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Abstract 
 

A complete description of the origin, transport, fate, and effects of the atmospheric particulate matter 

(PM) in the polar regions is not yet available. Pb is a toxic element that is introduced into the 

environment in large amounts by anthropic activities, but it is also a useful atmospheric tracer because 

its isotopic composition is closely related to its geographic origin. Therefore, Pb isotopic analysis of 

PM10 collected from East Antarctica (Dome C, East Antarctic Plateau) and the Arctic (Svalbard Islands) 

has been performed, for sources recognition of the atmospheric Pb that reaches these remote areas. 

PM10 was directly collected from the atmosphere by air filtration upon PTFE membrane filters. In 

Antarctica, snow samples were collected from snow pits to evaluate the temporal variation of PM 

(provenience, composition) during the last decades. The information about the provenience of Pb was 

compared with that obtained from the atmospheric circulation models (back-trajectory analysis), 

allowing an overview of the long-range atmospheric transport of PM10 toward the Arctic and 

Antarctica. However, a better interpretation of the actual situation is only possible by considering 

different types of tracers, such as the isotopic composition of Sr, linked to the mineral dust input, and 

the elemental characterization of the PM10. Therefore, new methods for the elemental analysis of 

snow by ICP-AES, and the direct Sr isotopic analysis by ICP-MS/MS have been developed. These 

methods will be applied to the snow and PM10 samples which are still collected from the same sites, 

to extend the existing data set, and from additional sampling sites to improve our knowledge of the 

spatial variability of PM transport and deposition. 
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Introduction 
 

The physical and chemical characteristics of the atmospheric particulate matter (PM) play a significant 

role in the control of the climate on a regional scale. This connection is more strengthened in the polar 

regions, whose climates are highly susceptible to little variation in the climate drivers. However, a deep 

knowledge of the mechanisms of action of PM is still out of reach, but this would improve our 

understanding of the mechanisms that affect the climate change in progress, and our abilities to model 

future scenarios.  

The complexity of the system atmosphere-hydrosphere-lithosphere-biosphere-anthroposphere that 

controls the production, transport, and fate of the atmospheric PM is mirrored in the intricacy of the 

research of the sources of the PM, the definition of their typology (natural, anthropic), and the 

description of their evolution in time. The isotopic analysis is a powerful tool that is used to untangle 

this bramble of information. It is based on the precise measurement of the little differences in the 

isotopic composition of some elements (e.g., Pb and Sr) among samples coming from different regions. 

In this Ph.D. dissertation, Pb and Sr isotopic analyses of PM10 and snow samples from polar regions are 

presented. These studies have been performed to improve the knowledge about the origin, transport, 

and fate of PM in these regions. The isotopic analyses have been performed by quadrupole ICP-MS 

(ICP-DRC-MS and ICP-MS/MS), adapted to perform the analysis of micro-volumetric samples. 

Moreover, new analytical methods with high instrumental sensitivity have been developed to handle 

the low amount of the target elements in samples. 

These topics are discussed in the following chapters, as described below: 

Chapter 1: introduction of atmospheric particulate matter and its role in climate regulation. 

Chapter 2: the Antarctic continent and a simplified description of the atmospheric circulation and PM 

transport at the higher latitudes of the Southern Hemisphere. 

Chapter 3: the Arctic region and a simplified description of the atmospheric circulation and PM 

transport at the higher latitudes of the Northern Hemisphere. 

Chapter 4: introduction of the factors that affect the isotopic composition of elements, with particular 

focus on the Pb and Sr isotopic systems, and their use in the environmental sciences. 

Chapter 5: an overview of the ICP-MS technique and its applications for the isotopic analysis. 

Chapter 6: Pb isotopic analysis of snow samples from Dome C (East Antarctica) dated 1971-2017. 

Chapter 7: Pb isotopic analysis of PM10 collected at Dome C during 2017-2019. 

Chapter 8: development of a new method for the analysis of major elements in Antarctic snow samples 

by ICP-AES and discussion of the results obtained from the analysis of snow samples from Dome C 

dated 1972-2017. 

Chapter 9: development of a new method for the direct Sr isotopic analysis in microvolumetric samples 

and its application to Antarctic PM10 samples collected in 2018, and soil samples from South America 

and Australia. 
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Chapter 10: determination of origin and seasonal variation of PM10 collected at Svalbard Islands 

(Ny-Ålesund) from 2010 to 2019 by Pb isotopic analysis, elemental analysis (Pb and Al), and 

back-trajectories analysis. 
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Chapter 1. The Atmospheric Particulate Matter 
 

Thanks to their isolation, the Arctic and Antarctica are ideal places for studying the long-range 

transport of atmospheric aerosol. Moreover, the climatic conditions lead to the accumulation of the 

mineral dust in the snow and ice, making Antarctica and the Arctic glaciers important reserves of 

information for the paleoclimatic studies to highlight the changes in the atmospheric circulation and 

climate conditions. 

The aerosol is composed of liquid and solid particles suspended in a gas. If these particles are emitted 

directly in the environment, they are referred to as primary aerosol, while if they are formed in the 

environment after chemical o physical processes (e.g., formation of sulfate aerosol by oxidation of 

SO2), they are called secondary aerosol. The aerosol can have natural (sea spray, mineral dust, volcanic 

emission, and biological aerosol) or anthropogenic (combustion residues, particles product from 

industrial and mining activities, fragments released following wear) sources, showing chemical 

composition and physical characteristic (dimension, morphology) very different and correlated to the 

specific source of origin. The lifetime of the particles in air depends on their dimension and can vary in 

a large interval from one hour, for the larger particles, to about ten days for the smaller ones (Figure 

1.1).  

Considering each suspended particle as a sphere, its settling velocity is estimated by the Stokes law: 

 𝑉 = (
𝛥𝜌𝑔

18𝜇
)𝑑2 (1.1) 

 

where 𝛥𝜌 is the difference in the density between the particle and the air, 𝑔 is the gravitational 

acceleration constant, 𝜇 is the air viscosity, and 𝑑 is the aerodynamic radius. This is the radius of a 

sphere that has the same density and settling velocity of the particle, and it is used to describe the 

dimension of the particles since they usually do have not a regular shape.  

The particles can be removed from the atmosphere by two types of depositional processes: (i) dry 

deposition, which includes gravitational settling and diffusional removal; (ii) wet deposition, which 

includes all precipitation-related events as rainout (particles act as a nucleation site for water droplet 

and ice crystal) and washout (particles are incorporated in water droplets or on snowflakes already 

formed). 

The removal of particles from the atmosphere is dependent on the time passed in the air. Therefore, 

the longer is the transport time and lower will be the dust concentration at the sink: 

 
𝑑𝐶𝑎𝑖𝑟
𝑑𝑡

= −𝜆𝐶𝑎𝑖𝑟  (1.2) 

 𝐶𝑎𝑖𝑟(𝑡)  =  𝐶𝑎𝑖𝑟(0)𝑒
−𝜆𝑡 (1.3) 

 

where 𝐶𝑎𝑖𝑟(𝑡) is the concentration of the particles in the air at the time 𝑡, 𝐶𝑎𝑖𝑟(0) is the concentration 

at the source, and 𝜆 is a scavenging coefficient that is related to the removal efficiency by wet and dry 

deposition (Hemond and Fechner, 2014). The relative importance of the two processes is dependent 

on the characteristics of the environment; for instance, the inner regions of East Antarctica are 

characterized by a low snow accumulation rate and the dry deposition is almost the exclusive 

depositional process. 
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Figure 1.1. Atmospheric lifetime (hours) for particles with different diameters (μm) (Tegen and Fung, 

1994; Tegen and Lacis, 1996a). Data are fitted by smoothing interpolation LOESS. 

 

Moreover, the removal efficiency is size-dependent; therefore, during the transport, the size 

distribution of the particulate matter (PM) changes. During a long-range transport, like that the PM is 

undergone to reach Antarctica, the dust is selected around a median mass diameter of about 2 μm 

(Delmonte et al., 2004b). In this case, the dimension of the particle measured at the sink can be 

considered independent of that of the particles uplifted at the sources (Ruth et al., 2003). Besides the 

variation of concentration and size distribution along the route of the PM transport, a decrease in the 

dust concentration with the altitude has been observed, and the higher atmospheric levels seem to be 

depleted of the larger particles (Tegen and Lacis, 1996b). 

For the study of atmospheric circulation and climate change, mineral dust is often used as a 

conservative tracer. The geological features, the chemical composition, and the isotopic abundances 

of the mineral dust are related to its geographic origin, while its concentration in air and its size 

distribution are correlated to the characteristics of the sources (e.g., the strength of the wind, the 

humidity of the soil, morphology of the terrains), the sinks (e.g., snow accumulation rate) and the 

conditions during the transport (e.g., amount of precipitation, the velocity of the transport). The study 

of the particulate contained in the ice of polar regions and high altitude glaciers allows the researchers 

to understand the atmospheric circulation pattern and its change in time and to better highlight the 

role that the mineral dust plays and has played in climate change (Delmonte, 2003). 

Satellite data (Prospero et al., 2002) and numerical models (Li et al., 2008) have individuated the 

principal sources of mineral dust on the Earth’s surface (Figure 1.2). Some common characteristics 

between these areas have been recognized. Almost all major sources are in the arid regions and are 

placed over topographical lows or near to strong topographical highs. For instance, the aridest regions 

of Patagonia are close and downwind to the Andes. Even if these regions are arid nowadays, it is 

possible to note everywhere the signs of past fluvial activities, such as the presence of ephemeral rivers 

and streams, alluvial fans, playas, and saline lakes. Water plays an important role in the formation, 

accumulation, and regeneration of material easily subjected to wind transport, by the fact that fluvial 

chemical weathering processes are more efficient in the production of fine particles than the aeolian 

processes (Prospero et al., 2002). Moreover, the water flux separates the fine particles from the soil 

and rock matrix and carries them to the depositional basin and alluvial plains, where the particles are 
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Figure 1.2. Global distribution of dust sources. The data reported are expressed as the mean number 

of days for a month in a year for which the AI (aerosol index, correlated to the UV attenuation by 

aerosol) is greater than 0.7 or 1 (Prospero et al., 2002) 

 

deposited due to the reduction of the current. After the evaporation of water, the deposited particle 

can be easily subjected to deflation by winds. These alluvial basins can be active yet, receiving new 

materials during the wet season, or they can be formed in the past from river systems now extinct (De 

Deckker, 2019). Even the amount of precipitation affects the capacity of a region to be an efficient dust 

source. The wet soils are more compact and consolidated so there are lower amounts of particles 

available to be resuspended in the air by winds. Moreover, wet soils are usually covered by vegetations 

that stabilize the soil against deflation (Prospero et al., 2002). This suggests that an increment of arid 

regions (desertification processes) can lead to an increment of the regions active in dust formation 

and, therefore, an increment of the dust fluxes. A similar effect could have contributed to the high flux 

of mineral dust in Antarctica during the glacial periods (Mahowald et al., 1999). 

The mineral dust affects the Earth’s climate system and the global hydrologic cycle by a multitude of 

direct, semi-direct, and indirect effects. For instance, the mineral dust concentration in the 

atmosphere directly influences the radiative processes by the absorption and scattering of the 

shortwave and longwave radiation, semi-directly by the enhancement of cloud evaporation and the 

change of the thermal structure of the atmosphere, and indirectly affecting the optical proprieties of 

the clouds (Choobari et al., 2014). In the Arctic, that most is suffering the global change with warming 

two-three times faster than the other regions, the mineral dust plays a positive feedback effect on this 

process. Setting down on snow-covered land, these absorbing particles favor the melting of snow and 

ice during the spring-summer months, reducing the surface albedo. A higher amount of uncovered 

land means higher warming of the lower atmosphere and an increment in the areas that act as sources 

of mineral dust to the atmosphere (Schmale et al., 2021).  

Due to the inhomogeneity of the aerosol composition and size, and the high uncertainties of their 

effect on the climate, many models fail to properly account for these particles in their simulations. The 

results obtained cannot well reproduce the temperature changes observed in the paleoclimatic 

archives (e.g., ice cores), with the possibility that this imprecision may be also present in the 

predictions of future changes (Lambert et al., 2013). Therefore, it is important to expand our 

knowledge of the mineral dust and other aerosol characteristics, to improve our knowledge about how 
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the climate works, what are the possible future scenarios and what is the influence of human activities 

on the ongoing global changes. 
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Chapter 2. Antarctica 
 

The word Antarctica derives from the Greek ἀνταρκτική (antarktiké) which means “opposite to the 

north”. Antarctica is a continent that covers an area of 14x106 Km2, about 10% of the whole land of 

the Earth. Most of its territory is south of the Antarctic Circle (66° 33' 39'' S); therefore, there is one 

day of the year for which the center of the solar disc never goes down under the horizon for at least 

24 hours (about 21st December) and a day for which it never rises on the horizon for at least 24 hours 

(about 21st June). The low amount of solar light that reaches the surface, by the effect of the inclination 

of the Earth's rotational axis and the curvature of the surface, besides the high albedo effect due to 

the snow and ice coverage, causes the cooling of the atmosphere. This brings to the strong gradient of 

temperature northward that sustains the global atmospheric and ocean circulations. 

The continent is dominated by the Antarctic Ice Sheet, a continuous mass of ice that covers most of 

the lands and surrounding seas. It could be divided into three regions (Figure 2.1): East Antarctica, 

West Antarctica, and the Antarctic Peninsula showing different morphological characteristics (Turner 

et al., 2009). East Antarctica is the wider region of the continent. It lies almost completely east of the 

Greenwich meridian, and it is separated from West Antarctica by the Transantarctic Mountains. Apart 

from small areas on the coast, East Antarctica is permanently covered by a thick layer of ice, called East 

Antarctic Ice Sheet (EAIS). EAIS is formed by the coldest ice that is frozen to the bedrock, limiting its 

rate of flowing. At many points, the high pressure over the lowest ice layers and the heat from the 

crust lead to the formation of subglacial lakes. The EAIS lies on landmasses that are for the most part 

above sea level, with only a few basins below the sea level due to the high pressure of the ice blanket 

(Figure 2.2). West Antarctica is the region of the Antarctic Ice Sheet that lies west of the Greenwich 

meridian. The West Antarctic Ice Sheet (WAIS) has a median elevation of 850 m, much lower than EASI. 

However, in the West region, there is the highest point of the continent, the Mont Vinson (4892 m 

a.s.l.) in the Ellsworth Mountains. Different from the EASI, most of the WASI lies on the bedrock that 

is below sea level (Figure 2.2). Finally, the Antarctic Peninsula is the only part of the continent that 

significantly extends northward far from the main ice sheet, reaching 63°S of latitude. It is a 

mountainous region, that could be considered the continuation of the Andes Mountains beyond the 

Drake Passage. The Antarctic peninsula has a mean width of 70 Km and a mean altitude of 1500 m. 

Due to its elevation and the north-south direction, it plays a significant influence on the west-east wind 

circulations around the continent. 

The ice flows out from the central ridges and dome to the edge of the continent, with a velocity that 

increases coastward, where it either calves into icebergs or floats on the ocean surface as ice shelves. 

The ice shelves constitute 11% of the total area of Antarctica, with the Ronne-Filchner Ice Shelf in the 

Weddell Sea and the Ross Ice Shelf in the Ross Sea being the two largest. The ice sheet lost is 

continuously replaced by the snow precipitation, which accumulates year-by-year, in a steady-state 

situation that maintains null the net mass of water on the ice shelf. Climate change, with the increase 

of the temperatures worldwide, can alter this equilibrium, furthering the transfer of water from the 

ice shelf to the oceans. 
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Figure 2.1. Map of Antarctica with the major topographic features and locations (Turner et al., 2009). 

 

 

 

Figure 2.2. Bedrock elevation with respect to the sea level (Turner et al., 2009). 

 

The superficial snow is continuously buried by the new snowfall and, for the effect of the increase of 

the pressure, its density grows up. This brings to the conversion of the snow to firn (density greater 

than 550 g dm-3) and then into ice. The velocity of this process depends on the accumulation rate of 

the snow at the surface. In the inner region of Antarctica, it is typically very low, about tens cm of snow 

per year, thus the burial processes are slow (Delmonte et al., 2004a; Traversi et al., 2009). Therefore, 

these are optimal sites for the extraction of ice cores that cover a very long interval of time. For 

instance, the ice core extracted at Dome C in the context of the EPICA project, lengths about 3100 m, 

covering 740000 years (Augustin et al., 2004). Hence, it was possible to obtain information about the 

atmosphere composition and climate of the past, by chemical, physical and isotopic analysis of PM 



9 
 

contained in the ice (Vallelonga et al., 2005), and also by the isotopic analysis of water molecules 

(Jouzel et al., 1997). On the other hand, the low accumulation rate makes difficult to perform sampling 

with a high temporal resolution of snow and ice, because of the narrow thickness of the different layers 

corresponding to the different years. For instance, for the snow samples collected at Dome C, in East 

Antarctica, it is possible to obtain 2-3 samples for a year (Bertinetti et al., 2020), while for ice samples 

the time resolution depends on the thickness of the sample required by the type of analysis performed, 

and it can b about a couple of years for sample,  (Delmonte et al., 2004a). Despite the many difficulties 

that affect the activities performed there, Antarctica is a very important laboratory to investigate the 

state of the global environment and how it is changing over time. 

The PM that is found in the ice and snow samples collected on the Plateau has reached Antarctica after 

a long-range transport by the wind from the surrounding continent and, to a minor extent, from local 

sources (e.g., deglaciated areas, volcanic emissions). Li et al. (2008a) have calculated the contribution 

of dust deposition over Antarctica by the major surrounding landmasses: South America (Patagonia), 

Australia, and South Africa. The contribution of the whole North Hemisphere has been also calculated, 

resulting in minority respect to the other sources. The results highlight that each source has a distinct 

meridional transport route that develops at different altitudes. Australia and South America play major 

roles in the supply of dust to Antarctica (Delmonte et al., 2020; Gili et al., 2016), with a minor role of 

South Africa (Figure 2.3). Due to the predominant westerly wind circulation around Antarctica, the 

dust transport is predominant toward the eastern side of the sources. Moreover, the models predict 

that the transport from Patagonia takes place in the lower tropospheric layer, while that from Australia 

dominates the middle troposphere. These differences could be due to three causes: i) while the Andes 

are situated upstream of the source regions of South America, mountains are present downstream of 

the source regions in Australia, leading to the uplift of the air masses; ii) the semi-permanent 

anticyclone (high-pressure zone) near the southern part of Brazil contributes to maintaining the dust 

from South America in the lower level; iii) South American sources are situated further south than the 

Australian ones, where the winds have higher velocity also at the lower levels of the troposphere, 

allowing the South American dust to reach Antarctica before being removed from the atmosphere by 

the wet and dry removal processes (Krinner et al., 2010). 

The relative contribution of the sources can change over geological time, as a consequence of the 

change in the factors that influence the dust transport processes (Sudarchikova et al., 2015). Southern 

South America has been recognized as the main source of mineral dust to the East Antarctic Plateau 

during the glacial time, with a minor role of Australia. However, the interpretation of the data related 

to the interglacial period and Holocene is not so straightforward because of the participation of many 

possible sources (De Deckker, 2019; Koffman et al., 2021; Revel-Rolland et al., 2006; Vallelonga et al., 

2010).  

To improve the interpretation of the results of PM in Antarctic ice and snow samples, reducing the 

uncertainties in the source appointment, it is mandatory to obtain a better description of the potential 

sources in terms of their chemical and isotopic composition. In this context, the project SIDDARTA 

(Source Identification of mineral Dust to Antarctica) of the Italian Antarctic Research Program (PNRA) 

involved the sampling and analysis of Patagonian and Australian soil samples. These samples have 

undergone air resuspension by a special chamber and sampling with a PM2.5 sampler, to be comparable 

with the PM samples collected at Dome C (East Antarctica). 
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Figure 2.3. The relative contribution from Australian, South American, and South African sources to 

dust deposition in the high latitude of the South Hemisphere. Only contributions higher than 30% are 

plotted, with the red, blue, and green shadings representing the contribution from Southern South 

America, Australia, and South Africa, respectively (Li et al., 2008). 

 

2.1. The Synoptic Atmospheric Circulation Around Antarctica 
The Southern Hemisphere atmospheric circulation can be described by considering three close 

circulations of air masses. (i) The Hadley Cell is a movement of air that is generated by the gradient of 

temperature between the equator and the extratropical regions. The warm surface air at the equator 

moves upward, creating a low-pressure zone at the equator. The raised air moves poleward, cooling, 

and descends at about the 30th parallel, creating there a high-pressure zone. The low pressure at the 

equator calls back air at the surface from these high-pressure zones, forming the trade winds. (ii) The 

Polar Cell moves air between the Antarctic Circle and the South Pole. In fact, around the 60th parallel, 

the air masses are yet sufficiently warm and wet to rise to the tropopause. There, the air moves 

poleward due to the strong gradient of temperature, and over the Antarctic Plateau, it moves toward 

the surface, forming a high-pressure zone. At the surface, the winds move to the low-pressure zones 

at the north, deflected westerly by the Coriolis effect, closing the loop. These winds can become very 

strong and cold while descending on the steep sides of the high central Antarctic Plateau toward the 

coast, forming the so-called katabatic winds. (iii) The Ferrel Cell connects the Hadley Cell to the Polar 

Cell, moving air at the surface from the high-pressure around the 30th parallel toward the low-pressure 

zone around the 60th parallel and air at high altitude in the opposite direction. 

This is a simple description of the air mass circulation, but it can justify the observed formation of 

centers of high and low pressure in the Southern Hemisphere (Figure 2.4). Since the air masses move 

from the high-pressure center to the low-pressure center, this distribution of cyclones (low-pressure) 

and anticyclones (high-pressure) moves air masses from South America, Australia, and South Africa 

toward Antarctica, with a circulation of winds that surrounds the continent (Hoskins and Hodges, 2005; 

Neff and Bertler, 2015; Wei and Qin, 2016). These air masses can transport fine particulate from 

natural (e.g., mineral dust) and anthropogenic (e.g., industrial and vehicular emissions) sources, that 

accumulate in the Antarctic snow (Li et al., 2008; Stohl and Sodemann, 2010; Vallelonga et al., 2002). 
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Figure 2.4. Atmospheric pressure (hPa) at the mean sea level. The high and low-pressure zones around 

the 30th and 60th parallel, respectively, are well evident. Forecast chart of 31/03/2020 from Australian 

Bureau of Meteorology. 
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Chapter 3. Atmospheric transport in the Arctic: an 

overview 
 

3.1. Pollution of the Arctic 
The extreme environmental conditions of the Arctic and the strong connection with other climatic 

environments at lower latitudes, make this region unique and one of the most complex environments 

on the Earth (Francis et al., 2017). This complexity emerges while trying to define the boundary of the 

Arctic region. In a simplified form, it can be defined as the wide region of the Earth composed of an 

ocean – the Arctic Ocean – with its islands (e.g., Greenland, Svalbard) and surrounded by lands 

encircling the North Pole. However, the definition of the meridional borders of the Arctic region is not 

straightforward, and many definitions are currently used (Figure 3.1). 

Due to their distance from the most anthropized centers and the inaccessibility of many of its parts, 

the polar regions were often considered among the most pristine environments. Especially for the 

Arctic, this point of view was abruptly contested by the results of the first environmental research 

programs conducted since the second part of the XX century. In fact, many works showed as human 

activity strongly affected the air (Duce et al., 1975), the waters (Aarkrog, 1971), and the ecosystems 

(Clausen et al., 1974) of these regions, increasing the scientific and public attention towards territories 

increasingly exploited for economic and military purposes. These anthropic inputs surely increased 

after the industrial revolution of the XVII century, but it has been demonstrated that European 

societies have affected the Arctic since antiquity (Hong et al., 1996; Mcconnell et al., 2018; Rosman et 

al., 1997). Most anthropogenic (inorganic and organic) pollutants that are found in the Arctic are not 

produced locally but they reach the higher latitudes after a long-range transport through airflows, 

oceanic currents, or rivers drainage of contaminated soils (Figure 3.2, Macdonald et al., 2005). The 

pollutants deposited on the surface of ice shelves or glaciers can be distributed in the environment 

afterward of ice melting or iceberg calved and their migration. Also migratory species, like sea birds, 

can contribute to the input of pollutants in the Arctic from southern regions (Rudnicka-Kępa and 

Zaborska, 2021). 

Air transport is surely one of the most important routes for many substances to reach the Arctic. The 

peculiar atmospheric conditions during the winter months facilitate the transport of pollutants from 

remote southern regions (Law and Stohl, 2006; Macdonald et al., 2005). In addition, the low level of 

humidity in the troposphere at the higher latitude increases the lifetime of smaller particulate matter 

in the air (Stohl, 2006). Over time a network of research stations around the Arctic Ocean has been 

created for the continuous monitoring of the aerosol (Figure 3.3). The information collected not only 

facilitates the study of the impact of human activity on the Arctic atmosphere and how aerosol affects 

global change, but also furnishes fact-based decision-making tools for future societies (Petäjä et al., 

2020). 

 

3.2. The atmospheric transport in the Arctic region 
The atmospheric transport of PM to the Arctic is affected by the seasonality of the atmospheric 

conditions at the high latitudes. The winter-spring months are well distinguished by the summer 

months in terms of PM concentration, composition, granulometry, and origin (Bazzano et al., 2021). 
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Figure 3.1. The boundaries of the Arctic region as stated by the main definitions currently in use. 

Source: GRID - Arendal, ADHR, EPPR Working Group, National Snow and Ice Data Centre, Boulder, CO, 

AMAP, CAFF (“Arctic Definitions Combined - Arctic Portal,” 2016). 

 

 

Figure 3.2. Major pathways that transport contaminants to the Arctic (Macdonald et al., 2005). 

 

The Arctic atmosphere is characterized by a cold and very stable air mass that is bounded by the Arctic 

front. Its location varies during the year affecting the long-range transport from the middle latitude 

regions toward the Arctic. The Arctic front isolates the lower troposphere from the other layer of the 

atmosphere, forming a dome that is less permeable to the warm air masses that move from the south, 

excluding most of the world’s potential source regions because they are too warm (Stohl, 2006). On a 

regional scale, the processes that involve air masses can be considered adiabatic, that is the air parcels 

do not exchange heat with the surrounding environment during the uplift and descents movements. 

Under this condition, the air masses must move along the isentropic surfaces, characterized by a 
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constant value of potential temperature. These surfaces tend to be at higher altitudes moving from 

warmer to colder regions, and, therefore, air parcels undergo uplift when moving toward the north. 

Consequently, if a source is placed in a region behind the polar front, the air masses remain confined 

in the lower part of the Arctic troposphere, and the pollutants can affect the receptor at the surface. 

On the other hand, if the source is located at a higher potential temperature, the air masses are 

transported at middle and high levels of the Arctic troposphere. This is reflected by the different 

altitudes at which the air masses coming from Europe-Asia (Eurasia) and North America are 

transported. In fact, the air masses of Eurasia are usually colder and drier than those from North 

America and move in the lower layer of the Arctic troposphere (Willis et al., 2018).  

During the winter months, the polar front move southerly, and more potential sources are activated. 

Moreover, during the Arctic winter, the precipitations are scarce due to the low air humidity and the 

troposphere is extremely stable due to the strong thermal inversion. These conditions improve the 

lifetime of aerosol and gas species, that can reach high concentrations in the Arctic air, a phenomenon 

called Arctic Haze (Stohl, 2006). 

During the spring months, the formation of extra-tropical cyclones, especially in regions east of both 

North America and Asia, promote the advection of warm air masse from the middle latitude toward 

the north at the middle and high levels of the Arctic troposphere. However, the intense precipitation 

accompanying these events can impact the transport efficiency of air suspended material (Willis et al., 

2018). 

During the summer, the Arctic front moves northward and becomes less permeable to the air masses, 

because of the higher temperature gradient along the South-North direction. In Figure 3.4, it is possible 

to notice that the 10-days back trajectories cover a smaller region and the frequency around the final 

point (Ny-Ålesund) increases in the central months of the years, because of the lower velocity of the 

air masses during the summer. Moreover, the rainfalls along the path of the air masses increase during 

the summer, affecting the lifetime of the aerosol in the air (Freud et al., 2017). Therefore, the long-

range transport of aerosol toward the Arctic is inhibited by a more unstable atmosphere, and the 

importance of the short-range transport increases (Figure 3.5; Petäjä et al., 2020). 

The Arctic atmosphere is interconnected with the atmospheric circulation at a global scale, and the 

magnitude of the transport of air masses toward the North is affected by the interannual variability of 

the general circulation pattern. The Arctic Oscillation (AO) is an index that describes the distribution of 

the atmospheric pressure field on the Northern Hemisphere, and it highlights the strength of the polar 

vortex, the quasi-permanent low-pressure area of cold air sites above the Arctic (Macdonald et al., 

2005). The atmospheric pressure field during winter months usually presents a center of low pressure 

over the Northern Pacific (Aulentine Low) and Atlantic Ocean (Islandic Low), and a center of high 

pressure over the continent (Siberian High) (Figure 3.6). The wind circulation associated with the 

winter pressure pattern leads to efficient air mass transport from Europe, Siberia, and North America. 

During the period of the high value of the AO index (AO+ in Figure 3.6 ), the Icelandic Low intensifies 

and further extends into the Arctic increasing the transport of air masses through Europe (Macdonald 

et al., 2005). Being Europe one of the main sources of pollutants for the Arctic (Bazzano et al., 2021), 

this increment can negatively affect the level of contaminants in the Arctic troposphere during the 

winter AO+ periods (AMAP, 2002). 

In summer, the pressure field and subsequent air-flow pattern are markable different from those 

occurring in winter (Figure 3.6): the continental low-pressure centers disappear and the oceanic high 

centers weaken, thus reducing the efficiency of air transport from North America and Europe to the 

Arctic (Macdonald et al., 2005). 
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Figure 3.3. Position of the principal research station in the Arctic in which year-round atmospheric 

measurement is performed: (1) Utqiaġvik (Barrow), (2) Oliktol Point, (3) Eureka, (4) Alert, (5) Thule, (6) 

Iqaluit, (7) Summit, (8) Villum, (9) Ny-Ålesund, (10) Bear Island, (11) Andenes, (12) Abisko, (13) Pallas-

Sodankylä, (14) Värriö, (15) Cape Baranova, (16) Tiksi, (17) Cherskii (Petäjä et al., 2020). 

 

 

 

Figure 3.4. Monthly mean 10-days back trajectories frequency distributions, started from Ny-Ålesund 

at 500, 1000, and 1500 m a.g.l., calculated every 6 hours, from 2010 to 2018. 
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Figure 3.5. Monthly mean number concentration for the accumulation-mode (a) and ultrafine-mode 

(b) measured at Villum Research Station (Greenland) from 2010 to 2018 (Petäjä et al., 2020). 

 

 

 

Figure 3.6. Atmospheric pressure fields and wind streamlines for winter and summer with Arctic 

Oscillation index (AO) strongly positively (left) and negatively (right) (Macdonald et al., 2005). 
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Chapter 4. The Isotopic Analysis 
 

4.1. Introduction 
An atom could be defined as the smallest particle still characterizing a chemical element. Two atoms 

are of the same element if they have the same number of protons in the atomic nucleus.  However, 

they can have a different number of neutrons: these particles are different isotopes of the same 

element. In fact, an isotope is defined not only by the number of protons (atomic number, Z) but also 

by its mass number (sum of protons and neutrons, A). Having the same number of protons, different 

isotopes of the same element occupied the same place in the periodic table. 

Considering the stable combinations of protons and neutrons in the nucleus, two atoms of different 

elements could have the same sum of the number of the nucleons (particles in the nucleus), and, 

therefore, the same mass number: these isotopes are called isobars. For instance, 87Rb and 87Sr, 187Re, 

and 187Os are examples of isobaric species. Isobaric isotopes have different chemical behaviors, since 

they have different numbers of protons, but they interfere with each other in the spectrometric mass 

analysis, which can discriminate the isotopes according to their mass (Allègre and Sutcliffe, 2008). 

The relative isotopic abundance for an isotope iX is calculated by the ratio between the amount (moles 

or number of atoms) of iX and the sum of the amount of all isotopes of element X: 

 𝜃( 𝑋) =
𝑛( 𝑋)𝑖

∑ 𝑛( 𝑋)
𝑗

𝑗

𝑖  (4.1) 

              

where 𝑗 runs over the mass number of the various isotopes of the element X. 

The isotopes of all the elements are often shown in an N-Z graph, which reports the different isotopes 

in the function of the number of neutrons against the number of protons in the nuclides (Figure 4.2). 

It is possible to note that only a well-defined combination of protons and neutrons in the nucleus 

exists, i.e., only a restricted number of isotopes and that most of them are not stable.  

 

 

 

Figure 4.1. Schematic representation of an element (a, only the protons in the nucleus), a nuclide (b, 

only the particles in the nucleus), and an isotope (c, protons, neutrons, and electrons) of the atom of 

deuterium. 

 

 
(a) (b) (c) 
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Figure 4.2. Proton (Z) versus neutrons (N) graph of the isotopes with the chromatic indication of their 

half-life constant. From about Z=20, the zone of stable nucleons (black dots) moves away from the line 

Z=N, and the stability is obtained with a number of neutrons higher than the number of protons. 

 

Furthermore, elements for which Z is an even number have more isotopes than elements for which Z 

is an odd number, and Pb is the heaviest element with stable isotopes, according to the theory (Allègre 

and Sutcliffe, 2008). 

Although the isotopic composition of the stardust from which the solar system was born can be 

considered homogeneous, many physical and chemical processes have modified the original isotopic 

composition, leading to a difference in the natural isotopic composition from place to place. The main 

“fractionation” processes are: 

Radiative decay: the isotopic composition of an element that has one or more radiogenic 

isotopes, that originated from the radiative decay of a parent isotope, changes over time. As a 

result, this time-dependent isotopic composition can be exploited for dating purposes. In fact, 

radiative decay is a probability-driven process in which certain nuclei spontaneously transform 

into other nuclei with the emission of radiation/particles to satisfy the mass-energy 

conservation law. The Curie-Rutherford-Soddy law (equations 4.2 and 4.3) states that the 

number of nuclei that decays per unit of time is a constant fraction of the number of nuclei at 

time 𝑡, regardless of the temperature, pressure, chemical form, and other environmental 

conditions. 

 
𝑑𝑁

𝑑𝑡
= −𝜆𝑁 (4.2) 
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 𝑁 = 𝑁0𝑒
−𝜆𝑡 (4.3) 

     

Where 𝑁0 is the initial number of the radioactive atoms, 𝑁 is the number at the time 𝑡, and 𝜆 

is the decay constant of the system. Moreover, the isotopic composition of an element with 

radiogenic isotopes (e.g., Sr and Pb) is also dependent on the original amount of parent isotope 

𝑁0, other than the time. The isotopic composition of these elements can hence be used to infer 

about the provenience of many materials (food, artifacts, mineral dust) (Capo et al., 1998; 

Komárek et al., 2008). 

Extraterrestrial materials: it has been reported that some meteorites show a different isotopic 

composition for some elements compared to that measured in the terrestrial crust. Evidently, 

in these materials the ratio between the parent and daughter isotopes was different than that 

in the terrestrial crust, resulting in an anomalous isotopic composition (Vanhaecke et al., 

2009).  

Interaction between cosmic rays and terrestrial matter: the cosmic rays interact with the 

Earth’s atmosphere leading to a variation in the isotopic composition of some elements. A well-

known example is the generation of the radioactive 14C through the capture by 14N of a thermal 

neutron produced by cosmic rays, according to the reaction:  

 𝑛1 + 𝑁 → 𝐶 + 𝑝11414  (4.4) 

 

The 14C is then oxidated to CO2, fixed into the biomass by the photosynthesis, and finally 

transported through the food chain, thus affecting the isotopic composition of carbon in the 

organisms. The instability of 14C (half-time 5730 years) is used for dating the remains of 

organisms (e.g. human and animal remains, textiles) (Years and Dating, 2015). Other types of 

cosmogenic isotopes are also produced in a few amounts at the Earth’s surface (e.g., 10Be, 22Na, 
26Al, or 41Ca) (Vanhaecke et al., 2009). 

Mass-dependent fractionation: the difference in the masses of the isotopes of the same 

element causes a difference in their behavior in chemical and physical processes. This 

fractionation is due to the difference in the potential energy of the molecules/atoms that 

contain the lighter or the heavier isotopes. This effect is more significant for the light elements 

(such as H, N, C, and O), for which the mass difference between the isotopes is comparable 

with the elemental mass, and for the processes that occur at low temperature. 

Thermodynamic (or equilibrium) isotopic fractionation and kinetic isotopic fractionation can 

be defined. Let’s consider two diatomic molecules X-L and X-H that participate in a reaction 

whereby the X-L/H bond is broken, where L and X are the lighter and the heavier isotope of an 

element, respectively. The fundamental vibrational energy levels for the two species are 

different due to the difference in their masses. According to the harmonic-oscillator model:  

 𝐸𝑣 = ħ(
𝑘

𝜇
)

1
2
(𝜈 +

1

2
)       𝜈 = 0, 1, 2… (4.5) 

where ħ =
ℎ

2𝜋
 is the reduced Plank constant, 𝑘 is the force constant of the bond, and 𝜇 is the 

reduced mass of the molecules: 

 𝜇𝑋𝐿 = 
𝑚𝑋𝑚𝐿

𝑚𝑋+𝑚𝐿
  and  𝜇𝑋𝐻 = 

𝑚𝑋𝑚𝐻

𝑚𝑋+𝑚𝐻
 (4.6) 

Since 𝑚𝐿 < 𝑚𝐻: 
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𝜇𝑋𝐻 > 𝜇𝑋𝐿 

for every 𝑚𝑋, and therefore: 

𝐸0
𝑋𝐿 > 𝐸0

𝑋𝐻 

The energy required to break the bonds (dissociation energy, D0) is lower for the molecule with the 

lighter isotope, D0(XL), and higher for the molecule with the heavier isotope, D0(XH) (Figure 4.3). Let’s 

consider a more complex reaction, in which the bonds between the atoms are broken and some new 

bonds are formed. In this case, an activated complex needs to be formed before the reaction can 

proceed to the products. Like the energy of the reactant, also the energy of the activated complex is 

different for the two species and, therefore, the activation energies are also different for the two 

species (Figure 4.4). According to Arrhenius’s law, lower activation energy is associated with a higher 

kinetic constant. Due to the thermodynamic and kinetic fractionations, the isotopic compositions of 

reactants and products are different. Generally, the lighter molecules react more easily and more 

quickly than the heavier ones; thus, the lighter isotopes are more abundant in the products than in the 

reagents. An example of the use of these phenomena is the study of the isotopic composition of water 

for paleoclimatic studies and to recognize the season of the ice layers (Jouzel et al., 1997; Küttel et al., 

2012). In fact, the water is subjected to isotopic fractionation during the physical processes of 

evaporation, condensation, and diffusion. For metals and metalloids, the difference in mass between 

the isotopes is small compared to their elemental mass and, therefore, the thermodynamic and kinetic 

fractionations are often negligible. However, thanks to the high precision of techniques such as the 

thermal ionisation mass spectrometry (TIMS) or the multi-collector inductively coupled plasma mass 

spectrometry (MC-ICP-MS), mass-dependent fractionation has been observed also for heaviest 

elements, such as U (Weyer et al., 2008). 

 

 

Figure 4.3. Potential energy E as a function of interatomic distance r for two diatomic molecules with 

light (XL) and heavy (XH) isotopes. Because of their mass difference, the dissociation energies D0 

show a difference, leading to an isotope fractionation (Vanhaecke et al., 2009).  
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Figure 4.4. Potential energy curve for a hypothetical reaction, where only the states of the reactant 

and those of the activated complex are considered. As a consequence of the differences in the 

vibrational energy states for the lighter (L) and heavier (H) species, the activation energy E* of the 

reaction is also distinct, leading to a kinetic isotopic effect (Vanhaecke et al., 2009). 

 

Mass-independent fractionation: for some elements (S, Mo, Ru, Sn, and Hg), mass-

independent fractionation processes have been reported. These are explained in terms of the 

difference in the interaction of the nuclei of the different isotopes with the cloud of electrons 

due to the slight differences in the nucleus volume or their magnetic properties (Vanhaecke et 

al., 2009). 

Anthropogenic effects: human activities can affect the natural isotopic composition of some 

elements. Well-known examples are the enrichment of mined U in 235U to make it suitable for 

the nuclear fission reactors, and the production of radioactive isotopes which are then 

released into the environment by nuclear tests or nuclear implant accidents. The peculiar 

isotopic signatures thus originated are often used for the dating of snow layers in the high rate 

accumulation sites, such as the Alpine glaciers (Clemenza et al., 2012). Moreover, the isotope 

dilution (ID) is an analytical technique for elemental quantification in which the isotopic 

composition of a sample is artificially changed (Heumann, 2004). 

Many research fields use the variation of the natural isotopic composition of the elements, from the 

study of the formation of planets in the solar system (Wang and Jacobsen, 2016), to the study of the 

metabolism of living organisms (Balcaen et al., 2008; von Blanckenburg et al., 2014). This thesis is 

focused on the use of Pb and Sr isotopic systems in environmental studies for the recognition of the 

provenience of atmospheric particulate matters reaching the polar areas. 

  

4.2. Pb isotopic system 
Lead has four stable isotopes: 204Pb, 206Pb, 207Pb, and 208Pb. Among these, only 204Pb is not radiogenic 

and, therefore, its abundance is constant in time in a closed system. The other isotopes are the end 

products of decay chains of 238U (t1 2⁄  = 4.468  109 years), 235U (t1 2⁄  = 7.038108 years), and 232Th (t1 2⁄  

= 1.4010  1010 years) respectively (Figure 4.5), and their abundances are a function of time and the 

initial amount of the parent and daughter isotopes in the samples (Bourdon et al., 2003). At the 
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present, the average relative abundances of Pb isotopes are 52%, 24%, 23%, and 1% for 208Pb, 206Pb, 
207Pb, and 204Pb, respectively. 

As shown in Figure 4.5, the rate-determining step of each decay chain is the first one. Therefore, during 

the long time of the geological processes, the intermediate species reach a steady state, and their 

amount does not change with time. This approximation is known as secular equilibrium. Let’s consider 

a decay chain from the radioactive isotope coded (1) to the stable isotope (n), through many 

radioactive species (𝑖). 

(1)∗
𝜆1
→ (2)∗

𝜆2
→ (3)∗

𝜆3
→…

𝜆𝑖−1
→  (𝑖)∗

𝜆𝑖
→ (𝑛 − 1)∗

𝜆𝑛−1
→  (𝑛) 

The species marked with ∗ are radioactive, and 𝜆𝑖 are their decay constant. This radiative chain can be 

described by the Curie-Rutherford-Soddy law for each species: 

 
𝑑𝑁1
𝑑𝑡

= −𝜆1𝑁1(𝑡) (4.7) 

 
𝑑𝑁2
𝑑𝑡

= 𝜆1𝑁1(𝑡) − 𝜆2𝑁2(𝑡) (4.8) 

 
𝑑𝑁𝑖
𝑑𝑡
= 𝜆𝑖−1𝑁𝑖−1(𝑡) − 𝜆𝑖𝑁𝑖(𝑡) (4.9) 

 
𝑑𝑁𝑛
𝑑𝑡

= 𝜆𝑛−1𝑁𝑛−1(𝑡) (4.10) 

 

Replacing into the equation 4.10 the terms relative to all other species 𝑖, we can obtain: 

 
𝑑𝑁𝑛
𝑑𝑡

=  −
𝑑𝑁1
𝑑𝑡

−
𝑑𝑁2
𝑑𝑡

−
𝑑𝑁3
𝑑𝑡

−⋯ = −∑
𝑑𝑁𝑖
𝑑𝑡

𝑛−1

𝑖=1

 (4.11) 

   
Under the secular equilibrium approximation, the terms relative to intermediate species are null; 

therefore: 

 
𝑑𝑁𝑛
𝑑𝑡

= −
𝑑𝑁1
𝑑𝑡

= 𝜆1𝑁1(𝑡) (4.12) 

 

Equation 4.12 suggests that it is possible to reduce the above decay chain to a single direct decay 

reaction: 

(1)∗
𝜆1
→ (𝑛) 

Therefore, under this assumption, the relative abundances of the radiogenic Pb isotopes are only a 

function of time and the initial Pb, U, and Th concentration: 

 𝑃𝑏(𝑡) = 𝑃𝑏(0) + 𝑈(0)(1 − 𝑒−𝜆238𝑡) =238206 𝑃𝑏(0) + 𝑈238206206 (𝑡)(𝑒𝜆238𝑡 − 1) (4.13) 

 𝑃𝑏(𝑡) = 𝑃𝑏(0) + 𝑈(0)(1 − 𝑒−𝜆235𝑡) =235207 𝑃𝑏(0) + 𝑈235207207 (𝑡)(𝑒𝜆235𝑡 − 1) (4.14) 

 𝑃𝑏(𝑡) = 𝑃𝑏(0) + 𝑇ℎ(0)(1 − 𝑒−𝜆232𝑡) =232208 𝑃𝑏(0) + 𝑇ℎ232208208 (𝑡)(𝑒𝜆232𝑡 − 1) (4.15) 

 

Using this set of equations, geologists can estimate the age of minerals, rocks, meteorites, and the 

Earth (Patterson, 1956).  

Usually, the isotopic abundance is reported as the ratio between the amount of each isotope and the 

amount of the non-radiogenic 204Pb. However, the low relative abundance of 204Pb makes mandatory 

the use of highly sensitive techniques, such as TIMS or MC-ICP-MS (Vanhaecke et al., 2009). This is 
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especially relevant in samples with low Pb concentrations. Therefore, the ratio is usually normalized 

to 207Pb, because of its lower variation in time compared to 206Pb, since more than 5 half-times of 235U 

from the Earth's formation have been passed (Erel et al., 2001). The use of 204Pb as the reference 

isotope has left a mark in some expressions used for the interpretation of the isotope ratio plots. When 

referring to a sample with high values of 20xPb/207Pb, it is common to use the expression high 

radiogenic, and, accordingly, the expression low radiogenic for low values. The word “radiogenic” is 

also used in comparative terms (less radiogenic, more radiogenic). 

4.2.1. Environmental applications 
Lead is a toxic element even at a very low concentration level. Pb widespread in the environment is 

closely related to human societies, from antiquity with the development of metallurgical technologies, 

to nowadays. Significant Pb production was already developed about 5000 years ago by the smelting 

of Pb-Ag alloy from galena ores (PbS). The principal use of the lead in ancient times included: bronze 

and brass formulation, coinage, solder, glass production, plumbing, pigments realization, shipbuilding, 

artistic artifacts, projectiles production, and other aspects of warfare (Nriagu, 1983). The analysis of 

Greenland ice cores revealed that during the Roman empire the rate of Pb production reached 8000 

tons/year, with a significant level of pollution in the Northern hemisphere (Hong et al., 1994; Rosman 

et al., 1997). 

In the first decades of the XX century, the rise of Pb concentration in the environment was due to the 

use of alkyl-Pb additive for fuels. From the 1990s, it was observed a constant decrease in the Pb 

concentration as a result of the progressive phase-out of the Pb-enriched gasoline and the enactment 

of a more restrictive regulation for atmospheric emissions (Bertinetti et al., 2020; Von Storch et al., 

2003). The same temporal trend was also recognized in the Arctic and Antarctic snow samples, further 

proof of the worldwide repercussion of the anthropogenic activities (Bazzano et al., 2016; Vallelonga 

et al., 2002).  

In this contest, the Pb isotopic analysis of the atmospheric particulate and of samples that can 

accumulate the atmospheric Pb (snow, organisms, peat bogs, sediments) is useful to discriminate 

between natural (volcanic degassing, crustal dust, sea spray) and anthropogenic sources. In fact, as a 

consequence of the dependence of the Pb isotopic composition on many variables (time and original 

amount of Pb, U, and Th in the material), Pb ores from different geographic areas likely have a different 

isotopic composition (Grousset and Biscaye, 2005). A well-known example is provided by the two 

major Pb ore mines used for the production of alkyl-Pb additives: the Australian Broken Hill ore body, 

characterized by very low isotopic ratios (208Pb/207Pb ≈ 2.315, 206Pb/207Pb ≈ 1.041; D. F. Sangster et al., 

2000) and the Mississippi Valley ores (USA) with higher isotopic ratios (208Pb/207Pb = 2.528-2.627,  
206Pb/207Pb = 1.339-1.406; D. F. Sangster et al., 2000). The isotopic composition of the urban particulate 

matter collected in many cities reflects these differences, depending on the supplier of alkyl-Pb 

additives for the gasoline used (Sangster et al., 2000). After the phasing-out of the Pb-enriched gasoline 

in many states,  has been reported that the Pb isotopic composition of atmospheric particulate in many 

regions is significantly affected also by local industry, mining activities, coal combustion, and natural 

sources (Kayee et al., 2021; Xu et al., 2012). As a consequence of the high mass of Pb, this element is 

not affected by fractionation during chemical and physical processes that occur at the source, such as 

combustion or weathering, or during the transport (Shiel et al., 2010; Véron and Church, 1997). 

Therefore, the Pb isotope ratios are good tracers to study the production, dispersion, transport, and 

accumulation of materials into the environment. 
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Figure 4.6. Three-isotope plot for simulated data and two sources (end-members A and B). 

 

The three-isotope plot is a typical representation used to display the isotope ratios and to infer the 

number of sources that have supplied material to the samples. Figure 4.6 shows a three-isotope plot 

with two sources, called end-members. In this case, the samples are spread around a mixing line that 

joins the Pb isotopic composition of the two sources. 

Considering the isotopic composition of the two sources: 

 

 (
𝑃𝑏208

𝑃𝑏207 )
𝐴

= 𝑅𝐴

208
207  (4.16) 

 (
𝑃𝑏208

𝑃𝑏207 )
𝐵

= 𝑅𝐵

208
207  (4.17) 

 

The isotopic ratio of the sample 𝑖 is given by: 

 
(

𝑃𝑏208

𝑃𝑏207 )
𝑖

= 𝑅𝑖 = 
𝑃𝑏𝐴 + 𝑃𝑏𝐵

208208

𝑃𝑏𝐴 + 𝑃𝑏𝐵
207207 =

(
𝑃𝑏𝐴

208

𝑃𝑏𝐴
207 ) 𝑃𝑏𝐴 + (

𝑃𝑏𝐵
208

𝑃𝑏𝐵
207 ) 𝑃𝑏𝐵

207207

𝑃𝑏𝐴 + 𝑃𝑏𝐵
207207

208
207  

(4.18) 

      

Introducing the molar fractions: 

 𝑥𝐴 = 
𝑃𝑏𝐴

207

𝑃𝑏𝐴 + 𝑃𝑏𝐵
207207  (4.19) 

 𝑥𝐵 =
𝑃𝑏𝐵

207

𝑃𝑏𝐴 + 𝑃𝑏𝐵
207207 = 1 − 𝑥𝐴 (4.20) 

 

and using the terms 𝑅𝐴

208

207  and 𝑅𝐵

208

207 , the equation 4.18 becomes: 

 𝑅𝑖 = 𝑅𝐴𝑥𝐴 + 𝑅𝐵(1 − 𝑥𝐴)
208
207

208
207

208
207  (4.21) 
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In the same way, it is possible to define the isotope ratio 206Pb/207Pb for sample 𝑖: 

 𝑅𝑖 = 𝑅𝐴𝑥𝐴 + 𝑅𝐵(1 − 𝑥𝐴)
206
207

206
207

206
207  (4.22) 

where 𝑅𝐴

206

207  and 𝑅𝐵

206

207  are the isotope ratios of sources A and B, respectively. 

 

The molar fraction 𝑥𝐴  in equations 4.21 and 4.22 must be the same. So, we can obtain 𝑥𝐴 

from the equation 4.21: 

 

 𝑥𝐴 =
𝑅𝑖 − 𝑅𝐵

208
207

208
207

𝑅𝐴 − 𝑅𝐵

208
207

208
207

 (4.23) 

 

and substitute it in the equation 4.22:  

 𝑅𝑖 = 𝑅𝐴(
𝑅𝑖 − 𝑅𝐵

208
207

208
207

𝑅𝐴 − 𝑅𝐵

208
207

208
207

)
206
207

206
207 + 𝑅𝐵 (1 −

𝑅𝑖 − 𝑅𝐵

208
207

208
207

𝑅𝐴 − 𝑅𝐵

208
207

208
207

) = 
206
207   

 = 
𝑅𝐴 𝑅𝑖 −

208
207

206
207 𝑅𝐴 𝑅𝐵 + 𝑅𝐵 𝑅

208
207

𝐴 − 𝑅𝐵 𝑅𝐵 − 𝑅𝐵 𝑅𝑖 − 𝑅𝐵 𝑅𝐵

208
207

206
207

208
207

206
207

208
207

206
207

206
207

208
207

206
207

𝑅𝐴 − 𝑅𝐵

208
207

208
207

= (4.24) 

 = 𝑅𝑖

208
207 (

𝑅𝐴 − 𝑅𝐵

206
207

206
207

𝑅𝐴 − 𝑅𝐵

208
207

208
207

) +
𝑅𝐵 𝑅𝐴 − 𝑅𝐴 𝑅𝐵

208
207

206
207

208
207

206
207

𝑅𝐴 − 𝑅𝐵

208
207

208
207

= 𝑅𝑖

208
207 𝑚 + 𝑞  

 

Equation 4.24 shows that there is a linear dependence between the two Pb isotope ratios of samples 

deriving from the mixing of two different sources, as suggested by the experimental experience. 

The samples that fall in the bottom-left of the three-isotope plots in Figure 4.6 (low radiogenicity) are 

more affected by the end-ember A, while the points located in the top-right of the graph (high 

radiogenicity) are more affected by the end-member B. In this simple situation, the relative 

contribution of the end-member A to each sample (𝑥𝑖, 𝑦𝑖) can be easily computed: 

 %𝐴𝑖 = 100 × (1 −
𝑑𝑖𝐴
𝑑𝐴𝐵

) = 100 ×
𝑑𝑖𝐵
𝑑𝐴𝐵

= 100 × √
(𝑥𝑖 − 𝑥𝐵)

2 + (𝑦𝑖 − 𝑦𝐵)
2

(𝑥𝐴 − 𝑥𝐵)
2 + (𝑦𝐴 − 𝑦𝐵)

2
 (4.25) 

 

where 𝑑𝑖𝑗  and 𝑑𝐴𝐵  are the Euclidean distances between the sample 𝑖 and the end-members 

𝑗 (𝑗 = 𝐴 , 𝐵) and the between the two end-members, respectively. The relative contribution of the 

end-member B for the sample 𝑖 will be the complementary to 1: 

 %𝐵𝑖 = 1 −%𝐴𝑖  (4.26) 
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Figure 4.7. Three-isotopes plot for simulated data and three sources (Vanhaecke et al., 2009). 

 

If the isotopic composition of the samples is influenced by three sources, the data are spread inside a 

triangle with the sources (𝑆1, 𝑆2 and 𝑆3) at the vertices (Figure 4.7). The relative contribution of each 

source to the sample 𝑖 can be calculated by resolving the following system of linear equations: 

 (
𝑥1 𝑥2 𝑥3
𝑦1 𝑦2 𝑦3
1 1 1

)(

𝑆1
𝑆2
𝑆3

) = (
𝑥𝑖
𝑦𝑖
1
) (4.27) 

 

Where the couples 𝑥, 𝑦 are the two isotope ratios for the sample (𝑖) and the three sources (1,2,3). 

 

4.3. Sr isotopic system 
Strontium is an alkaline-earth metal (Z = 38) with four stable isotopes: 84Sr, 86Sr, 87Sr, and 88Sr. Only 87Sr 

is radiogenic and it derives from the β decay of 87Rb: 

 𝑅𝑏87 → 𝑆𝑟 + 𝛽− + �̅�87  (4.28) 

    

where 𝛽− and �̅� are an electron and an antineutrino, respectively, generated in the nucleus from the 

decay of a neutron: 

 𝑛 → 𝑝 + 𝛽− + �̅� (4.29) 

   
 

The half-time of the reaction is 4.96  1010 years (Villa et al., 2015). Now, the mean relative abundances 

for the four isotopes are 82.5%, 7.0%, 9.9%, and 0.6% for 88Sr, 87Sr, 86Sr, and 84Sr, respectively (Holden 

et al., 2018). However, the relative abundances can vary among materials from different geologic 

sources, because of the variability of the radiogenic 87Sr, whose abundance is a function of the time 

from the formation of the rock bodies and the initial amounts of 87Sr and 87Rb: 

 𝑆𝑟87 (𝑡) = 𝑆𝑟(0) + 𝑅𝑏(0)8787 (1 − 𝑒−𝜆𝑡) = 𝑆𝑟(0) + 𝑅𝑏(𝑡)8787 (𝑒𝜆𝑡 − 1) (4.30) 
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The abundance of the radiogenic isotope 87Sr is reported by the isotope ratio with the 86Sr at the 

denominator, due to their similar relative abundance. 

 (
𝑆𝑟87

𝑆𝑟86 )
𝑡

= (
𝑆𝑟87

𝑆𝑟86 )
0

+ (
𝑅𝑏87

𝑆𝑟86 )
𝑡

(𝑒𝜆𝑡 − 1) ≈ (
𝑆𝑟87

𝑆𝑟86 )
0

+ (
𝑅𝑏87

𝑆𝑟86 )
𝑡

𝜆𝑡 (4.31) 

   
For rock bodies with different 87Rb/87Sr and the same initial 87Sr/86Sr, and crystallized at the same time, 

the 87Sr/86Sr ratio measured at time 𝑡 lie on a line in a plot 87Rb/86Sr vs 87Sr/86Sr, called isochron, from 

which it is possible to obtain geochronological information (Bentley, 2006). 

The geographical variability of the 87Sr/86Sr isotope ratio permits the use of it as a tracer to study the 

provenience of many types of samples (e.g., mineral dust, food, bones) (Vanhaecke et al., 2009). 

4.3.1 Environmental applications 
Strontium is relatively abundant in rocks and soils, whit a mean concentration of 316 μg g-1 in the upper 

continental crust (Wedepohl and Hans Wedepohl, 1995). The ionic radius of Sr2+ (1.13 Å) is so similar 

to that of Ca2+ (0.99 Å) to easily bring ion substitution in Ca-bearing minerals, such as carbonate, 

apatite, and plagioclase. Strontium concentration in rocks depends on the mineralogy of the systems, 

spanning from a few μg g-1 in ultramafic rocks to more than 450 μg g-1 in the basaltic rocks, up to more 

than 2000 μg g-1 in carbonates. On the other hand, Rb+ has a similar ionic radius (1.48 Å) to that of K+ 

(1.33 Å) and, therefore, it is abundant in K-bearing minerals such as mica, K-feldspar, clay, and 

evaporite minerals. Its concentration ranges from 1 μg g-1 or less in ultramafic rocks and carbonates, 

to more than 170 μg g-1 in the low-Ca granitic rocks. Because of the different geochemical behaviors 

of Sr and Rb, the Rb/Sr ratio in rocks can vary by several orders of magnitude (from 0.005 in carbonates 

to 3 in sandstone), and consequently, the isotopic ratio 87Sr/86Sr also varies in function of the geological 

composition.  

Very old rocks (>100 mya) with a high initial Rb/Sr ratio usually have an 87Sr/86Sr ratio higher than 0.710, 

while the rocks formed more recently (<1-10 mya) with a low Rb/Sr ratio generally have 87Sr/86Sr lower 

than 0.704 (Bentley, 2006). The Sr contained in the rocks and soils is weathered by water and 

transported to rivers and the oceans. Once mobilized, it is easily assimilated into the biomass because 

of its similarity with Ca. It has been reported that there is an isotopic fractionation process operated 

by the weathering and correlated with the grain size of the minerals, leading the smaller grains to have 

a lower Sr isotope ratio than the larger ones (Basile et al., 1997). Åberg (1995) explained this event by 

taking into account the different mobility of 87Sr and 86Sr. In fact, when 87Sr is formed from 87Rb, it is 

placed in a site of the mineral structure that is optimal for the rubidium (with a higher ionic radius). 

Therefore, the newly formed 87Sr is less bonded to the mineral structure than the other Sr isotopes, 

and therefore it is more easily mobilized by weathering. Moreover, the weathering is a superficial 

process, and it is favored in the fine particles, because of their high superficial to volume ratio. 

Therefore, it is important to compare the isotopic ratio values of samples with the same dimensional 

fraction (Revel-Rolland et al., 2006). 

One of the applications of the Sr isotopic system is the identification of the geographical provenience 

of the mineral dust. This information is used to deduct the atmospheric circulation at the present and 

in the past, thanks to the analysis of the mineral dust enclosed in the ice cores (Delmonte et al., 2004a; 

Gili et al., 2017), first proposed for Antarctic mineral aerosol by Grousset et al. (1992), together with 

the Neodymium isotopic system. The analysis of the regional differences in the 87Sr/86Sr ratio was also 

used for the geographical traceability of the wines, thanks to the absence of fractionation during the 

metabolic processes, and to obtain information about the migration of animals (e.g., fish) and humans 
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(bones and teeth) (Bentley, 2006; Geană et al., 2017; Vanhaecke et al., 2009). In fact, the Sr isotopic 

composition of tissues in which the Sr can accumulate by substitution of Ca reflects the isotopic 

composition of the diet assumed during the life, which in turn is determined by local geology (Degryse 

et al., 2012). 

 

4.4. Isotope ratio measurement with ICP-MS  

4.4.1. Isotope ratio precision 
The isotopic analysis is based upon the recognition of little differences among the amounts of the 

various isotopes of an element. For that reason, the method used for the quantification of the isotopes 

must have an elevated precision, other than acceptable accuracy.  The precision of a measurement 

can be expressed with two terms: 

 repeatability, also called internal precision, is expressed by the relative standard deviation 

(RSD) calculated on 𝑛 replicates conducted by the same operator, with the same measurement 

system and the same operating conditions, on the same sample; 

reproducibility, also called external precision, is the RSD calculated on 𝑛 measurements 

performed over a long period or different conditions (e.g., different instruments, different 

operators). 

In the optimal conditions, the detection of the ions at the detector can be described using the Poisson 

distribution (Ulianov et al., 2015). The standard deviation for a signal with intensity N is the square 

root of the signal itself: 

 𝜎 = √𝑁 (4.32) 

 

The theory of error propagation provides the better standard deviation for an isotopic ration 

𝑟 = 𝑁1 𝑁2⁄ : 

 𝜎 (
𝑁1
𝑁2
) =

𝑁1
𝑁2
√[
𝜎(𝑁1)

𝑁1
]

2

+ [
𝜎(𝑁2)

𝑁2
]

2

− 2
𝜎2(𝑁1, 𝑁2)

𝑁1𝑁2
 (4.33) 

     

and the relative standard deviation of the ratio: 

 𝑅𝑆𝐷% ≈ √
1

𝑁1
+
1

𝑁2
× 100 = √

1 + 𝑟

𝑟𝑁2
× 100 (4.34) 

     

where 𝜎(𝑁𝑖) is the standard deviation of the signal 𝑁𝑖  and 𝜎(𝑁1, 𝑁2) is the covariance of the two 

signals. Therefore, the best precision attainable for an isotope ratio is a function of the number of 

counted ions for the two isotopes. In fact, the isotopic ratio measurements are usually carried out 

using a long integration time to obtain sufficiently high signals. Moreover, the second part of equation 

(4.34) shows the dependence of the RSD% on the ratio itself.  

4.4.2. Isotope ratio accuracy 
The main issues that affect the accuracy of isotope ratio measurements are the incorrect dead time 

setting and the mass discrimination effect.  
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The dead time is the interval of time that the detector and the associated electronics need to record 

the arrival of an ion. During this time the system is blind to the arrival of another ion. The number of 

“missed” ions is proportional to the abundance of the isotopes, and the concentration of the element 

in the sample. If the ion signals are not properly corrected, the isotope ratio measured will be different 

from the real one, due to a different underestimate of the signals of the two isotopes. The methods 

used for the determination of the dead time are explained in section 5.8. 

Mass discrimination is the overall effect of mass-dependent phenomena that cause a different 

efficiency in the extraction of the isotopes from the ion source and their transmission to the detector. 

Therefore, an isotope ratio may show bias with respect to the true value, up to several percent per 

mass unit. Usually, the lighter isotopes are subjected to more intense depletion respect than the 

heavier ones. There are various methods to correct the mass discrimination, and their choice will 

depend on the isotopic system under investigation and the instrument precision (Vanhaecke et al., 

2009): 

External bracketing calibration: the analysis of a standard solution of the target element with 

known isotope composition is performed before and after each sample (or a little group of 

them). Comparing the measured isotope ratio to the certified values is then possible to 

calculate a correction factor, to be used for the correction of the isotope ratios measured in 

the samples. This simple method does not consider either the difference in the matrix among 

the standard and samples (these must be similar as much as possible) or the fluctuations in 

mass discrimination that could occur between successive measurements. This procedure is 

usually applied in the single collector ICP-MS instruments, characterized by a relatively low 

precision (%RSD≈0.1-0.2). 

Internal standard: in this approach, a spike of a standard solution of an element with a similar 

mass to that of the target element is added to the samples. From the difference between the 

measured isotope ratio of the internal standard and its true value, the mass discrimination per 

mass unit 휀 is calculated. This factor is then used to calculate the correction factor 𝐾 for the 

target analyte. Several laws can be used to relate 휀 and 𝐾, including linear, power, and 

exponential functions. This approach compensates both for the matrix effect and the temporal 

variation in the mass discrimination, especially if the intensity for the standard and the target 

element are simultaneously collected. It is used for very accurate isotopic ratio analysis (MC-

ICP-MS, TIMS). 

Internal correction: if an element has more than two isotopes and one of the possible ratios is 

well known and constant among the samples (e.g., the ratio between two non-radiogenic 

isotopes), it is possible to use this ratio to get the correction factor to use for the isotope ratio 

of interest. An example is the use of the quite constant 𝑆𝑟88 𝑆𝑟86⁄  ratio to correct the 

𝑆𝑟87 𝑆𝑟86⁄  values. One of the most common equations used to perform the internal correction 

is the Russell law (Bolea-Fernandez et al., 2016a). 
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Chapter 5. Instruments 
 

5.1. Introduction 
The inductively coupled plasma mass spectrometry (ICP-MS) is a high sensitivity instrument that allows 

quantifying about 90% of the elements and it is used for elemental and isotopic analysis in many 

sectors (e.g., environment, industry, food) both for research purposes and routine analysis.  

There are many types of ICP-MS that differ from each other mainly for the type of mass analyser 

(quadrupolar, double-focusing technology, TOF). However, it is possible to reconduct all of them to a 

common basic scheme. An ICP-MS device can be divided into six principal parts: the sample 

introduction system, the ICP ions source, the interface region, the ion focusing system, the mass 

analyser, and the ions detector (Figure 5.1). 

 

5.2. The sample introduction system 
The sample is introduced into the ICP as very small particles (liquid or solid) transported by a carrier 

gas, usually Ar. For liquid samples, the sample introduction system (SIS) consists of an aerosol 

generation, connected to a spray chamber (usually a double pass spray chamber or a cyclonic spray 

chamber) for the droplet selection (Figure 5.2). For the solid samples, the generation of the particles 

is achieved by laser ablation of a surface and then they are transported to the plasma by the carrier 

gas (Bolea-Fernandez et al., 2016b). 

The most common aerosol generator is the pneumatic nebulizers, which use the collision of a high-

speed gas flux with the liquid to generate fine liquid particles. There are different types of pneumatic 

nebulizers, depending on the constructed geometry (concentric or crossflow), sample uptake rate 

(e.g., microflow nebulizer), and materials (glass or polymers) (Thomas, 2013). The mean dimension of 

the particle generated by a pneumatic nebulizer, defined as primary aerosol, can be described by the 

Sauter’s mean diameter (𝑑𝑆). The 𝑑𝑆 is the diameter of a spherical particle that has the same total 

surface energy, and the same volume-to-surface ratio, of the particles of the aerosol (Kowalczuk and 

Drzymala, 2016). The Sauter’s mean diameter of droplets generated by a pneumatic nebulizer can be 

described by the Nukiyama-Tanasawa equation (5.1): 

 𝑑𝑆 =
585

𝑉
(
𝜎

𝜌
)
0.5

+ 597 [
𝜂

(𝜎𝜌)0,5
]
0,45

[
103𝑄𝑙
𝑄𝑔

]

1.5

 (5.1) 

 

where 𝑉 is the difference between the velocities of the gas and liquid, 𝜎 is the surface tension of the 

liquid, 𝜌 is the density of the liquid, 𝜂 is the viscosity of the liquid, and 𝑄𝑙  and 𝑄𝑔 are the volume flow 

rates of liquid and gas, respectively (Bazzano, 2016). Smaller particles are obtained for higher 𝑉 and 

𝑄𝑔 values but lower 𝑄𝑙. The interaction between gas and liquid happened in the tip of the nebulizer, a 

small region where the velocity of the nebulizer gas is increased by the reduction of the internal 

diameter of the capillary (Figure 5.3). 

ICP stability and high ionization performance are obtained only if the smallest particles of the primary 

aerosol reach the plasma. The other particles are removed by impact and gravitational settling in the 

spray chamber, avoiding that an excessive quantity of solvent reaches the plasma. In fact, it is generally 

accepted that the maximum water load that is tolerated by the plasma is 20 - 40 μL min-1, depending 

on the specific operational condition (Paredes et al., 2009).  
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Figure 5.1. Schematic representation of a quadrupolar ICP-MS. 

 

 

Figure 5.2. Concentric nebulizer mounted on a cyclonic spray chamber. 

 

The droplet selection strongly impacts the instrument sensitivity. It was estimated that less than 3% of 

the volume of the sample that is nebulized reaches the plasma. A way to increase this amount is to 

reduce the dimension of the droplets generated from the nebulizer, to obtain only droplets that can 

be directly introduced to the plasma. Following this principle, high-efficiency total consumption SISs 

have been developed. To reach the goal of a transport efficiency close to 100%, they must work at a 

low sample flux rate (few tens of μL min-1), as also stated by equation 5.1. The high-efficiency SISs are 

efficiently used for the analysis of microsamples, when the available volume of sample for the analysis 

is less than 1 mL, such as in the case of the Torch Integrated Sample Introduction System (TISIS) (Grotti 

et al., 2013; Todolí and Mermet, 2006). It is a single-pass, low-volume evaporation chamber connected 

to a PFA micronebulizer, that works at high temperatures (250 °C). An auxiliary Ar gas flux (sheathing 

gas) is introduced by a lateral inlet close to the nebulizer’s tip (Figure 5.4). The high temperature and 

the sheathing gas promote the solvent evaporation from the small droplets produced by the 

micronebulizer, also preventing the condensation of the droplets on the internal walls and facilitating 

their transport to the ion source. 
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Figure 5.3. Schematic representation of a concentric nebulizer. 

 

 

Figure 5.4. Scheme of the microsample introduction system TISIS. 

 

The drawback of the reduction of the sample uptake flux is therefore compensated by the fact that 

almost all of the aerosol’s particles reach the plasma, obtaining sensitivity higher than those obtained 

with the traditional sample introduction system (Bertinetti et al., 2021). Moreover, the wash time and 

the memory effect are reduced, and the matrix effects caused by the introduction system are virtually 

completely eliminated (Grotti et al., 2013). 

Another approach to improve the instrumental sensitivity is represented by the desolvation systems, 

which reduce the amount of solvent that reaches the plasma by its evaporation from the droplets. 

There are different types, but generally, they have a tube of a semipermeable porous membrane 

enwrapped by a counter-flow of carrier gas (e.g., Ar). The solvent is vaporised and selectively leaves 

the central tube taken away by the external gas flow (Figure 5.5) (Vanhaecke and Degryse, 2012). 

 

5.3. The Inductively Coupled Plasma ion source 
A plasma is a state of matter formed by a gas of atoms, ions, and free electrons. It is an unstable high 

energy system and it needs a continuous input of energy to offset the attractive potential energy 

between cations and electrons. In the ICP, the energy is supplied by the inductive coupling between 

the charged species in the plasma and an oscillating magnetic field. The system to generate and sustain 

the plasma is composed of three parts: a torch, a coil, and an RF generator (Figure 5.6). The torch, 

usually made in quartz, is composed of three concentric tubes: the outer tube, the inner tube, and the 

injector tube.  
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Figure 5.5. Scheme of the Aridus IITM desolvation assembly. 

 

The main gas flows between the outer and the inner tubes (~12-17 L min-1) and it is used to form and 

sustain the plasma. This Ar flux has also the task to confine the plasma that is formed on the tip of the 

torch, avoiding the melting of the torch. The auxiliary gas passes between the inner tube and the 

injector tube (~1 L min-1), and it is used to change the shape of the plasma and its position in the space. 

Finally, the gas carrier with the sample flows inside the injector tube (~1 L min-1). The injector tube is 

made with quartz or alumina, when a highly corrosive matrix must be analysed (e.g., HF). The torch is 

mounted axially in the middle of a metallic coil, approximatively 5-20 mm to the skimmer cone of the 

interface. This distance, called sampling depth, strongly affects the intensity of the signals and the 

isotope analysis accuracy. It can be precisely adjusted by electronic control (Kálomista et al., 2017; 

Vanhaecke et al., 1993). In the same way, the position of the torch in the plane parallel to the interface 

region must be optimized to improve instrumental accuracy and precision. 

The coil is made of conductor material, typically copper, and is refrigerated with water or gas (Ar). It is 

the conjunction between the electronic of the instrument and the plasma, transferring the energy 

supplied by the RF generator to the plasma. The RF generator works whit a high coupling efficiency, 

that is, 70-75% of the delivery power is effectively transferred to the plasma. It produces an alternate 

current in the coil with a frequency in the radiofrequency domain (27 or 40 MHz). The energy is 

transferred to the plasma by the inductive coupling between the current flowing in the coil and the 

free charges present in the plasma. This process is described by the Faraday-Neuman-Lenz law: 

 휀𝑖 = −
𝑑𝛷(𝑩)

𝑑𝑡
 (5.2) 

 

where 휀𝑖  is the induced electromotive force in the external circuit (the gas) and 𝛷(𝑩) is the flux of the 

magnetic field 𝑩. This equation states that the variation in time of the flux of the magnetic field 𝑩 

induces an electric current in the conductor (the plasma), which in turn generates an induced magnetic 

field 𝑩𝑖 to contrast the variation of 𝑩. 

To transfer energy from the coil to the gas some charges (ions and free electrons) must be already 

present. During the plasma ignition, these charges are formed by an arc discharge that ionized some 

Ar atoms. The electrons and the Ar+ ions thus formed, move inside the electric field generated by the 

inductive coupling, being accelerated. The collision of these high-speed particles (especially the 

electrons due to their low mass) with other Ar atoms creates new ionic species. A steady-state 

condition is reached when the velocity of ionization of Ar atoms is the same as the velocity of the 

processes of ion-electron recombination. 
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Figure 5.6. Scheme of the torch and the ICP. Typical ionization temperatures for different plasma 

regions are also reported. 

 

The interaction between the free electrons and the ions leads to the emission of UV radiation as a 

continuum spectrum (Bremsstrahlung emission) with some well-defined peaks (recombination ions-

electron). This radiation is screened for the safety of the operator and to avoid the increase of the 

noise in the signals at the detector, and to reduce its lifetime. 

When the aerosol of the sample is injected into the plasma, the processes of desolvation, atomization, 

and collisional excitation occur, due to the high temperature of the plasma (Figure 5.6). If the energy 

transferred by the collisions between ions and atoms is enough high, the atom can be ionized. There 

are three main ionization processes in which an element (M) can be involved in the ICP: 

 Ar+ +M → Ar +M+ (5.3) 
 𝑒− +M → 2𝑒− +M+ (5.4) 
 Ar∗ +M → Ar +M+ (5.5) 

 

The first mechanism is a charge transfer reaction between the atoms M and the ions 𝐴𝑟+, the most 

abundant in the plasma (reaction 5.3). This reaction is thermodynamically allowed only if the Ar 

ionization energy (15.76 eV) is higher than the ionization energy of atom M. This condition is verified 

for most of the elements of the periodic table. The second mechanism is the ionization of M because 

of the impact with a high-speed free electron (reaction 5.4). The last mechanism is known as the 

Penning ionization (reaction 5.5). In this process a metastable atom of argon (𝐴𝑟∗) transfers part of its 

energy to the atom M, and, if this energy is high enough, the ionization can occur. Metastable argon 

atoms are abundant in the plasma and are formed by ionization and recombination processes: 

 𝐴𝑟 + 𝑒− → 𝐴𝑟+  + 2𝑒− (5.6) 
 𝐴𝑟+ + 𝑒− → 𝐴𝑟∗ (5.7) 
   

The ensemble of these processes makes the ICP a high-efficient ion source for most of the elements. 

The ionization efficiency for an element can be estimated using the Saha equation (1920): 

 𝐾𝑖 =
𝑛𝑖𝑛𝑒
𝑛𝑎

= (
2𝜋𝑚𝑒𝑘𝑇𝑖
ℎ2

)

3
2 2𝑍𝑖
𝑍𝑎
𝑒
−
𝐸
𝑘𝑇𝑖 (5.8) 
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Figure 5.7. Scheme of the ICP torch with the interface region and the ion focusing system. The space-

charge effect in the ion beam, shown in the magnifier lens, is strongly emphasized. 

 

where 𝐾𝑖 is the ionisation equilibrium constant, 𝑛𝑖, 𝑛𝑒 and 𝑛𝑎 are the number densities of ions, 

electrons, and atoms, respectively. 𝑚𝑒 is the mass of the electron, 𝑘 is the Boltzmann constant, 𝑇𝑖 is 

the ionisation temperature, ℎ is the Planck’s constant, 𝑍𝑖  and 𝑍𝑎 are the partition functions for the 

ionic and atom states respectively. Finally, 𝐸 is the ionisation energy for the element considered. From 

𝐾𝑖, the degree of ionization (𝛼) can be deduced: 

 𝛼 =
𝐾𝑖

𝑛𝑒 + 𝐾𝑖
 (5.9) 

 

Taking into account a typical 𝑇𝑖 = 7500 K and 𝑛𝑒 = 10
15 cm-3, it was computed that 𝛼 ≥ 0.9 for most 

of the metal elements, 0.3 ≥ 𝛼 ≥ 0.8 for all the metalloids, whereas 0.03 ≥ 𝛼 ≥ 0.3 for non-metals 

(Mermet, 2007). 

The principal characteristics of ICP are the high temperature (6000-8000 K in the analytical region), the 

use of inert gas for the plasma generation (Ar) that reduced the possibility of interferences, the long 

resident time of the sample in the plasma (~2 ms) that ensures high ionization efficiency, and the low 

influence of the matrix composition on the energy transfer from the plasma to the analytes. 

 

5.4. The interface region 
The interface region divides the parts of the instrument that works at atmospheric pressure (101 KPa) 

from those that work at a high vacuum (1.0-0.1 mPa): the ion focusing system, the mass analyser, and 

the ions detector. The rule of the interface region is to transport the ions efficiently, consistently, and 

without altering the composition of the ion beam, from the plasma to the high vacuum region. 

The interface consists of two cones, the sampler cone, and the skimmer cone. They are usually made 

of nickel or platinum (for the more corrosive matrixes) and water-cooled. The region between the two 

cones is kept at low pressure (~270 Pa) by a roughing pump (Figure 5.7). When the ion beam passes 

through the sampler cone, and then through the skimmer cone, it experiences an adiabatic expansion 

that causes its cooling. The overall efficiency of the process is only 1%. Therefore, the interface region 

is another critical part of the ICP-MS instruments which affects the analytical sensitivity. 

Two processes can occur in the interface region and negatively affect the precision and accuracy of 

isotope analysis. The first is the alteration of the relative abundance of the isotopes in the ion beam, 
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by the loss of the lighter isotopes by the nozzle separation effect (Heumann et al., 1998). The second 

process is the generation of secondary discharges due to capacitive coupling between the plasma and 

the sample cone. These discharges increase the double-charge species, and the formation of new 

interfering species by the sputtering of the sampling cone, and spread the kinetic energy of the ions 

extracted from the plasma. That, in turn, negatively affects the focusing of the ions in the lens and the 

mass analyser (Thomas, 2013).  

Even if a modification of the electrical characteristic of the ion beam due to the loss of lighter ions 

because of the nozzle separation effect can occur, it is considered that the passage through the 

interface region preserves the electroneutrality of the ion beam extracted from the plasma. In fact, 

the diameters of the orifice of the cones are much larger than the distance over which the ions exert 

an influence on each other by electrostatic repulsion. Moreover, the flux of the ions through the 

interface is dominated by the gas flow regime, due to the difference in pressure between the 

compartments, while the electrical extraction by the ionic lens does not play a significant role until 

after the skimmer cone (Vanhaecke et al., 1993). 

 

5.5. The ion focusing system 
The role of the ion focusing system, or ion lens, is to improve the transfer of the ions from the interface 

to the mass analyser, reducing the transition of neutral particles, such as the photons, that increase 

the signal noise.  

There are many ion lens configurations, that in different ways, get the same result. The ICP-MS 

instrument used in most of the work presented in this thesis (Perkin Elmet Elan DRC II) the focusing 

system consists of a tubular electrode with a central plate as a photon stopper. This system allows the 

use of the Autolens modality, in which the voltage applied to the electrode change dynamically with 

the element that is selected by the mass analyzer. In this way, maximum sensitivity is achieved for 

every analyte.  

Along with facilitating the transmission of the ions toward the mass analyser, the ion lens focus the ion 

beam emerging from the interface. When the ion beam reaches the region at a high vacuum after the 

skimmer cone, an adiabatic expansion happens, in which the free electrons expand more quickly than 

the cations, and the electroneutrality of the beam is lost. The electrostatic repulsion between the 

cations is not more compensated and they will tend to be rejected each other. This brings to a 

preferential expulsion of the lighter cations, because of their lower inertia, while the heavier ones will 

remain in the center of the beam (Figure 5.7). This phenomenon is called the space-charge effect and 

it introduces a mass discrimination effect. In fact, the different isotopes have a different efficiency of 

transmission in the function of their masses. Mass discrimination affects the accuracy of isotope ratio 

measurements because alters the composition of the ion beam that reaches the mass analyser, respect 

to that emerging from the plasma. The ion lens reduces the repulsion between the positive charges, 

improving the homogenization of the different isotopes in the ion beam. 

 

5.6. The quadrupole mass analyser 
The quadrupole mass analyser is the most diffuse among the mass selector, due to its relative 

simplicity, low dimension, lower cost, high fast mass scan rate (3000 u/s), and its higher robustness. 

The short distance between the ions source and the detector, and the strong focusing capability of this 

instrument, make possible to operate ad higher pressure than the other mass filters, requiring a 

simpler vacuum system. 
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Figure 5.8. Schematic representation of the quadrupole mass analyser (Miller and Denton, 1986).  

 

The mass selecting capability of the quadrupole system is based on the stability of the motion of the 

ions inside a hyperbolically electric field, in the function of their mass to charge ratio (m/z). Different 

from the sector field mass selector, the efficiency of the quadrupole is not affected by the distribution 

of the velocity of the ions at the entrance of the mass analyzer. This feature simplifies the coupling 

with the ICP ion source, which is characterized by the production of ions with a wide range of velocity 

(Miller and Denton, 1986). 

The quadrupole mass analyzer is composed of four cylindrical electrodes made by, or coated by, a 

conducting material, 10-20 cm long, and positioned in a radial array. The diametrically opposite rods 

are electrically connected, forming two pairs of electrodes. On the electrodes are imposed a constant 

potential U and a time-dependent potential V (Figure 5.8). The U potential applied at the two couple 

of rods has the same magnitude but opposite signs, while V is a sinusoidal potential with a frequency 

in the radio frequency range (ω around 1 MHz) and with a difference in the phases of π between the 

two pair of electrodes.  

During the Ph.D., two typologies of ICP-MS instrument have been used. A single quadrupole mass 

spectrometer (Perkin Elmet Elan DRC II) and the ICP tandem mass spectrometer (ICP-MS-QQQ) (Agilent 

8800). The last instrument is equipped with two quadrupole mass units (Q1 and Q2) and a third-

generation octupole collision/reaction cell system (ORS) located in-between the two quadrupoles (Q1-

CRC-Q2) (Balcaen et al., 2015).  

5.6.1. Semiqualitative description of the quadrupole physic 
The following description is drawn from the interesting works of Miller and Denton (1986) and Leary 

and Schimdt (1996) that describe very clearly the physic that rules the quadrupole mass selector.  

The constant potential U and the time-dependent potential V applied to the electrodes generate a 

hyperbolic electric field inside the quadrupole mass selector. This assumption is mandatory to have 

the independence of the motion of the ions along the different directions. Theoretically, to generate 

a hyperbolic electric field, hyperbolic electrodes are required; however, it is possible to produce a 

useful hyperbolic field even from cylindric electrodes, cheaper than the hyperbolic ones, if it is 

respected a geometric relationship between the radius of the cylindrical electrodes (𝑟) and the radius 

quadrupole electric field (𝑟0) (Miller and Denton, 1986): 

 𝑟 = 1.148𝑟0 (5.10) 
 

For a hyperbolic mass filter, the potential (Φ) in a point of the space inside the quadrupole at time 𝑡 is 

defined by: 
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 Φ =  [𝑈 + 𝑉𝑐𝑜𝑠(𝜔𝑡)]
𝑥2 − 𝑦2

2𝑟0
2

 (5.11) 

      

where 𝑥 and 𝑦 are the distance from the center along the respective axes, 𝑟0 is the distance along the 

quadrupole length (the 𝑧 axis), 𝜔 is the angular frequency (2𝜋𝑓) of the applied time-dependent 

potential and 𝑉 is its magnitude, while 𝑈 is the magnitude of the constant potential. This potential is 

composed of two factors, one that describes the spatial characteristics of the system and one that 

describes the time-dependence nature of the applied voltage. 

From the potential distribution Φ is possible to obtain the magnitude of the generated electric field in 

each point of the space: 

 𝐸𝑥 = −
𝜕𝛷

𝜕𝑥
= −[𝑈 + 𝑉𝑐𝑜𝑠(𝜔𝑡)]

𝑥

𝑟0
2
 (5.12) 

 𝐸𝑦 = −
𝜕Φ

𝜕𝑦
= [𝑈 + 𝑉𝑐𝑜𝑠(𝜔𝑡)]

𝑦

𝑟0
2
 (5.13) 

 𝐸𝑧 = −
𝜕Φ

𝜕𝑧
=  0 (5.14) 

 

The force exerted on a charged particle is given by the product of the magnitude of the electric field 

and the charge of the particle (𝑛𝑒). 

 𝐹𝑥 = 𝐸𝑥𝑛𝑒 = −[𝑈 + 𝑉𝑐𝑜𝑠(𝜔𝑡)]
𝑛𝑒𝑥

𝑟0
2

 (5.15) 

 𝐹𝑦 = 𝐸𝑦𝑛𝑒 = [𝑈 + 𝑉𝑐𝑜𝑠(𝜔𝑡)]
𝑛𝑒𝑦

𝑟0
2

 (5.16) 

 𝐹𝑧 = 𝐸𝑧𝑛𝑒 =  0 (5.17) 
   

A particle is not subjected to any force, and therefore any acceleration, along the z direction, and the 

forces along the x and y directions are independent each other. 

Let’s consider now  the accelerations subjected by a charged particle along the three directions: 

 
𝑑2𝑥

𝑑𝑡2
 = −

𝑥𝑒

(
𝑚
𝑛) 𝑟0

2
[𝑈 + 𝑉𝑐𝑜𝑠(𝜔𝑡)] (5.18) 

 
𝑑2𝑦

𝑑𝑡2
 =

𝑦𝑒

(
𝑚
𝑛) 𝑟0

2
[𝑈 + 𝑉𝑐𝑜𝑠(𝜔𝑡)] (5.19) 

 
𝑑2𝑧

𝑑𝑡2
 = 0 (5.20) 

 

These are the laws of motion for the ions in the quadrupolar electric field. The solution of these 

equations gives a complete description of the trajectory of the ions in terms of initial conditions 

(starting position in the x-y plane). It is possible to notice the dependence of equations 5.18 and 5.19 

on the mass to numbers of charge ratio (𝑚/𝑛). 

Considering now an ion that enters the quadrupole at 𝑢 = 0 (with 𝑢 equal to 𝑥 or 𝑦). Its law of motion 

will be: 
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𝑑2𝑢

𝑑𝑡2
 = 0 (5.21) 

   
The ion is not affected by any acceleration along the 𝑢 direction, and the velocity of the ion along this 

direction is obtained by the integration of equation 5.21, and it is a constant (C). 

 𝑣𝑢 =
𝑑𝑢

𝑑𝑡
= ∫

𝑑2𝑢

𝑑𝑡2
= 𝐶 (5.22) 

     

If an ion enters the quadrupole at 𝑢 = 0 with a velocity along 𝑢 (𝐶 ≠ 0), it moves away to 𝑢 = 0 and 

it experiences an acceleration following the equations 5.18 and 5.19. On the other hand, if 𝐶 = 0 the 

ion does not move from 𝑢 = 0 and it is not affected by acceleration along this direction. However, in 

this case, it could still experience an acceleration along the other direction, being the motion along 𝑥 

and 𝑦 independent. If an ion enters the quadrupole at 𝑥, 𝑦 = 0 and has null velocity along both 𝑥 and 

𝑦, it will move along 𝑧 direction unaffected by the quadrupolar electric field, regardless of its mass. 

Only a small number of ions will meet this limit situation, but they contribute to the intrinsic noise in 

the signal (Leary and Schmidt, 1996). 

Below will be discussed the behavior of the quadrupole for different conditions of the applied 

potential, starting from the case in which 𝑉 = 0. For simplicity, the description will be focused only on 

the 𝑥-dimension, but the same steps are valid for the 𝑦-dimension. By setting 𝑉 = 0 in the equation 

5.18: 

 𝑑2𝑥

𝑑𝑡2
 = −

𝑥𝑈𝑒

(
𝑚
𝑛
)𝑟0

2
= −𝜑2𝑥 

(5.23) 

 

the equation of the motion of a harmonic oscillator is obtained. The solutions of this differential 

equation are sine or cosine functions depending upon the initial condition, with an angular frequency 

(or pulsation)  𝜑. Therefore, the ions oscillate along the 𝑥 direction while they travel through the 

quadrupole. The general solution of equation 5.23 is: 

 𝑥(𝑡) = 𝐴𝑐𝑜𝑠(𝜑𝑡) (5.24) 
  

where 𝐴 is the amplitude of the oscillation along the 𝑥 direction. Its magnitude could be obtained from 

the initial position 𝑥(0) and velocity 𝑣(0).  

 𝐴2 = 𝑥(0)2 +
𝑣(0)2

𝜑2
= 𝑥(0)2 +

𝑣(0)2 (
𝑚
𝑛) 𝑟0

2

𝑈𝑒
= 𝑥(0)2 +

2
𝐸𝑘
𝑛 𝑟0

2

𝑈𝑒
 (5.25) 

      
From the equation 5.25, it is possible to see that: i) for ions with the same initial conditions 𝑥(0) and 

𝑣(0), those with a higher mass to charge ratio have a higher amplitude; ii) for ions with the same initial 

position 𝑥(0) and same mass to charge ratio, those with higher initial velocity have a higher amplitude. 

From this equation, it is possible to calculate the lower kinetic energy 𝐸𝑘 for the ions that have an 

unstable motion inside the quadrupole, placing 𝐴 = 𝑟0. 

 𝐸𝑘 =
𝑛 (𝑒𝑈𝑟0

2 − 𝑥(0)2)

2𝑟0
2  (5.26) 

      

The maximum value of the kinetic energy 𝐸𝑘
𝑚𝑎𝑥 will be for the ions that have 𝑥(0) = 0: 
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 𝐸𝑘
𝑚𝑎𝑥 =

𝑛𝑒 𝑈𝑟0
2

2𝑟0
2  (5.27) 

 

Therefore, for each value of U, the quadrupole acts as a low-pass filter for the kinetic energy, removing 

the ions that have kinetic energy higher or equal to 𝐸𝑘
𝑚𝑎𝑥.  

Let’s set U=0 in the equation 5.18: 

 
𝑑2𝑥

𝑑𝑡2
 = −

𝑥𝑒

(
𝑚
𝑛)𝑟0

2
[𝑉𝑐𝑜𝑠(𝜔𝑡)] (5.28) 

      
and considering the two extreme cases for 𝜔 → 0 and 𝜔 → ∞. In the first case, cos(𝜔𝑡) → 1 and, 

therefore, the equation 5.28 becomes: 

 lim
𝜔→0

𝑑2𝑥

𝑑𝑡2
 = −

𝑥𝑉𝑒

(
𝑚
𝑛
) 𝑟0

2
 (5.29) 

 
that it is analogue to equation 5.23. In fact, the frequency of variation of the potential 𝑉 is so low that 

it is possible to consider it as a constant potential. When 𝜔 →∞, the inertia of the ions prevents them 

to be affected by the change of the sign of the potential 𝑉 and the ions experience only an average 

potential, which is null (𝑉𝑎𝑣𝑔=0). Substituting this potential in equation 5.28, it is obtained again the 

equation 5.21. In commercial instruments, the frequency 𝜔 is in the range of the radio frequencies. 

A generic description of the motion of the ions in the quadrupole can be obtained by the resolution of 

the differential equations 5.18 and 5.19. Applying the following substitutions:  

 𝑎 = 𝑎𝑥 = −𝑎𝑦 =
4𝑒𝑧𝑈

𝜔2𝑟0
2𝑚

 (5.30) 

 𝑞 = 𝑞𝑥 = −𝑞𝑦 =
2𝑒𝑧𝑉

𝜔2𝑟0
2𝑚

 (5.31) 

 𝜉 =
𝑡𝜔

2
 (5.32) 

 

the canonical Mathieu’s differential equation is obtained: 

 
𝑑2𝑢

𝑑𝜉2
+ [𝑎 + 2𝑞 𝑐𝑜𝑠(2𝜉)]𝑢 = 0 (5.33) 

 
where 𝑢 can be the direction 𝑥 or 𝑦. Simplifying the description of this system, the solutions of 

equation 5.33 can be classified into two groups: bounded and unbounded solutions. Physically, 

bounded solutions correspond to the cases for which the displacement of the ions along both the 𝑥 

and 𝑦 direction remains finite during the travel of the ions through the quadrupole. The unbounded 

solutions are those for which the radial displacement of the ions increases without limits. These 

solutions are associated with particles that have an unstable trajectory, and that strike on the 

electrodes or are removed from the quadrupole before they can reach the detector. It is possible to 

demonstrate that the stability of the solutions of Mathieu’s equation depends only on the parameters 

𝑎(𝑈) and 𝑞(𝑉). This fact has led to the common use of the graphical representation of the 𝑎 − 𝑞 space 

to describe the stable and unstable conditions: the shaded area in Figure 5.9 corresponds to the 𝑎 and 
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𝑞 values for which the ions have a stable trajectory in the 𝑥𝑧 and 𝑦𝑧 planes. Even if the parameters 

𝑎(𝑈) and 𝑞(𝑉) could be varied independently, usually, they are varied to maintain constant their ratio: 

 
𝑎

𝑞
=
2𝑈

𝑉
= 𝑘 (5.34) 

 

In the 𝑎 − 𝑞 space, this means that they can assume only the value corresponding to the points that 

lie on a straight line with slope 𝑘, called the mass scan line (Figure 5.9). 

From equations 5.30 and 5.31, it is possible to note that the mass of the ion is inversely proportionated 

to 𝑎 and 𝑞, therefore, for fixed values of 𝑈 and 𝑉, the heavier ions fall on the left part of the mass scan 

line (Figure 5.9). Wider is the part of the scanning line that falls inside the stability region and wider is 

the range of masses that are stable in the quadrupole for a specific set of 𝑈 and 𝑉. Therefore, the slope 

of the mass scan line (𝑘) influences the resolution of the mass analyser: the higher the slope and the 

lower the resolution. However, working at high resolution, a fewer number of ions have stable 

trajectories inside the quadrupole and, therefore, lower signal intensity is recorded with an increment 

of the signal to noise ratio. To compensate for these opposite effects, the quadrupole instruments 

usually work with a resolution of 0.7 amu. This resolution is not enough to overcome spectral 

interferences by isobaric or polyatomic species (e.g., isobaric interference between 87Rb and 87Sr or 

the polyatomic interference of 40Ar16O on 56Fe). To overcome these issues, it is possible to use a 

collision/reaction cell (CRC) before the analyzer quadrupole, or between the two available quadrupoles 

in the ICP tandem mass spectrometers (ICP-MS-QQQ) (Bolea-Fernandez et al., 2017; D’Ilio et al., 2011). 

A mass spectrum is the record of the intensity of the signals revealed at the ions detector in function 

of the mass to charge ratios that are selected in the mass analyser. To do this, the parameters that 

govern the dynamics of the ions inside the quadrupole,  𝑈 and 𝑉,  are varied continuously in time (scan 

mode) or jumping among specific values (peaks hopping). If 𝑈 and 𝑉 are simultaneously increased in 

magnitude, keeping their ratio constant, the value of the mass corresponding to a specific point of the 

mass scan line (defined by a 𝑎 − 𝑞 couple) also increased. Therefore, the increment of the intensity of 

the voltages means sliding the mass scale of the mass scan line upward. 

 

Figure 5.9. The 𝑎 − 𝑞 stability diagram; a) the shaded area corresponds to the value of 𝑎 and 𝑞 for 

which there is a stable solution of Mathieu’s differential equation; b) only a narrow range of mass 

around the m+1 falls into the stability area (Miller and Denton, 1986). 
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Table 5.1. Parameters that affect the resolution and the amplitude of mass scanning of a quadrupolar 

analyser. 

Resolution Amplitude of mass scanning 

rods length 
RF frequency (𝜔) 
ions’ acceleration voltage 

rods diameter 
maximum 𝑈 and 𝑉 values  
RF frequency (𝜔) 

 

5.7. The Collision/Reactive Cell (CRC) 
The multipoles (quadrupole, esapole, octapole) are widely used in the realization of CRCs to relieve 

the isobaric and polyatomic interferences. These cells use the capability of the multipole electric field 

to focus the ions on a narrow region to prevent the dispersion due to the electrostatic repulsion. The 

interferences are removed by the pressurization of the cell with collisional or reactive gasses.  

Among the various types of multipoles, the quadrupole is often chosen. The stability of the ions inside 

the quadrupole is described by the parameters 𝑎 and 𝑞, in equations 5.30 and 5.31. Referring to Figure 

5.9, if the device works in rf-only mode, whit 𝑎 = 0 (𝑈 = 0), only the ions for which 𝑞 < 0.908 have 

stable trajectories moving along the cell. Ions whit lower masses, i.e., whit higher 𝑞 values, have 

unstable motions and are removed from the quadrupole. Therefore, in this condition, the quadrupole 

operates as a high-pass mass filter with a well-defined cut-off. Applying also the constant component 

of the potential (𝑈), that is  𝑎 ≠ 0, the quadrupole operates as a mass selector with a low mass cut-off 

(at high 𝑞) and a high mass cut-off (at low 𝑞) (Figure 5.10). 

In the instrument PerkinElmer Elan DRC II, the dynamic reaction cell (DRC) acts as an interface between 

the ion lens and the mass analyser (Figure 5.11). Because of the relatively high pressure inside the cell, 

the DRC works with quite flat mass scan rate to have a wide range of masses that fall inside the stability 

region, avoiding an excessive suppression of the ion beam (Tanner et al., 2000). 

From the interaction between the gas and the ions, a wide variety of species are generated inside the 

CRC. These can react among them, or with ions coming from the plasma to give a secondary 

interference species that could affect analytes (Figure 5.12). However, these in-cell reactions can be 

suppressed if the precursors of the interfering species have masses that fall off to the stability regions. 

Setting the correct value for the 𝑞 parameter, these species are removed before interfering species 

are formed. In the DRC technology, the bandpass of the quadrupolar CRC is dynamically changed in 

function of the masses that are selected by the mass analyser, in order to have the best conditions for 

each isotope and collisional/reactive gas (Tanner et al., 2002). 

The optimal bandpass for the CRC can be determined empirically by performing different analyses of 

standard and blank solutions, and comparing the ion signals as a function of the parameter applied 𝑞 

value. 

Once the optimal gas has been chosen (usually CH3, NH3, H2, or He), based on the desired chemistry, 

and the best value for the parameter 𝑞 has been determined, it is necessary to optimize the pressure 

of the gas in the cell. Generally, higher pressure is required for slow reactions or intense isobaric 

interferences, since a high number of collisions/reactions are required. The optimum value is obtained 

by monitoring the ions signals in function of the gas flow rate for a blank solution and a standard 

solution of the analyte (Figure 5.13). The difference between the two curves gives the net sensitivity 

for the analyte, and the optimal gas flux is the lowest that can maximize this difference. The reduction 

of the signal for the standard solution at high flux is due to the interaction of the analyte ions with the 

gas in the cell, which can bring to the formation of adducts or the scattering of the ions (Tanner and 

Baranov, 1999). 
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The principle of operation of the CRC is based on the selectivity of the reaction between the interfering 

species (isobaric and polyatomic) or the analyte ions with the reactive gas. The desired reaction must 

be thermodynamically allowed with a kinetic faster than the competitive reactions. If the reaction is 

the formation of an adduct of the analyte with a higher final mass, the Mathieu’s parameter 𝑞 of CRC 

must be set to enclose in the mass bandpass both the mass of the analyte and those of the final adduct 

(D’Ilio et al., 2011). Moreover, the ion beam is thermalized by the collision with the gas in the cell, 

resulting in a near-thermal distribution of the ions’ energy, increasing the selectivity of the reactions. 

In fact, by reducing the energy of the ions, the endothermic reactions and those kinetically impeded 

become less probable (Tanner and Baranov, 1999). 

 

 

Figure 5.10. Quadrupole stability diagram whit a hypothetical mass scan line used in the CRC. The solid 

triangle and square indicate the high and low cut-off masses, respectively. The solid circle indicates the 

operational point (𝑎; 𝑞) = (0.5; 0.5), that, for an ion of 𝑚/𝑧 = 56 amu (56Fe+), the mass bandpass 

extends from approximately 33 to 147 amu. The open circle represents an operational point (𝑎; 𝑞) = 

(0.7; 0.7), for which the bandpass extends from 47 to 205 amu. For both the operational points the 

analyte ions fall inside the bandpass and will be transmitted to the mass analyser, but the choice of 

the operating point can affect the formation of polyatomic species inside the cell (Tanner et al., 2002). 

 

 

Figure 5.11. Schematic representation of DRC-ICP-MS (Tanner and Baranov, 1999). 
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Figure 5.12. Secondary ion chemistry can produce chemical interferences within a reaction cell using 

methane as reactive gas. a) Chronology of representative sequential chemistry. b) The same reaction 

is reorganized as a function of the mass of the intermediate products of the reaction. Possible ions that 

can be affected by the intermediate species are also reported. If the reactant is within the cell and the 

intermediate ions are stable (as in a conventional reaction cell), these reactions will proceed 

continuously. From (c) to (f) A bandpass is introduced and it is swept in concert with the analysed mass. 

Only those reactions for which the reactant ion is within the stability bandpass may proceed, the other 

reactions are suppressed (Tanner and Baranov, 1999). 

 

To obtain a precise measurement of an isotope ratio it is necessary to reduce the effect of intrinsic 

instability of the ICP as an ions source (flicker noise) to record the various isotopes in the same 

conditions. The multi-collector instrument (MC-ICP-MS) overcomes this issue by performing the 

collection of the different isotopes at the same time. For the single collector mass spectrometers, 

which works scanning the different mass once a time, it was demonstrated that the use of CRC 

pressurized with a collisional gas, such as Ne, can improve the precision of the isotope ratio 

measurements by a temporal homogenization of the ion flux (Bandura et al., 2000). 

Vanhaecke et al. (2003) have demonstrated that various DRC parameters, such as collision/reaction 

gas flow rate and bandpass setting, can have a mass discrimination effect. This effect is probably due 

to several phenomena, such as the collisional losses, the space-charge effect, and the kinetic effects of 

the ion-molecule reactions that occur inside the cell. The authors suggest to don’t use the internal 

correction methods for the mass discrimination correction, but those methods, such as external 

correction, for which the samples and the standards are analyzed in identical conditions.   
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Figure 5.13. Ion intensity at 𝑚/𝑧 = 52 as a function of the reaction gas flow rate. Open circles indicate 

the blank solution (1% nitric acid), the grey circles are for the real sample (seawater after 

preconcentration by coprecipitation with magnesium hydroxide) and the black circles are for a 

standard solution (5 μg L-1 of Cr) (Ardini et al., 2011). 

 

5.8. Ion detector - Electron multiplier 
The role of the ion detector is to generate an electrical signal that is proportional to the number of 

ions that emerge from the mass analyser. In most single-collector ICP-MS instruments, the detection 

of the ions is carried out by an electron multiplier system. These types of detectors are more suitable 

for the high scan rates of quadrupole mass analysers. These ion detector systems can be constituted 

by a glass tube coated with semiconductor materials, or by a series of several discrete dynodes. 

The entrance of the ion detector is set at a negative potential to attract the positive ions that emerge 

from the mass analyser. The collision of an ion with the surface of the detector generates a plume of 

secondary electrons. The potential inside the tube (or between the dynodes) becomes gradually less 

negative and, in this way, the secondary electrons are attracted toward a following point of the 

detector. After every collision, the number of electrons increases resulting in an overall amplification 

of the number of electrons of 107-108 times. In this way, each ion that reaches the detector is converted 

into a current pulse that is processed by an external circuit (Figure 5.14). This type of ion counting is 

called pulse-counting mode and has a linear range from zero to about 106 cps (counts per second). For 

signals with a higher frequency of incoming ions to the detector, the device automatically switches to 

the analog mode. In this modality, the signal is measured as a mean current at the midpoint of the 

dynode series, if an ion current higher than the threshold is there recorded. The analog configuration 

has a linear range between 104 to 109 cps (Thomas, 2013). By an appropriate calibration of the ion 

detector, it is possible to use both methods in function of the ion counting, obtaining a wide linear 

range of the signal. 

The time that the electron multiplier and the correlated electronic use to collect and count a single 

pulse of the signal is called dead time (𝜏). If the time passed between two subsequent arrivals is less 

than 𝜏, which is of the order of 5-100 ns, the ion detector is not able to record the arrival of the second 

ion (Vanhaecke and Degryse, 2012). Higher is the number of ions that come from the mass analiser 

and lower will be the interval between two subsequent collisions at the detector. Therefore, the 

fraction of the ions which is not detected increases with the concentration of the element in the 

sample and with the relative abundance of the isotopes. This brings a bias in the measurement of the 
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isotope ratio if a correct dead time is not considered and its effect compensated, especially if the 

isotopes have different relative abundances.  

The effect of the dead time on the signal intensity is usually corrected using the following equation: 

 𝐼𝑡 =
𝐼0

(1 − 𝐼0𝜏)
 (5.35) 

 

where 𝐼𝑡 and 𝐼0 are the corrected and the measured signals, respectively. When the correct dead time 

𝜏 is used, the isotope ratio is not more affected by the element concentration.  

The instrumental dead time is experimentally determined by the isotopic analysis of a series of 

standard solutions at different concentrations. The signals are registered by setting the instrumental 

dead time to zero and then they are corrected using equation 5.35 for different 𝜏 and the resulting 

isotope ratios are calculated for each dead time value. The correct dead time is those for which the 

isotope ratios don't change with the standard concentration, and it can be obtained by plotting the 

isotope ratios against the dead time (Figure 5.15a) or the standard concentration (Figure 5.15b). In the 

first way, the correct dead time corresponds to the abscissa of the intersection point of the lines, while, 

in the second case, it is the 𝜏 value for the line with a null slope (Vanhaecke et al., 2009). 

 

 

Figure 5.14. Discrete dynode secondary electron multiplier. 

 

 

 

Figure 5.15. Experimental determination of the instrument dead time (𝜏~40 ns). (a) The correct dead 

time is at the interception of the different lines corresponding to the various standard concentrations; 

(b) the correct dead time corresponds to the line with a null slope.  
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Chapter 6. Isotopic analysis of snow from Dome C 

indicates changes in the source of atmospheric lead over 

the last fifty years in East Antarctica 
 

6.1. Introduction 
Lead is a toxic element that is naturally emitted in the atmosphere by soil dust resuspension, volcanic 

degassing, and sea spray (Rauch and Pacyna, 2009).  Its biogeochemical cycles were strongly perturbed 

by human activities from 6000 years ago, with the development of the farming, mining activities, and 

smelting processes (Mcconnell et al., 2018; Weiss et al., 2000). From the beginning of the industrial 

revolution in the middle of the XVII century, the Pb emission in the environment has grown to 

unprecedented levels due to the increase in industrial activities and fossil fuels consumption 

worldwide (Eichler et al., 2015; Osterberg et al., 2008; Renberg et al., 2002). Concerned about the high 

level of Pb pollution in the cities, many states emitted regulations to limit the Pb emission from the 

end of the 1980s, such as the ban on the use of organometallic lead-based additives for gasoline, one 

of the main sources of Pb in the atmosphere (Oudijk, 2010).  

With the elimination of the leaded gasoline, the coarse fraction of the atmospheric particulate matter 

has increased its importance as a vector for the Pb. In fact, the particles produced by fuel combustion 

are usually smaller respect to those produced from the industrial processes, road-dust resuspension, 

and mining activities (Cho et al., 2011). Nevertheless, the Pb-containing particles are small enough to 

have a long residence time in the troposphere and can experience long-range transport. Therefore, 

the Pb pollution is not only an issue concerning the industrialized regions but also interests the remote 

regions, such as the Arctic and the  Antarctic continent (Rosman et al., 1994; Wolff and Peel, 1985).  

Antarctic snow and ice collect and preserve the PM that is deposited on it year by year by wet and dry 

deposition, and the analysis of this sample allows to reconstruct the trend of the Pb during the years, 

highlighting variation in the strength of the sources (natural and anthropic), and the processes involved 

in the transport of PM. Aside from the total Pb concentration, the isotope composition of the Pb can 

be used for source assessment and to investigate transport pathways of the PM (Ardini et al., 2020; 

Grousset and Biscaye, 2005). 

The first measurement of the Pb isotope composition in the Antarctic snow was performed at the 

begging of the 1990s on superficial snow samples collected at different sites (Rosman et al., 1994). The 

comparison with the isotopic composition of mineral dust contained in the ancient ice cores from 

Dome C, revealed the presence of strong contamination of superficial snow by anthropogenic Pb and 

suggests South America as a possible source. Since then, many similar studies have been performed, 

and the results are generally in agreement to point out the anthropic influence on the Pb that reaches 

Antarctica (McConnell et al., 2014). Comparing the recent snow samples and the ancient ice cores (up 

to 220k years BP) emerges that the anthropogenic Pb has lower values of the isotope ratios 208Pb/207Pb 

and 206Pb/207Pb (Bertinetti et al., 2020; Rosman et al., 1994). However, it is hard to unequivocally define 

the origin of the more recent anthropogenic Pb by its isotopic composition, and two major possible 

sources have been recognized: South America and Australia (Chang et al., 2016; Vallelonga et al., 

2002).  
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Figure 6.1. Map of Antarctica that shows the locations of Dome C and the other sampling sites reported 
in the text. Picture produced by QGIS software with Quantarctica library of Norwegian Polar Institute 
(Matsuoka et al., 2018). Image is treated by Bertinetti et al. (2020). 

 

Before the industrial revolution, the principal natural sources of Pb for Antarctica were the mineral 

dust from the close landmasses (mainly South America, Australia, and New Zealand; De Deckker, 2019; 

Gili et al., 2017b; Koffman et al., 2021) and the emission from volcanoes (Matsumoto and Hinkley, 

2001). Moreover, the local sources, such as the deglaciated areas of the McMurdo Valley, can also 

have played a non-secondary role (Vallelonga et al., 2010). These natural sources have been 

overwhelmed by anthropogenic ones during the last centuries.  

In this chapter, the results and considerations about the Pb isotopic analysis of 109 snow samples 

collected at Dome C (East Antarctica) from 4-m pit snow, covering a period from 1971 to 2017, are 

presented and discussed.  

 

6.2. Experiment 

6.2.1. Samples collection 
The samples were collected during the XXXII Italian Antarctic expedition at Dome C (East Antarctica; 

3233 m a.s.l.; Figure 6.1), in a site (75.052° S; 123.580° E) 5 km far from the international research 

station Concordia. The site was chosen so that was negligible the influence of the base, due to the 

prevailing S-SW wind direction. A 4-meter-deep snow pit was dug by hand in December 2017, and the 

potentially contaminated layer was manually removed employing a pre-cleaned polypropylene scalpel. 

From the snow wall, a continuous series of 109 samples were collected using cleaned 50 mL 

polypropylene graduated tubes. The tubes have been inserted into the snow wall, to minimize the 

distance between two consecutive tubes. In this way, the diameter of the tubes (3.5 cm) has been 

considered the sampling spatial resolution. After the sampling, each tube was singularly sealed inside 

polypropylene bags and stored at -20°C, until the analysis. During the sampling procedure, field blanks 

were also collected, using empty tubes that were exposed to the field for some minutes. To guarantee 
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the high cleaning required for ultratrace analysis, the operators wore clean room clothes, and all 

procedures were performed manually. 

From the same trench, many series of snow samples were concomitantly collected. One of these series 

was used for ionic quantification in the snow by ionic chromatography. In the concentration profile of 

the non-sea-salt SO2
2-, the layer corresponding to the eruption of Mt. Pinatubo in 1992 has been 

recognized (Castellano et al., 2005). Thanks to this tie point, the other samples have been dated 

applying a simple linear model, from which emerged a mean accumulation rate of 8.3 cm of snow year-

1. This low value well agrees with literature data for Dome C (Traversi et al., 2009), and it is due to the 

very low humidity and the few precipitations at the central East Antarctica Plateau. The collected 

samples cover an interval time of the last 50 years (1971-2017), with an uncertainty on the dating of 

about 5% (Bertinetti et al., 2020). 

6.2.2. Sample preparation and analysis 
Lead isotopic analysis was performed by ICP-DRC-MS (PerkinElmer Elan DRC II) equipped with the 

homemade sample introduction system TISIS for microvolumetric analysis. The dynamic reaction cell 

of the instrument was pressurized with Ne to improve the precision of the isotopic measurements by 

collisional dumping (Bandura et al., 2000) 

The low Pb concentration in the Antarctic snow (about 10 pg g-1) makes mandatory a preconcentration 

procedure before the analysis (Grotti et al., 2008). Briefly, the snow samples were allowed to melt in 

their tubes under a laminar flow hood and acidified at 0.1% with ultrapure-grade 67% HNO3 (VWR 

International, USA) and 49% HF (Honeywell Fluka, USA). The samples were then freeze-dried and re-

dissolved in 200 μL of HNO3 water solution at 0.05% before the analysis. Considering that the volumes 

of samples were about 20 mL of water equivalent, this procedure allow us to preconcentrate the Pb 

100 times. The precise preconcentration factors for each sample were determined by weighing the 

tubes before and after the freeze-drying. Field blanks were treated as the samples, while procedural 

blanks were prepared using 20.0 mg of ultrapure water. This preconcentration procedure has been 

successfully used in many former works which have proven the low risk of contamination and loss of 

particles during the freeze-drying process finding low LODs and satisfactory recovery (Ardini et al., 

2018; Bertinetti et al., 2021; Grotti et al., 2008). 

For the Pb isotope analysis, the mass bias was corrected by a bracketing external correction analyzing 

a Pb standard solution at 5 μg L-1 isotopically characterized (NIST SRM 981) repeated every three 

samples (Vanhaecke et al., 2009). The raw data were correct for the detector dead time τ. 

Lead concentration in the samples was estimated by comparing the intensities of the isotope 208Pb for 

the samples and the NIST SRM 981 standard solution measured for the mass bias correction. 

 

6.2.3. Analytica performance and quality control 
From the procedural blanks analysis, a Pb concentration of 0.2 ± 0.1 pg g-1 (n=4, mean ± 95% confidence 

interval) and a method detection limit of 0.3 pg g-1 (calculated as 3 times the standard deviation of the 

procedural blanks) were obtained. Moreover, the field blanks were not significantly different from the 

procedural blanks (Bertinetti et al., 2020). 

The internal precision (RSD%) of the isotope ratios 208Pb/207Pb and 206Pb/207Pb measure were 0.58 ± 

0.05% and 0.64 ± 0.07% (n=109, mean ± 95% confidence interval), respectively, at the concentration 

level of the analytical solution (0.1-3 μg L-1). 
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Figure 6.2. Boxplot of the trueness for the measurement of the isotope ratios 208Pb/207Pb and 
206Pb/207Pb from repeated analysis of IRMM CRM 482. The limits of the whiskers are the minimum and 
maximum values for the distributions. 

 

A solution of the reference material IRMM CRM 482 at a Pb concentration of 10 μg L-1 was periodically 

analysed for quality assurance. For this material, the Pb isotopic composition is known with high 

precision by mean multi-collector ICP-MS analysis (Cloquet et al., 2006). The mean measured isotope 

ratio were 2.4087 ± 0.013 and 1.1305 ± 0.0005 for 208Pb/207Pb and 206Pb/207Pb respectively (n=26), not 

significantly different from the reference ones (208Pb/207Pb = 2.4078 ± 0.0004; 206Pb/207Pb = 1.1311 ± 

0.0001), with external precisions of 0.13% and 0.12% respectively. The mean bias from the reference 

values (the measurement of the trueness) were 0.04 ± 0.05 % and -0.05 ± 0.05% for 208Pb/207Pb and 
206Pb/207Pb, respectively (n=26), and they were always better than 0.3% (Figure 6.2). The same solution 

was also used to verify the trueness of the Pb concentration, obtaining a bias always within the 10% 

(Bertinetti et al., 2020). 

6.2.4. Data processing 
The data obtained from the snow samples from Dome C were compared with those from different 

Antarctic sites by a Principal Component Analysis (PCA), performed by the open-source software 

environment for statistical computing and graphics R (R Core Team, 2020), with the additional tool CAT 

(Chemometric Agile Tool) (Leardi et al., 2017). Statistical hypothesis tests were performed with the 

same software. A comparison of two or more distributions was performed by the non-parametric 

Mann-Whitney and Kruskal-Wallis tests, respectively. For the latter, posthoc tests for pairwise multiple 

comparisons were conducted by the method of Dunn with Benjamini-Hochberg correction. 

 

6.3. Results and discussion 

6.3.1 Lead concentration 
The Pb concentration in the snow samples from Dome C is reported in Table 6.1, presenting a mean 

value of 8.2. ± 1.0 pg g-1 (n=109, mean ± 95% confidence interval), about 5 times higher than the value 

obtained from ice core dated before the beginning of the industrial revolution. The mean value from 

Dome C was in good agreement with those from many Antarctic sites (Figure 6.3a), mainly with those 

at similar altitudes, highlighting a high homogeneity of the Pb distribution in the Antarctic atmosphere, 

as previously reported (Chang et al., 2016). To ensure that the detected high level of Pb is not an 

artifact due to the anthropic activity related to the Concordia research station, numerous superficial 

snow samples have been collected at different places around the base, and the concentrations of the 

metals related to the anthropic activity will be quantified in future works. 
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Figure 6.4 reports the temporal trend of the Pb concentration in the snow. The five-point running 

average (Figure 6.4a) shows some peaks that emerge from a quite oscillating baseline, such as in the 

late 1970s, in the early 1980s, and around 1990, in accordance with the temporal trend of Pb in the 

snow from Dome Fuji (Chang et al., 2016). The trend is consistent with those from the other Antarctic 

sites (Figure 6.5), with the discrepancies in the position of the peaks probably due to differences in the 

atmospheric processes (transport, deposition) and different contributions of anthropogenic and 

natural Pb from South America, Australia and local sources (Chang et al., 2016; Li et al., 2008; Van de 

Velde et al., 2005). 

The temporal trend and the boxplot in Figure 6.4, show a gradual decrease in the Pb concentration 

from the 1990s onward, with a significant difference (Mann-Whitney test, p < 0.001) between the 

mean values for the decades 1970-1980 (9.0 pg g-1) and 2010-2017 (4.4 pg g-1) (Bertinetti et al., 2020). 

A similar trend also emerged from other Antarctic sites (Figure 6.5), while the combined record of 16 

ice cores, presented in the work of McConnell et al. (2014), didn’t show variation in Pb concentration 

from 1970 until 2010. The decrease in the Pb concentration over the last decades can be ascribed to 

the ban of leaded gasoline in most of the countries of the Southern Hemisphere in those years (e.g., 

Brazil 1991, Bolivia 1995, Argentina 1996, New Zeeland 1996, Australia 2002, Peru 2004, Chile 2005) 

and the reduction in emission of the limits for the toxic from metals in metallurgic processes (Chang et 

al., 2016). Nevertheless, the impact of human activity on the Antarctic environment is still evident, 

with a Pb concentration in the most recent snow layer (2.1-7.9 pg g-1 in 2015-2017) that is one order 

of magnitude higher than the natural background (0.2 pg g-1, in Holocene ice core) (Vallelonga et al., 

2010). 

6.3.2. Temporal variation of Pb isotope ratios 
The Pb isotope ratios 208Pb/207Pb and 206Pb/207Pb and respective uncertainties are reported in Table 6.1 

and are shown in Figure 6.6 and Figure 6.7, respectively. The average values were 2.419 ± 0.003 and 

1.158 ± 0.003 for 208Pb/207Pb and 206Pb/207Pb, respectively (mean ± 95%-confidence interval, n=109), 

which are significantly lower than the average value for the Pb in old ice-cores from Dome C (2.479 

and 1.213; Vallelonga et al., 2010, 2005). The data obtained for Dome C were in good agreement with 

those from other Antarctic sites (Figure 6.3b and c). 

Considering the temporal trend of 206Pb/207Pb, a sharp increase in the ratio could be observed from the 

beginning to the end of the 1970s, followed by a steep decrease during the following decades, 

concomitantly with the Pb concentration peaks in that very period (Figure 6.4a). From the second part 

of the 1980s, the isotope ratio slowly rose again and stabilized at the value of 1.167 ± 0.005 (mean ± 

95%-confidence interval) in 2000−2017 (Bertinetti et al., 2020). This trend is also visible in the boxplots 

of data grouped by decade in Figure 6.6b. The isotope ratio 208Pb/207Pb shows the same trend (Figure 

6.7), even if it was less evident. Similar temporal trends of 206Pb/207Pb were recorded at different 

Antarctic sites (Figure 6.8), such as Dome Fuji and Dome A (Chang et al., 2016), PIG2010 and B40 

(McConnell et al., 2014). This temporal trend can be explained by taking into account the variations in 

the consumption of the Pb-enriched gasoline in the Southern Hemisphere. A wide survey on the 

isotopic composition of Pb contained in the urban PM10 from various regions of the Southern 

Hemisphere has shown that marked differences exist as a consequence of the local industrial activities 

and the different suppliers of the alkyl-Pb additives for the local gasoline (Bollhöfer and Rosman, 2000). 

In fact, the PM collected in cities where the Pb additives were obtained from Broken Hill-type ores 

(208Pb/207Pb = 2.315, 206Pb/207Pb = 1.041; D F Sangster et al., 2000), such as those of Argentina, Chile, 

Australia, South Africa, and New Zealand, was characterized by lower Pb isotopic ratios than the PM 

of cities where the gasoline had additives obtained from Mississippi Valley-type ores (208Pb/207Pb = 

2.528−2.627, 206Pb/207Pb = 1.339−1.406; D F Sangster et al., 2000), such as the Brazilian.  



53 
 

Table 6.1. Lead concentration and 208Pb/207Pb and 206Pb/207Pb isotopic ratios in the snow samples from 
Dome C (uncertainties U are 95%-confidence intervals). 

Depth 
(cm) 

Year a 

(AD) 
Pb 

(pg g-1) 
208Pb/207Pb U 206Pb/207Pb U 

1.7 2017.5 4.4 2.436 0.006 1.170 0.005 

5.0 2017.1 5.0 2.429 0.015 1.162 0.006 

8.3 2016.7 6.1 2.418 0.010 1.156 0.006 

11.6 2016.3 4.1 2.473 0.007 1.208 0.004 

14.9 2015.9 7.9 2.431 0.008 1.165 0.004 

18.2 2015.5 2.1 2.432 0.012 1.177 0.007 

21.5 2015.1 3.3 2.441 0.006 1.171 0.004 

24.8 2014.7 2.5 2.440 0.013 1.179 0.004 

28.1 2014.3 27.0 2.413 0.003 1.135 0.002 

31.4 2013.9 3.7 2.391 0.008 1.146 0.006 

37.5 2013.2 2.4 2.444 0.010 1.170 0.003 

40.5 2012.8 2.4 2.441 0.010 1.181 0.004 

46.5 2012.1 2.2 2.431 0.021 1.181 0.011 

49.5 2011.8 21.8 2.412 0.007 1.145 0.003 

52.5 2011.4 2.5 2.380 0.007 1.132 0.007 

55.5 2011.1 8.7 2.428 0.018 1.164 0.005 

58.5 2010.7 5.2 2.457 0.007 1.189 0.006 

61.5 2010.4 5.0 2.442 0.006 1.163 0.005 

64.7 2010.0 5.5 2.439 0.008 1.164 0.004 

68.0 2009.6 4.0 2.433 0.011 1.165 0.003 

71.3 2009.2 4.2 2.437 0.006 1.173 0.002 

74.6 2008.8 9.3 2.442 0.005 1.162 0.003 

77.9 2008.4 2.1 2.447 0.014 1.172 0.004 

81.2 2008.0 2.6 2.396 0.010 1.146 0.006 

84.5 2007.6 0.4 2.410 0.016 1.174 0.010 

87.8 2007.2 2.0 2.435 0.012 1.164 0.014 

91.1 2006.8 11.6 2.411 0.008 1.150 0.004 

94.4 2006.4 11.0 2.426 0.010 1.162 0.002 

101.4 2005.6 12.7 2.422 0.006 1.160 0.004 

105.0 2005.2 5.6 2.441 0.010 1.173 0.006 

108.6 2004.8 5.2 2.438 0.010 1.179 0.007 

112.2 2004.3 9.1 2.405 0.006 1.155 0.003 

115.8 2003.9 13.7 2.421 0.005 1.157 0.003 

119.4 2003.5 4.4 2.421 0.006 1.155 0.004 

123.0 2003.0 4.8 2.455 0.009 1.201 0.006 

126.6 2002.6 5.8 2.435 0.006 1.180 0.004 

130.2 2002.2 6.7 2.417 0.011 1.162 0.007 

133.9 2001.8 4.4 2.443 0.013 1.192 0.006 

137.7 2001.3 5.4 2.433 0.009 1.184 0.002 

141.5 2000.8 1.8 2.416 0.015 1.164 0.005 

145.3 2000.4 2.0 2.405 0.011 1.154 0.006 

149.1 1999.9 4.4 2.429 0.004 1.173 0.004 

152.9 1999.5 3.8 2.445 0.023 1.167 0.013 

156.7 1999.0 5.9 2.383 0.010 1.141 0.008 

160.5 1998.6 9.1 2.405 0.009 1.142 0.004 

164.3 1998.1 4.5 2.422 0.012 1.163 0.004 

168.1 1997.7 6.5 2.418 0.003 1.160 0.002 

171.7 1997.3 6.7 2.418 0.011 1.162 0.002 

175.1 1996.9 8.0 2.416 0.005 1.150 0.003 

178.5 1996.5 4.3 2.423 0.014 1.164 0.006 
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Depth 
(cm) 

Year a 

(AD) 

Pb 
(pg g-1) 

208Pb/207Pb U 
206Pb/207Pb U 

181.9 1996.0 5.2 2.415 0.010 1.151 0.003 

185.3 1995.6 6.5 2.426 0.007 1.162 0.002 

188.7 1995.2 14.0 2.427 0.005 1.163 0.004 

192.1 1994.8 8.5 2.426 0.002 1.161 0.003 

195.5 1994.4 8.5 2.415 0.022 1.161 0.009 

198.9 1994.0 4.7 2.420 0.010 1.159 0.003 

202.3 1993.6 7.1 2.405 0.008 1.141 0.003 

205.8 1993.2 5.7 2.400 0.007 1.144 0.004 

209.3 1992.8 5.0 2.418 0.009 1.142 0.007 

212.8 1992.4 5.6 2.403 0.008 1.141 0.005 

216.3 1992.0 7.6 2.423 0.004 1.156 0.003 

219.8 1991.5 8.3 2.423 0.009 1.155 0.004 

223.3 1991.1 6.7 2.424 0.005 1.159 0.004 

226.8 1990.7 15.2 2.418 0.005 1.151 0.003 

230.3 1990.3 15.4 2.423 0.005 1.155 0.003 

233.8 1989.9 8.5 2.409 0.009 1.145 0.006 

237.3 1989.5 10.5 2.407 0.006 1.142 0.004 

240.8 1989.0 10.6 2.427 0.006 1.150 0.004 

244.4 1988.6 20.2 2.410 0.009 1.139 0.001 

248.0 1988.2 9.4 2.406 0.006 1.141 0.002 

251.6 1987.8 9.8 2.386 0.014 1.132 0.006 

255.2 1987.3 7.7 2.415 0.009 1.144 0.003 

258.8 1986.9 4.0 2.410 0.013 1.154 0.005 

262.4 1986.5 6.4 2.395 0.009 1.134 0.004 

266.0 1986.1 4.0 2.394 0.012 1.132 0.005 

269.6 1985.6 7.7 2.424 0.008 1.149 0.004 

273.2 1985.2 5.4 2.402 0.009 1.140 0.005 

276.8 1984.8 7.6 2.408 0.008 1.140 0.003 

280.4 1984.3 7.7 2.406 0.010 1.142 0.005 

284.0 1983.9 9.5 2.404 0.008 1.136 0.002 

287.6 1983.5 5.3 2.417 0.009 1.161 0.004 

291.2 1983.1 12.1 2.410 0.013 1.154 0.006 

294.8 1982.6 19.2 2.419 0.005 1.158 0.004 

298.4 1982.2 25.4 2.410 0.004 1.152 0.004 

302.0 1981.8 24.5 2.413 0.009 1.156 0.007 

305.6 1981.3 12.1 2.413 0.010 1.146 0.004 

309.2 1980.9 12.0 2.413 0.004 1.155 0.001 

312.6 1980.5 9.8 2.406 0.006 1.147 0.003 

315.8 1980.1 8.7 2.394 0.010 1.143 0.004 

319.0 1979.8 8.7 2.429 0.006 1.182 0.002 

325.4 1979.0 22.4 2.436 0.005 1.176 0.003 

328.6 1978.6 15.4 2.424 0.008 1.159 0.008 

331.8 1978.2 9.0 2.419 0.008 1.163 0.003 

338.2 1977.5 12.8 2.424 0.004 1.160 0.003 

341.4 1977.1 10.8 2.445 0.008 1.177 0.004 

345.0 1976.7 5.9 2.433 0.006 1.174 0.003 

348.9 1976.2 8.9 2.419 0.007 1.156 0.005 

352.8 1975.7 8.7 2.417 0.014 1.162 0.007 

356.7 1975.3 5.0 2.407 0.014 1.172 0.019 

360.6 1974.8 11.1 2.417 0.009 1.153 0.006 

364.5 1974.4 12.1 2.404 0.005 1.141 0.002 

368.4 1973.9 9.5 2.414 0.009 1.142 0.007 

372.3 1973.4 13.4 2.427 0.011 1.164 0.003 
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Depth 
(cm) 

Year a 

(AD) 

Pb 
(pg g-1) 

208Pb/207Pb U 
206Pb/207Pb U 

376.2 1973.0 11.2 2.411 0.006 1.147 0.002 

380.1 1972.5 7.7 2.416 0.003 1.149 0.003 

384.0 1972.0 7.8 2.386 0.010 1.121 0.006 

387.9 1971.6 8.0 2.380 0.008 1.123 0.003 

391.8 1971.1 7.7 2.381 0.007 1.122 0.006 

Note: a the uncertainty of the sample dating procedure was estimated to be 5% 

 

 

 

Figure 6.3.  (a) Pb concentration, (b) 208Pb/207Pb, and (c) 206Pb/207Pb values in snow samples from 

diverse Antarctic sites: Dome C (Bertinetti et al., 2020), Dome Fuji (Chang et al., 2016), Dome A (Chang 

et al., 2016), Law Dome (Vallelonga et al., 2002), Victoria Land (Van de Velde et al., 2005) and a 

composite Pb record from 16 ice cores across Antarctica (McConnell et al., 2014). Image has been 

treated by Bertinetti et al. (2020). 
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Figure 6.4. Temporal trend for Pb concentration in snow samples from Dome C: (a) single data and 

five-point running average; (b) boxplots of data grouped by decades. Images have been treated by 

Bertinetti et al. (2020). 

 

Considering that, the rise in the Pb isotope ratios happened during the 1970s, can be ascribed to the 

increase in consumption of Pb-enriched gasoline in Brazil characterized by more radiogenic isotopic 

values. From the early 1980s, Brazil reduced the consumption of Pb-enriched gasoline, favoring the 

use of bioethanol-based gasoline (Iootty et al., 2009; Oudijk, 2010). 

On the other hand, the consumption of Pb-enriched gasoline was unchanged in the other regions 

where the used fuel was characterized by a lower Pb isotopic ratio. This may have caused the decrease 

in the Pb isotopic ratios observed in the snow samples from 1980 to 1995 (Bertinetti et al., 2020). The 

validity of this interpretation of the trends of Pb isotope ratios is based on the fact that a source-

receptor connection between the regions at tropical latitudes and East Antarctica actually exists. This 

is a critical point because the atmospheric circulation models predict that a significant contribution has 

been made only by the Southern territories of South America. However, Fiebig et al. (2009) have first 

reported the transport of aerosol between central Brazil and Antarctica (Queen Maud Land). 

The following rise in the isotope ratios that occurred during the last years of 1990 indicates the 

increased importance of sources with a high isotope ratio signature. Considering the decreasing trend 

in the Pb concentration that occurred in 1990−2000, this increase was unlike due to a new rise in the 

consumption of gasoline characterized by a high isotopic signature. Chang et al. (2016) suggest that 

the rise in the Pb isotope ratios can be ascribed to the increment in the relative contribution of Pb 

emitted from the Chilean Cu smelting activities in the same years, from 20% in 1980 to 90% in 2005. 

In fact, the Pb ores of Chilean Andes have relatively high isotope ratios (208Pb/207Pb = 2.449-2.469, 
206Pb/207Pb = 1.175-1.189; Puig, 1988). Differently, the increase in the isotope ratios can be also 

ascribed to a decrease in the proportion of anthropogenic Pb regarding the natural one (e.g., soil dust, 

volcanic emission), which is characterized by higher isotopic ratios (208Pb/207Pb = 2.478, 206Pb/207Pb = 

1.210; Vallelonga et al., 2005). Finally, after 2000, the Pb isotopic ratios stabilized, although it was 

possible to observe an increment in the dispersion of data compared to the previous decades (Figure 
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6.6 and Figure 6.7), which highlights a variation in the processes that affected the atmospheric 

transport of Pb to East Antarctica (Bertinetti et al., 2020).  

From the end of the 1990s, the anthropic activity at Dome C increased exponentially with the project 

EPICA (1996-2005) and the construction of the base Concordia. Even if the site that was chosen for the 

excavation of the snow pit is 5 km far from the base and outside of the potentially contaminated cone, 

considering the prevailing winds at Dome C, the high variability of the Pb isotope ratios registered after 

2000 could be due to the influence of the base and the related activities. To test that this contribution 

is negligible, superficial snow samples around the base have been collected to get the Pb isotopic 

signature of the aerosol produced by the base. These snow samples will be analyzed in future works. 
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Figure 6.5. Comparison of the temporal trends of Pb concentration in snow samples from various 
Antarctic sites: Dome C (Bertinetti et al., 2020), Dome A (Chang et al., 2016), Dome Fuji (Chang et al., 
2016), PIG2010, and a composite Pb record from 16 ice cores across Antarctica (McConnell et al., 
2014). Image has been treated by Bertinetti et al. (2020). 
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Figure 6.6. Temporal trend of 206Pb/207Pb isotopic ratio in snow from Dome C. (a) single data with 

associated uncertainty and five-point running average; (b) boxplots of data grouped by decade. 

Image has been treated by Bertinetti et al. (2020). 

 

 

Figure 6.7. Temporal trend of 208Pb/207Pb isotopic ratio in snow from Dome C. (a) single data with 

associated uncertainty and five-point running average; (b) boxplots of data grouped by decade. 

Image has been treated by Bertinetti et al. (2020). 
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6.3.3. Anthropogenic and natural Pb sources 
The isotopic ratios 206Pb/207Pb and 208Pb/207Pb of the Antarctic snow samples are reported in the three-

isotopes plot of Figure 6.9. The samples are scattered around a straight line (Pearson’s coefficient 0.87, 

p-value < 0.001), which allows us to suppose a two-sources mixing scenario (Bertinetti et al., 2020). 

According to literature data, natural and anthropogenic end-members were defined. However, due to 

the trend in the isotopic ratios, was not possible to define a unique anthropogenic source for all 

samples, and two end-member were instead considered according to Van de Velde et al. (2005). For 

the decade 1970−1980, was not possible to use the same end-member suggested by the authors – the 

Pb isotopic signature of gasoline and aerosol in the Los Angeles Basin in the early 1970s (Chow and 

Johnstone, 1965) – because it had a higher isotope ratios values respect most of the snow samples of 

the same period (Bertinetti et al., 2020). For the two decades 1980−2000, the mean Pb isotopic 

composition of urban aerosol from many Southern Hemisphere cities over the period 1994−1999 

(208Pb/207Pb = 2.37, 206Pb/207Pb = 1.10; Bollhöfer and Rosman, 2000) was used. Finally, for the snow 

samples dated 2000−2017, the mean isotope ratios of Australian fungi and lichens collected between 

2000 and 2008  (208Pb/207Pb = 2.389, 206Pb/207Pb = 1.118) were used (Wu et al., 2016). Other 

possible Pb sources of South America have been considered as end-member for the most recent 

samples, such as the Brazilian atmospheric particulate matter collected during 2005-2014 (Gemeiner 

et al., 2017; Gioia et al., 2017; Khondoker et al., 2018; Mirlean et al., 2005) and the Chilean Cu ores 

(Bertinetti et al., 2020). However, these sources had higher isotope ratio values to be considered a 

possible end-member for a two-term mixing model (Figure 6.10). However, the signature of the 

Brazilian atmospheric particulate matter falls very close to the higher density region of the three-

isotopes plot, or, from another point of view, many snow samples show Pb isotopic composition very 

close to the Brazilian PM signature. This suggests that the transport of Pb from South America could 

be also significative nowadays, in competition with the transport from Australia, and a three-source 

system could be more representative of the actual system. 

However, using the 207Pb isotope as the denominator in the isotope ratios, instead of the not 

radiogenic 204Pb, the linearity of the data in the three-isotope plot is emphasized, making harder to 

recognize the effect of other possible sources (Khondoker et al., 2018). Due to the low abundance of 

the isotope 204Pb (1.4%; Holden et al., 2018) and the low Pb concentration in the Antarctic snow 

samples, to perform a complete isotopic characterization of the samples it is necessary to use an 

instrument with higher precision (MC-ICP-MS or TIMS). 

The isotopic signature of the natural source (208Pb/207Pb = 2.478, 206Pb/207Pb = 1.210) has been 

calculated by averaging literature data of ice core samples from EPICA Dome C and dated 6.9-217 kyr 

before the present (Vallelonga et al., 2005). Applying a simply mixing linear model, it was calculated 

the relative contribution of the volcanic (208Pb/207Pb = 2.529, 206Pb/207Pb = 1.274, (Van de Velde et al., 

2005)) and the crustal mineral dust (208Pb/207Pb = 2.469, 206Pb/207Pb = 1.196, (Rosman et al., 1999)) 

source on the natural end-member, with a strong predomination of the mineral dust (85%) respect 

the volcanic source (15%). 

Considering the Pb isotopic signature of the natural and the anthropogenic end-members, the relative 

contribution of the anthropogenic source (%𝑃𝑏𝑖
𝑎𝑛𝑡) for the samples from 1980 to 2017 was calculated 

(equation 6.1), using the Euclidian’s distance between the anthropogenic and natural end-member 

(𝑑𝑎−𝑛), and is the Euclidian’s distance between the anthropogenic end-member and the 𝑖-th sample 

(𝑑𝑖−𝑎). 

 %𝑃𝑏𝑖
𝑎𝑛𝑡 = 1 −

𝑑𝑖−𝑎
𝑑𝑎−𝑛

× 100 (6.1) 
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Figure 6.8. Comparison of the temporal trends of 206Pb/207Pb in snow samples from various Antarctic 

sites: Dome C (Bertinetti et al., 2020), Dome A (Chang et al., 2016), Dome Fuji (Chang et al., 2016), 

PIG2010, and a composite Pb record from 16 ice cores across Antarctica (McConnell et al., 2014). Image 

has been treated by Bertinetti et al. (2020).  
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Figure 6.9. Three-isotopes plot of Pb isotopic ratios of Antarctic snow samples from Dome C (Bertinetti 

et al., 2020). The isotopic signatures of natural (Vallelonga et al., 2010, 2005) and anthropogenic 

sources (Bollhöfer and Rosman, 2000; Wu et al., 2016) are also shown. 

 

 

 

Figure 6.10. Three-isotopes plot of Pb isotope ratio of Antarctic snow sample dated 2000–2017 

(Bertinetti et al., 2020). The natural and various anthropogenic end-members described in the text are 

also shown: upper triangle, Brazilian atmospheric particulate matter (2005-2014) (Gemeiner et al., 

2017; Gioia et al., 2017; Khondoker et al., 2018; Mirlean et al., 2005); reverse triangle, Chilean Cu ores 

(Puig, 1988); square, natural end-member (Vallelonga et al., 2010, 2005); diamond, Australian fungi 

and lichens (2000-2008) (Wu et al., 2016). The distributions of the 208Pb/207Pb and 206Pb/207Pb for the 

snow samples are shown above and on the right of the three-isotopes plot, respectively. The red lines 

mark the signature of the Brazilian atmospheric particulate matter for the 208Pb/207Pb and 206Pb/207Pb 

isotope ratios.  

1.060

1.080

1.100

1.120

1.140

1.160

1.180

1.200

1.220

1.240

2.350 2.370 2.390 2.410 2.430 2.450 2.470 2.490

2
0
6
P

b
 /

 2
0
7
P

b

208Pb / 207Pb

DC snow (1970-1980) DC snow (2010-2017)

DC snow (1980-1990) Natural EM

DC snow (1990-2000) Anthropogenic EM (1980-2000)

DC snow (2000-2010) Anthropogenic EM (2000-2017)



63 
 

 

Figure 6.11. Estimated percentages of anthropogenic Pb for the Antarctic snow sample from 1980 to 
2017, grouped by decade. Image has been treated by Bertinetti et al. (2020). 

 

The computed results are summarized in Figure 6.11, which shows the percentages grouped by 

decades. The mean value of the estimated percentage of the anthropogenic contribution on the Pb 

that reaches East Antarctica was 54 ± 3% (mean ± 95%-interval confidence, n=89). During the last 40 

years, it was observed a slight decrease in the anthropogenic contribution, with the percentage that 

passed from 61 ± 3% for 1980-1990 to 49 ± 10% for 2010-2017. It is worth mentioning that the reported 

intervals confidence does not assume the meaning of the errors of the estimations but only the 

dispersion of the data around the median values. How also emerged from the time-trend of the isotope 

ratio (Figure 6.6 and Figure 6.7), the data dispersion of the anthropogenic Pb contribution for the last 

two decades was significantly higher than that of the previous ones (Kruskal-Wallis test, p < 0.05), 

suggesting a more pronounced variability in the relative contribution of the sources in the last years 

(Bertinetti et al., 2020). 

6.3.4. Regional variations 
As previously reported in the literature, this study suggests that different Antarctic sites show many 

similitudes in the temporal trend of Pb concentration and isotopic composition even if they are placed 

at great distances from each other. This homogeneity in the distribution of atmospheric particulate 

over Antarctica could be ascribed to its geographical position, in a region where converge and mix 

many air masses from surrounding continents, and to a peculiar orography (Hoskins and Hodges, 

2005). To better examine the little differences among the considered Antarctic sites, the values of Pb 

concentration and 206Pb/207Pb isotope ratio are mediated between the decades, and a PCA has been 

performed, also considering as variables the altitude and the distance from the closer coastline of each 

site. After autoscaling of data, two principal components (PC) emerged, collectively describing 73.2% 

of the total variance of data (Bertinetti et al., 2020). 

The loading plot (Figure 6.12) shows that Pb concentrations for the various decades were strongly 

correlated with the geographic variables (altitude and distance from the coast), directly loading on the 

first PC, while the Pb isotope ratios were quite uncorrelated with the Pb concentrations, the altitude 

and the distance from the coast. Interestingly, the correlation between the Pb concentration and the 

altitude decreased with time, from r = 0.910 (p< 0.0001) in 1970-1980, to r = 0.661 (p=0.01) in 2000-

2010. Considering the overall decreasing trend of Pb concentration with time, this suggests that the 

influence of the altitude is stronger when the concentration of Pb is high (Bertinetti et al., 2020). 
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Figure 6.12. Loading plot (left) and score plot (right) of the PCA. The site names are colored according 
to the altitude (chromatic scale on the right). Image has been treated by Bertinetti et al. (2020). 

 

The loading plot in Figure 6.12 shows the difference and similitudes between the Antarctic sites. Dome 

C, Dome A, and Dome Fuji are located on the East Antarctic plateau above at 3000 m a.s.l., and, even 

if they are distant about one thousand kilometers from each other, they show high similarity. In the 

same way, the other sites are grouped according to the altitude and the distance from the coast. 

Considering the score and loading plots together, it can be deduced that the sites at high altitudes are 

differentiated from the others because of a higher Pb concentration. This result is in good agreement 

with the increase in the fallout flux of anthropogenic elements in the Antarctic plateau above 3500 m 

a.s.l. reported by Ikegawa et al. (1999). However, this correlation is lost when the fluxes of Pb have 

been considered instead of the concentrations, due to the high variability of the snow accumulation 

rate between different sites (Frezzotti et al., 2005). 

Finally, Dome C, Dome A, and Dome Fuji had similar scores on the second PC, which was mainly 

affected by the 206Pb/207Pb ratios, confirming their similar isotopic composition during the last 50 years 

(Bertinetti et al., 2020). 

        

6.4. Conclusions 
This work has presented new data about Pb concentration and isotope composition of snow samples 

from the East Antarctic Plateau (Dome C), during the interval from 1970 to 2017. The temporal trends 

reflect the variation in the consumption of Pb-enriched gasoline in the Southern Hemisphere in the 

last 50 years and suggest a possible future scenario with a further decrease of Pb concentration and 

the Pb isotope ratios that shift toward higher values, due to an increment of the importance of the 

natural sources (Bertinetti et al., 2020).  

However, for a better evaluation of the origin of the Pb that reaches Antarctica, it is necessary to 

perform the analysis of 20xPb/204Pb ratios in snow and atmospheric PM10 samples by a more powerful 

instrument, and a better isotopic characterization of the potential source areas. 

From the comparison of Pb concentrations and isotopic ratios of snow and ice samples from many 

Antarctic sites by PCA, emerged that the altitude of the sampling site strongly influences the Pb 

concentration in the snow, but seems does not affect the isotopic composition. This suggests a 
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uniformity in the sources’ contribution to the different sites, and/or a complete mixing of air masses 

from the different sources before the PM deposition and the absence of fractionating processes during 

the long-range transport. 

Despite the significative reduction in the anthropogenic lead concentration in Antarctic snow that was 

registered at Dome C, such as in the other Antarctic sites, the Pb concentration in the more recent 

snow samples is still much higher than that recorded in ice samples dated before the spread out of 

anthropic activities (Bertinetti et al., 2020).    
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Chapter 7. Inference about the origin of Antarctic PM10 

by Pb isotopic analysis 
 

7.1. Introduction 
The smallest fraction of the atmospheric particulate matter (PM) can be transported to long distances 

by air circulation. In fact, while the coarse particulates are efficiently settled by gravity deposition, the 

fine particulate (i.e., PM10, PM2.5) remain suspended in air thanks to the Brownian diffusion (Finlayson-

Pitts and Pitts, 2000), and the wet depositional processes are the principal way to remove these 

smallest particulates (Li et al., 2008).  

The study of the finest PM fractions allows for investigation of the air circulation on a regional up to 

continental scale, to recognize the source of the PM, and infer their activity and variability in the time, 

by the study of the ice core, and by the analysis of atmospheric PM and snow samples to study the 

present conditions (Bertinetti et al., 2021; Delmonte et al., 2004a).  

Dome C is a location of the East Antarctic Plateau, collocated far from the shore and at a high altitude 

(3230 m asl). The uninterrupted snow coverage of the surface and the absence of rock outcrops, make 

negligible the contribution of local sources. The PM that reaches this site was undergone a long-range 

transport from the surrounding land and oceans, and this is reflected in its size distribution, with a 

median radius of < 2.0 μm (Delmonte et al., 2004b). The most likely sources of this PM are Australia 

(De Deckker et al., 2010; Revel-Rolland et al., 2006) and South America (Gili et al., 2016), with a 

contribution of volcanic emissions (Vallelonga et al., 2005), Antarctic deglaciated areas (e.g., McMurdo 

Dry Valleys; de Angelis et al., 2013), and the Southern Ocean (Caiazzo et al., 2021).  

While the Pb-Sr-Nd isotopic studies of ice cores have established that South America was the major 

PM source during the glacial periods, during the Holocene, and during the previous interglacial periods, 

the attribution is less straightforward because of the participation of many sources. Moreover, from 

the second half of the XIX century, anthropic activities have begun to impact Antarctica (Mcconnell et 

al., 2018), affecting the Pb isotopic analysis of the recent sample. In fact, new sources, with often little 

different isotopic signatures than the natural ones, must be considered (Bertinetti et al., 2020).  

The goal of this work is to study the PM10 that reaches Dome C nowadays by the Pb isotopic analysis, 

to recognize its origin. By the study of the variation of the PM isotopic composition, the variability of 

the complex processes that affect the emission, transport, depletion, and deposition of PM can be also 

highlighted. This information can be an important tool for the monitoring of the effects of global 

change. In fact, the presence of PM in the atmosphere is tightly connected to many factors and 

processes, which efficiency and strength, are susceptible to the variation of the global conditions.  

 

7.2. Experiment 

7.2.1. Sampling 
The PM10 was collected at the international research station Concordia, at the place called Dome C, in 

the East Antarctic Plateau, from 2017 to 2018, on 90-mm hydrophobic PTFE membrane filters 

(Advantec MFS Inc., Dublin, CA, USA) by Echo HiVol sampler (TCR Tecora, Italy), working at a constant 

flow rate of 200 L min-1.  The PTFE membrane filters were enclosed in pre-cleaned Petri dishes, sealed 

in polypropylene bags, and stored at -20 °C until the analysis. The sampling system has a meteo-trigger 

to stop the air aspiration when the wind flows from the research station, thus minimizing the impact 
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of the local anthropic activity. Due to the very low PM concentration in the troposphere of the inner 

regions of Antarctica, an unusual long sampling time (about 30 days) has been used for each sample. 

In comparison, a sampling time of 4-7 days is sufficient for similar sampling activity conducted in the 

Arctic (Bazzano et al., 2021). The PM10 samples were collected in the framework of project SIDDARTA 

(source identification of Antarctic mineral dust) of the Italian Antarctic Research Program (PNRA).  

7.2.2. Samples preparation and Analysis 
Half of each filter has been undergoing microwave-assisted acid solubilization with 2 mL of HNO3 

(Ultrapure Normatom 67-69%, VWR International, Radnor, PA, USA) and 0.5 mL of H2O2 (Suprapur 

30%, Merck, Darmstadt, Germany), by the microwave digestion system MARS-5 (CEM, Matthews, NC, 

USA), following the procedure described by the norm UNI EN 14902:2005 (EN 14902:2005). The 

solutions thus obtained were diluted to 10 mL with ultrapure water (Milli-Q, Merk Millipore, 

Darmstadt, Germany) and analysed by DRC-ICP-MS (PerkinElmer Elan DRCII, Waltham, MA, USA). The 

mass bias was corrected following a bracketing external correction scheme, using the reference 

material NIST SRM 981 (Vanhaecke et al., 2009). The DRC of the instrument was pressurized with Ne 

to improve the precision by collisional dumping (Bandura et al., 2000). For each sample, twelve 

replicated measurements were performed with an integration time of 10 seconds, and raw data were 

corrected for the dead time of the detector. 

The procedural blank (including sampling, acid solubilization, and instrumental analysis) was less than 

0.01 pg L-1 of Pb, and the mean Pb concentration in the PM10 samples was 1.20±1.06 pg L-1 (n=34, mean 

± standard deviation). 

 

7.3. Results 
The results presented below are the preliminary outcomes obtained from the analysis of the first three 

years of sampling and are focused only on the Pb isotopic composition of the PM10. The SIDDARTA 

project provides to continue the sampling activity for other 3 years and to perform the elemental and 

Sr isotopic analysis of the Antarctic PM10. 

Figure 7.1 shows the trends of the two isotope ratios 208Pb/207Pb and 206Pb/207Pb during 2017-2019. On 

the whole period, both isotope ratios show a maximum in correspondence of April-June of 2018. In 

the graph of 208Pb/207Pb, it is possible to notice a discontinuity between the sample of 2017 and 2018, 

which could suggest the presence of a systematic error in the measurement of one of the two sets of 

samples. However, the same gap is not so evident for the 206Pb/207Pb ratio, and it is absent between 

2018 and 2019, reducing the probability that this kind of error has effectively occurred. 

In Figure 7.2, the time series of 208Pb/207Pb and 206Pb/207 isotope ratios are reported to emphasize the 

intra-annual trends for the three years. For 2018 and 2019, a maximum for both the isotope ratios can 

be observed in correspondence of the April-June months, the first part of the Antarctic winter. 

However, the long sampling time used to collect the PM10 imposes caution in the analysis and 

interpretation of the monthly events that can emerge from these time series. 

Figure 7.3 shows the Pb three-isotopes plot for the Antarctic PM10 samples. Reference values of the 

soil samples from Australia, South America, and New Zealand are also shown. These can be considered 

the major natural sources that supply PM10 to East Antarctica. The Pb isotopic signatures of the 

particulate matter in ice core collected at Dome C and dated 2.1-217 kyr before present, well 

correspond with the isotopic signature of these potential source areas (Vallelonga et al., 2010).  
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Figure 7.1. Time trend for the isotope ratios 208Pb/207Pb (left) and 206Pb/207Pb (right) of the PM10 

collected at Dome C from 2017 to 2019. Data are fitted by smoothing interpolation LOESS. 

 

    

Figure 7.2. Time trend for the isotope ratios 208Pb/207Pb (left) and 206Pb/207Pb (right) of the PM10 

collected at Dome C from 2017 to 2019. Data are reported by month and fitted by smoothing 

interpolation LOESS. 

 

Moreover, the isotopic signature of Australian fungi and lichens, collected during 2000-2008, has been 

reported to define the isotopic signature of a likely anthropic source (Bertinetti et al., 2020; Wu et al., 

2016). These samples present values of the isotope ratios quite lower than those of the natural 

sources, because affected by the Australian anthropogenic Pb (Bollhöfer and Rosman, 2000). 

The PM10 samples spread between the two types of sources, natural at high values, and anthropic at 

lower values, suggesting a possible mixing of the material coming from both two types of sources. The 

sample of 2017, shows a lower value for both the isotope ratios than the samples of 2018 and most of 

2019, gathering around the higher tip of the ellipse of the Australian fungi-lichens signature. On the 

other hand, the samples of 2018 and 2019 are more spread between the two types of end-members, 

with the samples of 2018 which are more close to the signatures of natural sources. 

Even if a meteo-trigger system was used to limit the impact of the base Concordia during the sampling 

of PM, the influence of the base can be excluded. An evaluation of the Pb isotopic composition of the 

snow collected in many sites around the base will be performed in future works to better estimate the 

impact of the PM produced from the base. 
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7.4. Conclusion 
The Pb isotopic composition, expressed by the isotope ratios 208Pb/207Pb and 206Pb/207Pb, have been 

used to study the PM10 that reached the East Antarctic Plateau during 2017-2019. 

A seasonal variation in the isotope ratio values can be observed both in 2018 and 2019. An increased 

contribution of the natural sources, which are characterized by the higher value of both Pb isotope 

ratios, happened during the first month of these years, reaching a maximum during the beginning of 

the Antarctic winter. This seasonal trend will have to be confirmed by the analysis of PM10 samples of 

the following years. Moreover, in 2018, a higher impact of the natural sources over the whole year was 

superimposed over the seasonal trend. However, the causes of this higher input of Pb from sources 

with higher value of isotope ratios are not understood yet. 

 A better isotopic characterization of the local (volcanic emission, resuspension of dust from 

deglaciated areas) and the remote potential source areas is, therefore, mandatory to better infer about 

the causes of variations in the composition of mineral dust reaching East Antarctica nowadays.  

 

 

Figure 7.3. Lead three-isotope plot for the PM10 samples collected at Concordia Station (Dome C) 

during 2017-2019. Ellipses represent literature data for Australian (Koffman et al., 2021), South 

American (Gili et al., 2016), and New Zealand mineral dust (Koffman et al., 2021), and Australian fungi 

collected during 2000-2008 (Wu et al., 2016). Black x represents the Pb isotopic signature of ice core 

samples from Dome C and dated 2.1-217 kyr before present (Vallelonga et al., 2010). 
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Chapter 8. Determination of major elements in Antarctic 

snow by inductively coupled plasma optical emission 

spectrometry using a total-consumption sample 

introduction system 
 

8.1. Introduction 
The study of past climate changes is fundamental to understanding the actual climate evolution. To do 

that it is necessary to have descriptive models, which are based on the deep theoretical knowledge of 

the environmental phenomena, and precise and accurate measurement of specific physical and 

chemical parameters. As already exposed in the previous chapters, Antarctic snow and ice are valuable 

archives to study the past atmosphere. Snow is accumulated over time and preserves information 

about the concomitant atmospheric composition, by the atmospheric particulate deposited within the 

snow during snowfalls (Lunt and Valdes, 2001), by air bubbles entrap among the snow layers (Pearman 

et al., 1986) or by the water isotopic composition itself (Sime et al., 2009).  

Despite the numerous ice-core drilling and snow collecting expeditions performed in the last years in 

many Antarctic, Arctic, and glaciers sites, it is still necessary to improve the knowledge about many 

factors that control the snow chemistry and its interaction with the atmosphere. Many uncertainties 

remain on the mechanisms which control the movement of air masses, and the transport, deposition, 

and post-deposition processes of particulate matter (Caiazzo et al., 2021). In this context, the chemical 

analysis of snow samples plays a central role in the quantification of various elemental proxies, such 

as the alkaline and alkaline-earth elements, aluminum and iron (Bertinetti et al., 2021), and for the 

analysis of major ionic species such as sulfate, nitrate, and methanesulfonic acid (MSA) (Caiazzo et al., 

2021). While the latter species are usually quantified by ion chromatography, elemental 

characterization is performed by ICP-MS or ICP-AES due to the low amount of these elements in the 

snow samples. 

A new method based on ICP-OES to perform simultaneous analysis of Al, Ba, Ca, Fe, K, Mg, Na, and Sr 

was developed and then applied to Antarctic snow samples collected from a snow pit dug at Dome C, 

in the East Antarctic Plateau (Bertinetti et al., 2021).   

A peculiar aspect of the inner regions of the East Antarctic plateau is the very low snow accumulation 

rate (less than 10 cm per year; Grotti et al., 2015) that complicates the study of the short term 

variations (annual and seasonal) in the snow composition, that could be very useful to better 

understand the atmospheric processes in Antarctica. To have a higher sampling frequency is, 

therefore, necessary to collect the snow using tubes with a low diameter (Bertinetti et al., 2020). 

However, the very low concentration of the analytes in the Antarctic snow (ng g-1) puts a limit on the 

minimum amount of sample that can be collected. To overcome these obstacles, a pre-concertation 

procedure, which increases the analytical concentration of the elements about 100 times (Grotti et al., 

2008), and the high-efficiency sample introduction system TISIS have been used. In this way, only about 

50 mL of snow for each sample is necessary (corresponding to 20 mL of water). 

After the description of the method development, performed by a multivariate approach, the 

concentrations of Al, Ca, Fe, K, Mg, Na, and Sr in the snow samples at Dome C are discussed and studied 

using principal component analysis (PCA) and enrichment factors (EF) to highlight similitudes between 

the elements and to infer about their origin. Finally, back trajectories analysis and correlation maps 
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are performed to get information about the prevailing geographic provenience of the particulate 

matter reaching East Antarctica. 

 

8.2. Experiment 

8.2.1. Instrumentation 
The Thermo-Fisher Scientific (USA) iCAP 6000 ICP-OES Duo instrument was used. The instrument 

allows to set for each wavelength whether the axial or radial view must be used: to achieve the best 

sensitivity, every wavelength is read by the axial view. The final settings for the optimized instrumental 

parameters are summarized in Table 8.1. The sample introduction system used in this work was the 

high-efficiency torch integrated sample introduction system (TISIS). A PFA-ST micronebulizer by 

Elemental Scientific (USA) was used to maximize the efficiency of the nebulization at a low sample 

uptake rate. The chamber was electrically heated at 150 °C employing a wounded heating tape 

connected to a DC power supply (Bertinetti et al., 2021). 

8.2.2. Samples 
A continuous series of snow samples were obtained in 2017 at Dome C, East Antarctic Plateau, from 

the wall of a 4-m-deep snow pit, corresponding to the period 1971–2017. Samples were collected in 

50 mL precleaned polypropylene tubes and stored at −20 ◦C until analysis (Bertinetti et al., 2021).  

In absence of certified material for the snow, the standard reference material SRM 1640a (natural 

water) from the National Institute of Standards & Technology (NIST, Gaithersburg, MD, USA) was used 

for method validation. Procedural blanks, for limits of detection (LOD) and blank contribution 

determination, were prepared with 20 mL of Milli-Q water. The samples were preconcentrated before 

the analysis following the method described in (Grotti et al., 2008) and already discussed in chapter 6. 

8.2.3. Multivariate experiments and data processing 
To evaluate the combined effect of the most relevant instrumental parameters on the analytical 

performances (instrument sensitivity and plasma robustness), a multivariate experimental design has 

been followed, applying a face-centered central composite design (Benedetti et al., 2020). In Table 8.2 

is reported the experimental plan, i.e., the value assumed by the variables during each analysis. To 

minimize the effect of systematic trend, the experiments were performed randomly, while the central 

point (numbers 25-28) were regularly explored through the sequence to assess the variability of the 

responses during the analysis and to give an estimation of the experimental variance, required to 

calculate the significance of the model’s coefficients.  

Instrument sensitivity has been monitored by registering 32 atomic emission lines (Table 8.3), while 

the plasma robustness has been assessed monitoring by the ratio between the intensity of the Mg 

ionic line (Mg II, 280.270 nm) to that of the Mg atomic line (Mg I, 285.213 nm) (MgR) (Mermet, 1991).  

From the experimental data, multiple linear regression (MLR) models and principal component analysis 

(PCA) have been performed using the open-source software R (R Core Team, 2020), with the plugin 

Chemometric Agile Tool (CAT) (Leardi et al., 2017). The same software, with the appropriate packages, 

has been used to perform the other statistical treatments of data, such as the cluster analysis of back 

trajectory and the spatial correlation maps. 
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Table 8.1. ICP-OES instrumental parameters 

Parameter Setting 

Rf power 1350 W 

Plasma gas flow rate 12 L min-1 

Auxiliary gas flow rate 0.5 L min-1 

Spray chamber TISIS 

Spray chamber temperature 150 °C 

Nebulizer PFA-ST Micro-concentric 

Nebulizer gas pressure 0.15 MPa 

Sheathing gas flow rate 0.1 L min-1 

Sample uptake rate 50 μL min-1 

Injector tube diameter 2.0 mm 

 

 

Table 8.2. Experimental plan. 

Run P NP SG UR 

1 950 0.15 0.1 20 
2 1350 0.15 0.1 20 
3 950 0.35 0.1 20 
4 1350 0.35 0.1 20 
5 950 0.15 0.3 20 
6 1350 0.15 0.3 20 
7 950 0.35 0.3 20 
8 1350 0.35 0.3 20 
9 950 0.15 0.1 60 

10 1350 0.15 0.1 60 
11 950 0.35 0.1 60 
12 1350 0.35 0.1 60 
13 950 0.15 0.3 60 
14 1350 0.15 0.3 60 
15 950 0.35 0.3 60 
16 1350 0.35 0.3 60 
17 950 0.25 0.2 40 
18 1350 0.25 0.2 40 
19 1150 0.15 0.2 40 
20 1150 0.35 0.2 40 
21 1150 0.25 0.1 40 
22 1150 0.25 0.3 40 
23 1150 0.25 0.2 20 
24 1150 0.25 0.2 60 

25-28 1150 0.25 0.2 40 

 

Note: P=RF power (W); NP=Nebulizer gas pressure (MPa); SG= Sheathing gas flow rate (L min-1); 

UR=Sample uptake rate (µL min-1). 

 



73 
 

Table 8.3. Wavelength analysed for each element. 

Element Wavelength (nm) 

Al 237.312; 308.215; 309.271; 394.401; 396.152 
Ba 230.424; 233.527; 455.403; 493.409 
Ca 315.887; 317.933; 393.366; 396.847; 422.673 
Fe 238.204; 239.562; 240.488; 259.837; 259.940 
K 766.490; 769.896 

Mg 279.553; 280.270; 285.213; 383.230; 383.829 
Na 589.592 
Sr 215.284; 216.596; 346.446; 407.771; 421.552 

 

 

8.2.4. Back trajectories analysis 
A substance that is immitted in the atmosphere from a source is spread in the air by the eddy diffusion 

and is transported away from the source by the winds. The path of the infinitesimally small volume of 

air (called air parcel) in the three dimensions of the space is known as trajectory and is completely 

described by equation 8.1. 

 𝒗 =
𝑑𝒓

𝑑𝑡
 (8.1) 

 

where 𝒓(𝒙, 𝒚, 𝒛) is the vector that describes the position of the air parcel in the space, 𝑡 is the time 

passed by the emission at the source, and 𝒗 is the velocity of the wind. Selecting a starting position 𝒓𝟎 

and time 𝑡0 , it is possible to reconstruct the position of the air parcel for every 𝑑𝑡 > 0 (forward-

trajectory) and 𝑑𝑡 < 0 (back-trajectory), knowing the wind velocity for each interval 𝑑𝑡 (Stohl, 2002). 

The trajectories are the ensembles of subsequent positions 𝒓𝒊 calculated at each 𝑑t𝑖, with a constant 

time interval 𝛿 = 𝑑t𝑖 − 𝑑t𝑖−1. 

It is important to point out that this method does not consider the diffusional processes that occur in 

the air, but only reconstructs the movement of the infinitesimal parts in which the atmosphere can be 

divided. However, the study of the back-trajectories (BTs) can help to highlight the source of the 

substances found at the receptor.  

Back-trajectories were calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory 

Model HYSPLIT 5.0 (Stein et al., 2015). The meteorological data fields have been supplied by the NOAA 

ARL (Air Resources Lab, https://www.ready.noaa.gov/gbl_reanalysis.php, accessed on 30 January 

2021) archiving programs input data. The global model NCEP/NCAR provides a dataset of air pressure 

at the surface over the whole globe with a spatial resolution of 2,5° latitude  longitude with a time 

resolution of 6 hours. It was not possible to use other types of meteorological datasets with higher 

spatial resolution, because this was the only available that include the entire period covered by the 

snow samples (1971-2017).  

To assess the general behavior of the air masses that reached Dome C (longitude 123.580 E, latitude 

75.052 S), 10-days BTs were calculated every 6 hours at 1000 meters above ground level (a.g.l.). To get 

useful information from the 65744 back trajectories thus obtained, cluster and frequency analyses 

were performed using the R package openair (Carslaw and Ropkins, 2012). 

8.2.5. Correlation maps  
In the works of Schwanck et al. (2017) and Liu et al. (2021), the correlation between the trends of 

annual concentration of many metals in snow samples with the trend of sea-ice concentration (SIC), 
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sea surface temperature (SST), and the temperature at 2 m above the ground level (t2m) was 

evaluated. In the same way, the annual mean concentration trends of Al, Ca, Fe, K, Mg, Na, and Sr in 

the snow from Dome C were correlated with these climatic variables using the dataset provided by 

ECMWF ERA-Interim reanalysis (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-

datasets/era-interim). For each point of the grid defined to the ERA-Interim model, Kendall’s tau 

correlation coefficient has been calculated, due to the non-normality of the data series. Only the 

statistically significant correlation coefficients (p-value < 0.10) were shown in the maps. With this tool 

is possible to highlight in which areas the variation of the considered climatic variable affects PM that 

reaches Dome C.  

 

 

Table 8.4. Coefficients of the models and their significance. 

Coefficient Factor 
Sensitivity  Plasma robustness 

Value Significance  Value Significance 

b0 mean -0.30 -  6.24 - 

b1 (P) 2.58 p < 0.001  1.42 p < 0.001 

b2 (NP) -5.31 p < 0.001  -2.35 p < 0.001 

b3 (SG) -1.99 p < 0.001  -0.70 p < 0.01 

b4 (UR) 1.49 p < 0.001  -0.83 p < 0.01 

b12 (P) (NP) -0.86 p < 0.01  0.06 0.17 

b13 (P) (SG) -0.04 0.62  0.23 p < 0.05 

b14 (P) (UR) 0.87 p < 0.01  0.14 p < 0.05 

b23 (NP) (SG) 1.23 p < 0.001  -0.09 0.09 

b24 (NP) (UR) -0.56 p < 0.01  -0.13 p < 0.05 

b34 (SG) (UR) -0.32 p < 0.05  0.02 0.51 

b11 (P)2 -0.46 0.06  -0.84 p < 0.01 

b22 (NP)2 2.70 p < 0.001  0.50 p < 0.05 

b33 (SG)2 -0.19 0.32  -0.23 0.07 

b44 (UR)2 -1.18 p < 0.01  0.17 0.12 
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Figure 8.1. The combined effect of operating parameters on (a-c) sensitivity (score on PC1) and (d-f) 

plasma robustness (MgR; Mg II 280.270 nm to Mg I 285.213 nm intensity ratio). P = RF power; 

NP=Nebulizer gas pressure; SG = Sheathing gas flow rate; UR = Sample uptake rate. In each graph, the 

two remaining variables are set at their mean value. Images have been treated by Bertinetti et al. 

(2021). 

 

8.2. Results 

8.2.1. Optimization of instrumental parameters 
The final values of the instrumental parameters were chosen by studying the response surfaces 

obtained from the experimental design. The combined effects of RF power (P), nebulizer pressure (NP), 

sheathing gas flow rate (SG), and sample uptake rate (UR) on the analytical signals were studied to 

achieve the higher instrumental sensitivity and sufficient plasma robustness. The responses of this 

study were analysed by PCA, finding that most of the information was described by the first component 

(PC1, 94% of explained variance). Therefore, it was possible to use the scores of the objects (the 

experimental conditions) on PC1 as a new response, being this a linear combination of the original 

variables, strongly reducing the complexity of the system, without losing significant information. Only 

two models were thus studied: one using the score on PC1 to improve the analytical sensitivity and 

the second using the ratio between the Mg emission lines (MgR) to assess the plasma robustness 

(Bertinetti et al., 2021). The coefficients of the two models, and their significance, are reported in Table 

8.4, and representative surfaces response are shown in Figure 8.1. It is possible to observe that an 

increment of the RF plasma power improves the sensitivity (Figure 8.1a, b), likely due to the 

improvement of plasma atomization-excitation performances, as suggested by a concomitant increase 

in MgR (Figure 8.1d, e). The increment in the sensitivity is higher for the higher values of sample uptake 

rate (Figure 8.1b), when the solvent load increases, requiring more energy from the plasma source for 

solvent evaporation. 

Figure 8.1c shows the combined effect of the nebulizer gas pressure and the sheathing gas flow rate 

on the score on PC1. It can be observed that PC1 increases lowering the two fluxes. This trend could 
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be rationalized considering that at high gas flow rates, the residence time inside the chamber of the 

droplets decreases, reducing the evaporation of the solvent by the high temperature. Moreover, at 

high flow rates, the distribution of the sample droplets in the plasma can be changed, which could 

affect the plasma efficiency (Todolí and Mermet, 2006). In fact, the MgR value also decreases by 

increasing the gas flow rates (Figure 8.1f), indicating less robust plasma conditions.  

Studying the response surfaces for PC1 (Figure 8.1b) and MgR (Figure 8.1e) was necessary to make a 

compromise for the choice of the sample uptake rate value to obtain higher instrumental sensitivity 

and sufficient plasma robustness. The selected values are reported in Table 8.1. 

Finally, the models were validated by analysing a standard solution at concentrations close to the 

expected ones in the real sample at the selected instrumental setup (standard labeled high 

concentration in Table 8.5). The errors in the prediction capability of the models were -1% and 6% for 

PC1 and MgR, respectively, and therefore the models were considered fit-to-purpose (Bertinetti et al., 

2021). 

8.2.2. Analytical recovery, precision, and limit of detections 
Even if the use of the high-efficiency sample introduction system TISIS has brought high instrumental 

sensitivity (Bertinetti et al., 2021), the sample preconcentration processes described above were still 

mandatory due to the low concentration of the analytes in the Antarctic snow samples. 

To validate the overall analytical procedure, several procedural blanks (20 mL of Milli-Q water) and 

standard solutions at two different concentration levels (labeled low concentration and high 

concentration, Table 8.5) were prepared in the same manner as the snow samples. The results for the 

analytical recovery, precision, concentration of the blanks, and the limits of detection (calculated as 3 

times the blank’s standard deviation) are reported in Table 8.6. For the estimation of the recovery, the 

standards were diluted 100 times before the preconcentration procedure, and the recovery was 

calculated by comparing the final concentrations with the theoretical ones. Quantitative recovery can 

be observed for all the analytes (except for Ba at low concentration, 80%), with a good agreement 

among the results at the various wavelengths. The analytical precision was always better than 5%. 

Finally, the detection limits, as three-time the standard deviation of ten procedural blanks are 

adequate for the analysis of Antarctic snow samples, with some limitations for barium. In fact, for 

many Antarctic snow samples, the Ba concentrations were under the LOD. 

 

Table 8.5. Concentrations of the standard solutions. 

Analyte Low concentration (μg L-1) High concentration (μg L-1) 

Al 100 500 
Ba 2 10 
Ca 200 1000 
Fe 40 200 
K 200 1000 

Mg 200 1000 
Na 2000 10000 
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Table 8.6. Recovery, precision, procedural blanks, and limits of detection of the analytical procedure 

are reported for every considered atomic emission line (Bertinetti et al., 2021). 

Emission line 
(nm) 

Recovery (%)* 
RSD (%)# 

Blank (ng g-
1)§ 

LOD (ng g-1) 
Low conc. High conc. 

Al 308.215 112±3 103±6 4.2 1.11 0.11 
Al 309.271 103±2 100±7 4.8 1.39 0.41 
Al 394.401 108±5 102±6 4.8 1.13 0.15 
Al 396.152 109±3 102±6 4.3 1.13 0.10 
Ba 230.424 81±5 97±2 3.7 0.011 0.015 
Ba 233.527 82±2 95±2 2.2 0.011 0.013 
Ba 455.403 83±2 94±1 1.9 0.011 0.013 
Ca 315.887 101±3 101±4 3.6 0.76 0.52 
Ca 317.933 100±3 101±4 3.3 0.74 0.52 
Ca 393.366 99±2 105±2 2.3 0.76 0.53 
Ca 396.847 99±3 96±3 3.0 0.75 0.54 
Ca 422.673 99±3 102±4 3.7 0.76 0.52 
Fe 238.204 103±6 100±3 4.7 0.08 0.13 
Fe 239.562 102±6 99±4 4.6 0.09 0.13 
Fe 259.940 102±6 99±4 4.6 0.08 0.13 
K 766.490 92±1 107±1 1.1 0.11 0.38 
K 769.896 92±1 108±1 1.2 0.09 0.41 

Mg 279.553 101±1 95±1 1.0 0.21 0.04 
Mg 280.270 101±1 95±1 1.2 0.21 0.04 
Mg 285.213 101±1 97±1 1.3 0.21 0.04 
Na 589.592 96±2 102±1 1.5 0.28 0.39 
Sr 216.596 100±3 98±1 2.2 0.001 0.003 
Sr 407.771 100±1 97±1 0.8 0.001 0.003 
Sr 421.552 100±1 97±1 0.9 0.002 0.003 

Notes: * evaluated by triplicate analysis of 100-fold diluted standards comparing the measured 

concentrations with the original ones; # pooled standard deviation (n = 6); § mean values. 

 

 

Table 8.7. Analysis of the certified reference water NIST SRM 1640a (Bertinetti et al., 2021).* 

Analyte Certified (ng g-1)# Found (ng g-1) 

Al 2.63 ± 0.09 2.81 ± 0.08 
Ba 0.0753 ± 0.0004 0.069 ± 0.002 
Ca 2.785 ± 0.008 2.87 ± 0.07 
Fe 1.83 ± 0.09 1.71 ± 0.03 
K 28.8 ± 0.1 28.2 ± 0.5 

Mg 52.5 ± 0.2 52.7 ± 1.3 
Na 156 ± 2 160 ± 3 
Sr 0.0625 ± 0.0004 0.060 ± 0.003 

Notes: * the uncertainty associated to each value is the expanded uncertainty about the mean 

calculated according to the GUM guideline, at a 95% level of confidence (n = 5); # After 20-fold 

dilution for Al, Fe, K, Mg, Na, and 2000-fold dilution for Ba, Ca, and Sr. 
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8.2.3. Accuracy and uncertainty estimation 
The accuracy of the overall analytical method, that is the preconcentration procedure and the analysis 

employing TISIS-ICP-OES, was estimated using the certified natural water NIST SRM 1640a. To match 

the analytes’ concentrations in the reference material with those in the Antarctic samples, the certified 

material was 20-fold diluted for the determination of Al, Fe, K, Mg, Na, and 2000-fold diluted for the 

determination of Ba, Ca, and Sr. The solutions thus obtained were freeze-dried and then redissolved 

in 200 μL of 0.05% HNO3 solution before the analysis. The results are reported in Table 8.7.  

The uncertainties associated with the mean values are the expanded uncertainties calculated following 

the GUM guideline (JCGM-BIPM, 2008). They are calculated following the error propagation rules 

applied to the formula for the calculation of the concentrations from the raw data (equation 8.2). 

 
𝐶𝑓𝑖
𝜆 =

(𝐶𝑠 − 𝐶𝑏) 𝑚𝑓
(𝑚𝑏 −𝑚𝑎)

=
(
𝑌𝑠 − 𝑏𝑠
𝑎𝑠

−
𝑌𝑏 − 𝑏𝑏
𝑎𝑏

)  𝑚𝑓

(𝑚𝑏 −𝑚𝑎)
 

(8.2) 

 

Where 𝐶𝑓𝑖
𝜆 is the final concentration of the i-th element (Al, Ca, Ba, Fe, K, Mg, Na, Sr) calculated with 

the wavelength λ (not reported anymore to facilitate the notations), 𝐶𝑠 is the concentration of the 

analyte in the sample and 𝐶𝑏 is the concentration of blank,  𝑚𝑓 is the mass of the acid solution used to 

redissolve the sample after the freeze-drying procedure (0.200 mg), and 𝑚𝑏 −𝑚𝑎 is the mass of water 

present in the sample and removed by the freeze-drying procedure, evaluated by the difference in the 

mass of the sample before (𝑚𝑏) and after (𝑚𝑎) the procedure. 𝑌𝑠 is the intensity of the signal at the 

wavelength λ for the sample, while 𝑌𝑏 is the intensity of the blank. 𝑎𝑠 and 𝑏𝑠 (𝑎𝑏 and 𝑏𝑏) are the slope 

and the intercept, respectively, for the calibration curve of the samples (blanks) for the wavelength λ. 

The error propagation theory states that for a generic function 𝑔(𝑥𝑖), if the relative errors of each 

variable 𝑥𝑖 are little and independent (the covariance could be neglected), the variance of 𝜎2(𝑔) is 

given by equation 8.3: 

 
𝜎2(𝑔) =∑(

𝜕𝑔(𝑥𝑖)

𝜕𝑥𝑖
)
2

𝜎(𝑥𝑖)
2

𝑁

𝑖=1

 (8.3) 

 

Let's apply equation 8.3 to equation 8.2: 

 

𝜎𝜆
2(𝐶𝑓) = (

𝜕𝐶𝑓

𝜕𝛶𝑠
)

2

𝜎2(𝑌𝑠) + (
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𝜕𝑏𝑠
)

2
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𝜕𝐶𝑓

𝜕𝑎𝑠
)

2

𝜎2(𝑎𝑠) + (
𝜕𝐶𝑓

𝜕𝛶𝑏
)

2

𝜎2(𝑌𝑏)

+ (
𝜕𝐶𝑓

𝜕𝑏𝑏
)

2

𝜎2(𝑏𝑏) + (
𝜕𝐶𝑓

𝜕𝑎𝑏
)

2

𝜎2(𝑎𝑏) + (
𝜕𝐶𝑓

𝜕𝑚𝑏
)

2

𝜎2(𝑚𝑏)

+ (
𝜕𝐶𝑓

𝜕𝑚𝑎
)

2

𝜎2(𝑚𝑎) + (
𝜕𝐶𝑓

𝜕𝑚𝑓
)

2

𝜎2(𝑚𝑓) 

 

(8.4) 

The variance of the intensity of the samples and for the blank, 𝜎2(𝑌𝑠) and 𝜎2(𝑌𝑏) respectively, were 

evaluated from the replicates of each measurement. The variances of the parameters of the calibration 

curves, 𝜎2(𝑏) and 𝜎2(𝑎), were determined by the ordinary least square statistic, while the variance of 

the mass and volume values were empirically estimated by replicating each measurement 30 times 

and computing the variance of the obtained values. The partial derivates play the role of weights for 

the variances in equation 8.4, and are: 
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 (
𝜕𝐶𝑓

𝜕𝛶𝑠
) =

𝑚𝑓

𝑎𝑠 (𝑚𝑝 −𝑚𝑑)
 (8.5) 

 (
𝜕𝐶𝑓

𝜕𝑏𝑠
) = −

𝑚𝑓

𝑎𝑠 (𝑚𝑝 −𝑚𝑑)
 (8.6) 

 (
𝜕𝐶𝑓

𝜕𝑎𝑠
) =

𝑚𝑓 (𝑏𝑠 − 𝑌𝑠)

𝑎𝑠
2 (𝑚𝑝 −𝑚𝑑)

 (8.7) 

 (
𝜕𝐶𝑓

𝜕𝛶𝑏
) = − 

𝑚𝑓

𝑎𝑏 (𝑚𝑝 −𝑚𝑑)
 (8.8) 

 (
𝜕𝐶𝑓

𝜕𝑏𝑏
) =

𝑚𝑓

𝑎𝑏(𝑚𝑝 −𝑚𝑑)
 (8.9) 

 (
𝜕𝐶𝑓

𝜕𝑎𝑏
) =  

𝑚𝑓 (𝑌𝑏 − 𝑏𝑏)

𝑎𝑏
2 (𝑚𝑝 −𝑚𝑑)

 (8.10) 

 (
𝜕𝐶𝑓

𝜕𝑚𝑓
) =  

𝑌𝑠 − 𝑏𝑠
a𝑠

−
𝑌𝑏 − 𝑏𝑏
a𝑏

𝑚𝑝 −𝑚𝑑
 (8.11) 

 (
𝜕𝐶𝑓

𝜕𝑚𝑝
) =

𝑚𝑓 [𝑎𝑏 (𝑏𝑠 − 𝑌𝑠) + a𝑠 (𝑌𝑏 − 𝑏𝑏)]

𝑎𝑏 a𝑠 (𝑚𝑝 −𝑚𝑑)
2

 (8.12) 

 (
𝜕𝐶𝑓

𝜕𝑚𝑑
) =

𝑚𝑓 [𝑎𝑏 (𝑌𝑠 − 𝑏𝑠) + a𝑠 (𝑏𝑏 − 𝑌𝑏)]

𝑎𝑏 a𝑠 (𝑚𝑝 −𝑚𝑑)
2

 (8.13) 

 

To obtain the uncertainty associable to each element 𝜎𝑖 (𝑖 = Al, Ba, Ca, Fe, K, Mg, Na, Sr; Table 8.7)  the 

values obtained were averaged between wavelengths used for each element, applying equation 8.3 to 

the formula of the arithmetic mean: 

 

𝜎𝑖 = √∑(
𝜕[1/𝑁∑ 𝑥𝑖]

𝑁
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=
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𝑁
√∑𝜎𝜆𝑖

2 (𝐶𝑓
𝜆𝑖)

𝑁

𝑖=1

 

 

(8.14) 

where 𝑁 is the number of wavelengths used for the quantification of the 𝑖-th element. 

8.2.4. Elements Concentrations 
The Ba concentration for many Antarctic snow samples analyzed in this work was under the LOD. 

Therefore, this element will no be longer considered. Table 8.8 reports the summary statistic (median, 

mean, interquartile range, and standard deviation) for the concentrations of the other elements, and 

these values are pictured in the boxplots of Figure 8.2. 

8.2.5. Dating 
Due to the low snow accumulation rate at Dome C (8-9 cm of snow per year; Caiazzo et al., 2021) and 

the available sampling spatial resolution (3.5 cm per sample), the dating of the snow samples was 

performed using the sulphate concentration peaks associated to the well-known volcanic eruption of 

Monte Pinatubo in 1992. Using this tie-point, the other snow layers were dated by a linear model in 

function of the depth of sampling (Caiazzo et al., 2021). The samples covered an interval time from 

1972 to 2017. 

 



 

80 
 

Table 8.8. Median, mean, interquartile range (IQR), and standard deviation (SD) for the 

concentrations of the elements analysed. 

Element Median (ng g-1) Mean (ng g-1) IQR (ng g-1) SD (ng g-1) 

Al 0.68 1.16 0.88 1.82 
Ca 2.64 3.21 1.93 2.44 
Fe 0.76 1.09 0.87 0.98 
K 1.54 1.75 0.79 1.05 

Mg 2.53 2.61 1.43 1.17 
Na 17.00 17.21 9.13 8.08 
Sr 0.02 0.02 0.01 0.01 

 

 

 

Figure 8.2. Major element concentrations in snow pit samples collected at Dome C. Boxes include data 

between the 1st and 3rd quartile, divided by the median. Whiskers are 2.5th and 97.5th percentiles. 

Image has been treated by Bertinetti et al. (2021). 

 

8.2.6. Principal Component Analysis (PCA) 
To better study this multivariate system, a PCA was performed using the concentrations of the 

different elements like variables and the different snow samples as objects. From this analysis emerged 

that it was possible to represent the system using only two principal components preserving 77.5% of 

the original variance.  

In Figure 8.3 is reported the loading plot for PC1 and PC2, from which emerges that the elements are 

grouped for their common origin. For Al and Fe, which fall at a high and positive value of PC2, the 

aeolian mineral dust from the surrounding continents is the principal source (Burgay et al., 2021), 

unlike what has been observed in the West Antarctic site of Pine Island Glacier for which the ocean is 

also an important source for Fe (Schwanck et al., 2017). The presence of Na and Mg in the group at 

low and negative values of PC2 suggests that the sea salt can be a common source also for Ca and Sr. 

Finally, potassium seems to be affected both by crustal and marine sources. 
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Figure 8.3. Loading plot for PC1 and PC2 for the major element in Dome C snow samples 1972-2017. 

 

Table 8.9. Correlation matrix with Kendall’s tau coefficients for the concentrations of the major 

element in the snow sample from Dome C. The coefficients in bold are those higher than 0.5. 

 Al       

Ca 0.09 Ca      

Fe 0.37 0.21 Fe     

K 0.27 0.29 0.19 K    

Mg 0.13 0.34 0.04 0.39 Mg   

Na 0.00 0.22 -0.01 0.40 0.78 Na  

Sr 0.16 0.53 0.09 0.35 0.71 0.54  

 

 

Figure 8.4. Scores on PC1 and PC2 in function of time for snow sample collected at Dome C. 
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The correlation matrix in Table 8.9 reports the non-parametric Kendall’s tau coefficient and highlights 

the same correlations between the elements previously deducted by PCA. 

While PC2 seems to be able to distinguish the principal origin of the elements, PC1 could be considered 

an index of the total amount of particulate in the snow. Using these interpretations of PC1 and PC2, 

the scores of the samples on these components have been reported in function of the date (Figure 

8.4). It is possible to notice that when a higher amount of PM was present in the snow (for instance 

1978, 1989), low values of the score on PC2 have been recorded, and vice versa (1976, 2000, 2014). 

The only significant exception could be observed for 2010 with high values of both scores on PC1 and 

PC2. 

8.2.7. Enrichment Factors 
The enrichment factor (EF) is an index that allows to recognize the enrichment of an element in the 

samples with respect to reference material. To get more information about the prevalent provenience 

of the major elements in snow samples collected at Dome C, the crustal enrichment factors were 

calculated by equation 8.15, comparing the ratio between the concentration of the elements to that 

of Al in the samples and for the continental crust (Wedepohl and Hans Wedepohl, 1995). 

 𝐸𝐹(𝐴𝑙) =

(
[𝑖]
[𝐴𝑙]⁄ )

𝑠

(
[𝑖]
[𝐴𝑙]⁄ )

𝑟

            𝑖 = 𝐶𝑎, 𝐹𝑒, 𝐾,𝑀𝑔,𝑁𝑎, 𝑆𝑟 (8.15) 

 

Usually, the EF has been used to highlight the presence of anthropogenic contamination, which is 

characterized by a significant deviation from the unity of the EF value. The value of 10 is usually used 

as the threshold to recognize a significant enrichment (Barbieri, 2016). In Figure 8.5 are reported the 

boxplots for the EF for the various elements, calculated respect to the Al. For Na and Mg, more than 

75% of the samples had EF values over the threshold (red line in Figure 8.5) indicating that for these 

elements the continental crust is not the only source. For Fe, many samples had values between 1 and 

10, suggesting that for this element the continental crust plays a dominant role. Finally, for Ca, K, and 

Sr, the distributions spread around the value of 10, suggesting that for these elements there was a 

probable contribution from other sources than the crustal one. The results obtained from the EFs are 

in accord with those from PCA. 

 

 

Figure 8.5. Boxplots for the crustal enrichment factor (EF) calculated respect to the Al. Boxes include 

data between the 1st and 3rd quartile, divided by the median. Whiskers indicate 2.5th and 97.5th 

percentiles of the distributions. The red line marks the threshold value of 10.  
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8.2.8 Temporal trends of the concentrations for the major elements in snow samples 
In Figure 8.6 are reported the temporal trends of the concentrations for Al, Ca, Fe, K, Mg, Na, and Sr. 

No general increasing or decreasing trends have been observed in the snow sample from 1972 to 2017. 

This suggests that the climate change that is occurring in Antarctica and in the surrounding regions 

doesn’t (still) affects the PM10 transport from source to East Antarctica, and that post-depositional 

processes don’t strongly affect these elements, unlikely for some ionic species such as Cl- and NO3
- 

(Caiazzo et al., 2021). Some high concentration events are superimposed over the background levels, 

and many of them are synchronous between the elements with the same origin. 

8.2.9. Back Trajectories analysis 
Figure 8.7 shows the results of the monthly cluster analysis performed with the 10-days back 

trajectories (BTs), calculated every 6 hours from 1972 to 2017, having as starting point the site of Dome 

C and an altitude of 1000 m above ground level. Due to the absence of orographic reliefs that rise from 

the East Antarctic plateau, this altitude allows to minimize the orographic influence, while the 

trajectories are sufficiently close to the terrain to be dynamically linked to the surface wind field 

(Schwanck et al., 2017). Three clusters are chosen to represent the monthly air pathways for the 50 

years under investigation. For each month is possible to notice a short circulation that extends towards 

the shores of the Indian Ocean sector of the Meridional Ocean (Wilkes land) during the central months, 

and represents the path taken by PM10 from Australia and New Zeeland (Neff and Bertler, 2015). The 

other two clusters move northward to the Weddel Sea and the Queen Maud Land, respectively, and, 

due to the westerly air mass circulation around Antarctica, they are linked to the transport of 

particulate matter from South America (Hoskins and Hodges, 2005). Also for these two clusters, it is 

observed an increase in the length covered during the 10 days by the BTs during the colder months, as 

a consequence of the reinforcement of the winds during those months (Schwanck et al., 2017). 

8.2.10. Correlation maps 
The study of the correlation between the concentrations in the snow sample with some climatic 

parameters can help to highlight their effects on the transport of elements to Antarctica. Moreover, 

the possibility to perform this calculation for a wide area allows to recognize the most active regions 

and to merge the results thus obtained with the BTs analysis.  

Figure 8.9, Figure 8.10, and Figure 8.11 show the correlation maps for the annual mean concentrations 

with the sea ice concentration (SIC), the temperature at 2 m a.g.l. (t2m), and the sea surface 

temperature (SST), respectively. In these figures, it is possible to notice that many regions show 

significant positive and negative correlations (p < 0.10), however, only the regions that are subjected 

to a significative transport of air masses toward Dome C (Figure 8.8) must be considered. In this way, 

the regions between the Ross Sea and the eastern side of the Antarctic Peninsula are excluded from 

the discussion. 

 In his work Schwanck (2017) reports that, for the Pine Island Glacier site in West Antarctica,  the 

transport of marine aerosol is enhanced by an increase in the sea ice concentration. Some processes 

associated with sea-ice formation (e.g., frost flower formation, brine production, and blowing snow 

released from sea ice surfaces) could be considered the dominant source of sea salt aerosols for 

Antarctica. Instead, for Dome C, elements with a marine origin showed a negative correlation with the 

SIC in the region of Queen Maud Land and Dumont d’Urville Sea (Figure 8.9). On the other hand, the 

crustal elements (Al and Fe), show a significative positive correlation with the SIC in some regions of 

the Dumont d’Urville Sea and the Weddell Sea but is not straightforward to recognize the causes for 

these correlations.The sea surface temperature (SST) surely impacts the SIC, and therefore, the 

correlation maps for the marine elements with the SST suggest the same results previously described, 

with a favorable transport of these elements toward Dome C when the sea temperature is higher  
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Figure 8.6. Temporal trends of major element concentrations in snow pit samples collected at Dome 

C. Light blue stripes highlight the synchronous peaks of marine-originated elements, while the red 

stripes the peaks in the concentration of elements with crustal origin. 

 

(Figure 8.10). The correlation maps for the temperature at 2 m a.g.l. (t2m), depict how cooling of the 

internal and coastal regions of Queen Maud Land improves the transport of marine elements to Dome 

C. Instead, for the crustal element (Al and Fe), the transport is favorite by a warming of the shore of 

the Weddell Sea (Figure 8.11). 

8.3. Conclusion 
A new method for the determination of Al, Ba, Ca, Fe, K, Mg, Na, and Sr in Antarctic snow samples was 

developed, by combining a simple and clean preconcentration procedure with ICP-OES equipped with 

the high-efficiency sample introduction system TISIS. The method required only 20 mL of sample (as 

water equivalent) and has fit-for-purpose performances. It could be considered an alternative to ionic 

chromatography, which is limited to the determination of the soluble fraction of the elements.  

Finally, the method was applied to Antarctic snow samples collected from Dome C and dated from 

1972 to 2017. Due to the low amount of Ba in these samples, often lower than 0.02 ng g−1, it was not 

possible to quantify this element whit sufficient accuracy. The concentrations of the other elements 

didn’t show significative trends in the investigated years. Some differences in the time series can be 

observed between the crustal elements (Al and Fe) and the marine elements (Na, Mg, and Sr), which 

could be also highlighted from the PCA and EF analysis. K and Ca show a double origin. 

Finally, BTs and correlation maps analysis has been performed to get information about the prevailing 

origin of the particulate matter present in the snow at Dome C. 
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Figure 8.7. Monthly cluster analysis of the 10-days BTs starting from Dome C at 1000 m a.g.l. from 1972 

to 2017. 

 

 

Figure 8.8. Frequency analysis of the 10-days BTs starting from Dome C at 1000 m a.g.l. from 1972 to 

2017. 
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Figure 8.9. Correlation of the 1972–2017 ERA-Interim reanalysis sea ice concentration (SIC) with the 
annually-averaged concentration in the Dome C snow samples. Only the significative correlations 
(p<0.1) are shown. 
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Figure 8.10. Correlation of the 1972–2017 ERA-Interim reanalysis sea surface temperature (SST) with 

the annually-averaged concentration in the Dome C snow samples. Only the significative correlations 

(p<0.1) are shown. 
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Figure 8.11. Correlation of the 1972–2017 ERA-Interim reanalysis 2m air temperature parameter (t2m) 

with the annually-averaged concentration in the Dome C snow samples. Only the significative 

correlations (p<0.1) are shown. 
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Chapter 9. Strontium isotopic analysis of environmental 

microsamples by inductively coupled plasma-tandem 

mass spectrometry 
 

9.1. Introduction 
Strontium is an element that is present in high abundance in soils and the rocks of the continental crust 

(hundreds of μg g-1) (Wedepohl and Hans Wedepohl, 1995). The upper part of the lithosphere is strictly 

connected with the atmosphere, the hydrosphere, and the biosphere by many biogeochemical cycles 

and, therefore, Sr is easily partitioned among these environmental sectors. The Sr isotopic composition 

shows a high natural variability mainly due to the beta decay of the 87Rb to 87Sr, and the Sr isotopic 

analysis is often used for the source recognition of different types of samples, from the geological (e.g., 

mineral dust) to the biological ones (food and beverage) (Barbaste et al., 2002; Grousset and Biscaye, 

2005).  

A major drawback that affects the Sr isotopic analysis is the isobaric interference of the 87Rb to 87Sr. 

Usually, this is resolved by chromatographic separation of the two elements before the analysis, but 

these procedures are time-consuming and laborious,  with the risk of sample contamination 

(Kramchaninov et al., 2012). The collisional/reactive cell (CRC) technology for the ICP-MS instrument 

allows the development alternative methods that exploit the different reactivity of the ions Rb+ and 

Sr+ toward various reactive gasses (N2O, CH3Cl, CH3F, or SF6) (Bandura et al., 2001; Bolea-Fernandez et 

al., 2017; Moens et al., 2001). These methods allow performing direct analysis of Sr isotopic 

composition free of the isobaric interference of Rb, avoiding the preliminary chromatographic 

purification. Moreover, the introduction of the tandem ICP-MS instrumentation (ICP-MS/MS) has 

further extended this approach, furnishing a better control of the reactivity occurring in the CRC and 

providing additional methods to remove spectral interferences (Balcaen et al., 2015, 2014; Bolea-

Fernandez et al., 2014).  

Bolea-Fernandez et al. (2016) have developed a method for direct Sr isotopic analysis by mean ICP-

MS/MS using a mixture of CH3F and He for the CRC. This approach uses the selective reactivity of Sr+ 

with CH3F to overcome the interference of Rb, and SrF+ was monitored as the best-suited reaction 

product. 

In this work, this method has been adjusted to be applied for the analysis of microsamples, with an 

available volume of < 1 mL. 

In many research sectors (environment, forensic sciences, biological and clinical studies) the 

availability of the samples can be a limiting factor for elemental and isotopic analysis. Usually, there 

are few approaches to deal with the low sample availability. One is to dilute the sample up to obtain a 

suitable volume, but this procedure is possible only when the concentration of the analytes is high and 

the risk of contamination is very low. A second way is to reduce the sample consumption during the 

analysis, by limiting the duration of the measurement to the largest acceptable extent (e.g., by 

reducing the number of isotopes monitored or the total integration time in ICP-MS analysis), and/or 

by reducing the sample uptake rate. However, both of these strategies may strongly affect the quality 

of the analysis, as they influence the intensity of the (integrated) signals (Ulianov et al., 2015). To 

overcome this drawback, special high-efficiency SISs have been developed, that allow working with a 

sample uptake rate of tens of μL min-1, against the hundreds required with the SISs, while still obtaining 

high signal intensities (Todolí and Mermet, 2006). In this work, a μL-autosampler system, which 
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provides stable sample introduction at low liquid flow rates, has been combined with a high-efficiency 

SIS that improves the transport efficiency of the aerosol plume into the plasma. 

 The setting of the parameters that mainly affect the instrument sensitivity and the precision of the Sr 

isotope ratios measurement, plasma sampling depth (SD), sample uptake rate (UR), nebulizer gas flow 

rate (NG), and make-up gas flow rate (MG), have been performed by a multivariate experimental 

design. The method thus obtained has been validated and then applied for Sr isotopic analysis of small-

volume digests of samples of Antarctic atmospheric particulates and soil samples from Australia and 

South America. These samples were characterized by a Sr concentration below 10 ng g-1. 

This work was performed at the research group of atomic and mass spectrometry (A&MS) of Ghent 

University (Belgium), and the results of this collaboration were published in the Journal of Analytic 

Atomic Spectrometry (Bertinetti et al., 2022). 

 

9.2. Experiment 

9.2.1. Instrument 
The tandem mass spectrometer system ICP-MS/MS 8800 (Agilent, USA) has been used to perform the 

direct analysis of the Sr isotopic composition. This instrument is composed of two quadrupoles (Q1 

and Q2) and an octapole CRC placed between them. The instrument can operate as a traditional ICP-

QMS when Q1 works as an ion lens (RF-only mode) and the CRC works in the vented mode, or as ICP-

DRC-MS if the reaction cell is pressurized with some collisional/reactive gas. Instead, if also Q1 works 

as a mass filter (MS/MS mode) the instrument works at its maximum potential because it is possible 

to select the ionic species that can enter in the CRC, allowing fine control of the reactions occurring in 

it. In the MS/MS working mode, it is possible to overcome most of the spectral overlaps (Bolea-

Fernandez et al., 2017, 2014).  

There are two operational ways to overcome isobaric interferences by the CRC technology: exploiting 

a selective reaction between a reactive gas and the interfering species or with the analyte ion. In the 

first mode, the interfering ions are converted into a new species (neutral or ionic) that no longer affects 

the analyte ion at its natural mass (one-mass mode, Figure 9.1). The second way is to convert the 

analyte ions into new ionic species at different mass to charge ratio that is no more interfered (mass-

shift mode, Figure 9.2).  

In the ICP-MS/MS instruments the presence of a mass filter before the reaction cell allows limiting the 

formation of new interfering species inside the CRC because the precursor ions (yI+ in Figure 9.1) are 

removed by Q1 before they can reach the cell. In the same way, for the methods based on the mass-

shift mode, the risk of spectral interferences on the new mass-to-charge ratio is reduced, because the 

potential interfering species (x+kI+ in Figure 9.2) are removed by Q1, which is set at the mass-to-charge 

ratio of the analyte (xA+) (Balcaen et al., 2015).  

In this work, the ICP-MS/MS instrument was operated in mass-shift mode, with Q1 set to m/z = 86, 87 

and 88 and Q2 set to m/z = Q1+19, monitoring the 86SrF+, 87SrF+, and 88SrF+ adducts. The isobaric 

interference of 87Rb was removed by the use of CH3F as a reactive gas, which has proven to be a 

versatile reactive gas for the determination of many trace elements free of interference (Bolea-

Fernandez et al., 2014; Moens et al., 2001). The CRC of the ICP-MS/MS instrument was pressurized 

with a mixture of CH3F/He (10% CH3F in He, “Certified Master Class”, Air Liquide, Belgium), introduced 

via the H2 inlet at the reported flow rate of 2.5 mL min-1. 
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Figure 9.1. Schematic representation of the tandem mass spectrometer in the MS/MS mode. Q1 and 

Q2 are set both at the mass-to-charge x (one-mass mode). Interference-free determination of xA ion is 

performed by exploiting the selective reactivity of gas R with the isobaric ion xI. The precursor species 

(yI+) of in-cell formed interfering species are removed by Q1. 

 

 

Figure 9.2. Schematic representation of the tandem mass spectrometer in the MS/MS mode. Q1 and 

Q2 are set at the mass-to-charge x and x+k, respectively (mass shift mode). Interference-free 

determination of xA ion is performed by exploiting its selective reactivity with the reactive gas R and 

monitoring the adduct xAkR+. The interfering species (x+kI+) for the adduct at mass-to-charge x+k are 

removed by Q1, while the isobaric interferents at the mass-to-charge x are removed by Q2. 

 

Zhao et al. (2006) have studied the reactivity of CH3F with many metal ions (M+) of the 4th, 5th, and 6th 

periods of the periodic table, finding that the most important reactions between these species are: 

 M+ + CH3F → MCH3F
+ (9.1) 

 M+ + CH3F → MF
+ + CH3 (9.2) 

 M+ + CH3F → MCH2
+ + HF (9.3) 

 M+ + CH3F → MCHF
+ +H2 (9.4) 

 M+ + CH3F → MH+ CH2F
+ (9.5) 

 

Electron transfer from CH3F to metal ions does not occur due to the high ionization energy of CH3F 

(12.47 ± 0.02 eV), as well as the transfer of a hydrogen atom to form MH+ ions due to the low hydrogen 

affinity of the metal ions (<66 kcal mol-1) respect to binding energy C-H in the methyl fluoride (103 ± 3 

kcal mol-1). Fluorine atom transfer (reaction 9.2) is the main reaction for Sr+, even if it proceeds with a 

quite low kinetic (𝑘 = 1.4 × 10−11 m3 molecules-1 s-1) respect other metals (e.g., for Y+ 𝑘 =

1.5 × 10−9 m3 molecules-1 s-1). On the other hand, Rb+ reacts with methyl fluoride only by CH3F 
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addiction (reaction 9.1), a termolecular reaction in which He acts as stabilizing third body (reactions 

9.6 and 9.7). For Rb+, the transfer of an F atom doesn’t occur because it is an endothermic reaction.  

 𝑅𝑏+ + CH3F ⇌ RbCH3F
+∗ (9.6) 

 RbCH3F
+∗ + He → RbCH3F

+ + He∗ (9.7) 

 

The different reactivity for Sr+ and Rb+ with CH3F/He makes this mixture suitable for overcoming the 

isobaric interference of 87Rb+ on 87Sr+, and the ions 86SrF+, 87SrF+, and 88SrF+ can be monitored free of 

interferences (Zhao et al., 2006). Moreover, being F a monoisotopic element,  the transfer of an F atom 

from CH3F to Sr+, does not alter the isotopic pattern of 86Sr, 87Sr, and 88Sr between the reagents and 

the products. In this way, it is possible to obtain the Sr isotope ratios directly from the ratio of the 

signal of the corresponding SrF adducts (equations 9.8 and 9.9). 

 
𝑆𝑟87

𝑆𝑟86 =
𝐼( 𝑆𝑟 𝐹)1987

𝐼( 𝑆𝑟 𝐹19 )86  (9.8) 

 
𝑆𝑟88

𝑆𝑟86 =
𝐼( 𝑆𝑟 𝐹)1988

𝐼( 𝑆𝑟 𝐹)1986  (9.9) 

 

In the CRC, the reaction between the CH3F and the Sr, can occur with different efficiency for the three 

isotopes. Thermodynamic and kinetic fractionation processes can occur, bringing to an alteration of 

the isotopic pattern in the SrF+ adducts respect to that in the samples. Moreover, this alteration should 

be different for the two isotope ratios, because these fractionation processes are mass-dependent 

(Vanhaecke et al., 2009). However, these effects are compensated by the mass bias correction 

procedure used to correct the raw data and do not affect the accuracy of the analysis (Bolea-Fernandez 

et al., 2016a). 

As previously reported, the interfering species that can affect the products formed in the CRC are 

removed working in the mass shift mode: the isobaric interferences of 106Pd+, 106Cd+, and 107Ag+ on the 

adducts 86Sr19F+, 87Sr19F+, and 88Sr19F+ are overcome setting the mass filter Q1 at the mass-to-charge 

ratios of 86, 87 and 88, respectively. 

Having to work at a low sample uptake rate, the MVX-7100 μL Workstation (Teledyne CETAC 

Technologies, USA) was used for sample uptake instead of the conventional peristaltic pump, to reduce 

the sample consumption as much as possible. This setup consists of a syringe-driven pump that allows 

working at low and stable sample introduction flow rates (down to 5 µL min-1). A high-efficiency single-

pass sample introduction system (SC-SIS, Glass Expansion, Australia) was used to offset the drawback 

due to the lower amount of sample nebulized. This system was originally designed for the introduction 

of single cells and other discrete entities into the ICP, and it was used in this work for its high 

performance at low sample uptake rates (Bolea-Fernandez et al., 2020; T. Liu et al., 2021). This SIS is 

constituted of a high-efficiency, low-sample-consumption concentric nebulizer, mounted onto a low-

volume, on-axis laminar-flow spray chamber. A secondary make-up Ar flow is axially introduced into 

the spray chamber to improve the transport efficiency by better shaping the aerosol plume reducing 

the impact of droplets on the internal walls of the spray chamber. 
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Figure 9.3. Schematic representation of the data treatment: (a) from the transient signal is selected a 

subset corresponding to the central 10 minutes which is further divided into ten data fragments (b). 

The mean value of each fragment is then calculated to form the raw data (c). 

 

The Sr stable isotopes 86Sr, 87Sr, and 88Sr present high differences in their relative abundance, 9.86%, 

7.00%, and 82.58%, respectively (Holden et al., 2018). Significative differences in the precisions of 

signals can derive from these high variabilities because the precision with which a signal is recorded is 

strictly dependent on the intensity of the signal itself. To handle this issue, the integration times used 

for each isotope were inversely proportional to its relative abundance, while the total integration time 

was kept constant (0.300 s). In this way, the time dedicated to acquiring the lower-intensity signals 

was maximized, possibly improving the precision of the isotope ratio measurements. 

For each sample, a transient signal lasting for approximately 12 minutes was registered. From this, a 

subset of data corresponding to the central 10 minutes was extracted, to eliminate the fluctuations in 

the signal that occurs at the beginning of the record when the sample arrives in the plasma, and this 

segment was divided into ten data fragments, from which the raw data were obtained (Figure 9.3). 
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Figure 9.4. Geographic location of the sampling sites of soil samples (red points) in Australia and 

Argentina, and the Concordia station (black triangle) in East Antarctica. 

 

9.2.2. Reagents and Material 
Only high-purity reagents were used during the work. Ultra-pure water (resistivity > 18.2 MΩ cm) was 

supplied by a Milli-Q Element water purification system (Millipore, France). Pro-analysis grade 14 M 

HNO3 (ChemLab, Belgium), further purified by sub-boiling distillation, and 9.8 M (w/w) H2O2 for ultra-

trace analysis (Sigma Aldrich, USA) were used for the microwave-assisted sample digestion. 

Appropriate dilutions of Sr standard solution (1 g L-1, Instrument Solutions, the Netherlands) were used 

for method development. The isotopic reference material NIST SRM 987 Strontium Carbonate 

(87Sr/86Sr = 0.710248 ± 0.000012; Zhang and Hu, 2020) and an in-house Sr standard solution 

(Instrument solutions, the Netherlands), previously characterized by multi-collector MC-ICP-MS 

instrumentation (87Sr/86Sr = 0.70753 ± 0.00006; Bolea-Fernandez et al., 2016a), were used for mass 

bias correction and quality assurance-quality control (QA/QC) during the sample analysis. 

Polycarbonate membranes (Isopore, 0.4 μm pore size) for sample preparation were obtained from 

Millipore (France). 

 

9.2.3. Samples and Sample preparation 
The method developed was applied to 26 Antarctic atmospheric particulates samples (PM10) collected 

at the international station Concordia (75°06’ S; 123°20’ E, Dome C, East Antarctica), 11 soil samples 

from Australia, and 10 soil samples from South America, collected at different sites (Figure 9.4). This 

study was performed in the context of the SIDDARTA project of the Italian Antarctic Research Program 

(PNRA).  

The PM10 samples were collected onto PTFE hydrophilic filters (Advantec MFS, USA; H100A090C, 90 

mm diameter, efficiency > 99% for 0.3 μm particles) by an Echo HiVol sampler (TCR Tecora, Italy; 200 

L/min), during 2018 with a monthly resolution. Half of each filter was digested by microwave-assisted 

acid digestion using 2.0 mL HNO3 and 0.5 mL H2O2, according to the legislation of the European 

Community in the field of air quality monitoring (EN 14902:2005). The PM on the second half of the 

filters was resuspended in milli-Q water by ultrasonic bath for 60 minutes, after which the insoluble 

fraction was collected onto a polycarbonate membrane by filtration, thus virtually removing possible 

contribution from soluble PM10 fraction, such as the sea spray (Delmonte et al., 2004a). The 

polycarbonate filters thus obtained were then digested with the same procedure used for the PTFE 

membrane filters. 
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The 87Sr/86Sr isotope ratios of PM10 samples were compared with those obtained for soil samples 

collected from potential source areas (Australia and South America), to highlight the geographical 

origin of the mineral dust that reaches the inner region of East Antarctica and its temporal variation. 

To better mimic the natural situation, the raw soil samples were processed to collect only the finest 

fraction (PM2.5). In fact, during the long-range transport of the mineral dust from the sources to 

Antarctica, the coarser particles are removed, thus altering the size distribution of the mineral dust. 

Typically, a mean diameter of about 2 μm, with a maximum value of approximately 5 μm is observed 

in East Antarctica (Delmonte et al., 2004b). Therefore, the soil raw samples were resuspended inside 

a homemade resuspension/collection chamber, developed at the University of Perugia. The fine 

fraction was collected on PTFE membrane filters by a low volume air sampler, equipped with PM2.5 

impactor heads. This is an important step to obtain comparable results because Sr shows isotope 

fractionation in function of the grain size (Delmonte et al., 2010).  

The mineralogic characterization of the soil samples will be performed by another partner of the 

project SIDDARTA as the Sr isotopic composition of this kind of samples depends on their mineralogic 

composition, as well as on the processes of chemical weathering and pedogenesis to which they could 

have been subjected (Basile et al., 1997; Halicz et al., 2008). 

9.2.4. Multivariate Optimization 
Due to the low Sr concentration in the Antarctic PM10 samples (1-7 ng g-1), it was necessary to work at 

the best instrumental conditions. The combined effects of sample uptake rate (UR), sampling depth 

(distance between the plasma torch and the sampling cone; SD), and flux rates of the nebulizer gas 

(NG) and the make-up gas (MG) on the intensity and precision of the 86SrF+, 87SrF+ and 88SrF+ ions signals 

and the internal precision of the 87Sr/86Sr and 88Sr/86Sr isotope ratios were studied by a multivariate 

approach. The experiments were conducted using a 10 ng g-1 Sr standard solution, at the different 

conditions defined by the design itself (face-centered central composite design, CCD) and performed 

randomly to minimize the effect of systematic variability (e.g., instrumental drift). The experiments 

conducted at the mean values of the variables were repeated to estimate the experimental variance, 

employed to calculate the significance of the coefficients of the models, which are calculated by 

multiple linear regression analysis, using the software CAT.  

9.2.5. Mass Bias Correction 
Many physical and chemical processes (e.g, space-charge effect, ions lateral diffusion, thermodynamic 

and kinetic fractionation in CRC) can affect the isotopic composition in the ionic beam from the plasma 

to the detector. The method used in this work for the mass bias correction consisted of a combination 

of an internal correction using a quite stable 88Sr/86Sr isotope ratio (8.3752) and Russell’s exponential 

law (equation 9.10 and 9.11), and an external correction (equation 9.12) using the NIST SRM 987 

(87Sr/86Sr = 0.710248 ± 0.000012) as standard in a bracketing scheme. In this case, the standard 

concentration was 1 or 5 ng g-1 depending on the concentration of the sample. 

 

Table 9.1. Minimum, mean, and maximum values of the investigated range for the instrumental 

parameters considered during the optimization, and the relative coded value used for the model 

calculation. 

Parameter Minimum value (-1) Mean value (0) Maximum value (+1) 

Sample uptake rate (UR) 5 μL min-1 20 μL min-1 35 μL min-1 
Sampling depth (SD) 4 mm 6 mm 8 mm 

Nebulizer gas flux (NG) 0.2 L min-1 0.5 L min-1 0.8 L min-1 
Make-up gas flux (MG) 0.4 L min-1 0.6 L min-1 0.8 L min-1 
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 (
𝑆87 𝑟

𝑆86 𝑟
)
𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙, 𝑖

= (
𝑆87 𝑟

𝑆86 𝑟
)
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑, 𝑖

× (
𝑚 𝑆87 𝑟

𝑚 𝑆86 𝑟

)

𝑓

 (9.10) 

 𝑓 = 𝑓87/86 = 𝑓88/86 = 𝑙𝑛

[
 
 
 
 (

𝑆𝑟88

𝑆𝑟86⁄ )
𝑡𝑟𝑢𝑒

(
𝑆𝑟88

𝑆𝑟86⁄ )
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑,𝑖]

 
 
 
 

𝑙𝑛 [
𝑚 𝑆𝑟88

𝑚 𝑆𝑟86
]⁄  (9.11) 

 (
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⁄

]
 
 
 
 
 
 

× (
𝑆87 𝑟

𝑆86 𝑟
)
𝑠𝑡𝑑,   𝑟𝑒𝑎𝑙

 (9.12) 

 

The mass bias correction was not used in the multivariate optimization because this procedure does 

not significantly affect the instrument sensitivity, while the precisions of the isotope ratios obtained 

with raw data are proportional to the precision of the corrected isotope ratios. Therefore, minimizing 

the RSD% of the two raw isotope ratios also will be reduced the RSD% of the corrected 87Sr/86Sr and 
88Sr/86Sr ratios. 

 

9.3. Results 
The method for direct Sr isotopic analysis without prior Sr/Rb separation proposed by Bolea-Fernandez 

et al. (2016) has been suited to operate at a very low sample consumption rate and low Sr 

concentrations. The method thus obtained is compatible with the analysis of environmental 

microsamples. 

9.3.1. Optimization of Instrumental Settings 
The effect of the SIS on the sensitivity and precision of the analysis performed by the ICP-MS 

instrument is well known (Todolí and Mermet, 2006). Therefore, the adoption of an SIS that works at 

very different conditions respect to the traditional ones made mandatory to investigate how this 

choice has affected the instrument performance.  

The study focused on the combined effect of the sample uptake rate (UR), the sampling depth (SD), 

and the flux rates of the nebulizer gas (NG) and the make-up gas (MG) on the intensity and precision 

of the 86SrF+, 87SrF+ and 88SrF+ signals and the internal precision of the 87Sr/86Sr and 88Sr/86Sr isotope 

ratios. Moreover, the behavior of the 87Sr/86Sr isotope ratio was also investigated.  

In Table 9.1 are reported the minimum, the maximum, and the mean values for the instrumental 

parameters, while Table 9.2 reports the experimental matrix (using the coded value) and the 

experimental plan (using the real value) used for the optimization. The scaling of the variables 

between -1 and 1 is functional for the calculation of the coefficients of the models.  

From responses obtained for specific values of the parameters, it is possible to predict the variation of 

the responses for every value of the parameters (between those at which the experiments were 

conducted) by the calculation of fitting models by multiple linear regression 
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Table 9.2. Experimental matrix and experimental plan used for the method development. 

 Coded value   Real value* 

Run SD UR NG MG   SD UR NG MG 

1 1 1 1 1   8 35 0.80 0.80 

2 -1 1 1 1   4 35 0.80 0.80 

3 1 -1 1 1   8 5 0.80 0.80 

4 -1 -1 1 1   4 5 0.80 0.80 

5 1 1 -1 1   8 35 0.20 0.80 

6 -1 1 -1 1   4 35 0.20 0.80 

7 1 -1 -1 1   8 5 0.20 0.80 

8 -1 -1 -1 1   4 5 0.20 0.80 

9 1 1 1 -1   8 35 0.80 0.40 

10 -1 1 1 -1   4 35 0.80 0.40 

11 1 -1 1 -1   8 5 0.80 0.40 

12 -1 -1 1 -1   4 5 0.80 0.40 

13 1 1 -1 -1   8 35 0.20 0.40 

14 -1 1 -1 -1   4 35 0.20 0.40 

15 1 -1 -1 -1   8 5 0.20 0.40 

16 -1 -1 -1 -1   4 5 0.20 0.40 

17 1 0 0 0   8 20 0.50 0.60 

18 -1 0 0 0   4 20 0.50 0.60 

19 0 1 0 0   6 35 0.50 0.60 

20 0 -1 0 0   6 5 0.50 0.60 

21 0 0 1 0   6 20 0.80 0.60 

22 0 0 -1 0   6 20 0.20 0.60 

23 0 0 0 1   6 20 0.50 0.80 

24 0 0 0 -1   6 20 0.50 0.40 

25-30 0 0 0 0   6 20 0.50 0.60 

Note: * SD = Plasma sampling depth (mm); UR = sample uptake rate (μL min-1); NG = nebulizer gas 

flow rate (L min-1); MG = make-up gas flow rate (L min-1). 

 

. The models thus obtained have the general notation shown in equation 9.13. 

 
𝑌 = 𝑎0 + 𝑎1 ∗ 𝑈𝑅 + 𝑎2 ∗ 𝑆𝐷 + 𝑎3 ∗ 𝑁𝐺 + 𝑎4 ∗ 𝑀𝐺 + 𝑎12 ∗ 𝑈𝑅 ∗ 𝑆𝐷 + 𝑎13 ∗ 𝑈𝑅

∗ 𝑁𝐺 + 𝑎14 ∗ 𝑈𝑅 ∗ 𝑀𝐺 + 𝑎23 ∗ 𝑆𝐷 ∗ 𝑁𝐺 + 𝑎24 ∗ 𝑆𝐷 ∗ 𝑀𝐺 + 𝑎34
∗ 𝑁𝐺 ∗ 𝑀𝐺 + 𝑎11 ∗ 𝑈𝑅

2 + 𝑎22 ∗ 𝑆𝐷
2 + 𝑎33 ∗ 𝑁𝐺

2 + 𝑎44 ∗ 𝑀𝐺
2 

(9.13) 

 

The coefficients of the linear terms (𝑎𝑥), those of two-terms interaction (𝑎𝑥𝑦), and those of the 

quadratic effects (𝑎𝑥𝑥) have been calculated. 𝑏0 is the constant term of the model, and its value 

corresponds to the value of the response 𝑌 at the mean value of each variable (Benedetti et al., 2020). 

The coefficients of the models that describe the intensity of the signals of the ions 86SrF+, 87SrF+ and 
88SrF+, the internal precision (RSD%) of these signals, the precision of the 87Sr/86Sr and 88Sr/86Sr isotope 

ratios, and for the value of 87Sr/86Sr isotope ratio, and their significances, are reported in Table 9.3-

Table 9.11. 
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The intensities of 86SrF+, 87SrF+ and 88SrF+ ions are linearly correlated among them (r > 0.999, p < 0.001), 

therefore, the subsequent discussion for the improvement of the instrument sensitivity is carried out 

considering only the intensity of the 86SrF+ ion. From Table 9.3 emerges that the nebulizer gas flow rate 

(NG) and its interaction with the make-up gas flow rate (MG) affected the instrument sensitivity to the 

larger extent, confirming the well-known importance of the correct setting of these fluxes for the 

optimization of the instrumental performance (Bertinetti et al., 2021; Grotti et al., 2013). In addition, 

a strong quadratic term of NG on signal intensity was observed, which is clearly illustrated in Figure 

9.5. The initial increment in the signal intensity increasing NG is usually attributed to the improved 

aerosol formation and transport to plasma, where the increment of the gas fluxes can improve the 

spatial overlap of the high-density zone of the singly charged ions with the sampling zone (Vanhaecke 

et al., 1993). 

On the other hand, an excessive increase of NG and MG flow rates led to the reduction of the residence 

time of the aerosol in the plasma, negatively affecting the solvent evaporation and the 

atomization/ionization processes, and an alteration of the spatial distribution of ionic species in the 

plasma respect to the sampling zone. Moreover, the significant interaction between NG and MG 

(highlighted by the high negative coefficient of factor a34 in Table 9.3), shifted the best condition 

toward higher NG when decreasing MG (Figure 9.5). The formation of a finer aerosol due higher NG 

flux rate requires a lower MG flux rate to prevent the impact of droplets against the chamber walls. 

Moreover, Table 9.3 highlights that only the linear coefficient of sample uptake rate (UR) was 

significative; therefore, the intensity of the signal will rise increasing UR for any values assumed by 

other parameters. The model suggests that moving from the lower value of UR (5 μL min-1) to the 

higher (35 μL min-1), with other parameters set at their mean value, the intensity changes of 

approximately ±20% of the value obtained at the mean value (20 μL min-1). To balance the loss of signal 

intensity because of the reduction of sample introduction rate, lowering at the same time the sample 

consumption as much as possible, the value of 20 μL min-1 for UR was chosen, corresponding to a 

sample consumption of only 240 μL.  

The distribution of the ionic species inside the plasma is not uniform due to the anisotropy of the 

physical characteristic of the ICP (e.g., temperature, ionic density) (Gamez et al., 2007). For analytical 

purposes, the most interesting ion is the singly charged (M+). Usually, an inverted U shape curve of the 

intensity as a function of sampling depth is obtained when the sampling zone passes through the 

region of a high density of M+ (Andrén et al., 2004; Vanhaecke et al., 1993). Differently, the model for 

the intensity of 86SrF+ ion predicts that the intensity reaches a minimum for SD = 6 mm and higher 

values at 4 mm and 8 mm as if a bimodal density distribution for 86Sr+ was present along the axial 

direction of the plasma (Figure 9.6 and Figure 9.7). Perhaps, the lack of Sr+ at middle SD values can be 

due to the increment in the formation of double charge ion Sr2+ in the central region of the plasma. 

Because of its low second ionization potential, Sr easily suffers the formation of double-charged ions, 

especially in the most energetic regions of plasma (Pupyshev and Semenova, 2001).  

Considering the effects of all the variables evaluated, the conditions SD = 4 mm, UR = 20 μL min-1, NG 

= 0.57 L min-1 and MG = 0.50 L min-1 were selected to improve the instrument sensitivity keeping 

sample consumption low. At these conditions, the internal precision of the ion signal 86SrF+ was 

predicted to be better than 3% (Figure 9.8), a fit-to-purpose value. The use of a more stable sample 

introduction system than a traditional peristaltic pump, made UR a low-noise parameter, whereas the 

gas fluxes were those that still most affected the signal precision. 

The coefficients of the models that describe the internal precision (RSD%) of the isotope ratios 87Sr/86Sr 

and 88Sr/86Sr are reported in Table 9.9 and Table 9.10, respectively. They indicated that the isotope 



99 
 

ratios precisions were mainly influenced by the paired interaction between SD, NG, and MG, and by 

the quadratic behavior of NG (Figure 9.9). 

 High linear correlation (r = 0.91, p < 0.001) between the two isotope ratios was found, meaning that 

the variation in the operating conditions affected the precision of both isotope ratios similarly. The 

optimal value of SD for the lowest achievable RSD% was 8 mm for both the isotope ratio, even if the 

RSD% of 88Sr/86Sr is more sensible to variation of SD from 6 to 8 mm (Figure 9.9b-e and Figure 9.9c-f). 

 

 

Table 9.3. Coefficients of the model for the 
86SrF+ ion intensity and their significance. 

Coefficient Factor Value Significance 

a0 mean 65070 p < 0.001 
a1 SD -10230 p = 0.08 
a2 UR 11766 p < 0.05 
a3 NG 10685 p = 0.07 
a4 MG -6456 p = 0.26 
a12 SD*UR -1760 p = 0.77 
a13 SD*NG -2198 p = 0.71 
a14 SD*MG 2847 p = 0.63 
a23 UR*NG 6202 p = 0.30 
a24 UR*MG -5905 p = 0.33 
a34 NG*MG -20596 p < 0.01 
a11 SD*SD 26542 p = 0.09 
a22 UR*UR -6008 p = 0.68 
a33 NG*NG -46142 p < 0.01 
a44 MG*MG -18962 p = 0.21 

 

 

Table 9.4. Coefficients of the model for the 
87SrF+ ion intensity and their significance. 

Coefficient Factor Value Significance 

a0 mean 46520 p < 0.001 
a1 SD -7307 p = 0.08 
a2 UR 8429 p < 0.05 
a3 NG 7620 p = 0.07 
a4 MG -4598 p = 0.26 
a12 SD*UR -1280 p = 0.76 
a13 SD*NG -1580 p = 0.71 
a14 SD*MG 2044 p = 0.63 
a23 UR*NG 4432 p = 0.30 
a24 UR*MG -4221 p = 0.33 
a34 NG*MG -14732 p < 0.01 
a11 SD*SD 18855 p = 0.09 
a22 UR*UR -4282 p = 0.68 
a33 NG*NG -32949 p < 0.01 
a44 MG*MG -13485 p = 0.21 

Table 9.5. Coefficients of the model for the 
88SrF+ ion intensity and their significance. 

Coefficient Factor Value Significance 

a0 mean 514787 p < 0.001 
a1 SD -82473 p = 0.08 
a2 UR 94742 p < 0.05 
a3 NG 86323 p = 0.07 
a4 MG -51887 p = 0.26 
a12 SD*UR -16020 p = 0.76 
a13 SD*NG -19649 p = 0.71 
a14 SD*MG 24857 p = 0.63 
a23 UR*NG 50536 p = 0.30 
a24 UR*MG -48130 p = 0.32 
a34 NG*MG -164769 p < 0.01 
a11 SD*SD 204329 p = 0.10 
a22 UR*UR -47339 p = 0.69 
a33 NG*NG -363978 p < 0.01 
a44 MG*MG -143722 p = 0.23 

 

Table 9.6. Coefficients of the model for the 

precision (RSD%) of the 86SrF+ ion intensity and 

their significance. 

Coefficient Factor Value Significance 

a0 mean 2.44 p < 0.001 
a1 SD -0.50 p = 0.15 
a2 UR -1.79 p < 0.001 
a3 NG -1.24 p < 0.01 
a4 MG -0.09 p = 0.79 
a12 SD*UR 0.37 p = 0.32 
a13 SD*NG 0.27 p = 0.45 
a14 SD*MG 0.04 p = 0.91 
a23 UR*NG 1.53 p < 0.001 
a24 UR*MG 0.81 p < 0.05 
a34 NG*MG 0.97 p < 0.05 
a11 SD*SD 0.33 p = 0.71 
a22 UR*UR 1.69 p = 0.07 
a33 NG*NG 0.86 p = 0.34 
a44 MG*MG -0.22 p = 0.80 



 

100 
 

 

Table 9.7. Coefficients of the model for the 

precision (RSD%) of the 87SrF+ ion intensity and 

their significance. 

Coefficient Factor Value Significance 

a0 mean 2.43 p < 0.001 
a1 SD -0.48 p = 0.15 
a2 UR -1.89 p < 0.001 
a3 NG -1.27 p < 0.01 
a4 MG -0.11 p = 0.73 
a12 SD*UR 0.35 p = 0.32 
a13 SD*NG 0.26 p = 0.46 
a14 SD*MG 0.05 p = 0.88 
a23 UR*NG 1.56 p < 0.001 
a24 UR*MG 0.83 p < 0.05 
a34 NG*MG 1.07 p < 0.01 
a11 SD*SD 0.35 p = 0.68 
a22 UR*UR 1.77 p = 0.05 
a33 NG*NG 0.81 p = 0.35 
a44 MG*MG -0.18 p = 0.83 

 

 

 

Table 9.8. Coefficients of the model for the 

precision (RSD%) of the 88SrF+ ion intensity and 

their significance. 

Coefficient Factor Value Significance 

a0 mean 2.47 p < 0.001 
a1 SD -0.69 p = 0.05 
a2 UR -1.78 p < 0.001 
a3 NG -1.20 p < 0.01 
a4 MG -0.17 p = 0.62 
a12 SD*UR 0.36 p = 0.32 
a13 SD*NG 0.21 p = 0.55 
a14 SD*MG 0.13 p = 0.71 
a23 UR*NG 1.46 p < 0.001 
a24 UR*MG 0.58 p = 0.12 
a34 NG*MG 1.06 p < 0.01 
a11 SD*SD 0.18 p = 0.83 
a22 UR*UR 1.55 p = 0.09 
a33 NG*NG 1.08 p = 0.23 
a44 MG*MG 0.06 p = 0.94 

Table 9.9. Coefficients of the model for the 
87Sr/86Sr precision (RSD%) and their 

significance. 

Coefficient Factor Value Significance 

a0 mean 0.15 p < 0.05 
a1 SD -0.08 p = 0.13 
a2 UR -0.08 p = 0.09 
a3 NG -0.15 p < 0.01 
a4 MG -0.07 p = 0.18 
a12 SD*UR 0.10 p = 0.07 
a13 SD*NG -0.21 p < 0.001 
a14 SD*MG -0.21 p < 0.001 
a23 UR*NG -0.02 p = 0.74 
a24 UR*MG 0 p = 0.99 
a34 NG*MG 0.62 p < 0.001 
a11 SD*SD 0.07 p = 0.61 
a22 UR*UR 0.07 p = 0.61 
a33 NG*NG 0.49 p < 0.005 
a44 MG*MG 0.13 p = 0.29 

 

 

 

Table 9.10. Coefficients of the model for the 
88Sr/86Sr precision (RSD%) and their 

significance. 

Coefficient Factor Value Significance 

a0 mean 0.30 p < 0.005 
a1 SD -0.14 p < 0.05 
a2 UR 0.04 p = 0.50 
a3 NG -0.06 p = 0.34 
a4 MG -0.05 p = 0.38 
a12 SD*UR -0.09 p = 0.20 
a13 SD*NG -0.24 p < 0.005 
a14 SD*MG -0.20 p < 0.01 
a23 UR*NG -0.06 p = 0.37 
a24 UR*MG -0.07 p = 0.31 
a34 NG*MG 0.60 p < 0.001 
a11 SD*SD -0.13 p = 0.41 
a22 UR*UR 0.03 p = 0.84 
a33 NG*NG 0.52 p < 0.005 
a44 MG*MG 0.29 p = 0.09 
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Table 9.11. Coefficients of the model for the 87Sr/86Sr isotope ratio and their significance. 

Coefficient Factor Value Significance 

a0 mean 0.7161 p < 0.001 
a1 SD 0.0008 p = 0.20 
a2 UR 0.0009 p = 0.13 
a3 NG -0.0033 p < 0.001 
a4 MG -0.0018 p < 0.01 
a12 SD*UR -0.0006 p = 0.33 
a13 SD*NG 0.0015 p < 0.05 
a14 SD*MG 0.0017 p < 0.05 
a23 UR*NG -0.0004 p = 0.53 
a24 UR*MG -0.0002 p = 0.78 
a34 NG*MG -0.0015 p < 0.05 
a11 SD*SD -0.0024 p = 0.13 
a22 UR*UR -0.0024 p = 0.14 
a33 NG*NG 0.0022 p = 0.18 
a44 MG*MG 0.0005 p = 0.76 

 

 

 

Figure 9.5. Combined effect of the nebulizer gas flow rate (NG, L min-1) and make-up gas flow rate 

(MG, L min-1) on the 86SrF+ signal intensity: (a) contour plot; (b) response surface (SD = 4 mm; UR = 35 

µL min-1). Images have been treated by Bertinetti et al. (2022). 

 

The counting statistic theory states that the precision of the isotopic ratio could be approximated by 

the ordinary Poisson statistic by means the equation 9.14 (Ulianov et al., 2015): 

 𝑅𝑆𝐷%(
𝑁𝑥

𝑁𝑦
) = √

1

𝑁𝑥
+
1

𝑁𝑦
× 100 =

√1 +
𝑁𝑥

𝑁𝑦

𝑁𝑥
× 100 (9.14) 

in which, 𝑁𝑥 and 𝑁𝑦 are the counting for the isotopes 𝑥 and 𝑦,  respectively. 
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From equation 9.14 emerges that better precision will be achieved at the conditions that maximize 

both  𝑁𝑥 and 𝑁𝑦. In this case, these conditions were the same for two isotope ratios. For NG and MG 

gas fluxes, the optimal conditions that maximize the intensity of the ion signals also lead to a sufficient 

low RSD% value. On the other hand, the optimal SD value for the sensitivity (4 mm) does not match 

with those found for the best RSD% value of the two isotope ratios. This discrepancy was also 

previously reported by Andèn et al. (2004). It is possible to make explicit the dependency of the 

RSD%(𝑁𝑥/𝑁𝑦) and the isotope ratio 𝑁𝑥/𝑁𝑦 (second part of equation 9.14). The intensity of the 

signal (𝑁𝑥) and the isotope ratio can have a different dependency on SD: the system can be more 

complex than that expressed by the ordinary Poisson statistic, due to the mix of complex systems, 

bringing to the observed difference in the optimal conditions (section 9.3.2). To make a compromise 

in the choice of the value for the SD has been, therefore, necessary. As instrumental sensitivity could 

be a critical issue due to the low Sr concentration in the soil and Antarctic PM10 samples, the SD was 

set at 4 mm to achieve the maximum sensitivity. On the other hand, for the Sr isotopic analysis of 

samples with higher Sr concentration, the optimal conditions to maximize the precision (SD = 8 mm) 

should be selected. The final selected instrumental settings and the operational conditions of the 

model are reported in Table 9.12. 

Finally, the models were tested by comparing the results of five repetitions of the analysis of a Sr 

standard solution (10 ng g-1) at the selected instrumental conditions with the values predicted by the 

models, obtaining a good agreement between the values (Table 9.13).  

 

 

Figure 9.6. Above: intensity of the signal of 86SrF+ ion predicted by the model as a function of the SD 

value (UR = 20 μL min-1; NG = 0.5 L min-1; MG = 0.8 L min-1). Below: schematic representation of the 

interface region at various SD and the hypnotized density distribution of the singly charged ion in the 

plasma (red shaded area).  
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Figure 9.7. Combined effect of the nebulizer gas flow rate (NG, L min-1) and plasma sampling distance 

(SD, mm) on the intensity for the ions 86SrF+ (UR= 20 μL min-1; MG = 0.50 L min-1). Image has been 

treated by Bertinetti et al. (2022). 

 

 

 

 

 

Figure 9.8. Combined effect of the sample uptake rate (UR, μL min-1), nebulizer gas flow rate (NG, L 

min-1), plasma sampling distance (SD, mm) and make-up gas flow rate (MG, L min-1) on the internal 

precision (RSD%) of the signal for the 86SrF+ ion. (a) NG = 0.57 L min-1, MG= 0.50 L min-1; (b) SD = 4 mm, 

MG = 0.50 L min-1; (c) UR = 20 μL min-1, SD = 4 mm. Images have been treated by Bertinetti et al. (2022). 
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Figure 9.9. Combined effect of the nebulizer gas flow rate (NG, L min-1), plasma sampling distance (SD, 

mm) and make-up gas flow rate (MG, L min-1) on the precision of 87Sr/86Sr (contour plots a-b-c) and 
88Sr/86Sr (contour plots d-e-f) isotope ratios. UR = 20 μL min-1 for each graph; (a) and (d) SD = 6 mm 

(similar trends were observed for SD = 4 mm and 8 mm); (b) and (e) NG = 0.57 L min-1; (c) and (f) MG = 

0.50 L min-1. Images have been treated by Bertinetti et al. (2022). 

 

9.3.2. Effect of the instrument settings on the 87Sr/86Sr isotope ratio 
The cause of the difference in the optimal value of the SD for the instrument sensitivity and precision 

for the isotope ratio xSr/86Sr can be searched in the trend of the measured isotope ratios varying the 

instrumental parameters, as suggested by the dependence of RSD% to the isotope ratio in equation 

9.14.  

The coefficients of the model for the 87Sr/86Sr isotope ratio are reported in Table 9.11. The model was 

validated with the instrumental parameters set at the value selected by the multivariate optimization, 

observing a good agreement between the predicted and experimental 87Sr/86Sr isotope ratio values 

(Table 9.13). 

The raw results of the 87Sr/86Sr isotope ratio (i.e., not corrected for mass bias) were mostly affected by 

the NG and MG, and their interaction with the SD. The effect of the gas fluxes can be explained 

considering the higher lateral diffusion of the lighter isotopes in the plasma, that have higher diffusion 

coefficients (Andrén et al., 2004; Vanhaecke et al., 1993). An increment of the NG+MG flow rate 

reduces the residence time in the plasma, reducing the loss of the lighter isotopes, which would bring 

to a reduction of the registered 87Sr/86Sr isotope ratio (Figure 9.10). Also, the nozzle separation effect, 

which is strongly related to the nebulizer gas flow rate, introduces a mass bias in the same direction 

(Heumann et al., 1998). Moreover, the efficiency of ionization is not uniform inside the plasma, and it 

is not the same for the different isotopes. In fact, the zone of maximum ion density for the lighter 

isotope is closer to the torch than that of the heavier isotopes (Vanhaecke et al., 1993). Therefore, the 
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87Sr/86Sr isotope ratio should increase moving away from the torch, i.e., upon increasing the SD. 

However, a more complex relationship was observed between the registered 87Sr/86Sr isotope ratio 

and SD (Figure 9.10). 

 

Table 9.12. ICP-MS/MS instrument settings and operating conditions. 

Reaction gas type CH3F/He (10/90) 
Reaction gas flow (mL min-1) 2.5 

Scan type MS/MS 
Q1 → Q2 86 → 105 

 87 → 106 
 88 → 107 

Plasma mode Low matrix 
RF Power (W) 1550 

Plasma sampling depth (mm) (*) 4 
Sample uptake rate (μL min-1) (*) 20 

Nebulizer gas flow (L min-1) (*) 0.57 
Make-up gas flow (L min-1) (*) 0.50 

Extract 1 (V) -3.0 
Q1 bias (V) 0 

Octopole bias (V) -4.7 
Energy discrimination (V) -8.4 

Extract 2 (V) -175.0 
Integration time (s):  

86SrF+ 0.119 
87SrF+ 0.167 
88SrF+ 0.014 

Time/sweep (s) 0.300 
Sweep/replicate 198 

Number of replicates 10 
Total analysis time/sample (min) 12 

Note: (*) optimized using an experimental design approach. 

 

 

Table 9.13. Validation results. The experiments were conducted with the selected parameters: SD = 4 

mm, UR = 20 μL min-1, NG = 0.57 L min-1, MG = 0.50 L min-1. 

 Predicted value♯ SD*  Experimental value♯ SD*  
86SrF+ 104664 1684  111775 2489  

RSD%87/86 0.22 0.04  0.15 0.06  
RSD%88/86 0.31 0.07  0.31 0.11  

87Sr/86Sr 0.7139 0.0008  0.7147 0.0012  

Note: ♯ the values correspond to the 5-fold repetition of the analysis of 10 ng g-1 Sr standard solution; 

* uncertainty as the standard deviation. 
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9.3.3 Precision and Accuracy 
During the Sr isotopic analysis of the soil and PM10 samples, the precision and accuracy of the optimized 

method were assessed by periodic analysis of an in-house Sr standard solution, with Sr concentration 

of 2 ng g-1, which isotopic composition was previously determined by MC-ICP-MS (87Sr/86Sr = 0.70752 

± 0.00006, mean ± 95% confidence interval, n=24). The mean measured value (87Sr/86Sr = 0.7075 ± 

0.0005, mean ± 95% confidence interval, n=24) did not significantly differ from the reference one, with 

a mean bias from the reference value of -0.001 ± 0.070% (mean ± 95% confidence interval, n=24). 

The internal precision of the raw 87Sr/86Sr isotope ratio (not corrected for the mass bias) was 0.20 ± 

0.03 % (mean ± 95% confidence interval, n=24), whereas the internal precision of the corrected isotope 

ratio, computed by applying the general error propagation law, was 0.58 ± 0.04 % (mean ± 95% 

confidence interval, n=24). The latter value is higher because it also considers the uncertainties of the 
88Sr/86Sr ratios, measured for the internal correction (equations 9.10 and 9.11), and the uncertainties 

of the analysis of NIST SRM 987 standards used for bracketing correction (equation 9.12).  

9.3.4. Determination of Sr isotopic composition of Antarctic PM10 and PSA soil samples 
The optimized method was then applied for the determination of the 87Sr/86Sr isotope ratio of soil 

samples collected in Australia and South America (Patagonia and Central-West Argentina), and 

Antarctic PM10 samples collected at Dome C during 2018. The digests were analyzed and precise 

measurements of the 87Sr/86Sr ratio were achieved by consuming only 240 μL of solution for each 

sample. The obtained results are reported in Table 9.14 and Table 9.15 and shown in Figure 9.11.  

The solutions analyzed had an estimated Sr concentration lower than 7 ng g-1 and 3 ng g-1, for the soil 

and PM10 samples, respectively. These concentrations were computed by a comparison of the 86SrF+ 

signal intensities for the samples and the NIST SRM 987 standard solutions used for mass bias 

correction, measured before and after each sample.  

 

 

Figure 9.10. Combined effect of the plasma sampling distance (SD, mm) and nebulizer gas flow rate 

(NG, L min-1) on the 87Sr/86Sr isotope ratio: (a) contour plot; (b) response surface (MG = 0.50 L min-1; 

UR = 20 μL min-1). Images have been treated by Bertinetti et al. (2022). 
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The 87Sr/86Sr ratio in the total and insoluble fraction of the PM10 samples did not show any significant 

difference (t-test for paired samples, p>0.1, n = 13) at the precision level achieved in this work. 

Similarly, no significant differences were found between the values of the isotope ratio of grinded and 

non-grinded soil samples, although the number of paired samples was too low to apply statistical tests 

(n=5 and n=3 for Australia and South America, respectively).  

Most importantly, a good agreement between the Sr isotopic composition of the soil samples analyzed 

in this work and relevant literature data was observed (Figure 9.11). Most of the soil samples from 

South America showed the “Patagonian” isotopic signature, and only the sample labeled PAT 4 

resembled more the signature of Central Western (CW) Argentina.  

The values of the 87Sr/86Sr ratio obtained for the Antarctic PM10 samples spread within the South 

Australian and Patagonian reference values, rendering the recognition of their origin not 

straightforward (Delmonte et al., 2020). In fact, the use of the 87Sr/86Sr isotope ratio alone does not 

allow to completely resolve the overlap of the signature of different potential source areas, such as 

Patagonia and the Central West Argentina end-members (Figure 9.11), and with the isotopic signatures 

of other possible sources such as New Zeeland and Dry Valley (Delmonte et al., 2004a; Koffman et al., 

2021). This hinders an unequivocal attribution of the PM10 provenance. The use of different tracers 

(isotopic and elemental) is, therefore, necessary to improve the confidence of the attribution. Thus, 

considering the necessity to perform different analyses on the same sample, the development of a 

method that consumes less than 1 mL of sample is of even greater importance. 

 

9.4. Conclusion 
In this work, a new ICP-MS/MS method for Sr isotopic analysis with low sample consumption (240 μL) 

has been developed. The use of an MVX-7100 μL autosampler allowed to obtain a very stable micro-

flow of the sample (20 μL min-1), while the use of a high-efficiency sample introduction system 

permitted to compensate for the decrease in the sensitivity due to the low sample uptake. Finally, the 

selective reaction between CH3F and Sr+ and the fine control over the in-cell reactivity provided by the 

ICP-MS/MS instrumentation were exploited to achieve the direct determination of the 87Sr/86Sr isotope 

ratio at ng g-1 concentration level, without prior chromatographic Rb/Sr separation. 

The instrumental parameters related to the sample introduction system were optimized by an 

experimental design methodology to obtain the best instrument sensitivity and internal precision of 
87Sr/86Sr and 88Sr/86Sr isotope ratios. Under the selected conditions the method shows fit-to-purpose 

performance, as demonstrated by the analysis of digests of soil samples from Australia and South 

America, and Antarctic atmospheric particulate samples, with a Sr concentration below 10 ng g-1 

(Bertinetti et al., 2022). 
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Table 9.14. 87Sr/86Sr isotope ratios and their uncertainties for the two types of soil samples (non-

grinded and grinded) from Australia and South America. Coordinates of the sampling site are also 

reported. 

Sample 87Sr/86Sr ±u (α=0.05) coordinates 

Australia – non-grinded 

AUS 1 0.7148 0.0006 S12° 51.732' E132° 47.724' 
AUS 14 0.7125 0.0023 S18° 56.806' E134° 7.546' 
AUS 26 0.7291 0.0016 S23° 37.803' E133° 52.191' 

AUS 36 B 0.7180 0.0011 S25° 22.609' E133° 11.529' 
AUS 53 0.7151 0.0017 S31° 22.051' E136° 54.044' 

Australia – grinded 

AUS 1 0.7159 0.0008 S12° 51.732' E132° 47.724' 
AUS 14 0.7277 0.0011 S18° 56.806' E134° 7.546' 
AUS 26 0.7248 0.0012 S23° 37.803' E133° 52.191' 

AUS 36 A 0.7246 0.0004 S25° 22.609' E133° 11.529' 
AUS 36 B 0.7191 0.0008 S25° 22.609' E133° 11.529' 
AUS 53 0.7144 0.0011 S31° 22.051' E136° 54.044' 

South America – non-grinded 

PAT 1 0.7090 0.0015 S31° 47.826' W65° 07.071' 
PAT 4 0.7204 0.0015 S32° 28.764' W66° 56.899' 

PAT 12 A 0.7054 0.0022 S39° 07.117' W67° 41.211' 
PAT27 A 0.7063 0.0017 S37° 13.718' W70° 14.319' 

South America – grinded 

PAT 4  0.7191 0.0010 S32° 28.764' W66° 56.899' 
PAT 12 A 0.7081 0.0005 S39° 07.117' W67° 41.211' 
PAT 12 B 0.7068 0.0008 S39° 07.117' W67° 41.211' 
PAT 27 A 0.7076 0.0010 S37° 13.718' W70° 14.319' 
PAT 27 B 0.7070 0.0008 S37° 13.718' W70° 14.319' 
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Table 9.15. 87Sr/86Sr isotope ratios and their uncertainties for the Antarctic PM10 samples and their 

insoluble fractions. The samples were collected at the Concordia research station, in East Antarctica, 

during 2018. The sampling periods covered by each sample are also reported. 

Sample 87Sr/86Sr ±u (α=0.05) Sampling period 

PM10 DC – Total 

DC_1_18 0.7066 0.0008 10/12/2017 → 23/01/2018 
DC_2_18 0.7083 0.0013 23/01/2018 → 23/02/2018 
DC_3_18 0.7102 0.0012 23/02/2018 → 21/03/2018 
DC_4_18 0.7049 0.0012 21/03/2018 → 20/04/2018 
DC_5_18 0.7076 0.0009 20/04/2018 → 20/05/2018 
DC_6_18 0.7080 0.0011 20/05/2018 → 21/06/2018 

DC_7_18_A 0.7074 0.0018 21/06/2018 → 10/07/2018 
DC_7_18_B 0.7078 0.0005 10/07/2018 → 23/07/2018 

DC_8_18 0.7076 0.0011 23/07/2018 → 22/08/2018 
DC_9_18 0.7092 0.0007 22/08/2018 → 21/09/2018 

DC_10_18 0.7089 0.0007 21/09/2018 → 23/10/2018 
DC_11_18 0.7064 0.0015 23/10/2018 → 24/11/2018 
DC_12_18 0.7067 0.0019 24/11/2018 →25/12/2018 

PM10 DC – Insoluble fraction 

DC_1_18 0.7079 0.0005 10/12/2017 → 23/01/2018 
DC_2_18 0.7081 0.0016 23/01/2018 → 23/02/2018 
DC_3_18 0.7079 0.0016 23/02/2018 → 21/03/2018 
DC_4_18 0.7055 0.0011 21/03/2018 → 20/04/2018 
DC_5_18 0.7067 0.0007 20/04/2018 → 20/05/2018 
DC_6_18 0.7090 0.0014 20/05/2018 → 21/06/2018 

DC_7_18_A 0.7063 0.0012 21/06/2018 → 10/07/2018 
DC_7_18_B 0.7063 0.0013 10/07/2018 → 23/07/2018 

DC_8_18 0.7075 0.0013 23/07/2018 → 22/08/2018 
DC_9_18 0.7066 0.0023 22/08/2018 → 21/09/2018 

DC_10_18 0.7082 0.0017 21/09/2018 → 23/10/2018 
DC_11_18 0.7066 0.0020 23/10/2018 → 24/11/2018 
DC_12_18 0.7074 0.0015 24/11/2018 →25/12/2018 
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Figure 9.11. Sr isotope ratio results for soil samples and PM10 Antarctic samples. NG: non-grinded 

fractions of soil samples; G: grinded fractions of soil samples; T: total fraction of PM10; I: insoluble 

fraction of PM10. The colored rectangles enclose the maximum and minimum 87Sr/86Sr isotope ratio 

values from the literature for Australian (Northern Territory and South Australia) and South American 

(Patagonian and Central Western Argentinian) soils are also reported for comparison (Gili et al., 2017; 

Revel-Rolland et al., 2006). 
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Chapter 10. Potential Source Areas for Atmospheric Lead 

Reaching Ny-Ålesund (Svalbard Islands) 
 

10.1. Introduction 
The Arctic is the region of the Earth that most is suffering the global change. The temperature is 

growing faster than the rest of the globe due to a combination of synergic effects induced by 

greenhouse gasses, atmospheric particulate matter, snow melting, and other climate drivers. This 

phenomenon is called Arctic amplification (Crocchianti et al., 2021; Ding et al., 2018). In this scenario, 

the aerosols are considered one of the most important players due to their interaction with the solar 

radiation and long-wave radiation emitted from the Earth's surface, and their ability to promote clouds 

formation (Willis et al., 2018). Moreover, the deposition of brown particulate matter (mineral dust, 

black carbon) on ice/snow-covered surfaces favors their melt. However, the relative magnitude of 

many climatic mechanisms in which aerosols play a significant role is still unknown and debated (Ding 

et al., 2018). Therefore, the study of the Arctic aerosol (quantity, composition, and provenience) is still 

fundamental to improving the climate models. 

Unlike Antarctica, the Arctic has some regions that have been subjected to a strong anthropization for 

a long time (mining activity, fishing, hydrocarbon extraction, tourism, transport) or they are most 

affected by pollutant agents emitted in the populated territories at lower latitude (Europe, Asia, and 

North America), pollutants that reach the Arctic after a long-range transport (Fisher et al., 2011; 

Jaskólski, 2021). For instance, the Kola peninsula is one of the most polluted areas on the planet due 

to mining activities (Yli-Tuomi et al., 2003). 

A peculiar phenomenon that can occur during the winter/spring months in the high latitude regions is 

the Arctic haze (Iversen and Joranger, 1985). It consists of a high concentration in air of pollutants, 

such as sulphate, nitrate, particulate organic matter, ammonium, toxic metals, dust, and black carbon, 

mainly emitted from the lower latitude regions (Quinn et al., 2007). The strong stability of the Arctic 

atmosphere that characterizes the cold months, and the extreme dryness of the troposphere minimize 

the wet and dry deposition processes, leading to a very long lifetime of the aerosol in the air during 

the winter-spring months (Stohl, 2006). Moreover, the transport of air masses from the medium 

latitude intensifies during winter and spring (Quinn et al., 2007). The strong thermal inversion that 

occurs during the cold months generates a dome of stable air that isolates the Arctic troposphere from 

the lower latitude air masses (Stohl, 2006). This affects the vertical distribution of the transport toward 

the Arctic of the aerosol in function of the thermodynamic feature of the air at the sources. The 

Eurasian sources usually have a cold temperature and are enclosed in the Arctic dome contributing 

more to the pollution events at lower altitudes. On the contrary, emissions from the North American 

and Asian sources move higher in altitude during the transport toward the Arctic. Similarly, during the 

warmer months, the aerosols are transported higher in altitude, resulted more diluted (Klonecki et al., 

2003). 

To validate the models that describe the transport of aerosols toward Arctic regions it is necessary to 

use results from on-field monitoring studies. For instance, the Pb isotopic analysis of PM permits to 

have information about its origin (Ardini et al., 2020; Bollhöfer and Rosman, 2001). In this chapter, the 

results of the Pb isotopic analysis of the PM10 collected at the international research station of 

Ny-Ålesund (Svalbard Islands) in the years 2010-2019 are discussed. Pb concentration profile, crustal 

enrichment factors (EFs), and back-trajectory analysis were also used to improve the description of 

lead transport in the Svalbard Islands. 
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Figure 10.1. Maps of the Svalbard islands (top) and of the Kongsfjorden which are reported the position 

of Ny-Ålesund and Gruvebadet Aerosol Laboratory. The maps are provided by TopoSvalbard of the 

Norwegian Polar Institute and modified as needed. 

 

10.2. Experiment 

10.2.1. Sampling 
The PM10 was collected during the spring-summer Italian campaigns in the Arctic from 2010 to 2018, 

on the roof of the Aerosol Laboratory of Gruvebadet, located 800 m southwest to Ny-Ålesund (78.918° 

N, 11.895 °E). The PM10 was collected by a low-volume sampler (Tecora ECHO PM), working at a 

constant flow rate of 200 L min-1, on 90-mm hydrophobic PTFE membrane filters (Advantec MFS Inc., 

Dublin, CA, USA), with a 4-days resolution. Moreover, from October 2018 to September 2019, the PM10 

has been collected non-stop whit a 7-days sampling resolution, covering, therefore, also the winter 

months. 

To minimize the impact of the local anthropic sources (activities at the base), the Gruvebadet Aerosol 

Laboratory is placed in a clean area of 500 m of diameter in which any anthropic activities are 

forbidden. Moreover, the local orography of the Kongsfjorden (Figure 10.1) forces the prevailing winds 

to blow from East/South-East, preventing the arrival of air masses from the village of Ny-Ålesund 

(Maturilli et al., 2013). In addition, a meteo-trigger system stops the sampling device when the winds 

are absent (< 0.5 m s-1) or coming from Ny-Ålesund.  

After the sampling, the PTFE membrane filters were placed in polystyrene Petri dishes, sealed in 

polyethylene bags, and stored at -20 °C until the analysis. 

10.2.2. Samples preparation and analysis 
A quarter of each filter has been undergoing acid solubilization with 2 mL of HNO3 (Ultrapure 

Normatom 67-69%, VWR International, Radnor, PA, USA) and 0.5 mL of H2O2 (Suprapur 30%, Merck, 

Germany), by microwave digestion system MARS-5 (CEM, USA), following the procedure described by 

the norm UNI EN 14902:2005 (EN 14902:2005). After the acid solubilization, the solutions were diluted 

to 10 mL with ultrapure water (Milli-Q, Merk Millipore, Darmstadt, Germany) and analysed by DRC-

ICP-MS (PerkinElmer Elan DRCII, USA) for the determination of Pb concentration and its isotopic 
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composition. The mass bias was corrected by external correction, using the reference material NIST 

SRM 981 as standard, following a bracketing correction scheme (Vanhaecke et al., 2009). The 

collision/reaction cell of ICP-MS was pressurized with Ne to improve the precision by collisional 

dumping (Bandura et al., 2000). The Al content in the PM10 samples has been determined by ICP-AES 

(Varian Vista PRO, Australia), using Lu as an internal standard. 

10.2.3. Back-trajectory Analysis 
BTs were calculated by the NOOA Air Resources Laboratory’s model HYSPLIT 5.0 (Stein et al., 2015), 

with the meteorological data fields supplied by the ARL’s archiving program. It produces a global 

dataset of air pressure at the surface every 3 hours, with a spatial resolution of 1° latitude  longitude. 

To describe the average behavior of the air masses over Ny-Ålesund during the period 2010-2018, 10-

days back-trajectories were calculated starting at the 6, 12, 18, and 24 of each day, with the starting 

altitude of 500, 1000, and 1500 m above ground level (a.g.l.). In this way, more than 32000 BTs were 

obtained. To get information from this huge dataset, the BTs of each month were clustered using the 

package included in the software. The number of clusters for each month was chosen as that giving 

the last larger variation in the total spatial variance (TSV), calculated by the software itself, and the 

typical number ranged between 2 and 4. The origin of the monthly clusters was deduced by considering 

the coordinate of the last endpoint (the point 𝒓(𝒙, 𝒚, 𝒛) for 𝑑𝑡 = −240 hours) of the mean trajectory 

of each cluster, and the path taken by air masses during the 10 days of simulation. In this way, each 

cluster was attributed to one of three macro-sector labeled Eurasia (Europe and Asia), North America 

(USA, Canada, and Greenland), and Arctic Ocean (Arctic Ocean, Barents Sea, Greenland Sea, and the 

Northern Norwegian Sea). The fraction of the back-trajectories (%BT) belonging to each monthly 

cluster was computed and used as an index of the relative contribution of the different sectors for 

each month. 

BTs from October 2018 to September 2019 were calculated as reported above, and they were merged 

with the Pb concentration measured in the PM10 using the Potential Source Contribution Function 

(PSCF). It calculates the probability for each cell of the grid that divides the space that a source of Pb is 

located there. This probability is proportional to the fraction of the total time spent on each cell by BTs 

associated with high-concentration events at the receptor. Usually, the 50th, 75th, or 90th percentiles of 

the concentration distribution are chosen as a threshold value to select the BTs to take into account 

for the PSCF. The time spent by a selected BT in the 𝑥𝑦 cell is calculated by counting the number 𝑚𝑥𝑦 

of endpoints 𝑟𝑖 contained in that cell. The probability is calculated by equation 10.1, in which 𝑛𝑥𝑦 is 

the total number of endpoints in the cell. However, this simple equation can overestimate the 

importance of the cells in which the total number of endpoints is very low. Therefore, the 𝑃𝑆𝐶𝐹𝑥𝑦 for 

each cell is multiplied by a weighting factor 𝑊 depending by 𝑛𝑥𝑦 and the average number of endpoints 

per cell �̅� (equation 10.2).(Petroselli et al., 2018) 

 𝑃𝑆𝐶𝐹𝑥𝑦 =
𝑚𝑥𝑦

𝑛𝑥𝑦⁄  (10.1) 

   

 𝑊(𝑛𝑥𝑦) =

{
 
 

 
 1.00 𝑛𝑥𝑦 > 2�̅�

0.75 �̅� < 𝑛𝑥𝑦 < 2�̅�

0.50 �̅�/2 < 𝑛𝑥𝑦 < �̅�

0.15 𝑛𝑥𝑦 < �̅�/2

 (10.2) 

 

The PSCF was calculated by mean the R package openair (Carslaw and Ropkins, 2012). 
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Table 10.1. Lead concentration, 207Pb/206Pb and 208Pb/206Pb isotope ratio values, and crustal 

enrichment factors (EF) for PM10 samples collected at Ny-Ålesund from 2010 to 2018. Median absolute 

deviation (MAD) and interquartile range (IQR) are reported as robust estimations of data dispersion.  

 Pb (pg m-3) 207Pb/206Pb 208Pb/206Pb EF(Pb/Al)c 

Mean 59 0.859 2.094 65 
Std. Dev 119 0.007 0.014 97 

Min 1.0 0.837 2.049 2.0 
25th percentile 8.2 0.855 2.087 15 

Median 24 0.861 2.098 33 
75th percentile 64 0.864 2.103 68 

Max 1428 0.883 2.122 883 
MAD 28 0.006 0.012 33 
IQR 55 0.009 0.016 53 

Skewness 6.2 −0.6 −0.9 3.9 
n 331 331 331 331 

 

 

10.3. Results 

10.3.1. Arctic Spring-Summer PM10 2010-2018 
Table 10.1 reports the statistical summary for the Pb concentration, isotope ratios 207Pb/206Pb and 
208Pb/206Pb, and the crustal enrichment factor (EF) for the PM10 samples collected in the spring-summer 

campaigns from 2010 to 2018. 

10.3.1.1. Lead Concentration 
The Pb concentration in the PM10 collected at Ny-Ålesund from 2010 to 2018 during the spring-summer 

campaigns shows a recurrent seasonal trend with higher concentration in the spring months (March 

and April) and a lower value during the summer (Figure 10.2). This trend can be linked to the high 

stability of the Arctic troposphere during the cold months. Moreover, Pb concentration seems not to 

be affected by interannual variation (Kruskal-Wallis test, p-value = 0.2).  

10.3.1.2. Crustal Enrichment Factor 
The Enrichment Factor (EF) is an index that is used to highlight the enrichment of an element in a 

sample respect to its concentration in a reference material (Barbieri, 2016). In this case, it is interesting 

to evaluate if the Pb present in the PM10 can be compatible with its only crustal origin or if 

contamination by other sources has occurred. The crustal EFs were calculated by equation 10.3 

(Wedepohl and Hans Wedepohl, 1995). 

 𝐸𝐹(𝑃𝑏/𝐴𝑙)𝑈𝐶𝐶 =
(𝑃𝑏 𝐴𝑙⁄ )

𝑠

(𝑃𝑏 𝐴𝑙⁄ )
𝑈𝐶𝐶

 (10.3) 
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Figure 10.2. Pb concentration in the PM10 of Ny-Ålesund collected in the spring-summer campaigns 

from 2010 to 2018. Top: boxplots for the concentration data grouped by month; middle: boxplots for 

the concentration data grouped by years; bottom: heat-map of concentration data in function of years 

and months. 

 

An EF value higher than 10 (the red dashed line in Figure 10.3) is usually assumed to be an index that 

an enrichment respects the reference source has occurred (Toledo et al., 2008). In this case, for the 

Pb, anthropogenic sources are the most likely contenders.  

From the boxplots at the top of Figure 10.3 emerges that very high values of EFs can be found during 

the cold months while during the summer they are lower but remain higher than the threshold value 

of 10.  The EFs value seems not to be generally affected by interannual variation, and only 2018 shows 

lower enrichment respect to the other years (21 ± 18 and 38 ± 37, for 2018 and the other years, 

respectively; median ± IQR, Dunn’s posthoc test, p-value = 0.002). 

10.3.1.3. Lead Isotopic Composition 
In Figure 10.4 are reported the three-isotope plot for the 208Pb/206Pb and 207Pb/206Pb isotope ratios, 

considering separately the samples collected during the spring months (before the 24th of June) and 

summer months. The spring samples have values that are less spread than the summer ones. 

Considering this aspect, jointly with the high Pb concentrations and high EFs values obtained during 

the spring, it is possible to hypothesize that, during the cold months, the PM10 at Ny-Ålesund is mainly 

affected by one source, or many sources with a very similar isotopic composition, different to the 

continental crust. During the summer this source reduces its importance more than the other sources, 

with a lower value of Pb isotope ratios, which increases their relative importance. This also affects the 

dispersion of the data around the centroids. The annual median values for the 2018 and 2015 fall at a 

lower value for both isotope ratios respect to the other years, and this difference seems to be more 

emphasized during the summer than the spring. 
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Figure 10.3. Crustal Enrichment Factors (EFs) respect Al in the PM10 of Ny-Ålesund collected in the 

spring-summer campaigns from 2010 to 2018. Top: boxplots for the EFs grouped by month; middle: 

boxplots for the EFs grouped by years; bottom: heat-map of EFs in function of years and months. 

 

Considering the Pb isotopic composition of some potential source areas of the Northern Hemisphere 

that can affect the Arctic regions (Figure 10.5), the annual medians of the spring months fall in a region 

of values close to the end-members of Europe, Russia, and Canada, while, in summer, they move 

toward the USA end-member and the local crustal sources. The median of 2018 seems to be more 

influenced by the local natural end-member, which agrees with the lower EF value registered for this 

year. The isotopic signature of this local natural end-member was calculated by the function 

𝑃𝑏20𝑥 𝑃𝑏 = 𝑓206⁄ (1 𝐸𝐹)⁄  at 𝐸𝐹 = 1 (Bazzano et al., 2021). 

10.3.1.4. Back-Trajectory Analysis 
Even if the BTs are intrinsically affected by significant uncertainty, they can be useful to highlight the 

geographic position of the sources (Petroselli et al., 2018). However, it is worth noting that BTs only 

represent the movement of air parcels, and they do not consider diffusional mechanisms and other 

processes that affect the deposition and removal of contaminants that occurred during the transport 

(Bazzano et al., 2021).  

The cluster analysis of the BTs shows a seasonal trend in the pathways of air masses reached 

Ny-Ålesund, as highlighted by the Pb isotopic composition and EF data, with a significative difference 

between the spring and summer months (Bazzano et al., 2021). In fact, considering the median value 

of the number of BTs for each month associated to macro-sector Eurasia and North America (Figure 

10.6), clearly emerge the drop-down in the number of air masses coming from Eurasia moving from 

the cold months to summer.  
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Figure 10.4. Annual median Pb isotope ratio value for the PM10 collected at Ny-Ålesund during the 

spring-summer campaigns 2010-2018, overall (top), and considering separately the sample collected 

in the spring months (middle) and the summer months (bottom). Shaded areas represent 95%-interval 

confidence of the isotope ratios distributions. 
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Figure 10.5. Annual median for the Pb isotope ratio of the PM10 collected at Ny-Ålesund during the 

spring-summer campaigns 2010-2018: overall (top), spring months (middle), and the summer months 

(bottom). Ellipses delimitate the regions in which literature data of some potential source areas fall: 

China (Bollhöfer and Rosman, 2001; Mukai et al., 2001), USA (Bollhöfer and Rosman, 2001; Carignan 

et al., 2002), Europe (Bollhöfer and Rosman, 2001), Japan (Bollhöfer and Rosman, 2001), Canada 

(Bollhöfer and Rosman, 2001; Carignan et al., 2002), and Russia (Bollhöfer and Rosman, 2001; Wooden 

et al., 1992). The black triangle indicates the isotopic composition of a potential natural end-member 

calculated as described by Bazzano et al. (2021). 
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Figure 10.6. Comparison by month of the provenience of clusters of BTs for the period 2010-2018. 

Data are reported as the relative percentage of the median value of the number of BTs for each month 

associated to macro-sector Eurasia and North America. 

 

This result suggests that the seasonal change in the Pb isotopic composition could be due to the 

reduction of air advection from the East during the summer. This scenario is compatible with the 

northward movement of the polar front during the summer, which excludes many European and Asian 

potential sources (Stohl, 2006).  

 

10.3.2. Year-round 2018-2019 
From October 2018 to September 2019, 48 PM10 samples were continuously collected every 7 days. 

The results obtained from this dataset allow extending our knowledge on the PM10 transport in the 

Arctic during the winter months. 

10.3.2.1. Lead Concentration 
The concentration of the Pb associated to the PM10 collected at Ny-Ålesund from October 2018 to 

September 2019 shows a remarkable seasonality (Figure 10.7). Very high concentrations are observed 

during the first months of 2019, whereas significantly lower concentrations are present during the 

summer.  

Above the Arctic circle, the year can be split into two periods as a function of the incoming solar light 

and temperature, and the solstices can be used as a border between them (Maturilli et al., 2015, 2013). 

The median Pb concentration in the sample collected before the 20th of April 2019 (108 ± 254, median 

± IQR) and after (25 ± 53, median ± IQR) are significative different (Kruskal–Wallis test, p-value < 0.01). 

Moreover, during the months of high Pb concentration, from January to April, an oscillation of the data 

with a period of about 14 days can be observed, while the data in the other months are randomly 

scattered. This seasonal trend matches with that observed during the previously spring-summer 

campaigns (Figure 10.8). 

10.3.2.2. Crustal Enrichment Factor 
The crustal EF values show a clear seasonality: higher value during the first months of 2019 and lower 

value during the summer, with some summer samples that have EFs <10 (Figure 10.9). The Pb in the 

PM10 reaching Ny-Ålesund have an evident origin different from the crustal source, most likely 

anthropic, especially in the cold months.  
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Figure 10.7. Time series of Pb concentration in air collected at Ny-Ålesund from October 2018 to 

September 2019. The red line shows the running average (n=4). The vertical dashed line indicates the 

solstice of Spring (20th of April) considered a border between the cold and warm months. 

 

 

 

Figure 10.8. Comparison between the time series of Pb concentration for the spring-summer 

campaigns 20102018 and the all-year campaign 2018-2019. The data are interpolated with smooth 

lines by LOESS regression. 
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Figure 10.9. Time series of the crustal enrichment factors (EFs) of Pb respect the Al for the PM10 

collected at Ny-Ålesund from October 2018 to September 2019. The vertical dashed line indicates the 

solstice of Spring (20th of April) considered as a border between the cold and warm months, while the 

horizontal dashed line indicates the threshold of 10. 

 

10.3.2.3. Lead Isotopic Composition 
Pb isotope ratios 208Pb/206Pb and 207Pb/206Pb of PM10 collected at Ny-Ålesund from October 2018 to 

September 2019 are reported in Figure 10.10. The samples are grouped into two classes, labeled cold 

and warm depending on if the samples are collected before or after the spring solstice of 2019 (20th of 

April). On the border of the three-isotope plot are reported the boxplots of the 208Pb/206Pb (on the 

right) and 207Pb/206Pb (on the top) for the two classes. These have a different dispersion of their 

elements, with the cold class that is more grouped at a higher value of both isotope ratios and the 

warm class that, instead,  spreads even at lower values, as previously reported for the 2010-2018 data.   

In Figure 10.11 is reported the three-isotope plot for the PM10 samples with reference values of some 

potential sources for the Pb in the Arctic. The data associated to the class cold overlap the 

end-members of Europe, Russia, China, and Canada, partially. Japan has a similar isotopic signature of 

many PM10 samples; however, this source is unlikely to affect the PM10 at Ny-Ålesund due to the long 

distance from the receptor, as suggested by the back-trajectory analysis.  

Comparing the class cold (2018-2019) and spring (2010-2018), the median value of the first has a higher 

value of the ratio 208Pb/206Pb, which can be an index of transport of aerosol from China (Figure 10.12). 

Events of aerosol transport from East Asia and China to the Arctic were previously registered (Barrie, 

1995; Kawamura, 1996; Rahn et al., 1977; Stone et al., 2007) and predicted by atmospheric transport 

models (Groot Zwaaftink et al., 2016; Huang et al., 2015; Sobhani et al., 2018). The data of class warm 

(2018-2019) spread toward the local natural end-member (Figure 10.11), whose signature values are 

calculated as described in Bazzano et al. (2021),  similarly to the summer data of 2018 (Figure 10.12). 
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Figure 10.10. Lead isotope ratios of PM10 collected at Ny-Ålesund from October 2018 to September 

2019. The samples are divided between the classes cold and warm based on if they were collected 

before or after the 20th of April 2019, respectively. Shaded areas represent 95%-interval confidence 

of the isotope ratios distributions. 

 

 

 

Figure 10.11. Lead isotope ratios of PM10 collected at Ny-Ålesund from October 2018 to September 

2019. The samples are divided between the classes cold and warm based on if they were collected 

before or after the 20th of April 2019, respectively. Ellipses delimitate the regions in which literature 

data of some potential source areas fall: China (Bollhöfer and Rosman, 2001; Mukai et al., 2001), USA 

(Bollhöfer and Rosman, 2001; Carignan et al., 2002), Europe (Bollhöfer and Rosman, 2001), Japan 

(Bollhöfer and Rosman, 2001), Canada (Bollhöfer and Rosman, 2001; Carignan et al., 2002), and Russia 

(Bollhöfer and Rosman, 2001; Wooden et al., 1992). The black triangle indicates the isotopic 

composition of a local natural end-member calculated as described by Bazzano et al. (2021). 
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Figure 10.12. Annual median values of Pb isotope ratios of PM10 collected at Ny-Ålesund in the spring-

summer sampling campaigns of 2010-2018 and the year-round sampling campaign of 2018-2019, 

considering the data altogether (above), or separately those of cold (middle) and warm months 

(bottom) respectively. The black ellipses show the 95%-interval confidence of the Pb isotope ratios of 

the sample collected from October 2018 to September 2019, and those for the classes cold and warm. 
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10.3.2.4. Back-Trajectory Analysis and PSCF 
Back-trajectories from Ny-Ålesund were calculated for the period October 2018-September 2019, 

every 6 hours, whit 500, 1000, and 1500 m a.g.l. as starting altitudes. The duration of the BTs was of 

10 days, a mean typical value of the lifetime of the particulate in the Arctic atmosphere, considering 

that the uncertainties increase increasing the interval of calculation (Freud et al., 2017). To 

contemplate the transport at the lower (e.g., from Europe) and higher altitudes (from East Asia and 

North America) of the Arctic troposphere, the BTs calculated with the different starting altitudes are 

merged for the subsequent statistical analysis (frequency analysis, cluster analysis, and PSCF). 

The repartition of the monthly cluster of BTs between macro-sector Eurasia and North America, 

previously defined, is shown in Figure 10.13. The relative importance of these two regions as a source 

of air masses changes during the year, with the importance of the macro-sector Eurasia that shows a 

maximum during the first months of the year. This result is consistent with that obtained from the 

analysis of the BTs for the periods 2010-2018. 

Figure 10.14 shows the results of the frequency analysis. The number of endpoints in every cell of the 

grid in which is divided the region respect to the total number (1051200) is reported by a color scale. 

The high values near the starting point (Ny-Ålesund, black point in Figure 10.14) is an artifact due to 

the convergence of all the BTs toward this point. However, it is interesting to notice that the 

percentage is higher at the West/South-West of Ny-Ålesund than in the other sectors, suggesting a 

preferential pathway in these directions for the air masses. The area corresponding to a frequency 

higher than 0.5% covers North and Central Europe, Greenland, and the North of Canada, the shore of 

Siberia, and the central part of Russia. Moreover, this analysis suggests that Japan plays only a minor 

role in the supplying of air masses that move toward the Svalbard islands. 

  

 

Figure 10.13. Time trend of the percentage of BTs clusters for the period October 2018 to September 

2019 reparteed between macro-sector Eurasia and North America. 
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Figure 10.14. Frequency analysis of BTs from Ny-Ålesund (black point in the map), calculated from 

October 2018 to September 2019. The percentage of endpoints in each cell of the grid is represented 

by the chromatic scale reported on the right. The frequency analysis and the map are performed by 

the R package openair. 

 

 

Figure 10.15. 10-days back-trajectories from Ny-Ålesund for the period 4th-11th of January 2019 

calculated every 6 hours (starting altitude 500 m a.g.l.). Maps performed by R package openair. 
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Figure 10.16. Temporal trend of the Pb concentration used for the PSCF analysis. The 50th, 75th, and 

90th percentile of the data are also shown as dashed lines. 

 

 

Figure 10.17. Potential source contribution function for Pb in PM10 collected at Ny-Ålesund from 

October 2018 to September 2019. The PSCF analysis and the map are performed by R package openair. 

 

Despite the undoubted utility to know the regions that are crossed by the air masses during a period 

comparable with the average lifetime of PM10 in the Arctic atmosphere, this information does not allow 

to recognize where could be the principal source along the paths taken by the air masses. The PSFC 

combines the concentration trend with the BTs to find the most likely location of the sources. A critical 

aspect to apply this method here is the high difference in the time resolution between the two sets of 

data: about 7 days for the concentration and 6 hours for the BTs.  Moreover, the comparison between 

the two sets of data is made more complex also by the high variability in the space of the BTs. In Figure 

10.15 are represented the BTs calculated for the period lasts from the 4th to 11th of January 2019, 

colored in function of the starting hour. Which one of the represented 32 BTs could be associated to 

the Pb mean concentration of 38.1 pg m-3 registered for that very period? To overcome this issue, the 

time resolutions of the two datasets must match (Petroselli et al., 2018). In this case, the Pb 

concentration measured from a PM10 sample was considered the average concentration for the 
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ensemble of days covered by each sample and, therefore, can be associated to each BTs that has the 

starting date in the same interval. In this way, the dataset of concentrations passes from 48 values (the 

number of PTFE membrane filters used) to 1360 (the number of BTs calculated for each altitude). The 

time trend of this new dataset of Pb air concentration is shown in Figure 10.16, in which are shown 

also the 50th, 75th, and 90th percentile of the distribution. In this case, the interest was focused to reveal 

the location of the sources active during the first part of 2019, which major affect the air quality of 

Ny-Ålesund. Therefore, the threshold of the 50th percentile of the distribution was chosen to cut off 

only the low values of the warmer months.  

The procedure used in this work to match the two series of data strongly affects the accuracy of the 

PSCF, which only allows identifying the source at a regional scale (Figure  10.17). Working with a better 

matching between the datasets, PSCF allows obtaining a punctual identification of the potential 

sources (Begum et al., 2005; Crocchianti et al., 2021; Petroselli et al., 2018). The PSCF analysis highlights 

that the sources of Pb that affect Ny-Ålesund during the cold months have a higher probability to be 

located in Northern Europe, Siberia, and the Ural region, as already suggested by Pb isotopic analysis. 

The comparability of the results obtained from the PSCF and the Pb isotopic analysis shows that the 

BTs analysis can be a useful tool to help the selection of the potential source areas that have to be 

considered in the selection of the reference values (selection of correct end-members) for the source 

appointment by isotopic analysis.  

 

10.4. Conclusion 
The analysis of Pb concentration, the Pb isotope ratios, and the EFs for the PM10 collected at 

Ny-Ålesund from 2010 to 2019 have allowed obtaining a robust description of the seasonal variation 

in the transport of the Pb toward the Svalbard islands. The results obtained were also supported by 

the atmospheric transport models used for the calculation of the BTs. 

Most of the Pb reaching Ny-Ålesund during the years has an anthropic origin, with a significant 

increment of the registered Pb concentration and EFs during the cold months of the years. The isotopic 

analysis and the BTs analysis suggest that during these months most of the Pb comes from Northern 

Europe and the central region of Russia. During the warmer months of the years, instead, the 

contribution of North America rises, probably due to a reduction of the advection of air masses from 

Eurasia, besides to an increment in the instability of the Arctic atmosphere that increases the removal 

processes of PM10 from the low Arctic troposphere, with a strong reduction of the Pb concentration. 

The study of the inter-annual variability in the Pb isotope composition shows the relatively stable 

contribution from Europa and Central Asia during the cold months, whereas differences can be 

observed during the warmer months. In particular, the years 2010 and 2015 show an increment in the 

contribution of the USA input, while the years 2018 and 2019 show a possible higher contribution of 

the local natural sources. 

The extension of the sampling activity also during the winter allowed to have a more complete 

description of the temporal trend of the Pb in the Svalbard atmosphere, confirming most of what was 

previously observed by the spring-summer campaigns. 

An effort to increase the temporal resolution of the sampling, especially during the winter months and 

the use of other chemical tracers in conjunction with Pb isotope ratio and EFs may help both in the 

characterization of the potential source areas and in the estimation of their relative contribution with 

lower uncertainty (Bazzano et al., 2021). 
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Chapter 11. Conclusions 
 

The atmospheric particulate matter plays a key role in the control of climate, and, in turn, its 

concentration in air is influenced by the climate conditions and their evolution. The role of the PM 

assumes particular importance in the polar regions, that are experiencing faster changes respect to 

the other regions of the Earth. 

In this Ph.D. dissertation Arctic and Antarctic PM10 have been characterized by Pb and Sr isotopic 

analysis, and elemental analysis, for source recognition, for evaluating the relative contribution of the 

anthropic and natural sources, and to highlight the main pathways for the atmospheric transport of 

PM. 

The Pb isotopic analyses conducted on the snow and PM10 samples collected at Dome C have shown 

how the Antarctic continent was, and is still, strongly affected by the anthropic emissions from the 

surrounding landmasses, mainly South America and Australia (Chapter 6 and Chapter 7). However, the 

trend of Pb concentration in the snow samples depicts a significative decrease of anthropic Pb flux at 

Dome C in the last 50 years (1971-2017), due to the promulgation of more strict regulations about the 

emission of toxic metals in the environment, such as the ban of the Pb-enriched gasoline in most of 

the countries. On the other hand, the major elements from natural sources (continental crust and 

oceans) do not show any significative trend during the same time, meaning that the activity of the 

sources and the transport processes do not vary significantly during the last 50 years (Chapter 8). 

The results obtained have confirmed the similar importance of South America and Australia as active 

sources of PM for East Antarctica nowadays. For a better identification of the sources, it is therefore 

important to combine information from the analysis of different tracers (isotopic and elemental) 

performed on the same sample. In this optic, a new method for the direct Sr isotopic analysis of 

microsamples, with available volume < 1 mL, has been developed (Chapter 9). The method has been 

applied for the analysis of Antarctic PM10 and soil samples from Australia and South America.  

The Pb isotopic analysis and quantification of the PM10 collected at Ny-Ålesund (Svalbard Islands) from 

2010 to 2019 have permitted us to recognize the potential source areas of Pb and to depict the 

seasonal variation in the PM10 composition (Chapter 10). In fact, two quite different scenarios can be 

recognized during the year: higher Pb concentration in the air during the cold months with prevail 

transport from anthropic sources of Northern Europe and West-Central Asia and lower Pb 

concentration during the warmer months with the increment of the relative importance of the 

transport from North America and local natural source. This seasonal trend is also confirmed by the 

analysis of enrichment factors and by the back-trajectories analysis. 
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