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Abstract 

 

Mercury is a potent toxicant whose concentration in the environment has increased markedly due 

to human activity. However, major uncertainties exist on sources and sinks of mercury, including 

those associated with mineral dust, with the Sahara Desert being the largest aeolian dust source 

in the world. To characterize mercury associated with Saharan dust export to the North Atlantic 

Ocean, aeolian dust (>2.2 µm in size) and surface soil samples were collected from the Canary 

Islands and Cabo Verde, ~400 and 800 km off the west coast of Africa respectively. The sources 

of the dust samples were determined by back-trajectory analysis, and mercury content was 

characterized via direct mercury analysis. Mercury concentrations differed significantly (p < 

0.05) between Atlantic-origin dust and Saharan-origin dust. Atlantic-origin dust, defined as dust 

with a back trajectory which is predominantly (>70%) over the Atlantic Ocean, had a mean 

mercury concentration of 29.8±31.3 ng/g (w/w, or weight of mercury per dry weight of dust), or 

1.40±1.34 pg/m3 (w/v, or weight of mercury per volume of air); this result is in the lower end of 

the data reported for other remote coastal locations on a w/v basis, but lower than any on a w/w 

basis. Saharan-origin dust, defined as dust with a back trajectory predominantly (>70%) over the 

Sahara Desert, had a higher mean mercury concentration of 72.8±7.43 ng/g, or 4.64±2.15 pg/m3. 

Concentrations of mercury in dust samples were found to increase as back trajectory path lengths 

passed over a larger extent of the western African land surface relative to the Atlantic Ocean 

water surface. Finally, particulate-bound mercury (PBM) concentrations measured at Cabo 

Verde were used to estimate the flux of particulate mercury to major dust-impacted regions of 

the Atlantic Ocean, an area comprising 21.3 million km2. The PBM flux to this region is 

estimated at 6.5±2.2 t/y if all dust originates from the Sahara, or 3.6±1.6 t/y if the dust is of 

mixed Saharan and Atlantic origins. These numbers represent only ~1% to 3% of the total 

mercury deposition flux to the region estimated by current global mercury models. Surface soil 

mercury concentrations measured in the Canary Islands further support minimal mercury inputs 

from Saharan dust. Our study thus suggests the current models may have considerably 

overestimated Saharan dust contribution to mercury deposition. Further work, including more 

sampling events in different seasons, is recommended to refine mercury deposition in the region 

to better constrain global models and account for particulate-bound mercury deposition 

associated with Saharan dust, and mineral dust more generally.  
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Chapter 1 : Introduction 

 

 

Mercury is one of the World Health Organization's 10 chemicals of major public health concern 

(World Health Organization, 2019) due to its adverse effects on the ecosystem and human health. 

A rare metallic element, mercury can be broadly categorized into three forms: elemental, 

inorganic, and organic. Elemental mercury is uncharged, found as both liquid and gas under 

standard conditions, and ubiquitous at low concentrations in the atmosphere. While liquid 

mercury is largely unreactive and presents little potential for human harm, gaseous elemental 

mercury is neurotoxic and readily travels long distances in the atmosphere, allowing for broad 

environmental distribution. Inorganic mercury is charged, reactive, toxic, and the dominant form 

in most sediments and natural waters (Siddiqi 2018). Organic mercury is less prevalent than 

elemental or inorganic mercury but causes serious toxicity in humans. Monomethylmercury, the 

most toxicologically important organic mercury species, is associated with neurological (Karagas 

et al. 2012) and cardiovascular damage (Roman et al. 2011). Methylated mercury species are 

generated in aquatic environments (Streets et al. 2019) and subsequently taken up by biota. In the 

biosphere, monomethylmercury is bioaccumulative (reaches concentrations in organisms higher 

than concentrations in the environment) and undergoes biomagnification (increases 

concentration in tissues in successively higher levels of the food chain). Human exposure occurs 

primarily when contaminated biota are consumed. Minimata disease, caused by 

monomethylmercury poisoning, claimed nearly 1800 lives and poisoned over 2000 people in 

Japan (Ministry of the Environment, Government of Japan 2021). Given its potential toxicity 

when introduced to aquatic systems, it is crucial that mercury sources and transport mechanisms 

to water bodies are identified and quantified. 

Topsoils contain one of the largest mercury reservoir worldwide, comprising an estimated 

150 kt (kilotonnes) in the actively recycling upper 10 cm, with 800 kt in subsurface mineral soils 

(Outridge et al. 2018). The mobilization of these soils into the atmosphere may result in 

substantial mercury transport to distant environmental compartments. Deposition from the 

atmosphere to the ocean, including the dry deposition of solid material such as soil and dust, is 

the largest vector for mercury input to marine surface waters (Outridge et al. 2018, Mason et al. 

2012). Global mercury deposition to the oceans is estimated at 3.83 kt/y, with 0.73 kt/y of this 
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flux being natural in origin, and 3.1 kt/y anthropogenic (Outridge et al. 2018). Regional fluxes 

have also been estimated, including a recent study in the tropical and temperate Atlantic Ocean 

(from >50°W to 17.5°W and 0°N to 40°N) that found particulate-bound mercury deposition 

ranging from 0.8 to 2.0 µg/m2/y (Mason et al. 2017) depending on the region. However, the 

sources of particulate mercury are not well constrained, and sampling over the open ocean is 

limited in both time and geographic extent. Thus, the role of mineral dust in oceanic mercury 

deposition remains elusive. 

The role of dust in the deposition of other elements to the oceans is already heavily 

studied. Papers have investigated the distribution of dust-bound nutrients such as manganese 

(Spokes and Jickells, 1995) and, prominently, iron (e.g., Boyd et al. 2010), which has broad 

impacts on ecosystems worldwide (Mahowald et al. 2005). While the Sahara is known to export 

nutrients, no studies have characterized mercury transported by Saharan dust. Given that the 

Sahara is the largest source of aeolian dust in the world, with an average estimated output of 800 

million tons per year (Jury, 2018), even low mercury concentrations may represent a regionally 

or hemispherically important source. 

 

 

1.1 Objective and organization of the thesis 

 

The objective of this study is to determine the role of Saharan dust in transporting mercury to the 

North Atlantic Ocean. 

This thesis is organized into five chapters. Chapter 1, the Introduction, details the 

objective and background information on mercury, the Sahara Desert, and weather patterns that 

drive dust transport. Chapter 2, Materials and Methods, focuses on methodology, and is 

organized into separate sections for aeolian and surface sampling. Information on the selection of 

study sites, campaign planning, sampling methodology, data treatment, and analysis 

methodology are detailed. Chapter 3, Results, describes the results obtained with data analysis, 

while using previous literature to establish context. Chapter 4, Discussion, interprets the results 

in the context of chemical and physical processes and elaborates on important findings. Chapter 

5, Conclusions and Future Directions, ends this thesis with a summary of main findings, lessons 

learnt, and directions for future research.  
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1.2 Environmental Chemistry of Mercury 

 

1.2.1 Chemical Characteristics of Mercury 

 

To understand mercury’s behavior in the environment, one must understand its chemical 

properties. Selected attributes are presented in Table 1.1, with an eye to those that influence 

bonding and phase properties. 

 

Table 1.1: Chemical properties of mercury 

Property  Property  

Elemental Symbol Hg Occurrence primordial 

Atomic Number 80 Standard atomic 

weight 

200.592(3) 

Period 6 Electron 

Configuration 

[Xe]4f145d106s2 

Group 12 Atomic radius 1.51 angstrom 

Block d Covalent radius 1.32±.05 angstrom 

Oxidation states -2, +1, +2 Van der Waals radius 1.55 angstrom 

Electronegativity Pauling: 2.00 Heat of Fusion 2.29 kJ/mol 

Melting point 234.3210 K Heat of Vaporization 59.11 kJ/mol 

Vapor Pressure (std) 0.00243 atm Molar Heat capacity 27.893 J/(mol*K) 

 

Mercury’s role in environmental chemical reactions is chiefly mediated by its electronic 

configuration, wherein the two 6s electrons are most available for interaction. This is typical for 

a late d-block metal, wherein the d and f blocks are filled, increasing their stability due to spin 

pairing and shell-filling interactions. Thus, the 6d and 6f orbitals contract closer to the nucleus, 

leaving the 6s electrons as the highest energy, least stable, and farthest from the nuclear core. 

Two weakly-bound 6s electrons ensure that +2 is mercury’s dominant oxidation state. Being a 

period 6 heavy element, mercury’s many electrons contribute to its physical size; this large, 

polarizable electron cloud makes mercury a ‘soft’ element. As a general rule, soft anions prefer 

to associate with soft cations, and this is the case with mercury and its association with sulfur. In 

a ‘soft’ atom, the energy change resulting from adding or removing electrons is small – thus little 

energy is required to alter the electron cloud, much like little energy is required to deform a soft 

macroscopic material (Parr and Pearson, 1983). In the case of two soft species such as mercury 
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and sulfur, we see a modest energy reduction due to electron transfer, one which is easily 

overcome by the stabilization of bond formation – this gives the soft-soft bond its characteristic 

covalent character. Mercury’s preference for sulfur in the environment is a function of the soft 

preferring soft principle – their similarly low hardness values promote covalent bond formation 

in dominant HgS minerals. 

 

Phase and vapor pressure 

 

Mercury is unique among metals for its liquid state at room temperature (melting point: 234 K or 

-39.2°C) and relatively high vapor pressure. Mercury’s liquid state under standard conditions is 

not predicted unless relativistic effects are accounted for; models have found that mercury’s 

melting point is depressed by approximately 160 K due to a relativistic contraction of the 6s 

orbital (Steenberger et al. 2017, Pyykkö 1988, 2012). Relativistic contraction occurs because the 

electrons near the nucleus are in very rapid motion, approaching some fraction of the speed of 

light. As their velocity increases, the relative mass of the electrons increases and the radius of the 

orbitals decreases such that angular momentum can be conserved. The decrease in orbital radius 

most strongly affects s orbitals, because even high energy s orbitals have a sizeable portion of 

their probability density near the nucleus. As the 6s orbital contains mercury’s valence electrons, 

their lowered energy results in decreased bond enthalpy, allowing entropic considerations to 

overcome interatomic attraction between Hg atoms under standard conditions. 

 

 

1.2.2 Natural Sources of Mercury in the Environment 

 

Geological sources of mercury 

 

Mercury is a very rare trace metal in the earth’s crust and mantle, with estimates of crustal 

abundance varying between 3 and 30 ng/g (Canil et al. 2014). Crustal mercury is not distributed 

evenly, instead being concentrated in 26 known deposits called mineral belts (Rytuba, 2003). 

Mercury occurrence in the crust is not random, but correlated with  sulfur and copper. Processes 

that involve sulfide (Larocque and Canil, 2010) control the movement of mercury. Even where 
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other common phases have been separated out via metamorphic processes, mercury remains in 

association with sulfur, due to the stability of the soft-soft covalent character bonds (see Section 

1.2.1). Despite this overwhelming preference for sulfur, mercury deposits have varying qualities 

which depend on their chemistry and geological history. 

 

Mercury deposit characteristics 

 

There are three types of mercury deposit: Almaden, hot spring, and silica-carbonate. Almaden-

type deposits occur chiefly in the Almaden region of Spain, which is responsible for over a third 

of the world’s net mercury production (Saupé, 1990). These deposits are localized in quartzite 

(Hernandez et al. 1985), a metamorphic rock formed when sandstone is exposed to extreme heat 

and pressure from submarine centers rich in magnesium and iron. This heat and pressure fuses 

quartz grains together, resulting in a hard, dense material containing the mercury deposits. Hot 

spring-type deposits form near the surface (Cox and Singer 1986), where meteoric water feeds 

hydrothermal systems associated with volcanic centers that are relatively enriched in light 

elements such as silicon, magnesium, oxygen, aluminum, sodium, and potassium. The 

hydrothermal systems, many of which are geologically young, are associated with thermal fluids 

bearing mercury. Finally, silica-carbonate type deposits are associated with serpentinite, a rock 

composed of multiple serpentine minerals. These minerals are rich in water and magnesium, and 

form when ultramafic rocks (<45% silica-content igneous rocks) are hydrated in a process called 

serpentinization. The resulting serpentinite is commonly emplaced along a fault line; here, its 

relative impermeability serves to localize carbon dioxide-enriched fluids (Rytuba 2003). These 

fluids subsequently alter the serpentinite into an assortment of silicate and carbonate minerals, 

while simultaneously entrapping mercury associated with the fluid (Rytuba 2003). 

 

Mercury-bearing minerals and mercury in coal 

 

In total there are 88 recognized minerals in which mercury is an essential component (Mindat, 

2021), of which 47 are sulfides, sulfosalts, or sulfates. These sulfur-bearing mineral families 

contain sulfur as sulfide anion (S2-) in sulfides and sulfosalts, or as sulfate (SO4
2-) in sulfates. 

Sulfosalts feature a complex AmBnCp formula, wherein A is a metal, B is typically a semimetal, 
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and C is sulfide. In addition to sulfur minerals, attention must also be given to mercury in coal, 

whose combustion is a major source of anthropogenic mercury. Although mercury is not 

abundant in coal, with a mean concentration of 100 ng/g (Yudovich et al. 2005), coal is 

economically important as a cheap and plentiful fuel. The scale of consumption is so vast that 

coal combustion accounts for the release of 37.8 kt of mercury through 2010 (Streets et al. 2017). 

Worldwide, artisanal gold mining is the only anthropogenic source of mercury with a larger 

footprint (UNEP Mercury Assessment 2013).  

 

 

1.2.3 Anthropogenic Contribution to Mercury in the Environment 

 

Human influence has dramatically altered the mercury content of the surface environment. The 

total, cumulative anthropogenic mercury release as of 2010 is estimated at 1540 kt/y, with a 

relatively stable annual release of 8±2 kt/y since 1880 (Streets et al. 2017). This large-scale 

output resulted in an approximate 450% increase in ambient atmospheric mercury (Outridge et 

al. 2018), with concurrent increases in marine surface water concentrations (230%), and smaller 

increases in deep waters (12–25%) and surface organic soils (15%). Worldwide as of 2010, the 

largest cumulative anthropogenic mercury contribution is mercury production itself, releasing 

413 kt, followed by silver production (365 kt), chemical manufacturing (179 kt), and large-scale 

gold production (135 kt) (Streets et al. 2017).  

The pattern of anthropogenic mercury release has changed dramatically across history. Of 

the 1540 kt anthropogenic mercury contribution, the majority has been released within the last 

200 years, comprising an estimated 1120 kt between 1850 and 2010. This is believed to be 78 

times the geogenic emissions over that interval (Streets et al. 2017). Of the remaining 420 kt, a 

prominent burden is ascribed to historic silver extraction in Colonial New Spain, with smaller 

contributions from earlier periods. Since 1850, mercury release has been dominated by North 

America (30%), followed by Europe (27%), and Asia (16%) (Streets et al. 2017). This pattern of 

release has resulted in higher mercury release from the global north as compared to the south. 

Post-1990, Asia’s share of mercury release has increased due to rapid industrial development. 

Mercury has a long tradition of use in artisanal gold and silver mining. Mercury forms 

amalgams with many noble metals, allowing small traces of metal to be drawn out of ore quickly 
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and at low cost. Heating the amalgam boils the mercury off; this isolates the precious metal but 

releases mercury to the atmosphere. Additionally, during gold refining, cyanide can be used to 

dissolve mercury-gold amalgams, allowing the direct introduction of mercury-cyanide 

complexes to streams and rivers. These technologies are still used for gold mining today in at 

least 70 countries worldwide. Regionally, the largest release of mercury to the atmosphere 

originates in east and southeast Asia, comprising 39.7% of the total with a mean estimate of 777 

t/y as of 2010 (AMAP/UNEP 2013). 

 

 

1.2.4 Atmospheric Mercury 

 

Atmospheric mercury concentrations 

 

Mercury in the atmosphere is highly mobile and subject to transfer between environmental 

compartments. Estimates place total yearly emissions to the atmosphere between 5500 and 8900 

tons of mercury (Mason et al. 2012, AMAP/UNEP 2013). These emissions can be divided into 

three sources: natural, anthropogenic, and re-emission. Natural sources are geogenic in origin 

and release between 80 and 600 tons of mercury to the atmosphere per year (Mason et al. 2012, 

AMAP/UNEP 2013). Anthropogenic sources release an estimated 2000 tons per year (Mason et 

al. 2012, AMAP/UNEP 2013). Re-emission is the cycling of mercury previously released to the 

atmosphere from natural and anthropogenic sources, including mercury released from soil and 

vegetation, biomass burning, and evasion from the oceans. Re-emission is the largest source of 

mercury to the atmosphere, at between 4000 and 6350 tons per year (Mason et al. 2012, 

AMAP/UNEP 2013). 

Total gaseous mercury (TGM) can be divided into three primary forms. The most 

prevalent form of atmospheric mercury is gaseous elemental mercury (GEM), with 

concentrations varying from 0.1 to 106 ng/m3, encompassing large site-specific variations (Mao 

et al. 2016). Often there is no measurable difference between TGM and GEM concentrations 

because other forms are of negligible importance (Mao et al. 2016). The second form is gaseous 

oxidized mercury (GOM), in which mercury is predominantly present as the oxidized form, 

Hg(II). GOM is poorly defined, but includes a collection of different atmospheric species that are 
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either produced from the oxidation of GEM or released directly to the atmosphere via natural or 

anthropogenic processes. There are several oxidants in the troposphere thought to react with 

GEM to form GOM, including the hydroxyl radical (OH), ozone (O3), atomic bromine (Br), 

atomic chlorine (Cl), bromine monoxide (BrO), and hydrogen peroxide (H2O2), which yield 

reactive mercury halides and oxides (Ariya et al. 2015). Because these oxidants are chemically 

distinct and produced via different pathways, the ratios of GEM to GOM vary by location and 

prevailing conditions (e.g., Griggs et al 2020, Ye et al. 2016, Lan et al. 2012). 

The final form of atmospheric mercury is particulate bound mercury (PBM). This is an 

operationally defined term, comprising the fraction of mercury of any speciation associated with 

particulates. Particulate in this context consists of any small, separate particles, including 

materials such as soot and dust. PBM as used in this thesis thus includes mercury either sorbed or 

intrinsic to desert dust released from the Sahara. GOM and PBM concentrations are empirically 

related through Kp, an empirical partitioning coefficient, in the following equation (Amos et al. 

2012): 

 

𝐾𝑃 =
𝑃𝐵𝑀

𝑇𝑃𝑀⁄

𝐺𝑂𝑀
(1) 

 

Here, TPM is total particulate matter. Kp is not constant, but rather a function of temperature and 

particle composition. Kp is also influenced by a wide range of environmental factors including 

relative humidity, wind speed, particle geometry, competing reactions, and concentrations of 

oxidants. Due to the complexity of these factors, estimates of Kp range over 4 orders of 

magnitude (Rutter and Schauer 2007, Amos et al. 2012, Cheng et al. 2014b, Lee et al. 2016, 

Zhang et al. 2017). The adsorption of oxidized mercury by dust can be dominant, and models 

which incorporate varying temperature and humidity conditions find that as much as 90% of 

GOM can be sorbed to particles in cool, dust-heavy environments (Amos et al. 2012). Mercury 

partitioning to dust has been studied in a variety of locations worldwide (eg Yu et al. 2018, Fang 

et al. 2010, Christoforidis and Stamatis 2009). 

Atmospheric mercury concentrations vary by location, species, season, time of day, and 

weather conditions. The Atlantic Ocean is the most studied oceanic region, with total gaseous 

mercury concentrations in the marine boundary layer varying between 0.05 ng/m3 (Cape Point, 
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South Africa) and 29 ng/m3 (New Hampshire shoreline, USA) (Mao et al. 2016). In most studies, 

concentrations cluster between 1 and 1.5 ng/m3 (Mao et al. 2016). Oceanic regions typically fall 

within this range, save for elevated concentrations in heavily trafficked areas such as the South 

China Sea, the Yellow Sea, and the Mediterranean Sea, which range between 2 and 6 ng/m3 

(Mao et al. 2016). There is a concentration gradient between the northern and southern 

hemispheres, with generally higher concentrations in the northern hemisphere. Recently, this 

trend has weakened as northern hemisphere concentrations decreased at a rate of -0.046±0.010 

ng/m3/y between 1990 and 2009 (Soerensen et al. 2012). Total gaseous mercury concentrations 

over the continental boundary layer are strongly linked to location, with urban areas yielding 

higher burdens. Remote sites typically range between 1 and 2 ng/m3, and urban sites can be as 

high as 6 to 7 ng/m3, with some large outliers (Mao et al. 2016). At continental sites, diurnal and 

seasonal patterns vary by the type of site. At rural sites, gaseous mercury reaches a maximum 

during the day and during the winter–spring, whereas at urban sites, maxima occur during the 

night, with no seasonal pattern. In rural areas, oxidized mercury species peak during the day, 

with the opposite holding true for urban sites. There is no seasonal variation for oxidized species 

in rural areas, whereas there is a summer peak for urban sites. 

 

Oxidation Reactions 

 

While Hg(0) is the dominant mercury species in the atmosphere, the presence of atmospheric 

species such as halogen-containing compounds and radicals can oxidize Hg(0) to Hg(II) and bind 

it into new compounds. This section details the important oxidative reactions likely to be present 

in a tropical, marine environment such as that present at the CVAO. 

 

• Bromine reactions with mercury 

 

First suggested as an oxidant in the Canadian Arctic (Schroeder et al. 1998), bromine has been 

suggested as an important oxidizing agent for mercury worldwide (Holmes et al. 2010). A source 

of bromine, typically dissolved NaBr, is required. In an aqueous system, diatomic bromine can 

be produced by a variety of mechanisms, the relative importance of which is still under 

investigation (von Gunten and Hoigné 1994; Disselkamp et al. 1999; Anastasio and 
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Mozurkewich 2002).  Following the production of diatomic bromine, photochemistry can 

produce bromine radicals, which take part in a complex series of interactions with atmospheric 

ozone and mercury. There are a series of proposed propagation reactions; these include 

formation of HgO, a transient Hg(II) compound (Xie et al. 2008), as well as the formation of the 

important precursor HgBr• (Xie et al. 2008): 

 

BrO • (g) +  Hg0(g) →  HgO(g) +  Br • (g) (2) 

 

Br • (g) +  Hg0(g) →  HgBr • (g) (3) 

 

HgBr• is an unstable radical species which is involved in a series of termination reactions, many 

of which result in the formation of Hg(II) species. A number of additional reactions are possible 

(Saiz-Lopez et al. 2018), each of which involves an additional oxidizing agent: 

 

HgBr • (g) +  X →  HgBrX (4) 

 

Where X can be any of BrO, Cl, Br, OH, I, NO2, HO2, ClO, IO, or more exotic radical species. 

 

Initially it was believed that bromine species could not serve to oxidize mercury in non-

Arctic environments due to thermal back-dissociation of HgBr, whose rate is two orders of 

magnitude higher in temperate zones compared to the Arctic (Goodsite et al. 2004). However, a 

sensitivity analysis (Obrist et al. 2011) found that almost complete (90%) atmospheric mercury 

depletion can occur at temperatures up to 45°C due to oxidation of GEM by Br species, a 

phenomenon which was seen in data collected in their study at the Dead Sea. 

 

• Ozone and Hydroxyl Radical 

 

Ozone and hydroxyl radical were once thought to be the dominant oxidizing species for mercury 

in the global atmosphere and are still utilized in models. Now it is believed they are more 

important over the continental boundary layer, and are a secondary competing reaction in regions 

where bromine is dominant, such as the marine boundary layer (Lyman et al. 2019). 
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Reduction Reactions 

 

Oxidized mercury species can be reduced back to elemental mercury via a series of 

photochemical reactions (Saiz-Lopez et al. 2018). This is important from the perspective of 

global mercury circulation because GEM has an extended atmospheric lifetime, which allows 

long distance transport (Saiz-Lopez et al. 2019). Including gas-phase photoreduction of major 

atmospheric species of oxidized mercury resulted in a near doubling of modeled atmospheric 

mercury lifetime (Saiz-Lopez et al. 2019). Photoreduction processes are dominated by fast, gas-

phase photolysis of Hg(I) and Hg(II) compounds. The transient nature of some of the species 

involved has made photoreduction difficult to study, but modeling work is ongoing. 

 

• Hg(I) Reduction 

 

The photoreduction of transient Hg(I) species has only been investigated recently (Saiz-Lopez et 

al. 2019). In a modeling study, the binding energy of Hg-X radicals, where X is Br, Cl, I, or OH, 

was found to drop from 100 kJ/mol to 30 kJ/mol from Cl to I, with the bond energy between Hg 

and OH so low that the stability of the species is questionable. These species all have two sharp, 

intense absorption peaks in UV-C and a broad peak centered in the UV-A region; these 

absorptions do not result in dissociation but instead result in excitation and photoemission. 

However, among the Hg-halogen radicals, absorption of photons in the 600–700 nm range, 

which is light in the orange-red spectral range, results in photodissociation with 100% efficiency. 

This dissociation process was found to compete with oxidation via NO2 and HO2, abundant 

oxidants for Hg-X that are present typically in polluted areas. Thus, in less polluted regions, 

HgBr would be increasingly likely to photodissociate back to Hg and Br, potentially increasing 

transport distance, whereas in polluted regions, full oxidation to Hg(II) species followed by 

deposition is more likely (Saiz-Lopez et al. 2019). 

 

• Hg(II) Reduction 

 

Experiments using rainfall have not supported fast aqueous-phase photoreduction, with aqueous 

reduction rates an order of magnitude slower than optimized in-cloud rates (Saiz-Lopez et al. 
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2018). Alternate gas-phase photoreduction pathways are a possibility. HgCl2 has a series of 

prominent absorption bands at 200–350 nm, with heavier halogens shifting the bands towards 

longer wavelengths. Most stable atmospheric Hg(II) species, including HgBr2 and all HgBr-X 

species with common second oxidants, have absorption bands in the UV spectral range (Saiz-

Lopez et al. 2018). The parent species, HgBr2, is known to dissociate: 

 

HgBr2(g)  +  ℎ𝑣 (200 𝑛𝑚) →  HgBr • (g)  +  Br • (g) (5) 

 

This dissociation occurs at nearly 100% efficiency, with other HgBr-X species following similar 

results at longer wavelengths. Additionally, a secondary efficient dissociation is predicted at 

wavelengths longer than 200 nm. Model calculations have found that including these 

photoreduction pathways has two large effects, the first being HgBr becomes an important 

atmospheric species (Saiz-Lopez et al. 2018), the second being an increase in Hg resistance to 

oxidation in the atmosphere, extending the Hg atmospheric lifetime to 8–13 months (Saiz-Lopez 

et al. 2018). 

 

Surface and Particle Chemistry of Mercury 

 

Surface chemistry is of vital importance to understanding mercury’s reactions in the atmosphere. 

Mercury can interact with a wide range of aerosols, including cloud particles, sea spray, dust, 

smoke, and ice. Smaller aerosols have a relatively higher surface area to volume ratio, with a 

ratio nearing 100% of component molecules on the ‘surface’ when an aerosol’s size approaches 

3 nm (Finlayson-Pitts 2009). Thus, the smaller the aerosol size regime studied, the more essential 

understanding its surface chemistry becomes. 

Binding to any particle, including aerosols, is of two basic types which differ in binding 

energies. (Chiou 2002). Chemisorption is sorption to a particle caused by a reaction with the 

particle surface, resulting in true chemical bonds between the adsorbent and the adsorbate. 

Chemisorption therefore results in changes to the electronic structure of participating species; 

such sorption is often effectively irreversible and is always selective towards particular chemical 

species (Chiou 2002). Physisorption is sorption caused by weaker interactions between the 

adsorbent and adsorbate. The forces responsible are London dispersion forces, induced dipole 
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attraction, dipole-dipole interactions, and hydrogen bonding; these forces result in perturbation 

of electron clouds and a mutual attraction between atomic centers, but no changes in electronic 

structure (Chiou 2002). 

Both Hg(0) and Hg(II) are known to bind to particles. When dealing with binding to 

atmospheric particles, Hg(II) species dominate, and the interactions require no specific surface 

functions. The gas-particle partitioning coefficient, Kp, which we previously expressed as a ratio 

between PBM, GOM, and TGM, is also a function of temperature as follows (Pankow and 

Bidleman 1991): 

 

log(1 𝐾𝑝⁄ ) = 𝑎 + 𝑏(1 𝑇⁄ ) (6) 

 

Here, T is the temperature in Kelvin. At higher temperatures, entropy overcomes the energy 

released from the association of the mercury species with the particle surface, and it becomes 

increasingly favorable for Hg(II) species to enter the gas phase. However, Kp, a, and b vary by 

sampling site, particle type, and local conditions. The slope of this function, which represents the 

sensitivity of particle binding to changes in temperature, varies by a factor of 2 across 7 studies 

(Lyman et al. 2019). 

Kp values for a variety of dry particulate types have been tested in a laboratory setting 

(Rutter and Schauer 2007), with special emphasis on particulate species that are present in 

marine aerosols. Binding was dominated by NaCl, KCl and most prominently NaNO3, which 

outstripped all other species by over an order of magnitude. NaCl is the primary component in 

sea salt, KCl is also present in sea salt, and NaNO3 is a surrogate for NH4NO3, a component of 

fertilizer and a common environmental aerosol (Rutter and Schauer 2007). The implications 

include increased Hg(II) removal via particle binding in agricultural areas, such as the 

increasingly heavily farmed Sahel and tropical western Africa region. However, this study used 

HgCl2 as its standard reactive mercury species; HgCl2 is currently thought to be less prevalent as 

a sorbate than various mercury-bromine compounds found in the marine boundary layer.  

The presence of water in the atmosphere may dramatically alter Hg(II) to particle 

partitioning. Hg(II) species can be water soluble, and the chemistry of hydrated Hg(II) ions in the 

aqueous phase differs markedly from gas-phase chemistry. Most pertinent to this study, the 

binding of Hg(II) to clay minerals in an aqueous system has been investigated. 



24 
 

Mechanisms of Mercury Binding to Clay Minerals 

 

Kaolinite and illite, the common clay minerals in Saharan dust, are of particular interest for our 

purposes. In soils with little organic matter, mercury may be most commonly associated with 

clay, and mercury content in sediments is known to be correlated with clay minerals (Kongchum 

et al. 2011). Further, studies investigating the sorption of mercury to illite (Hamilton et al. 1995) 

and kaolinite (Sarkar et al. 2000) have been undertaken. The two minerals vary in their surface 

functions; kaolinite has silanol and aluminol groups, whereas illite has only silanol. These two 

surface functions, characterized by the presence of -OH functional groups attached to silicon or 

aluminum atoms respectively, are essential in adsorption of metal ions such as mercury. In an 

aqueous system, Hg(II) complexes with OH- to form Hg(OH)2, which is a principal adsorbate 

species (Sarkar et al. 1999, 2000). Thus, there is a tendency for Hg(II) sorption to increase with 

increasing pH, reaching a maximum at a pH of 4.4 and gradually decreasing beyond this point as 

exchangeable ligands are lost from the clay surface. The general sorption reaction is as follows: 

 

≡ 𝑋𝑂𝐻0 + 𝐻𝑔(𝑂𝐻)2
0  ↔ ≡ 𝑋𝑂𝐻𝑔(𝑂𝐻)2

− + 𝐻+ (7) 

 

Where X refers to silicon or aluminum. Silanol is the dominant complexing function, comprising 

85% of the predicted sorption sites, with different mechanisms depending on the pH. At low pH, 

there are two dominant species: SiOHg(OH)2
-, and SiOHg(OH), with the first becoming more 

prominent as pH increases. Aluminol groups can form AlOHg(OH) species at a pH range 

between 3 and 6 (Sarkar et al. 2000). Mechanistically, the affinity of mercury for silanol groups 

allows mercury to sorb to quartz surfaces, where the major functional group is silanol; this 

allows mercury to bind to coarser grain dust composed primarily of quartz. These mechanisms 

assume the presence of water and a hydrated Hg(II) ion, which may or may not be present on the 

surface of Saharan dust. Under conditions similar to those in Cabo Verde within the marine 

boundary layer, atmospheric water is readily available. 
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1.3 The Sahara Desert 

 

1.3.1 Dust Sources of North Africa and the Sahara 

 

The physicochemical properties of Saharan dusts vary based upon their sources of origin, and 

these properties are responsible in part for patterns of atmospheric and terrestrial distribution. A 

major review paper by Scheuvens et al. (2013) proposed 6 broad dust sources in the Sahara. 

Figure 1.1 overlays an African soil map with these 6 dust source areas.  

 

 

Figure 1.1: Six primary dust source areas in the Sahara (adapted from Jones et al. 2013) 

 

Dust carried to the Atlantic Ocean originates primarily in the Saharan regions closest to the 

Atlantic coast, which includes source areas 1, 2, and 3 in Figure 1.1 (Alonso-Pérez et al. 2012; 

Yu et al. 2020). Source area 5, the Bodélé depression, is associated with shorter range dust 

transport to coastal Africa (Yu et al. 2020). In view of their importance as dust sources to the 

Atlantic Ocean, a brief description of source areas 1, 2, 3, and 5 follows, noting the unique 

properties of dust from each location. 
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Source Area 1 

 

Source Area 1, a topographically low-laying area, features highly saline soils that accumulate 

due to the evaporation of transient saline lakes (chotts). These chotts are major regional sources 

of dust, which is emitted chiefly northward to the Mediterranean Sea and Europe (Prospero et al. 

2002). Chotts are calcium-enriched, and so dusts from Source Area 1 are frequently enriched in 

calcium-bearing minerals (Prospero et al. 2002). Source Area 1 is bounded in the north by the 

Atlas Mountains. The rocky soils that make up the bulk of the mountains are comprised of stones 

and particles that are too large to be easily transported long distances via aeolian processes, but 

mountain erosion and topography funnels dust into valleys which contribute to regional dust 

export. The Atlas Mountains in this region contain a geologically distinct orogenic belt which 

features a mercury ore deposit, located along the South Atlas Fault (Moussa et al. 2015). This 

deposit is exploited at Azzaba, a city of ~50000, approximately 15 km from the Mediterranean 

coast in the east of Algeria. It is only ~40 km north of the Sahara and is affected by major dust 

transport systems in the region. The mercury plant in Azzaba is known to have inadequate 

mercury cleanup and control (Moussa et al. 2015). 

 

Source Area 2 

 

Source Area 2 is the major dust source region that emits dust to the temperate Atlantic Ocean 

(Prospero et al. 2002). The dust here is primarily derived from alluvial deposits in the foothills of 

the Atlas Mountains and along the west African coast (Prospero et al. 2002). Dust from Source 

Area 2 is mineralogically similar to dust from Source Area 1, but distinguished by the highest 

strontium isotopic ratio in the Sahara (Grousset et al. 1998).  

 

Source Area 3 

 

Located in southern Algeria and Northern Mali, this is a heterogenous region characterized by a 

variety of distinct, local, dust-emitting environments (Scheuvens et al. 2013). Due to this 

variation in characteristics, only a low illite to kaolinite ratio distinguishes the area, and then 
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only generally (Alastuey et al. 2005, Skonieczny et al. 2011). Many areas in Source Area 3 have 

no recorded isotopic data and are difficult to access (Scheuvens et al. 2013). 

 

Source Area 5 

 

Source area 5 comprises western Chad and the Bodélé depression, which is the most active dust 

source in the world (Moreno et al. 2006). The Bodélé delivers massive amounts of dust on the 

Harmattan winds, particularly to western Africa and the Gulf of Guinea. The Bodélé was once 

part of paleolake Megachad, and dust from the region is partially derived from the shells of 

diatoms (Mounkaila et al. 2006). These planktonic organisms lived in the lake during the 

Holocene, and dust exported from Source area 5 is enriched in quartz from their shells 

(Mounkaila et al. 2006). 

 

 

1.3.2 Saharan Dust Composition 

 

The Sahara is a vast area, and the chemical characteristics of dust from different Saharan regions 

can differ markedly. Four parameters are most useful in discriminating different active dust 

sources in the Sahara (Scheuvens et al. 2013): illite/kaolinite ratio, (Ca+Mg)/Fe (as a weight 

percentage), palygorskite (a magnesium-aluminum phyllosilicate) occurrence/abundance, and 

isotopic ratios of radiogenic elements such as neodymium (Nd) and strontium (Sr). The 

following section provides an overview of these parameters. 

 

Illite and Kaolinite Ratios 

 

Illite and kaolinite, whose metal binding properties were discussed earlier, are prominent in the 

fine and silt fractions of aeolian dust from the Sahara. Both minerals are phyllosilicates, layered 

silicate minerals which predominate in soils derived from weathering due to their susceptibility 

to break down from applied physical force. Kaolinite is the simplest alumosilicate, consisting of 

a 1:1 silicate to aluminum oxide layer structure, organized into alternating tetrahedral layers of 

silicate and octahedral layers of aluminum oxide. Illite is a 2:1 alumosilicate, with a silicate – 
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aluminum oxide – silicate layered structure. In this case, the negatively charged surfaces of the 

silicate layers are pointed towards the aluminum oxide layers, creating a ‘sandwich’ structure. 

Kaolinite, having a balanced charge, has a lower capacity to adsorb positive ions in comparison 

to illite, and as such the ratio of the two minerals is important in determining the surface 

chemistry of a particle. Illite:kaolinite ratios are most useful in distinguishing Saharan dust from 

Sahelian dust, which is dominated by kaolinite. 

 

(Calcium+Magnesium)/Iron 

 

Calcium content is enriched in dust originating from two locations in the northern Sahara – 

source areas 1 and 4 in Figure 1.1 (Moreno et al. 2006, Castillo et al. 2008). The Atlas Mountains 

feature source material enriched in carbonate and calcium which allow dusts from this location to 

be distinguished from dust originating in northern Mali or the Sahel (Linke et al. 2006). 

Magnesium content is correlated with calcium content and is especially enriched in the Atlas 

Mountains due to the association between calcite and dolomite, the second of which is a 

magnesium-bearing mineral (Scheuvens et al. 2013). The Atlas Mountains substrate is dominated 

by limestone and carbonate-containing soils, providing a clear indicator for dust which originates 

in the area. Given these strongly regional signals, Ca and Mg can be grouped together, with high 

calcium and/or magnesium indicating an Atlas origin. Although dust originating from parts of 

Egypt and Libya have similar ratios, the combination of back trajectories and (Ca+Mg)/Fe ratios 

can distinguish between the two dust populations. 

 

Palygorskite Occurrence and Abundance 

 

Palygorskite is a Mg-dominated clay mineral with a fibrous morphology. Found most frequently 

in regions surrounding the Mediterranean, palygorskite provides an additional origin marker, 

especially in the silt and fine fractions of dust. Palygorskite has been detected in dusts 

transported across the Mediterranean to Mallorca and the Levant (e.g., Fiol et al. 2005, Ganor et 

al. 2010), the Canaries (Menendez et al. 2009), and much of Europe (Wagenbach et al. 1996). 

While useful as a tracer for Saharan dust, it has limited ability to discriminate between bulk dust 
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samples carried by trade winds across multiple Saharan sites, given both trace quantities and 

complexity of analysis. 

 

Nd and Sr Isotopic Tracers 

 

Isotopic ratios of Nd and Sr in Saharan dust vary by source origin. Because of this, these ratios 

are a powerful tool for deconvoluting complex mixtures of dusts from different source regions 

(Grousset and Biscaye 2005).  

 Nd isotopic tracers rely on radioactive decay chains between Sm, Nd, and Ce. 147Sm 

decays to 143Nd, which is stable, whereas 144Nd is a radioisotope that decays to 140Ce. The ratio 

of 143Nd to 144Nd thus increases over time and can be used to trace the age of a given crustal 

sample, with a relative increase in 143Nd indicating an older material. Nd isotope ratios are 

typically expressed as εNd, which is a numerical value based on the following formula (DePaolo 

and Wassenburg 1976): 

 

𝜀𝑁𝑑 = (
(

143𝑁𝑑
144𝑁𝑑

)𝑠𝑎𝑚𝑝𝑙𝑒

(
143𝑁𝑑
144𝑁𝑑

)𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ∗ 10000 (8)  

 

An ε value is used when interesting variation in isotope fractionation is very small, on the order 

of parts per 10000. Low ε values (typically negative) indicate depletion in 143Nd in the sample 

relative to the standard reference material, which is typically a meteorite considered to represent 

the earliest unsorted material that formed in the solar system. A more negative ε is, roughly 

speaking, a crustal material which has differentiated from the mantle at an earlier time, with 

adjustments made for a continually depleted mantle material, which has a rate of 143Nd to 144Nd 

ratio change determined by its original bulk properties. Source areas 1 and 2 (Figure 1.1) have 

lower mean εNds than the Bodélé depression, approximately -15 and -12 respectively (Grousset 

et al. 1998). εNd thus provides some discrimination between eastern and western regions in the 

Sahara. Similarly, dust samples off the coast tend to follow an ε pattern that indicates sources in 

west Africa.  

 Strontium has a single radiogenic isotope, 87Sr, which is formed from the decay of 87Rb 

as well as existing primordially. Rubidium is enriched in crustal rocks and substitutes for K, 



30 
 

whereas strontium substitutes for Ca. Thus, Sr87/Sr86 varies by the mineralogy of the sample and 

the time the crustal material separated from the mantle (Attendorn and Bowen 1988). Strontium 

is particularly useful as its isotope ratio distinguishes between continental crust sources and 

mantle sources. Volcanic basal material from the Canary Islands typically contains Sr 

concentrations on the order of 100 ppm (µg/g) (Grousset et al. 1992), with Sr87/Sr86 averaging 

0.71021±0.00003 (Cousens et al. 1992), whereas Cabo Verdean volcanic basal material samples 

contain much higher concentrations, about 1160 ppm, with a Sr87/Sr86 mean of 0.7031±0.0001 

(Klerkx 1974). These both contrast strongly with Saharan soil Sr ratios, which range between 

0.706 around the Red Sea to 0.738 in central Mali. Given most dust that reaches the Atlantic will 

be sourced from the western Saharan region, the relatively lower values in Canarian and 

especially Cabo Verdian samples can serve to distinguish local dust from Saharan deposition. 

 

 

1.3.3 Size Distribution of Saharan Dust 

 

In addition to composition, Saharan dust can be categorized in terms of the size of its particles. 

Particulate matter, including dust, is classified in a series of upper size limits with the notation 

‘PMx’, where ‘X’ indicates a maximum aerodynamic diameter of particles, in µm (US EPA, 

2021). Thus PM10, for example, comprises all airborne particles of 10 µm diameter and smaller. 

Commonly studied PM includes PM1.0, PM2.5, and PM10, often in relation to health concerns 

revolving around 10 µm and smaller particles. Saharan dust emissions frequently have size 

distribution peaks between 2.5 and 10 μm in diameter (García-Pando et al. 2016, Kaaden et al. 

2009, Rodríguez et al. 2011), with some studies closer to the African continent finding larger 

sizes (Rocha-lima 2018, Van der Does et al. 2016). Saharan dust size has been studied in the 

northeast Atlantic; two typical studies investigated the waters extending for several hundred 

kilometers off the coast of Mauritania (Friese et al. 2017), and in Cabo Verde (Gama et al. 2015), 

featuring dust size peak concentrations well above 2.5 µm or even closer to 10 µm (Friese et al. 

2017). Most studies feature tails into the larger size distributions, which necessitates a method 

that can capture particles that are larger than 10 µm in diameter to fully characterize any 

chemicals associated with the dust. For this reason, many methods used to determine mercury 
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concentrations in air, which capture particles only up to PM2.5 or PM10 (Zhang et al. 2019), may 

be inappropriate for large-grain mineral particles such as Saharan dust.  

 

 

1.4 Mercury Sources in the Sahara 

 

Like most regions in the world, the Sahara features both natural and anthropogenic sources of 

mercury. Much of the anthropogenic release is recent, with >99% of anthropogenic mercury 

released in Africa and the Middle East occurring post-1850 (Streets et al. 2019). The total release 

to date is estimated at 124.4 kt, comprising less than 10% of net worldwide emissions (Streets et 

al. 2019). While releases are relatively small, atmospheric mercury in Africa and the Middle east 

has the highest percentage of Hg0 of any region, at 83.6%, which has implications for long-range 

transport given the stability of this species (Streets et al. 2019). The pattern of mercury release in 

Africa varies by region. In sub-Saharan Africa, artisanal and small-scale gold mining (ASGM) is 

a prominent source of mercury pollution. 

 Analysis of mercury in the Sahara is limited to industrial releases in heavily populated 

areas, typically in the Middle East. A small selection of chemical footprints of Harmattan dust 

have been taken in the region, including Cabo Verde (Fomba et al. 2012), and Nigeria (Abiye et 

al. 2020; Asubiojo et al. 1993). Most previous studies of dust have centered on size distribution 

(e.g., Adedokun et al. 1989, Afeti et al. 2000). To our knowledge as of 2020, no analysis of 

Harmattan dust, or any Saharan dust, has included mercury as an analyte. Assessments of 

mercury in aerosols more generally has been conducted in various middle eastern cities (e.g., 

Talbi et al. 2018) and correlated with particle size, finding that most heavy metals are associated 

with combustion processes and other anthropogenic sources, as opposed to mineral dust. 

Mercury has also been analyzed in particles over the North Atlantic, some of which were thought 

to be Saharan in origin (Mason et al. 2017). Outside these works, mercury loading and cycling in 

the Sahara is essentially unstudied. 
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1.4.1 Anthropogenic Mercury in the Sahara and West Africa 

 

While the Sahara itself is sparsely populated, bands of urbanization and concomitant pollution 

stretch along the Mediterranean coast through to the Nile Valley, and throughout coastal Western 

Africa. West Africa is undergoing extensive industrialization, but mercury emissions are not well 

studied in the region. In the Middle East, finding up-to-date and accurate reporting on mercury 

emissions is challenging, but release from chemical manufacturing is thought to be the most 

important source. 53 metric tons of mercury was lost from chlor-alkali plants in 2005 (Weinberg 

2010), but this value may not be representative of the current scale of release. 

 Mining of mercury is the largest potential anthropogenic source worldwide (Streets et al. 

2019), but mercury can also be part of ore refining processes or a by-product of extraction. In the 

Sahara, there are no mercury mines, but there are gold, natural gas, and sulfur mines, all of which 

may contribute to mercury emissions. Gold mining, in particular artisanal gold mining, is poorly 

regulated, and the Sahara is a difficult area to police. Earlier estimates of total mercury release 

from ASGM in Saharan and sub-Saharan Africa were ~0.08 kt/y (Telmer and Viega 2009). 

However, there has been a surge in ASGM in the last two decades due to improved trade 

contacts and international demand for gold. An updated estimate as of 2018 places the mercury 

release from ASGM for Saharan and sub-Saharan Africa at 0.154 to 0.300 kt/y (Streets et al. 

2019). Much of this mercury release is associated with countries such as Mali, Ghana, and 

Burkina Faso, which were noted as using the mercury amalgamation method for gold production 

more frequently than ASGM producers in other countries. There are few gold deposits in the 

Sahara itself, with only two mines documented, Hassai mine in Sudan and Bisha mine in Eritrea. 

Any processing waste from these mines is unlikely to reach the Atlantic Ocean. However, there 

are several gold mines in sub-Saharan western Africa, with 13 commercial mines as of 2009 and 

likely many more artisanal operations. The pathway of Saharan dust moves across this region of 

the Sahel regularly during the Harmattan season, thus artisanal gold mines may be point sources 

for atmospheric mercury. 

 Sulfur mines are frequently associated with mercury, with 4.20% of all sulfur deposits 

also containing mercury in exploitable quantities (mindat.org, 2021). There is only one exploited 

sulfur mine in the Sahara, in the Trarza region of Mauritania near Nouakchott, with little data 
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reported. This location is less then 50 km from the Atlantic coast and may be associated with 

mercury release, but no public information is available. 

 Natural gas usually contains some background quantity of mercury, but certain regions 

have a higher content. Natural gas that formed from coal, or is drawn from deep deposits, 

typically has a larger mercury burden. In the Sahara, the Algerian gas fields are known to 

produce high mercury content natural gas (Chemrak et al. 2017). While the contribution of the 

natural gas industry to the global mercury budget is small (Streets et al. 2019), examinations of 

plants in Egypt have found local gaseous mercury enrichment (El-Feky et al. 2018). Currently, 

gas refining plants in Algeria and Libya could be contributing to local mercury burdens, although 

remediation techniques are being actively developed. 

 

 

1.4.2 Volcanism in the Sahara 

 

Volcanoes, which emit geogenic mercury, must be considered as potential sources for any 

mercury in Saharan dust. In the center of the Sahara, a large mantle hotspot has produced 

extensive volcanism (Abdelsalam et al. 2002). This region can be divided into two structures. 

The larger is the Tibesti Massif, located across a region of northern Chad/southern Libya, that 

extends for over 100,000 km2. The massif features some of the highest mountains in the Sahara, 

and there are three active volcanoes – Tarso Tôh, Tarso Toussidé, and Emi Koussi. While 

eruptions have not occurred within the historical record, geothermal activity is documented up to 

the present (Permenter and Oppenheimer 2007). The second structure comprises a linear chain of 

volcanoes that runs through Libya, with one large active volcano called Haruj. This volcano has 

erupted several times in the Holocene between 2000 and 4000 mya (Nixon 2011), but is not 

currently monitored and its degree of activity is unknown. However, seismic activity and 

geophysical data indicating a partial melt at the crust-mantle boundary in the area imply that the 

Haruj region may be volcanically active (Elshaafi et al. 2018). 

 West Africa is a highly stable, ancient, heavily eroded region with little opportunity for 

the volcanic release of mercury, with one noteworthy exception. The Tuareg Shield, formed 

during an oblique collision of the West African and Saharan cratons (Ennih and Liégeois 2008), 

is seismically active, and several mountain ranges were formed when magma penetrated the 
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fractured shield 640–525 million years ago (Abdelsalam et al. 2002). These mountains include 

several previously mentioned: the Hoggar mountains (Algeria), Adrar des Ifogas (Mali), and the 

Aïr mountains (Niger). Volcanic activity occurs in the Tuareg Shield, beginning approximately 

35 million years ago and continuing up to the present in the Hoggar mountains (Liégeois et al. 

2005). 

 

 

1.5 Atmospheric Dynamics of Dust Export in the Sahara 

 

The majority of atmospherically-entrained Saharan dust is transported westward into the Atlantic 

Ocean, reaching as far as the Caribbean and North America (Bozlaker et al. 2017, Morera-

Gómez et al. 2019). The bulk of this dust export, with median estimates of 600 million t/y, is 

deposited into the Gulf of Guinea and impacts a heavily inhabited region of Western Africa. 

Deposition estimates on the order of 100 million t/y occur in the Americas and their regional 

waters (Wang et al. 2017). In addition to influence on marine and terrestrial biogeochemical 

processes through the deposition of trace metals and nutrients (e.g., López-García et al. 2017; 

Koren et al. 2006, Rizzolo et al. 2017), major minerals in the dust have been shown to influence 

both precipitation and cloud chemistry (Valle-Díaz et al. 2016). 

 Saharan dust emission undergoes seasonal and annual fluctuation, with current estimates 

constrained between 0.4 and 2.2 billion t/y (Huneeus et al. 2011). Atmospheric circulation over 

North Africa, which drives dust export, can be explained by 3 primary features: Harmattan 

winds, the Saharan heat low, and the West African monsoon circulation (Schepanski et al. 2017). 

All three of these are present throughout the year, but their relative influence varies according to 

the season. Similarly, Saharan dust export to the Atlantic can be simplified into two seasonal 

processes – a subtropical transport system approximately 1–5 km a.s.l. which occurs between the 

months of June through August, and a lower-altitude transport system driven by surface winds, 

occurring between the months of December through March (Cuesta et al. 2009). The summer 

phase is responsible for dust storms which reach Izaña in the Canary Islands, while the winter 

phase is of interest for sampling in Cabo Verde. 
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1.5.1 Boreal Winter 

 

During the winter, the solar maximum moves southwards across the equator. This leads to 

decreased heating over the Sahara, causing an accumulation of relatively cold, dense air in the 

lower troposphere. This cool air generates powerful northeasterly trade winds, which entrain 

millions of tons of Saharan dust as they move across the desert (Chiapello et al. 1995). These 

winds are so fundamental to the west African climate that an entire season has been named after 

them – the Harmattan. 

 Harmattan winds, at their most basic, are caused by a continental pressure gradient 

between the northern subtropical subsidence zone and the intertropical convergence zone. This 

pressure gradient is permanent, but the direction and intensity change over the course of the year, 

depending on the locations of the two aforementioned zones. The northern subtropical 

subsidence zone, located between 20°N and 40°N, is a region of semipermanent high pressure 

caused by the gradual descent (subsidence) of cool, dry air, which comprises the subsiding 

portion of the Hadley cells as seen in Figure 1.2. 

 

Figure 1.2: Atmospheric cells, including Hadley Cells (from Kaidor, 2013). 
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As this cool air subsides, it warms, which increases its capacity to hold water and results in a 

regional band of little to no precipitation. Over the Atlantic Ocean, the region is called the 

Azores High. In North Africa, the Sahara comprises the entire subtropical subsidence zone, and 

thus any northeasterly trade winds originating over continental Africa necessarily originate in the 

Sahara. In contrast, the intertropical convergence zone roughly corresponds to the location of the 

thermal equator, moving over the course of the year. Intense solar heating beneath the solar 

maximum draws air inward and up, forming the ascending branch of the Hadley cell and causing 

the convergence of the trade winds. The annual motion of the intertropical convergence zone 

changes the direction of surface winds and thus necessarily the direction and intensity of near-

surface Saharan dust export. Positions of the intertropical convergence zone in July versus 

January are depicted in Figure 1.3.  

 

 

Figure 1.3: The position of the Intertropical Convergence Zone in January and July (Halldin, 

2006) 

 

For dust to be exported from the Sahara, wind must be surface level and sufficiently powerful to 

capture dust and move it many hundreds of kilometers. One type of fast-moving surface wind is 

the low-level jet – these occur worldwide, and are defined by a wind speed maximum that occurs 

within the first kilometer above the ground (Banta et al. 2006). Low-level jets are dominant 

drivers of dust emission from the Sahara (Schepanski et al. 2009a). Their formation occurs 
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overnight, originating in a stable, stratified nocturnal boundary layer formed by radiative 

cooling. The result of this cooling is a temperature inversion, which decouples the residual air 

aloft from surface friction – the release of the airmass from friction results in acceleration along 

the existing pressure gradient. Dust uplift is thought to occur during the morning when the low-

level jet decays, resulting in downward mixing of momentum that increases surface wind speeds 

(Schepanski et al. 2009a). While the low-level jets are known to drive dust transport, the exact 

mechanism of dust entrainment is not well understood, with surprisingly large particles (>200 

μm) regularly found hundreds of kilometers off the west coast of Africa (Engelbrecht et al. 

2016). Dust exported from the Sahara during the winter is distributed primarily from the shores 

of Senegal to the Gulf of Guinea. Northeasterly trade winds transport the largest quantity of 

Saharan dust of any known export process, comprising as much as 60% of all dust particles 

exported from the Sahara on an annual basis (D’Almeida 1986). Harmattan dusts can originate 

from all dust sources regions. Thus, in looking for a net ‘average’ Saharan dust, Harmattan 

season dust serves as a useful sample in terms of geochemical characteristics. 

 

 

1.5.2 Boreal Summer 

 

During the summer months, a different system transports Saharan dust. Intense sun over the 

Sahara produces a hot layer of less-dense air which rises into the free troposphere. This layer of 

air, the Saharan Air Layer (SAL) (Carlson and Prospero, 1972), is then swept up by the Atlantic 

anticyclone, which extends eastward as a wedge toward the Mediterranean during the summer 

months, but whose winds flow clockwise and thus to the west at the anticyclone’s southern flank 

(NESDIS, 2021), as depicted in Figure 1.4. 
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Figure 1.4: The Saharan Air Layer (seen in red and yellow) extending across the Atlantic Ocean 

(Cayobo, 2013) 

 

Dust is thus transported westward across the Atlantic, where the SAL remains physically distinct 

from the marine boundary layer it passes over – a distinction both in terms of airmass properties 

such as density, temperature, and moisture content, as well as wind direction and pressure 

gradient (Carlson and Prospero, 1972). The SAL passes through the elevations where the Izaña 

and Teide national parks (two of the thesis study areas) are located. Incursions of dust from the 

SAL can reach elevations as high as 5000 m.a.s.l. (Carlson and Prospero, 1972), where the 

atmospheric pressure is approximately half that at sea level. At this altitude, intrusion of UV 

light is more likely, giving rise to the possibility of novel surface and gas-phase chemistry. 
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Chapter 2 : Materials and Methods 

 

 

2.1 Field Campaign Overview 

 

Two study locations in the east Atlantic region were selected as sites for dust collection: the 

Izaña Atmospheric Observatory on Tenerife in the Canary Islands, Spain, and the Cape Verde 

Atmospheric Observatory at Calhau, Cabo Verde (Figure 2.1).  

 

 

Figure 2.1: The study sites on Canary Islands and Cabo Verde in the east Atlantic Ocean, west 

of the Sahara Desert. The base map was generated from Google Maps. 

 

Three field seasons were completed, two in the Canary Islands (July 2018 and August 2019) and 

one in Cabo Verde (January 2020). Both locations are part of the Macaronesian islands and share 

a similar geological provenance. The Canary Islands sampling was based on previous analysis at 

the Izaña Atmospheric Observatory that discovered elevated mercury concentrations during dust 

storm events (Wang et al., manuscript in preparation). To determine if Saharan dust was the 

source of mercury, the nearby Teide volcano (approximately 12 km from Izaña) needed to be 
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ruled out as a confounding source, and any mercury deposited to the region via dust needed to be 

quantified. Thus, sampling of soil, vegetation, and rock was conducted at Teide National Park in 

2018. Aeolian dust samples were also collected during July 2018. The 2019 Canary field season 

was intended to collect enough aeolian dust for a complete analysis, but that year featured 

unusual weather conditions of very hot, stable, and dustless days punctuated with extensive 

forest fires. As a result, a third field session was conducted at Cabo Verde during the boreal 

winter (January 2020), when dust emissions are at their maximum for the eastern Atlantic region. 

Aeolian dust and surface soil samples were collected during this time. Further visits to the 

Canary Islands and Cabo Verde sites were not possible due to the COVID-19 pandemic. 

 

 

2.2 Site Details 

 

2.2.1 Cape Verde Atmospheric Observatory, Cabo Verde 

 

The Cabo Verde Atmospheric Observatory (CVAO), Cabo Verde, was selected as a study site 

due to its location within the Harmattan wind corridor (see Chapter 1) combined with its 

isolation from other sources of aerosols or mercury contamination. The observatory is at 16° 51' 

49 N, 24° 52' 02 W, on the island of São Vicente, ~ 820 km from the western coast of Saharan 

Africa. São Vicente is a small island with one city, Mindelo (population: 70500), approximately 

18 km from CVAO. A smaller town, Baia das Gatas (population: 160), is 12 km away, and the 

village of Calhau is 1.5 km to the south, isolated topographically by a 140 m outcropping 300 m 

to the south of CVAO. 

 CVAO, established in 2006, is a joint UK-German atmospheric monitoring station, run 

by a partnership between the Cabo Verde meteorological institute (Instituto Nacional de 

Meteorologia e Geofísica), the University of York/National Centre for Atmospheric Science 

(UK), the Max-Planck Institute for Biogeochemistry (Germany), and Leibniz Institute for 

Tropospheric Research (Germany). CVAO is the only atmospheric monitoring station in the 

tropical Atlantic Ocean, and features instruments to monitor a suite of atmospheric gases (O3, 

CO, CH4, CO2, C2-C8 hydrocarbons, C1-C3 oxygenated hydrocarbons, halocarbons, SO2, Hg0). 

Additionally, the station measures wind speed and direction, temperature, precipitation, 
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humidity, pressure, and solar radiation as a suite of archived meteorological observations. Figure 

2.2 depicts the island of São Vicente and the Cape Verde Atmospheric Observatory. 

 

 

Figure 2.2: Location of the study site on São Vicente (adapted from Google Earth) *Study site is 

marked with a star, nearby settlements marked with black diamonds. 

 

CVAO features two observation towers, a 30 m (34 m.a.s.l.) platform for collecting aerosols, and 

a 4 m (8 m.a.s.l.) tower with humidity and wind instrumentation, as seen in Figure 2.3. 

Additionally, background concentrations of gaseous elemental mercury have been monitored at 

CVAO beginning in 2011 (Read et al. 2017); this monitoring continued through the study period, 

providing a reference and point of comparison for PBM collected during sampling. 
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Figure 2.3: Cape Verde Atmospheric Observatory. The 34 m.a.s.l. tower is to the left, and the 8 

m.a.s.l. tower is to the right. 

 

 

2.2.2 Tenerife, Canary Islands, Spain 

 

Located 380 km from the Moroccan coast, the island of Tenerife is geologically akin to São 

Vicente, but ~2-3 million years younger, less heavily eroded, and volcanically active. Tenerife 

was formed from the accretion of three shield volcanos on a sub-surface shield edifice, a process 

which began ~12 mya and extended to 3.5 mya (Ancochea et al. 1990; Geyer et al. 2010). This 

evolution resulted in the island’s triangular shape, as each shield volcano occupied one corner of 

the island; the remnants of the volcanos are readily evident today at Anaga, Teno, and Roque del 

Conde. The most recent eruption on Tenerife occurred in 1909 (Tejedor et al. 2012). While the 

oldest surface magmas on Tenerife date to the Miocene (20 mya), the dominant volcanic 

materials on the surface are between 5 million and a few thousand years old (Neris et al. 2012). 

The emergence of Teide occurred after a caldera collapse; this caldera, called Las Cañadas, 

continually reforms and now comprises a large valley surrounding Teide, occupying the majority 
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of Teide National Park. This region is a high-altitude desert featuring a distinct microclimate 

influenced chiefly by hot, dry Saharan air.  

 The Izaña Atmospheric Observatory, located at 2367 m.a.s.l. and approximately 12 km 

from the summit of Teide, was inaugurated in 1916 as a high-altitude observatory. During the 

summer, its position is ideal for studying the Saharan air layer due to a persistent temperature 

inversion which predominates for several months, suppressing vertical mixing with the marine 

boundary layer below. The Saharan air layer extends across the free troposphere and is 

responsible for most long-distance Saharan dust transport during the boreal summer, as 

explained in Chapter 1. 

 

 

2.3 Sampling Methodology 

 

Two main types of sampling were conducted – sampling for aeolian dust, and surface sampling 

for soil, rock, and vegetation. The following two sections cover these two sampling protocols. 

 

 

2.3.1 Aeolian Dust Sampling 

 

Dust was collected from both the Canary Islands and Cabo Verde sites. The sites used similar 

instrumentation, with the instrument used in the Canary Islands pictured in Figure 2.4, and the 

instrument used at Cabo Verde in Figure 2.5. 



44 
 

 

Figure 2.4: Canary Islands sampling apparatus for PBM in Saharan dust 
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Figure 2.5: Cabo Verde sampling apparatus for PBM in Saharan dust 

 

Sampling at the Canary Islands was opportunistic. Two quartz filters (GE-Whatman 1851-90 

QM-A, 2.2 μm pore size) were used to collect TPM>2.2 (total particulate matter with a size of 2.2 

μm and greater) during dust events on the 25th and 27th of July 2018. These filters were part of an 

apparatus deployed to trap mercury for isotope fractionation in ambient air.  HZW-165 air pumps 

drew air through the filter assembly, and the total air flowthrough was measured via 1.6 L Delixi 

diaphragm gas meters positioned at the pump outflow. Filters were deployed for 24 hours. After 

collection, the filters were folded, wrapped in aluminum foil, and sealed in flexible plastic bags, 

then in ziplock bags for transport. On return to the lab, samples were stored in a freezer in sealed 

plastic containers prior to analysis. 

 Sampling at Cabo Verde was informed by experiences in the Canary Islands. Before 

sampling began, we determined the minimum detectable quantities of dust required for analysis 
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in both low and high mercury scenarios. These values were calculated using the concentration of 

mercury found in the Canary Islands dust in 2018 (~50 ng/g) as a reference point. 

 

Table 2.1: Detection limits for relevant analytic methods 

Instrument Detection 

limit 

Dilution 

Factor 

Minimum Dust 

required per 

sample (10 ng/g 

concentration) 

Minimum Dust 

required per 

sample (100 ng/g 

concentration) 

Tekran 2600 0.0006 ng 10x 0.6 mg 0.06 mg 

Hydra IIc 0.001 ng 1x 0.1 mg 0.01 mg 

 

For accurate quantification, dust quantities at 3x these values are required. Thus, dust mass on 

the order of 0.03 to 1.8 mg was required for mercury analysis, depending on the instrument used 

and mercury concentration. These baseline values were then cross-referenced with historical dust 

fluxes. Dust reaching the CVAO varies annually, with sampling conducted between 2008 and 

2012 finding quantities ranging from <30 μg/m3 for background conditions, to over 100 μg/m3 

for a dust intrusion event (Fomba et al. 2012). Dust concentrations were used to calculate the 

time required to collect quantifiable dust samples, seen in table 2.4 below. Worst and best-case 

scenarios for pump efficiency were calculated using factory pump efficiency statistics, and pump 

speeds measured during the Canary Islands campaign. 

 

Table 2.2: Dust concentrations and deployment time estimates 

Scenario Dust concentration 

(TPM2.2) 

Time required for 1 

mg (1.2 m3/hr) 

Time required for 1 

mg (13.5 m3/hr) 

Background <30 μg/m3 >28 h >2.5 h 

Average conditions 30–100 μg/m3 8–28 h 0.7–2.5 h 

Dust intrusion event 100–200 μg/m3 4–8 h 0.4–0.7 h 

 

For collecting aeolian dust in Cabo Verde, we constructed two simple filter-style collectors based 

upon the apparatus used in the Canary Islands. These instruments were desirable due to their 

portability, their ability to capture large (>10 µm diameter) particles, and low cost. This allowed 

us to deploy multiple units simultaneously, providing replicate and differential measurements. 

Two duplicate pump and filter collectors, denoted A and B, were used in the field. 
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 Each unit consisted of an air pump (ECOPLUS magnetic air compressor commercial air 

pump, up to 13.5 m3/hr flow, 200 W), which drew air through two membrane filter stages. QM-

A quartz microfiber filters (GE Whatman), baked at 500ºC for 3 hours prior to being sent into the 

field, captured TPM>2.2. The second filter stage (PTFE membrane filters, GE Whatman) trapped 

particulate matter between 2.0 and 2.2 µm. This second stage was included in the apparatus 

during all sampling except the diurnal runs, where the shorter collection period required removal 

of one filter to maximize flow rate. Airflow was directed through the TPM>2.2 filters, followed by 

the PTFE stage. All filters were seated in single stage PFA filter assemblies (47 mm fitting, 

Savillex), connected by Teflon tubing sealed with Teflon ferrules. After the filters, a diaphragm 

gas meter (EKM Metering PGM-075) monitored cumulative gas flow through the assembly. The 

Teflon line running from the filters was smaller than the line running into the gas meter; 

connections were scaled up with brass Swagelok adaptors. The gas meter was attached to the 

intake of the ECOLINE air pump by Teflon tubing seated into larger diameter neoprene tubing, 

with all joints and connections sealed in epoxy (J-B Weld PlasticWeld). The gas meter’s in-line 

position reduced the potential for airflow measurement inconsistencies, which is caused by 

pressure changes inside the tubing relative to the pressure at the outflow position of the 

ECOLINE pumps. Apparatus testing was conducted at the University of Manitoba prior to 

deployment, finding a flow rate (3.2 m3/hr) deemed adequate for sample collection. 

 All filters were weighed on an analytic balance, then sealed in Ziploc bags until use in the 

field. Filters were weighed immediately after sample collection on an analytic balance at CVAO. 

After weighing, sample filters were folded and wrapped in aluminum foil, then placed in Ziploc 

bags and transported to the University of Manitoba for analysis. In addition to the aerosol 

samples, two grab samples of local surface dust were collected, one in the yard at ground level at 

CVAO and one 5 meters up the 30 m tower, deposited next to the stair. These were collected by 

gloved hand with a plastic shovel and placed in whirlpacks for transport. 

 Three types of sample collection took place between January 16th and February 4th 2020 

at CVAO: 

1) Replicate sampling at the 34 m.a.s.l. tower 

2) Comparative sampling at the 8 and 34 m.a.s.l. towers simultaneously 

3) Diurnal sampling 
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 All 34 m.a.s.l. replicate samples were taken over 24 hour intervals, with filters collected and 

installed during the afternoon. A single indoor dust sample was collected in the guest lab at 

CVAO to determine if it was similar to freshly deposited Saharan dust.  

 Comparative sampling was conducted between January 29th and February 2nd 2020. 

Sampling instruments A and B were run simultaneously, but apparatus B was moved to the 8 

m.a.s.l. tower while apparatus A remained on the 34 m.a.s.l. tower. Three comparative sample 

sets were collected, with two sets collected in 24 hour intervals, and one set collected over 72 

hours during a lighter phase of dust deposition.  

 Diurnal samples were collected on February 3rd to 4th, 2020. While daytime sampling was 

conducted on the day of February 5th, the filter was damaged during transit and could not be 

analyzed. Day filters were active between 07:30 and 17:50 hrs (all times are local = UTC -1 hr), 

and night filters between 18:15 and 07:00 hrs. Table 2.3 summarizes the specifics of sampling at 

Cabo Verde. 

 

Table 2.3: Specifics of 3 aeolian dust sampling schemes at Cabo Verde 

 34 m.a.s.l. 

tower 

8 m.a.s.l. 

tower 

No. of pump A 

trials 

No. of 

pump B 

trials 

Dates 

34 m replicate yes no 8 9 Jan 18 – Jan 28 

34 vs 8 m 

comparison 

yes yes 3 3 Jan 29 – Feb 2 

Diurnal yes no 3 3 Feb 3 – Feb 4 

 

 

2.3.2 Surface Sampling 

 

In July 2018, surface sampling was conducted at the Canary Islands site. Soil, rock debris, and 

Spartocytisus supranubius (a ‘broom’ shrub) samples were collected in roughly equidistant 

intervals between Izaña Atmospheric Observatory and Teide volcano, Tenerife. Twelve sites 

were selected that formed a transect, limited somewhat by usage rights in the park, which is a 

protected area. Figure 2.6 depicts the sampling region and sites. 
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Figure 2.6: Surface soil, rock, and vegetation sampling sites in Teide National Park on the 

island of Tenerife (adapted from Google Maps). Sites are marked with white stars, Teide volcano 

in green, and Izaña station in red. Inset shows the relative location on Tenerife. 

 

The transect between Teide and Izaña spanned approximately 12 km, with stations spread out as 

equally as possible while remaining within general use areas, accessed with the permission of the 

Teide National Park authority. Samples were collected by gloved hand using clean plastic 

digging gear, placed into whirlpack bags, and packed for transport in a cool, dry cooler. The 

physical appearance of each broom, soil, and rock sample was recorded. 

 The 3 types of samples collected were selected for specific purposes. Spartocytisus 

supranubius is the most common vegetation in Teide National Park and represents a suitable 

candidate for vegetative uptake of mercury. Soils were selected based on the site and typically 

were near or beneath the broom being sampled, and represented weathered rock and dust 

deposits. Rocks were taken directly next to the sampled soils, and represented basal parent 

material. Near the first station, a soil profile was dug to 0.90 m in depth, with samples collected 

every 0.10 m. 
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Figure 2.7: Image of station 10 on the Canary Islands, featuring Spartocytisus supranubius to 

the right and ahead 

 

Station coordinates and elevations are listed in Table 2.4. 
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Table 2.4: Teide National Park surface sampling station locations, Canary Islands 

Sample ID Latitude Longitude Elevation (m. a.s.l.) 

CI-1 28o18’06.06” N  16o30’56.82” W 2254 

CI-2 28°17’43.13” N 16o31’22.95” W 2270 

CI-3 28°17’54.90” N 16o34’07.28” W 2140 

CI-4 28°17’00.53” N 16o34’07.79” W 2143 

CI-5 28°16’12.72” N 16o34’49.60” W 2244 

CI-6 28°16’03.10” N 16o35’16.77” W 2300 

CI-7 28°15’36.44” N 16o35’45.50” W 2261 

CI-8 28°15’32.17” N 16o36’04.03” W 2299 

CI-9 28°15’14.51” N 16o36’52.34” W 2265 

CI-10 28°14’51.23” N 16o36’52.34” W 2229 

CI-11 28°14’52.08” N 16o37’31.34” W 2267 

CI-12 28°13’59.89” N 16o37’51.93” W 2188 

 

 

2.4 Analytical Methodology 

 

2.4.1 Sample Analysis 

 

Quantification of mercury in all samples was conducted on a Hydra IIc direct mercury analyzer 

(Teledyne Leeman) at the University of Manitoba. Samples were analyzed using US EPA 

method 7473 (USEPA, 2007) with some modifications noted below. Instrument parameters can 

be found in Table 2.5. 
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Table 2.5: Hydra IIc instrument parameters 

Instrument Parameter Setting 

  

Carrier Gas (Oxygen) Flow 14 – 15 L/h 

Sample Oxygen Flow 1.2 L/h 

Decomposition Temperature  800°C 

Decomposition Time 100 seconds 

Purge Time 60 seconds 

Wavelength 253.65 nm 

 

Some Cabo Verde samples contained little dust, thus calibration was conducted using similar 

quantities of certified reference material (CRM) to ensure the range of CRM mass was consistent 

with the range of sample mass to be measured. All CRMs were from the NRC (National 

Research Council of Canada). Low curve calibration began at 1 mg of MESS-4, a marine 

sediment used as a reference for mercury measurements in soil and sediment. Five CRM checks 

were conducted at the start of every operating day, with two additional checks conducted every 

15 samples. All nickel boats were blanked repeatedly by running them without any sample until 

the mercury measurement was consistent with zero. Details on the CRMs used for calibration 

and QA/QC can be found in Table 2.6 for the Cabo Verde samples. 

 

Table 2.6: CRM analytical results for Cabo Verde dust analysis on the Hydra IIc 

ID Certified Hg 

(ng/g) 

Number 

Analyzed 

Recovery 

(%) 

Source Usage 

MESS-4 90±50 7 99.9±4.4 NRC Low curve, 

checks 

DORM-4 410±55 2 104 NRC Middle curve, 

checks 

PACS-3 2980±200 0 NA NRC High curve 
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For QA/QC purposes, test trials (n=2) were conducted utilizing a small quantity of CRM 

(MESS-4) with a mercury content on the same order as expected from Saharan dust. Quantities 

of MESS-4 used in the test trials were in line with quantities of dust found on the filters in the 

field (between 0.004 and 0.010 g). MESS-4 was placed on field blank QM-A quartz microfiber 

filters, which were then folded, packed in nickel sample boats, and analyzed. Recovery of 

mercury for the MESS-4 test trials was 104±5%. 

 A blank subtraction was required due to mercury found on the field blanks. Extra QM-A 

quartz filters, kept as travel blanks under conditions identical to the sampling filters, were 

analyzed and their mean mercury concentration was determined. This value (mean = 0.110 ng, 

SD = 0.02 ng, n = 8) was subtracted from the results for the MESS-4 test trials and similarly used 

as a blank subtraction to determine the mercury content of all dust samples analyzed. The source 

of the mercury contamination is unknown, but the small standard deviation and accurate results 

with MESS-4 allow for a confident blank subtraction despite the relatively high blank values. 

We must, however, assume all filters are similarly contaminated. The mean blank mercury 

comprises 45% of the sample mercury, with the blank standard deviation comprising 8%. 

 Canary Islands samples had a wider range of sample type and larger quantities of sample, 

and so no special treatment was required for the low curve. Calibration was completed with two 

CRMs: MESS-3 for the low concentration curve, and PACS-2 for the high calibration curve. One 

quality control check with MESS-3 was conducted every 12 samples and at the end of every 

operating day. Table 2.7 includes information on the analysis of standards. 

 

Table 2.7: CRM analytical results for Canary Islands sample analysis on the Hydra IIc 

ID Certified Hg 

(ng/g) 

Number 

Analyzed 

Recovery 

(%) 

Source Usage 

MESS-3 91±9 5 99±3 NRC Low curve, 

checks 

PACS-3 2980±200 0 NA NRC High curve 
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Aeolian dust samples were run complete with filters, with sample mass calculated by subtraction 

from pre-sampling filter weight. Filters were folded, placed in a blanked nickel boat, and set into 

the loading arm of the Hydra IIc manually with clean tweezers.  

 Prior to analysis, soil and vegetation samples were freeze-dried, and the vegetation and 

rock samples were wiped with Kimwipes (Kimtech Science) to remove any soil or dust. 

Vegetation samples were broken down into branch and leaf components, with each sample 

analyzed comprising equal masses of branch and leaf. Rock samples were placed in a sample bag 

and pulverized with a rubber mallet; the resultant small particles were sifted out for analysis. 

Samples were weighed out (~ 0.10 g) in nickel boats on an analytical balance, then run directly. 

 

 

2.4.2 Back Trajectory Analysis 

 

The source of the dust collected at Cabo Verde needed to be determined, Saharan or otherwise. 

To achieve this, back-trajectories were produced with the Hybrid Single-Particle Lagrangian 

Integrated Trajectory (HYSPLIT v 5.0.0) model (NOAA Air Resources Lab). HYSPLIT 

calculates advection and diffusion to determine air mass trajectories based upon modeled 

atmospheric conditions. These air mass trajectories can be run forward or backward in time from 

a specific starting location and elevation. Back trajectories were produced for all sampling days, 

starting at 34 m a.s.l. at CVAO. Model parameters are listed in Table 2.8. 

 

Table 2.8: HYSPLIT v 5.0.0 model parameters for Cabo Verde back trajectory calculations 

Parameter Value 

Total run time -120 hours 

Direction back 

Top of model (m agl) 10000 

Vertical motion method input model data 

Starting location (coordinates) 16.86361111, -24.8672222 

Starting location (elevation) 34 m  
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All simulations were run using the Global Forecast System model output with a 0.25 latitude-

longitude degree grid (NCEP, GFS output available at 

ftp://arlftp.arlhq.noaa.gov/archives/gfs0p25/) for horizontal trajectories and vertical mixing. 

Back trajectories for dust arriving on January 24th–27th were extended back to 1 week (168 

hours) before collection to determine if they had interacted with continental regions at any earlier 

point. 

 Back trajectory path lengths over the Atlantic and the Sahara were calculated with the 

area tool on the ImageJ application (NIH, version 1.53g). The area of each trajectory was 

measured in pixels, with the number of pixels over land counted and subtracted from the total 

length. This resulted in two quantities, named LS for the path length over the Sahara, and LA for 

the path length over the Atlantic Ocean. In coastal areas, if the path at any point touched the 

coast area, this was considered a Saharan path section. 

 

 

2.4.3 Mercury Flux Estimate Calculation 

 

The equation used to estimate flux is as follows: 

 

JHg  =  CHg  ×  Jdust (9) 

 

where JHg, CHg, Jdust are, respectively, the overall flux of dust-bound mercury, the concentrations 

of mercury found in our study, and the flux of dust determined from the literature studies 

summarized in Table 2.9. Dust flux data were available from the Northeast Tropical Atlantic, the 

West Equatorial Tropical Atlantic, the Sargasso Sea, the Caribbean Sea and the Gulf of Guinea. 

These regions comprise a total area of 21.3  106 km2, representing 20% of the surface area of 

the entire Atlantic Ocean. Data from Jickells et al. (1998) were selected for years where back 

trajectories had the greatest percentage of origins in north Africa. Regional fluxes calculated 

from the data in Mason et al. 2017 were estimated by averaging the flux minima and maxima for 

3 longitudinal regions which featured available data. The net intra-oceanic export from surface 

waters was calculated by subtracting the upward cycling of mercury to surface waters from the 
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gross export out of the surface water to sediments and deeper waters, using data in Outridge et al. 

2018. 

Table 2.9: Compilation of dust flux estimates for Atlantic Ocean regions 

Dust Flux 

(g/m2/y) 

Region Method Source 

2.2 Northeast Tropical Atlantic Dissolved 

aluminum 

Barraqueta et al. 2019 

5.21 Northeast Tropical Atlantic 

(700 km from  African coast) 

Sediment traps Van Der Does et al. 

2021 

3.45 Northeast Tropical Atlantic 

(700 km from African coast) 

Sediment traps Van Der Does  et al. 

2021 

2.0 Northeast Tropical Atlantic Direct 

measurement 

Powell et al. 2015 

2.2±0.2 Western Tropical Atlantic Dissolved 

aluminum 

Measures et al. 2000 

1.36 Western Tropical Atlantic  Sediment traps Van der Does 2021 

0.88 Western Tropical Atlantic Sediment traps Van der Does 2021 

1.34 Western Tropical Atlantic Sediment traps Van der Does 2021 

1.69 Western Tropical Atlantic Sediment traps Van der Does 2021 

1.14 Western Tropical Atlantic Sediment traps Van der Does 2021 

1.04 Western Tropical Atlantic Sediment traps Van der Does 2021 

2.64±0.26  Sargasso Sea Dissolved 

aluminum 

Measures et al. 2000 

6.1±0.74 Sargasso Sea (1980-1984) Sediment traps Jickells et al. 1998 

3.63±0.57 Caribbean Sea Dissolved 

aluminum 

Measures et al. 2000 

6.4±1.1 Gulf of Guinea Dissolved 

aluminum 

Measures et al. 2000 

13.1, 30.1 Gulf of Guinea Direct 

measurement 

Resch et al. 2007 
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The bounds of oceanic regions not defined by landmasses are listed in Table 2.10. 

 

Table 2.10: Geographic bounds of defined oceanic regions used in PBM flux calculations 

Region Point A Point B Point C Point D 

Sargasso Sea 20°N, 40°W 20°N, 70°W 35°N, 40°W 35°N, 70°W 

Northeast 

Tropical Atlantic 

5°S, 38°W 5°S, 17°W 35°N, 38°W 35°S, 17°W 

Western Tropical 

Atlantic 

5°S, 38°W 10°N, 60°W 10°N, 38°W  

 

 

2.4.4 Statistical Analysis 

 

Statistics were calculated in Microsoft 365 Excel spreadsheet version 2010 (Microsoft 

corporation) and R version 4.0.3 (R project for statistical computing). The threshold for 

significance was set to p = 0.05. Datasets were checked for normal distributions via normal 

probability plot correlation coefficients to ensure parametric statistical methods were 

appropriate. Linear regressions were calculated when a causal relationship was inferred, and 

Pearson’s correlation coefficients were determined when not. Spearman’s ranked correlation 

coefficients were calculated manually in Excel for instances of non-normally distributed data. 

Population variances were assumed equal when they differed by less than a factor of 3 (Box, 

1953). T-tests were conducted to determine if the 34 m or 8 m tower and Atlantic or Saharan 

dust populations were distinct. In Figure 3.2, a 2-point moving average was used to generate the 

trendline. For diurnal sampling, the night values were pooled and taken as a single population for 

purposes of calculating a standard deviation. When determining the correlation between daylight 

and absolute humidity, midnight was set to 0 and noon was set to 12, then hours were assigned 

values based on their proximity to noon/midnight (for example: 13:00 and 11:00 = 11, 01:00 and 

23:00 = 1, etc). 
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Chapter 3 : Results 

 

 

3.1 Mercury Concentrations in Aeolian Dust  

 

Table 3.1 summarizes the results for PBM in the dust collected. To facilitate comparisons with 

literature data, PBM concentrations are reported in both w/w (ng/g of dust) and w/v (pg/m3 of 

air).   

Table 3.1: Mercury concentrations (average ± standard deviations) in aeolian dust collected 

from Canary Islands and Cabo Verde 

Sample type  Mercury 

concentration 

(ng/g) 

Mercury 

concentration 

(pg/m3) 

Number of 

samples 

(N) 

Canary Islands dust 44.7 3.1 2 

Cabo Verde overall mean 49.3±31.9 2.87±2.37 11 

Cabo Verde Saharan trajectory 72.8±7.43 4.64±2.15 5 

Cabo Verde Atlantic trajectory 29.8±31.3 1.40±1.34 6 

Cabo Verde day 124.6 5.3 2 

Cabo Verde night 28.1±19.6 1.21±0.85 4 

Cabo Verde diurnal mean 76.4 2.58 6 

 

 

3.1.1 Canary Islands Aeolian Dust Samples 

 

The two filters collected had mercury concentrations of 37.6 and 51.8 ng/g, presumed to be 

associated with Saharan dust. The dust was visually identical to dust collected at Cabo Verde. 

 

 

3.1.2 Replicate Sampling at the 34-m Tower at CVAO 

 

A summary of PBM>2.2 collected at the 34 m tower, as well as total TPM>2.2 collected and GEM 

concentrations, can be found in Figure 3.1. Real-time GEM measurements conducted by the 

University of York and the staff at CVAO were ongoing during our study, with atmospheric 

sampling taking place at the 8 m.a.s.l. tower. Gaps present in PBM data during the early 
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sampling period, between the 17th and the 24th of January, were due to instrument issues in the 

field, while January 20th was spent measuring indoor dust samples. The air flow-through per 

hour for the field sampling period was 2.4±0.48 m3/hour.  

 

 

Figure 3.1: Daily means for PBM>2.2, GEM, and TPM>2,2 collected at 34 m.a.s.l. at CVAO 

 

Our study found dust concentrations ranging between 41 and 103 μg TPM>2.2 per m3 of air, with 

an average of 57.7±20.1 μg/m3. The data in Figure 3.1 was used to run multiple linear 

regressions as detailed in table 3.2. 
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Table 3.2: Multiple linear regression statistics (estimate ± standard error) for PBM>2.2 (w/w) 

and (w/v) as dependent variables, in Saharan dust sampled at CVAO 

 Regression 1 Regression 2 

Dependent Variable PBM>2.2 (w/v) PBM>2.2 (w/w) 

Regression R2 0.85 0.84 

Intercept Not significant Not significant 

PBM>2.2 (w/v) Coefficient NA 12.6±2.3 

PBM>2.2 (w/w) Coefficient 0.064±0.011 NA 

TPM>2.2 Coefficient 0.046±0.016 -0.60±0.34 

GEM Coefficient Not significant Not significant 

 

Of these, GEM had no significant relationship with either measure of PBM>2.2. The PBM>2.2 

values were predictors for each other (p < 0.001) and TPM>2.2 (p < 0.05) was significantly related 

to both, albeit in opposite directions. However, TPM>2.2 was not a significant predictor for 

PBM>2.2 (w/v) or PBM>2.2 (w/w) on its own (p > 0.10). 

 During our sampling period, the mean GEM in air was 0.93±0.09 ng/m3; this level is 

similar to the overall mean for the first 3 months of 2020 (GEM = 0.95±0.11 ng/m3, GEM data 

courtesy of CVAO). These levels are lower than historic GEM data collected at CVAO between 

2011-2015 (1.191±0.128 ng/m3) (Read et al. 2017), but are consistent with that study’s predicted 

concentration decline of 0.05 ng/m3/y. There was some variation between days, wherein the 

period from January 29th to February 5th showed the lowest mercury totals across the first 2 

months of 2020, but this was not evidence of a trend. On February 1st and 2nd, there was a 

reduction in GEM and a corresponding increase in PBM>2.2, but the limited time series prevents 

robust analysis. GEM was not correlated with wind speed, wind direction, temperature, PBM>2.2, 

or relative humidity (determined via Spearman’s ranked correlation coefficients). In all cases, the 

PBM (w/v) found in dust was <1% of the GEM (w/v), typically closer in magnitude to 0.1%. 

This is likely an underestimation of PBM as dust fractions smaller than 2.2 µm were not 

collected or analyzed. No detectable quantities of dust were found on the 2.0 to 2.2 µm size 

fraction filter over the study period due to the relatively low dust conditions.   
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 A diurnal cycle was found in GEM, with a maximum at midnight and a minimum in the 

afternoon (Figure 3.2), varying between 1.00 and 0.93 ng/m3. Concentrations at noon were 

elevated, which may be related to increased human activity at that time. 

  

 

Figure 3.2: Hourly average atmospheric GEM concentrations at CVAO during the study period 

(data provided by CVAO) 

 

A linear regression analysis between GEM and PBM>2.2 (w/w) was conducted to see if PBM>2.2 

variation in dust was caused by variations in GEM; no such relationship was found (regression r2 

= 0.075, N = 11, p > 0.05) which is in keeping with previous studies of mercury sorption to 

particles (Lyman et al. 2019). Linear regressions were also run to determine if wind speed, wind 

direction, or temperature were related to PBM>2.2 as either (w/w) or (w/v), but none were 

significant (p > 0.05).   

 A weak negative correlation was found between absolute humidity (period mean 

2.00±0.13 kPa) and PBM>2.2 (w/w) (N = 11, r = -0.53, p < 0.10; Figure 3.3). 
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Figure 3.3: Negative correlation between absolute humidity and PBM>2.2 (ng/g) at CVAO  

 

 

3.1.3 Comparative Sampling Between 34 m vs 8 m Towers at CVAO 

 

Previous elemental analysis of dust collected on the platforms at CVAO has shown the 34 m 

tower is largely isolated from marine and surface aerosols (Fomba et al. 2012), while the 8 m 

tower is not. Comparative sampling revealed differences in TPM>2.2 and PBM>2.2 (w/w) between 

the 8 and 34 m towers (Table 3.3).  

 

Table 3.3: Comparison of TPM>2.2 and PBM>2.2 concentrations (means ± standard deviations) 

between 34 and 8 m.a.s.l. towers at CVAO 

 34 m tower 8 m tower 

PBM>2.2 (ng/g) 60.4±17.0 27.7±17.2 

 

TPM>2.2 (μg/m3) 58.3±17.7 132.0±21.3 

 

PBM>2.2 (pg/m3) 3.47±1.76 3.50±3.12 

 

PBM>2.2 was significantly greater at the 34 m tower versus the 8 m tower on a ng/g (w/w) basis 

(p < 0.05). Significantly more TPM>2.2 was collected at the 8 m tower (p < 0.001). However, 

PBM>2.2 (w/v)  was not significantly different between the 34 m and 8 m towers (p > 0.10). In 
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summary, there was no difference between sampling heights in dust mercury concentrations on a 

pg/m3 basis, a significant difference in dust mercury concentrations on a ng/g basis, and different 

concentrations of airborne dust (TPM>2.2). While PBM>2.2 (w/v) was not correlated with TPM>2.2, 

PBM>2.2 (w/w) had a significant negative correlation (r = -0.81, p < 0.05). 

 

 

3.1.4 Diurnal Sampling at 34 m.a.s.l. at CVAO 

 

Results for diurnal sampling at CVAO are collected in Table 3.4. A sharp increase in PBM>2.2 

was measured during the day. The mean values for a single day-night cycle are consistent with 

the 24 hour (full-day) means for Saharan trajectory days. Absolute humidity was found to be 

weakly positively correlated with daylight over this period (N= 48, r = 0.29, p < 0.05). 

 

Table 3.4: Diurnal PBM>2.2 concentrations (means ± standard deviations) for samples collected 

at the 34 m.a.s.l. tower at CVAO 

Date PBM>2.2 (pg/m3) PBM>2.2 (ng/g) 

 day night day night 

Feb 3 2020  1.72±0.71  34.4±6.4 

Feb 4 2020 5.3 0.70±0.99 124.6 21.9±30.9 

Diurnal Mean 2.58 76.4 

 

 

3.1.5 Back Trajectory Analysis at CVAO 

 

Calculated back trajectories for individual sampling days in the Cabo Verde campaign can be 

found in the Appendix. The majority of 120 hour back trajectories followed two primary 

patterns. For air masses arriving on January 17th, 18th, 31st, February 1st and 2nd, the air originated 

in Algeria, Mali, or Mauritania, passed through the coastal Sahara region, and reached CVAO 

within 48 hours of leaving the continental boundary layer. These days correspond to higher 

PBM>2.2 (72.8±7.43 ng/g). Air masses arriving January 25th, 26th, 27th, 28th, 29th, and 30th 

originated over the Atlantic Ocean within the previous 120 hours. These air masses had lower 

PBM>2.2 (29.8±31.3 ng/g). These two populations were significantly different for PBM>2.2 

measured as both ng/g (p < 0.05) and pg/m3 (p < 0.01). Linear regression analysis of PBM>2.2 
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(w/w) and (w/v) concentrations versus the Saharan fraction of the back trajectory path length 

produced significant positive relationships (Figures 3.4 and 3.5). 

 

Figure 3.4: PBM>2.2 (ng/g) as a function of Saharan land path fraction (a) without and (b) with 

January 25th value included 

 

 

Figure 3.5: PBM>2.2 (pg/m3) as a function of Saharan land path fraction (a) without and (b) with 

January 25th value included 

 

95% confidence intervals are shown in light grey, where Figures 3.4a and 3.5a are with the data 

point from January 25th excluded, and Figures 3.4b and 3.5b include all points. Regressions were 

calculated excluding the data point from January 25th because it had a high mercury 

concentration but did not pass over land, resulting in the largest residual of any point for both the 
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(w/w) and (w/v) regressions. A Grubbs test was run on the residuals, finding that this point was 

an outlier (p < 0.05) for the (w/w) regression. 

 

The equations produced by the regressions are in the following form: 

 

[𝐻𝑔] = 𝑚
𝐿𝑆

𝐿𝐴 + 𝐿𝑆
+ 𝑏 (10) 

 

Where [Hg] is the concentration of PBM>2.2, Ls is the back trajectory path length over the Sahara, 

and LA is the back trajectory path length over the Atlantic Ocean. The regression constants and 

statistics are presented in Table 3.5. 

 

Table 3.5: Regression parameters (mean ± standard error) for PBM concentrations in (w/w) and 

(w/v) as a function of Saharan land path length 

Regression type slope Slope p-value intercept Intercept p-value R2 

(w/w), all data 61.0±26.1 <0.05 25.7±11.3 <0.05 0.38 

(w/w) no Jan 25th 86.5±13.8 <0.0005 10.8±6.29 Not significant 0.83 

(w/v), all data 5.84±1.79 <0.01 0.72±0.78 Not significant 0.54 

(w/v), no Jan 25th 7.07±1.59 <0.005 0.00±0.72 Not significant 0.71 

 

 

3.1.6 Comparisons Between Our Study and Aeolian PBM Results Reported in Temperate 

Regions  

 

To contextualize PBM>2.2 data from Cabo Verde, comparisons with previous literature values 

from other regions were selected based on site similarity, as shown in Table 3.6.  
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Table 3.6: Aeolian PBM concentrations reported for other temperate and sub-tropical regions  

Location Conditions  Particle 

size 

PBM (pg/m3) PBM 

(ng/g) 

Reference 

Chuncheon, 

South Korea 

Summer 

sampling 

>2.0 

µm 

1.00 133 Kim et al. 2012 

Coastal 

Taiwan 

highway site 

Summer 

sampling 

>2.0 

µm 

65 1308 Fang et al. 2010 

Coastal 

Maine 

(Appledore 

island), USA 

Summer 

sampling, 2 

years 

>2.0 

µm 

~2.1-3.9  No data Feddersen et al. 

2012 

Baltic coast of 

Poland 

Summer 

sampling 

Coarse 

mode 

12.7±5.1 No data Siudek et al. 

2011 

Remote 

Central 

Wisconsin, 

USA 

April through 

August 

>0.2 

μm 

13±7 2000±2000 Lamborg et al. 

2000 

Rural 

Florida, USA 

August through 

September, 

multiple sites 

TPM 20.2±0.2 (all 

sites) 

957±14 Graney et al. 

2004 

Atlantic 

Cruises 

Two legs, 2010 

and 2011 

TPM 1 to 13 No data Mason et al. 

2017 

North 

Okinawa 

Spring sampling <2.5 

µm 

3.0±2.4 200 Chand et al. 

2008 

Weeks Bay, 

Alabama, 

USA 

Spring/summer 

sampling 

<2.5 

µm 

2.7±3.4 No data Engel et al. 

2008 

Jiuxian 

mountain 

summit, 

China 

Full year mean, 

1700 m altitude 

<2.5 

μm 

24.0±14.6 No data Xu et al. 2013 

Continental 

AMNet sites, 

no urban land 

cover (USA) 

2009-2014 

annual average, 

excluding 

Mauna Loa 

<2.5 

µm 

5.4±2.4 No data Zhang et al. 

2016 

 

To our knowledge, no mercury analyses have been conducted on non-urban Saharan dust, 

although Mason et al. (2017) sampled aeolian aerosols they suspected were Saharan in origin. 

These aerosols, featured in table 3.6 as ‘Atlantic Cruises’, contained mercury concentrations 

ranging from 1 to 13 pg/m3, which spans the range in our study. 
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Only a few studies measured volumetric PBM concentrations in coarse fractions such as 

TPM>2.2; these reported concentrations ranging between 1.0 pg/m3 and 65 pg/m3 (Kim et al. 

2012, Fang et al. 2010, Feddersen et al. 2012). The two studies which can be expected to 

experience minimal anthropogenic influence (Kim et al. 2012; Feddersen et al. 2012) had PBM 

concentrations similar to our results. The site most similar to CVAO was Appledore Island, 

Maine, USA (Feddersen et al. 2012); this was the only other Atlantic study with particulate 

mercury data which had minimal anthropogenic interference. Feddersen et al. (2012) found PBM 

concentrations of 3.2+0.7 pg/m3 in their >2.0 µm aerosol fraction; this is similar to the mean 

values for all samples at Cabo Verde (2.87±2.37 pg/m3). Of other remote sites with coarse 

particulate data, Kim et al. (2012) found lower (1.0 pg/m3) mercury concentrations in the >2.2 

µm size fraction at their rural site near Chuncheon, South Korea. However, their total PBM (w/v) 

(1.69 pg/m3) was similar to values at Cabo Verde. The picture is different when the data is 

viewed on a (w/w) basis. Here, the concentrations are higher (130 ng/g) than seen at Cabo Verde, 

even if they were similar or lower in terms of (w/v) (Kim et al. 2012).  

 Two other studies with coarse mode data featured areas with anthropogenic influence. 

Siudek et al. (2011) investigated mercury concentrations along the Baltic coast at Gdynia, 

Poland. Summer temperatures at Gdynia are similar to winter temperatures at Cabo Verde 

(17.4°C versus 21.2°C), as is relative humidity (75% versus 78%), although wind speed is 

slightly lower (2.5 m/s versus 5 m/s) (Siudek et al. 2011; climate-data.org 2021). Their PBM>2.2 

fraction contained mercury concentrations of 12.7±5.1 pg/m3 in the summer, and as such the 

coarse fraction during the summer is slightly greater than the PBM>2.2 (w/v) concentrations on 

Saharan-source dust collected in our study. Graney et al. (2004) investigated PBM on particles in 

the Florida keys, downwind from point sources of pollution. They found 20.2±0.2 pg/m3 as a site 

average, which is several times higher than concentrations at Cabo Verde. This is likely due to 

contamination, as their (w/w) values reach 957±14 ng/g, suggesting particles highly enriched in 

mercury. Lamborg et al. (2000), a study featuring coarse mode data with no apparent 

anthropogenic influence, featured variable and often high (w/w) values (2000±2000 ng/g), again 

suggesting enrichment in mercury on particles. 

 While it is difficult to directly compare mercury associated with PM2.5 and PBM>2.2, 

remote PM2.5 sampling found PBM concentrations between 3.0 and 5.4 pg/m3 (Chand et al. 2008, 

Fu et al. 2012, Zhang et al. 2016, Cheng et al. 2014a). This is similar to concentrations found at 
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Cabo Verde. When comparing PBM (w/w), our study again found lower concentrations than the 

PM2.5 study for which data was available (Chand et al. 2008).  

 

 

3.2 Dust Depositional Flux of PBM>2.2 to the North Atlantic Ocean 

 

PBM fluxes were calculated for Atlantic regions as defined in Section 2.4.3, these flux results are 

shown in Table 3.7.  

 

Table 3.7: Calculated Aeolian PBM>2.2 fluxes (mean ± 95% confidence interval) to Atlantic 

Ocean regions 

Region All sample mean 

(ng/m2/y) 

Saharan Trajectory 

Samples (ng/m2/y) 

Marine Trajectory 

Samples (ng/m2/y) 

Northeast Tropical 

Atlantic 

130±99 216±128 88±127 

West Equatorial 

Tropical Atlantic 

54±30 90±25 37±49 

Sargasso Sea 130±67 318±64 130±171 

Caribbean Sea 159±81 264±48 108±142 

Gulf of Guinea 509±520 844±763 346±548 

 

Errors are reported at the 95% confidence interval. Based upon the fluxes above and regional 

areas, total yearly PBM>2.2 depositions are shown in Table 3.8. 
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Table 3.8: Annual Saharan dust PBM>2.2 deposition (mean ± 95% confidence interval) to 

Atlantic Ocean regions 

Region Area  

(million km2) 

All samples 

(t/y) 

Saharan 

Trajectory (t/y) 

Marine 

Trajectory (t/y) 

Northeast Tropical 

Atlantic 

9.54 1.2±0.9 2.1±1.2 0.8±1.2 

West Equatorial 

Tropical Atlantic 

1.82 0.10±0.05 0.16±0.05 0.07±0.09 

Sargasso Sea 4.87 0.6±0.3 1.5±0.3 0.6±0.8 

Caribbean Sea 2.75  0.4±0.2 0.7±0.1 0.3±0.4 

Gulf of Guinea 2.35  1.2±1.2 2.0±1.8 0.8±1.3 

Total 21.34  3.6±1.6 6.5±2.2 2.7±2.0 

 

Table 3.9 compares estimated Saharan PBM flux with estimated dry deposition, wet deposition, 

evasion, and oceanic mercury for the regions studied. 

 

Table 3.9: Total ocean mercury input and evasion from the literature as estimates ± 95% 

confidence intervals or ranges, compared to Saharan input estimates for study region 

Reservoir or Flux Source Mass (t or t/y) Source 

Saharan dust (Saharan 

trajectory only) 

6.5±2.2 This work 

Saharan dust (overall 

mean) 

3.6±1.6 This work 

Saharan dust (Marine 

trajectory only) 

2.7±2.0 This work 

Total PBM deposition 4.6–28.0 Mason et al. 2017 

Total wet deposition 108–244 Mason et al. 2017 

RGM deposition 11.4–32.4 Mason et al. 2017 

Surface water reservoir (0 

to 200 m) 

153.7 Outridge et al. 2018 

Net evasion 170–240 Outridge et al. 2018 

Net intra-oceanic export 45.5 Outridge et al. 2018 
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3.3 Mercury in Surface Samples  

 

Surface soil sample mercury concentrations are shown in Table 3.10, along with general 

observed characteristics of the samples. There are no direct surface sample results for mercury in 

Saharan soil, but one recent study in the similar Taklimakan desert (Huang et al. 2020) found 

surface soil mercury concentrations of 1.9±0.4 ng/g, which is within the error range for surface 

dust collected in Cabo Verde. Another point of comparison, pristine sediments collected in 

Southern Africa, had mercury concentrations of 30 ± 30 ng/g (Webster et al. 2021). 

 

Table 3.10: Mercury Concentrations in Surface Soil Samples from Cabo Verde and Teide 

National Park, Canary Islands 

Station ID  Hg (ng/g) Description 

Canary 

Islands: 

   

station 1  20.8 dull brown, fine soil 

station 2  11.1 grey/white, porous, light. Fine to pebbles (10mm diameter). 

Only fine analyzed 

station 3  9.44 very fine pale tan pebbles and brown dust 

station 4  41.7 pale white and yellow, only pebbles, crushed in lab, dust 

analyzed 

station 5  49.7 very pale, very light, only pebbles. Crushed in lab, dust 

analyzed. In highly rocky area 

station 6  19.2 yellow, pebbles to very fine dust. Dust analyzed. 

Station 7  37.7 dull brown, some plant material. From beneath broom 

station 8  110 under brush and twig layer, black, brown and yellow, contained 

twigs, fine 

station 9  53.9 unremarkable grey dust 

station 10  24.3 mixed pebbles, sand, soil. Yellow. Fine analyzed 

station 11  6.20 small pebbles, greyish yellow soil 

station 12  10.2 slightly pebbly, light grey and brown dust 

Cabo Verde:    

Cabo V 1  2.5 Reddish dust, ground sample 

Cabo V 2  20.5 Reddish dust, deposited 10 m up tower 

 

Mercury concentrations in surface soil, rock and broom samples from Teide National Park in the 

Canary Islands are shown in Figure 3.6. 
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Figure 3.6: Mercury concentrations in surface soil, rock and broom (vegetation) samples from 

Teide National Park, Canary Islands 

 

A linear regression of soil mercury as a function of rock mercury found a significant relationship 

(R2 = 0.70 n = 10, regression slope p = 0.003, Figure 3.7), indicating that some of the variation in 

soil mercury could be predicted by variation in rock mercury. Broom mercury as a function of 

rock mercury had no significant relationship (R2 = 0.17, n = 10, p = 0.24), but broom and soil 

mercury had a statistically significant relationship (R2 = 0.35, n = 12, p = 0.04, Figure 3.8), 

raising the possibility that soil mercury was influencing broom mercury. These linear regressions 

suggest mercury follows a pathway that originates in rock, weathers into soil, and then is taken 

up by broom at least partially from the soil. There was no statistically significant geographic 

relationship between mercury concentrations in any sample type with proximity to the Teide 

volcano (R2 values .04 to .13, p values for regression slopes ranged from 0.25 to 0.56). There 

was an apparent but not statistically significant (p > 0.05) mercury increase with proximity to 

Station 8. 
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Figure 3.7: Linear regression for mercury concentration in soil as a function of mercury 

concentration in rock at Teide National Park, Canary Islands 
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Figure 3.8: Linear regression for mercury concentration in broom as a function of mercury 

concentration in soil at Teide National Park, Canary Islands 

 

Mercury concentrations in the soil profile near Station 1 in Teide National Park, Canary Islands, 

are shown in Figure 3.9. The soil was undifferentiated, with only a single horizon. A Grubbs 

outlier test was conducted which found no outliers, despite a higher value between 30 and 40 cm 

(where filamentous roots were located). 
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Figure 3.9: Depth profile of soil mercury concentrations near Site 1 at Teide National Park, 

Canary Islands  
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Chapter 4 : Discussion 

 

 

4.1 Relationship Between Airmass Source, Path, and Mercury Concentration 

 

4.1.1 Parameterization of PBM>2.2 as a Function of Back Trajectory Path Length Ratio 

 

Dust collected over the study period at Cabo Verde was categorized into two different groups, 

depending on the source and path of the dust – marine (Atlantic) or Saharan origin. These two 

populations have significantly different mercury concentrations measured both in terms of ng/g 

of dust and pg/m3 of air. A trajectory ratio was used to approximate the impact of potential dust 

loss and dilution with marine aerosols as the airmass passed over the Atlantic Ocean. The 

parameterization can be found in section 3.1.5 as Equation 10.: 

 As trajectory path length LS approaches zero, the first term drops out, leaving b, which 

serves as an estimate for the mean marine background mercury concentration as measured in 

marine aerosol at Cabo Verde. Of the 4 regressions generated (see Table 3.5), only the outlier-

including w/w regression had a statistically significant intercept, corresponding to a value of 

25.7±11.3 ng/g. This value is consistent with the measured mercury concentrations in marine-

sourced dust (29.8±31.3 ng/g). As LA approaches zero, the equation’s value approaches m, a 

mean concentration for Saharan-source dust. See section 3.1.5 for a breakdown of slopes and 

intercepts for several iterations of the parameterization. 

 The slope results were statistically significant in all regressions, although exclusion of the 

airmass arriving from January 24th to January 25th, which featured an anomalously high mercury 

concentration, results in smaller confidence intervals and a more significant slope. The January 

24th to January 25th airmass may have carried an anthropogenic signal. Extending the back 

trajectory to 1 week (168 hours) before arrival at Cabo Verde shows a path beginning over 

central France then southwest across Spain (Figure 4.1). This ‘European’ trajectory may have 

contributed to dust mercury loading if industrial emissions were captured when the airmass 

passed above populated regions. 
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Figure 4.1: High mercury outlier airmass arriving January 25th, 2020, demonstrating passage 

over Europe via back trajectory in red 

 

While other airmasses (arriving on January 26th and 27th) did pass over Europe, the January 25th  

trajectory persists more than three times as long and far as any other, which increases the 

probability of anthropogenic influence. 
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4.1.2 Excluding Causes for a High-Mercury Outlier  

 

Several other causes may account for the high PBM dust arriving on January 25th, though none 

are as parsimonious as anthropogenic influence originating in Europe. Vertical mixing can 

transport the airmass into a higher-mercury environment, but this was not seen in the data. The 

outlier airmass had a vertical trajectory much like the airmass arriving the next day, on January 

26th.  These two airmasses show evidence of unstable vertical mixing during January 22nd to 

January 25th when near the Canary Islands, but it is unlikely this mixing contributed to increased 

mercury concentrations because the two airmasses arriving January 25th and 26th were very 

different in mercury content. 

 PBM can also increase during precipitation, and January 25th featured a light precipitation 

event. As the dust-laden airmass neared Cabo Verde, it was captured by the Harmattan system 

and descended to near sea-level. On arriving at Cabo Verde, the airmass interacted with a 

second, precipitation-bearing airmass which originated from a tropical system off the coast of 

West Africa (in blue, see Figure 4.2; dust-laden airmass in red). The resulting precipitation event 

featured 0.4 mm of measured rain plus additional trace precipitation over the course of the day. 

This is unusual for Cabo Verde during the winter, which typically experiences stable, dry 

conditions. 
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Figure 4.2: Airmass back trajectories for Jan 25th, dust-laden airmass in red, precipitation-

bearing airmass arriving at ~3000 m.a.s.l. in blue 

 

Precipitation can be associated with increases in PBM. Studies have found that RGM is 

negatively correlated with water vapor in the atmosphere, which rises before and during 

precipitation events (e.g., Swartzendruber et al. 2006, Ye et al. 2016). This is thought to be due 

to RGM dissolving into the aerosol aqueous phase, as is predicted by models involving both sea 

salts (Holmes et al. 2009) and additional species (Ye et al. 2016). A sensitivity analysis in Ye et 

al. (2016) found increases in PBM when atmospheric water content was increased. Our study 

found a trend that supported an opposing phenomenon - a weak negative correlation between 

absolute humidity and PBM>2.2. This result was reported by other studies (Cheng et al. 2014a, 

Wang et al. 2019). Increased PBM>2.2 during the precipitation event, but a negative correlation 

between PBM>2.2 and absolute humidity generally, could be due to several factors. During the 

rain event, captured dust particles may have taken part in the precipitation-based scavenging of 
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mercury, thus becoming enriched in PBM. During non-precipitation events, increasing relative 

humidity may have a larger effect on relatively smaller aerosol particles due to their increased 

surface area, which may change the size distribution of mercury binding. This could result in 

decreases in mercury bound to coarse particles such as those collected in this study. However, 

our limited dataset, combined with inconsistent results from prior studies, indicate it is premature 

to form a confident hypothesis on these processes. Additionally, the very small quantity of 

precipitation and inconsistency with our absolute humidity correlation suggests precipitation may 

not have been a driving factor in the enriched mercury on January 25th. 

 

 

4.2 Comparison with Previous Aeolian Mercury Studies 

 

4.2.1 Selection of Studies for Comparison  

 

Previous studies on PBM investigate a wide variety of different locations and conditions, many 

of which are not appropriate for comparison to Cabo Verde or the Canary Islands. Both sites in 

our study are remote, and urban sites differ markedly from remote sites for two reasons. First, 

particulate studies in cities have shown elevated mercury associated with anthropogenic sources 

such as fossil fuel combustion (Pirrone et al. 1996, Xiu et al. 2005). Second, PBM in urban areas 

often follows a size distribution pattern where smaller particle sizes are enriched in mercury 

relative to coarse particles (Xiu et al. 2005). It is thought this pattern is due to the accumulation 

of mercury from coal combustion via chemical gas-particle transformation, wherein mercury 

condenses out of the gas phase in droplets around a particulate nucleus (Ames et al. 1997). This 

hypothesis is supported by increased mercury concentrations in small particles during winter, 

when combustion increases due to heating demands (Xu et al. 2013). As urban sites are 

frequently both more contaminated, and undergo different binding mechanisms, than remote 

sites, only one urban site was selected for comparison. This was Gdynia in Siudek et al. (2011), 

located in a coastal region with coarse mode data collected on the same filters used in this study.  

 While Cabo Verde and the Canary Islands are remote, some literature-sourced remote 

PBM data were collected in drastically different climates and were thus excluded from 

comparison. Remote Arctic and Antarctic sites were excluded due to temperature and seasonal 
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differences, as climate is a crucial factor due to the temperature dependence of sorption (Amos et 

al. 2012). Sites in the South China Sea were excluded due to the strong anthropogenic influence 

(Xu et al. 2013) and known elevated concentrations of mercury in the region (Tseng et al. 2013). 

 

 

4.2.2 Comparison With Other Sites 

 

On a pg/m3 basis, our mercury concentrations are similar to those found at other remote sites. 

However, our results were lower than all other sites on a ng/g basis. Notably, the literature 

studies collected less aerosol, which may be related to higher w/w dust mercury concentrations, 

if sorbed mercury is dominant and smaller numbers of particles result in more densely populated 

sorption sites. These results are consistent with the exponential (w/v) mercury concentration 

dependence on mineral aerosol mass reported by Mason et al. (2017), who found a positive 

correlation wherein dust quantities varied across 4 orders of magnitude and mercury only 2. With 

an exponential relationship such as this, the concentrations of mercury are relatively higher at 

low dust masses; Mason et al. (2017) cite this as evidence of mercury sorbed to aerosols and not 

inherent to the particles themselves. However, our PBM>2.2 (w/w) concentrations ranged up to 

only 124.6 ng/g. By contrast, in remote sites that are directly influenced by pollution, PBM 

concentrations can be on the order of 1000 ng/g (Graney et al. 2004). No mercury concentration 

of this magnitude was seen in our results, allowing for the possibility of predominantly geogenic 

mercury in our samples. 

 

 

4.3 Diurnal Variations and Sorption 

 

Our data from CVAO shows preliminary evidence of a diurnal cycle in mercury concentrations. 

Although only two nighttime and one daytime pair of replicate samples were collected, the 

variation between them is large, with a mean of 125 ng/g found during the day, which is 45% 

higher than any other sample collected during the study, and 28.1±17.0 ng/g found during the 

night. These relationships also hold true when determining mercury concentrations as pg/m3. A 

wide diurnal variation in dust mercury concentration is inconsistent with dust originating from 
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the same geological location and passing over the same regions, especially assuming 

homogenization occurs in the dust during transit.  

 If different types of dust arrived at different times of the day, it is possible that a diurnal 

cycle in mercury concentrations could appear if the mercury was within the dust matrix. 

However, if this were true, there would likely be some change in environmental parameters that 

drives the variation in dust transport. Atmospheric conditions did not vary prominently during 

the day-night sampling, with an average temperature of 21.2°C (maximum 22.5, minimum 20.2), 

absolute humidity of 2.02±0.13 kPa, and an average wind speed of 7.1 km/hr (maximum 12.1 

km/hr, no minimum data). These values are similar to values found over the entire study period 

(21.4±0.5°C, 2.00±0.13 kPa and 6.1±1.7 km/h respectively). The overall study period never 

experienced a change in PBM>2.2 mercury concentrations as large as the difference between 

daytime and night-time samples. 

 There was a weakly positive correlation between daylight and absolute humidity, and 

humidity may explain some PBM>2.2 variation. Results from previous studies are inconclusive; 

some found negative correlations at rural sites between PBM and relative humidity ranging from 

-0.20 to -0.72 (Cheng et al. 2014a, Wang et al. 2019), but other studies found a range of positive 

and negative correlations depending on site and time of year (Yu et al. 2018a). However, given 

that the positive diurnal correlation with absolute humidity we found is opposite the negative 

correlation between PBM>2.2 and absolute humidity in our overall data, it is unlikely that 

humidity contributed to the differences in day and night mercury concentrations under the 

conditions we observed. 

 It is possible that the diurnal PBM>2.2 cycle was driven by changes in sorption, although 

there is limited evidence to present this case. Our PBM>2.2 (w/w) was negatively correlated with 

TPM>2.2, yet our PBM>2.2 (w/v) was positively correlated; this is the result one would expect if 

there is a limited pool of mercury which sorbs to a pool of particles. Here, as particle count 

increases, you have more sites for sorption of mercury overall, resulting in an increase in PBM 

measured as a function of air volume (w/v). However, the individual particles would have fewer 

sites occupied, resulting in a decrease in PBM measured as a function of particle mass (w/w). 

Similar results were seen between the two towers, wherein an increase in TPM resulted in lower 

PBM>2.2 (w/w). 
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There is a sorption-driven explanation for increased PBM concentrations during the day. A link 

between light exposure and increased PBM is predicted by mercury and bromine atmospheric 

chemistry, wherein increased sorption to particles during daylight hours is thought to be partially 

driven by photo-oxidation. In the marine boundary layer, bromine is transformed into several 

radical species, which form Br-Hg adducts on interaction with GEM (see Chapter 1 for a more 

detailed treatment of bromine-mercury species). Several studies attribute an observed diurnal 

cycle with RGM peaking during daylight hours to photo-oxidation (eg. Laurier et al. 2006, 

Cheng et al. 2014a, Wang et al. 2019), and such a process is consistent with increased PBM 

during the day. Increased photo-oxidation is also supported by a diurnal cycle in GEM 

concentrations at the site (see Figure 3.2). The quantity of GEM lost over the diurnal cycle was 

~70 pg/m3, which is sufficient to account for the increased PBM>2.2. Increased mercury 

partitioning to particles during the daytime is also supported by modeling (Ye et al. 2016), 

although field data are scarce and contradictory, with two studies (Wang et al. 2016 and 2019) 

finding insignificant increases in PM2.5-bound mercury during daytime hours. 

 A second rationale for sorption is a lack of large sources of matrix-bound mercury in any 

dust producing regions active within the calculated back trajectories. Air mass transport ranged 

across much of the western Sahara, passing over dust source areas 1, 2, and 3. The dominant 

dusts from these source areas are silt fractions originating around the dried beds of transient 

lakes and fine dust from quartz sands; chemically these are silicate, carbonate, and salt-

dominated. Although some mercury may be present in the saline dried lake beds, the quantities 

would be on the order of sedimentary rocks. None of the dust-carrying air masses passed over 

the Saharan volcanic systems, all of which are hundreds to thousands of kilometers to the south 

and east in the Hoggar mountains and Aïr massif. Both volcanic regions are isolated from the 

back trajectories by the prevailing winds during the Harmattan season.  

 Two specific mercury sources bear further examination. First, the orogenic belt 

containing mercury deposits at Azzaba, Algeria, may have influenced the dust arriving on 

January 18th. Anthropogenic mercury from Azzaba is primarily aqueous and gaseous mercury 

released from the local mercury plant (Moussa et al. 2015), although dust from cinnabar 

extraction could be incorporated into the airmass. However, dust sampled on the 18th showed an 

average mercury concentration for the study period (2.74 pg/m3), suggesting no special influence 

from this source. Second, air masses passing over central Algeria (arriving January 18th, 
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February 1st, and February 2nd) may have interacted with the Algerian natural gas fields. The 

fields are a potential source of gaseous mercury, which is present as a contaminant in natural gas 

at levels between 50 and 80 μg/m3 (Chalkidis et al. 2020). This mercury would not present in a 

mineral matrix except as a component of ash from combustion. Combustion typically produces 

particles in the sub-micron range, which was not captured in our study.  

 With these points in favor of sorption-dominated PBM, potential geogenic mercury in the 

dust particles cannot be disregarded. Higher wind speeds during the evening efficiently suspend 

larger particles, which would otherwise settle out during the daytime. Thus, smaller particles 

may be collected during the day, resulting in an apparent diurnal variation in mercury if the 

smaller size fractions are mercury-enriched. Smaller size fractions are associated with organic 

carbon content in Saharan dust (Rodríguez et al. 2011) and marine aerosols (Cavalli et al. 2004); 

these particles may thus bear geogenic or anthropogenic mercury within their matrices. 

Additionally, we cannot say for certain that our mercury concentrations are enriched above 

background crustal levels. Using an Hg/Al of 7 x 10-8 for crustal abundance (Rudnick and Gao, 

2003), and assuming a mean aluminum content in Saharan dust of 10.7% by mass (Jeong et al. 

2014), our average dust sample should contain 378 µg of aluminum, which provides a mean 

Hg/Al of 3.68 x 10-7, an apparent enrichment of ~5 times. However, while aluminum is a 

relatively constant marker for crustal material, crustal mercury varies by over an order of 

magnitude and does not correlate with aluminum concentrations. As such, any enrichment by an 

order of magnitude or less cannot be used to rule out crustal variations. 

 

 

4.4 Surface Samples and Local Mercury Sources 

 

4.4.1 Confounding Local Sources of Mercury 

 

Understanding the degree of any local mercury contribution is essential for determining the 

depositional flux of mercury to a region. However, neither the human geography nor the geology 

of the study sites suggest any important local sources. 
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Local Anthropogenic Sources of Mercury 

 

The Macaronesian islands are remote locations, and both the Izaña (Canary Islands) and Cabo 

Verde sites are weakly impacted by anthropogenic influence. At Izaña, the surrounding area is a 

national park, and a persistent temperature inversion suppresses the flow of pollution from lower 

lying industrial areas (Rodríguez et al. 2011). At Cabo Verde, the local towns have minimal 

industry, and so heavy contamination from anthropogenic mercury is unlikely. São Vicente is 

dominated by powerful Harmattan winds from the northeast between November and March; as 

such, CVAO’s location on the eastern shore reduces any effects from the small urban centers 

nearby to the west. 

 

Local Soil Mercury 

 

The Canary Islands and Cabo Verde developed differently from most volcanic islands; their 

basement rocks were uplifted to the surface before the initiation of the major volcanic phase 

(Patriat and Labails 2006). The two archipelagos are in fact linked by a large igneous basement 

bulge, similar in size and extent to the Atlas Mountains, but obscured by layers of limestones and 

sandstones (Patriat and Labails, 2006). These minerals are typically not enriched in mercury, 

averaging 20 and 10 ng/g respectively, similar to the concentrations in ocean ridge basalt (10 

ng/g) (Hazen et al. 2012), which comprises much of the rest of the basal material of the islands. 

The two sites differ slightly in their surface material; Tenerife’s is chiefly pyroclastic rocks and 

lava flows, both of which are alkaline basalts (Ancochea et al. 1990). In contrast, the immediate 

vicinity of the CVAO was formed during an event called the Praia Grande lateral collapse, a 

landslide which reshaped much of the geology on the eastern half of São Vicente ~4.5 mya 

(Ancochea et al. 2010). The pit left by this collapse was infilled with ancient breccia and 

subsequently heavily weathered. 

 No soil samples suggested any large input of mercury from local or Saharan sources. The 

soils collected at the Canary Islands had a mean mercury concentration of 32.9 ng/g, and the 

Cabo Verde sample was lower at 2.3 ng/g. Given mercury’s average crustal abundance between 

3 and 30 ng/g (Canil et al. 2014), the samples collected are in line with crustal material 

background levels, and within the low range for unpolluted sediments (Webster et al. 2021). At 
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both sites, the very dry climate and low amounts of vegetation result in soils which are derived 

from weathered rock, sand, and dust deposits. These soils are alkaline, have low organic matter 

content, and would typically be expected to retain little mercury (Gabriel and Williamson, 2004). 

Mercury in soil prefers to associate with organic matter, and is often bound by organic molecules 

even in mineral horizons (Schuster 1991). This is exactly the result which was seen in the soil 

profile from the Canary Islands – an undeveloped, chiefly mineral soil and only a modest 

mercury content, with the highest concentrations corresponding to a layer featuring root systems. 

The highest concentration in any sample was a Canary Islands soil at 110 ng/g, which is higher 

than the crustal mean (3–30 ng/g), and higher than results (30±30 ng/g) for unpolluted sediments 

in South Africa (Webster et al. 2021). However, our sample was collected from beneath a layer 

of twigs and plant material, which may have influenced its mercury content. Surface soil 

collected at Cabo Verde was very low in mercury, but the dust deposit collected at 10 m.a.s.l. 

from the surface of the 34 m.a.s.l. observation tower was somewhat higher, at 20.4 ng/g. While 

the ground sample may have been local, marine, or Saharan in origin, the tower surface sample 

was consistent with aeolian dust collected at the 8 m.a.s.l. tower (27.7±17.2 ng/g) and is likely 

from the same source. 

 

Local Volcanism as a Source of Mercury 

 

Volcanos are another potential source of gaseous and particulate mercury. While volcanos are 

present at both locations, neither have been recently active. Teide’s most recent eruption was in 

1909, which may have left residual mercury contamination in local soils, but no distribution 

pattern associated with lava flows or proximity to fumaroles was found. The geology of Teide 

National Park does not strongly support outgassing to local soil except in localized fault regions, 

such as the fumaroles around the summit of Teide (Hernández et al. 2000). These fumaroles 

show sharply elevated levels of CO2 in soil gas profiles at the crater, which is not observed 

generally in the soil of the park. Lower but still high CO2 has been found at border fractures 

associated with caldera structures (Hernández et al. 2000). However, soil gas samples taken in all 

other areas around Teide have found background atmospheric concentrations of CO2, H2, and 

CH4 (Hernández et al. 2000). This indicates a lack of volcanic gas intrusion into most of the local 

soil, likely owing to underlying structures of the caldera including a region of very compact and 
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altered basalts several hundreds of meters thick. This structure is nearly impermeable to gas, and 

thus most of the volcanic emissions thus travel up through open channels and fractures 

(Hernández et al. 2000). Mercury associated with volcanic gas emission, if present, would likely 

be concentrated in these highly localized regions, none of which are close to Izaña or any of the 

sampling stations. São Vicente is home to two strombolian cone volcanoes which last erupted 

0.33±0.05 mya (Ancochea et al. 2010). The remnant of one of these volcanos is directly south of 

the CVAO, but is currently dormant with no recorded activity or gaseous emissions, and can be 

inferred as an unlikely mercury source. 

 

Mercury Enrichment in Vegetation 

 

The concentrations of mercury in Spartocytisus supranubius were relatively elevated. While 

there are no guidelines for mercury content in natural vegetation, the values in this study are 

~50% higher than concentrations found in lettuce leaves growing in highly contaminated soil 

near coal power plants (Li et al. 2017) and exceed the 10 ng/g Chinese agricultural regulation for 

vegetables (Ministry of Health of the People’s Republic of China, 2017). Vegetables tend to 

accumulate mercury when soil organic matter is low (Yu et al. 2018b), like conditions present in 

Teide National Park. Previous studies have focused almost entirely on agricultural plants with 

broad categories (root vegetables, leafy vegetables, etc), which are difficult to directly compare 

with Spartocytisus supranubius, a wild xerophile with no agriculturally produced relatives, but 

further investigation of plants in remote locations is warranted. 

 

 

4.4.2 Surface Sample Results and Evidence of Mercury Input from Saharan Dust 

 

Most generally, the results in Teide National Park support the movement of mercury from local 

rock, to local soil, and subsequently to vegetation, and there is no spatial trend which would 

suggest widespread mercury contribution from Saharan dust. The mercury burdens at Teide 

National Park had no spatial relationships and little enrichment; what enrichment was present 

was likely associated with organic matter. With only one sample taken at Cabo Verde, no 

statistical relationship between PBM from Saharan dust and surface soil mercury burdens can be 
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established, although the very low concentration suggests mercury contamination is not an issue 

at this time. 

 

 

4.5 Mercury Flux and Deposition to the North Atlantic 

 

4.5.1 Dust Deposition Estimate 

 

The North Atlantic is the oceanic region most impacted by Saharan dust deposition, and as such 

has been studied extensively. Jickells et al. (2005) compared 3 models which match in-situ 

concentration, aerosol optical depth, and deposition observations, and found that 43% of dust 

deposited to the global oceans was deposited to the North Atlantic. Schepanski et al. (2009b) 

modeled deposition in January of 2007 and found a range of 0.1–1.0 g m-2 month-1 for the entire 

northeast Atlantic region; this large range in deposition estimates is due to large regional 

variations, but is typical of dust deposition modeling. Similarly, Niedermeier et al. (2014) 

measured deposition specifically at CVAO in January 2009 and found results varied between 

observations and different models, spanning 2 orders of magnitude. 

 Due to the varying results of model-calculated dust deposition, our work draws upon 

empirical studies to generate dust flux results. Empirical data for dust deposition to the Atlantic 

Ocean covers a wide range of values derived from several different methodologies, including 

estimates based on surface water dissolved aluminum concentrations (e.g., Measures and Vink, 

2000), sediment traps (e.g., Van der Does et al. 2016, 2021), or atmospheric sampling during 

cruises (e.g., Powell et al. 2015). The regions of the Atlantic selected for our study lie under the 

major dust transport corridor across the Atlantic as well as the primary deposition region for the 

Harmattan winds (Jickells et al. 2005, Schepanski et al. 2017), and exclude the South Atlantic 

which is subject to very little Saharan dust deposition. Our estimate of total dust deposition to 

our selected regions (~89 Tg), if extrapolated to the entire north Atlantic (at 41.49 million km2) 

gives us an estimate of ~173 Tg – somewhat lower than the composite model estimate of Jickells 

et al. (2005) (202 Tg). An interesting feature of our deposition estimate is a lower net deposition 

to the tropical northeastern Atlantic relative to the Caribbean and Sargasso seas, which is not 

reproduced in models (Jickells et al. 2005, Duce et al. 1991), but is consistent with sampled data 
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from cruises in the region (Powell et al. 2015, Barraqueta et al. 2019). The reason may be related 

to the highly variable flux in the tropical northeastern Atlantic, combined with the seasonality of 

dust transport, wherein dust in the boreal winter is deposited around the Gulf of Guinea (Resch et 

al. 2008), and dust during the boreal summer is transported across the Atlantic (Moreno et al. 

2006). 

 

 

4.5.2 Mercury Deposition Estimate 

 

Mercury deposition estimates for the world ocean are typically in the kiloton range, with the 

2018 Global Mercury Assessment finding 3800 t/y for deposition of all types (Outridge et al. 

2018). Scaling this value down to the 21.34 million km2 region covered in this work, assuming 

an even distribution of Hg deposition across the world ocean surface area of 361.9 million km2, 

would result in a regional estimate of 224 t/y. This is much larger than the maximum PBM>2.2 

deposition estimate of 6.5±2.2 t/y derived from our data, which comprises only 2.9% of the total 

deposition and 4.2% of the total mercury in the regional surface waters (derived from Outridge et 

al. 2018). This suggests that Saharan dust does not account for a major portion of mercury 

deposition in the Atlantic Ocean.   

 Estimates of speciated mercury deposition to oceans have been recently derived in Mason 

et al. (2017). PBM deposition estimates to the temperate and tropical Atlantic found in Mason et 

al. (2017) have values ranging from 0.08 to 2.0 µg/m2/y, using a settling rate approach based on 

marine aerosol size distribution. When applied to our northeast Atlantic region, this yields a 

range of 4.6 to 28 t/y. The lower end of the range is consistent with our dust results, with the 

Saharan only estimate from this study (6.5±2.2 t/y) closest to the median in Mason et al. (2017). 

The generally larger values in Mason et al. (2017) may be due to the inclusion of fine marine 

aerosols in their samples, which can be enriched in mercury, whereas our PBM values are 

extrapolated from particles of 2.2 µm and larger only. If Zhang et al. (2016) is correct that only 

30% of mercury is associated with particles larger than 2.5 µm, our results for Saharan-source 

dust can be extrapolated to 21.6±6.3 t/y, which agrees much more closely with Mason et al. 

(2017). Better agreement is similarly found with this study’s all sample mean (12.0±5.3 t/y) and 

marine dust only (9.0±6.7 t/y) estimates. However, even considering the higher estimates from 
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Mason et al. (2017), these results suggest that the dominant source of mercury deposition from 

the atmosphere to the ocean is not PBM but some other form of mercury, such as GEM or wet 

deposition. Calculations derived from Mason et al. (2017) find a total regional wet deposition of 

108–244 t/y, and an estimate of 11.4–32.4 t/y for direct RGM deposition, positioning wet 

deposition as the most important form of deposition to the North Atlantic Ocean, dwarfing PBM 

and RGM by an order of magnitude. 

 

 

4.6 Implications  

 

The PBM>2.2 concentrations and fluxes determined in this work represent mercury in Saharan 

dust during the Harmattan season. The results are most applicable at Cabo Verde, but conditions 

throughout the northeast tropical Atlantic are similar during the Harmattan, and thus these 

concentrations can serve as a starting point or first order estimate for a larger geographic area. In 

terms of global mercury budgets, the values determined fit within the range of PBM deposition 

previously estimated for the region, thus the results clarify one of the natural processes 

responsible for deposition in the region. PBM, at least that associated with Saharan dust, does not 

appear to be a major source of mercury to the Atlantic Ocean. This result improves our 

understanding of mercury deposition, especially in terms of mineral dust, and is the first study 

which directly quantifies Saharan dust PBM output. 

 Of additional importance is the relationship between back trajectory path length and 

PBM>2.2 concentration. Such a relationship allows estimation of particulate mercury burdens as 

dust masses move farther from land and eventually transition to open ocean; such an estimate is 

more granular than the broad categories available in the literature (coastal, continental, and 

marine). Verification and further refinement of the parameterization would help in determining 

the impact of continental dust-associated PBM on oceanic regions more generally, and may be 

applicable to other contaminants. 
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Chapter 5 : Conclusion and Future Directions 

 

 

5.1 Conclusions 

 

This study found a mean aeolian dust PBM>2.2 concentration of 43.9±31.9 ng/g, which 

corresponds to 2.87±2.37 pg/m3. On a (w/v) basis, this concentration is typical of similar remote 

coastal sites, but is much less enriched in mercury on a (w/w) basis. The sources of the dust 

collected were distinguished into two groups with different back trajectory paths as well as 

significantly different PBM>2.2 concentrations. Paths which were primarily marine had PBM>2.2 

concentrations of 29.8±31.3 ng/g, which corresponds to 1.40±1.34 pg/m3. Paths which were 

primarily over the Sahara had PBM>2.2 concentrations of 72.8±7.43 ng/g, corresponding to 

4.64±2.15 pg/m3. A novel relationship between the land fraction of back trajectory path length 

and PBM>2.2 concentration was found, wherein longer land paths resulted in higher 

concentrations. This relationship, if verified, will be useful in determining particulate mercury 

burdens in transitional regions between coasts and the open ocean. 

 The mercury fluxes calculated in this study, totalling 6.5±2.2 t/y if all dust originated 

from Saharan sources or 3.6±1.6 t/y with mixed sources, present a first-order estimate of 

mercury deposition from Saharan dust to the Atlantic Ocean. Although the Sahara Desert plays a 

role as a source of mercury deposition to the Atlantic Ocean, its relative contribution is 

insignificant, comprising only ~1% to ~3% of current total deposition estimates. 

 

 

5.2 Experimental Limitations and Improvements 

 

5.2.1 Experimental Limitations  

 

The dataset in this study is small and limited in both temporal and geographic scope, and thus 

care must be taken in extending these observations to larger systems. Concentrations may be 

biased low due to the time between sample collection and analysis, wherein mercury may have 

desorbed from the dust. Additionally, the apparatus was self-built and featured slower flow rates 
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than a commercial aerosol sampler, which may have resulted in an undetectable quantity of 2.0–

2.2 µm aerosols whose mercury contribution was thus lost, and the lack of any particles of <2.0 

µm will bias results low in comparison to estimates derived from TPM. The overall ratio of 

mercury concentrations in different particle sizes is not constrained, and as such extrapolating 

from PBM>2.2 to all dust sizes may be inaccurate.  

 Finally, the Saharan dust collected originated from three source regions in the western 

Sahara; these regions have different characteristics than dust sourced from other Saharan areas, 

which may have higher intrinsic mercury burdens or variable sorption coefficients. Of particular 

interest would be dust from the Bodélé depression, which is not represented in our samples. No 

direct references for mercury in Saharan soils are available, which limited our ability to assess if 

the Sahara can function as a prominent mercury source on its own. 

 

 

5.2.2 Experimental Improvements  

 

Several experimental alterations could serve future investigations of mercury in Saharan dust. An 

ideal sampling apparatus would consist of two or more multi-stage impactor-style dust collectors 

with high sampling volume, collecting samples for on-site analysis. Three apparatus would be 

ideal for statistical purposes, and sampling stages for 0.1 µm, 1.0 µm, 2.5 µm, 10 µm, and 20 µm 

particles would provide good coverage across the range of Saharan dust size distribution, 

including both the larger grains that make up most of the dust and the ‘clay tail’ comprised of 

much smaller particles. Sampling at Cabo Verde is suitable for a remote marine location, but 

sampling sites at coastal Senegal or Nigeria would capture continental dust passing across the 

Sahara or the Sahel respectively. Dust passing across these two very different regions may have 

divergent compositions as well as mercury concentrations. A longer period of sampling, 

including seasonal sampling, would capture important variations in dust deposition and mercury 

cycling. Surface dust collected at the six dust-producing regions in the Sahara, combined with 

aeolian samples in the Sahara proper, would serve to determine mercury uptake and sorption 

within the desert environment and help locate any regional sources of geogenic mercury. Saharan 

dust that sinks into the ocean could be collected and compared to regional sediment deposits to 

determine how much Saharan dust is in marine sediment, and if it is acting as a sink or source for 



92 
 

mercury. Atlantic cruises could also serve as platforms for collecting dust as it passes over the 

Atlantic Ocean, and would allow better estimates of dust flux to the region while monitoring any 

regional changes in mercury concentration. Such cruises would be generally useful in analyzing 

the distribution and impact of Saharan dust across the Atlantic. Further exploration of a potential 

diurnal cycle in PBM would assist in understanding such cycles generally, especially if 

atmospheric gasses (ie bromine species, ozone, GEM) can be concurrently quantified. 

 Direct mercury analysis is useful due to minimize sample preparation and would still be 

an appropriate bulk analysis method assuming a sufficient quantity of dust could be collected. 

However, alternate methods such as in-situ real-time Tekran analysis would be useful for 

purposes of method validation and comparison with other studies. Another important 

experimental modification lays in more detailed analysis, particularly mercury speciation. Our 

dataset cannot determine whether the mercury is intrinsic to the dust or sorbed to the dust 

surface. Because the behaviour and fate of these two different forms of mercury can be quite 

different, distinguishing between species allows a better assessment of any actual impact the 

transported mercury could have. Speciation can be achieved via sequential extraction, Raman or 

x-ray spectroscopy, and transmission electron microscopy. Accurate dust origins, which may 

influence dust chemistry, can be elucidated by Sr isotopic measurements in combination with 

back trajectory analysis. This would allow us to determine if different source areas are active at 

different times of the year, and to identify any sources of PBM in localized Saharan regions.  

 

 

5.3 Future Directions 

 

In addition to the larger and longer field studies mentioned above, the most interesting and 

fruitful investigation of mercury in the Sahara would take place in the Sahara itself. Studies 

undertaken at the orogenic belt along the northern Atlas Mountains, the Aïr massif, and 

throughout the Tuareg shield would determine mercury fluxes associated with volcanic systems 

that are currently poorly studied in any trace element. Additionally, a thorough accounting of 

west African artisanal gold mining operations along the African gold coast would serve to refine 

estimates of mercury released via these growing industries. The large urban centers of west 

Africa, despite being home to hundreds of millions, have very little data for trace elements or 
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contaminants in general. Investigating trace metal loads, including mercury, and their interaction 

with Saharan dust during the frequent dust incursions should be a public health priority given the 

number of people affected and the known health effects of particulate matter inhalation. 
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Appendix: Back Trajectories 

Appendix 1: January 17th, 18th, 25th, 26th (2020) 
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Appendix 2: January 27th, 28th, 29th, 30th (2020) 
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Appendix 3: January 31st, February 1st, 2nd, 3rd (2020) 
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