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For our Laboratory of Environmental Chemistry the 

year 2018 was an exciting one, with a wide range of sci-

entific activities, among them the publication of overall 

19 papers in peer-reviewed scientific journals. One of 

them, Sigl et al., 2018, demonstrated that industrial 

black carbon was not responsible for 19th century glac-

ier retreat in the Alps as previously postulated and at-

tracted special attention, resulting in coverage by Swiss 

TV (SRF Tagesschau of 20 October) and various print 

media.  

In collaboration with the University of Zurich and the 

Laboratory for Catalysis and Sustainable Chemistry, the 

Surface Chemistry Group contributed to the extension 

of the Near Ambient Pressure XPS (NAPP) endstation 

at the SLS-NanoXAS beamline with a new analysis 

chamber that specifically allows investigations of the 

interface between a solid substrate and thin liquid. This 

substantially broadens the scope of the endstation for 

new applications.  

A team of the Analytical Chemistry Group in collabo-

ration with the Institute for Water and Environmental 

Problems, Barnaul, Siberia, collected two ice cores 

from the Belukha saddle (4062 m a.s.l., 49.81°N, 

86.58°E) in the Siberian Altai. One core reached bed-

rock at 160 m, giving access to the oldest ice, which was 

not achieved during the first drilling operation at Be-

lukha glacier in 2001. The second core was collected as 

heritage core to be stored in the world's first ice archive 

sanctuary in Antarctica in the frame of the international 

ICE MEMORY program. 

At the end of the year the 4-year SNF-Sinergia project 

“Paleo fires from high-alpine ice cores” finished, which 

was coordinated by PSI with partners from the Institute 

for Atmospheric and Climate Science, ETHZ, and the 

Institute of Plant Sciences as well as the Institute of Ge-

ography, both University of Bern. The project produced 

long-term fire reconstructions from different geograph-

ical regions using black carbon and charcoal as fire trac-

ers, provided a modelling framework to put the ice core 

data in a broad context, by implementing microscopic 

charcoal into a global climate model, and created a ref-

erence fire product for Europe from satellite data.  

The year 2018 also saw a stimulating international con-

ference on the Physics and Chemistry of Ice (PCI) with 

116 participants, organized by Thorsten Bartels-Rausch 

and Doris Bühler, which took place at the ETHZ.  

Four PhD students defended successfully, Anna Dal 

Farra, Pablo Corral Aroyo, and Dimitri Osmont at the 

University of Bern, and Jacinta Edebeli at the ETHZ. 

Theo Jenk, scientist in the Analytical Chemistry Group, 

was awarded tenure at PSI and postdoc Michael Sigl re-

ceived a prestigious ERC consolidator grant for study-

ing the timing of Holocene volcanic eruptions, which 

will take him to the University of Bern. Congratulations 

to all of them! 

Our 2-days LUC retreat took us to Trogen, in the beau-

tiful landscape of Appenzell, where we not only en-

gaged in lively discussions about future research direc-

tions, functioning of our lab, and interactions between 

the two groups, but also got a lesson in traditional Ap-

penzell dancing. For the 2018 excursion, LUC went un-

derground on a guided tour through the Gonzen iron 

mine in Sargans. We concluded the year with a bowling 

competition in Baden. 

 

 

Margit Schwikowski 
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Preparing our research data for free and open ac-

cessibility has benefits for our internal project man-

agement and teamwork. 

Science is based on research data being collected, ana-

lyzed and interpreted, and published (Fig. 1). To safe-

guard good research practice, to increase the public trust 

in research, and to stimulate new perspectives across 

scientific disciplines, the Swiss National Science Foun-

dation expects us to manage and share research data as 

open as possible [1].  

 

 

Fig. 1: Current status of data management during a pro-

ject’s lifetime starting with collecting the raw data and 

finishing with the publication of research articles. 

 

Fig. 1 illustrates the lifecycle of research as part of a 

SNF funded project. This research is typically per-

formed in small teams around a PhD student. The 

lifecycle reveals that currently data analysis is the weak-

est link in establishing open data management. Publica-

tions and their commented data are generally published 

open access and thus globally shared. Data collection 

and storage runs automated and unified naming conven-

tions ensure efficient data handling. The data analysis 

and interpretation however, is still largely documented 

in individual notes, internal reports, and manuscripts. 

Curating these data for open access would require un-

reasonable time and effort.  

 

 

 

One solution to establish open data analysis, is the use 

of repositories (Fig. 2). Repositories are data manage-

ment systems that inherently record changes over time 

[2]. This type version control system offers several ad-

vantages [3]: 

 Annotating changes is mandatory. Motivation, in-

terpretation, and conclusions are stored along with 

the processed data increasing the transparency, as 

replication or sharing of is straightforward at any 

time.  

 Communication with the repository server is inte-

grated in current scientific software such as 

Matlab. Researchers continue working on their lo-

cal computer with very little restriction on the 

choice of scientific software used.  

 Team members can process data simultaneously 

and develop a common expertise in data manage-

ment.  

Repository systems are routinely used in complex soft-

ware development, such as for Linux or by Microsoft. 

Thus, data processing needs to be scripted to use them 

for scientific projects, which undoubtedly requires 

some initial effort. A further benefit of scripting data 

analysis is – however – the ability to efficiently and rap-

idly analyze experiments during campaigns such as at 

the SLS. 

 

 

Fig. 2: Data analysis using a repository to store and 

manage data for standalone usage (blue), to share in 

teams or with co-workers (yellow), and to make curated 

data available open access (grey). 

____________________________________________ 

[1] http://www.snf.ch/en/theSNSF/research-poli-

cies/open_research_data/ 

[2] https://c4science.ch 

[3] https://git-scm.com 

CLOSING THE GAP IN OPEN DATA MANAGEMENT 

T. Bartels-Rausch (PSI) 
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Aerosol hygroscopicity and chemical composition on 

single particles from highly polluted ambient an-

thropogenic environments was determined to aid 

our understanding of their water content and cloud 

formation ability. 

Heavy haze frequently takes place in the atmosphere of 

the North China Plain and threatens the health of mil-

lions of people [1]. However, the mechanisms for haze 

development and visibility degradation, including par-

ticle hygroscopicity, mixing state, loading of secondary 

aerosol formation, multiphase chemistry and the reac-

tive uptake of gaseous molecules at the micro-level re-

main unclear. Atmospheric particles are chemically 

complex and can contain hydrophobic carbonaceous 

material such as soot and fresh anthropogenic emis-

sions, but also hygroscopic salts such as sulfate and ni-

trate [2,3]. The morphology and chemistry of individual 

particles (e.g. Fig. 1) that reside in the atmosphere 

strongly impacts physicochemical characteristic 

changes of aerosol particles. We use X-ray microspec-

troscopy to quantify mixing of organic matter, inorganic 

matter, and black carbon in single particles taken from 

anthropogenic aerosol populations from Beijing, all 

with well-characterized and particle resolved hygrosco-

picity distributions and bulk chemical composition 

measured at the PKU supersite. Also, we subjected am-

bient samples to a high relative humidity (70%) and 

probed particles that do and do not take up water. At-

mospheric particles collected at the PKU supersite in 

Beijing, China on 29 Dec. 2017 at 22:18 (GMT+8) were 

impacted onto silicon nitride membranes mounted in 

the PolLux in-situ cell, a custom built environmental 

microreactor. 

In winter 2017, an intensive campaign was carried out 

at the PKU supersite. A suite of instruments including 

CIMS, AMS, HTDMA, SP2, CCNc, MOUDI, LIF, 

PTR-MS, etc. was operated simultaneously. Figure 1 

(A, B, C) shows the physical and chemical properties of 

atmospheric particles collected at the PKU supersite. 

Figure 1 (D) shows sub-particle carbon speciation of a 

random sample of ~30 particles using X-ray microspec-

troscopy and note our full dataset comprises hundreds 

of particles. We find that all particles have organic car-

bon (OC), and there is significant sp2-hybridized car-

bon (an indicator of soot or elemental carbon, EC) and 

inorganic species (IN). Particles were mainly mixtures 

of these three components (InOCEC) at 37% of the total 

population. Many particles were dominated only by OC 

at 34%. Organic and soot dominated particles (OCEC) 

represented 24% of the total. The remaining 5% of the 

particles were InOC type. 

When exposing particle to a humid air using a custom 

environmental cell, X-ray images revealed some parti-

cles did and did not take up water clearly identified by 

a significant or no change, respectively, in oxygen ab-

sorption. Non-deliquesced (not hygroscopic) particles 

are suspected to contain soot or organic matter with 

functionalities comparably different from particles that 

are hygroscopic. We are now in the process of develop-

ing new image analysis techniques to automate particle 

identification in terms of water uptake and mixing state 

all while resolving particle size. Doing so will allow for 

a direct representation of particle resolved hygroscopic 

and chemical speciation to better understand light ab-

soption, visibility, cloud formation, and pollution for-

mation episodes in Beijing. 

 

Fig. 1: (A) Size distribution normalized to particle di-

ameter. (B) Concentration and composition of atmos-

pheric particles collected at the PKU supersite. Water 

content is modelled using ISORROPIA. (C) Bounce 

factor of particles and ambient RH. (D) Random sample 

of ~30 particles showing sub-particle carbon speciation. 

Colors indicate dominant type OC (green), In (blue), 

and EC (red). Sampling time is indicated by the vertical 

dashed line in A-C). Scale bar is shown. 

____________________________________________ 

We acknowledge funding from the National Natural 

Science Foundation of China (Grant 41571130021 and 

41875149), the European Union’s Horizon 2020 re-

search and innovation programme under the Marie 

Skłodowska-Curie grant agreement (701647) and the 

Swiss National Science Foundation (Grant 163074). 

[1] S. Guo et al., Proc. Natl. Acad. Sci. USA, 111, 

17373-17378 (2014). 

[2] D. S. Piens et al., Environ. Sci. Technol., 50, 5172-

5180 (2018). 

[3] M. Fraund et al., Atmosphere 8, 173 (2017).  

CHEMICAL MORPHOLOGY OF URBAN HAZE PARTICLES 

Y. Zhu, Z. Wu (PKU), J. Dou, U. K. Krieger (ETHZ), P. A. Alpert (PSI), P. Corral Arroyo (PSI & Univ. Bern),  

M. Ammann (PSI) 

Inorganic 
(ln) 

Elemental Carbon 
(EC) 

Organic Carbon 
(OC) 



5 

Sea spray particles impacted by marine biota have 

non-soluble components with a similar chemical and 

morphological signature to that of aerosolized phy-

toplankton exudate material. This material should 

not play a role in water uptake, which may suppress 

liquid cloud formation but remain as solid substrate 

for ice cloud formation.  

Aerosol particles are often not a single compound resid-

ing in the atmosphere, but rather a mixture of e.g. soot, 

organic and inorganic materials. The marine environ-

ment is a major source of atmospheric particles due to 

the direct emission of sea salts and biogenic/organic 

matter generated by bubble bursting and wave breaking 

[1]. A wealth of research has investigated the capability 

of these mixed organic/inorganic particles to act as 

cloud condensation and ice nuclei with implications for 

cloud formation and precipitation [2]. Here, we present 

ice nucleation and micro-spectroscopic characterization 

for particles generated from a mesocosm experiment in 

coastal water. 

The mesocosm experiment was conducted in Wuyuan 

Bay, Xiamen, China from April to May 2018. The par-

ticles were generated by purging air into water at the 

base of the mesocom to form bubbles that burst at the 

water surface inside. Particles were impacted into a cus-

tom-built environmental cell and exposed to 20°C in 

dry air or air with relative humidity, RH=80%. Particles 

emitted from the mesocosm had different carbon func-

tionalities compared to marine ambient particles col-

lected over South China Sea. The results show similar  

mixing state of these fresh emitted fine mode particles 

from the mesocosm but different in the peak absorption 

in R(C*=C)R bond indicating possible differences in 

functionality of organics in particles. 

Fig. 1 shows X-ray optical density images at four ener-

gies. The first image shown in Fig. 1A was acquired at 

278 eV, which is below the energy of the carbon absorp-

tion edge indicating material that is not carbon, such as 

aqueous sea salt solution. Fig. 1B is taken at 285.4 eV 

and indicates the presence of carbon unsaturation, or 

carbon double bonding (C=C). Notice the detailed 

string-like morphology, which is likely microbial exu-

date material or cell cytoplasm. Fig. 1C shows absorp-

tion at 288.6 eV indicating the carboxyl organic acid 

function (COOH). Finally, the carbon post-edge ab-

sorption at 320 eV is shown. It is important to note that 

the region of interest (ROI) i) in Fig. 1A does not have 

any C=C absorption indicating that the unsaturated ma-

terial is not detected in aqueous solution. The ROI ii) 

shows a dominant C=C signature but a secondary 

COOH absorption is also present. We suspect the circle 

in ROI iii) is a microbial cell and is dominated by 

COOH but has a secondary C=C signature, opposite to 

ROI ii). This indicates that cellular material in these sea 

spray particles with strong C=C bonding is preferen-

tially ejected from cells and does not absorb water. 

These particles were also observed to be efficient ice 

nuclei. Ice nucleation experiments show particles col-

lected from the mesocosm took up water first and 

formed ice via immersion mode above 227 K and nu-

cleated ice via deposition mode (no water uptake) below 

227 K. Microorganism growth was tracked over time 

while aerosol particles were generated. The ice nuclea-

tion ability of airborne particles was not significantly 

different under different biological activity. We have 

used electron and X-ray microspectroscopy to provide 

chemical speciation and mixing state of particles at an 

unprecedented level of microscopic detail and insight 

for better understanding in ice nucleation in the atmos-

phere over costal and open oceans. 

  

Fig. 1: X-ray optical density images acquired at (A) 278 

eV, (B) 285.4 eV, (C) 288.6 eV and (D) 320 eV. 

Brighter pixels indicate greater absorption. Areas of in-

terest i), ii) and iii) bounded by dotted black lines are 

discussed in the text. 

____________________________________________ 

We acknowledge funding from the National Natural 

Science Foundation of China (Grant 41775133), the 

Fundamental Research Funds for the Central Universi-

ties (Grant 20720160111), the European Union’s Hori-

zon 2020 research and innovation programme under the 

Marie Skłodowska-Curie grant agreement (701647) and 

the Swiss National Science Foundation (Grant 163074). 

[1]  A. Laskin et al., Annu. Rev. Anal. Chem., 9 (1), 

117−143 (2016). 
[2] D. Knopf et al., ACS Earth Space Chem., 2, 

168−202 (2018). 
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B. Wang, J. Xue, P. Kang, X. Lin, X. Jiang, K. Gao, T. Tang (XMU), J. Dou, U. K. Krieger (ETHZ),           

P. Corral Arroyo (PSI & Univ. Bern), M. Ammann, P. A. Alpert (PSI) 
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Nanoplastics from the Baltic Sea were chemically 

characterized and compared with laboratory gener-

ated polystyrene nanoparticles to understand their 

degradation under environmental-like conditions.  

The presence of plastic material in the ocean is a major 

environmental problem and their occurrence and trans-

formation in the environment is still unclear. Plastic ma-

terial represents the main marine debris, and the size of 

this plastic debris can cover different orders of magni-

tude. Only recently, the presence of nanoplastics (NPs) 

in oceans has been demonstrated [1], and their environ-

mental impact has remained elusive. Due to their low 

density, NPs are expected to float at the surface of the 

oceans and interact with both the atmosphere and the 

water body. Therefore, NPs can react with oxidants in 

the gas phase (e.g. ozone) and light. The objective of 

this project was to understand the degradation processes 

of NPs in the aquatic environment and to collect and 

analyze NPs from seawater. 

 

Fig. 1: Comparison between the ozone concentration at 

the entrance of the flow tube with that after the flow 

tube when either ultrapure water (yellow) and or PP dis-

persed in ultrapure water (green) were present in the 

flow tube. 

 

We carried out experiments exposing commercially 

available polystyrene particles dispersed in ultrapure 

water to light or to ozone. The solution with polystyrene 

particles (PP) was placed in a flow tube and was irradi-

ated with lamps or it was exposed to a flow of air con-

taining 400 ppb of ozone. As shown in Fig. 1 we ob-

served a significant uptake of ozone into the polystyrene 

particles, also after 19 hours of exposure. This result 

highlights that NPs at the surface of water can interact 

with oxidants in the gas phase, such as ozone. To un-

derstand the effect of ozone uptake and the interaction 

with light on polystyrene particles we analyzed them by 

Scanning transmission X-ray microscopy (STXM) cou-

pled to near-edge X-ray absorption fine structure spec-

troscopy (STXM/NEXAFS).  

We observed for both samples (PP exposed to light and 

PP exposed to ozone) the presence of oxygenated func-

tions in the particles, showing that these plastic particles 

dispersed in water can react with both light and ozone. 

We also collected particle samples from the Baltic Sea 

(Gulf of Finland) and we analyzed them by 

STXM/NEXAFS. We collected seawater in Helsinki’s 

harbor, and we filtered the water on several filters with dif-

ferent mesh size. Finally, we extracted particles from the 

filters that were soluble in organic solvents, nebulized the 

solution and impacted the droplets onto sample substrates. 

The sample was analyzed by STXM/NEXAFS and as 

shown in Fig. 2 different regions can be identified in the 

analyzed particle. The red color (Fig. 2) refers to the peak 

at 285 eV corresponding to C=C double bonds that could 

be a characteristic indicator for plastic. These preliminary 

results show evidence for the presence of NPs in the sea-

water sample and promising for further studies on NPs in 

the environment and their reactivity. 

 

Fig. 2: X-ray spectra and image of plastic extracted 

from natural seawater. Spectra in the left panel are 

shown as blue, green and red colors, which correspond 

to the spatial regions in the colorized X-ray image in the 

right panel. For comparison, the reference spectrum of 

polystyrene spheres from a blank experiment is shown 

as the dotted line in the left panel.  

____________________________________________ 

We acknowledge funding from the European Research 

Council (Project 692891-DAMOCLES), the European 

Union’s Horizon 2020 research and innovation pro-

gramme under the Marie Skłodowska-Curie grant 

agreement (701647), the FoKo-CROSS project “Scan-

ning transmission X-ray spectro-Microscopy of atmos-

pheric particles and processes: advanced environmental 

cell development” co-funded by ENE and PSD research 

divisions at PSI, and the Swiss National Science Foun-

dation (Grant 163074). 

[1] A. Ter Halle et al., Environ. Sci. Technol., 51, 

13689-13697 (2017). 

 

CHEMICAL CHANGES DURING AQUEOUS NANOPLASTICS DEGRADATION 

M. Passananti (Univ. Helsinki, Univ. Tampere), P. A. Alpert (PSI), P. Corral Arroyo (PSI & Univ. Bern),  

B. Watts, M. Ammann (PSI), M. P. Rissanen (Univ. Helsinki), J. Dou, U. K. Krieger (ETHZ) 
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The leaching of iron from ferrihydrite, an iron(III) 

oxy-hydroxide structure, has been monitored in situ 

under different acidic conditions using X ray Photo-

electron Spectroscopy (XPS) and electron yield Near 

Edge X-ray Absorption Fine Structure (NEXAFS) 

spectroscopy. 

Ferrihydrite is a form of iron(III) oxy-hydroxide that ex-

ists in the form of nanoaggregates of poor crystallinity 

[1,2]. It has no clear structure (it exists in two types ex-

hibiting 2 lines and 6 lines in X-ray diffractograms), has 

no fixed composition and is metastable [1] as it slowly 

transforms into either goethite or hematite. Due to its 

porous nanostructure, ferrihydrite has a high specific 

surface area [1] and offers a high number of accessible 

sites for adsorption and reaction. It is also considered to 

be the main source of bio-available iron [2] (iron that 

can be leached from the mineral and absorbed by organ-

isms) and thus has a huge impact on the marine life. 

Ferrihydrite mainly comes from dust particles emitted 

from desert sand such as the Sahara. Thus, ferrihydrite 

can have an impact both on atmospheric chemistry as 

an aerosol particle and on the ocean when deposited. 

There is a clear lack of electron spectroscopy experi-

ments on ferrihydrite due to its oxide and non-conduc-

tive nature; only few experiments were carried out to 

study its reactivity as an aerosol particle. Yet it is part 

of the important Fe(II)-Fe(III) redox couple, which in-

teracts with different other redox active systems, such 

as reactive oxygen species (ROS) and secondary or-

ganic compounds associated with mineral dust aerosol 

particles. For those reasons, a first XPS and NEXAFS 

experiment to study the iron leaching and modification 

of the ferrihydrite surface is reported here. 

Fig. 1: Fe L2,3 Edge NEXAFS spectra of ferrihydrite 

(top), ferrihydrite with ascorbic acid (middle) and ferri-

hydrite with citric acid (bottom). Black, red and blue 

lines correspond to dry state, RH=60% and RH=90%, 

respectively. 

 

Three different samples have been analyzed with the in 

situ electron spectroscopy endstation at the NanoXAS 

beamline (SLS). The first sample is ferrihydrite alone, 

the second ferrihydrite with a small quantity of ascorbic 

acid (a tenth of the ferrihydrite by weight) that acts to 

reduce the iron leached.The third sample is an aged so-

lution of ferrihydrite dispersed in an excess amount of 

citric acid. Here the acid is not expected to reduce the 

iron leached but rather forms a stable complex with it. 

The spectra were acquired under three different condi-

tions: Dry condition, 60% relative humidity (RH) at 0.5 

mbar (-22.25°C) and 90% RH at 0.5 mbar (-26.25°C).  

Fig. 1 shows the NEXAFS spectra of this first experi-

ment. XPS results (not shown) provide consistent infor-

mation. Under dry conditions, the slurry of ferrihydrite 

with citric acid shows a different chemical composition. 

Indeed, it features an iron(II) state while both ferrihy-

drite alone and ferrihydrite with ascorbic acid are dom-

inated by iron(III) species. Yet with increasing humid-

ity, the peak corresponding to the iron(II) state (indi-

cated by a bar at 707 eV) increases for both ferrihydrite 

and ferrihydrite with ascorbic acid. While this is ex-

pected for ferrihydrite with ascorbic acid due to its re-

ducing nature, it is much more surprising for ferrihy-

drite with just water as it should have stayed in an 

iron(III) state, or for ferrihydrite mixed with citric acid. 

This change in oxidation state is likely due to a beam 

induced effect, since iron complexes are known to un-

dergo ligand to metal charge transfer upon absorption 

of photons already in the near UV range. Indeed, meas-

urements done with liquid-jet XPS (no beam effects due 

to fast renewal of the solution, not shown) with solu-

tions separated from the ferrihydrite after leaching show 

that the iron after leaching is in the iron(III) state for 

citric acid solution but in the iron(II) state for ascorbic 

acid. Yet this beam effect is not visible under dry con-

ditions when all iron atoms are still within the ferrihy-

drite structure. This first experiment shows that a small 

amount of water can already modify the surface of the 

ferrihydrite by leaching iron, iron that can then react 

with species in its environment. This is interesting from 

the aerosol particle point of view as this available iron 

can be converted back to an iron (II) through photo-

chemical processes forming the redox couple and thus 

be able to do redox reactions with other airborne species 

such as H2O2 or secondary organic compounds.  

____________________________________________ 
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This work shows a new approach to characterize Fen-

ton’s reagents at the liquid-vapor interface by means 

of liquid-jet X-ray photoelectron spectroscopy. 

The Fenton’s reaction produces either highly-valent 

iron species (ferryl, FeO2+) or Fe3+ and ·OH radicals. 

The study of Fenton chemistry is of wide interest, due 

to the presence of Fe2+ and peroxides both in vivo and 

in the environment (atmosphere, water, and soils). The 

mechanism at the basis of Fenton reactions has not been 

fully understood yet. Depending on the reaction condi-

tions, the Fe2+ ions undergo either a one-electron trans-

fer (producing Fe3+ and ·OH radicals) [1] or a two-elec-

tron oxidation (yielding high-valent FeO2+ species) [2]. 

The preferential formation of either ferryls or Fe3+ re-

flects on the course of oxidative chemistry. As an exam-

ple, recent experiments claim that, due to the partial 

hydration sphere of Fe2+ at the water-air interface, fer-

ryls are preferentially formed while hydrogen peroxide 

is dosed from the gas phase [3]. The aim of this work is 

to use surface sensitive techniques (X-ray photoelectron 

spectroscopy XPS and electron yield near edge X-ray 

absorption fine structure spectroscopy NEXAFS) to in-

vestigate Fenton’s reagents solutions. Photoemission 

spectra were acquired on liquid filaments (diameter of 

approx. 25 μm) generated in vacuum (base pressure 

10-4-10-3 mbar) by means of a commercial quartz nozzle 

injector. Because the liquid surface exposed to the high 

flux x-rays (SIM beamline, Swiss Light Source) is con-

tinuously renewed, the beam damage is negligible.  

We acquired the photoemission and absorption spectra 

of various samples starting from two concentrations of 

Fe2+, 300 and 500 mM, respectively: reference solutions 

(Fe2+ and Fe3+) and Fenton’s reagents (mixtures of Fe2+ 

and hydrogen peroxide) having different [Fe2+]/[H2O2] 

ratios (ranging from 3:1 to 1:4). The photoemission 

spectra of the Fe 2p levels are shown in Fig. 1. As ex-

pected, the spectra of the two reference solutions show 

a positive chemical shift (about 3.2 eV) between the 

peak centroids. This is due to the change of the oxida-

tion state of Fe from 2+ to 3+. The same binding energy 

shift is detected passing from 3:1 to 1:4 [Fe2+]/[H2O2] 

ratio of the Fenton’s reagents. In particular, the spec-

trum acquired in excess of Fe2+ (3:1 ratio) shows a light 

peak broadening toward higher binding energy both at 

300 and 500 mM, while the main component is still 

Fe2+. In the case of 300 mM Fe2+, only after addition of 

a large excess of H2O2 (1:4 ratio), the Fe 2p spectrum 

matches that of Fe3+. The spectrum corresponding to the 

1:1 ratio is broader, probably due to the presence of Fe3+ 

and other reaction products (e.g. iron hydroxides). In 

the case of 500 mM Fe2+, the photoemission spectrum 

of the 1:1 Fenton reagent is showing an almost quanti-

tative oxidation of Fe2+ to Fe3+. This might suggest that 

the reactivity also depends on the initial concentration 

of Fe2+. The NEXAFS spectra are in good agreement 

with the results of photoemission, apart for those of the 

3:1 Fenton’s reagent. Relevant changes as compared to 

the spectrum of the reference Fe2+ solution are present, 

suggesting a significant oxidation of Fe2+ to Fe3+, whe-

reas XPS shows that only a small fraction of Fe2+ 

oxidizes to Fe3+. Such a difference could be explained 

by the different probed depth of XPS and NEXAFS, the 

latter being more bulk sensitive due to larger kinetic 

energy of inelastically scattered Auger electrons (585 

eV) than that of XPS (280 eV). Within the information 

depth of XPS, iron has a ferrous-like behavior, whereas 

in the bulk it is more ferric-like (NEXAFS).  

 

Fig. 1: (left) Fe 2p photoemission spectra and X-ray ab-

sorption spectra of the reference solutions (Fe2+ and 

Fe3+) and of Fenton’s reagents, 300 mM concentration; 

(right) Fe 2p photoemission spectra and X-ray absorp-

tion spectra of the reference solutions (Fe2+ and Fe3+) 

and of Fenton’s reagents, 500 mM concentration.  
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Photochemical reactions in viscous organic aerosol 

particles can generate radicals with low diffusivity 

meaning that free radicals (FRs) and reactive oxy-

gen species (ROS) can exist for a long time in parti-

cles we breathe. They both lead to oxidative stress in 

human lungs when inhaled. 

Major radical sources in atmospheric aerosol particles 

are photolysis and reactions involving trace metals [1]. 

Organics are ubiquitous in particles, and high iron con-

centration has been observed in 5% of particles [2]. Or-

ganic acids are a type of oxygenated organic matter in 

secondary organic aerosol, and can be removed due to 

photolysis reactions when they complex with Fe [3]. 

We use Fe-citrate (FeCit), a complex of Fe(III) and cit-

ric acid (CA), as a model system and initiate photo-

chemical reactions using UV light at 370 nm. In a hu-

mid atmosphere containing O2, UV light should reduce 

Fe(III) to Fe(II) and form a carbon centered FR. This 

should then react with O2 to form HO2, H2O2 and OH, 

all of which are ROS that reoxidize iron back to Fe(III). 

Micro- and submicrometer sized particles of FeCit:CA 

at 1:1 mole ratio are placed into a custom-built environ-

mental cell mounted in the PolLux endstation at the 

Swiss Light Source, irradiated for 15 min, and investi-

gated with X-ray spectro-microscopy to observe the 

spatially resolved Fe oxidation state after UV was 

switched off. 

Fig. 1 shows 2-D profiles of Fe(III) fraction as a func-

tion of relative humidity, RH, and time, t, after UV was 

switched off. At RH=40% (Fig. 1a), Fe is reduced, how-

ever reoxidation over t does not occur despite oxygen 

being present. For RH=50 and 60% (Fig. 1b and c), 

more dark reoxidation was observed. 

 

 

Fig. 1: 2-D profiles of the Fe(III) fraction of particles as 

a function of time after UV light was switch off in the 

color scale and for (a) RH=40%, (b) RH=50% and (c) 

RH=60%. Symbols are observations from X-ray micro-

spectroscopy. Model results are shown as lines. Grey 

symbols indicate the Fe(III) fraction prior to UV illumi-

nation for 15 min. 

 

This implies that organic carbon-centered radicals are 

being produced at low RH, but not reacting with oxygen 

to produce ROS. More reoxidation of Fe(II) requires 

more oxygen reaction and greater ROS production. It is 

important to note that greater molecular diffusion is ex-

pected at high RH evident from flattening of the Fe(III) 

fraction profiles in Fig. 1c. Model derived profiles are 

shown as the solid lines and reproduce the general trend 

of our data. 

In turn, we can calculate the production of FR and ROS 

in a simulated aerosol population where 5% of particles 

contained FeCit:CA at 1:20 mole ratio, which is similar 

to previous studies [2]. We report carbon centered FR 

and ROS concentration after 90 min of sunlight 

illumination in Fig. 2. We have found that FRs and ROS 

reach about 1012 and 1011 (molecules) µg-1, respectively, 

of aerosol mass. In comparison, previous measurements 

of ambient environmentally persistent FRs and ROS 

were found in aerosol particles on the order of 1011 µg-1 

[4]. This work has vast implications for damaging 

health effects due to particles thought not to be 

hazardous. Sea spray contains organics and variety of 

trace metals and salts, and photochemical reactions are 

speculated here to generate radicals which can cause 

damage to lungs. 

Fig. 2: Concentration of radicals in aerosol particles as 

a function of T and RH after 90 min of constant sunlight 

illumination at the Earth’s surface. Free radicals (FR) 

and reactive oxygen species (ROS) are given as the 

color scale and contours, respectively. 
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We present results from viscosity measurements of 

ferrous citrate in citric acid to understand the link 

between chemical aging and the microphysical prop-

erties of aerosol particles. 

Aerosol aging is a term for chemical and physical trans-

formations of airborne particles. It plays a major role in 

how aerosol particles affect climate, air quality and 

health. If atmospheric particles contain chromophores, 

indirect photochemical processes become possible, 

meaning that the chromophore excited by light will 

form a radical only through reaction with neighboring 

molecules (light absorption does not directly generate 

radicals). This is a mechanism by which redox pro-

cesses of non-light absorbing molecules are catalyzed. 

Indirect photochemistry is particularly important in en-

vironments with insufficient UV light intensity, such as 

the lower troposphere at high latitudes or in twilight, 

where direct photolysis and radical production is ineffi-

cient. Fe(III) carboxylate is an atmospheric surrogate 

metal-organic complex and an example compound that 

can absorb light up to 500 nm. After absorption, reac-

tion leads to the reduction of Fe(III) to Fe(II), the oxi-

dation of the carboxylate ligand. In a collaborative pro-

ject between PSI and ETH, we investigate the ability of 

photochemical reactions to proceed as a function of rel-

ative humidity, RH, on which particle viscosity, η, and 

thus, molecular diffusion is highly dependent. 

Using a rheometer, η of citric acid (CA) and Fe(III)-cit-

rate in CA, referred to as FeCit, with mole ratios of 1:1 

and 1:20 were observed. Two measurement approaches 

were used, 1) weight-fraction, w, based, in which a so-

lution with known w was prepared and immediately 

tested and 2) RH based in which a solution was left to 

equilibrate with RH over a long time. For CA samples, 

w was converted to RH using previous derivations [1,2]. 

For FeCit, we derived our parameterization of RH ver-

sus w. This was done following a unique experimental 

procedure. First, a solution with known w was prepared. 

Second, the solution was placed in the rheometer at 

some defined RH and its η was measured immediately. 

The RH was never optimal initially (but always close 

within ±5%) and would condense (RH too high) or 

evaporate (RH too low) water over time leading to a 

more dilute or concentrated solution, respectively. This 

led to an unknown change of w over time, but a 

measureable decrease and increase in η. Finally, the RH 

was manually adjusted so that η over a long time (~4 hr) 

was maintained constant and matched the initial value. 

This long time was necessary to allow the sample to 

equilibrate with RH, i.e. no net increase or decrease in 

water content. Therefore, after the adjustment was com-

pleted, initial and final values of η were identical, and 

the final RH exactly corresponded to the initial w of the 

solution. 

Fig. 1 shows η as a function of RH. Our data for CA are 

in perfect agreement with previous results revealing the 

correctness of our procedure. Values of η for FeCit 

tended to increase when weight fraction increased, sim-

ilar to CA samples. We also found that η of FeCit at 

1:20 ratio was similar to CA. At 1:1 FeCit mole ratio, η 

was significantly higher than 1:20. The metal-organic 

complex has a higher viscosity than the organic acid 

alone. We suspect that Van der Waals intermolecular 

forces such as hydrogen bonding or dipole interactions 

may be responsible for the greater observed η.  

 
Fig. 1: Viscosity, η, of citric acid (CA) and mixed Fe-

citrate and CA solutions (FeCit) as a function of weight 

fraction with water, w. Mole fractions of 1:1 and 1:20 

(Fe(III)-citrate:CA) are indicated. Measurement meth-

ods w-based and RH-based are described in the text. 

 

Our results have implications for chemical aging and at-

mospheric chemical and photochemical reactions. Typ-

ically, photochemical aging produces radicals, and an 

increase in η tends toward a decrease in molecular dif-

fusion. If the molecular diffusion of radicals is reduced, 

their ability to move through particles decreases and 

they can become effectively trapped. This leads to long 

radical lifetime and a slowdown of reaction cycling. 

Also, when particles with trapped radicals are inhaled, 

it could be damaging to human health. 
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Iron (Fe) photochemistry is a major sink for carbox-

ylic acids in aerosol particles [1]. This work investi-

gates the products of the degradation of citric acid 

(CA) initiated by photolysis of Fe(III) citrate com-

plexes by HPLC-MS. 

Fe(III) carboxylate (citrate among them) complexes ab-

sorb light below about 500 nm, which is followed by 

ligand to metal charge transfer resulting in the reduction 

of iron to Fe(II) and oxidation of the carboxylate lig-

ands, which represents a major contribution to the deg-

radation of carboxylic acids in the atmosphere and to 

aerosol aging via secondary radical cycles [1]. 

We deposited mixtures of Fe(III) citrate (FeCit) and CA 

(1:1) on the surface of a petri dish, which was then ex-

posed to UV light (centered at 350 nm) for varying 

times (from minutes to hours) at 40% relative humidity 

(RH) in synthetic air at ambient temperature and pres-

sure. After irradiation, we extracted the film with a mix-

ture of water and acetonitrile (1:1). Vanillin was added 

to the extract as internal standard. The analysis was per-

formed with a UHPLC-HRMS using an ESI source. 

 

Fig. 1: Selected C3 to C5 oxidation products from the 

degradation of citric acid initiated by iron citrate pho-

tolysis. 

 

We observed that the citric acid concentration de-

creased (not shown) during irradiation, first sharply, 

then much more slowly. Fig. 1 shows selected products 

representative of different oxidation generations exhib-

iting different behavior as a function of time. The C6 

compounds come from the functionalization of CA, and 

C5, C4 and C3 compounds come from the fragmentation 

and further reaction following decarboxylation of the 

citrate ligand after initial photolysis of iron citrate com-

plexes or by the degradation of uncomplexed CA by 

HOx radicals generated in the complex degradation. 

The general trend is an increase over the first 16 hours 

of irradiation and a decrease after that, most likely due 

to further degradation towards oxygenated volatile or-

ganic compounds (OVOCs) that leave the sample. 

Release of species such as acetaldehyde or acetic acid 

has also been observed in separate experiments (not 

shown) [2].  

 

Fig. 2: Selected C7 to C11 products from secondary 

chemistry following the degradation of citric acid initi-

ated by iron citrate photolysis. 

 

Fig. 2 shows several products resulting from accretion 

reactions, likely produced by radical-radical recombi-

nation, or oligomerization reactions. We also found ev-

idence for compounds with higher masses, indicating 

the presence of poly-iron complexes, which may have 

an impact on the viscosity and thus diffusivity in the 

system. Some of the products, e.g., C4H6O2 (not shown) 

contain a double bond, and are indicative of oxygen de-

ficient conditions induced by diffusion limitation of 

molecular oxygen otherwise needed to drive peroxy 

radical chemistry. At 40% RH, the viscosity of citric 

acid is high enough, so that the diffusivity of O2 may 

get rather low. The poor supply with O2 may become 

key for the secondary chemistry of this system.  
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The reaction of ozone with sea-salt derived bromide 

is relevant for marine boundary layer chemistry. 

This study shows an obvious enhancement of ozone 

uptake to bromide solutions in presence of a cationic 

alkylammonium surfactant. 

The multiphase reaction of bromide with ozone is an 

important bromide oxidation pathway, which later 

drives ozone depleting chemistry in the gas phase of 

marine air masses. The reaction exhibits an enhanced 

rate at the surface [1]. The ocean surface water and sea 

spray aerosol contain organic compounds, which may 

have a significant effect on the distribution of halide 

ions at the interface [2]. We selected tetrabutylammo-

nium (TBA) for this study as a proxy for cationic sur-

factants deriving from biogenic oceanic material. 

Solutions composed of 0.1 M TBA bromide (TBA-Br) 

/ 0.55 M NaCl, 0.1 M TBA-Br only, 0.1 M NaBr / 0.55 

M NaCl, and 0.1 M NaBr only, were used, respectively. 

TBA is expected to exhibit a surface excess of around 

2.3×1014 molecule per cm2 at 0.1 M [3]. The uptake co-

efficient of O3 (𝛾obs) is derived from the observed frac-

tional loss of O3 over a trough containing the aforemen-

tioned solutions and housed in a temperature-controlled 

reactor. In equ. 1, ωO3 is the mean thermal velocity of 

the O3 molecules in the gas phase (cm s-1), [O3,bypass] is 

the measured O3 concentration delivered to the reactor. 

[O3,reactor] is the O3 concentration downstream of the re-

actor. Q is the flow rate of the gas passing through the 

reactor (cm3 s-1). SA is the total surface area of the so-

lution (cm2).  

𝛾obs =
4∙𝑄

𝜔O3
∙𝑆𝐴reactor

× 𝐼𝑛(
[O3,bypass]

[O3,reactor]
)                   

(1) 

Fig. 1 shows the measured O3 uptake coefficients at 277 

K as a function of O3 concentration in the gas phase. 

Lines are fits with a kinetic model consisting of a com-

bination of a surface reaction and a reaction-diffusion 

mechanism in the bulk [1]. At high O3 concentration 

(above 200 ppb), 𝛾obs is constant, whereas at low at-

mospherically relevant O3 concentration (between 30 

and 100 ppb), 𝛾obs is decreasing. In previous studies 

[1,4], this behaviour has been attributed to a surface re-

action dominating at low O3 concentration. It results 

from the fact that the maximum coverage of O3 on the 

surface is limited, which leads to the surface reaction 

rate saturating with higher O3 concentration. This is not 

the case for the bulk phase reaction, since the bulk phase 

concentration of O3 scales linearly with the gas phase 

concentration (Henry’s law) in the relevant concentra-

tion range. The behaviour of the uptake coefficient 

shown in Fig. 1 is the result of the combination of par-

allel reaction in the bulk and reaction on the surface. 

The measured 𝛾obs in absence of TBA are consistent 

with previous studies from our group [1] and the work 

by Oldridge and Abbatt [4]. The difference between the 

pure NaBr and the mixed NaBr/NaCl solutions may be 

explained by the lower solubility of O3 due to salting 

out by NaCl. In presence of TBA, the O3 uptake coeffi-

cient is higher than on the pure NaBr and NaBr/NaCl 

mixed solutions at low O3 concentration, whereas they 

tend to be similar at high O3 concentration. In presence 

of TBA, the effect of NaCl is not apparent at low O3 

concentration, which may be due to the fact that the 

concentration of the [Br·OOO]- intermediate at the in-

terface is independent of the presence of NaCl. How-

ever, at high O3 concentration, a lower O3 uptake coef-

ficient was observed due to the salting out effect for the 

bulk reaction. 

 

Fig. 1: Uptake coefficients of ozone as a function of 

ozone concentration in the gas phase. 

 

It appears that the positively charged ammonium group 

in TBA helps to attract Br- ions to the interface and pos-

sibly also leads to enhanced and saturated surface con-

centration of the [Br·OOO]- intermediate that limits the 

reaction rate [1]. The salting out effect by NaCl is ob-

served in the solution in presence of TBA. Further, such 

enhanced O3 uptake on the surface is also in agreement 

with the liquid-jet XPS results. 
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A prototype of a new subzero temperature environ-

mental cell, known as the ICE cell, was developed to 

probe the temperature and RH at which ice forms 

on single aerosol particles with nanometer scale de-

tection to investigate the chemical and morphologi-

cal characteristics of ice nucleating surfaces. 

Clouds with ice particles cover about 30% of the Earth’s 

surface at any given time. The ice particles impact cloud 

lifetime, precipitation, global cloud radiative forcing 

and thus climate. Although the ice nucleation is heavily 

studied, atmospheric understanding and prediction is 

currently insufficient due to the chemical and morpho-

logical complexity of aerosol particles from which ice 

nucleation is initiated [1]. Ice is known to form from 1) 

cloud or aqueous solution droplets, 2) on insoluble par-

ticles in droplets, 3) on particles sticking out of droplets, 

4) due to surfactant molecular layers at the air water in-

terface of droplets, 5) on dry particles (i.e. no droplets) 

directly from the vapor phase, or 6) through a two-step 

process of liquid water condensation and then freezing. 

Atmospheric particles can be crystalline minerals and 

salts, biogenic, metallic, soot, and all coated by organic 

matter and aged over time with atmospheric reactants 

[2]. We are using state of the art lithography and micro-

fluidic technology to construct apparatus capable of 

capturing ice nucleation on spatial scales relevant to at-

mospheric particles, which are nanometers to microme-

ters. Doing so will allow us to observe various ice nu-

cleating scenarios, e.g. if organic matter coatings nucle-

ate ice or the particle core itself is responsible (see Fig. 

1). 

 

Fig. 1: Scheme of some ice nucleation pathways from 

(a) an organic coated mineral particle. Ice can form (b) 

on the surface of the organic. If the organic is liquid or 

soluble, water can move through it and (c) form on the 

mineral. If water condensation occurs but some organic 

is insoluble, ice may again (d) form on the organic sur-

face.  

Our prototype ICE cell was fabricated with a patterned 

Pt temperature sensor on a silicon nitride (SiN) mem-

brane and a gas dosing system of humidified helium. 

Figure 2 shows a coarse X-ray image of the Pt sensor. 

Cooling of the cell was accomplished using a cold air 

jet directed on the membrane. The ICE cell was taken 

to the PolLux beamline at the Swiss Light Source for 

scanning transmission X-ray microscopy (STXM) 

measurements. It is vital for any ice nucleation appa-

ratus that the coldest point along the path of the humid-

ified air is where ice nucleation is desired to occur. For 

the STXM, this coldest spot should be on the SiN mem-

brane. This is difficult because the membrane thickness 

of 50 nm required for X-ray transmission leads to very 

poor thermal conductivity that limits heat transfer away 

from the observed ice nucleation area.  

We performed an experiment in which water condensa-

tion occurred on a membrane at a relative humidity of 

100% and observed the spatial extent of where droplets 

formed to evaluate a qualitative measure of the temper-

ature gradient across the surface. Fig. 2 shows a collec-

tion of water droplets across the membrane surface 

however, this does not extend to the silicon support (not 

X-ray transparent) seen as a black boarder on the image 

edges.  

 

Fig. 2: STXM image of water condensation on SiN 

membranes. Droplets are scattered dark pixels. (A) 1x1 

mm membrane with a Pt wire and contacts seen as large 

rectangular structures. Scale bar is 100 µm. (B) 0.5x0.5 

mm membrane. Scale bar is 50 µm.  

Droplets in Fig. 2A are distributed nearly uniformly 

about 0.8 mm across the membrane surface implying a 

homogenous temperature gradient. This is largely due 

to the use of a 40 nm Al layer evaporated on the reverse 

side of the membrane to achieve good thermal conduc-

tivity. In contrast, the collection of droplets seen in Fig. 

2B was only about 0.1 mm across, implying a highly 

localized and sharp temperature gradient. This was be-

cause this membrane lacked an Al layer. Future devel-

opment and use of laboratory generated and ambient 

particles will be realized for ice nucleation experiments. 
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The oxidation of bromide by ozone in seawater, sea 

spray or marine aerosol occurs preferentially at the 

interface. Here, we assess the surface propensity of 

bromide in presence of the cationic surfactant tet-

rabutylammonium at the liquid-vapor interface by 

liquid-jet XPS. 

Oxidation of bromide to hypobromite is one of the im-

portant reactions to produce molecular halogen com-

pounds that later drive O3 depleting chemistry in the 

troposphere [1]. The reaction shows a strong preference 

for the liquid-vapor interface [2] and is thus sensitive to 

the interfacial density of bromide. The latter may be af-

fected by surface active organics ubiquitously present at 

the ocean surface together with the inorganic ‘sea salts’. 

Here, we use liquid-jet X-ray photoelectron spectros-

copy (XPS) at SLS [3] to assess the surface propensity 

of bromide in presence of tetrabutylammonium (TBA) 

bromide.  

 

Fig. 1: Br 3d photon emission (PE) signal intensity of 

various mixed TBA / halide solutions normalized by the 

condensed phase O 1s PE signal of H2O, the photon 

flux, and the cross section as a function of electron ki-

netic energy. 

We acquired Br 3d core level spectra of 0.1 M TBA 

bromide, 0.1 M TBA-Br / 0.55 M NaCl, 0.1 M TBA-Br 

/ 0.1 M NaBr, 0.1 M TBA-Br / 0.1 M NaBr / 0.55 M 

NaCl, 0.1 M NaBr, and 0.1 M NaBr / 0.55 M NaCl 

aqueous solutions. TBA-Br is expected to exhibit a sur-

face excess of ~2.3×1014 molecule per cm2 at 0.1 M [4]. 

The spectra are normalized to the O 1s PE signal of con-

densed phase H2O-oxygen. The probe depth was varied 

by varying the photoelectron kinetic energy, Ek, and 

thus inelastic mean free path (IMFP, λ) via variation of 

the probing photon energy. The photoemission (PE) in-

tensity, I, of a solute can be split into contributions from 

surface and bulk. When attenuation of photoelectrons 

originating from the surface molecules is neglected, the 

surface contribution is proportional to the surface ex-

cess (𝛤X). The bulk contribution is proportional to 

(nb,X×λ), where nb,X is the bulk number density of the 

solute. Thus the ratio of IBr3d and IO1s, the PE signal in-

tensities for the solutions and H2O of liquid water, re-

spectively, each normalized to photon flux and ioniza-

tion cross section, is then: 

  
𝐼𝐵𝑟 3𝑑

𝐼𝑂 1𝑠
=

(𝛤Br-+𝑛b,Br-×𝜆)

𝑛b,H2O×𝜆
   (eq. 1) 

In Fig. 1, this ratio decreases with Ek, which means a 

positive surface excess for bromide in solutions con-

taining TBA, which is also in agreement with the posi-

tive surface excess of TBA bromide [4]. This is likely 

due to ion pairing between bromide anions and the TBA 

cations. In turn, for the solutions in absence of TBA bro-

mide, the Br signal intensity is much lower and slightly 

increases with Ek, which indicates a negative surface 

excess for both, pure NaBr and mixed NaBr/NaCl, 

which has already been observed elsewhere [5]. 

In addition, when we focus on the lowest Ek, which cor-

responds to the most surface sensitive measurement: 

The Br intensity difference between the TBA bromide 

and mixed TBA-Br / NaCl may be explained by the pos-

sibility that some of the Cl- is replacing Br- in ion pairing 

with TBA. Further, when additional NaBr is added into 

the TBA-Br solutions, the Br intensity at the surface in-

creases by ~20%, which may be explained the fact that 

for pure TBA bromide solutions, ion pairing between 

TBA and bromide is not yet complete at the interface, 

so that additional bromide leads to even higher density 

of ion pairs at the interface. 

This enhanced bromide concentration in the interfacial 

region for TBA bromide containing solutions may then 

be the reason for the enhanced oxidation kinetics by 

ozone, shown in kinetic experiments in the laboratory 

for the same system, where a strongly enhanced ozone 

loss rate in presence of TBA on the surface of bromide 

solutions was observed. 
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This work investigates the ice nucleation ability of 

fresh and aged propane flame particles derived from 

different combustion conditions, combined with soot 

particle characterization using spectroscopic tech-

niques and dynamic vapor sorption. 

Soot particles are directly emitted to the atmosphere, 

formed as by-products of incomplete combustion of 

fossil fuels and biomass. They are carbonaceous and 

have an important anthropogenic source in addition to 

natural sources, e.g., biomass burning. Soot can initiate 

the formation of ice clouds, which affect the global 

cloud radiative properties, precipitation formation and 

distribution and ultimately influence climate. Predicting 

ice nucleation activity of soot is uncertain. Greater ice 

nuclei concentrations due to soot can either increase or 

decrease the ice particle number concentration, depend-

ing on the conditions, thus affect cloud cover (lifetime) 

[1]. Soot particle morphology and composition are be-

lieved to be key factors in determining the ice nuclea-

tion activity of soot [2], and can vary depending on fuel 

source and combustion conditions [3]. Morphology can 

also change upon particle ageing [4], further complicat-

ing their environmental fate. 

We generated propane flame soot from a miniCAST 

burner with different size and organic content depend-

ing on combustion conditions. The soot was aged by 

submerging soot in water at pH 7 and 4, the latter being 

in the range of cloud droplets or contrails formed 

through aviation emission. We use scanning transmis-

sion X-ray microscopy with near-edge X-ray absorption 

fine structure spectroscopy to map chemical functional 

groups and particle morphology on a single particle 

level. Our measurements are complemented by quanti-

fication of particle hydrophilicity using dynamic vapor 

sorption. 

Fig. 1 shows the fraction of fresh soot and water aged 

soot particles that can nucleate ice at a temperature of 

218 K. Ice nucleation activity of aged soot was observed 

to be enhanced with respect to non-aged soot. We have 

found distinct spectral differences between these two 

samples as illustrated in the X-ray absorption spectra in 

Fig. 2a. For instance, fresh soot had ketone functions 

indicated by an absorption peak at 287 eV which was 

absent for aged soot. Aged soot had a greater absorption 

peak signature at 285.4 eV attributable to carbon double 

bonding. We also observed enhanced water uptake by 

the aged soot shown in Fig. 2b as compared to the fresh 

sample, which correlated to enhanced ice nucleation 

ability of aged soot seen in Fig. 1. 

Our results indicate that fresh propane flame soot is not 

a good ice nucleating particle, but that water ageing can 

chemically change the soot and simultaneously enhance 

its ice nucleation ability. Ketone functions associated 

with freshly generated soot may then need to be stripped 

off particles to obtain higher activated fractions. This is 

important for quantifying the chemical properties of at-

mospheric soot particles, which may strongly influence 

their ice nucleation activity. We also suggest consider-

ing that when soot particles are involved in cloud pro-

cessing and atmospheric aging, their ice nucleation abil-

ity may change.  

 

Fig. 1: Ice activated fraction (AF) of soot particles as a 

function of relative humidity with respect to water 

(RHw), for fresh (orange) and water aged (red) propane 

flame soot with little to no organic content. 

 

 

Fig. 2: (a) Example C K-edge X-ray absorption spectra 

of fresh and water aged soot and (b) particle hydro-

philicity, given as water uptake (mass change) as a func-

tion of RHw for adsorption (solid lines) and desorption 

(dashed), respectively. 
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The oxygen K-edge NEXAFS spectrum of liquid wa-

ter is sensitive to changes in the local electronic en-

vironment experienced by the water molecules [1]. 

The addition of an organic solute to liquid water en-

genders such electronic structure changes due to so-

lute – solvent interactions [2]. 

It has been suggested from theory and mostly non-linear 

optical spectroscopy experiments [3] that the water 

structure near ice nucleation active proteins, surfactants 

and organics is changed towards promoting the for-

mation of tetrahedrally coordinated water clusters. 

1,3,5-Trihydroxybenzene (THB) and 1,5-Dihy-

droxynaphthalene (DiHN) may have the potential to en-

hance ice nucleation in aqueous solutions and particu-

larly in suspensions [4], therefore they may play a role 

in heterogeneous ice nucleation in the atmosphere. In 

this work we have attempted at observing changes in the 

water structure due to these two solutes by means of 

electron yield NEXAFS spectra. 

  

Fig. 1: Electron yield O K-edge NEXAFS spectra of 

THB solutions at three different concentrations. The liq-

uid water (blue) and ice (red) spectra are also shown for 

comparison. 

 

Fig. 2: Electron yield O K-edge NEXAFS spectra of 

DiHN solutions at two different concentrations. The liq-

uid water (blue) and ice (red) spectra are also shown for 

comparison. 

Liquid water (blue, Fig. 1) consists mainly of water 

molecules with only one strong donating H bond (donor 

configuration) [5] and the other H bond is relatively 

“weak” in terms of energy due to the elongation or 

bending of the OH---O axis [5,6]. These contribute to 

the features of the pre- (~535eV) and main (~537eV) 

edges in the NEXAFS spectrum (Fig. 1). In contrast to 

liquid water, all water molecules in ice (red, Fig. 1) are 

highly ordered due to the high population of tetrahe-

drally coordinated strong H bonds, contributing to a 

stronger post-edge (~540eV) feature in the spectrum.  

In Fig.1 we show oxygen K edge NEXAFS spectra of 

the THB solutions at 0.01 M, 0.03 M and 0.05 M. In 

comparison with liquid water, THB solutions show a 

general decrease in the intensity of the main edge ob-

served at around 537.5 𝑒𝑉 with a concomitant increase 

in the post-edge (~541 𝑒𝑉 ), which reflects a higher 

abundance of tetrahedrally coordinated water mole-

cules. Furthermore, as the concentration increases from 

0.01 M to 0.03 M, this effect is getting more pro-

nounced. This experimental result indicates that the wa-

ter molecules near the surface of THB solution are more 

tetrahedrally coordinated. The effect may be quite pro-

nounced because THB is very surface active, leading to 

high surface density of the THB related OH functional 

groups. Whether this effect is related to the ice nuclea-

tion activity of THB must remain open for further study. 

The oxygen K-edge NEXAFS spectra for 1,5-Dihy-

droxynaphthalene solutions are shown in Fig. 2. As in 

the case of THB, the addition of DiHN engenders a de-

crease in the pre-edge (∼535.5 eV) and main edge 

(∼537 eV) features and a strong increase in the post-

edge (∼541 eV) feature. The effect is even more pro-

nounced than that of THB. Further experiments and 

analysis need to elucidate whether the difference is due 

to different surface excess of the two solutes and thus 

different surface densities of OH groups. 
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We want to provide a more detailed understanding 

of the fundamental aspects of the interaction of wa-

ter vapor with solid oxide materials in comparison 

to their known ice nucleation activity. 

Potassium containing feldspars (microcline) have been 

considered as important mineral dust components for 

ice nucleation in mixed phase clouds. On the other 

hand, sodium-rich feldspar is believed to have con-

trasting ice nucleation ability [1]. Hence, for the ad-

sorbed interfacial water layer on the surface, we expect 

a different hydrogen bonding structure under subsatu-

rated conditions with respect to ice, which is related to 

the interactions between water molecules and the sur-

face structure of the feldspars. 

Electron yield near edge X-ray absorption fine structure 

(NEXAFS) spectroscopy at the oxygen K-edge is used 

to experimentally explore the difference between the 

hydrogen bonding structure of H2O molecules under 

different physical conditions. Experiments reported in 

this work were performed at the in situ electron spec-

troscopy endstation at the NANOXAS beamline at the 

Swiss Light Source (PSI, SLS). 

 

Fig. 1: Electron yield O K-edge NEXAFS spectra from 

microcline at dry condition (solid black), in presence of 

water vapour at 0.5 mbar at a relative humidity of 60% 

at -22°C (solid red) and 90% at -25°C (solid blue). 

Spectra from liquid water (dashed green) and solid ice 

(dashed blue) are shown for comparison. Pre-edge 

(~535eV), main edge (~537eV) and post-edge 

(~540eV) are indicated by black vertical dashed lines. 

Liquid water (dashed green, Fig 1) consists mainly of 

water molecules with only one strong donating H bond 

as described on the previous page [2, 3]. These contrib-

ute to the features of the pre and main edges in the 

NEXAFS spectrum (Fig. 1). In contrast to liquid water, 

all water molecules in ice (dashed blue, Fig 1) are 

highly ordered due to the high population of tetrahe-

drally coordinated strong H bonds, contributing to a 

stronger post-edge feature in the spectrum (Fig. 1). 

 

Fig. 2: Electron yield O K-edge NEXAFS spectra from 

microcline at dry condition (solid black), in presence of 

water vapour at 0.5 mbar at a relative humidity of 60% 

at -22°C (solid red) and 90% at -25°C (solid blue). 

 

In Fig.1 we show the electron yield O K-edge NEXAFS 

spectra from microcline at dry condition, 60% and 90% 

RH; spectra were normalized to unity within the energy 

range from 532 to 545 eV. Compared to dry conditions, 

the main edge of the microcline spectrum in presence of 

water vapor is shifted by about 0.5eV towards higher 

energy, which arises from the difference between lattice 

oxygen and water oxygen. As the RH increases, an in-

crease in post-edge intensity is observed, indicating an 

increase in highly ordered structures of the hydrogen 

bonding network of water molecules, while the main 

edge of the spectra remains the same. On the other hand, 

in Fig.2, the albite shows a different spectral evolution 

from RH 60% to 90%, the main edge is getting lower, 

while the post-edge remains the same, indicating an in-

crease in the fraction of ice-like water at higher RH. 

Linear decomposition (not shown) of these spectra at 

90% RH shows that the microcline surface features a 

larger fraction of liquid-like water than albite in pres-

ence of water vapor, although they show a comparable 

amount of ice-like contribution. Future analysis will 

consist of deconvoluting the spectra into several Gauss-

ian peaks in order to better fit the transient cases be-

tween ice and liquid like spectra and relate the conclu-

sions about the structural changes with literature reports 

about the ice nucleation ability of microcline and albite 

and corresponding theoretical studies. 
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As temperature increases towards the melting point 

of ice, disorder of the hydrogen-bonding network at 

the interface with the gas phase increases, creating 

what is known as the Liquid Like Layer (LLL). We 

take advantage of the surface-sensitivity of electron 

spectroscopy to shed light on this LLL. 

Near Edge Absorption Fine Structure spectroscopy 

(NEXAFS) is an experimental technique to visualize 

the energy states and hybridization of molecular orbitals 

and therefore, such measurement allows distinguishing 

water in its solid, liquid and gas phase state. If based on 

the detection of electrons, NEXAFS is highly sensitive 

to the surface region of a few nanometer depth [1]. 

 

Fig. 1: Data image of a O K-edge NEXAFS 

measurement of ice at -10°C. One can see XPS peaks 

traveling in the bottom left corner, Auger lines 

(horizonal), main and post-edge. 

 

Fig. 1 shows a typical O K-edge NEXAFS image where 

the intensity (color scale) of detected electrons is plotted 

as a function of the X-ray excitation energy (x-axis) and 

of the kinetic energy (y-axis). The main feature of inter-

est is the emission of Auger electrons setting in at 

532 eV excitation energy due to excitation from the O 

1s orbital to the lowermost unoccupied molecular orbit-

als (LUMO). From this data image, several processing 

steps are required to extract a NEXAFS spectrum as 

shown in Fig. 2. The NEXAFS spectrum shows the 

summed intensity of Auger emission versus excitation 

energy. First, fluctuations in X-ray intensity with exci-

tation energy need to be treated. Indeed, the photon en-

ergy striking the sample is modulated by X-ray absorp-

tion by species adsorbed on beamline components. Sec-

ond, one typically subtracts the background, i.e. the re-

gion before 528 eV, by a linear approximation. Finally, 

it is convenient to normalize the obtained spectra to 

their integrated area between 535 eV and 540 eV for ex-

plicit comparison.  

 

Fig. 2: NEXAFS spectra of pure ice aquired at the 

NanoXAS beamline showing differences in regions 

A and B as temperature is increased towards the 

melting point. Peaks at 530 eV indicate carbon 

contamination. NEXAFS spectra of water aquired at 

the SIM beamline are also shown for comparison.  

Strikingly, these early results presented in Fig. 2 reveal 

very little change of the NEXAFS spectra, and thus the 

hydrogen-bonding network, as temperature increases 

[2]. Cold ice appears to have a slightly more pro-

nounced dip (region A) and a stronger signal in region 

B compared to warmer ice. This suggests, when com-

paring with liquid water spectra, that the LLL thickness 

is contributing not more than 10% to the total signal, 

which correspond to a ~0.3 nm thickness difference 

from -15°C to -5°C. Currently, we cannot exclude that 

the carbon contamination, which was higher during the 

measurement of warmer ice spectra, impacted the LLL 

thickness. Future measurement and detailed analysis of 

the data will tackle this issue.    
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We observed that snow metamorphism may lead to 

incorporation of bromide in the bulk of snow grains, 

thereby decreasing bromide availability for reaction 

and increasing bromide preservation. 

Dry metamorphism in snow involves the flux of water 

vapor across a vapor pressure gradient; this results in 

restructuring with up to 60% mass turnover [1]. This 

study investigates whether ions trapped in snow are re-

distributed with the movement of water vapor in the 

snowpack by observing the change in the uptake of 

ozone (O3) in bromide (Br-) doped snow after 12 days 

under temperature gradient induced metamorphism 

(TGM).  

Artificial snow produced from shock frozen droplets of 

ultrapure water (18 MΩ; clean) and 6 μM NaBr solution 

(doped) in liquid nitrogen were exposed to a tempera-

ture gradient of 33 Km-1 for 0 and 12 days. Before ex-

posure to TGM, all samples were stored at -5°C for 7 

days to decrease grain boundaries [2]. The structural 

changes in the snow samples were obtained using X-ray 

computer micro-tomography (Scanco micro-CT, 10 μm 

resolution) at –20°C. O3 uptake was observed by ex-

posing the samples in a flow reactor setup to O3 at    

7 cm3 s-1 at –15°C in the dark. O3 uptake coefficients 

in the snow were calculated using the following eqn: 

𝛾𝑜𝑏𝑠 = 4𝜑𝑙𝑛([𝑂3]𝑏𝑦𝑝𝑎𝑠𝑠/[𝑂3]𝑓𝑙𝑜𝑤𝑡𝑢𝑏𝑒)/(𝜔𝑂3
× 𝑇𝑆𝐴) 

Where γobs is the observed uptake coefficient, 𝜑 is the 

gas flow rate, ωO3 is the mean thermal velocity of O3, 

and TSA is the total surface area (SSA (cm2 g-1) × mass 

of snow (g)). 

Table 1: Structural properties of the snow samples; 
TGM age is days exposed to the temperature gradi-
ent. SSA is specific surface area (± 6% error; [3]). ε 
is porosity, K, permeability [4]. 

TGM 

age 
Sample 

SSA 

cm2g-1 
ε K m2 

0 

Clean 

(<10 

ppbv) 

176 ± 11 
0.45 ± 

0.005 

1.6 ± 

0.43×10–10 

12 

Clean 

(<10 

ppbv) 

167 ± 10 
0.56 ± 

0.01 

6.0 ± 

1.45×10–10 

0 

Doped 

(498 

ppbv) 

183 ± 11 
0.47 ± 

0.01 

1.8 ± 

0.49×10–10 

12 

Doped 

(498 

ppbv) 

162 ± 10 
0.47 ± 

0.001 

2.3 ± 

0.57×10–10 

 

 

 

There was a decrease in the γobs after 12 days under 

TGM (Fig. 1). At the same time, there was no signifi-

cant difference in the structural properties between 

0 and 12 days under TGM for the clean and doped sam-

ples (Table 1). The decrease in γobs is therefore an indi-

cation of reduced availability of Br- for reaction on the 

exposed surfaces of the snow grains after 12 days under 

TGM and rather not caused by structural changes. This 

is in agreement with other studies, which indicate that 

bromide may be incorporated in the bulk of snow grains 

over time [5]. 

This result has potential implications for the ice core 

community and for polar atmospheric chemistry. With 

decreased availability of Br- for reaction, there is a po-

tential for its increased preservation in ice; there are 

studies already applying Br- as a tracer in ice cores [6]. 

This also implies that, with time, Br- will be less avail-

able for oxidation due to dry metamorphism; hence, a 

reduction in reactive bromine production.  

 

Fig. 1: O3 γobs as a function of exposure time to O3 at 

-15°C (for all experiments, O3 concentration was 163 to 

190 ppb; maximum variation in any one experiment < 5 

ppb). 
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We present the first Andean black carbon ice-core 

record, obtained from Illimani glacier and spanning 

the entire Holocene, and connect it to biomass burn-

ing activity in the Amazon Basin. 

The Amazon Basin is one of the major contributors to 

global biomass burning emissions. However, regional 

paleofire trends remain partially unknown. Due to their 

proximity to the Amazon Basin, Andean ice cores are 

suitable to reconstruct paleofire trends in South Amer-

ica and improve our understanding of the complex link-

ages between fires, climate and humans. 

Here we present the first black carbon (BC) ice-core 

record from the Andes as a proxy for biomass burning 

emissions in the Amazon Basin, derived from an ice 

core drilled at 6300 m from Illimani glacier in the Bo-

livian Andes and spanning the entire Holocene (last 

13000 years). At this site, in the Eastern Andes, mois-

ture mainly originates from the Amazon Basin (and ul-

timately the Atlantic Ocean) [1]. The entire ice core was 

cut into 3070 samples which were analyzed at PSI for 

BC with a Single Particle Soot Photometer (SP2). 

To investigate major causes for BC changes during the 

20th century, we studied spatial and temporal correla-

tions between the Illimani BC record and two important 

drivers of biomass burning activity, namely temperature 

and precipitation. Significant spatial correlations (p < 

0.05) between the BC record and re-analyzed tempera-

ture and precipitation from the NCEP/NCAR R1 dataset 

were found for areas in the Amazon Basin east of the 

Illimani site (Eastern Bolivia, Western Brazil and along 

the arc of deforestation), where extensive fires occur 

during the dry season (Fig. 1). Comparisons between 

temperature/precipitation time series for the Amazon 

Basin (region between 4°N-16°S and 76°W-51°W) and 

the Illimani BC record confirm that higher BC concen-

trations were observed during warmer and drier periods, 

such as the 1900s, the 1940s and the 1960s. 

 

Fig. 1: Spatial correlation over South America between 

the Illimani BC record and reanalyzed temperature 

(left) and precipitation (right) from the NCEP/ NCAR 

R1 dataset for the time period 1948–1998. 

In the last millennium, a very good agreement is visible 

between the BC record and reconstructed temperature 

from the same ice core (Fig. 2a). Higher BC concentra-

tions were observed between 1000 and 1300 AD, corre-

sponding to the Medieval Warm Period (MWP). BC 

concentrations subsequently declined until they reached 

a minimum in the 18th century, reflecting the Little Ice 

Age (LIA). Then, BC concentrations started to rise until 

present time, at a comparable rate to temperature, sug-

gesting that industrial emissions did not play a signifi-

cant role there. 

The relationship between BC concentrations and re-

gional temperature/moisture variations extends further 

back in time through the entire Holocene (Fig. 2b). The 

bottommost part of the ice core shows low BC concen-

trations, indicative of a cold and wet climate corre-

sponding to last deglaciation conditions. The highest 

BC concentrations of the entire record occurred during 

the Holocene Climatic Optimum (HCO) between 7000 

and 3000 BC, suggesting that this outstanding warm 

and dry period caused an exceptional biomass burning 

activity, unprecedented in the context of the past 13000 

years. 

 

Fig. 2: (a) Illimani BC record of the last 1000 years (left 

scale) compared to reconstructed temperature from Illi-

mani (right scale, [1]), 10-year averages with 5-pt mov-

ing averages. (b) Full BC record from Illimani, 200-year 

averages with 5-pt moving averages. 
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The black carbon record from the Tsambagarav ice 

core, Mongolian Altai, is used to reconstruct fire dy-

namics in this region, revealing a much higher fire 

activity in the oldest 1000 years of the core in the 

context of a predominant Monsoon regime. Recent 

industrial pollution from the former USSR is also 

visible between 1960 and 1990. 

The Mongolian Altai, located between the Siberian 

taiga belt (north) and the Gobi desert (south), is the re-

gion with the highest degree of continentality in the 

world and has been strongly affected by recent climate 

change [1]. In this steppe region, fire is an important 

element regulating the ecosystem. To predict future fire 

evolution in a changing climate, knowledge of past fire 

dynamics is needed. However, in this remote region, 

paleofire records are scarce [2]. Here, we present the 

black carbon (BC) record from the Tsambagarav ice 

core, Mongolia, as a proxy for paleofire activity. This 

ice core, extracted in 2009 from the Khukh Nuru Uul 

ice cap at 4130 m a.s.l. was shown to span the last 6800 

years [1]. 2448 samples were analyzed for BC using a 

Single Particle Soot Photometer (SP2). 

A much larger variability was observed in the oldest 

1000 years of the BC record compared to the following 

5000 years (Fig. 1), in the context of more humid con-

ditions. The latitudinal position of the Intertropical Con-

vergence Zone (ITCZ) was suggested to influence this 

variability. Greater variability was associated with a 

predominant Monsoon regime during the Holocene Cli-

matic Optimum (HCO), when the ITCZ was located 

further north, which then shifted to a more stable and 

drier climate regime dominated by Westerlies towards 

the late Holocene. Interestingly, in this region, wetter 

conditions seem to promote fire activity because they 

enhance grassland productivity and therefore increase 

the amount of available fuel. 

 

Fig. 1: The entire BC record from the Tsambagarav ice 

core (50-year averages). 

 

In the following 5000 years, little variations were visi-

ble in the BC record. The Roman Warm Period (RWP), 

Medieval Warm Period (MWP) and Little Ice Age 

(LIA) were barely visible, except a local minimum dur-

ing the colder period of the Maunder solar minimum. A 

weak correlation was found between BC and ammo-

nium, suggesting that the latter originate from a differ-

ent source, namely biogenic emissions. 

In the 20th century, BC background concentrations 

reached unprecedented levels since the HCO. They 

peaked in the 1970s and 1980s and subsequently 

strongly declined in the 1990s (Fig. 2a). A similar pat-

tern was observed for sulfate, a well-known tracer for 

fossil fuel burning emissions (Fig. 2b). This feature re-

flects industrial BC emissions from the former Soviet 

Union and is well reproduced by BC emission invento-

ries (Fig. 2c, [3]). The sharp decline in the 1990s can be 

explained by the USSR collapse and the sudden drop of 

many heavy industries. 

 

Fig. 2: Time period 1850–2009 AD: (a) BC and (b) sul-

fate records from Tsambagarav. Thin lines: annual av-

erages, thick lines: 11-year moving averages. (c) Indus-

trial BC emission estimates for Eastern Europe and for-

mer USSR countries at 5-year resolution [3]. Orange 

bar: maximum of emissions, 1960–1990 AD. 
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We reconstruct long-term atmospheric pollution 

trends deriving from fossil fuel burning based on 

continuous optical analyses of spheroidal carbona-

ceous particles (SCPs) in globally distributed ice 

cores. 

SCPs are a byproduct emitted to the atmosphere during 

incomplete combustion of fossil fuels (coal or petro-

leum products) at high temperatures [1]. They are trans-

ported over long distances and deposited in natural ar-

chives that preserve them over centuries. Previous com-

pilations of SCP records from lake sediments suggest 

that the deposition of SCPs in lake sediments usually 

starts after 1850 AD and that SCP concentrations in-

crease rapidly post-1950 AD. This SCP rise was pro-

posed as a globally synchronous stratigraphic marker 

for growing human impact suitable to delineate the on-

set of the new geological epoch “Anthropocene” [1]. 

Ice records provide excellent chronologies, especially 

for the most recent 200 years, where they rely on annual 

layer counting and absolute time markers [2]. We use 

microscopy to identify SCP >10 μm in globally distrib-

uted ice archives covering a large range from highly in-

dustrialized to extremely remote regions (Fig. 1). Our 

ice cores derive from Colle Gnifetti in the Swiss Alps 

[2], Tsambagarav in the Mongolian Altai [3], Illimani 

in the Bolivian Andes [4], and Summit in Central 

Greenland [5]. 

Our ice records suggest that in Eurasia detectable 

amounts of SCP accumulated in the ice already during 

the 18th century (i.e. Colle Gnifetti and Tsambagarav ice 

records, Fig. 1). Although the first appearance of SCP 

is unexpectedly early compared to lake sediments, it is 

corroborated by historical sources in both regions. In 

the Altai region, the historical onset of larger-scale 

smelting dates to 1729 AD, which coincides with the 

beginning of the SCP-derived pollution signal in our 

Mongolian ice record around 1720 AD [3]. The first 

SCP in the Colle Gnifetti record appear around 1770 

AD. While on the European mainland timber remained 

the main energy supplier until the 19th century, histori-

cal sources document massive coal consumption in 

Great Britain (e.g. >650,000 tons of black coal were 

shipped each year [6]). The onset of SCP in the Andean 

ice core dates to 1820 AD and coincides with the inde-

pendence from the Spanish viceroyalty (1809–1825 

AD) and a growing exchange with English coal-experi-

enced mariners that initiated the use of black coal [7]. 

Astonishingly, atmospheric fossil fuel pollution includ-

ing rather large particles (i.e. ca. 10 μm) reached even 

the remote Greenland site around 1900 AD, coinciding 

with the start of large-scale Arctic mining activities. 

While new regulations and associated technical ad-

vances strongly reduced atmospheric fossil fuel pollu-

tion in Europe after the 1970s, the increase of SCP con-

centrations in the ice cores from Central Asia and South 

America continued during the past decades. 

The spatial and temporal heterogeneities of SCP-in-

ferred atmospheric pollution in ice cores across the in-

vestigated regions question the use of SCP onset and/or 

maximum peaks as additional dating horizons in natural 

archives [1]. 

 

Fig. 1: SCP concentration in ice records 1660 AD–pre-

sent. X-axes are adjusted to the maximum SCP concen-

tration peak in each record. Hollow curves: 10x exag-

geration, colored curves: moving average (period = 5). 
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Snow pack measurements of trace elements at 

Weissfluhjoch, Swiss Alps, suggest a well preserved 

atmospheric composition in winter. Melting in 

spring causes preferential elution of certain trace el-

ements from the snow pack. Rare-earth and trace el-

ements occurring in low concentrations tend to be 

most persistent against meltwater-induced reloca-

tion. 

In collaboration with the WSL-Institute for Snow and 

Avalanche Research (SLF), the impact of melting on 

the preservation of atmospheric impurities in snow was 

studied by conducting an extensive snow pit campaign 

at the Weissfluhjoch field site, Switzerland. Regular 

samplings took place from January to June 2017 to 

monitor the behaviour of trace elements (TEs), an im-

portant class of paleo atmospheric reconstruction prox-

ies, during melting of the snow pack (Fig. 1).  

 

Fig. 1: High-Alpine snow is very sensitive to contami-

nation due to the low concentrations of atmospheric 

TEs. Therefore, special precautions, such as wearing 

clean room overalls, facemasks, and ultra-clean plastic 

gloves, were taken during the snow pit samplings. 

 

Snow pit profiles representing dry conditions (insignif-

icant occurrence of melting on Jan 25th, Feb 22nd, and 

Mar 21st 2017) and profiles representing wet conditions 

(wet snow pack on Jun 1st 2017) were compared by cal-

culating a concentration ratio cwet/cdry. cwet represents 

the average TE concentration of the wet profile and cdry 

the average TE concentration during dry conditions. 

This ratio revealed a preferential loss of certain trace el-

ements (Fig. 2), depending on their presumed micro-

scopic location and their water solubility [1]. The ob-

tained elution behaviour matched the findings from the 

upper Grenzgletscher ice core [1]. Variable mobility 

was observed for water-soluble TEs originating from 

partially water-soluble particles, with the low abundant 

ones preferably retained due to incorporation into the 

ice interiors. Concentration-independent preservation 

was visible for water-insoluble TEs. Even though most 

likely located on ice surfaces, they remained relatively 

immobile with meltwater due to their water insolubility. 

Precipitation at the two 180 km distant high-Alpine sites 

upper Grenzgletscher and Weissfluhjoch is characteris-

tic for Central European atmospheric aerosol composi-

tion. As the large majority of investigated TEs revealed 

a consistent behaviour with meltwater percolation at 

those two sites, the proposed applicability of the TEs 

Ag, Al, Bi, Cu, Cs, Fe, Li, Mo, Pb, Rb, Sb, Th, Tl, U, 

V, W, Zr, and the rare-earth elements as reconstruction 

proxies in melt-affected ice core and snow pit records 

[1] is therefore most likely representative for the entire 

Alpine region. 

 

Fig. 2: Rank of preservation plotted against the concen-

tration ratio cwet/cdry for each TE classified into group 1 

(retained concentration profile) or 2 (depleted concen-

tration profile). Symbols in bold indicate a similar be-

haviour as observed after meltwater percolation in the 

firn part of a high-Alpine ice core [2,3]. Circle sizes rep-

resent the mean concentrations in the dry snow pits 

where insignificant melting occurred.  
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The spatial distribution of trace elements at a grain 

scale in high-Alpine glacier ice was investigated us-

ing a recently developed method. Preliminary re-

sults show that the trace element distribution is not 

correlated with the grain boundary network in sec-

tions where high impurity abundance prevails. 

Ice core trace element (TE) records from high-Alpine 

glaciers are invaluable archives to reconstruct past at-

mospheric pollution. Concentration records of an ice 

core from upper Grenzgletscher (GG), Switzerland, re-

vealed a fractionation of TEs in a section affected by 

meltwater percolation [1]. While some TEs suffered 

significant concentration depletion, others were well 

preserved. This is most likely the result of TE location 

at the grain scale and the selective mobilization of TEs 

during meltwater percolation. Water-insoluble TEs tend 

to be enriched at grain surfaces, but were mostly pre-

served because of their immobility with meltwater. Wa-

ter-soluble TEs were incorporated into the ice lattice de-

pending on their concentration. 

 

Fig. 1: (a) Surface of the GG sample chosen for cryocell 

LA-ICP-MS analysis. Three grain boundaries joining a 

triple junction are visible. (b) Same surface area after 

LA using a spot size of 163 µm. The sections of the ab-

lation path from 1 to 2, and 3 to 4 are within the grain 

matrix whereas the path section between 2 and 3 fol-

lows a grain boundary. 

 

 

 

To be able to corroborate this indirect assessment of TE 

location in high-Alpine glacier ice, a method based on 

cryocell laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) was recently developed. 

This technique allows the direct in situ analysis of TEs 

at a sub-millimeter resolution. First measurements of 

impurity enriched GG samples included ablations of 

both grain interior and grain boundary material to di-

rectly identify differences in TE signal intensities be-

tween those two features (Fig. 1). Our results indicate 

that ice sections exhibiting overwhelming mineral dust 

abundance do not provide evidence for a linkage be-

tween the micro-scale distribution of TEs and the grain 

boundary network (Fig. 2). Such a dispersion of atmos-

pheric impurities in the ice matrix has also very recently 

been reported for layers with high impurity enrichment 

in deep ice from Antarctica and Greenland [2,3,4]. The 

proposed enrichment of certain TEs at grain boundaries 

or in grain interiors is most likely present in low con-

centrations ranges, while TEs seem to be evenly distrib-

uted if concentrations are elevated. 

 
Fig. 2: ICP-MS signal corresponding to the ablation of 

the GG sample shown in Fig. 1. The time intervals from 

1 to 2 and 3 to 4 correspond to the signal acquired within 

the grain matrix whereas the interval between 2 and 3 

reflects the signal of an ablation along a grain boundary. 
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Ice core trace element (TE) concentrations deter-

mined with two mass spectrometric methods (ICP-

SF-MS, ICP-TOF-MS) showed similar variability, 

but significantly different absolute concentrations 

for TEs present as particles. We attribute this to a 

size dependent fractionation of particles by the inlet 

system. Acidification shortly before analysis did not 

have a significant effect on TE concentrations. 

TEs are emitted to the atmosphere from both natural and 

anthropogenic sources mainly in particulate form [1] 

and can subsequently be eolian transported until even-

tually deposited and archived in glaciers. Here, we pre-

sent first TE analysis results from a 7 m long ice core 

from the Cerro Negro glacier (4604 m a.s.l.), located in 

the Chilean Andes in close vicinity of an open-pit cop-

per mine. Measurements were performed using both a 

conventional ICP-SF-MS (Element2, Thermo Scien-

tific) and a new ICP-TOF-MS (icpTOF, Tofwerk) in or-

der to compare both methods and to finally evaluate the 

impact of proximal mining activities on TE deposition. 

The ice core sections were decontaminated by removing 

the outermost layers and discrete samples were cut with 

5 cm resolution using a band-saw in a -20°C cold room. 

Samples were then transferred into pre-cleaned PP vials 

and subsequently measured for major ions and black 

carbon by ion chromatography and incandescence laser 

spectroscopy, respectively. Afterwards, the leftover 

sample aliquots were pooled for analysis by mass spec-

trometry (MS), leading to 40 samples with an approxi-

mate resolution of 10 cm. A fraction of 16 samples was 

then used for final analysis by ICP-TOF-MS at the Uni-

versity of Bern (KUP). Further splitting each of those 

fractions allowed for analysis without and with prior 

acidification to 0.2 M HNO3. All 40 samples were then 

analysed by ICP-SF-MS at PSI also applying this acid-

ification procedure. 

 

Fig. 1: TE concentrations (ICP-SF-MS) vs. depth in 

meter water equivalent (m w.e.). 

 

 

Resulting concentrations are highest in the uppermost 

part of the ice core (Fig. 1) and at a depth of around 5 m 

w.e. for all elements. Highest abundances were obtained 

for typical mineral dust tracers such as Al, Mg, Na, Ca 

and Rb, whereas elevated concentrations of Cu, Ba and 

Mn, might reflect the influence of proximal mining ac-

tivities. 

Comparing TE concentrations measured with and with-

out addition of HNO3 prior to analysis showed that the 

effect of acidification is negligible for such short time 

of leaching for all investigated elements. 

Applying the single particle measurement mode of the 

icpTOF (time resolution of 2 ms) results in mass spec-

tra, where single particles create sharp peaks above the 

dissolved background. This indicates that Al is mostly 

present in particles, whereas Na, Mg and Ca prevail in 

dissolved form. Mn, Cu and Ba show elevated back-

ground concentrations with few distinct and coinciding 

particle peaks, suggesting a common emission source. 

 

Fig. 2: Concentrations of Al, Na and Mg obtained by 

ICP-SF-MS and ICP-TOF-MS, respectively. 

 

While general TE variations are similarly reflected by 

both methods, absolute concentrations vary significantly 

for some elements (i.e. high R2 but slopes≠1, Fig. 2). TEs 

such as Na and Mg, which are predominantly in dis-

solved form show good agreement in absolute concentra-

tions, whereas concentrations of Al, Rb, Ba, Nd and Pb 

were significantly higher if measured by ICP-SF-MS 

compared to the ICP-TOF-MS. This might be due to the 

different inlet systems (e.g. spray chamber) of the two 

MS, which behave differently in terms of size dependent 

fractionation of the particles introduced into the plasma, 

resulting in an underestimation of particle-bound TEs 

with the ICP-TOF-MS setup. Thus, there is potential for 

increasing the sensitivity of the ICP-TOF-MS for parti-

cle-bound TEs by introducing a different inlet system.  
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Using a comprehensive non-target analysis, we were 

able to reconstruct the organic aerosol composition 

from glacier ice. Furthermore, we can estimate the 

contribution of biogenic and anthropogenic aerosol 

markers to the atmosphere from the pre-industrial 

to the industrial age. 

Among others, secondary organic aerosols (SOA) affect 

the Earth´s radiative balance and thus climate, alter bio-

geochemical cycles and can contribute to air quality and 

pollution [1]. Understanding the abundance, properties, 

and atmospheric transformation of organic aerosols, es-

pecially in the pre-industrial atmosphere, will help 

reduce uncertainties in climatic modeling [2]. Conse-

quently, accurate predictions of trends in SOA concen-

tration and distribution must be made. The dispersal and 

the chemical composition of atmospheric aerosols can 

be investigated through the analysis of water-soluble or-

ganic matter preserved in ice cores [3].  

82 samples from an ice core of the Fiescherhorn glacier, 

located in the Bernese Alps in Switzerland, were ana-

lyzed. This ice core contains historical records of about 

300 years (1682-2002) of deposited aerosols and or-

ganic gases [4]. The ice core samples were cut in the 

PSI cold-lab at -20°C, decontaminated, concentrated 

via solid phase extraction (SPE) and analyzed by 

UHPLC/(−)ESI-HRMS. The data were evaluated using 

a non-target method with the software MZmine 2.  

As a result, a temporal representation of the composi-

tion of various organic aerosol tracers from the pre-in-

dustrial to the industrial age is obtained. In Fig. 1 time 

series of two biogenic monoterpene oxidation products 

(pinic acid and MBTCA (3-methyl-1,2,3-butane 

tricarboxylic acid)), two anthropogenic aerosol markers 

(C9H20O4S and C7H7NO3) and one marker for “anthro-

pogenic enhancement” from α-pinene oxidation under 

high inorganic pollution conditions (C10H17NO7S) are 

shown. Our results show the significant increase of 

compounds containing sulfur and nitrogen since the be-

ginning of the 20th century, especially since around 

1940. From the 1970s on a reversed trend is seen. In 

contrast, biogenic tracers from monoterpene oxidation 

have high concentrations before 1900 when they start to 

decrease reaching a minimum around 1940. Afterwards 

concentrations increase again. Similar to the anthropo-

genic aerosol markers, pinic acid begins to decrease 

around 1970 whereas MBTCA continues to increase. 

Thick annual layers in more recent ice core parts lead to 

short time periods covered by one sample, resulting in 

a large variability, whereas thin annual layers near 

bedrock result in long time periods covered by the sam-

ples in the pre-industrial ice core parts.  

 

While the relative trends of single organic compounds 

can now be interpreted, care must be taken when com-

paring signal intensities of different compounds. Fur-

thermore, one has to keep in mind that appropriate in-

ternal standards are only available for a few species, 

which introduces uncertainty of the final time series. 

Additionally, ice core parts consisting of firn may be 

contaminated with certain semi-volatile compounds due 

to the porous structure of the firn.  

Interpreting the biogenic tracer records in view of envi-

ronmental changes regarding temperature, land cover 

and CO2 concentrations is ongoing.  

Fig. 1: Historic records of peak areas from different bi-

ogenic and anthropogenic aerosol markers. The grey 

area marks the firn samples.  
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The investigation of biogenic organic compounds in 

ice cores is a developing field which offers exciting 

potential for novel paleoclimate markers to be iden-

tified [1]. This study detects multiple novel organic 

compounds in samples dating back to 1598 from the 

Belukha Glacier ice core. 

Analyses followed the method of King et al. [2], an op-

timized method of HPLC-MS analysis with sample pre-

concentration by rotary evaporation. The list of target 

compounds is composed primarily of isoprene and 

monoterpene secondary oxidation aerosols (SOA), fatty 

acids, and primary biogenics. 

All compounds detected show strong seasonal cycles, 

where core resolution allows, with summer peaks in 

concentrations. Principle component analysis suggests 

a significant source-emission signal contributing to this 

seasonality for organic compounds. This is distinct from 

the strong transport component, which is the main 

driver for the summer increase in concentrations of both 

organics and major ions in the core. One group of or-

ganic compounds, pimelic acid, keto-pinic acid, cis-pi-

nonic acid (monoterpene SOA) and methyl-tetrols (iso-

prene SOA), all show increasing concentrations be-

tween 1598 and 1869 (Fig. 1), alongside gradually in-

creasing local temperatures controlled by solar radia-

tion [3]. In the 1980’s, the post-industrial period, where 

warming is instead primarily controlled by CO2 emis-

sions, concentrations of these compounds are signifi-

cantly lower (except for cis-pinonic acid). These com-

pounds correlate with ammonium in the periods before 

1940, after which ammonium concentrations signifi-

cantly increase due to dominant anthropogenic input 

[4]. Another group of organic compounds, terebic acid 

(monoterpene SOA) and D-malic acid (primary bio-

genic) instead shows high concentrations 1598-1602, a 

period when biomass burning was high [4]. The organic 

compounds in this study show the potential of multi-

proxy records for both source emissions of SOA com-

pounds and biomass burning. 
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Fig. 1: Time series plots for organic compounds detected in the Belukha ice core. Note the different scales for (A) and 

(E) compared to (B), (C) and (D), as well as the decreasing sample resolution back in time. Dashed grey lines represent 

mid-year (summer) time points, and shaded grey boxes represent breaks in time. 
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Alpine ice cores allow access to continuous records 

of atmospheric composition back to the pre-indus-

trial era in the regions where the majority of humans 

live. Here, we present a continuous record of the dis-

solved organic carbon (DOC) concentration from 

Fiescherhorn ice core (Swiss Alps) over the period of 

1680-1990. Fossil and non-fossil origins of water-sol-

uble organic carbon in the past atmospheric aerosols 

were reconstructed based on radiocarbon source ap-

portionment. 

Even though organic aerosols may have a significant ef-

fect on cloud formation and climate, to our knowledge 

no data has been published on long-term changes in the 

organic aerosol fraction. Alpine glaciers are valuable ar-

chives for the past atmospheric compositions. However, 

investigation about organic aerosols from ice cores is 

challenging due to the vulnerability to contamination 

and the low concentration level [1]. Therefore, it is vital 

to ensure ultra-clean sample preparation and analysis 

procedures. The overall low blank and high efficiency 

of our DOC extraction setup makes it possible to anal-

ysis DOC in ice samples with a carbon content as low 

as 25 µg C kg-1 ice [2].  

The 150.5 m long Fiescherhorn ice core (Swiss Alps) 

was drilled to bedrock in 2002 and well dated back to 

1682 by annual layer counting. The average DOC con-

centration in the pre-industrial period (<1850) is around 

96 ± 19 ppb, which is comparable with previously re-

ported DOC concentrations in the Col du Dome ice 

core, French Alps, for the period 1920-1950 [1]. DOC 

decreased from 134 ppb in 1880s to 61 ppb in 1940s. 

After 1940, DOC raised again and reached up to about 

300 ppb in the 1980s (Fig. 1).  

 

Fig. 1: Concentrations of DOC in the Fiescherhorn ice 

core. The individual samples are shown as circles with 

1σ uncertainty. The line indicates 5-year averages after 

1850, lower resolution before 1850. 

 

Correcting DOC for formic acid and acetic acid, organic 

gases taken up during snowfall, we retrieved the water-

soluble organic carbon (WSOC) [3], which represents 

the major fraction of the organic aerosol. The 10-year 

average WSOC trend (after 1850) separated in the fossil 

and non-fossil contribution is shown in Fig. 2. This ra-

diocarbon based source apportionment indicated that 

WSOC was of non-fossil (WSOCnf) origin before 1850, 

with concentrations of about 75 ± 18 ppb. Anthropo-

genic fossil fuel input to WSOC (WSOCf) increased 

since 1850 and reached non-fossil levels in the period 

1960-1975. The fossil WSOC trend matches the esti-

mated anthropogenic volatile organic compounds (AV-

OCs) emissions from Switzerland, suggesting that the 

fossil contribution is well preserved in the ice core. In 

contrast to the WSOCf trend, WSOCnf decreased from 

97 ppb in the 1870s to 44 ppb in the 1940s, after which 

it raised again to pre-industrial levels at around 1970 

and continued to increase until 1990. Our record sug-

gests that fossil fuel emissions have significantly modi-

fied the organic aerosol since the 1850s, despite the fact 

that the non-fossil fraction dominated over the whole 

period. The overall increase of WSOCnf after 1940 is 

most likely related to enhanced biogenic emissions 

driven by the temperature increase and/or changes in the 

atmospheric oxidation capacity, while the decrease after 

1890 is so far unexplained.  

 

Fig. 2: WSOC concentrations from fossil and non-fossil 

sources over the period of 1680-1990. Error bar shows 

1σ analysis uncertainty. 

____________________________________________ 

We acknowledge the Laboratory for the Analysis of Ra-

diocarbon with AMS (LARA), especially Gary Salazar, 

for support with radiocarbon measurements. 

 

[1] M. Legrand et al. Clim. Past, 9, 2195-2211 (2013). 

[2] L. Fang et al., Radiocarbon, in press.  

[3] M. Legrand et al., J. Geophys. Res., 118.9, 3879-

3890 (2013). 

 

 

300-YEAR ICE CORE RECORD OF DISSOLVED ORGANIC CARBON   

L. Fang (PSI &Univ. Bern), A. L. Vogel (Goethe Univ.), T. M. Jenk (PSI), S. Szidat (Univ. Bern),  

M. Schwikowski (PSI & Univ. Bern) 



29 

 

 

A precise depth-age relationship of ice cores is essen-

tial for paleoclimate studies. In the Mt. Hunter ice 

core the annual layer signal could not be resolved 

anymore below a depth of 150 m w.eq. due to strong 

thinning. Based on radiocarbon dating of water in-

soluble organic carbon (WIOC), an age of 9198 ± 

1160 BP was obtained at the depth of 169.2 m w.eq. 

A two-parameter flow model indicated the core to 

cover most of the Holocene.   

The Mt. Hunter ice core was drilled in 2013 at 3900 m 

a.s.l in the saddle between the north and middle peaks 

of Mt. Hunter [1]. Determining mountain glaciers’ age-

depth relationship in the deeper part is challenging due 

to complex bedrock geometry and strong annual layer 

thinning. Here we report the chronology for the entire 

Mt. Hunter ice core by applying radiocarbon dating of 

WIOC and a two-parameter flow model (2-p model) 

[2].  

12 samples were selected from the deeper part of the 

core. In order to remove any contamination potentially 

contained in the outer layer, we rinsed these ice samples 

with ultra-pure water in a flow hood. The carbonaceous 

particles were filtrated onto prebaked quartz fibre filters 

and combusted in a thermo-optical OC/EC analyzer 

(Model4L, Sunset Laboratory Inc, USA) at the Univer-

sity of Bern, following a well-established protocol 

(Swiss 4S) for OC/EC separation [2, 3]. 14C analysis 

was conducted using the compact radiocarbon AMS 

system ‘MICADAS’ equipped with a gas ion source, di-

rectly coupled to the Sunset instrument.  

 

Fig. 1: Sequence of the calibrated ages for the Mt. 

Hunter ice core. Original and modelled age distributions 

are shown in light gray and dark gray, respectively. 

Open circles with error bars represent the mean age with 

1σ uncertainty. 

Conventional 14C ages were calibrated using OxCal 

4.3.2 and the IntCal13 calibration curve as shown in 

Fig. 1 with calibrated ages given in years before present 

(BP). The so derived (original) age distributions have a 

relatively high uncertainty, especially for samples with a 

low 14C content due to low carbon mass (< 10 µg C) or 

age. Better age constraint was achieved by applying the 

OxCal sequence model, valid under the assumption of in-

creasing ages with depth. The range of calibrated ages in 

the Mt. Hunter ice core is from 380 ± 222 BP at 115.9 m 

w.eq. to 9198 ± 1160 BP at 169.2 m w.eq. (Fig. 1). 

 

Fig. 2: The depth-age relationship of the Mt. Hunter ice 

core. 2-p model fit (green line) with 95% confidence 

band (grey). Calibrated 14C ages with 1σ uncertainties 

are indicated by dots with error bars. The black band 

shows ages derived by annual layer counting with un-

certainty estimates. 

To retrieve a continuous depth-age relationship for the 

entire core, calibrated 14C ages were fitted by a 2-p 

model [2] (Fig. 2). For the ice core section with over-

lapping dating from both, annual layer counting (ALC) 

and 14C, the respectively obtained age-depth relation-

ships are in excellent agreement considering the uncer-

tainties. Note that the discrepancy between the 2-p 

model ages and the ages obtained by ALC in the upper 

120 m w.eq. is explained by a change in annual accu-

mulation rates observed over the respective time period. 

In this part, the model is not constrained by any data and 

it further assumes constant accumulation. Our 14C da-

ting suggests the bottom ice of the Mt. Hunter core to 

be from late Pleistocene origin, being preserved 

throughout the Holocene.  
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Firn core analysis of a melt-affected site in Central 

Asia provides recent annual accumulation rates and 

current firn characteristics. These results replenish 

the unique data set of a remotely located glacier in a 

data sparse region. 

Only a few studies investigate the firn characteristics of 

mountain glaciers and firn core data is especially sparse 

for glaciers located in remote mountain ranges. Firn 

characteristics including stratigraphy and density pro-

files of such cores represent climate conditions and 

therefore indicate the evolution of the firn as a response 

to climate change [1]. Furthermore, accumulation rates 

derived from firn cores provide information about the 

mass balance of past years at the drilling site [2]. The 

identification of annual layers in a core may be ham-

pered if melt water percolation occurs, as leaching pro-

cesses change the chemical composition of the firn 

pack. The SNF project “Changing Glacier Firn in Cen-

tral Asia and its Impact on Glacier Mass Balance” aims 

at identifying current firn characteristics of selected 

glaciers located in Kyrgyzstan compared to historical 

firn measurements, to subsequently identify possible 

firn changes and assess their potential effects on mass 

balance estimations. 

Here, we present analyses results of a firn core, we 

drilled in February 2018 on Abramov Glacier at 4392 m 

a.s.l. (“core 4392”). Abramov glacier is located in the 

Pamir Alay in southern Kyrgyzstan and has a temperate 

accumulation area. The glacier was thoroughly investi-

gated within the Soviet glaciological monitoring net-

work from 1967 until 1999. In 2011, University of Fri-

bourg and the Central Asian Institute for Applied Geo-

sciences reinitiated glaciological measurements. Since 

2013, the annual mass balance is measured at the drill-

ing site and converted to meter water equivalent (m 

w.e.). Core4392 is 17 m long and was drilled with a 

KOVACS MarkII coring system. Core sections were 

shipped frozen to Switzerland and then cut into samples 

of ~8 cm length. Samples were analysed for major ani-

ons and cations, water stable isotopes and black carbon. 

Furthermore, the density of each sample and of the en-

tire core segments and the visible stratigraphy were rec-

orded (Fig.1), showing by the presence of ice lenses that 

repeated melt and refreezing takes place at the drilling 

site. Nevertheless, annual horizons were identified us-

ing mainly the seasonal signal of BC, ammonium and 

δ18O, supported by the visible stratigraphy (dust layers 

in orange Fig.1a). Obtained annual layer thickness in m 

w.e. agree well with the measurements at the same site 

for the period 2013-2015 (not shown). In 2016 and 

2017, annual accumulation was measured in early Au-

gust, before the end of the ablation season. Annual layer 

thickness obtained from the core indicate that there was 

a mass loss of about 80 mm w.e. between the measure-

ment date and the end of the ablation season for both 

years. This agrees well with a model-based temporal 

homogenization of the annual layer thickness measure-

ments (not shown). Accumulation rates obtained from 

core4392 thus validate annual mass balance measure-

ments since 2013 and allow extending the time series 

for two more years. We also measured several km of 

ground penetrating radar (GPR). The profiles clearly 

show layering in the firn, which is currently analysed 

and will be used to extrapolate the accumulation rates 

spatially. Furthermore, the GPR data also allows to link 

the results from core4392 to other nearby firn cores, 

which were analysed for visible stratigraphy and densi-

ties only. This will allow for a direct comparison to his-

torical firn profiles.  

 

Fig. 1: Firn characteristics and chemical records of 

core4392. a) Firn stratigraphy (ice lenses in blue; visible 

dust layers in orange) and sample densities in black). b) 

Black carbon (BC), ammonium and δ18O data are plot-

ted as dots, lines show 5 point-moving averages. Iden-

tified summer horizons are shaded grey and labelled 

with their respective year (c).  
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In a drilling expedition to the Siberian Altai (Russia, 

20 May - 12 June 2018) two new ice cores were re-

covered from the glacier on Mount Belukha, extend-

ing the core previously drilled by our group in 2001, 

which has resulted in a broad range of published 

high quality climate and environmental records. 

The study site in the Russian Altai represents one of the 

Earth’s most continental regions. Approximately two 

thirds of Earth’s boreal forest is located in Siberia. The 

ecosystems are mostly temperature controlled and the 

largest increases in temperatures are predicted for this 

area. A first drilling on Belukha glacier in 2001 

(49°48'26.00"N, 86°34'43.00"E) did not reach bedrock, 

since the site had to be evacuated due to bad weather. 

The 139 m long ice core covering the time period AD 

1250-2001 was investigated for a broad range of cli-

matic and environmental conditions related to changes 

in both, natural and anthropogenic emissions, leaving 

no leftover ice for further studies of this highly interest-

ing site [e.g. 1, 2]. A nearby ice core from the Belukha 

West Plateau obtained by Vladimir B. Aizen (Univer-

sity of Idaho) was dated by 14C of water-insoluble or-

ganic carbon at PSI indicating the presence of about 

9’100 year old ice near bedrock [3].  

The new ice cores were drilled on the saddle between 

the main summit (Belukha East) and the western peak 

of Mt. Belukha at an altitude of 4060 m a.s.l. (Fig. 1). 

The drilling itself took place between 27 May and 10 

June, using the light-weight, portable, electromechani-

cal ice core drilling device FELICS (8 cm core diame-

ter) [4]. 

One core, denoted here as “2018 SNF”, was drilled to 

up-date the 2001 PSI core to the present and to extent it 

from AD 1250 back in time. This was done in the frame-

work of the project “Paleo fires from high-alpine ice 

cores”, an integrated research frame work with the ob-

jective to advance the understanding of complex sys-

temic linkages between climate, land use, fire and veg-

etation looking at the last 150 years in comparison to 

the previous 2000 years. The “2018 SNF” core was 

drilled around 90 m NE of the 2001 drill site, slightly 

south of the saddle plateau (49°48'27.7''N, 

86°34'46.5''E). There, only slow glacier flow velocities 

and minimal ice strain was assumed while close to it 

maximal glacier thickness was expected (Fig. 2). This 

core of overall good quality reached bedrock at 160 m, 

with the used stainless steel drillhead hocking into the 

rock, thereby damaging the cable by twisting it. 

The other core, denoted here as “2018 Ice Memory”, 

was drilled first, only 14 m NE of the 2001 site 

(49°48'26.4''N, 86°34'43.4''E). This core was collected 

for the international program ICE MEMORY, aimed to 

create the world's first ice archive sanctuary in Antarc-

tica for preserving the memory of high-mountain glaci-

ers threatened by global warming for future generations 

of scientists. The “2018 Ice Memory” core, the third 

core of the program, reached a depth of 106 m when 

drilling was abandoned after penetrating into a sub-gla-

cial crevasse not visibly indicated on the surface.    

 
Fig. 1: (A) View of Mt. Belukha approaching by heli-

copter from NE. The drill site is located on the saddle 

between the main summit, Belukha East (to the left), 

and Belukha West. The Belukha West Plateau can be 

seen on the right side. (B) View of the saddle and Be-

lukha main summit with camp and the drilling tent to 

the left (SNF site). 

 
Fig. 2: Radar derived map of ice thickness (m) at the 

saddle with PSI ice core sites. 
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Atmospheric concentrations of Ice Nucleating Parti-

cles (INP) were derived from two Arctic ice cores. 

For the first time the historical record of those par-

ticles, which are key factors for the properties of 

Arctic mixed-phase clouds, has been assessed. 

The Arctic is one of the regions most sensitive to cli-

mate change, and changes are proceeding at an unprec-

edented pace and intensity, which is referred to as Arc-

tic Amplification [1]. Arctic peculiarities together with 

multiple feedback mechanisms, are known to contribute 

to the enhanced climate sensitivity of the Arctic. How-

ever, the relative importance, strength, and interconnec-

tion of these peculiarities and feedback mechanisms are 

still disputed [2]. Clouds with their specific microphys-

ical properties, and the cloud phase (liquid water drop-

lets or ice crystals) are one of the key factors in Arctic 

Amplification, because they affect the energy budget of 

the Arctic boundary layer. Ice Nucleation Particles 

(INP) are the prerequisite for the primary formation of 

ice in mixed-phase clouds, and affect the formation of 

precipitation, as well as life time, and radiative proper-

ties of clouds. 

This study, for the first time to the knowledge of the 

authors, presents a historical record of ice nucleating 

particle concentrations (NINP) for the past 500 years, de-

rived from ice core material collected at two Arctic 

sites. The samples originate from the EUROCORE ice 

core (Summit, Central Greenland), and from the 

Lomo09 ice core (Lomonosovfonna, Svalbard). INP 

measurements were performed with the two droplet 

freezing arrays LINA (Leipzig Ice nucleation Array) 

and INDA (Ice Nucleation Droplet Array). The range of 

INP concentrations was found to be similar to present-

day observations [3] and no overall trend was found. 

NINP did not increase since the beginning of the indus-

trialization, suggesting that anthropogenic pollution 

reaching the Arctic has no effect on NINP. High onset 

temperatures for ice nucleation, and the general shape 

of the NINP temperature spectra, indicate the presence of 

biogenic INP. For those, a local Arctic source, that is 

more active during particular times of the year, is likely. 

With the available data it is not possible to differentiate 

between marine or terrestrial sources. Although, the 

here presented historical record of Arctic INP concen-

trations does not exhibit a clear trend throughout the 

past 500 years, in view of Arctic Amplification, it has 

to be kept in mind, that the present changes in the Arctic 

are unprecedented in speed and intensity. New sources 

of highly ice active biogenic INP may arise or existing 

ones could be amplified [4]. 

 
Fig. 1: Time series of NINP at −20°C (panel a), −15°C 

(panel b), and −10°C (panel c) for multi- and sub-year 

samples at both sites. As a reference, black dashed hor-

izontal lines are included which show the range of NINP 

observed by [3] in precipitation samples for present 

North America and Europe. The shaded grayish area de-

lineates a period of reduced Arctic ice extent found by 

[5] and shaded reddish areas show intervals of particu-

larly warm summers on Svalbard by [6]. The black ver-

tical line indicates the period of the 1783 Laki eruption 

as defined in [7]. 
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Girls on Ice Switzerland provides unique, tuition-

free wilderness science expeditions for young women 

from diverse backgrounds. In July 2018, nine teen-

age girls explored Findelen glacier during eight 

days, and analysed and presented their data to the 

public at PSI thereafter. 

During a “Girls on Ice Switzerland” expedition, young 

women (15-17 years) become acquainted with science 

and scientific methods and learn about alpine climate 

change. Furthermore, they are introduced to art con-

cepts and mountaineering, which is necessary for scien-

tific fieldwork in an alpine environment. The female in-

structor team consists of two to three scientists and a 

mountain guide. During one day, visiting scientists 

(Fig. 1) and an artist share their expertise with the expe-

dition team. “Girls on Ice Switzerland” is organised as 

an association and runs the courses in collaboration with 

the PSI. Between 2017 and 2020, Girls on Ice Switzer-

land is funded through a science communication (Ag-

ora) project of the Swiss National Science Foundation.  

During the courses, a mixture of inquiry-based teaching 

and experimental learning is applied. This combination 

and the tangibility of climate change science in the al-

pine environment provide a unique teaching ambiance. 

Furthermore, the purely female environment creates an 

atmosphere in which the teenage girls lose their shyness 

to try out, learn and understand new things from do-

mains, which are often perceived as male-dominated. 

The participants improve their mountaineering and out-

door skills and are taught the theoretical background 

necessary for different “peak” experiences: A central 

part of the programme are the students’ experiments. In 

groups of three, supervised by an instructor, the partic-

ipants plan and carry out their own scientific experi-

ment. After the field camp, they analyse their data at PSI 

and present their results to the public. Basic mountain-

eering skills are not only necessary to acquire the data, 

but also to climb a peak towards the end of the expedi-

tion. In addition to these challenging experiences, each 

participant has to take over a series of tasks to facilitate 

the daily routine in the base camp far away from civili-

sation. The camp is the place, where lively discussions 

come alive each night. Even the quietest ones are en-

couraged to participate, share their opinion and discuss 

the (philosophical) question asked each morning. The 

young women improve their reflection skills and dis-

cussion culture. Last summer, nine teenage girls with  

very distinct backgrounds built up the expedition team: 

Some of them were experienced camp organisers or 

rock climbers; others had taken numerous science clas-

ses before. There were extroverted entertainers and si-

lent listeners. Each of them contributed her strengths 

and the team grew together to manage challenging situ-

ations as a group: The weaker ones were encouraged to 

reach the peak. And almost nothing was left for the vol-

unteering women who came up the mountain to carry 

down material, because the girls distributed everything 

perfectly well amongst each other.  

“Girls on Ice” does not only exist in Switzerland. The 

scientific expeditions for teenage girls originate in the 

USA, where such courses were firstly organised almost 

20 years ago. Under the umbrella of the NGO “Inspiring 

Girls Expeditions” numerous field trips with different 

scientific foci such as glaciology or geology are organ-

ised each year. The Swiss association is financially in-

dependent, but in close contact and coordinates its ac-

tivities with the American organisation. In 2019, “Girls 

on Ice Switzerland” will organise two expeditions. The 

first edition for French-speaking participants will take 

place in addition to the German-language expedition. 

Find more information about the planned expeditions 

online [1]. The public presentations 2019 as well as pos-

sibilities how to support “Girls on Ice Switzerland” will 

be announced on the webpage and our social media 

channels.  

 

Fig. 1: Margit Schwikowski joined the expedition team 

as a visiting scientist and explained how to use a porta-

ble ice drill. 
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