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The last two hot summers destroyed a glacier  
archive in the Swiss Alps.

Top – left to right: The 2020 Grand Combin ice core 
drilling team (without hygienic masks – the team 
worked isolated on the glacier, forming the  
Grand Combin “bubble”). View from southeast  
to the Corbassière glacier on Grand Combin, 
Switzerland, and the drilling camp in the saddle, 
where two ice cores were collected in 2018 and 
2020.

Bottom – left to right: Sampling of the 2020 ice core 
in the cold room of the Paul Scherrer Institute.  
Thick ice lenses from refrozen meltwater are visible. 
While records of water stable isotopes (δ18O)  
agree well between the 2018 and 2020 cores, 
intense melt-water induced depletion of selected 
major ions (such as sulfate) was observed in the 
2020 core.
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For our Laboratory of Environmental Chemistry (LUC) 

the year 2020 was as challenging as for everybody else. 

Due to COVID-19 measures, access to PSI was substan-

tially reduced, which was especially demanding for 

LUC with our strong focus on experimental work. In 

addition, we faced a major turnover in our team with 18 

new PhD/MSc students and Postdocs starting in 2019 

and 2020. All of them wanted to be trained and work in 

the lab to start with their research projects, which was 

only possible to a limited degree. I would therefore like 

to take this opportunity to thank all LUC members for 

their patience, support and solidarity that enabled us to 

keep our lab running as best as possible under the ad-

verse circumstances! 

The outcome of this effort is nevertheless exciting sci-

ence, cumulating in overall 27 papers in peer-reviewed 

scientific journals. One of the topics of the Surface 

Chemistry Group was multiphase chemistry of halides 

in the atmosphere with emphasis on iodine and its role 

in the ozone budget. Further, the group pioneered tech-

nical developments for in-situ XPS and X-ray micro-

spectroscopy at SLS. For instance, they designed a 

unique cryo-holder for surface science studies at ele-

vated relative humidity. They also supported the devel-

opment of a multipurpose microreactor system 

(MIMiX) to observe physical and chemical changes in 

aerosol particles in-situ under environmental condi-

tions, which can now be used by collaborators at other 

synchrotron facilities. 

A major activity of the Analytical Chemistry Group was 

cross-dating different ice cores from the same glacier, 

revealing excellent agreement between the glacio-

chemical records. After several postponements due to 

unfavourable weather conditions and COVID-19 re-

strictions, members of the group conducted an ice core 

drilling campaign on the summit plateau of Corbassière 

glacier, in the saddle of Grand Combin, Switzerland. 

This was an expedition in collaboration with our col-

leagues from University Ca’ Foscari in Venice, funded 

by the Italian Ministry of Education, University and Re-

search within the frame of ICE MEMORY. 

The international ICE MEMORY program aims at col-

lecting heritage ice cores from the world’s key endan-

gered glaciers to store them under safe conditions and 

international governance in Antarctica for future gener-

ations of scientists. Starting in 2015 as a Franco-Italian 

initiative, a major step forward was the creation of the 

international ICE MEMORY FOUNDATION, which 

gives the program a legal status. PSI is one of the seven 

founding members and the agreement was signed on 18 

January 2021 during a virtual ceremony. This is in-

cluded here, because the preparatory work happened in 

2020. 

On 2 June 2020 Ling Fang successfully defended her 

PhD at the University of Bern. This was the first time 

that a student from our lab defended online and Ling 

delivered a great performance. Congratulations! Simi-

larly, most of our teaching activities and exams at the 

ETHZ and University of Bern were conducted online or 

in hybrid mode – a new experience for everybody. 

In all my previous editorials, I mentioned our LUC ex-

cursions and other social activities, but for 2020 there is 

unfortunately not much to say. I deeply hope this will 

change for the 2021 report.   

 

Margit Schwikowski 

  

EDITORIAL  
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We approach the nanometer scale for observing sin-
gle particles responsible for forming ice using a new 
ice nucleation X-ray microscope cell INXCell, and 
we quantify the rate at which ice forms. 

Organic aerosol components are among the most com-
mon in atmospheric particles and well-recognized as 
important ice nucleating particles [1]. Ice formation is 
important for snow, sleet and hail precipitation, but also 
for rain, i.e., about two-thirds of rain begins as ice crys-
tals nucleated from aerosol particles [2]. Ice forms from 
ice-like water molecular clusters, also known as ice em-
bryos, which is one of the many reasons why ice for-
mation is one of the most uncertain atmospheric phe-
nomena to predict and fully understand. To address the 
difficulty in chemical and physical characterization of 
ice nucleating particles, we developed the INXCell to 
have 3 main advantages, chemical selectivity, high spa-
tial resolution and in situ capability. The INXCell can 
image a particles’ chemical composition with a spatial 
resolution of 35 nm in an atmospheric chamber while 
an ice nucleation experiment is ongoing. The chemical 
composition, in particular, is determined from a near-
edge X-ray absorption fine structure (NEXAFS) spec-
trum, which determines the absorption of X-rays as a 
function of X-ray energy across the entire image. We 
used iron containing nano-particles, ferrihydrite, which 
were coated and uncoated with citric acid to mimic at-
mospheric mineral-type aerosol particles with and with-
out organic coatings. Ferrihydrite is an amorphous iron 
oxyhydroxide compound that is ubiquitous in nature 
and recently found to be abundant in urban air masses 
and combustion sources [3]. Citric acid is also a well-
known proxy in terms of composition and viscosity for 
atmospheric oxidized organic aerosol particles [4].  

Fig. 1 (A-D) shows X-ray images taken after ice nucle-
ation occurred and during ice crystal sublimation. The 
residual and non-residual particles probed using 
NEXAFS spectroscopy pertaining to iron (E) and car-
bon (F) of one residual particle and one non-ice nucle-
ating particle are shown. The spectra are highly similar, 
meaning that both particles have a spectroscopically 
similar iron and organic composition, which are ferri-
hydrite and citric acid, respectively. Although this was 
expected, it does imply that chemically distinctive ice 
active features were not observed on our spatial scales 
and for iron or carbon. This finding is counter to the hy-
pothesis that ice nucleation occurs on ice active sites. 
Alternatively, we find that ice nucleation may have oc-
curred on one particle by chance, i.e. ice nucleation oc-
curred stochastically and in line with nucleation theory. 
This has implications for how ice formation is predicted 
[5], meaning that stochastic modelling should be imple-
mented for better prediction. 

 

Fig. 1: Ice nucleation and spectroscopic identification 
of ferrihydrite particles coated with citric acid. A se-
quence of X-ray images (A-C) show the last instances 
of a sublimating ice crystal. The coarse resolution was 
necessary to quickly image the shrinking crystal. The 
blue and orange outline indicate the crystal boundaries 
on (A) and (C), respectively. The X-ray image in (D) 
shows residual and organic rich particles across the 
sample. The scale bar in (A) and (D) indicate the same 
length at 2 µm. NEXAFS spectra were acquired first at 
the carbon K-edge (F) and then the iron L-edge (E) of a 
residual particle and a non-ice nucleating particle. 

____________________________________________ 

We acknowledge funding from the European Union’s 
Horizon 2020 research and innovation program under 
the Marie Skłodowska-Curie grant agreement (701647). 
 
[1] D. A. Knopf, P. A. Alpert and B. Wang, ACS 

Earth Space Chem., 2, 168-202 (2018).  
[2] K. M. Lau and H. T. Wu, Geophys. Res. Lett., 30, 

24, 2290 (2003). 
[3] A. Ito et al., Sci. Adv., 118, 5 (2019). 
[4] J. Reid et al., Nat. Comm., 9, 15002 (2018). 
[5] P. A. Alpert and D. A. Knopf, Atmos. Chem. 

Phys., 16, 2083-2107 (2016). 

X-RAY SPECTROMICROSCOPIC INVESTIGATION OF ICE FORMING PARTICLES 

P. A. Alpert (PSI), A. Boucly (PSI LEC & LUC), S. Yang (THU & PSI), H. Yang (PSI & ETHZ), M. Ammann (PSI),  
Z. Luo (PSI LMX), C. Padeste (PSI LMN), S. Finizio, B. Watts (PSI LSC) 
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Temperature is a key factor in atmospheric chemis-
try. Here, we present a new sample holder that al-
lows to control and monitor the temperature of sam-
ples for X-ray excited electron spectroscopy work at 
SLS with improved precision. 

We have recently investigated interfacial phase changes 
of sea-salt aerosol by means of X-ray excited electron 
spectroscopy [1]. Temperature calibration was of para-
mount importance in this study identifying supercooled 
liquid on ice surfaces at 240 K, well below the freezing 
point. This is of environmental relevance, because 
chemical multiphase reactions in aerosol generally pro-
ceed faster as long as the particles are not frozen and the 
precise freezing temperature is still under debate. 

These experiments have been done with a sample holder 
where temperatures down to 160 K can be reached by 
cooling with a flow of cold gas [2]. Figure 1 shows a 
sketch of an improved version of the sample holder.   

 

Fig. 1: The cryo-sample holder consisting of a sample 
plate (yellow) and of a cold finger (red) temperature 
regulated with a stream of cooled gas. Also shown is the 
electron acceptance cone of the electron analyzer (grey) 
and the X-ray beam (red) hitting the sample. The sample 
is directly placed on a gold covered thermocouple (yel-
low). The black bar denotes 500 µm. 

The key feature of this improved version is that the sam-
ple is located directly on a gold covered thermocouple 
used to monitor the temperature (Fig. 1). This leads to a 
very direct measure of sample temperature with a mean 
off-set for 6 samples of 0.07 K as compared to up to 6 K 
with the previous sample holder. The sample plate can 

be removed to prepare samples off-line, before beam-
time starts.  
Great emphasis in the development was placed on ther-
mally isolating the gold coated thermocouple from the 
sample holder. Figure 2 shows an ice sample clearly 
constrained to the gold coated sample area and not 
forming on the outer parts of the sample holder. Such a 
well-defined cooled area has advantages when dosing 
trace gases to the sample and also of a minimized tem-
perature gradient across the sample area. 

 

Fig. 2: Ice sample grown on the gold coated thermocou-
ple. The outer parts (white) made of glass-ceramic ap-
pear ice free. The electron acceptance cone of the ana-
lyzer is shown in the front of the picture. The black bar 
denotes 500 µm. 

The detailed characterisation and optimisation of the 
new sample holder during four beamtimes in 2020 fur-
ther showed supreme cooling rates and great improve-
ment in sample purity. Ice samples, for example, were 
free of adventitious carbon that is often present in near 
ambient pressure X-ray excited electron spectroscopy.  

____________________________________________ 

We acknowledge funding from the Swiss National Sci-
ence Foundation (Grant 178 962). 

[1] T. Bartels-Rausch et al., The Cryosphere Discuss., 
1-26 (2020). 

[2] F. Orlando et al., Top. Catal., 59, 591-604 (2016). 

A STATE-OF-THE-ART ENVIRONMENTAL SAMPLE HOLDER FOR SLS 

T. Bartels-Rausch, A. Laso (PSI), Y. Manoharan, J. Gabathuler, H. Yang (PSI & ETHZ), A. Boucly (PSI LEC & LUC), 
L. Artiglia (PSI LSK & LUC), M. Ammann (PSI) 
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The In-Situ Spectroscopy (ISS) beamline uses a 
spherical grating monochromator to select the pho-
ton energy. Such gratings also transmit a fraction of 
higher order light. We present here flux measure-
ments of the 1st order and higher order contribution. 

The term “higher order light” designates photons whose 
energies are an integer multiple of the fundamental (set 
by the monochromator). We usually talk about 2nd order 
and 3rd order light, the following orders having too weak 
intensity. At ISS, experiments are performed with the 
1st order, while the photon flux is typically assessed by 
a photodiode that measures the total beam intensity, 
thus systematically overestimating 1st order flux. Due to 
geometrical reasons, it is not feasible to mount a high 
order suppressor at the ISS beamline. More precisely, 
in the photodiode, the total flux of photons generates a 
current  according to the formula:  

	
∙
3.6

 

where  is the photon energy and 3.6 [W/A] is the 
quantum efficiency of the photodiode. From the for-
mula, we obtain that 2nd (3rd) order light gives 2 (3) 
times more current per photon than the 1st order, respec-
tively. Hence, even a small fraction of higher order light 
can yield to a significant error in the photon flux meas-
urement, which is a key calibration step for some exper-
iments in surface characterization for environmental 
science and catalysis.     

To disentangle the contribution of higher order light 
from the 1st order light in the diode measurement, we 
use X-ray photoelectron spectroscopy (XPS) to assess 
the photon flux. The photoemission spectrum is com-
posed of peaks located at a kinetic energy KE=	  –
BE, where BE is the binding energy of the core shell of 
interest. There will be as many peaks as there are orders 
of light in the beam, and the area of the peaks is propor-
tional to the photon flux of the respective order.  

In Fig. 1, we see that 2nd order light contribution is rel-
evant below 700eV, while 3rd order contributes below 
500eV. In addition, we can note that the 100 nm SiNx 
window separating the high vacuum beamline from the 
few millibars of pressure in the experimental chamber 
strongly absorbs at the nitrogen edge (~398 eV). The 
transmittance then increases from 400 to 1000 eV and 
is almost fully transparent above 1000 eV. Conse-
quently, 1st order light in the region from 400 to 700 eV 
is more absorbed than the 2nd order (from 800 to 1400 
eV) and the window acts as an amplifier on the HO light 
fraction at such low excitation energies. 

 

Fig. 1: Photon flux of the 1st, 2nd and 3rd order retrieved 
from Au4f photoemission peaks. Note the logarithmic 
scale. 

Fig. 2 shows the relative contribution of higher order 
light to the total photon flux. These results are in line 
with the simulations shown in a publication describing 
ISS’ twin beamline, PolLux [1]. 

Fig. 2: Fraction of 2nd order light and 3rd order with re-
spect to the total flux. The 1st order corresponds to the 
white area in the graph. 

We nicely see in Fig. 2 a steep increase in 3rd order frac-
tion as the 1st order is being absorbed at the nitrogen 
edge. A similar effect is visible at the oxygen edge 
(535eV), probably due to some oxygen contamination. 

____________________________________________ 

We acknowledge funding from the Swiss National Sci-
ence Foundation (grant 178962).  
 
[1] U. Flechsig et al., AIP Conf Proc, 879, 505-508 

(2007). 
 
 

PHOTON FLUX MEASUREMENT AT ISS 

  

J. P. Gabathuler, H. Yang, (PSI & ETHZ), L. Artiglia (PSI LSK & LUC), M. Ammann, T. Bartels-Rausch (PSI) 
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Partial Electron-Yield X-ray Absorption Spectros-
copy (PEY-XAS) is a powerful technique to study in-
terfaces. However, the exact probing depth is a key 
uncertainty in PEY-XAS. A very simple Monte 
Carlo simulation gives quantitative answers.  

In matter, an electron travels on average one inelastic 
mean free path (IMFP) of electrons in matter (λ ≈2.2 
nm) before it undergoes an inelastic scattering event, 
upon which it loses part of its kinetic energy (on average 
~60eV [1]). The electrons that scatter multiple times 
likely come from deeper in the sample being investi-
gated [2]. Therefore, the electron kinetic energy that we 
can precisely measure in PEY-XAS contains depth in-
formation.  

The Monte Carlo method is particularly well suited to 
understand the physics of inelastic scattering, and to 
find the relationship between the kinetic energy and 
probing depth. The simulation presented here generates 
10  electrons with a kinetic energy spread between 
450-500 eV and allows them to scatter until reaching 
the surface and escaping the sample. The key advantage 
of the simulation is the ability to retrieve the origin dis-
tribution of the electrons detected by the analyzer. Pri-
mary electrons, the ones that have not scattered, have an 
origin distribution that follows an exponential decay 
with depth. Secondary electrons, on the other hand, 
have a small probability to come from the surface, be-
cause they must scatter at least once. Fig. 1 shows such 
an origin distribution for electrons that escape the sur-
face with a kinetic energy between 412 eV and 437 eV.  

 

Fig. 1: Distribution of origin for a set of electrons that 
escaped the surface within the kinetic energy window 
412-437eV, simulated with the Monte Carlo algorithm.  

Suppose now that we have a system composed of a layer 
A, of thickness D, sitting on top of a bulk B. The inte-
gration of the origin distribution from 0 to D allows to 
calculate the relative contribution of A to the total sig-
nal. In the case where electrons do not scatter, one can 
derive analytically:  

Signal	 A	 % 	
1
λ
e 	 1 	 e 	 	 	 	 	 	 1  

Fig. 2 shows the calibration curves that allow to convert 
the signal of A, as measured in PEY-XAS, into the 
thickness of the layer A. The simulation reproduces the 
analytical calculation (1) shown in Fig. 2 (black dashed 
line), and covers the kinetic energy windows where an 
analytical calculation is not trivial. 

 
 

Fig. 2: Calibration curves to convert the signal A, de-
rived from a PEY-XAS measurement and expressed in 
[%], into the thickness D of the layer A. Calculated from 
the simulated distributions of origin. 

This shows that PEY-XAS can probe different depths 
by choosing varying kinetic energy window of the de-
tected electrons. This technique has been successfully 
demonstrated on a SiO2/Si sample [3] and could be 
used on ice surfaces to probe different regions of the 
interface. The gas phase associated with ice can also be 
simulated in order to disentangle the condensed phase 
scattering from the gas phase scattering. 

____________________________________________ 

We acknowledge funding from the Swiss National Sci-
ence Foundation (grant 178962).  
 
[1] NIST Standard Reference Database 
[2] W. S. M. Werner, Surf. Interface Anal., 31, 141-

176 (2001). 
[3] N. Isomura et al., J. Appl. Phys., 122, 025307 

(2017). 
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Aerosol composition and morphology at a coastal 
area in China was investigated using single particle 
X-ray spectromicroscopy and an unmanned aerial 
vehicle (UAV) to attain high resolution vertical pro-
files. 

Atmospheric particle composition and morphology 
changes alter their ability to form clouds, to scatter light 
and thus, impact our environment and climate. We fo-
cus on the chemical and morphological characteristics 
of sea spray aerosol (SSA) particles, known to undergo 
acid displacement reactions liberating HCl, depleting 
sea salt, and increasing organic mass, when mixed with 
anthropogenic components in coastal areas [1]. There is 
limited understanding of how SSA composition and 
morphology changes during their residence in urban air. 

 

Fig. 1: (A) Size resolved chemical classification based 
on CCSEM/EDX analysis of particles at 330-meter 
height and (B) vertical distribution of each particle 
types in number percentage. 

Here, we show a single particle analysis case study fea-
turing vertical aerosol profiles obtained with an UAV 
system in Shenzhen, China, from 20 to 330 m in Sept. 
2019 during morning hours. Size resolved elemental 
composition of tens of thousands of single particles 
were obtained from computer controlled scanning elec-
tron microscopy coupled to energy dispersive X-ray 
analysis (CCSEM/EDX) shown in Fig. 1. The aerosol 
population collected at 330-meter in the morning was 
dominated by sulfur-containing particles (CNOS), ~ 
50% by number to the total population. Sea salts con-
tributed less than 20% as shown in Fig. 1B, and de-
creased in abundance with height. Carbonaceous parti-
cles without sulfate increased in abundance with height 
in comparison. This indicates an exchange between 
ocean emission and anthropogenic emission during the 

300 m transport, which we suspect may be SO2 to sul-
fate conversion within individual sea spray particles.  

An example of X-ray compositional mapping con-
ducted on the same sample is shown in Fig. 2 along with 
NEXAFS spectra. The sea salt or sulfate indicated in 
cyan color were typically coated by organic matter in-
dicated in green color in Fig. 2A dominated by the car-
boxyl (COOH) function and likely stemming from at-
mospheric oxidation processes or marine biogenic ac-
tivity. NEXAFS spectra of two particles are shown in 
Fig. 2B, where the X-ray optical density is ln / , 
and I and I0 are the transmitted and incident X-ray pho-
ton count through the particles as a function of X-ray 
energy. These particles contained carbon-carbon double 
bonding absorption features at 284.7 and 285.4 eV, in-
dicative of quinone and soot-like compounds. Note, 
particle 1 was coated with more inorganic matter than 
particle 2, which was coated by organics by compari-
son. Quinones are known light absorbing compounds 
that initiate photochemical reactions, radical generation 
and cycling important for continual compositional 
change. An additional feature at 287.1 eV was observed 
and could be either quinone substituted carbonyl or hy-
droxyl functions. A previous study found that quinone 
concentration in aerosol particles was significantly 
higher when they were transported over coastal regions 
than over more continental areas [2]. We suspect that 
the presence of quinone compounds may be a unique 
feature of mixed anthropogenic and marine derived par-
ticle and formed in situ. 

 
Fig. 2: (A) X-ray compositional mapping where the 
cyan, green and red color indicate areas of particles 
dominated by inorganic, carboxyl functions or carbon 
double bonding. (B) Carbon K-edge spectra for two dif-
ferent particles.  
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In situ X-ray microscopy demonstrates how aerosol 
particles from Beijing during winter haze undergo 
liquid-liquid phase separation (LLPS) at high rela-
tive humidity leading to core-shell chemical mor-
phology. 

Organic aerosol (OA) particles are frequently mixed 
with other components, namely inorganic material such 
as sulfate, nitrate and ammonium, organic compounds, 
metals, soot, and liquid water in the atmosphere. Mean-
while, it is well known that mixed inorganic and organic 
particles could undergo liquid-liquid phase separation 
(LLPS) [1]. LLPS has been observed in laboratory stud-
ies with bulk aerosol organic matter and surrogate par-
ticles [1, 2], but it has never been directly observed in 
single ambient aerosol particles. The physiochemical 
properties of particles, such as optical properties and 
chemical reactivity, can change when phase separation 
occurs compared to a well-mixed homogenous aerosol 
particle. Phase separation in single authentic atmos-
pheric aerosol particles with chemically selective detec-
tion has remained unobserved until now.  

We investigated the ability of ambient aerosol particles 
to phase separate in the PolLux environmental cell us-
ing scanning transmission X-ray microscopy coupled 
with near-edge X-ray absorption fine structure 
(STXM/NEXAFS) spectroscopy during in situ expo-
sure to controlled temperature and relative humidity 
(RH). We imaged ambient particles collected in urban 
winter haze events (Beijing, China, with PM2.5 mass 
concentration > 150 μg m-3) at different RH levels to 
observe phase separation at a spatial resolution of 35 × 
35 nm and with sensitivity to organic carbon (OC), in-
organic (In) and soot or elemental carbon (EC) compo-
nents.  

Individual ambient aerosol particles were exposed to 
full hydration-dehydration cycles (dry - 60% - 97% - 
80%) in the in-situ cell. One example of particles that 
took up water and changed their chemical morphology 
when RH increased is shown in Fig. 1. These images 
are colored to show which component is dominant, 
green for OC-rich, cyan for In-rich and red for EC-rich. 
These unique chemical morphological features are de-
termined from an automated analysis based on similar 
NEXAFS features of various individual organic, inor-
ganic and soot particles [3]. It is important to note that 
just because a particular color of a particle is e.g., OC-
rich, does not necessarily mean that In and EC compo-
nent are not present there. Only that OC is the dominant 
chemical composition in comparison to EC and In. 

At RH = 97%, particles feature a large area of the In 
component indicative of aqueous solution due to water 
uptake (Fig. 1a). However, a thin layer of OC was still 

present at RH = 97% at the perimeter of the particles 
indicating an OC-rich phase at the particle surface lay-
ers. As RH decreased to 81% (Fig. 1 b-d), the water-rich 
(In) cores shrank (less water present) while the OC-rich 
coatings increases in area, which we expect was due to 
the transfer of organic solutes into the organic phase. 

 

Fig. 1 (a)-(d): The false color images derived from 
STXM/NEXAFS data as a function of RH; it is obvious 
that the inorganic center is surrounded by a thick layer 
of organic coatings; 

Fig. 1 shows direct evidence of LLPS for particles col-
lected during Beijing haze. Our LLPS results and obser-
vations of changing particle morphology are beneficial 
to predicting hygroscopic growth, aqueous chemical ki-
netics, SOA formation mechanisms, aerosol optical 
properties and thus climate effects. They also give in-
sights into the critical role of LLPS during multiphase 
reactions in urban haze formation, not only in the North-
ern China Plain, but also in regions with mixed or-
ganic−inorganic composition in particles characterized 
with high PM2.5 mass concentrations worldwide. 
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Atmospheric aerosol particles often contain primary 
organic aerosol (POA) and secondary organic aero-
sol (SOA) components. Here, we investigate the mis-
cibility of a large range of POA and SOA proxies 
that controls phase separation in organic aerosol. 

A large mass fraction of tropospheric aerosols is com-
posed of organic aerosol (OA), which is important for 
air pollution and climate. OA comprises primary or-
ganic aerosol (POA) and secondary organic aerosol 
(SOA) constituents [1]. POA denotes particles that are 
directly emitted into the atmosphere, whereas SOA is 
formed within the atmosphere, mostly through oxida-
tion of volatile organic compounds, followed by gas–
particle partitioning of the reaction products [1, 2]. The 
elemental oxygen-to-carbon (O:C) ratio is frequently 
used to categorize OA. For instance, measurements 
have detected hydrocarbon-like organic aerosol (HOA) 
with 0.02 ≤ O:C ≤ 0.26 as a main component of POA, 
while the O:C ratio of SOA ranges from ~0.32 to 1.32 
[3]. When HOA and SOA become internally mixed 
within individual aerosols, particles with one or two 
phases can form. In order to predict the role of OA for 
air pollution and climate, knowledge on the miscibility 
of these aerosols is crucial, as the miscibility impacts 
many processes including heterogeneous chemistry, 
gas–particle partitioning and in turn particle growth and 
size distribution, ultimately affecting climate. If 
HOA+SOA are completely miscible the presence of 
HOA seed particles enhances the SOA formation, by 
providing additional OA mass for semivolatile organic 
compounds to partition into. In contrast, such an en-
hancement is absent, if internal mixtures form two dis-
tinct aerosol phases. Here, we have investigated the 
miscibility of 13 HOA with 21 SOA species as a func-
tion of relative humidity (RH), using optical micros-
copy.  

 
Fig. 1: Images of HOA+SOA particles at different RH 
(columns), where 2,5-hexanediol (O:C = 0.33) was used 
as SOA proxy and HOA proxies are indicated. 

Fig. 1 shows exemplary microscopy images, for 
HOA+SOA mixtures, revealing that particles with ei-
ther one or two phases can form, depending on the O:C 
ratio of the components and the RH. 

 

Fig. 2 summarizes the number of liquid phases observed 
in our experiments at 5% RH, for all HOA+SOA mix-
tures tested, revealing distinct regions in the O:C phase 
space where either one or two phases form. Specifically, 
if the O:C ratio of the HOA was below 0.1, we almost 
always observed two liquid phases when mixing with 
SOA (O:C ≥ 0.3), as indicated by the hashed region. 
This observation is independent of RH for 0% ≤ RH ≤ 
90% (not shown). Mixing two HOA species (O:C ≤ 
0.29), always resulted in one liquid phase, independent 
of RH. For HOA with O:C ≥ 0.1 and SOA with O:C ≥ 
0.3, one or two liquid phases were observed, depending 
on the functionality of the constituents and the RH.  

Overall, our results suggest that low-O:C HOA does not 
mix with SOA and hence does not enhance the SOA 
yields within the atmosphere. The presence of medium-
O:C HOA, on the contrary, can enhance atmospheric 
SOA yields when mixing with SOA, depending on the 
functionalities of both the HOA and the SOA compo-
nent and the ambient RH. 

 
Fig. 2: Number of liquid phases observed for 
HOA+SOA mixtures as a function of their O:C ratio at 
< 5% RH. 
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A surface-promoted sulfate-reducing ammonium 
oxidation reaction has been discovered to spontane-
ously take place on typical aerosol surfaces during 
water solvation and reveal that unique chemistry oc-
curs on the surface.  

Gas-particle interfaces play important roles in the at-
mosphere and directly influence many atmospheric pro-
cesses. However, as interfacial processes take place on 
molecular scales, classical bulk thermodynamic theo-
ries are often insufficient to describe interfaces. For ex-
ample, hygroscopic substrates are understood to solvate 
at a deliquescence relative humidity (DRH), but modern 
observational techniques have revealed that reversible 
water adsorption and reversible ion solvation already 
take place at a relative humidity (RH) lower than the 
DRH [1]. Explanations for such pre-deliquescence be-
havior can be rooted in strictly accounting for the 
unique physicochemical characteristics of surfaces [2]. 
These interfacial processes are challenging to character-
ize and are often overlooked in current atmospheric 
chemistry.  

In this study, a novel surface-promoted redox reaction 
during salt solvation has been discovered by using am-
bient pressure X-ray photoelectron spectroscopy 
(APXPS). Classical and first-principle molecular dy-
namics were performed to support the characterization 
of the solvation process. Ammonium sulfate is used as 
the salt in this study, which is a common and important 
proxy for atmospheric inorganic aerosol.  

Fig. 1 shows the photoelectron spectra for sulfur 2p and 
nitrogen 1s electrons at dry (RH = 3%), pre-deliques-
cence (RH = 48%) and full deliquescence (RH = 78%, 
including transient and steady state) conditions.  

 

Fig. 1: (a) S 2p and (b) N 1s XPS peaks measured at 
RHs of 3, 48 and 78%. The photon energy was set to 
435 eV for sulfur XPS and 665 eV for nitrogen XPS. 
The binding energies were aligned with C 1s at 
284.8 eV. 

Fig. 2 presents the peak assignments of the XPS spectra. 
At the lowest RH, the only features observed are the ex-
pected sulfate (SO4

2-) doublet with the sulfur 2p3/2 peak 
around 167.5 eV (Fig. 2a, spectrum α) and the ammo-
nium (NH4

+) peak at ~401.0 eV. As the RH is increased 
to 48%, additional doublets of reduced sulfur species 

(Sr), including elemental sulfur (S0 with 2p3/2 around 
163.2 eV) and bisulfide (HS- with 2p3/2 around 
162.5 eV) become visible (Fig. 2b, spectrum β). Two 
additional nitrogen-containing components also appear 
with increasing RH: nitrous acid (HONO) at ~404 eV 
and dissolved ammonia (NH3) at ~399 eV (Fig. 2e, 
spectrum ). At RH = 78%, where full deliquescence 
occurs a dramatic full conversion from SO4

2- to S0 is 
observed (Fig. 2c, spectrum γ) during the deliquescing 
transient period.  

 

Fig. 2: Fitting results of the spectra shown in Fig.1. At 
RH = 3%, a SO4

2- doublet (a) is observed. At RH = 48%, 
S0 and HS- doublets (b) and HONO and NH3 peaks (e) 
appeared. At RH = 78%, where full deliquescence oc-
curred, most sulfate transferred to S0 (c) and no nitrogen 
species could be found. When deliquescence was com-
plete, the sulfur region was dominated by sulfate again 
(d) and nitrogen species reappeared (f). 

As the deliquescence process proceeds and a new steady 
state is reached, the SO4

2- reappears and only a small 
amount of HS- remains on the surface. Importantly, a 
series of measurements were performed to evaluate the 
influence of X-ray beam damage, and the results con-
firmed that beam induced artifacts have not contributed 
to and/or influenced the observations. 

____________________________________________ 

We acknowledge funding from the Swedish Research 
Council (Grant 2015-04212). 

[1] X. Kong et al., J. Phys. Chem. C., 124, 5263-5269 
(2020). 

[2] D. Castarede et al., Atmos. Chem. Phys., 18, 
14939-14948 (2018). 

SPONTANEOUS REDOX REACTION ON SOLVATING INORGANIC AEROSOL 

X. Kong (Univ. Gothenburg), I. Gladich (QEERI), D. Castarede, E. Thomson (Univ. Gothenburg), A. Boucly 
(PSI LEC & LUC), L. Artiglia (PSI LSK & LUC), M. Ammann (PSI), J. Pettersson (Univ. Gothenburg) 



11 

This work shows in situ characterization of ferrous 
and ferric ions aqueous solutions, and of Fenton’s 
reagents by means of liquid jet x-ray photoelectron 
and absorption spectroscopies. 

The fundamental charaterization of iron complexes in 
aqueous solutions is of paramount importance in the 
study of Fenton’s chemistry. The reaction between Fe2+ 
ions and hydrogen peroxide, also known as Fenton’s re-
action, produces either highly-valent iron species (fer-
ryls, FeO2+) through a two-electron oxidation [1], or 
Fe3+ and ·OH radicals, through a one-electron transfer 
[2]. The preferential formation of FeO2+ or Fe3+ reflects 
on the course of oxidative chemistry. Fe2+ and peroxides 
are present both in vivo and in the environment. Histor-
ically, it has been demonstrated that the one-electron 
mechanism plays a crucial role in aqueous environ-
ments [3]. However, recent experiments claim that, due 
to the partial hydration sphere of Fe2+ at the water-air 
interface, ferryls are preferentially formed when gase-
ous hydrogen peroxide is dosed [4]. The aim of this 
work is to use surface sensitive techniques (x-ray pho-
toelectron spectroscopy –XPS- and near edge x-ray ab-
sorption fine structure spectroscopy –NEXAFS-) to in-
vestigate reference iron solutions and better understand 
Fenton’s chemistry. Hybrid molecular dynamics calcu-
lations have been used to investigate stable iron com-
plexes in solutions and complement the experimental 
data. Photoemission and absorption spectra were ac-
quired on liquid filaments (diameter of approx. 25 μm) 
containing 300 mM Fe2+ and Fe3+ solutions, generated 
in vacuum by means of a commercial quartz nozzle in-
jector. After acquisition of NEXAFS scans across the 
Fe L2,3 edge, resonant energies for both oxidation states 
of iron could be detected and were used to scan the va-
lence band (VB). Scanning the VB across an absorption 
threshold is known as resonant photoemission (Re-
sPES), and provides insights into the contributions of 
different atomic species to the electronic states in the 
valence region. In this specific case, the main goal was 
to identify the molecular orbitals of iron ions and inves-
tigate their resonance.  

Fig. 1a shows that Fe2+ and Fe3+ in aqueous solutions 
display similar behaviors as in solids (e.g. oxides). This 
means that the crystal field should be similar (O2- and 
H2O are weak ligands) [5,6]. Both ions are in an octa-
hedral field and high spin complexes (small Δ0) form. 
Hybrid MD calculations (Fig. 1a insets) display stable 
aquo-complexes within 0.5 ps. Both complexes are ho-
mogeneously distributed in the water slab. Interest-
ingly, in the case of Fe3+, some simulations show that 
one proton can be transferred to a neighbor water mol-
ecule forming Fe(OH)(H2O)6

2+. Fig. 1b-c show ResPES 
profiles, which were deconvoluted using the molecular 

orbitals (MO) of water (from reference spectrum) and 
iron t2g and eg orbitals with the proper occupation and 
splitting. The resonant intensity from the iron orbital 
matches pretty well the absorption profile of iron refer-
ence spectra (Fig. 1a). Interestingly, Fe2+ displays a sec-
ond (unknown) resonant peak. Further calculations are 
in progress to fully characterize these solutions and help 
explaining the results obtained with Fenton’s reagents.   

 

Fig. 1: (a) Fe L2,3 NEXAFS of Fe2+ and Fe3+ 300 mM 
solutions. Resonant features in the VB are also reported. 
Insets show stable aquo-complexes calculated by MD ; 
(b, c) ResPES of the VB for Fe2+ and Fe3+, respectively. 
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Soluble transition metals can be complexed with car-
boxylate compounds in aerosol particles and become 
photochemically active. The balance between Fe and 
Cu in carboxylate complexes drastically impact the 
amount and production rate of radicals. 

Aerosol particles from a variety of natural or anthropo-
genic sources contain trace amounts of soluble iron and 
copper. As an example, they amounted to 20 and 3 ng 
m-3 (air), respectively, in Padova, Italy with a total aer-
osol concentration on the order of 10 µg m-3 (air) [1]. 
The formation of radicals in atmospheric particles con-
taining transition metals is primarily initiated by ab-
sorption of sunlight followed by photochemical reac-
tions. Despite their trace amount, Fe photochemical cy-
cling in the presence of Cu yields a significant amount 
of radical production and loss of organic matter due to 
photodissociation [2]. To better understand radical pro-
duction from these metal-organic particles, we investi-
gated single particles composed of iron(III)-citrate, cop-
per(II)-citrate, and citric acid in an in-situ photochemi-
cal reactor coupled to X-ray spectromicroscopy instru-
mentation. First, light causes iron(III)-citrate to dissoci-
ate into an organic radical and a reduced iron ion with 
an oxidation state of +2. Organic radicals react with ox-
ygen to form HO2 and other reactive oxygen species 
(ROS) that reoxidize iron back to a +3 oxidation state, 
which can then re-complex with citric acid and reform 
iron(III)-citrate. This cycle is hypothesized here to be 
impacted by a dark reaction with copper, i.e.  

Fe3 Cu → Fe2 Cu2 . (1) 

This may cause a depletion of light absorbing com-
pounds and a shutdown of reactive cycling and radical 
formation. As in our previous studies [3, 4], we ob-
served the iron(III) fraction out of the total iron, β, to 
quantify photochemical reactive cycling in an X-ray mi-
croscope. It was found that at low relative humidity, RH  
< 60 %, oxygen could only penetrate within a few na-
nometers of the particle surface resulting in a high con-
centration of ROS and organic radicals, the latter of 
which also had a long life time. 

Fig. 1 shows a map of β for multiple particles in a 7 × 
7 µm field of view after UV irradiation and allowing for 
dark reoxidation for ~ 1 hr. Particles larger than about 
1 µm in diameter oxidized near their surface and remain 
reduced in their interior indicated by the red and green 
color, respectively. The black dashed lines are 0.5 µm 
in length and superimposed on 3 differently sized parti-
cles, of which the smallest is < 1 µm in diameter. This 
is direct evidence of a sharp concentration gradient of 
oxidized iron delineated at about 0.5 µm and remaining 
for a long time. 

 

Fig. 1: Image of the iron(III) fraction, β, of particles fol-
lowing 10 min of UV irradiation and 1 hour of reoxida-
tion at RH = 50%. The white scale bar is 1 µm. The 
black dashed lines are 0.5 µm, which is likely the depth 
below the surface where radical cycling occurs. 
 
These results imply that photochemical cycling in iron 
and copper containing organic particles is limited not 
only by chemical reaction but also the molecular diffu-
sion of oxygen from the gas phase and through the par-
ticle. When particles without copper were subjected to 
the same photochemical cycling and RH, oxygen pene-
tration was 0.01 µm, much more shallow by compari-
son. This means that photochemical cycling in copper 
containing particles was much slower and allowed for 
more time for oxygen to diffuse further into the bulk of 
particles. This is in support of our hypotheis and reac-
tion (1), that the presence of copper can slow photo-
chemical reactive cycling. In future work, these data 
will be used to continually improve photochemical re-
action and diffusion models [4, 5]. This will yield fun-
damental physical and chemical parameters to more ac-
curately predict radical production in atmospheric par-
ticles.  
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Photolysis of iron-carboxylate complexes in viscous 
organic aerosol produces reactive oxygen species 
(ROS). CO2 monitoring in flow tube experiments 
and a kinetic multi-layer model may allow assessing 
the magnitude of ROS formation.  

Reactive oxygen species (ROS) likely affect human 
health via inducing oxidative stress upon inhalation. Re-
cent work in our group showed that photolysis of tran-
sition metal complexes in organic aerosol (OA) may 
form carbon-centered free radicals (FR), which react 
with oxygen to form peroxy radicals (i.e. ROS) [1-2]. 
This, in combination with low diffusivity in viscous OA 
particles, leads to anoxic conditions and only releases 
ROS when higher relative humidity (RH) is reached 
(upon inhalation in the lung). Taking the example of 
iron citrate (Fe-cit), absorption of radiation induces lig-
and-to-metal charge transfer, which results in emission 
of CO2 to the gas phase: 

Fe3+(Cit) + hv → Fe2+ + FR + CO2   (R1) 

In case of citrate, the FR react with oxygen leading to 
elimination of HO2. HO2 then oxidizes Fe2+ back to 
Fe3+. In extension to previous coated-wall flow tube ex-
periments [3], we measured CO2 in the gas phase as di-
rect monitor of the Fe-cit photolysis rate. Figure 1 de-
picts CO2 mixing ratios of experiments after reaching 
steady state at different RH. At RH = 30 %, the CO2 
mixing ratio is lowest and at higher RH we observed a 
similar steady-state CO2 emission into the gas phase. 
This resulted from a combination of faster diffusion 
from the bulk to the surface of the film and from larger 
re-oxidation of Fe2+ to Fe3+ that increases the steady 
state Fe-citrate concentration. 

 

Fig. 1: Scatter plot of the mean CO2 mixing ratios of a 
5 min interval as a function of RH at steady state. The 
Fe-citrate film thickness hfilm of each experiment in the 
flow tube slightly changes due to the varied RH. The 
vertical bars represent the standard deviation of each ir-
radiation period and the horizontal bars the uncertainty 
in RH. 

The measurements were used to inform the newly ac-
commodated Kinetic Multiphase Meta Model (KM3) 
from KM-GAP [4]. It explicitly treats all steps of mass 
transport and chemical reaction of semi-volatile species 
partitioning between gas phase, particle surface and par-
ticle bulk. Here, we started to implement a simplified 
Fe-citrate photochemistry scheme including considera-
tion of the flow tube configuration. The CO2 production 
at three different RH, where the photolysis frequency (j) 
for R1 equals 0.0613 s-1, while all other parameters (rate 
coefficients, diffusion coefficients) were  reported 
previously [2], are modelled in KM3 and plotted in Fig. 
2 along with the experimentally determined CO2 release 
at RH = 45 %. It qualitatively agrees with the experi-
mental data indicating a strong response of the model 
output to the RH, likely an effect of the changing vis-
cosity [2]. Further analysis should also take into account 
the response time of the CO2 analyzer. 

The next steps will be step-by-step extensions to the 
chemical reaction scheme and the representation of the 
microphysical parameters such as bulk diffusion so that 
we will be able to properly model the photochemical 
degradation of Fe-citrate in an organic aerosol with 
KM3. This will be accompanied by mass spectrometry 
to follow the degradation of OA and the formation of 
products and STXM/NEXAFS experiments, targeted at 
understanding feedbacks between transition metal com-
plex photochemistry, OA evolution and ROS for-
mation. 

 
Fig. 2: CO2 production in three different RH KM3 
model scenarios with the result of one CWFT experi-
ment at RH = 45 % (t = 0 defines the irradiation onset). 
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Past studies suggested photosensitized reduction of 
nitrogen dioxide (NO2) on organic surfaces as a 
source of nitrous acid (HONO). Here, we assess the 
NO2 conversion driven by iron (III)-citrate photo-
chemistry in secondary organic aerosol proxies. 

Nitrous acid (HONO) is a major source of the hydroxyl 
radical (OH), which plays a role in ozone and secondary 
aerosol formation in polluted air [1]. Earlier efforts fo-
cused on the role of triplet excited states of photosensi-
tizers in oxidation of organic substrates and reduction 
of NO2 to HONO [2]. However, despite many studies, 
to date the formation mechanism of HONO in the at-
mosphere is still not completely understood [2]. Or-
ganic compounds are major components in atmospheric 
aerosol particles and have received recent attention as 
potential ligands for iron(III) complexation [3]. The re-
sulting complexes are important chromophores to initi-
ate radical chemistry in the aerosol phase. The goal of 
this work is to observe the impact of peroxy radicals, 
which derive from iron(III)-citrate (Fe-cit) photochem-
istry, on the multiphase chemistry of NO and NO2. Cit-
ric acid (CA) is an established proxy for oxygenated at-
mospheric organic matter [3]. The experiments were 
performed using a coated wall flow tube (CWFT), an 
alkaline trap for HONO, chemiluminescence (CLD) 
and infrared (NDIR) analyzers for NOx and CO2 detec-
tion, respectively. The CLD features two channels: one 
reduces the oxidized NOy, i.e. NO2 and HONO, to NO 
that undergoes the chemiluminescence reaction. This 
channel measures the sum of NO, NO2 and HONO. The 
other one measures NO only. 

 

Fig. 1: Photoenhanced formation of HONO from expo-
sure of a humic acid film to a mixture of NO (blue line) 
and NO2 (red line) with the alkaline trap bypassed 
(dashed region), either in the dark (azure period) or un-
der UVA irradiation (yellow period).  
 
Fig. 1 shows the results of a reference experiment per-
formed at 78% relative humidity (RH) with a 0.5 mg 
humic acid (HA) film. As obvious from Fig.1, upon 
switching on the lights and keeping the HONO trap in-
line, NO2 dropped by about 15 ppb rather than 6 ppb in 

the dark period. When bypassing the HONO trap, we 
observe an increase in both NO and NO2 channels from 
partial reduction of HONO in the inlet of the instrument. 
While generally consistent with earlier work [2], 
HONO production could not be quantified due to the 
lack of a more selective HONO analyzer.  

 
Fig. 2: Effect of UVA irradiation on the evolution of 
NO (blue), NO2 (red) and CO2 (azure) signals during an 
experiment with Fe-cit/CA. Shadings as in Fig. 1.  

Fig. 2 shows the results of a similar experiment, but 
with 142 mg of a film composed of a 1:10 mixture of 
Fe-cit and CA, which forms an acidic aqueous solution 
(pH ≈1). In order to track the photochemical turnover, 
we monitored the CO2 resulting from decarboxylation 
following photoexcitation of Fe-cit [3]. In contrast to 
the case of HA, the NO2 drop in response to switching 
on light was accompanied by the formation of NO. Sev-
eral hypotheses could explain this observation: photol-
ysis of Fe-cit results in the formation of Fe2+ and HO2 
radicals. If HONO would form from the reaction of HO2 
with NO2, it may further decompose to NO and NO2 in 
acidic aqueous solution [4]. In turn, HO2 could act as 
oxidant towards NO, while Fe2+ could act as reductant 
towards NO2. Apart from the development of a more 
selective HONO detection technique, we will use ex-
plicit modelling of the aqueous phase chemistry to as-
sess the interplay between nitrogen oxides and Fe-cit 
photochemistry.  
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The surface properties of pyruvic acid aqueous solu-
tions have been studied experimentally by liquid jet 
X ray Photoelectron Spectroscopy (XPS) and theo-
retically through molecular dynamics simulations 
and relativistic quantum methods. 

Pyruvic acid is the simplest α-keto acid. It plays an im-
portant role in the metabolism of carbohydrates and has 
an important role in metabolic pathways, such as gluco-
neogenesis, transamination and fermentation. It can 
also be involved in enzyme-catalyzed intracellular phe-
nomena and converted into fatty acids or energy [1]. Py-
ruvic acid is also found in tropospheric air, especially in 
the boundary layer of vegetated regions and thus plays 
a role in atmospheric chemistry as a product of oxida-
tion of volatile organic compounds [2-3]. Its condensed 
phase photochemistry is an important source of radicals 
in aerosol particles [3]. 

Yet being an α-keto acid, pyruvic acid exists in several 
different forms depending on several equilibria such as 
the keto/enol and the keto/gemdiol equilibria, which is 
the focus of the present work. Several parameters affect 
the keto/gem-diol equilibrium such as the pH, the pyru-
vic acid concentration and the temperature. The higher 
they are, the more the keto form is favored. While rela-
tively well established for the bulk aqueous phase, the 
relative abundance of these species has never been as-
sessed at the aqueous solution – air interface. 

 

 

Fig. 1: C 1s XPS spectra of pyruvic acid solutions: So-
lution 1: pH 1.5, 0.1 M (Sol 1) in purple; solution 2: pH 
1.5, 0.01 M (Sol 2) in green; solution 3: pH 3.5, 0.1 M 
(Sol 3) in gold. The grey component corresponds to the 
methyl group (CH3), the light blue to the gem-diol 
(C(OH)2), the dark blue to the keto (C=O), the amber to 
the carboxylate (COO-) and the red to the carboxyl 
(COOH) group. 

 

We therefore performed liquid jet XPS experiments at 
the SIM beamline at SLS to obtain C 1s spectra as a 
function of the photoelectron kinetic energy, thus as a 
function of probe depth into the solution. Systematically 
varying the solution concentration and pH allows iden-
tifying the dominant form within the pyruvic acid 
keto/gem-diol equilibrium at the aqueous solution – va-
por interface. The measured binding energies can then 
be compared to those estimated by theory. Fig. 1 shows 
C 1s spectra taken for three solutions excited by 448 eV 
photon energy, thus with 160 eV photoelectron kinetic 
energy and thus 1 nm probe depth. For all solutions, 
there is no change of the methyl group shown in black. 
The first solution at low pH (pH=1.5) and higher con-
centration (C=0.1 M) exhibits only the keto form shown 
in dark blue. Even if we are at low pH, the high concen-
tration shifts the equilibrium towards the keto form, 
which may be different at the surface versus the bulk 
solution. However, by decreasing the concentration to 
0.01M while keeping the same pH of 1.5 (solution 2), 
we observe a peak shown in light blue appearing below 
our keto group: the gem-diol form. When we increase 
the pH to 3.5 (solution 3), we observe the transition 
from a carboxylic acid (red peak) visible in the first two 
solutions to a carboxylate (amber peak). Thus with 
those measurements we have been able to determine the 
binding energy differences between all components of 
the keto/gem-diol equilibrium as a basis for comparison 
to the theory. 

On the theoretical side, to rationalize the behavior of the 
different pyruvic species at the liquid water/vapor inter-
face, molecular dynamics (MD) simulations are cur-
rently being performed in conjunction with sophisti-
cated polarizable potentials. These simulations are then 
post analyzed using relativistic quantum chemistry 
methods allowing to estimate the C(1s) electron binding 
energies. These data can be directly compared to (or 
used to ease the interpretation of) electron binding en-
ergy measurements of the XPS experiments. 
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Surface active organic molecules may influence the 
organization of water molecules at the aqueous solu-
tion – air interface and influence the freezing behav-
ior. We characterize the liquid vapor interface of 
resorcinol aqueous solutions by X-ray photoelectron 
spectroscopy (XPS). 

Resorcinol (1,3-benzenediol) is a simple proxy for a 
range of phenolic compounds in the atmosphere result-
ing from oxidation of aromatic compounds or from py-
rolysis of biomass. XPS allows differentiating the spe-
cific contributions by carbon at the OH substitution (C-
OH) from that by the aromatic carbons in between 
(C=C). When using varying photon energies to excite 
the C 1s levels, photoelectrons are detected with vary-
ing kinetic energies and thus with different probing 
depth. As shown in Fig. 1a, for the case of a 2 M resor-
cinol solution, the contribution of the C-OH carbons to 
the total C 1s intensity is lower than expected based on 
the molecular structure (2:4) when measured at low ki-
netic energies. At higher kinetic energy, the proportions 
of the two different carbons are as expected. This im-
plies an upward orientation of the resorcinol molecules 
on the surface due to preferential hydration of the OH 
groups, as depicted in Fig. 1b.  

 

 

 

Fig. 1 a): The fractional contribution to the C 1s photo-
emission intensity of C-OH carbon (blue) and of C=C 
carbon (red), in comparison to the stoichiometric con-
tributions (1/3 and 2/3, respectively, solid lines), as a 
function of photoelectron kinetic energy. b): Schematic 
illustration of resorcinol molecules at the aqueous solu-
tion – air interface.  

Photoelectrons from the top-most C=C carbons reach 
the electron analyzer with less attenuation than those 
from the C-OH carbons, explaining the observed fea-
tures in surface specific detection mode. According to a 
quantitative analysis of C 1s and O 1s spectra (not 
shown), the abundance of solute molecules on the inter-
facial region was about 10  molecules cm-2. 

Valence levels of molecular orbitals are strongly af-
fected by the physical environment of the molecules. 
They can be used to determine the effect of a solute on 
the local structure of water [1]. We measured valence 
spectra of the resorcinol solutions using 600 eV excita-
tion photon energy, along with reference spectra of pure 
water and pure ice, shown in Fig. 2. Pure liquid water 
has a pronounced 3a1 peak and a smaller 1b2 feature. In 
contrast, for ice, the 3a1 peak is less pronounced. The 
Gaussian peak deconvolution based on Winter et al. [1] 
is shown in Fig. 2 for 2 M resorcinol and marked by 
shadings, with two peaks representing 3a1. A detailed 
analysis indicates that the coordination of water mole-
cules in the aqueous resorcinol solution is more close to 
that of ice. Thus, the presence of these surface active 
molecules induces a tetrahedrally coordinated hydrogen 
bonding structure, which may facilitate the formation of 
ice in the atmosphere. 

 

Fig. 2: Gaussian peak deconvolution of the valence 
spectrum of a 2 M aqueous resorcinol solution (blue, 
bottom panel). Liquid water (red) and ice (green) are 
shown for comparison (top panel), aligned with the 1b1 
peak. All spectra are Shirley background subtracted. 
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In this project, we address the photochemistry of or-
gano-iodine compounds in aqueous solution. Optical 
pump-probe experiments of the photolysis of CH3I 
indicated the formation of an intermediate species at 
~ 2 ns and of I2 at ~ 50 ns.  

Iodine compounds play important roles in environmen-
tal chemistry [1]. Organo-iodides coming from biologi-
cally active oceans undergo photolysis in the aqueous 
phase, leading to reactive iodine species in the gas 
phase, where they participate in ozone depleting cata-
lytic cycles or are oxidized to climate relevant iodine 
oxide nanoparticles. Iodine is also an important element 
during severe accidents in nuclear power plants (NPPs) 
due to its volatility and high radiotoxicity. Organo-io-
dides may form from reactions of reactive iodine spe-
cies with organic materials, e.g., paints, used in contain-
ments. CH3I (methyl iodide, MI) is the most simple 
proxy for organo-iodides. In contrast to the gas phase 
[2], the photodissociation of MI in the liquid phase has 
been rarely studied [3]. In the contexts above, the pop-
ulation and the fate of dissociation fragments in solu-
tions against reaction time need to be understood. 

After MI absorbs UV light (< 280 nm), it decomposes 
to form a methyl radical and an iodine radical (I0). I0 is 
the starting point for various kinds of iodine products in 
water. First, we conducted photolysis experiments with 
100 mM and 10 mM MI solutions under continuous UV 
irradiation, with I2 and I3

- quantified by UV-Vis 
absorption. As shown in Fig. 1, I2 was the main product, 
but at 100 mM, a larger proportion of I3

- was observed 
than at 10 mM. It seems that a secondary reaction such 
as I2 + I- -> I3

- occurred. Since the photolysis of MI 
yields just CH3

* and I0 , the potential source of I- 
remains to be discussed in view of the many reported 
elementary reactions of iodine compounds [4].  

 

Fig. 1: The photolysis of methyl iodide (MI) in water at 
100 mM MI (left) and 10 mM MI (right) at 260 nm, with 
an average UV power of ~ 1 mW. The concentrations 
of I2 and I3

- were estimated by the absorption at 450 nm 
and 350 nm, respectively. 

Second, optical pump probe spectroscopy experiments 
were conducted at the Alvra beamline, SwissFEL. A 
femtosecond Ti:Sapphire laser was employed as a pump 
laser and its fundamental was tripled to excite MI. A 

nanosecond laser with an optical parametric amplifier 
was employed as a probe laser. The probe wavelength 
was variable from 400 – 800 nm and its pulse duration 
was ~ 2 ns. The results indicate two distinct processes: 
The first was characterized by a fast rise and fall ob-
served at 600 nm. This process should be related to the 
intermediate species formed just after photodissocia-
tion. The second process exhibited a slow increase of 
the absorption at 450 nm, which most likely originates 
from the formation of I2. A fast rise was also observed 
at 450 nm, which implies that the intermediate species 
should have a broad absorption peak. 

Fig. 2: The transient absorption experiment of the pho-
tolysis of MI in water: (left) a simplified illustration of 
the pump-probe setup at the Alvra beamline, SwissFEL; 
(right) the transient absorptions of the MI solution at 
450 nm and 600 nm after the UV-excitation. 

Based on these results, a reaction mechanism will be set 
up. The present continuous and transient optical absorp-
tion experiments will be extended towards transient x-
ray absorption spectroscopy (XAS) directly targeted to-
wards detection of the I0 species not accessible by opti-
cal methods.  
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The presence of iodide in the troposphere and the 
stratosphere highlight the existence of iodine recy-
cling mechanisms. We use the explicit aqueous-
phase chemistry model CAPRAM to trace oxidation 
of iodide and reduction of iodate in the troposphere. 

Field measurements have shown that iodine species (es-
pecially iodide (I-) and iodate (IO3

-)) in the stratosphere 
are more significant than firstly thought [1]. First, this 
may represent a direct or indirect sink for ozone in the 
stratosphere. Second, this indicates the presence of io-
dine cycling in the gas phase of the troposphere that pre-
vents iodine from wet deposition. Third, given the short 
life-time of iodide against oxidation, this indicates the 
presence of recycling that reduces iodate, the most oxi-
dized form of iodine, back to iodide, in both the tropo-
sphere and the stratosphere. The latter could include 
photochemistry or the so-called Bray Liebhafsky mech-
anism [2] in presence of H2O2. 

In order to obtain an overview over cycling of iodine in 
the troposphere, we have used the SPectral Aerosol 
Cloud Chemistry Interaction Model (SPACCIM) that is 
coupled to MCMv3.2 for the gas phase chemistry and 
to CAPRAM4.0 for explicit aqueous phase chemistry, 
which also includes a very detailed halogen chemistry 
module [3,4]. We have used a pristine ocean scenario to 
start with a relatively well defined system. We have fur-
ther compared the cases of cloud-free, but aerosol con-
taining air at low altitude with that of an all-day cloud 
forming upon updraft of the air to higher altitude. 

 

Fig. 1: Iodine cycling in the troposphere in a pristine 
oceanic air mass, in cloud free air at low altitude (bot-
tom) and in a cloud (top) higher up. Only pathways with 
substantial rates are shown in black, the dashed green 
arrows indicate orders of magnitude lower rates. 

 

Fig. 1 provides a summary of important pathways. As 
expected, initially I- is rapidly oxidized by O3 to HOI, 
but also there is fast reduction back to I- by HSO3

- (thus 
dissolved SO2). However, at steady state, the main path-
way for the further oxidation is via the gas phase by the 
formation of ICl from the reaction either of HOCl with 
I- or of HOI with Cl-. Once in the gas phase, ICl is pho-
tolyzed, and the resulting I atom is oxidized by ozone to 
IO. The reaction of IO with HO2 is the source of HOI 
back to the aerosol phase. From IO, two subsequent re-
actions involving BrO and OH lead to HIO3, which dis-
solves and dissociates in the aqueous phase to form io-
date. Based on the reactions included in CAPRAM, no 
reaction sequence reduces iodate to iodide at significant 
rates. After the air parcel has been uplifted to become a 
cloud, the gas phase cycling is still important through 
the formation of IBr by the reaction of I- with HOBr, but 
also the oxidation in the aqueous phase by HOCl, O3 
and H2O2 becomes more significant (Fig. 1). Under 
these conditions, there is also a pathway of iodate re-
duction through the formation of IO3 and IO radicals, 
which, however, features very low rates. In all simula-
tions, the iodate to iodide ratio remains orders of mag-
nitude higher than observed in field measurements [5].  

We currently investigate the hypothesis that reaction of 
iodate with H2O2 that is part of the Bray Liebhafsky 
mechanism as described by Masimović et al. [2] could 
represent an important recycling pathway for iodate in 
the condensed phase. These reactions have not yet been 
characterized well enough for atmospheric conditions. 
Therefore, experiments will be performed, and these re-
actions will be included in CAPRAM to assess their im-
pact on iodine speciation in aerosol and cloud water. 
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Recent aircraft measurements report significant 
amounts of inorganic iodine in the lower strato-
sphere possibly representing a sink for ozone. Here, 
we examine the temperature dependent kinetics of 
the aqueous phase reaction of iodide with ozone. 

Tropospheric multiphase redox reactions prevent 
poorly soluble gaseous iodine species from removal by 
wet deposition leading to injections of inorganic iodine 
into the lower stratosphere. Only recently, Koenig et al. 
[1] confirmed this by measuring gas phase iodine spe-
cies as well as oxidized (iodate) and even reduced (io-
dide) particulate iodine in the lower stratosphere. This 
may influence stratospheric ozone depletion as iodide 
can directly destroy ozone (O3) through an aqueous 
phase reaction [2] with O3, the temperature dependence 
of which is only poorly constrained.  

The kinetic experiments in a trough reactor described 
by Artiglia et al. [4] allow measuring the loss of O3 to 
aqueous iodide solutions indicated with the purple ar-
row in Fig. 1. The measured O3 loss enables then to de-
rive the uptake coefficient, γO3, which describes the 
probability that an O3 molecule is lost by reaction in the 
aqueous phase upon gas kinetic collision. 

Assuming that the aqueous phase reaction is rate limit-
ing, we used a quasi steady state resistance model [3] to 
relate measured γO3 to physical parameters of the reac-
tion: 

	 ,       (Eq. 1) 

ωO3 denotes the mean thermal velocity of the O3 mole-
cules in the gas phase, Dl,O3 the diffusion coefficient of 
ozone in the liquid phase, [I-]SS the quasi steady state 
concentration of iodide in the aqueous phase, kl the sec-
ond-order rate coefficient of the ozone plus iodide reac-
tion, H the Henry’s law constant of O3 in water, R the 
gas constant and T the temperature. 

Fig. 1 shows the raw ozone data for one kinetic experi-
ment performed with the trough reactor. We switched 
the ozone gas flow three times for 7 min from the by-
pass (green area) to the trough reactor (orange area), 
which enables to calculate a preliminary average γO3. 
We performed such experiments for different tempera-
tures (2, 10 and 18 °C), ozone mixing ratios (0.15 – 1 
ppm) and iodide concentrations (1x10-4 – 1x10-3 M). 

Fig. 2 agrees with the expectation from Eq. 1, as we ob-
serve a linear increase of the preliminary γO3 with the 
square root of the iodide concentration at all three tem-
peratures, supporting the assumption of the aqueous 
phase reaction as rate limiting step. Further analysis will 
consider potential limitations by diffusion in the gas and 
aqueous phases and their correction. Using additional 

measurements, an assessment of the temperature de-
pendence of all parameters constituting γO3 as well as a 
chemical reaction model will allow determining the 
temperature dependence of the rate coefficient, kl. 

 
Fig. 1: Measured ozone mixing ratios during a kinetic 
experiment performed under quasi steady state condi-
tions at 2 °C using a 1x10-3 M aqueous NaI solution. 

 
Fig. 2: Preliminary uptake coefficient γO3 versus the 
square root of the iodide concentration at 0.5 ppm O3 
and at different T.  
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The topic of interfacial enhancement of iodine spe-
cies in aqueous aerosol particles is relevant for the 
ozone budget of the atmosphere. Surface sensitive 
photoemission experiments for aqueous iodide and 
iodate solutions are compared to theory.  

Iodine species contribute substantially to the sinks of 
ozone in the troposphere and presumably as well in the 
stratosphere [1]. Earlier claims of iodide being en-
hanced at the interface [2] to sustain efficient ozone de-
pletion chemistry has recently been challenged [3], sim-
ilar to the case of bromide [4]. The behavior or impact 
of more oxidized iodine species has not been assessed 
yet so far at all. X-ray photoelectron spectroscopy 
(XPS) is ideally suited to explore electronic structure 
and surface propensity of such species at the interface 
of aqueous solutions.  

The liquid jet XPS experiments have been carried out at 
the SIM beamline at the Swiss light source. The spectra 
shown in Fig. 1 were obtained with 0.2 M sodium iodide 
and sodium iodate. The iodate I 3d binding energy 
shows a shift of 5.1 eV from that of iodide. Analysis of 
spectra obtained at different photon energies to obtain 
their depth profile is currently ongoing.  

 

Fig. 1: I 3d XPS spectra of aqueous sodium iodide (0.2 
M, bottom) and sodium iodate solutions (0.2 M, top) at 
hν = 900eV. 

Following up from previous work with the valence lev-
els of several halide species [5], theoretical computa-
tions are in progress to determine the spectra using the 
so-called Frozen Embedding Method where DFT 
SAOP is coupled with CVS-EOM-IP-CCSD/d-aug-dy-
all.ac2vz via a molecular mean-field X2C including the 
Gaunt interaction [6]. The computation of the iodide 
core binding energies in the aqueous phase (represented 
by a 50 water molecules droplet model) has been carried 

out for 50 classical molecular dynamics (MD) snap-
shots [5], from which mean values (μ) for the core bind-
ing energies have been determined (Fig. 2). 

 

Fig. 2: Calculated 3d electron binding energy spectrum 
of [I- + (H2O)50] (μ: mean value; σ: standard deviation).  

Our mean theoretical binding energies, and the associ-
ated spin-orbit splitting of the I 3d band, are in very 
good agreement with the experimental spectra, demon-
strating the suitability of the theoretical models for de-
scribing halides in solution. In the future, these calcula-
tions will be extended towards iodate and other inter-
mediate iodine oxidation state species. Furthermore, the 
surface propensity of all species will be assessed with 
classical molecular dynamics simulations. 

____________________________________________ 

We acknowledge support by the French government 
through the Program “Investissement d'avenir” through 
the Labex CaPPA (contract ANR-11-LABX-0005-01) 
and I-SITE ULNE project OVERSEE (contract ANR-
16-IDEX-0004), CPER CLIMIBIO (European Re-
gional Development Fund, Hauts de France council, 
French Ministry of Higher Education and Research) and 
French national supercomputing facilities (grants DARI 
x2016081859 and A0050801859). We acknowledge 
funding from the Swiss National Science Foundation 
(Grant 188662). 
 
[1] T. K. Koenig et al., PNAS, 117, 4 (2020). 
[2] S. Ghosal et al., Science, 307, 563-566 (2005). 
[3] G. Olivieri et al., 122, 910-918 (2018). 
[4] I. Gladich et al., J. Phys. Chem. Letters, 11, 3422-

3429 (2020). 
[5] Y. Bouchafra et al., PRL, 21, 26 (2018). 
[6] L. Halbert et al., arXiv:2011.08549 (2020). 
 
 
 
 

PHOTOEMISSION OF AQUEOUS IODINE SPECIES: THEORY AND EXPERIMENT  

A. Roose (Univ. Lille, CNRS & PSI), A. Boucly (PSI LEC & LUC), H. Yang, L. Iezzi (PSI & ETHZ), C. Toubin, 
V. Vallet, L. Halbert, A. S. P. Gomes, R. Opoku (Univ. Lille & CNRS ), M. Ammann (PSI), 

L. Artiglia (PSI LSK & LUC) 



21 

An excellent agreement in the trend of air pollutants 
at different high-Alpine ice core sites during the pe-
riod 1750-2015 was observed, showing that these ice 
cores are representative environmental archives of 
air pollution in Western and Southwestern Europe. 

Different high-Alpine ice cores have been proven to 
contain well preserved records of past air pollution in 
Western Europe (e.g. [1,2]). However, a systematic 
comparison between different ice cores to investigate 
the spatial representativeness of single sites is lacking. 
Here we present the first study comparing long-term 
pollution records of all available high-Alpine sites for 
the period 1750-2015.  

An excellent agreement in the ice-core concentration 
trends of all investigated pollutants (major ions, carbo-
naceous species, trace species) was observed between 
four high-Alpine sites (Col du Dome CDD, Colle 
Gnifetti CG, Fiescherhorn FH, and Grenzgletscher GG) 
(Fig 1). Records of exSO4

2- (non-dust and non-sea salt  
SO4

2-), F-, Pb, and Cd mainly reflecting emissions from 
fossil fuel combustion, the aluminum industry, the use 
of leaded gasoline, and zinc smelters, respectively, peak 
during the 1970s and show a significant decrease after-
wards. The strong decline reflects the efficacy of recent 
emission abatement efforts in the source regions of air 
pollution, mainly the western and southwestern Euro-
pean countries France, Switzerland, Italy, Germany, 
and Spain (e.g. [3]). Elemental and black carbon (EC, 
BC) records peak in the first half of the 20th century due 

to vast emissions from coal burning.  
In contrast to the six species discussed above, the in-
crease in concentrations of NO3

-, NH4
+ and dissolved 

organic carbon (DOC) from traffic, agriculture, and the 
formation of secondary organic aerosols, respectively, 
occurred later, during the second half of the 20th cen-
tury. Concentrations of these three species at the begin-
ning of the 21th century are unprecedented in the context 
of the past 250 years. This is in strong contrast to the 
emission data of the precursor species NOx and NH3 
from the source regions (e.g. [4]), peaking some when 
in the 20th century, slightly different for the two species. 
On the other hand, the observed recent decline in 
exSO4

2-, F-, Pb, Cd, EC, and BC concentrations is in 
reasonable agreement with model data based on such 
emission estimates (e.g. [3,5]). 

This highlights the great value of such ice core records, 
providing a representative signal of air pollution being 
useful to complement or even constrain emission data 
of air pollutants.  
____________________________________________ 
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Fig. 1: Compilation of ice core concentration records from four sites (see text) for major ions NH4

+, NO3
-, exSO4

2-, 
carbonaceous species EC, BC, DOC, and trace species F-, Pb, Cd covering the time period 1750-2015.
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Atmospheric chemical transport modeling of 
exSO4

2- in precipitation at different high-Alpine sites 
shows that depending on the spatial model resolu-
tion (50 km or 12 km), concentrations either differ 
(50 km) or compare well (12 km).  

A good correspondence of exSO4
2- (non-dust and non-

sea salt SO4
2-) concentration trends was observed at four 

Alpine ice core sites (Col du Dome CDD, Colle Gnifetti 
CG, Fiescherhorn FH, Grenzgletscher GG) [1] (Fig 1). 
This suggests that they are representative of a common 
emission source region (western and southwestern Eu-
rope) due to mixing of air masses before vertical 
transport to high elevation. However, the observed fac-
tor of ~2 between CDD and the other sites is unresolved 
so far. The most likely explanation is a higher propor-
tion of winter snow at the CDD site [2]. Here we use an 
atmospheric chemical transport model to simulate 
exSO4

2- concentration in precipitation at the different 
sites and test, whether such a concentration factor is also 
observed in models. 

 
Fig. 1: Comparison between a) modeled and b) meas-
ured exSO4

2- concentration records at 4 ice core sites. 

The trend in the exSO4
2- concentrations obtained by the 

MATCH model (ECLAIRE data set, period 1900-2020, 
50 km resolution) [3] matches well the ice core data 
with the maximum in the 1970s (Fig 1). Absolute model 
concentrations are factor 6-8 higher than the ice core 
values and a factor of ~3 between CDD and the other 
sites is observed (Figs. 1,2, Tab. 1). 
Due to the low resolution of the ECLAIRE dataset, the 
mean heights of the grids including the drilling sites are 

between 1600 and 1800 m asl, far lower than their ac-
tual heights of 3900-4450 m asl. Typically, pollution 
concentrations in precipitation at lower altitudes are 
higher, due to the proximity to the sources. To test, 
whether the model output is influenced by the mean 
height of the Alpine grid cells, we additionally applied 
the MATCH model (BIODIV data set, period 1990-
1999) [4] with a finer resolution (12 km). Here, the 
mean height of the grids representing the ice core sites 
span 2400 to 2700 m asl. Indeed, exSO4

2- concentra-
tions obtained from the BIODIV dataset are signifi-
cantly lower compared to ECLAIRE, and are compara-
ble to the ice core concentrations (Fig. 2b,c, Tab. 1). 
Furthermore, the BIODIV concentrations are similar for 
all 4 sites supporting the assumption of the same source 
regions of pollutants. Thus, the factor of ~3 between 
CDD and CG /FH/GG concentrations obtained from the 
ECLAIRE dataset may be caused by the influence of 
differing local surface concentrations at lower altitudes. 

Tab. 1: exSO4
2- concentrations in 10-year periods from 

ice cores and the ECLAIRE and BIODIV datasets. 

 
We conclude that the results of the BIODIV dataset bet-
ter reflect absolute levels of concentrations at high-Al-
pine sites. However, small-scale processes such as wind 
erosion or locally varying importance of different sea-
sonal precipitation leading to the observed differences 
at high-Alpine sites are not resolved in this model. 
____________________________________________ 
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Fig. 2: Comparison of spatial exSO4

2- concentrations in precipitation at the surface (g/l) obtained by the MATCH 
model (a) ECLAIRE 1970-79, b) ECLAIRE 1990-99, c) BIODIV 1990-99). Ice core sites are marked.
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As an international initiative, ICE MEMORY aims 
at collecting heritage ice cores from the world’s key 
endangered glaciers to store them under safe condi-
tions and international governance in Antarctica for 
future generations of scientists. 

Mountain glaciers in the mid-latitudes and the tropics 
have dramatically retreated and thinned in recent times 
and are in danger of disappearing rapidly in the coming 
decades as global temperatures rise caused by anthro-
pogenic emissions of greenhouse gases [1]. Not only the 
glacier termini are affected, but also the accumulation 
zones in the upper parts of the glaciers, where ice cores 
for paleo studies are collected. When there is absence of 
accumulation or even melting at the ice core sites, the 
age of the surface is no longer known, which is an im-
portant anchor point for dating, and the overlap with in-
strumental observations becomes shorter or non-exist-
ent [2]. Such an overlap is a fundamental prerequisite 
for calibrating subsequent ice core reconstructions. This 
is a major challenge the scientific community is facing, 
since glacial-archived information forming one of the 
best libraries of past climatic and environmental 
changes is under threat of being lost forever. Iconic ex-
amples are the plateau ice fields on Kilimanjaro in Af-
rica, forming the largest ice body on that continent, 
which have experienced an area shrinkage of 85% be-
tween 1912 and 2000 [3]. The Quelccaya ice cap in the 
Peruvian Andes, where ice cores were collected already 
in 1983, showed, when re-drilled in 2003, the irreversi-
ble obliteration of the environmental signal in the top 
part due to unprecedented meltwater percolation 
through the firn portion during the last two decades [4]. 

As an international initiative, ICE MEMORY (IM) aims 
at collecting heritage ice cores from the world’s key en-
dangered glaciers. By creating an international ice core 
repository in Antarctica (Fig. 1), the heritage cores will 
be stored under safe conditions and under international 
governance, to provide high-quality samples for ice 
core science to be conducted by future generations of 
scientists throughout the world. For site selection, pri-
ority will be given to glaciers, whose scientific potential 
has already been proven through projects and publica-
tions independent from the IM project, and where good 
dating and glaciological information exist. The aim is to 
collect at least two parallel cores: one heritage and one 
reference core. The reference core will be analyzed for 
a maximum number of parameters with currently avail-
able technologies and the resulting data will be made 
available to the scientific community through an open 
data repository. Finally, a sustainable governance sys-
tem in charge of managing the ice and data archives will 
be installed. 

 

Since 2015, when ICE MEMORY evolved from a 
Franco-Italian initiative, which was joined by Switzer-
land in 2016, it has developed towards an international 
dimension under the patronage of UNESCO in 2017. 
Meanwhile five ice core drilling missions have been 
conducted in the frame of the project, at Col du Dôme, 
Mt. Blanc, France (2016), Illimani, Bolivia (2017), Be-
lukha, Siberian Altai, Russia (2018), Elbrus, Caucasus, 
Russia (2018), and Grand Combin, Switzerland (2020). 
Drilling on Grand Combin showed that this glacier is 
already in such a delicate state, that the last two hot 
summers were sufficient to damage it forever ([5], [6], 
cover page).   

Finally, on January 18th, 2021, the international Ice 
Memory Foundation was created. Under the auspices of 
University Grenoble Alpes Foundation, the shelter 
agreement was signed by the heads of the seven found-
ing partners: French National Centre for Scientific Re-
search, French National Research Institute for the Sus-
tainable Development, French Polar Institute Paul-
Émile Victor, National Research Council of Italy, Paul 
Scherrer Institute, University Ca’ Foscari of Venice, 
University Grenoble Alps. 

 

Fig. 1: Testing of the balloon technique to create the ice 
cave for long-term storage of the IM ice cores at Con-
cordia station in Antarctica, coordinated by the Italian 
PNRA program with help from the French polar insti-
tute (photos courtesy of Rocco Ascione, PNRA/IPEV). 
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The attempt to save an ice core from Grand Combin 
(GC), providing a natural archive of European cli-
mate and pollution history for future generations, 
came too late. Recent climate warming not just visi-
bly reshapes the glaciated landscape of the Alps, but 
also destroys its last ice archives at a fast rate. 

From 13-21 September 2020, an ice core drilling cam-
paign was conducted on the summit plateau of Corbas-
siere glacier, in the saddle of GC characterized by low 
slope and ice flow (Fig. 1a-c and cover page). Within 
the framework of ICE MEMORY [1], retrieval of three 
parallel cores to bedrock was aspired. While two of the 
cores were intended for immediate analysis as a refer-
ence (one each by PSI and University Ca’ Foscari), the 
third was designated for storage in the planned ICE 
MEMORY repository in Antarctica [1]. 

In 2018, a reconnaissance campaign delivered ground 
penetrating radar measurements (Fig. 1c, d), and shal-
low coring confirmed signal preservation and yielded 
annual net accumulation rates [2]. This allowed select-
ing the most promising location for coring to bedrock.  

 
Fig. 1: GC drill site. (a) Map of Switzerland. (b) GC 
with its glaciated high plateau. (c) Plateau from above. 
Saddle highlighted by the radar derived ice thickness. 
(d) Radar profile. N-S transect with reflections of bed-
rock (Bed) and bottom of firn-ice transition (T). 

In the early morning of 13 September, about 2000 kg of 
equipment and eight persons were flown to the drill site 
using eight helicopter rotations. Despite the high alti-
tude (4100 m asl.), set-up of camp and drilling device 
was fast and completed by the evening. On day 2, drill-
ing started smooth (7.29249 E, 45.93775 N, 4124 m), 
but thick ice lenses were already observed just a few 
meters into the firn (Fig. 2). With depth, drilling became 
troublesome. When pulled up, the drill often got stuck 
underneath certain thick ice layers. A problem so far 
never encountered elsewhere. At ~14 m depth, firn 
cores, were soaked with water, likely from surface melt 
and subsequent sub-surface run-off at the firn-ice tran-
sition (Fig. 1d). Once the motor (installed on top of the 

drill) reached positon of this soggy layer, the anti-torque 
system lost resistance and motor, instead of the cutting-
ring, started spinning in the hole. Drilling became im-
possible and the drill got stuck below the ice layer on 
top of the watery stratum, possibly due to a small break-
in of the borehole. In the morning of day 3, the drill had 
to be released by the use of anti-freeze. With this con-
tamination, the borehole was lost (length core 1, 
25.34 m). Also, drill motor and cable were seriously 
damaged from spinning. In a major effort on day 4, the 
drill was shipped to the manufacturer (~200 km away, 
icedrill.ch). It was fixed and again operational back in 
camp within < 24 h. In a new borehole (1.5 m away, 
7.29251 E, 45.93774 N, 4124 m), drilling problems re-
curred at similar depths, despite reducing working to 
hours of colder temperatures. Finally, the drill had again 
to be released with anti-freeze (core 2, 17.57 m). The 
drill site was moved (20 m NNE) and a third borehole 
started (7.29265 E, 45.93781 N, 4122 m). Again only 
working when cooler, the borehole was now rimmed 
each run when passing depths of critical layers. This 
slowed down drilling, but allowed reaching final depth 
of borehole 2 without major problems. However, soon 
after, the drill got stuck again (core 3, 18.13 m). This 
time, release was successful without anti-freeze (~2 h). 
However, with no realistic chance to reach bedrock, a 
high risk of losing the drill and predicted bad weather, 
camp was taken down. Early on 21 September, the last 
persons and material flew out just minutes before clouds 
from the S covered the site, bringing one week of bad 
weather with no chance for evacuation by helicopter. 
First results from core 1 are presented in [2]. 

  
Fig. 2: Left: With glacier melting, smooth drilling at 
Grand Combin was rather an exception in 2020. Right: 
Firn core with thick ice lenses from refrozen surface 
meltwater. 
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An ice core from Grand Combin glacier showed in-
fluence of melting on major ion concentrations 
caused by recent warming. The signal seems undis-
turbed in the upper part, corresponding to the pe-
riod 2016-2020, whereas some of the ions are largely 
depleted in the lower part (2008-2015). This opens 
the opportunity to investigate the effect of melting 
on organic tracers. 

High-alpine ice cores serve as natural archives and al-
low access to pollution records back to the pre-indus-
trial era. Because of global warming these environmen-
tal archives are in danger of experiencing melting and 
thus altering the information stored in glacier ice. A 
study by Eichler et al. [1] on an ice core from the 
Grenzgletscher showed diverse effects on concentra-
tions of different major ions due to melting. In this 
work, we analysed an ice core collected on Grand 
Combin, Switzerland, in September 2020 [2], aiming at 
dating the core and assessing the effect of melting on 
signal preservation. In a second step, organic aerosol 
tracers will be determined in this core as part of the SNF 
Project “Organics in ice”. Therefore, we cut the core as 
close to the drilling date as possible to reduce contami-
nation from storage in plastic tubes. The ice core was 
dated applying annual layer counting using water stable 
isotopes (18O) and concentrations of major ions (e.g. 
ammonium (NH4

+)). The obtained 18O record shows 
excellent agreement with the record from a shallow core 
collected in a reconnaissance study in 2018 [2] for the 
overlapping period (2011-2018, Fig. 1a). However, 
when looking at the different major ion concentrations, 
we observe effects of melting before 2016. Fluoride (F-

) for example maintains annual cycles, albeit the cycles 
are less pronounced in comparison with the 2018 record 
(Fig. 1 b). As extreme case, sulfate (SO4

2-) is signifi-
cantly depleted from 2016 to 2008 (Fig. 1 d). Further, 
there are major ions such as magnesium (Mg2+), which 
are also affected by melting but not as strongly as sul-
fate (Fig. 1 c). In addition, we calculated the concentra-
tion ratios between the part affected by melting (2008-
2015) and the part we assume is not affected (2016-
2020). In accordance to these ratios, we propose an elu-
tion sequence: CH3SO3

- > C2O4
2- ≈ Ca2+ ≈ SO4

2- > NO3
- 

≈ Mg2+ > F- ≈ NH4
+. This agrees with the finding, that 

ammonium and fluoride, both having a high solubility 
in ice, are incorporated into the ice lattice, and therefore 
remain in the ice matrix even during melting [3,4]. In 
contrast, sulfate and calcium (Ca2+) are enriched on ice 
crystal surfaces and are therefore prone to depletion un-
der melting events [3,4]. All sea salt species (potassium 
(K+), sodium (Na+), chloride (Cl-)) were excluded from 
the discussion, since we observed so far unexplained 
discrepancies between the concentrations measured in 
the meltwater unaffected part of the two cores. 

 

 

Fig. 1: Comparison of records from the two ice cores 
drilled at Grand Combin Glacier in 2018 and 2020: a) 
18O, b), c), and d) concentrations of fluoride, magne-
sium, and sulfate are shown. 
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A carbonaceous aerosol record from Colle Gnifetti 
ice core is presented and compared to the record 
from nearby Fiescherhorn glacier (Swiss Alps). 
Overall they agree well with low concentrations dur-
ing the pre-industrial period and a concentration in-
crease in the 20th century.  

Atmospheric aerosols are a topic of great interest be-
cause they influence the climate system both indirectly, 
through their interaction with clouds, and directly, 
through scattering and absorption of incoming solar ra-
diation. In addition to their impact on climate, they also 
affect human health. An estimated 7 million people die 
each year from diseases such as stroke, heart disease 
and lung cancer caused by exposure to particulate mat-
ter in polluted air [1]. Carbonaceous aerosols are the 
dominant component of atmospheric aerosols and ac-
count for roughly 40% of the total aerosol mass [2]. 
They consist of two major fractions, elemental carbon 
(EC; also denoted as black carbon, BC) and organic car-
bon (OC). Based on its solubility, OC is further divided 
into water-insoluble organic carbon (WIOC) and water-
soluble organic carbon (WSOC). Unlike WIOC, which 
mainly consists of primary organic aerosol from direct 
emissions (e.g. plant and soil debris, fuel combustion, 
biomass burning), WSOC is largely related to second-
ary organic aerosols (SOA) formed in the atmosphere 
from volatile organic precursors [3]. To date, the 
sources of WSOC are not well-constrained. Natural ar-
chives such as ice sheets and glaciers contain valuable 
information about the history of the Earth’s atmosphere. 
High alpine ice cores are of particular interest, as they 
are surrounded by densely populated and highly indus-
trialised regions undergoing strong changes due to hu-
man activities (e.g. aerosol emissions from the combus-
tion of fossil fuels). 

 
Fig. 1: WSOC and WIOC concentration records from 
the CG and FH ice cores.  
Dissolved organic carbon (DOC) and WIOC concentra-
tions were analyzed in an ice core from Colle Gnifetti 
(CG, 4455 m a.s.l.) using the methods in [4] and [5]. 
From DOC, WSOC can be derived by subtracting the 
most abundant monoacids, i.e. formate and acetate. In 
Fig. 1, the new ice core records of WIOC and WSOC 

from Colle Gnifetti are compared to the respective, ex-
isting records from Fiescherhorn (FH, 3900 m a.s.l.) [5]. 
These records cover both, the preindustrial (PI) and in-
dustrial period (I), crucial to assess the anthropogenic 
impact on atmospheric pollution and potential effects 
on climate. While the record from FH is complete (con-
tinuous from 1680-1990 for WSOC and from 1680-
2002 for WIOC), analysis of the CG ice core is work in 
progress and the record currently discontinuous, so far 
covering time periods between 1545 and 1950 (prelim-
inary data). Consistent with the records from CG and 
FH, we observe OC concentration levels to remain ra-
ther constant between 1545 and 1900, with WSOC con-
centrations generally being higher by around a factor of 
5±1.9 for CG (1545-1900) and 2.7±1.1 for FH (1680-
1900). The most striking feature of the FH record is the 
sharp increase at about 1940 [5]. Interestingly, PI OC, 
especially WIOC concentrations, are generally lower at 
the CG than at the FH. This might be related to the dif-
ference in altitude of the two sites, with the CG being 
higher and thus the vertical transport of atmospheric 
aerosol (particularly of primary particles) to this loca-
tion being more restricted. Also consistent is an increase 
in OC observed in the 20th century in both ice cores 
(only WSOC available for CG yet). The mean values 
for the PI and I are summarised in Tab. 1, showing in-
creased levels in I, clearly reflecting the impact of an-
thropogenic emissions. 

Tab. 1: Mean WSOC and WIOC concentrations and 
their ratio for CG and FH (± standard deviation). A dis-
tinction is made between the PI and I period.  

Period Site WSOC  
[µgC kg-1] 

WIOC  
[µgC kg-1] 

WSOC/WIOC 
ratio 

PI 

FH 72 ± 15 32 ± 17 2.9 ± 1.4 

FH 72 ± 15 31 ± 10 2.2 ± 0.4 

CG 55 ± 16 12 ± 5 5 ± 2.2 

CG 56 ± 16 12 ± 5 5 ± 2.2 

I 
FH  94 ± 63 54 ± 39 2± 0.9 

FH 73 ± 36 33 ± 7 2.2± 0.7 

CG 72 ± 26 13 ± 4 4.9 ± 1.2 

1680-1850, 1680-1760, 1545-1850, 1545-1760, 1850-1990, 1850-1950,  
1870-1920 
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A mass spectrometric method based on liquid chro-
matography after solid phase extraction (SPE-LC-
MS) was designed and optimized for the determina-
tion of organic wildfire tracers in ice cores.   

Biomass burning fires are a significant source of or-
ganic aerosols into the atmosphere since they contribute 
up to 39% of the particulate organic carbon [1]. Their 
frequency and extension have dramatically increased in 
recent years [2], posing an environmental threat mainly 
at high latitudes where they contribute to the progres-
sive melting of permafrost and the potential release of 
greenhouse gases into the atmosphere [3].   

Evaluation of how wildfires can affect the climate sys-
tem and a reconstruction of their past regional and tem-
poral variability over the last millennia is required. Ice 
cores represent the most reliable archive to perform pal-
aeofire reconstructions since they can provide a precise 
chronology and a close connection with the past climate 
conditions [4]. To date, mainly inorganic proxies are 
used; however, since biomass burning particles are con-
stitute by a wide range of organic molecules [1], the 
identification and evaluation of wildfire organic tracers 
represents the new frontier in ice core science. Several 
studies have been performed on selected molecules 
such as levoglucosan and aromatic compounds [4]. In 
this study, we present an optimization of a previous 
method [5] for the determination of five organic bio-
mass burning markers: syringic acid (SA), vanillic acid 
(VA), syringaldehyde (SYA), p-hydroxybenzoic acid 
(PHA) and pinic acid (PA) (Fig. 1).  

The method was optimized from both the instrumental 
and operational point of view. All the analyses were 
performed using a high-resolution hybrid quadrupole-
Orbitrap mass spectrometer in negative ionization mode 
(Q Exactive Focus, Thermo Fisher Scientific), coupled 
with an Ultra High-Performance Liquid Chromatog-
raphy system (Ultimate 3000, Thermo Fisher Scien-
tific). 

We achieved low limits of detection and excellent true-
ness values by optimizing both chromatography and 
mass spectrometry parameters. In details, the external 
linear calibration curves (from 0.1 ng g-1 to 3 ng g-1) had 
an R2 ≥ 0.99 for all the compounds. The instrumental 
LoD were 1.6 pg (SA), 4.1 pg (VA), 1.6 pg (SYA), 2.9 
pg (PHA) and 3.8 pg (PA). Trueness (O/T %), defined 
as the ratio between the obtained concentration (O) and 
the true concentration (T), was evaluated using quality 
control samples at 0.5 and 1 ng g -1 and ranged between 
86% and 117%, depending on the molecule.  

The targeted biomass burning tracers are present in ice 
core samples at a pg g-1 level or lower [6]. Thus, a pre-
concentration step is required to enhance the signal-to-
noise ratios of the targeted compounds. A Solid Phase 

Extraction (SPE) step was then included in our proce-
dure. Water samples (n = 5) spiked with a known 
amount of the compound mixture (final concentration = 
30 pg g-1) were loaded and then eluted on a Strong An-
ion Exchange (MAX) cartridge after proper condition-
ing, decontamination and counter ion exchange steps. 
Taking into account the pre-concentration efficiency 
and the sample loading volume (50 mL), the procedural 
detection limits were 10 pg g -1 (SA), 8 pg g-1 (VA), 10 
pg g-1 (SYA), 20 pg g-1 (PHA) and 20 pg g-1 (PA). Re-
producibility was between 3 and 10% RSD, while re-
covery ranged between 40 and 90% at 30 pg g-1 concen-
tration level.  

This method will be applied to both European and Sibe-
rian ice cores to provide useful insights into the past fire 
activities in these regions over the last centuries. The 
analysis will be coupled with an untargeted approach in 
order to identify other organic aerosol markers. Lastly, 
this method will also be applied on snow and firn ma-
trices to evaluate the stability and preservation of these 
species in real environmental samples, enabling a more 
quantitative interpretation of the ice core records and a 
better understanding of the link between these tracers 
and the past climate conditions.  

 

Fig. 1: The targeted wildfire tracers.  
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An LC-MS method for the simultaneous detection of 
structurally different biomass burning tracers is de-
veloped. The use of LC-MS allows avoiding addi-
tional steps that are prone to sample loss or contam-
ination and requires large sample volume (e.g. deri-
vatization).  

Biomass burning includes not only natural forest fires 
but also slash- and burn of forests so that the area can 
be used for agriculture. These fire events release differ-
ent compound classes to the atmosphere, (e.g. green-
house gases, black carbon, organic compounds) that in-
terfere with the earth’s climate, by altering the earth’s 
radiative forcing and human health. It is therefore of big 
interest to identify and describe compounds released 
during fire events. Ice cores operate as climate archives: 
Information about past fire events can be reconstructed 
as molecules released to the atmosphere will be depos-
ited with snow or by dry deposition. [1] 

For this study, the three biomass burning tracers (bb 
tracers) levoglucosan, vanillic acid and p- hydroxyben-
zoic acid were chosen to develop a method for their sim-
ultaneous detection and quantification through Liquid 
Chromatography-High Resolution Mass Spectrometry 
(LC-HRMS) analysis. A major challenge during this 
work was to find a method that is suitable for the differ-
ent compound classes, phenolic acids (vanillic acid and 
p- hydroxybenzoic acid) and anhydrous sugar (levoglu-
cosan) (Fig.1). All three tracers are pyrolysis products 
of the wooden part of plant material; the phenolic acids 
are formed during pyrolysis of lignin and levoglucosan 
when pyrolysing of cellulose. The similarity in source 
leads to a similarity in ice core profile. [2]  

 

Fig. 1: Molecular structure of the biomass burning trac-
ers considered in this study. 

Levoglucosan likely forms adduct ions with ammonium 
in positive ion mode [3]. Phenolic acids on the other 
hand, are commonly measured in the negative ion mode 
[4]. 

In the first part of the project, the ionization efficiency 
of all three compounds was improved. This was done 
by testing the different additives (NH4)2CO3, 
NH4CH3CO2, NH4HCO3, NH4HCO2, NH4F, AgCl and 
H2CO2: 5mM solutions of additives were dissolved in 
solutions (0.01 mgmL-1) containing one of the biomass 

burning tracers. The samples were analyzed via direct 
injection using Electro Spray- Ionization (ESI-MS) in 
negative and positive ion mode. The peak intensity was 
determined using the software Xcalibur.   

 

 

Fig. 2: Boxplot showing intensities of the [M-H] ion for 
different additives, obtained by multiplication of the in-
dividual peak intensity of all three bb tracers. The [M-
H] ion was selected as most intense one for all additives. 

AgCl produced the highest peak intensity. However, the 
signal was not stable. This might be caused by the low 
solubility of AgCl (1.9 mgL-1 at 25⁰ in water). The sec-
ond best additive is NH4HCO3 (Fig.2). For reproducible 
data, we need a stable and intense signal. For this rea-
son, the more soluble AgNO3 (2.16 gL-1 at 20⁰ in water) 
will be tested in a further step.  
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The availability of similar, homogenous sampling 
material is a prerequisite when aiming to thoroughly 
compare different analytical setups. Since melted ice 
samples are colloids, containing dispersed insoluble 
particles, obtaining such aliquots is particular chal-
lenging.  

In order to investigate comparability of two different 
mass spectrometer (MS) setups, designed for the analy-
sis of trace elements (TE) in ice, the best approach to 
obtain aliquots of glacier ice samples was tested. They 
are aimed to compare the analytical performance be-
tween the inductively coupled sector field (ICP-SF)-MS 
system at PSI currently in use for TE analysis in ice 
cores, and a new ICP-Time Of Flight (TOF)-MS system 
at the University of Bern. The benefit of the ICP-TOF-
MS is, it’s much faster in mass scan, allowing analysis 
of single particle composition required for a better allo-
cation of the source of mineral dust deposited on the 
glacier. This is of interest, because changes in these 
sources can then potentially be reconstructed using ice 
cores as natural archives of the past, allowing insight 
into temporal changes of atmospheric circulation pat-
terns. In this study, the best approach and potential lim-
itations for obtaining aliquots of ice samples was inves-
tigated. Since single particle analysis is a major goal, a 
complete dissolution of particles needs to be avoided. 
This significantly increases the challenge for aliquoting 
because of the inhomogeneous nature of the sample. 
The test here was performed with six samples of the 
Cerro Negro core (Chilean Andes, 4604 m asl.), acidi-
fied to 0.2 M with suprapure 68% HNO3 and analysed 
with the PSI ICP-SF-MS.  

The following experiment was performed to check for 
the potential introduction of a concentration bias by the 
aliquoting procedure. On day one, the initial ice samples 
(A) were melted and 1/3 of the volume was transferred 
to aliquots B and C. Aliquot C was immediately refro-
zen without additional treatment. Aliquots B and three 
of the samples A were analysed after being acidified for 
a defined reaction time of 1.5 min. The leftover of ali-
quots B were immediately refrozen (acidified), simulat-
ing one possible way of transportation to Bern. On the 
second day, the remaining three aliquots of A and ali-
quots C were analysed (same acidification procedure as 
on day one). Also, aliquots B were re-analysed.  

Significant differences in concentrations were observed 
between the respective samples A and their aliquots B 
and C (Fig. 1). While potential wall effects (i.e. the ad-
sorption of TEs on the tube walls) seem improbable to 
cause such a large bias, we think it is caused by undis-
solved mineral dust particles. These particles remained 
predominantly in tube A (decanting of a suspension).  
 
 

Fig. 1: Effect on Pb concentration caused by the two  
different aliquoting procedures tested. Each bar repre-
sents the mean of three replicate measurements, with 
the standard deviation shown by the error bar.  

Because TEs from particles are leached into solution 
once the sample is acidified [1, 2], the higher number of 
particles in A compared to B and C, thus yielded a 
higher concentration in this fraction. Our experiment 
further indicates that refreezing of samples and subse-
quent storage does not cause a bias for untreated sam-
ples. However, samples being acidified prior to refreez-
ing (with the aim to minimize potential wall effects), do 
show elevated concentrations (Fig. 2). This is likely ex-
plained by the time needed until the sample is frozen 
entirely. Until then, leaching of particles is ongoing and 
it is known that increasing the acidification time results 
in higher concentrations [1, 2]. Due to expelling of im-
purities from the ice while freezing, the effect is likely 
even enhanced by steadily increasing acid concentra-
tion in the non-frozen portion of the sample.  

Fig. 2: Effect on the concentration of Pb for samples 
being melted and refrozen immediately after acidifica-
tion.  

This test illustrates that aliquots from natural ice sam-
ples cannot be obtained easily without introducing an 
artificial concentration bias, particularly for ice contain-
ing high concentrations of mineral dust like the Cerro 
Negro samples. Despite the expected uncertainty intro-
duced by small scale inhomogeneity in glacier ice, an 
optimal comparability between the PSI and Bern MS 
systems can only be achieved by cutting parallel sam-
ples from identical depths of the ice core. 
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Glaciers in the Olivares basin, located in Central 
Chile, have lost mass at an above-average rate in 
Chile since the beginning of the 1980’s. So far, it is 
not clear why these glaciers respond with such an 
enhanced mass loss in comparison to their neighbor-
ing glaciers. Here, we investigate natural and an-
thropogenic induced processes, which may have led 
to increased glacier melt rates over the past decades.  

The glaciers situated in the Olivares basin, Central 
Chile, show an increase of mass loss of roughly -0.28 m 
w.e. yr-1 from 1980 to 2000 to -0.32 m w.e. yr-1 from 
2000 to 2018 [1, 2]. For the latter period, glacier mass 
loss was twice as high as the average of the surrounding 
catchments [2], and is especially pronounced for the 
glaciers Olivares Alfa (-0.85 m w.e. yr−1) and Paloma 
Norte (-0.97 m w.e. yr−1) [1]. The increased mass loss 
might be related to a lowering of the surface albedo [3], 
and a link between albedo loss and mobilization of dust 
particles through mining activity was suggested [3]. 
Many glaciers of the Olivares basin have shown a sig-
nificant negative trend in ice albedo since 1986 [3]. 
However, the cause of the decreasing albedo trend is so 
far unclear, and no conclusive evidence can relate an-
thropogenic activities nor the observed albedo changes 
with the enhanced melt rates [3]. Here, we investigate 
the possible causes of changing surface albedo and the 
sensitivity of the glacier mass balance to sub-seasonal 
albedo changes of the basin.  

Our approach includes multiscale and multisource anal-
yses. It combines for the first time microscopic, in situ 
and satellite-based surveys with mass balance model-
ling of the Olivares glaciers. We use end-of-summer 
Landsat satellite images to calculate ice albedo trends 
from 2000 to 2018 [4] and sub-seasonal albedo maps 
from 2013 to 2018 to monitor winter snow depletion 
patterns and snow albedo changes. The satellite-based 
albedo observations are related to in-situ and laboratory 
measurements to reveal the chemical and mineralogical 
composition of light absorbing impurities deposited at 
the glaciers surface in recent years (surface samples) 
and back to approximately the 1930s (ice core samples).  

The ice albedo of the Olivares glaciers has decreased by 
0.14 per decade from 2000 to 2018. This trend is only 
slightly more negative than for the surrounding basins. 
However, an essential factor for the negative mass bal-
ance is probably the pronounced snow albedo reduction 
at the end of the winter (Fig. 1). The snow albedo for 
Olivares Alfa and Paloma Norte dropped strongly al-
ready early in the season. Hence, the winter snow de-
pletes faster and the ice surface is exposed to the atmos-
phere during a longer period in summer. This can cu-
mulate to a significantly higher melt rate, due to lower 
albedo of ice surfaces in comparison to snow cover.  

 

Fig. 1: Sub-seasonal snow albedo from 2013 to 2018 
for four glaciers located in the Olivares basin. 

The ice albedo in the region is typically reduced by the 
growth of penitents during the ablation period [5], by 
deposition of light absorbing impurities and by accumu-
lation of liquid water at the surface. The snow albedo is 
reduced due to snow aging and deposited impurities.  

 

Fig. 2: Enrichment factors for Co and Mo concentra-
tions measured in the ice core drilled in the basin. Val-
ues over 10 suggest anthropogenic pollution. 

Dust particles deposited on the glaciers may be of an-
thropogenic origin as seen from a gradient of increasing 
occurrence of iron oxides and iron sulfides as well as 
enriched trace elements (Cu, Mo, Co and Pb) for sam-
pling sites with greater proximity to a copper mine (i.e. 
Olivares Alfa, Paloma Norte). Enrichment factors for 
the same trace elements from element concentration in 
the ice core decreased with depth, and thus increased 
with time (Fig. 2). Iron oxides and copper containing 
pyrite have lower reflectance properties than silicates of 
the region. Together, it suggests an anthropogenic con-
tribution to dust deposition and lowering of surface al-
bedo, which could, however, so far not be quantified.  

____________________________________________ 

We acknowledge funding from the Centro de Estudios 
Científicos, Valdivia, Chile. 
 
[1] I. Dussaillant et al., Nat. Geosci., 12, 802 (2019). 
[2] D. Farías-Barahona et al., R. Sens., 12, 1658, 
 (2020). 
[3] T. E. Shaw et al., J. Glac., 67, 1 (2020). 
[4] K. Naegeli et al., TC, 13, 397, (2019). 
[5] S. Lhermitte et al., TC, 8, 1069 (2014).  

ALBEDO REDUCTION AND ENHANCED MELT RATES OF OLIVARES GLACIERS 

M. Barandun (PSI & Univ. Fribourg), A. Rivera (Univ. Chile), C. Bravo (Univ. Leeds), B. Grobety (Univ. Fribourg), 
L. Fang (PSI), S. Köchli (PSI), T. S. Münster (PSI & Univ. Bern), K. Naegeli (Univ. Bern), S. Cisternas (CECs),    

M. Schwikowski (PSI & Univ. Bern) 



31 

The 26.5 m uppermost part of a new Belukha ice 
core drilled in 2018 was dated using reference hori-
zons and annual layer counting, revealing that the 
investigated segment covers the period 1985-2018. 

An ice core from the Belukha glacier in the Siberian Al-
tai drilled in 2001 (B01) was used to reconstruct tem-
perature changes in the Siberian Altai, the history of bi-
ogenic emissions and forest fires from Siberian forests, 
past anthropogenic emissions of NH3, NOx, SO2, and 
heavy metals from Eastern Europe/former Soviet Union 
(FSU) during the past 750 years (see e.g. [1]-[3]). To 
up-date the B01 core to the present and extent it from 
AD 1250 further back in time, a new 160 m deep core 
to the bedrock was collected from the Belukha glacier 
in 2018 (B18) [4]. The two major aims for investigating 
this new ice core are to reconstruct the pre-industrial to 
industrial changes of organic aerosols and the recent de-
velopment of heavy metal emissions in the FSU. 

The uppermost 26.5 m of the B18 ice core was sampled 
and analyzed as part of an internship at the PSI. The aim 
was to compare chemical records between the B18 and 
B01 ice cores, in order to cross-date the B18 ice core. 

 
Fig. 1: Ca2+ concentrations in the upper 19.5 m (12 m 
w.eq.) of the B18 core (red) and the onset of the B01 
core at a depth of 10.1 m w.eq. (blue). The two refer-
ence horizons 2001 and 2018 are shown in orange. 

The upper 26.5 m (17 m w.eq.) of the B18 core were 
sampled in the cold room of the PSI with a resolution of 
8 cm and analyzed for major ions, water stable isotopes, 
and black carbon. Obtained records were compared 
with those from the well-dated B01 core. This way we 
could fix three “reference” horizons of known age in the 
B18 core:  
(1) year 2018 at 0 m w.eq. (drilling date),  
(2) year 2001 at 10.1 m w.eq. (onset B01 core in the 
B18 records based on Ca2+, see Fig. 1),  
(3) year 1985 at 17 m w.eq. (agreement in the B01 and 
B18 records of many species, not shown). 

To determine the B18 age-depth scale in between the 
reference horizons we applied annual layer counting 
based on seasonal varying signals of selected species 
(see Fig. 2). For this, the software “Ice Core Dating” 
was used. Na+, NH4

+, Ca2+, HCOO-, SO4
2-, and 18O rec-

ords exhibit pronounced summer/winter variations in 
snow deposited on the glacier, which helped with the 

annual layer identification (Fig. 2). For most of the ice 
core, clear annual layers could be seen, only in some 
parts of the ice core melting had occurred, complicating 
the dating (Fig. 2). Regardless, based on comparing var-
ious species we were able to establish an age-depth re-
lation for the upper 26.5 m of the B18 core in the period 
1985-2018. The resulting average annual accumulation 
rate of 0.51 m w.eq. for the B18 core is in good agree-
ment with that of the B01 core (0.56 m w.eq.) [1].  

 

Fig. 2: Screenshot from the “Ice Core Dating” software. 
Records of Na+, NH4

+, Ca2+, HCOO-, SO4
2-, and 18O in 

the upper 17 m w.eq. of the B18 core are shown from 
top to bottom. Orange bars indicate the three reference 
horizons 2018 (left), 2001 (middle), and 1985 (right) 
and the dark blue vertical lines annual layers between 
1985 and 2018. The light blue area highlights a part 
with signal smoothing due to an influence of melting.  

Annual records of chemical species agree well between 
the B18 and B01 core (see e.g. NH4

+, Fig. 3), corrobo-
rating the established dating and allowing to update the 
B01 records to 2018.  

 
Fig. 3: Annual NH4

+ concentrations for the B01 (blue) 
and B18 cores (red) in the period 1970-2018. 
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Two parallel ice cores from the Tsambagarav glac-
ier, Mongolian Altai, were cross-dated by compar-
ing major ions and water stable isotope records. Ex-
ceptional agreement in the exSO4

2- concentration 
records shows that this site is representative for SO2 
emissions of the former Soviet Union (FSU). 

In 2009, two ice cores (72 m and 52 m length, distance 
few meters) were recovered from the Tsambagarav 
mountain range (Mongolian Altai). Whereas the 72 m 
core was previously studied and dated, covering the pe-
riod 4800 BC-2009 AD [1], no age-depth scale has been 
obtained for the 52 m core so far. However, to use this 
latter core as an archive of recent heavy metal emissions 
from the former Soviet Union (FSU) [2], a precise da-
ting is required. 

Dating of the 52 m core was performed by synchroniz-
ing chemical records with those of the well-dated 72 m 
core using a specialized CoreMatch software [2]. Com-
parison of the records demonstrated an exceptional 
agreement for water stable isotopes (18O, D) and an-
thropogenically derived species such as NH4

+, NO3
-, 

and excess-SO4
2-. The dating showed that the 52 m core 

covers the period 1710-2009 AD.  

To evaluate the quality of the cross-dating we used an-
nual exSO4

2- records (non-dust SO4
2-), calculated ac-

cording to: [exSO4
2-] = [SO4

2-] – 0.22·[Ca2+]. The pre-
industrial SO4

2-/Ca2+ratio of 0.22 agrees well with the 
ratio of 0.24 obtained for a Belukha ice core recovered 
from the Siberian Altai in 2001 [3], 350 km northwest 
from the Mongolian Altai site. Annual exSO4

2- records 
between the two Tsambagarav cores correspond well, 
revealing consistent exSO4

2- spikes following the vol-
canic eruptions of Laki (1783), Tambora (1815), and 
Katmai (1912) (Fig. 1). These volcanic horizons can be 
clearly distinguished from 5-year and 10-year concen-
tration records (Fig. 2). An increase in exSO4

2- concen-
trations in the second half of the 20th century (Figs. 1 
and 2) is explained by a major anthropogenic source: 
SO2 emissions from fossil fuel combustion.  

5- and 10-year exSO4
2- concentration records from the 

Mongolian Altai are well correlated with those of the 
Siberian Altai and with SO2 emission estimates from the 
FSU (1750-2010). Correspondence is much better for 
the 10-year records, indicating that 5-year averages sim-
ilar to 1-year means are not only influenced by the 
sources of air pollutants, but additionally by short-time 
fluctuations related to their transport to the high-altitude 
sites and post-depositional processes. 

Thus, our study revealed that the 52 m Tsambagarav ice 
core covers the last ~300 years and is a representative 
archive for anthropogenic emissions from the FSU 
based on 10-year averages. 

 
Fig. 1: Annual records of exSO4

2- for the parallel 52 m 
and 72 m Tsambagarav ice cores. 

 
Fig. 2: 5-year (top) and 10-year (bottom) mean concen-
trations of exSO4

2- for the 52 m, 72 m Tsambagarav ice 
cores; 2001 Belukha ice core and SO2 emission esti-
mates for the FSU territory (1750-2010 AD) [4]. 
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A 300-year ice core Pb record from the 
Tsambagarav glacier, Mongolian Altai, was used to 
investigate recent Pb pollution from the territory of 
the former Soviet Union (FSU). Our results show 
that recent Pb trends are strongly dependent on the 
applied dust correction to disentangle anthropo-
genic from natural Pb. 

Anthropogenic pollution by lead (Pb) presents a serious 
concern because of its neurotoxic effect on humans. An-
thropogenic Pb pollution sources include mining, metal 
smelting, waste incineration, coal and leaded gasoline 
combustion. Whereas recent Pb pollution is well docu-
mented in natural archives for many regions worldwide, 
existing Pb ice core records and expert emission esti-
mates for the territory of the former Soviet Union (FSU) 
reveal an opposing trend in the recent ~30 years [1]. In 
order to resolve this discrepancy, an ice core from the 
Tsambagarav mountain range drilled in 2009 was ana-
lyzed, covering the period 1710-2009 AD [2]. 

Pb concentrations were determined with inductively 
coupled plasma sector-field mass spectrometry (ICP-
SF-MS; Element 2, Thermo Scientific) that allows 
quantification of trace elements at low ppt levels. Pb 
concentrations peaked in the 1970s-1980s during the 
SU economy peak mainly from the use of Pb additives 
in gasoline and strongly declined in the end of 
1980s/beginning of 1990s as the SU collapsed (Fig. 1). 
The Pb concentration record during 1710-1990 is in ex-
ceptional good correspondence with an existing record 
from the Belukha ice core (Siberian Altai) [3], ~350 km 
northwest of the Tsambagarav site. Furthermore, the Pb 
trend agrees well with Pb expert emission estimates for 
the FSU from the 1950-s until the 1990-s [3]. This is 
different for the period 1990-2009, were Tsambagarav 
Pb is increasing, but expert estimates show a decreasing 
trend, mainly related to the nationwide leaded gasoline 
ban in Russia in 2003 [4]. 

To investigate, whether the recent Pb increase is caused 
by anthropogenic Pb emissions, (a) crustal enrichment 
factors (EF) of Pb and (b) excess-Pb were calculated 
following (a) EF(Pb) = [Pb/Ce]sample/[Pb/Ce]pre-ind. and 
(b) [exPb] = [Pb] – [Pb/Ce]pre-ind·[Ce] (Fig. 2). Ce was 
used as a dust tracer, showing the highest correlation 
with Pb in the pre-industrial period 1710-1760. The 
trend in exPb at both Altaian sites is in agreement with 
that of the Pb concentration records. In contrast, trends 
in calculated Pb EFs disagree between the two sites and 
are different from those of the Pb concentrations. Thus, 
a potential error might have been introduced by the cal-
culation of EFs using the Ce records and a critical re-
view of the methods used for dust correction is needed. 

An updated Pb record covering the period 1990-2018 
from a new Belukha ice core will additionally help to 
reconstruct the trend in recent FSU Pb emissions. 

 

Fig. 1: Annual and 10-year concentration records of Pb 
(top) and Ce (bottom) from the Belukha and 
Tsambagarav ice cores. 
 

 

 
Fig. 2: 10-year mean concentrations of exPb (top) and 
Pb enrichment factors (EF; bottom) from the Belukha 
and Tsambagarav ice cores. 
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