent altitude, where warm colors are low 

altitude and cool colors are high altitude (See legend). Black boxes represent source 

boxes (table 1 for dimensions). Black stars are marked field site locations. 
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Figure S4 (cont.): The above 10-day back trajectories points for GH are displayed as 

points across time for samples with thermal desorption profiles that were deconvoluted 

(Figure 3, Figure S2 samples 3-5). The dates are the collection dates of samples and the 

end date for the trajectories. The colors represent altitude, where warm colors are low 

altitude and cool colors are high altitude (See legend). Black boxes represent source 

boxes (table 1 for dimensions). Black stars are marked field site locations. 
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Figure S5: The above 10-day back trajectories points for MD are displayed as points 

across time for samples with thermal desorption profiles that were deconvoluted (Figure 

4, Figure S2 samples 6-7). The dates are the collection dates of samples and the end date 

for the trajectories. The colors represent altitude, where warm colors are low altitude and 

cool colors are high altitude (See legend). Black boxes represent source boxes (table 1 for 

dimensions). Black stars are marked field site locations. 
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Figure S5 (cont.): The above 10-day back trajectories points for MD are displayed as 

points across time for samples with thermal desorption profiles that were deconvoluted 

(Figure 4, Figure S2 samples 6-7). The dates are the collection dates of samples and the 

end date for the trajectories. The colors represent altitude, where warm colors are low 

altitude and cool colors are high altitude (See legend). Black boxes represent source 

boxes (table 1 for dimensions). Black stars are marked field site locations. 
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Figure S6: The above 10-day back trajectories points for UT are displayed as points 

across time for samples with thermal desorption profiles that were deconvoluted (Figure 

5, Figure S2 samples 8-9). The dates are the collection dates of samples and the end date 

for the trajectories. The colors represent altitude, where warm colors are low altitude and 

cool colors are high altitude (See legend). Black boxes represent source boxes (table 1 for 

dimensions). Black stars are marked field site locations. 
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Figure S6 (cont.): The above 10-day back trajectories points for UT are displayed as 

points across time for samples with thermal desorption profiles that were deconvoluted 

(Figure 5, Figure S2 samples 8-9). The dates are the collection dates of samples and the 

end date for the trajectories. The colors represent altitude, where warm colors are low 

altitude and cool colors are high altitude (See legend). Black boxes represent source 

boxes (table 1 for dimensions). Black stars are marked field site locations. 
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Figure S7: The above 10-day back trajectories points for CO are displayed as points 

across time for samples with thermal desorption profiles that were deconvoluted (Figure 

6, Figure S2 sample 10). The dates are the collection dates of samples and the end date 

for the trajectories. The colors represent altitude, where warm colors are low altitude and 

cool colors are high altitude (See legend). Black boxes represent source boxes (table 1 for 

dimensions). Black stars are marked field site locations.



121 

 

 
 

MLO Thermal desorption profiles (page 1 of 5). Shape symbols (square, triangle, 

diamond) are used for each replicate. 
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MLO Thermal desorption profiles (page 2 of 5). Shape symbols (square, triangle, 

diamond) are used for each replicate. 
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MLO Thermal desorption profiles (page 3 of 5). Shape symbols (square, triangle, 

diamond) are used for each replicate. 
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MLO Thermal desorption profiles (page 4 of 5). Shape symbols (square, triangle, 

diamond) are used for each replicate. 
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MLO Thermal desorption profiles (page 5 of 5). Shape symbols (square, triangle, 

diamond) are used for each replicate. 
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GH Thermal desorption profiles (page 1 of 7). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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GH Thermal desorption profiles (page 2 of 7). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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GH Thermal desorption profiles (page 3 of 7). Shape symbols (square, triangle, diamond) 

are used for each replicate. 

 
 

 

 

 

 

 

 



129 

 

 
 

GH Thermal desorption profiles (page 4 of 7). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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GH Thermal desorption profiles (page 5 of 7). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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GH Thermal desorption profiles (page 6 of 7). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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GH Thermal desorption profiles (page 7 of 7). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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MD Thermal desorption profiles (page 1 of 3). Shape symbols (square, triangle, 

diamond) are used for each replicate. 
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MD Thermal desorption profiles (page 2 of 3). Shape symbols (square, triangle, 

diamond) are used for each replicate. 
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MD Thermal desorption profiles (page 3 of 3). Shape symbols (square, triangle, 

diamond) are used for each replicate. 
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UT Thermal desorption profiles (page 1 of 5). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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UT Thermal desorption profiles (page 2 of 5). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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UT Thermal desorption profiles (page 3 of 5). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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UT Thermal desorption profiles (page 4 of 5). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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UT Thermal desorption profiles (page 5 of 5). Shape symbols are different for replicates. 
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CO Thermal desorption profiles (page 1 of 1). Shape symbols (square, triangle, diamond) 

are used for each replicate. 
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Chapter 4: Summary, Conclusions, and Recommendations 

The UNR-RMAS 2.0 succeeded in answering some of our research questions and 

opened the door to more questions about the Hg cycle. The UNR-RMAS 2.0 experiments 

resulted in two thesis chapters, the first of which has been published in Atmospheric 

Environment and the second in preparation for submission to Science of the Total 

Environment. The UNR-RMAS 2.0 will also be featured in future publications by UNR 

Hg researchers and others in the Hg community. 

 Research questions that have been addressed in these two chapters are as follows: 

Did the UNR-RMAS 2.0 perform better than the UNR-RMAS? Can the UNR-RMAS 2.0 

collect RM that reflects the atmospheric chemistry experienced by field sites at different 

locations? 

Extensive lab and field testing was conducted to address the first question. The 

performance of the UNR-RMAS system of 2015 to 2016 was compared to the 

performance of the optimized UNR-RMAS 2.0 system in 2018 to 2019. Replication 

between samples improved, as observed by comparing standard deviations of three 

replicate sample RM concentrations for each membrane type across the RMAS versions. 

The standard deviation was significantly lower for both CEM and nylon membrane 

concentrations after UNR-RMAS 2.0 improvements. This occurred for both analytical 

methods: total RM analysis by digestion and CVAFS for CEM, and RM speciation by 

thermal desorption for nylon membranes. The sampling period resolution was reduced 

from 2 weeks to 1 week. Thermal desorption methods were optimized by calibrating 

temperature and increasing measurement resolution. The membranes collected more RM 





144 

 

 
 

Asia, and this was consistent with previous studies. The RM chemistry observed at MLO 

was dominantly Br and Cl RM compounds. This is likely because the available oxidants 

at the site are ocean impacted and influenced by the free troposphere, as demonstrated by 

back trajectory analyses. The air parcels moved to MLO within and above the marine 

boundary layer. Several deployments were impacted by the volcanic eruption of Kilauea 

May to August 2018. At MD the ancillary data were unavailable so could not be 

compared with the RM chemistry, but the thermal desorption profiles had strong peaks in 

the organic and S RM temperature ranges The back trajectories for air movement to MD 

showed diverse sources and notable influence was from air beneath the boundary layer 

over coal-burning states: Pennsylvania, Ohio, and West Virginia. The presence of S RM 

compounds matches with coal burning emissions. The UT site back trajectories showed 

evidence of long-range transport from Asia and across the Pacific Ocean and North 

America to the site. This is consistent with the Br/Cl, N and S compounds that were 

found on the membranes. Ion chromatography of samples from the field sites match with 

theorized RM compounds and regional air chemistry. 

The field results for each site are unique, demonstrating differences in chemistry 

of each site. The TD profile shapes are not perfectly understood, but the methods used are 

an important step for documenting and understanding RM chemistry. Further 

methodology is required to identify exact GOM and PBM chemical structures. Seth 

Lyman at Utah State University has been developing a method for gas chromatograph 

mass spectrometry (GC/MS) characterization of pure GOM compounds. Currently there 

are some challenges to overcome, as Hg is such a difficult and contamination-prone 

element to work with. Alexei Khalizov at the New Jersey Institute of Technology spoke 
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far include other polyethersulfone-based, polycarbonate, and polypropylene membranes. 

There was mixed success associated with RM collection on these materials, and a main 

problem was the inability to withstand heating up to 200 °C during thermal desorption 

analysis. The nylon membrane was the only tested material that was not destroyed during 

heating.  

Flow rates are also being tested. A higher flow rate through the membrane may 

allow for a faster rate of RM uptake, and thus decrease the amount of time that 

membranes need to be deployed in order to collect quantifiable RM concentrations. 

However, too high of a flow rate could, in theory, alter or remove RM on the membrane. 

The UNR-RMAS 2.0 system deployed in Nanjing, China by Lei Zhang is operating 

under 2 Lpm conditions, compared to 1 Lpm at other field sites. An optimized flow rate 

will be found when more insight about the RM chemistry on the membrane is realized. 

Similar to increased flow, increased collection surface area was hypothesized to increase 

RM collection. Preliminary tests by the Gustin group indicate that increasing the 

membrane from 47 to 90 mm diameter made no significant difference in RM collection 

rates. The 47 mm membranes used by the UNR-RMAS 2.0 efficiently collect RM at this 

size, and increased material cost is avoidable.  

Future work should include testing of more membrane materials for RM 

collection, developing an understanding of the potential for reactions occurring on the 

membrane during collection and storage, and the identification of RM compounds at the 

molecular level. This will take likely a decade and collaboration of many scientists to 
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accomplish these goals. The advances made so far were extremely important for 

developing the next generation of RM sampling and analysis technologies. 
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