
Annual Report 2019
Laboratory of Environmental Chemistry

0.0

0.2

0.4

0.6

0.8

1.0

Iro
n 

(II
) F

ra
c!

on
0.5 μm

Observed
Par!cles

Modeled
Par!cle

Modeled
Par!cle



On the cover page:

Probing the inside of microscopic particles. The X-ray 
image shows the iron oxidation state in aerosol 
particles in an environmental micro-reactor 
undergoing reaction with ozone, which only occurs 
near the particle surface at low relative humidity. 
Red and blue colours are more and less oxidized 
iron, respectively. Quantitative spatial profiles of the 
reaction over time with 0.035×0.035 µm pixel 
resolution were derived.

Please see report on p. 7.
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Compared to what we are facing now with the Corona 

lockdown, the year 2019 was a normal one for our La-

boratory of Environmental Chemistry, with exciting 

scientific activities, resulting in overall 24 papers in 

peer-reviewed scientific journals. I just want to mention 

here two highlights. For the first time internal concen-

tration gradients in chemical components in viscous 

aerosol particles were observed directly using X-ray 

spectromicroscopy at the SLS PolLux endstation 

(Alpert et al., 2019, see cover page). This implies that 

atmospheric chemical reactions in particles can be sig-

nificantly slowed and that chemical inhomogeneities 

may persist when diffusion of molecules is slow. This 

may extend the life time of aerosol particle or of toxic 

compounds therein. Further, a new ice dating method 

based on 14C in dissolved organic carbon (DOC) in glac-

ier ice was developed, which has the advantages of be-

ing less prone to carbonate interference and requiring 

smaller amounts of ice compared to the water insoluble 

organic carbon fraction previously used for dating 

(Fang et al., page 26). 

The year 2019 was also marked by a transition with two 

major SNF projects ending, the Sinergia project “Paleo 

fires from high-alpine ice cores” of the Analytical 

Chemistry group and the project “Microscale Distribu-

tion of Impurities in SnOw and Glacier Ice (MiSo)”, a 

collaborative work between both groups at LUC and the 

WSL-SLF. The seven PhD students involved success-

fully defended, among them Sven Avak at the Univer-

sity of Bern in 2019. With new projects starting, we 

welcomed six PhD students and two Postdocs at LUC 

in 2019. In addition, Markus Ammann’s SNF proposal 

on reactive oxygen species got funded and will begin in 

2020 – my congratulation!  

We are extremely pleased that Luca Artiglia, scientist 

in the Surface Chemistry Group, whom we share with 

the Laboratory of Catalysis and Sustainable Chemistry 

(LSK) was awarded tenure at PSI. Luca is responsible 

for running the ambient pressure photoemission end-

station at the in situ spectroscopy (ISS) beamline at 

SLS. Since 2019, this endstation has become open to the 

international user community. Colleagues from the Uni-

versity of Gothenburg were the first to make use of this 

opportunity in the environmental science context, al-

ready resulting in a first publication. Moreover, Sandra 

Brügger, PhD student in the Paleoecology group at the 

University of Bern, reconstructed past vegetation 

changes by analysing pollen and charcoal in ice cores in 

the frame of the Sinergia paleo fire project and received 

the prestigious “Prix de Quervain” for High Altitude 

Research awarded by the Swiss Committee on Polar and 

High Altitude Research for her work. Congratulations 

to both of them! 

Our LUC excursion took us to Davos, where we visited 

the Physical Meteorological Observatory PMOD, en-

joyed some beer tasting at the brewery Monstein, and 

hiked from there to Sertig Dörfli. We concluded the 

year with the Christmas cooking and eating activity at 

mein-kuechenchef.ch – from the field to the plate – 

without food waste. 

I hope you enjoy reading our LUC annual report and 

apologize for the late publication, which is due to Co-

rona-related work overload.  

 

 

Margit Schwikowski 

  

EDITORIAL  
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Quantifying how atmospheric particles interact with 
water vapor is critical to understand their role in at-
mospheric chemistry, Earth’s climate and human 
health. We present a novel method to measure single 
atmospheric particle hygroscopicity while charac-
terizing elemental and carbon functional group 
composition. 

Atmospheric aerosols, solid or liquid particles sus-
pended in the atmosphere, range in size from 1 nm to 
>100 μm and come from a wide variety of sources [1]. 
Atmospheric particles are chemically complex and can 
contain hydrophobic carbonaceous material such as 
soot and fresh anthropogenic emissions, but also hygro-
scopic salts such as sulfate and nitrate [2]. The immense 
complexity of aerosol chemical composition and atmos-
pheric processes hinder realistic prediction of the pre-
vailing particle morphology during its atmospheric life 
cycle, and how critical particle properties would evolve 
[3]. As such, aerosols have a wide range of chemical 
and physical properties that require detailed analytical 
measurements to be fully described [4]. 

We use X-ray spectromicroscopy to quantify how or-
ganic matter, inorganic matter, and black carbon is 
mixed in individual particles from an anthropogenic 
aerosol particle population with well-characterized me-
teorological conditions and bulk chemical composition. 
Also, we subjected ambient samples to a high relative 
humidity, RH=70 %, and probed particles that do and 
do not take up water to see how their mixing state 
changes. Particles collected on a copper grid at the PKU 
supersite in Beijing, China, on 1st Oct. 2019 at 17:04 
(GMT+8) were mounted in the PolLux in-situ cell, a 
custom built environmental microreactor.  

 
Fig. 1: Time series of (a) meteorological parameters in-
cluding wind speed, ambient temperature and RH, (b) 
particulate matter mass concentrations, and (c) particle 
number size distribution from 3 to 700 nm measured at 
PKU supersite. The sample was collected at the time in-
dicated by the arrow. 

 
Fig. 2: Random sample of ~15 particles showing (a-b) 
sub-particle carbon speciation and (c-f) water uptake re-
flected by the increasing oxygen absorption. Colors in-
dicate dominant type: OC-Organic Carbon, BC-Black 
Carbon and IN-Inorganic. (a), (c), (e) Elemental map-
ping under dry condition. (b), (d), (f) Elemental map-
ping under 70 % RH. Fig. 2c & Fig. 2d were acquired 
at 520 eV, which is the pre-edge of oxygen. Fig. 2e & 
Fig. 2f were acquired at 550 eV, which is post-edge of 
oxygen. Yellow and red squares are example particles 
that are hygroscopic and non-hygroscopic, respectively. 
 
Fig. 1 shows the ambient conditions during the sam-
pling time of atmospheric particles collected at PKU su-
persite. Fig. 2 shows an example of carbon speciation 
and oxygen mapping on particles, although our full da-
taset comprises hundreds of them. STXM/NEXAFS 
measurements will provide insights into the evolution 
of particle morphology and chemical properties when 
air pollution builds up. We are currently addressing the 
question, why aerosol populations have a multi-modal 
hygroscopicity distribution as seen in Fig. 1. Our data is 
invaluable to directly probe the chemical complexity of 
individual particles and their hygroscopicity. 

____________________________________________ 

We acknowledge funding from the National Natural 
Science Foundation of China (Grant No. 41875149) and 
the Swiss National Science Foundation (Grant 163074). 
 
[1]  W. C. Hinds, in Aerosol technology: Properties, 

behavior, and measurement of airborne particles 
(1982) 

[2]  B. R. Bzdek and J. P. Reid, J. Chem. Phys., 147, 
220901 (2017). 

[3]  K. Gorkowski, N. M. Donahue and R. C. Sullivan, 
Chem., 6, 204-220 (2019). 

[4]  A. P. Ault and J. L. Axson, Anal. Chem., 89, 430-
452 (2017). 
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Oligomers (m/z >200) are a significant component of 
atmospheric SOA and were evidently produced via 
multiphase processes in high relative humidity con-
ditions. We propose to investigate mixing states and 
quantify the critical role of relative humidity on 
phase separation in single ambient oligomer-con-
taining particles by STXM/NEXAFS. 

Secondary Organic aerosols (SOA) comprise a large 
fraction of PM2.5 mass concentrations and they are one 
of many driving factors of extreme haze, affecting visi-
bility and impairing human health, especially in the 
Northern China Plain. Laboratory studies have found 
that oligomers could contribute to 22-50 % of SOA 
mass and 80-90 % of total detected molecular ion peaks, 
which confirmed oligomerization was a significant at-
mospheric process for SOA formation [1]. The cam-
paign in Beijing using matrix-assisted laser desorption 
ionization time of flight mass spectrometry (MALDI-
TOF-MS) observed oligomers and found out oligomers 
were significant to OA in Beijing and evidently pro-
duced via multiphase processes under high relative hu-
midity conditions [2]. Meanwhile, it is well known that 
SOA undergoes liquid-liquid phase separation (LLPS) 
but it has never been directly observed in single ambient 
aerosol particles. 

 
Fig. 1: LDI-TOF-MS spectra of oligomers with (a) 
PM2.5 at 23.2 ug m-3; (b) PM2.5 at 168.6 ug m-3; (c) PM2.5 
at 318.0 ug m-3; 

We aimed to probe atmospheric aerosol chemical mor-
phology and to acquire mixing states and phase transi-
tion information of individual aerosol particles contain-
ing oligomers in urban haze events. We will investigate 
particle samples before, during and at the peak of a pol-
lution event and pair our results with online observa-
tions of inorganic and organic aerosol, in particular, ol-
igomers. We will observe whether organic matter in 

particles that readily takes up water exhibits very differ-
ent functionality and phase separation compared to 
other particles in our aerosol populations. In particular, 
we aim to be the first to observe liquid-liquid phase sep-
aration in single ambient particles by mapping carbon 
at high RH.  

 
Fig. 2: Conceptual graph of LLPS in an individual 
particle 

Size-resolved aerosol samples collected in Beijing will 
be analyzed by spatial resolution of scanning X-ray mi-
croscopy (STXM) in combination with near edge X-ray 
absorption fine structure spectroscopy (NEXAFS) [3]. 
We will acquire i) representative C-N-O spectra, ii) 
maps and mixing state of particles, and iii) quantitative 
information on the critical role of relative humidity on 
phase separation and water uptake when exposing our 
oligomer-containing particles to water vapor in the Pol-
Lux-in-house environmental cell. 

The results will give statistically information about par-
ticle mixing state for aerosol with different total oligo-
mer content, humidity history and pollution levels. We 
will be able to claim if liquid-liquid phase separation 
occurs in single ambient aerosol particles and if there is 
a trend with oligomer formation and mixing state dif-
ferences. 
___________________________________________ 

We acknowledge funding from the National Science 
and Technology Program of China (grant 
2017YFC0211601), the National Research Program for 
Key Issues in Air Pollution Control (DQGG0103). 
 
[1] M. Kalberer et al., Science, 303, 1659-1662 

(2004). 
[2] F. K. Duan et al., Environ. Pollut., 218, 289-296 

(2016). 
[3] R. C. Moffet et al., Analytical Chemistry, 82, 

7906-7914 (2010). 
[4] O’Brien et al., Environ. Sci. Technol., 49, 4995-

5002 (2015). 

MIXING STATES OF AEROSOL PARTICLES IN URBAN HAZE 

S. Yang (THU & PSI), F. Duan, K. He (THU), P. A. Alpert, M. Ammann (PSI) 
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The influence of acids on the leaching of iron from 
ferrihydrite (an iron(III) oxy-hydroxide structure), 
has been monitored in situ through electron yield 
Near Edge X-ray Absorption Fine Structure 
(NEXAFS) spectroscopy and X-ray Photoelectron 
Spectroscopy (XPS). 

Ferrihydrite is a metastable nanoaggregate Fe(III)-oxy-
hydroxide material (1-10 nm particle) omnipresent in 
nature with a high specific surface area offering a high 
number of accessible sites for adsorption and reaction 
[1-2]. It has no clear structure, no fixed composition and 
is metastable [1], and it slowly evolves into either goe-
thite or hematite. It is also considered to be the main 
source of bio-available iron [3] (iron that can be leached 
from the mineral and absorbed by organisms) and thus 
has a huge impact on marine life. Ferrihydrite mainly 
comes from dust particles emitted from deserts, such as 
the Sahara. Thus, ferrihydrite can have an impact both 
on atmospheric chemistry as an aerosol particle and on 
the ocean when deposited. There is a clear lack of elec-
tron spectroscopy experiments on ferrihydrite due to its 
non-conductive nature. Yet it is part of the important 
Fe(II)/Fe(III) redox couple, which interacts with differ-
ent other redox active systems, such as reactive oxygen 
species (ROS) and secondary organic compounds asso-
ciated with mineral dust aerosol particles. Here we pre-
sent an extract from an XPS and NEXAFS experiment 
to study the iron leaching and modification of the ferri-
hydrite surface. 

 
 
Fig. 1: Fe L2,3 Edge NEXAFS spectra of ferrihydrite 
with only water vapor (a) and with 0.01 mbar of acetic 
acid (b) both acquired at RH=90 % (-26.3 °C under 0.5 
mbar). Red and black lines correspond to NEXAFS 
spectra taken before XPS measurement, blue and purple 
correspond to NEXAFS spectra taken after XPS. 
 
During those experiments, various acids have been used 
such as citric acid, ascorbic acid and acetic acid. The 
results presented here will focus on acetic acid. This ex-
periment shows the enhanced dissolution of iron in 

presence of gas phase acetic acid compared to just pure 
water vapor. To distinguish the iron leached from the 
solid mineral oxide from the one still present as part of 
ferrihydrite we use the susceptibility of hydrated Fe(III) 
species to be reduced to Fe(II) under the X-ray beam. In 
the spectra, the Fe(III) corresponds to the iron still pre-
sent in the intact ferrihydrite structure, while the Fe(II) 
represents the leached (and hydrated) Fe. 

Fig. 1 shows the Fe L2,3 Edge NEXAFS spectra of ferri-
hydrite in presence of 0.5 mbar of water vapor only 
(bottom) and in combination with 0.01 mbar of acetic 
acid (top) at -26.3 °C (90 % relative humidity). When 
we consider the experiment with water only we observe 
that the feature corresponding to Fe(II) does not in-
crease much between two NEXAFS measurements (red 
and black curve), it only slightly increases after XPS 
measurements and the concomitant X-ray exposure (be-
tween black and blue curve). As with pure water, the 
experiment done with the addition of acetic acid shows 
only a small difference between the first two NEXAFS 
spectra. Yet after the XPS measurement, we observe 
that the feature corresponding to Fe(II) has increased a 
lot (black to blue curve) compared to the experiment 
done with water only. A complete XPS characterization 
involves a longer acquisition time compared to a 
NEXAFS spectrum, giving more time for the leaching 
to occur. In presence of acetic acid, this is accelerated 
and thus more apparent. This experiment shows that a 
small amount of acid can greatly enhance the leaching 
of iron at the surface of ferrihydrite, iron that is now 
able to react with species in its environment. This is in-
teresting from the aerosol particle point of view as this 
available iron can be converted back to Fe(II) through 
photochemical processes forming the redox couple and 
thus be able to do redox reactions with other airborne 
species such as H2O2 or secondary organic compounds.  

____________________________________________ 

Funding via the Interlaboratory Postdoc program of the 
ENE division is appreciated. 

[1] U. Schwertmann et al., J. Colloid Interface Sci., 
209, 215-223 (1999). 

[2] T. Hiemstra et al, Geochim. Cosmochim. Acta, 
105, 316-325 (2013). 

[3] C. Rodriguez-Navarro et al., Atmos. Chem. Phys., 
18, 10089-10122 (2018). 
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Organic photochemistry occurring within aerosols 
generates reactive oxygen species (ROS) that en-
hance reactive uptake of volatile organic compounds 
and promotes particle growth. Iron particles scav-
enge ROS and shut down particle growth. 

Traditional models of secondary organic aerosol (SOA) 
formation view particle growth as due to the absorption 
of semi-volatile organic photoproducts into preexisting 
aerosol mass. Less is known about how chemistry oc-
curing within aerosol droplets drives reactive uptake of 
gases into the bulk aerosol phase. To address this 
knowledge gap, we studied the uptake of D-pinene onto 
aerosols comprised of ammonium sulfate [(NH4)2SO4] 
and anthraquinone-2-sulfonate (AQ2S), a triplet state 
chromophore widely used to model the photochemistry 
of chromophoric dissolved organic matter. Aerosols 
were nebulized into a 19 m3 Teflon chamber containing 
50 ppbV of D-pinene. After a brief equilibration time, 
UV-visible lights (300 < O < 400 nm) irradiated the 
chamber to initiate aerosol photochemistry.  

 
Fig. 1:  Particle volume measured by scanning mobil-
ity particle sizer during aerosol chamber experiments 
containing gaseous D-pinene and seed aerosol com-
prised of (NH4)2SO4 and the indicated components. 

Fig. 1 shows that UV-visible irradiation induces particle 
growth on seed aerosol particles containing (NH4)2SO4 
and organic chromophores, relative to the experiments 
where D-pinene is irradiated in the presence of the pure 
(NH4)2SO4 seed aerosol. Enhanced particle growth in 
the presence of chromophores indicates reactive uptake 
of D-pinene into the aerosol phase, which is driven by 
ROS formed via the reaction of O2 with excited state 
chromophores. Addition of Fe3+ shuts this chemistry 
down, effectively limiting particle growth.  To explore 
this effect at the single particle level, aerosols were col-
lected from chamber experiments and analyzed via near 
edge X-ray absorption fine structure spectroscopy 
(NEXAFS). 

Fig. 2 shows NEXAFS spectra of seed particles, and 
those particles exposed to α-pinene under UV light with 
and without Fe3+. AQ2S shows two peaks at 284.4 and 

284.8 eV associated with the quinone ring structure [1]. 
Another peak at 286.3 eV is associated with a phenol 
group [1], indicating the presence of semi- or hydroqui-
nones [2]. After exposure to α-pinene and UV light, par-
ticles with and without Fe3+ were entirely dominated by 
three peaks at 285.1, 286.7 and 288.6 eV indicative of 
unsaturated carbon, hydroxyl and carboxyl functions, 
respectively. Spectra are similar to those of α-pinene 
SOA generated from gas phase OH chemistry [3], indi-
cating similar D-pinene oxidation pathways occur in the 
bulk aerosol phase. Consistent with chamber experi-
ments in Fig. 1, we observed significantly less SOA ma-
terial on particles containing Fe3+. Together, the results 
show that reactive uptake is controlled by a competition 
between ROS sources (organic chromophores) and 
sinks (Fe3+ and Fe2+), with implications for understand-
ing the drivers of particle growth when mineral dust is 
present. 

 
Fig. 2: Normalized NEXAFS spectra of indicated aero-
sol particles exposed to α-pinene under UV light. Solid 
lines are averages of individual particles, which are dot-
ted lines. Spectra are background subtracted and nor-
malized to the area between 305-320 eV. Spectra of α-
pinene SOA from literature is shown [3]. 

____________________________________________ 

Funding for this work was provided by EUROCHAMP-
2020 (Project LEAK-LACIS-002-2017), the Atmos-
pheric Chemistry Department (ACD) at the Leibniz In-
stitute for Tropospheric Research (TROPOS), and the 
Swiss National Science Foundation (Grant 163074). 
 
[1] R. C. Moffet et al., in Fundamentals and Applica-

tions in Aerosol Spectroscopy, CRC Press, 419-
462 (2010).  
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Accurate prediction of aerosol particle multiphase 
chemical degradation initiated by trace gases highly 
depends on diffusion of reactants and solubility of 
the reactive trace gas. We used the kinetic multi-
layer model for aerosol surface and bulk chemistry 
(KM-SUB) to put accurate constraints on Henry’s 
law and diffusion coefficients, leading to more accu-
rate predictions.  

The majority of atmospheric aerosol particles are com-
posed of organic matter. It has been shown that when 
air is sufficiently cold and dry, ambient particles are 
likely to be in a highly viscous phase state. As a conse-
quence, particles will not be well mixed during multi-
phase chemical reactions that begin at a particle’s sur-
face. 

In our recent study [1], we were the first to observe gra-
dients in condensed-phase reactant concentration 
throughout particles as the result of diffusion and chem-
ical reaction limitations, termed chemical gradients. We 
investigated the reaction between O3 and aerosol parti-
cles composed of xanthan gum and FeCl2 and observed 
the in situ chemical reaction that oxidized Fe2+ to Fe3+ 
using X-ray spectromicroscopy. Iron oxidation state of 
particles as small as 0.2 mm in diameter were imaged 
over time with a spatial resolution of tens of nanome-
ters. Concentric 2-D column integrated profiles of the 
Fe2+ fraction out of the total iron, α, were derived and 
demonstrated that particle surfaces became oxidized 
while particle cores remained unreacted at RH=0-20 %. 
At higher RH, chemical gradients evolved over time, 
extended deeper from the particle surface, and Fe2+ be-
came more homogeneously distributed. 

We have employed the KM-SUB model [2] to infer val-
ues of the Henry’s law coefficient for ozone, ܪయ, the 
diffusion coefficient of ozone, ܦయ, and the diffusion 
coefficient of iron, ܦୣ, to reproduce observed profiles 
in α over a wide range of RH and gas phase O3 concen-
tration. Briefly, this model solves the system of nonlin-
ear differential equations for the rate of change of O3 
and Fe2+ with time in prescribed layers with defined 
thickness. It accounts for O3 accommodation and ab-
sorption, the O3 and Fe2+ diffusion from the surface and 
within bulk layers and finally, the chemical loss of O3 
and Fe2+. 

We investigated the sensitivity of the model to input pa-
rameters using our dataset with hundreds of particles at 
RH=40 %. When varying only ܦయand ܪయ, the sum 
of the squared residuals (RSS) surface in Fig. 1A clearly 
shows a high correlation and a clear minimum could not 
be determined. This is due to our reactive system being 
in the regime of reacto-diffusive limitation [2-4].  

 

We also determined the sensitivity of the model when 
all three parameters were allowed to vary. RSS contours 
are shown in Fig. 1B as a function of ܦୣ and the prod-
uct ܪయඥܦయ. We found multiple local minima in this 
parameter space, however one clear global minimum 
was identified. Fitted parameters are the black crosses 
in Figs. 1 and 2. From this sensitivity analysis we derive 
two conclusions. The first is that our observed 2-D pro-
files of α were a good enough constraint that a unique 
value of ܦୣ could be found to minimize the residuals. 
Second, we found that although ܦయand ܪయwere cor-
related, their product ܪయඥܦయ ൌ െ7.7  seen as the 
dashed line in Fig. 1, could be constrained. 

 
Fig. 1: Model parameters sensitivity in KM-SUB. (A) 
 .ୣ constantܦ య were varied while keepingܪ యandܦ
(B) All three parameters were varied simultaneously. 
The product of ܪయඥܦయ ൌ െ7.7	 is the dashed line in 
both panels. Color contours are the sum of the squared 
residual values (RSS) between model and observations. 
 
Accurate chemical evolution of highly viscous atmos-
pheric aerosol should include accurate knowledge of 
solubility and diffusion. We suggest that highly detailed 
and direct measurements of internal and near-surface 
(nanometer scale) observations together with kinetic 
model simulations should further constrain future pa-
rameter derivation. 
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Weathering of nanoplastics induces chemical and 
physical changes, resulting in by-products released 
into the environment. We induced abiotic transfor-
mation of polystyrene (PS) nanoparticles in water 
and quantified product formation on particles and 
in the liquid phase. 

Microplastics (MPs) and nanoplastics (NPs) are either 
directly emitted into the environment or formed by 
physical degradation of larger plastic debris. They are 
environmentally ubiquitous and persistent in the atmos-
phere, surface waters and soils. MPs and NPs in the en-
vironment undergo weathering, induced by mechanical 
abrasion, oxidation, UV radiation or microbiological 
activity. Oxidation and photo-oxidation becomes an im-
portant chemical degradation pathway when the size of 
plastic particles decreases, (i.e. <2 µm in size), because 
reactivity is proportional to the surface to volume ratio 
[1]. It is important to note that NPs are not inert and can 
interact with chemical species present in the surround-
ing environment, including the adsorption of metals and 
other persistent organic pollutants [2]. These interac-
tions can lead to unique reactive and photochemical 
pathways.  

We used PS nanoparticles as a NP proxy, and quantified 
the release of degradation products to water under envi-
ronmental conditions using electrospray ionization dif-
ferential mobility analyser coupled with an atmospheric 
pressure interface time of flight (ESI-DMA-APi-TOF). 
PS nanoparticles were immersed in distilled and deion-
ized water with and without the presence of iron(II) and 
irradiated with UV light. The kinetics of iron(II) degra-
dation and the change of total iron in solution were de-
termined. Chemical changes of PS particles in terms of 
carbon and oxygen functionality and iron oxidation 
state were investigated with scanning transmission X-
ray microscopy coupled to near-edge X-ray absorption 
fine structure spectroscopy (STXM/NEXAFS) [3]. 

A suspension of PS particles all having a diameter of 
100 nm was exposed for 1 year (October 1st, 2018-Oc-
tober, 1st, 2019) on the rooftop of the Physicum building 
of the Kumpula campus in Helsinki. This suspension 
turned yellow upon exposure. Liquid phase analysis re-
vealed the formation of carboxylic acids and aromatic 
compounds, some of which are toxic, such as phenol 
and benzene (see Figure 1). STXM/NEXAFS results 
showed a significant amount of organic matter with ke-
tone and carboxylic functions being released to the 
aqueous phase. 

These experiments show that NPs can be degraded in 
the environment and release organic matter to water, 
with possible consequences on carbon cycle and toxic 
contamination. NPs can perturb the natural photo-
chemical equilibria, interacting with naturally occurring 

species and/or modify the natural organic matter con-
tent due to the products release during degradation. 

 
Fig. 1: Degradation products identified in the liquid 
phase after PS exposure to sunlight for one year. 
 
When PS particles and iron were present in water to-
gether, iron(II) transitioned to iron(III) when irradiated 
in air. Fig. 2 shows that iron(II) rapidly degraded by 
90 %, coinciding with an equal loss of total iron from 
the solution. This implies that it was adsorbed to the sur-
face of PS particles. Indeed, we observed by 
STXM/NEXAFS analysis that iron was uniformly pre-
sent on PS particles, mainly as iron(III). 

 
Fig. 2: Fe(II), Fe(III) and total iron concentration 
changes during irradiation of a suspension of PS nano-
particles in water. 
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In this project, we would like to understand reaction 
mechanisms of organo-iodine compounds in the liq-
uid phase, especially in water. Employing SwissFEL, 
which is an x-ray free electron laser, and Swiss Light 
Source (SLS), which is a synchrotron radiation facil-
ity, can address chemical reaction and dynamics 
over different time scales (ps ~ Ps). 

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 reactors due to its 
volatility and high radiotoxicity.  The suppression of 
the release of organic iodides from a power plant is a 
main issue in nuclear power plants (NPPs) safety. Or-
gano-iodides such as methyl iodide (MI) or ethyl iodide 
(EI) are key intermediate compounds from reactions of 
reactive iodine species with organic materials, e.g., 
paints, used in containments, or also organic com-
pounds in the environment. In contrast to the gas phase 
[2], the photodissociation of MI in the liquid phase has 
been rarely studied [3]. In the context above, the popu-
lation and the fate of dissociation fragments in solutions 
against reaction time need to be understood. 

In this project, we would like to understand fundamen-
tal processes related to photolysis of organo-iodide 
compounds in the liquid phase, especially in water, by 
using time-resolved x-ray absorption spectroscopy 
(XAS). XAS can provide the electronic state and geo-
metrical configurations of an objective element. Since 
X-rays above 4000 eV have relatively long attenuation 
lengths in relevant materials, XAS can be observed in 
various kinds of phases. XAS can address the kinetics 
of fast chemical reactions in nanoseconds or microsec-
onds combining pulsed lasers in synchrotron facilities. 
XAS can also address the photodissociation dynamics 
in picoseconds or sub-picoseconds regimes by employ-
ing X-ray free electron lasers (XFELs) as shown in Fig. 
1 for the example of hematite. We would like to employ 
SwissFEL, which is an XFEL, and the Swiss Light 
Source (SLS), which is a synchrotron radiation facility, 
to observe photodissociation dynamics and follow-up 
reaction kinetics, respectively, with MI or EI.  

Understanding the reaction mechanisms of organo-io-
dine compounds will give new insight into the produc-
tion of iodine species in oceans and in the atmosphere 
and help to assess the distribution of iodine within dif-
ferent environmental compartments. It also helps in the 
understanding of the reactivity of iodine inside NPPs 
and in scrubbing devices after a nuclear accident. Pho-

todissociation mechanisms and kinetics of iodide com-
pounds in water should be an essential part of develop-
ing new pathways to prevent the release of organo-io-
dine compounds. 

 

 
Fig. 1: pump probe XAS of hematite : (a) an illustration 
of the pump probe experiments in Pohang Accelerator 
Laboratory (PAL-XFEL) (b) Fe L3 XAS of hematite 
(black) and difference XAS at a delaytime of 0.2 ps 
(red) (c) a kinetic trace at the energy point of 709 eV 
(denoted as (I) in (b) (d) a kinetic trace at the energy 
point of 709 eV around the vicinity of 0 ps.[4] 
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The oxidation of halide ions with ozone in aqueous 
environments initiates the formation of molecular 
halogen compounds in the atmosphere. The goal of 
this work is to locate and characterize bromine-con-
taining species dissolved in water by means of in situ 
spectroscopy and molecular dynamics calculations.   

Halogen atoms are known to catalyze ozone depletion 
in the stratosphere and in the tropospheric boundary 
layer [1]. Ozone depletion events in the polar boundary 
layer correlate with a notable increment of bromine gas 
concentration [2]. This affects the global chemical bal-
ance in the atmosphere [3]. We have already investi-
gated in situ the reaction between bromide ions and 
ozone, identifying for the first time an ozonide 
([Br•OOO-]) pre-complex located at the liquid-gas in-
terface [4]. However, a complete experimental and the-
oretical characterization of all the bromine-containing 
species potentially involved in the mechanism is still 
lacking. We made use of ambient pressure X-ray pho-
toelectron spectroscopy (APXPS) to characterize the 
electronic state of the species dissolved in aqueous so-
lutions and injected in the experimental chamber by 
means of a liquid microjet [5]. Such an approach allows 
the characterization of the liquid-vapor interface with 
high surface sensitivity and with limited beam-induced 
effects. The experiments were performed at the SIM 
beamline at the Swiss light source. The experimental re-
sults, combined with molecular dynamics (MD) calcu-
lations show the location and solvation environments of 
selected bromine-containing species. 

Fig. 1 shows the Br 3d photoemission peaks of aqueous 
solutions of solutes where bromine has different oxida-
tion states: -1 (Br-), +1 (BrO-) and +5 (BrO3

-). The spec-
tra were deconvoluted based on previous literature data 
[4] and the fitting parameters were constrained to get a 
reliable analysis. While the spectra of Br- and of BrO3

- 
display a single doublet, corresponding to a single oxi-
dation state, the ones of BrO- at different pH values have 
more than one component. This is due to the synthesis 
strategy, which envisages the disproportionation of bro-
mine in an alkali solution (0.5 M NaOH), producing Br- 
and BrO3

-. At pH=13.7 the green component corre-
sponds to BrO-. A third component is present at pH=9 
(violet) and can be associated with HBrO. Interestingly, 
while the binding energy shift among the different ani-
onic species correlates well with the increase of the ox-
idation state of bromine, the HBrO experimental point 
lays outside the correlation. The chemical shift is pro-
portional to the screening effect experienced by the pho-
toemitted electrons. Our results suggest that Br-, BrO- 
and BrO3

- have a similar solvation environment, 
whereas HBrO differs. MD simulations helped us to 
contextualize the experimental results. HBrO is the only 
species displaying surface propensity, thus its solvation 

sphere is incomplete. The proposed complete in situ 
characterization may offer new insights about the reac-
tion mechanisms at the liquid-gas interface.      

 
Fig. 1: (a) XPS of the Br 3d (KE=270 eV) core level 
peaks of 4 different solutions. The plot shows also the 
deconvolution of the peaks and their assignment. (b) 
Plot of the binding energy shift observed experimen-
tally with the corresponding oxidation state of bromine.   
 

 
Fig. 2: Snapshot of HOBr molecule at the liquid-gas in-
terface. In the inlet the probability distribution of the lo-
cation of each atom (white: H, red: O, pink: Br) in the 
HBrO molecule at the liquid-gas interface defined as 
Willard-Chandler dividing surface (green line). 
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Oxidation of bromide has been found critical in ini-
tiating halogen-cycling reactions in marine air. 
Here, we report the chemical composition at the liq-
uid-vapor interface of mixed aqueous solutions con-
taining bromide and hexylammonium or propyl-
sulfate as organic surfactants by liquid jet XPS. 

Oxidation of bromide to hypobromite has been found 
critical in initiating halogen cycling reactions that later 
drive O3 depleting chemistry in the troposphere [1]. The 
bromide reaction is enhanced at the aqueous solution-
air interface [2]. The ubiquitous presence of organic 
compounds deriving from marine biota at the ocean sur-
face calls for an assessment of the impact of often sur-
face-active organics on the interfacial abundance of hal-
ide ions [3]. Here, we use liquid jet X-ray photoelectron 
spectroscopy (XPS) at the Swiss Light Source (SLS) [4] 
to assess the difference between a monofunctional sur-
factant with a positive headgroup (hexylammonium) 
and a negative headgroup (propylsulfate) on the abun-
dance of bromide ions at the interface within the probe 
depth of XPS. 

 
Fig. 1: Br 3d and Na 2s spectra of 0.1 M NaBr, mixed 
0.1 M hexylammonium and 0.1 M NaBr, and mixed 0.1 
M sodium propylsulfate and 0.1 M NaBr aqueous solu-
tions at a kinetic energy of 155 eV. 
 

Fig. 1 shows combined Br 3d and Na 2s photoelectron 
spectra of 0.1 M NaBr, mixed 0.1 M hexylammonium 
and 0.1 M NaBr, and mixed 0.1 M sodium propylsulfate 
and 0.1 M NaBr aqueous solutions at a kinetic energy 
of 155 eV. The Br 3d spectra consist of spin-orbit split 
doublets. Upon adding 0.1 M hexylammonium, the Br 
3d peaks increase by 50 % in comparison to pure NaBr 
solutions. The increased bromide intensity indicates 
that the positively charged ammonium headgroup in the 
hexylamine solutions (pH = 8.18) attracts more bromide 
towards the interface. This may be related to the elec-
trostatic attraction between cation and anion for hex-
ylammonium and bromide. In contrast, upon adding 0.1 
M propylsulfate, the bromide intensity decreases by 

30 %. The decreased bromide intensity can be ex-
plained by the negatively charged headgroup of propyl-
sulfate repelling bromide more into the bulk. And the 
increased sodium intensity is due to the anionic surfac-
tant attracting more sodium cations into the interface. 

 
Fig. 2: Br 3d signal intensity of 0.1 M NaBr, mixed 0.1 
M hexylammonium and 0.1 M NaBr, and mixed 0.1 M 
sodium propylsulfate and 0.1 M NaBr aqueous solu-
tions as a function of electron kinetic energy. 
 
In addition, we acquired Br 3d core level spectra as a 
function of kinetic energy for the same three solutions. 
The intensity of bromide decreases as a function of ki-
netic energy, which is related to the surface propensity 
of bromide, the photon flux, cross section and transmis-
sion function. The surface propensity of bromide on 
neat NaBr has been debated recently, but it seems that 
its concentration is not enhanced as previously sug-
gested [5]. Therefore, the decrease is predominantly due 
to the other factors mentioned. In presence of hex-
ylammonium and propylsulfate, the Br signal intensity 
is higher and lower, respectively, compared to pure 
NaBr at all kinetic energies, similar to those shown in 
Fig. 1. Further analysis of the kinetic energy depend-
ence, also considering the attenuation effects by the al-
iphatic surfactant chains, can be used to quantitatively 
assess the surface concentration of bromide for the two 
differently charged surfactants.  
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The reaction of ozone with sea-salt derived bromide 
is relevant for marine boundary layer chemistry. 
This study shows an obvious enhancement of ozone 
uptake to bromide solutions in presence of a cationic 
alkylammonium surfactant. 

The multiphase reaction of bromide with ozone is an 
important bromide oxidation pathway, which later 
drives ozone depleting chemistry in the gas phase of 
marine air masses. The reaction exhibits an enhanced 
rate at the surface [1]. The ocean surface water and sea 
spray aerosol contain organic compounds, which may 
have a significant effect on the distribution of halide 
ions at the interface [2]. We selected tetrabutylammo-
nium (TBA) for this study as a proxy for cationic sur-
factants deriving from biogenic oceanic material. 

Solutions composed of 0.1 M TBA bromide (TBA-Br) 
/ 0.55 M NaCl, 0.1 M TBA-Br only, 0.1 M NaBr / 0.55 
M NaCl, and 0.1 M NaBr only, were used, respectively. 
TBA is expected to exhibit a surface excess of around 
2.3×1014 molecule per cm2 at 0.1 M [3]. The uptake co-
efficient of O3 (ߛobsሻ is derived from the observed frac-
tional loss of O3 over a trough containing the aforemen-
tioned solutions and housed in a temperature-controlled 
reactor. In equ. 1, ωO3 is the mean thermal velocity of 
the O3 molecules in the gas phase (cm s-1), [O3,bypass] is 
the measured O3 concentration delivered to the reactor. 
[O3,reactor] is the O3 concentration downstream of the re-
actor. Q is the flow rate of the gas passing through the 
reactor (cm3 s-1). SA is the total surface area of the so-
lution (cm2).  

obsߛ ൌ
ସ∙ொ

ఠO3∙ௌreactor
ൈ ሺൣ݊ܫ

O3,bypass൧

ൣO3,reactor൧
ሻ                   

(1) 

Fig. 1 shows the measured O3 uptake coefficients at 277 
K as a function of O3 concentration in the gas phase. 
Lines are fits with a kinetic model consisting of a com-
bination of a surface reaction and a reaction-diffusion 
mechanism in the bulk [1]. At high O3 concentration 
(above 200 ppb), ߛobs is constant, whereas at low at-
mospherically relevant O3 concentration (between 30 
and 100 ppb), ߛobs is decreasing. In previous studies 
[1,4], this behaviour has been attributed to a surface re-
action dominating at low O3 concentration. It results 
from the fact that the maximum coverage of O3 on the 
surface is limited, which leads to the surface reaction 
rate saturating with higher O3 concentration. This is not 
the case for the bulk phase reaction, since the bulk phase 
concentration of O3 scales linearly with the gas phase 
concentration (Henry’s law) in the relevant concentra-
tion range. The behaviour of the uptake coefficient 
shown in Fig. 1 is the result of the combination of par-
allel reaction in the bulk and reaction on the surface. 
The measured ߛobs in absence of TBA are consistent 
with previous studies from our group [1] and the work 

by Oldridge and Abbatt [4]. The difference between the 
pure NaBr and the mixed NaBr/NaCl solutions may be 
explained by the lower solubility of O3 due to salting 
out by NaCl. In presence of TBA, the O3 uptake coeffi-
cient is higher than on the pure NaBr and NaBr/NaCl 
mixed solutions at low O3 concentration, whereas they 
tend to be similar at high O3 concentration. In presence 
of TBA, the effect of NaCl is not apparent at low O3 
concentration, which may be due to the fact that the 
concentration of the [Br·OOO]- intermediate at the in-
terface is independent of the presence of NaCl. How-
ever, at high O3 concentration, a lower O3 uptake coef-
ficient was observed due to the salting out effect for the 
bulk reaction. 

 
Fig. 1: Uptake coefficients of ozone as a function of 
ozone concentration in the gas phase. 
 
It appears that the positively charged ammonium group 
in TBA helps to attract Br- ions to the interface and pos-
sibly also leads to enhanced and saturated surface con-
centration of the [Br·OOO]- intermediate that limits the 
reaction rate [1]. The salting out effect by NaCl is ob-
served in the solution in presence of TBA. Further, such 
enhanced O3 uptake on the surface is also in agreement 
with the liquid-jet XPS results. 
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Liquid water, by definition of a liquid, has no fixed 
structure. Intermolecular bonds are constantly 
breaking and reforming. Here, we probe the local 
disorder of the hydrogen bonding network and show 
that the warmer the water, the more disordered it is. 

Liquid water can be viewed as a jumble of water mole-
cules interacting with each other by forming, breaking 
and reforming hydrogen bonds. While neutron scatter-
ing studies and computer simulation supports the idea 
that the water molecule is on average bonded to 4 other 
molecules in the constantly reorganizing hydrogen 
bonding network, more recent studies claim that the 
molecules binds on average to only 2 other molecules 
and that the structure of liquid water is made of chains 
and ring [1].  

To learn more about the structure of liquid water, we 
take advantage of the near ambient pressure X-ray ab-
sorption (NEXAFS) spectroscopy technique to probe 
directly the structure of the hydrogen bonding network 
of liquid water as a function of temperature. Experi-
ments were done with a liquid jet at the ISS beamline. 
Figure 1 shows the partial Auger-Meitner electron-yield 
NEXAFS spectra at the oxygen K-edge of liquid water 
at two temperatures. When detecting electrons, 
NEXAFS becomes inherently sensitive to the upper 
few nm of interfaces. The ‘warm’ water is at room tem-
perature (~20 °C) and the ‘cold’ water was cooled to 
0 °C by a jacket around the capillary delivering the liq-
uid to the experiment. The spectra were acquired with a 
kinetic energy window of 412 to 437 eV. The back-
ground has been removed and the spectra are normal-
ized to their integrated area between 527 and 560 eV. 
The upper plot shows the relative difference between 
the warm and the cold water together with a gas phase 
spectrum for comparison. 

We see a small but notable difference in the two spectra 
in the regions denoted A, B, and C in Fig. 1. The relative 
difference i.e. ௐିௗ

ௐ	 ሺହସሻ
	 ሾ%ሿ is plotted in the up-

per graph. Regions A and B show an increase in inten-
sity with increasing temperature and region C a de-
crease in line with previous work [2]. Features A and B 
might be affected by the gas-phase peaks. The feature 
in region C can be assigned to a tetrahedral structure of 
the hydrogen-bonding network as also seen in ice [2]. 
This suggests that the colder the water, the more ordered 
the hydrogen bonding structure is. A stronger gas-phase 
signal intensity for the warm water sample makes sense 
since the warm water has a higher vapour pressure. 
Given that the diameter of the X-ray beam is larger than 
that of the liquid jet, gas phase surrounding the liquid 
jet, to which water molecules evaporate from the jet, is 
also probed. 

 

If we assume that the liquid spectra at any temperature 
can be constructed from a linear combination of warm 
water and ice spectra, it would be very interesting to see 
if the ‘Liquid-like fraction’ follows the same trend as 
the bulk density i.e. with a maximum at 4 °C. The in-
creasing disorder with increasing temperature observed 
here for the air-water interface is in qualitative agree-
ment with earlier NEXAFS spectroscopy work probing 
the interior of liquid water [2]. A detailed analysis to 
tackle differences in the temperature trend of the hydro-
gen bonding network structure between the surface and 
bulk of water is on-going.  

 

Fig. 1: Partial Auger-Meitner electron-yield 
NEXAFS spectra of liquid water at 0 °C and 20 °C. 
The liquid water data were acquired with the liquid 
jet experiment at the SIM beamline. The gas-phase 
data was acquired at the ISS beamline. 
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Surface-active organic solutes may induce a change 
to the hydrogen bonding (HB) structure in liquid 
water near the solution surface due to specific ar-
rangements of hydrophilic functional groups. This is 
monitored by surface sensitive electron yield oxygen 
K-edge NEXAFS spectra of such solutions. 

For aqueous solutions and ice, oxygen K-edge 
NEXAFS spectroscopy has been used extensively to 
probe the lowest unoccupied molecular orbitals of oxy-
gen. They are controlled by the physical and chemical 
environment the water molecules experience, and hy-
drogen bonding (HB) between water molecules is a re-
sult of that. Ice and liquid water have a rather different 
hydrogen bonding (HB) network: in ice, water mole-
cules are all tetrahedrally coordinated, which leads to a 
symmetrical HB network represented by a strong ab-
sorption peak above 540 eV in the NEXAFS spectrum 
(post edge). On the other hand, in liquid water, mole-
cules are more disordered: weaker and asymmetric HB 
are represented by absorptions in the pre and main edge 
region, 535 – 538 eV) [1, 2]. In this work, we use liquid 
water and ice as the two extreme cases for references of 
a given solution surface to characterize its HB network, 
which is a direct description of how water molecules are 
coordinated between themselves. Hence, increasing ab-
sorption at higher energy (post-edge) indicates rela-
tively more ordered HB. 

  
Fig. 1: O K edge electron yield NEXAFS spectra of liq-
uid water (blue), ice (red), resorcinol 2M (yellow), or-
cinol 0.2M (purple) and NaCl 2M (green) solution. All 
spectra are background off-setted and normalized by 
their area. 

We have measured the O K-edge NEXAFS spectra of 
2M resorcinol (1,3-dihydroxybenzene) and 0.2 M orci-
nol (3,5-dihydroxytoluene) solutions. Hydroxy-substi-

tuted aromatic compounds are pyrolysis products of lig-
nin polymers and therefore are components of biomass 
burning aerosol. They also occur as ring-retaining prod-
ucts of oxidation of benzene and toluene in the gas 
phase. Trihydroxybenzene (THB) has been demon-
strated to be a very efficient ice nucleation agent when 
immersed in aqueous solution [3], and we have demon-
strated in previous experiments that THB appears to 
have a significant effect on the HB structure at the sur-
face of THB containing solutions. In this report, we 
have continued these investigations with the structur-
ally similar compounds, resorcinol and orcinol.     

In Fig. 1 we show the oxygen K edge NEXAFS spectra 
of the 2 M resorcinol (red) and 0.2 M orcinol solutions 
at 4 °C. Resorcinol and orcinol are surface active that 
leads to a high surface density due to the combination 
of hydrophilic OH groups with hydrophobic moieties. 
In comparison with liquid water (blue) and ice (purple) 
spectra, the resorcinol solution shows a decrease in the 
intensity of the main edge observed at around 537.5 eV 
with a concomitant increase in the postedge located at 
around 541eV. This result indicates that near the surface 
of the resorcinol solution, tetrahedrally coordinated wa-
ter molecules (or stronger HB) are more abundant than 
in pure water. The orcinol solution exhibits a similar ef-
fect. In contrast, in an ionic salt solution the formation 
of tetrahedrally coordinated water structures is less fa-
vorable, which eventually makes the formation of ice 
more difficult. Therefore, in Fig. 1 we also show the 
O K edge NEXAFS spectrum of a 1M NaCl solution 
(green). Clearly, a higher main edge and a lower post 
edge absorption feature is observed, in accordance with 
Cappa et al. [4].  

Apart from the NEXAFS spectra, the concentration of 
the surface active organic species at the solution surface 
was monitored by XPS. In combination with surface 
tension data, this will allow retrieving the surface ex-
cess of these species to complement the information 
about HB. 
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Atmospheric ice formation is induced by roughly 
one in one million particles. A new ice nucleation in-
strument mounted inside an X-ray microscope has 
been developed to physically and chemically charac-
terize those single particles that do and do not nucle-
ate ice. 

Precipitation is mostly formed via the ice phase in 
mixed phase clouds, and ice in clouds is very relevant 
for Earths’ climate. Ice nucleation is the first step in 
freezing. Freezing or prevention of freezing is common 
to everyday life, e.g. for food and drug storage, icing 
and de-icing, and other industrial applications. How-
ever, the ice nucleation process is not well understood, 
since it occurs on the size scale of clusters of molecules 
and time scales of molecular fluctuations. 

A new instrument to observe when ice forms was built, 
utilizing X-ray microscopy and spectroscopy to probe 
the physical and chemical properties of ice nucleating 
particles with 35 nm spatial resolution. This is the first 
time ice nucleation has been measured in-situ in an X-
ray microscope. The main technical challenge was tem-
perature, and thus relative humidity control, while 
maintaining X-ray transparency. A sketch of our setup 
is shown in Fig. 1. 

 
Fig. 1: Sketch of experimental setup is shown on the 
left (not to scale). The tilted optical microscope image 
of the Pt wire is shown. Three X-ray images on the right 
show water formation and the first instance of ice crys-
tal formation followed by crystal growth. 
 
In a standard configuration, X-rays are focused through 
an aperture onto our sample. We have modified the ap-
erture to also host a jet of nitrogen and control its tem-
perature down to 170 K. The cold jet is directed to the 
back of an environmental cell mounted on a circuit 
board. Inside the cell with front and back X-ray trans-
parent windows (~100 nm thin), our sample is exposed 
to water vapor. The temperature of the sample is meas-
ured using a custom microfabricated sensor patterned 
using electron-beam lithography. Finally, the cold jet 
cools the sample only on the window exactly where we 
want ice nucleation to occur. An example of ice nucle-
ation on iron containing nano-particles, ferrihydrite, is 
shown in Fig. 1. This iron mineral is contained in min-
eral dust, which itself is assumed to be ice active. We 

can distinguish first, when water drops appear (blurred 
area), when ice first appears and grows, and measure the 
corresponding temperature and humidity. 

Fig. 2 shows that the particle responsible for nucleating 
ice can be determined by sublimating ice. Close inspec-
tion reveals the particle is, in fact, ferrihydrite. 

 

 
Fig. 2: In a sequence of four X-ray images shown 
above, nucleated ice crystals were sublimated slowly by 
keeping the ice saturation ratio slightly below 1.0. X-
ray spectroscopy of the imaged ice nucleating particle 
was most similar to ferrihydrite as determined from lit-
erature [1] as opposed to other iron containing minerals 
such as iron chlorides, FeCl2 and FeCl3, measured pre-
viously [2] and reproduced in this study. 
 
This spot-cooling technique can be used for a wide 
range of applications and includes, in part, determining 
ice nucleating properties of natural aerosol samples or 
observing chemical changes due to reaction in aerosol 
particles at low temperature. As a user instrument at the 
PolLux endstation of the SLS, this will be available to 
researchers for a variety of disciplines. 
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Silver iodide particles are prominent ice nucleating 
particles (INP), as AgI promotes the formation of ice 
crystals in super cooled water. Hence, AgI is widely 
used for cloud seeding. This work aims at under-
standing the hydrogen bonding structure of ad-
sorbed water on the surface of AgI particles in the 
context of deposition nucleation. 

Water adsorption on a solid is the prerequisite for dep-
osition nucleation, and the solid surface plays a crucial 
role in the nucleation process. The AgI surface is be-
lieved to be very ice nucleation active when exposed to 
water vapor [1]. Due to similar interactions between 
AgI and nearby water molecules, AgI in a cloud is able 
to induce freezing in liquid water at higher temperature 
(-3 °C), while pure water droplets would freeze homo-
geneously below -35 °C [1]. In this work, electron yield 
near edge X-ray absorption fine structure (NEXAFS) 
spectroscopy at the oxygen K-edge is used to experi-
mentally explore the hydrogen bonding structure of 
H2O molecules adsorbed on AgI surfaces, under sub-
saturated humidity conditions with respect to ice. Ex-
periments were performed at the in situ electron spec-
troscopy (ISS) beamline at the Swiss Light Source (PSI, 
SLS). 

 
Fig. 1: Electron yield O K-edge NEXAFS spectra from 
AgI under dry conditions (red) and in presence of water 
vapour at 0.5 mbar at a relative humidity of 90 % at 
- 25 °C (blue). 

Our AgI particles were prepared by mixing 0.1 M KI 
and AgNO3 in Milli-Q water. In Fig. 1 we show the 
electron yield O K-edge NEXAFS spectra from AgI un-
der dry conditions, and at 90 % RH. The spectrum of 
the dry sample (Fig1, red) shows only little absorption 
at the oxygen edge possibly from some surface oxida-
tion and oxidized adventitious carbon. On the other 
hand, when water vapor adsorbs on the sample surface 
at 90 % RH (Fig. 1, blue), a strong increase of absorp-
tion occurs starting from 538 eV due to the adsorbed 

water. Also absorption at 532 eV increases, likely due 
to an increase or oxidation of organic contaminations.  

 
Fig. 2: The Gaussian deconvolution of the difference 
spectrum (dashed blue) of the two spectra shown in Fig. 
1. Liquid water (thin red) and ice (thin blue) NEXAFS 
are also shown for comparison. 

By subtracting the spectrum measured under dry condi-
tions from that under humid conditions, we obtain the 
difference spectrum attributable to the adsorbed water 
(Fig. 2 dashed blue). This spectrum is fitted with 7 
Gaussian peaks. The red shaded area represents the es-
timated error bounds with 95 % of confidence level. As 
references for the adsorbed water, the O K edge 
NEXAFS spectra of ice and liquid water are also shown 
in Fig.2. The absorption at 535eV and 538eV is strong 
in liquid water due to the weak or distorted H-bonds, 
while the tetrahedrally coordinated H-bond gives a 
strong absorption at 540-542eV in the ice spectrum [2]. 
The difference spectrum has rather higher absorption in 
the region above 540 eV (thick red, blue and grey 
peaks) than at 538 eV, which might indicate that under 
subsaturated conditions, the adsorbed water structure on 
AgI surfaces is already dominated by tetrahedrally co-
ordinated water molecules to facilitate the formation of 
ice at just a little higher RH. This is in strong contrast to 
the behavior on TiO2 particles recently studied [3]. 
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As temperature increases towards the melting point, 
disorder of the hydrogen-bonding network of ice at 
the interface with the gas phase increases, creating 
what we call the Quasi Liquid Layer (QLL). We take 
advantage of the surface-sensitivity of X-ray excited 
electron spectroscopy to shine light on this QLL. 

Reports on the thickness of the QLL are ranging from 
2 nm to 25 nm at 271 K for different probing tech-
niques. Many processes have been suggested to depend 
directly on the QLL, ranging from the motion of glaci-
ers to cloud electrification. While our goal is to under-
stand the relevance for chemical processes in the atmos-
phere, the actual implications of the QLL are very 
broad, from molecular biology to material science.  

Near Edge Absorption Fine Structure (NEXAFS) spec-
troscopy is an experimental technique to probe the en-
ergy states and hybridization of molecular orbitals and 
therefore, such measurements allow distinguishing wa-
ter in its solid, liquid, and gas-phase state. If based on 
the detection of electrons, NEXAFS spectroscopy is 
highly sensitive to the surface region of a few nanome-
ters [1]. 

Fig. 1: O K-edge partial Auger-Meitner electron-yield 
NEXAFS spectra of ice at different temperature, liquid 
and gas-phase water. 
 

 

 

Fig. 1 shows NEXAFS spectra of ice with increasing 
temperature acquired at the ISS beamline. NEXAFS 
spectra of liquid and gas-phase water acquired with the 
same experimental setup and measurement settings are 
also displayed for comparison. Looking at the region 
[536-540 eV] (Fig.1, orange rectangle), one can observe 
that the warm ice at -1 °C seems to be composed of ap-
proximately 50 % ‘cold ice’ and 50 % ‘liquid water’. 
The probing depth is about 2 nm or 6 crystal bilayers. 
Fig. 2 shows a compilation of the liquid fraction.  

 
Fig. 2: Temperature dependence of the surface disor-
der of ice. The data points circled in color correspond 
to the NEXAFS spectra shown in Fig. 1. 

 
The main conclusion of this preliminary data set is that 
the QLL is rather thin compared to other studies [2]. 
However, we cannot exclude that carbon contamina-
tion, which was higher during the measurement of 
warmer ice spectra, influenced the QLL thickness.  
The ongoing detailed analysis of the data will tackle this 
issue. 
________________________________________ 
We acknowledge funding from the Swiss National Sci-
ence Foundation SNF (grant 178 962).  
 
[1] M. Ammann et al., “X-Ray Excited Electron Spec-

troscopy to Study Gas–Liquid Interfaces of At-
mospheric Relevance”, chapter in “Physical 
Chemistry of Gas-Liquid Interfaces” (J. A. Faust, 
J. E. House, eds.), Elsevier, p. 135-166, (2018). 

[2] T. Bartels-Rausch et al., Atmos. Chem. Phys., 14, 
1587-1633 (2014).  

 

MOLECULAR STRUCTURE OF WATER AT THE AIR-ICE INTERFACE 
  

J. P. Gabathuler, H. Yang (PSI & ETHZ), A. Boucly (PSI LEC & LUC), L. Artiglia (PSI LSK & LUC), A. Laso, 
M. Ammann, T. Bartels-Rausch (PSI) 



18 

 

 

X-ray excited electron spectroscopy is a powerful 
tool to investigate environmental interfaces. How-
ever, the experiments can be destructive to the sam-
ple. Here, we describe how an optimized measure-
ment strategy improves sample stability in experi-
ments with sodium nitrate. 

Photolysis of nitric acid (HNO3) in polar snowpack re-
leases nitrous acid (HONO) and nitrogen oxides (NOx 
= NO + NO2) to the atmosphere. Secondary reactions 
can then lead to the formation of nitrous acid (HONO). 
The emissions effect the budget of oxidants such as hy-
drogen oxide radicals and ozone in the troposphere. To 
obtain insight into the photochemical reactions of 
HNO3 at the air-ice interface, X-ray excited electron 
spectroscopy will be used. Here, we report on first ex-
periments at the SLS/ISS beamline. 

In a first step, we optimized the stability of sodium ni-
trate (NaNO3) during the recording of an X-ray photoe-
mission spectrum (XPS). Nitrate has been found to be 
decomposed by X-rays and by secondary electrons both 
of which are present during XPS experiments [1]. 

 
Fig. 1: N1s XPS spectra of a NaNO3 sample with time 
measured with an excitation energy of 1000 eV at the 
SLS/ISS beamline. We performed this experiment un-
der humid conditions with a partial pressure of water of 
approx. 1 mbar to reduce charging effects. The sample 
was at room temperature. Under these conditions the so-
dium nitrate is solid. 
 

Fig. 1 shows that the XPS signal intensity stabilizes af-
ter 12 minutes. This was achieved by reducing the pho-
ton flux and it makes experiments over longer time-
scales feasible. During this experiment, no increase of 
other species at the sample surface, such as adsorbed 
water or carbon species, was observed showing that sta-
ble experimental conditions were achieved.   

Since our goal is to work with environmentally relevant 
concentrations of HNO3 adsorbed on ice, the minimum 

amount of nitrate on ice that gives a clear N1s XPS sig-
nal was estimated in the following.  Figure 2 shows a 
typical O1s XPS spectrum of ice. Compared to the N1s 
in Fig. 1, the intensity is about five times higher, be-
cause oxygen has a higher absorption cross-section than 
nitrogen and is thus more sensitively detected. Further-
more, the amount of oxygen being probed in an ice sam-
ple is significantly higher than the amount of nitrogen 
probed in a nitrate salt sample, which has only one ni-
trogen atom per three oxygen atoms. Also shown in Fig. 
2 is an estimated N1s signal for 4E14 ± 8E13 HNO3 
molecules/cm2, which is 1.5 ± 0.3 monolayer of HNO3 
adsorbed on ice. Gas-phase-calibration measurements 
were used to estimate the N1s peak area relative to that 
of O1s. For this, we used a probing depth of 2.0 nm and 
assumed an O-O distance of 3 Å for the dense packing 
in ice. 

 
Fig. 2: O1s XPS spectrum of ice (blue line) at 1000 eV 
excitation energy. Also shown is the signal intensity 
that 4E14 ± 8E13 molecules nitrate per cm2 would give. 
 

These results show that nitrate at the air-ice interface 
can be investigated using X-ray excited electron spec-
troscopy at the SLS/ISS beamline with sufficient sensi-
tivity and long-term stability. 
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This question was central to the collaborative Miso 
project over the last four years. While being moti-
vated by academic curiosity, answers are highly rel-
evant to interpreting the chemical signals in ice cores 
as paleo-archives and for understanding current at-
mospheric chemistry in snow-covered regions. 

Earth’s snow cover is a multi-phase structure that holds 
chemical species in various compartments (Fig. 1) [1]. 
In their early work, Eichler et al., discussed how the 
specific location of impurities impacts their preserva-
tion in alpine firn proposing that some ions replace ox-
ygen in the ice lattice and that these embedded ions are 
less easily washed away by meltwater than those lo-
cated at the air-ice interface [2]. Taken that surface 
snow completely re-crystallizes every few days during 
metamorphism [3], the question arises how impurities 
in snow respond to the underlying water vapor fluxes 
and whether metamorphism leads to changes in the their 
location. 

   

 

 

 
Fig. 1: Illustration of the compartments that can host 
chemical species in snow and environmental ice. Impu-
rities can form solid (diamonds) and liquid (droplets) 
deposits at the air-ice interface and embedded within the 
snow interior, molecularly (molecule) adsorb at the in-
terface, or embedded in the ice forming a solid solution.  

 

 

Within the Miso project, Trachsel et al., showed sub-
stantial re-arrangement of ions with progressing meta-
morphism (Fig. 2) [4]. In particular, the changes were 
significant larger over 3 months of metamorphism when 
the snow was exposed to a temperature gradient. Tem-
perature gradients are frequently observed in environ-
mental snowpacks. The redistribution was found to be 
strongly dependent on the specific chemical compound. 
Calcium, sulfate, and sodium got enriched at the air-ice 
interface; ammonium, fluoride, and chloride buried in 
the interior of the snow.  

 
Fig. 2: Illustration of selective redistribution of ions in 
snow to the air-ice interface (blue triangles) or to the 
interior of the ice (red dots) with temperature gradient 
metamorphism.  
 

This finding has direct consequences for interpreting ice 
core records to derive past atmospheric composition. 
Avak et al., linked the enrichment of ions at the air-ice 
interface with their enhanced mobilization by meltwater 
[5]. Once melt events occur, which is nowadays more 
frequently observed with climate warming, originally 
deposited impurities may be delocalized in ice cores. 
Avak et al., showed that chemical species such as am-
monium and rare earth metals at low concentration are 
well preserved in snow in line with their burial in the 
ice matrix [5].  

The location of chemical species in snow is also of im-
portance for present-day atmospheric chemistry. 
Edebeli et al. showed that the heterogeneous oxidation 
of bromide in snow by gas-phase ozone ceases during 
12 days of temperature gradient metamorphism [6]. 
This is one of the reactions that kicks off ozone deple-
tion events in Polar areas. The burial of bromide during 
metamorphism might, at least partially, explain why 
field studies have observed large variations in the chem-
ical activity of snow in different areas and of different 
age.  
 
Concluding, the Miso project has linked the location of 
chemical species in snow to metamorphism and shown 
strong consequences on chemical reactivity and post-
depositional mobilization in snow and glacier ice.  
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We sampled fresh seasonal snow across northeast-
ern China from winter 2017 to spring 2018 and ana-
lyzed the concentration of major ions and trace ele-
ments to derive the composition of snow. 

Snow is an important type of wet deposition; it can 
scavenge species from the atmosphere. From this point 
of view, snow is considered an ideal matrix to observe 
deposition from the atmosphere due to natural and an-
thropogenic activities. Recent environmental studies 
have been devoted to analyze snow in order to establish 
the concentration and composition profile of major ions 
and trace elements. The essential minerals and salts pre-
sent in the snow can be used to assess the level of envi-
ronmental pollution.  

So far, a great deal of attention has been focused on 
snow characterization in the Polar, high latitudes, and 
high-altitude areas. However, studies on the composi-
tion and properties of chemicals in seasonal snow are 
limited. Northeastern China is one of the three largest 
seasonal snow-covered areas in China. Until now, only 
few investigations have been done in northeastern 
China. However, the air pollution there is massive due 
to input from anthropogenic activities, such as industrial 
manufacturing and coal combustion in winter. To attain 
a better understanding of the level of major ions and 
trace elements in cities and their sources in seasonal 
snow, a total of 60 snow samples from 16 sites across 
northeastern China were collected from December 2017 
to March 2018. Major water-soluble ions (Cl-, NO3

-, 
SO4

2-, Na+, NH4
+, K+, Ca2+, Mg2+) and trace elements 

(Mn, Cr, Cd, Ni, Cu, Zn, Pb, As, Fe) were analyzed.  

The composition of ions and elements in snow is shown 
in Figure 1. The results indicate that Ca2+ and SO4

2- are 
the major ions contributing up to 34 % and 23 % of ma-
jor ions, respectively; Pb was the dominant element 
contributing up to 63 % of trace elements. Anthropo-
genic inputs, such as mining and smelting, coal com-
bustion, and traffic emission made an important contri-
bution. Compared with previous studies in northeastern 
China and other locations, both major ions and trace el-
ements were found at relative high levels, especially Pb, 
and are therefore posing a threat to human health. 

 

 

 
Fig. 1: Composition of major ions and trace elements 
in snow across northeastern China, 2017-2018 
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This study used water stable isotope measurements 
in a series of snowpit samples to investigate, how the 
deposited atmospheric isotope signal is altered in an 
Alpine snow pack.   
Water stable isotope signals (G18O, GD) in ice cores can 
be used for reconstructing past temperatures, since they 
depend on atmospheric (condensation) temperatures 
during precipitation formation. The isotopic signal de-
posited in snow is a complex function of cloud for-
mation, atmospheric transport, precipitation and post 
depositional effects such as snow metamorphism, melt-
ing, and sublimation at the snow surface. However, in 
alpine snow these effects have not been investigated in 
detail. Here we present a series of five snow pit water 
stable isotope profiles taken at the Weissfluhjoch site 
(2536 m.a.s.l) above Davos, Switzerland (Fig 1). The 
field campaign took place between January and June 
2017. The five snowpits were sampled with a vertical 
resolution of 6 cm. In parallel, a four-month continuous 
gaseous water vapor measurement was performed at the 
same site. 

  
Fig. 1: Left) Field site Weissfluhjoch in the Swiss Alps, 
2536 m a.s.l. with a heated hut containing a Picarro an-
alyzer and an inlet on the left side of the roof. Right) 
Sampling team in clean overalls and masks inside the 
snow pit to prevent contamination of the samples. 

The five snowpits collected from January to June al-
lowed to follow the development in the snowpack. The 
comparison revealed that during the cold season (sam-
plings in January, February and March) the isotopic rec-
ords agree well [1] (Fig. 2). There was a slight smooth-
ing observed at a scale of about 10 cm, that is most prob-
ably the result of dry snow metamorphism. 
On 17 April partial melting occurred and the recorded 
profile shows a clear smoothing. As soon as rain- or 
meltwater is present in the snow cover, a complex sys-
tem of recrystallization, mixing, and fractionation pro-
cesses is established [2]. 
On the last sampling day on 1 June the total snow profile 
was isothermal and soaked with meltwater. The for-
mation of meltwater resulted in a significant shift of the 
original isotopic signal towards higher G18O values in the 
snowpack of up to several permille. However, despite 
this clear overall enrichment in the snowpack, the δ18O 
variability is still preserved to some extent with a preser-
vation of the local maxima and minima (Fig 2). 

 
Fig. 2: Records of δ18O in five snow pits at Weissfluh-
joch above Davos in winter 2016/2017. The ground sur-
face is at 67 cm w. eq. and the surface of the snow cover 
at different snow water depths depending on the snow 
cover extent. The first three snow pits, 25 Jan 2017 
(black), 22 Feb 2017 (red) and 21 Mar 2017 (blue), were 
taken in cold conditions, 17 Apr 2017 (green) was iso-
thermal and partial melted, during the last one on 01 
June 2017 (violet) the snowpack was wet and percolat-
ing meltwater was observed. 

Further, the signals of isotopes, which were deposited 
in the snow cover, could be assigned to individual pre-
cipitation events and associated with precipitation from 
cold or warm air masses by the application of weather 
models and the modeled density development from the 
snow cover model SNOWPACK [3]. The isotopic com-
position reflects the passage of warm fronts (increasing 
ẟ18O and maxima at 10, 30, and 50 cm w.eq.) and cold 
fronts (drops in ẟ18O and minima at 20, 45, and 65 cm 
w.eq.). Thus, our results indicate that the isotopic sig-
nature of the snowpack provides a record of the weather 
pattern throughout the winter season, but only as long 
as there is no meltwater percolation. 
The detailed influence of frontal systems on the isotope 
records in the snow pack and the continuous water va-
por measurements will be investigated in more detail in 
a follow-up study. 
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The Karakoram in the northwestern part of High 
Mountain Asia has increasingly attracted attention 
due to an anomalous glacier stability, which con-
trasts elsewhere observed progressing ice mass loss. 
We used snow samples from high elevation accumu-
lation sites for water stable isotope analysis to inves-
tigate recent spatio-temporal precipitation varia-
tions in the Central Karakoram. 

Increasing winter precipitation is discussed as a poten-
tial cause for the Karakoram anomaly. However, the 
lack of high-altitude weather stations and glaciological 
measurements hampers the corroboration of this hy-
pothesis. In 1986, Canadian researchers conducted high 
elevation snow accumulation studies at the Biafo-His-
par glacier-system in Central Karakoram [1,2]. During 
our field expedition in June/July 2019, we revisited 
their study sites and excavated eight snow pits between 
4,388 and 5,202 m (Fig.1).  

 
Fig. 1: Excavation of snow pits during the field survey 
at Biafo-Hispar glacier system in June/July 2019. 
 
Density measurements were performed in 20 cm inter-
vals to detect individual precipitation events and quan-
tify elevation-dependent annual snow accumulation. At 
three selected pits, snow samples were retrieved in 10 
cm intervals for the analysis of water stable isotopes 
(G18O and G2H) and the elemental composition of de-
tected dust events. For more than 170 samples, G18O and 
G2H were analysed at the Paul Scherrer Institute. 

Our first results indicate a pronounced increase of an-
nual snow accumulation with elevation. The respective 
snow water equivalent vary between <500 and 
>2,000 mm. Prominent density peaks in 4 m respec-
tively 5 m depth relate to occurrence of thick ice lenses 
hinting towards summer melt layers. The relative rela-
tionship between 18ߜO values and air temperatures – 
low 18ߜO values indicate low atmospheric temperatures 
during water condensation – confirm this assumption 
(Fig. 2). 

 
Fig. 2: Snow density and 18ߜO of three snow pits from 
the Biafo-Hispar system. 
 
The well-preserved structure and isotope signature of 
snowfall events in the investigated snow pits demon-
strate that the high elevation accumulation basins in the 
Karakoram are a valuable archive for reconstructing 
precipitation variations in the region. In a next step, the 
elemental composition of detected dust layers will be 
analysed to trace the origin of individual snow fall 
events. In addition, snow density and 18O records will 
be linked to weather station data to quantify the amount 
of winter and summer accumulation. 

__________________________________________ 

We acknowledge funding from the National Geo-
graphic Society (Early Career Grant), the University of 
Bern (Open Round 2019) and the Bavarian Academy of 
Sciences. 
 
[1] K. Hewitt. et al., A. Glaciol., 13, 103-108 (1989). 
[2] C. P. Wake, A. Glaciol. 13, 279-284 (1989). 

SNOW ACCUMULATION STUDIES IN THE CENTRAL KARAKORAM 

A. R. Groos (Univ. Bern), S. Erlwein (TUM), C. Mayer, A. Lambrecht (BAdW), S. Brütsch, 
A. Eichler (PSI), M. Schwikowski (PSI & Univ. Bern) 



23 

 

 

A recent firn core from a historical firn investigation 
site and complementary data including Ground Pen-
etrating Radar (GPR) measurements allow for a re-
assessment of firn conditions after 5 decades on 
Abramov Glacier, Pamir Alay. Results indicate 
overall similar firn conditions and accumulation 
rates compared to the 1970s. 

The firn cover of mountain glaciers is expected to un-
dergo changes related to global warming. For Abramov 
glacier, located in the Pamir Alay in southern Kyrgyz-
stan, firn profiles from the 1970s are available [1]. The 
glacier is temperate and covers an elevation range of 
~3800-5000 m a.s.l. The main firn investigation site 
was located in the orographic right accumulation area at 
4410 m a.s.l. According to a firn profile from June 1973, 
average accumulation rates for the period 1965-72 were 
0.7 ± 0.5 m w.e. yr-1. In the 1970s, the firn profile was 
characterised by the abundance of ice layers. Further-
more, during the melt period, a firn aquifer was ob-
served at a depth of about 10 m.  

Here we investigate the current firn characteristics of 
Abramov glacier and compare them to these legacy 
measurements of the 1970s. Our approach consists in 
spatially connecting accumulation rates determined for 
a well-dated 17 m firn core drilled at 4392 m a.s.l. in 
February 2018 (core_4392, [2]) to the site of historical 
investigations. The drill site of the core_4392 is in close 
vicinity of the (originally unknown) location of the 
studies of the 1970s. A GPR profile, measured with an 
800 MHz shielded antenna during the drilling cam-
paign, revealed that net accumulation rates around the 
drill site vary strongly. Hence, a direct comparison of 
new and historic data necessitated finding the precise 
location of the historic drill sites. We assessed a mani-
fold set of information to determine the exact location 
and eventually drilled an additional firn core 
(core_4395).  

 
Fig. 1: Left: Location map of cores_4392 and 4395 
(red), GPR Profile (purple), and transformed coordi-
nates (white). Yellow circles indicate 50 m uncertainty 
of the location of the photographer of the legacy pic-
tures. Right: Example picture of core drilling in the 
1970s (unknown photographer).  

Benchmark coordinates recorded with a differential 
GPS and information from past investigators allowed 
for coordinate transformation and identification of the 
exact location of the legacy firn profiles (reported in a 
local coordinate system). The site was situated about 
250 m from the location of the dated core_4392. Legacy 
photographs allowed us to validate the location deter-
mined with the coordinate transformation (Fig. 1). Our 
GPR data indicated lower accumulation rates for the 
historical drill site. Therefore, we drilled an additional 
core in August 2018. Core_4395, was analysed for stra-
tigraphy and density. We furthermore performed exten-
sive GPR measurements for a better understanding of 
the spatial accumulation heterogeneity.  

The accumulation rates of core_4395 were extracted 
from core_4392 based on dust layers visible in both 
cores and GPR data (Fig.2). In core_4395, the summer 
horizon 2011 corresponds to a depth of 9.5 m. Annual 
accumulation rates 2011-18 are 0.84 ±0.24 m w.e.yr-1.  

 
Fig. 2: Firn stratigraphy of dated core_4392, spatial ex-
traction of annual horizons with GPR to core_4395. 
Legacy core 4410 is plotted for comparison.  

Recent accumulation rates 2011-18 are comparable to 
those of the period 1965-72 within the range of inter-
annual variability. The visible firn stratigraphy remains 
similar for both cores (Fig. 2). The fraction of continu-
ous ice layers is reduced (21 % compared to 30 % in the 
1970s), whereas, firn layers have a higher variable ice 
content in 2018. The average density is higher for the 
recent core (720 vs. 650 kg m-3).  
Overall, these results indicate relatively stable firn con-
ditions at an elevation of 4400 m a.s.l. on Abramov 
glacier.  
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Light absorbing impurities can lower glacier albedo 
considerably. The glacier darkening enhances glac-
ier melt. Here, we investigate the source and role of 
impurities at the glacier surface for the Olivares ba-
sin, Central Chile. 

The Andes, with a mean annual glacier mass balance of 
−0.72 ± 0.22 m w.e. yr−1 for 2000-2018, is one of the re-
gions with highest mass loss worldwide [1]. In the fu-
ture, glacier retreat is expected to intensify. Due to glac-
ier mass loss, the Andes will lose 30 % of meltwater 
contribution to total river runoff in the next 100 years 
[2]. This will have major consequences for the fresh wa-
ter availability of the region. High anthropogenic light 
absorbing impurity (LAI) content in snow of Central 
Chile include not only elevated concentrations of ele-
mental carbon but also of mineral dust [3]. For the Oli-
vares basin the sources of LAIs, their role on glacier-
wide albedo and the associated magnitude of ablation 
are so far not well understood. This study aims to (1) 
characterize LAIs detected in snow and ice, (2) quantify 
albedo based on in situ measurements and satellite im-
agery, and (3) estimate the effect on the ablation pro-
cesses of the Olivares glaciers.  

Ice surface and snow samples of 2018 and 2019 from 
glacier Olivares Alfa (OA), Beta (OB), Paloma Norte 
(PN) and Juncal Sur (JS) were analyzed for organic 
(OC) and elemental carbon (EC) using a thermal-optical 
method. We used inductively coupled plasma optical 
emission spectrometry to detect trace element concen-
trations. Comparing this to a natural background from 
Northern Chile [4], we identified enriched trace ele-
ments. Moreover, we used x-ray diffractometry and 
scanning electron microscopy to assess the mineralogi-
cal and elemental compositions of the impurities. The 
single particles were assigned to reflectance spectra us-
ing hyperspectral imaging microscopy. For each ice 
sample, the spectral reflectance was measured in situ. 
We produced an albedo map from a Landsat satellite 
image from roughly the same day than the field survey 
(Fig. 1) for a glacier and catchment assessment. 

The results showed high concentration of mineral dust 
(99 % of the total mass). Dust flux per square meter was 
roughly 10 times higher at OB in comparison to Pata-
gonia or the Canadian Arctic, but comparable to the 
Tien Shan [5]. All samples had similar mineralogical 
composition. The main minerals are the ones found in 
metamorphic rocks with granitic composition, e.g. 
gneisses with quartz, albite, muscovite and chlorite. 
Traces of heavy metals such as oxidized iron and tita-
nium were distributed throughout the analyzed samples 
(OA and PN). The dominant minerals (e.g. quartz and 
muscovite) show a relatively high reflectance. Oxidized 
iron and titanium lowered the spectral reflectance of the 
single particles. The heavily enriched trace elements 

Cu, Co, Mo and Pb at OA and PN are attributed to an-
thropogenic pollution. Field based albedo values are 
higher than satellite derived albedos (Fig. 1).  

 
Fig. 1: Surface albedo map from Landsat compared to 
in situ albedo measurements for the Olivares basin. 
 
The enrichment of certain trace elements (Cu, Co, Mo), 
iron and titanium coating and heterogenous element dis-
tribution supports a potential anthropogenic contribu-
tion on deposited impurities from mining activity. Ele-
vated EC concentrations were found in the OA samples, 
as well as enrichment of Ni originating most likely from 
pollution of Chile’s capital city Santiago. OA (-0.85 
±0.1 m w.e. yr−1) and PN (-0.97 ±0.1 m w.e. yr−1), two 
glaciers in the immediate surrounding of the mines, lost 
substantially more mass than JS (-0.27 ±0.05 
m w.e. yr−1) that agrees better with the regional mass 
loss [6]. However, the quantification of anthropogenic 
induced effects on glacier-wide albedo through LAI in-
put and hence on glacier melt remains unresolved. 
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Alpine ice cores allow access to continuous records 
of atmospheric composition back to the pre-indus-
trial era in the regions where the majority of humans 
live. Here we present 340-year concentration rec-
ords of organic carbon (OC), and elemental carbon 
(EC) separated into fossil and non-fossil contribu-
tion using the 14C content. 

The impact of aerosol particles on the Earth’s radiation 
balance remains poorly constrained, leading to consid-
erable uncertainties in predicting the climate sensitivity 
to greenhouse gases. A large part of these uncertainties 
is related to the deficient knowledge of the magnitude 
of pre-industrial emissions [1], particularly for carbona-
ceous compounds forming a major fraction of the at-
mospheric aerosol. One of the most important ap-
proaches to constrain the pre-industrial aerosol burden 
is to obtain records from ice cores. The Fiescherhorn ice 
core (Swiss Alps) was drilled in 2002, is 150.5 m long 
and well dated back to 1660 by annual layer counting 
[2]. Total carbonaceous aerosol concentration (sum of 
OC and EC) increased by a factor of three at the end of 
20th century compared to the pre-industrial back-
ground. Radiocarbon based source apportionment 
shows that fossil fuel combustion contributed up to ~35 
% of enrichment. 
 

 
Fig. 1: Comparison between the EC concentration in ice 
core and atmospheric BC load in 10-year resolution.   
 

EC has highest values in the first half of the 20th century 
(Fig. 1), to a large extend caused by fossil fuel emis-
sions. The estimated BC atmospheric mass mixing ratio 
(mmr) from FLEXPART model based on emission in-
vertory is comparable with the ice core record. Domes-
tic BC emissions share the same trend with fossil EC, 
which suggests that domestic emissions were domi-
nated by fossil sources for the period of 1880-1950. The 
excess of the sum BCf and BCdom compared to ECf is 

attributed to non-fossil BCdom, which is the main source 
of ECnf.   

OC shows a strong increasing trend between 1940 and 
1980, mostly of non-fossil origin. The fossil OC (OCf) 
trend is well explained by primary OC emissions and 
fossil NMVOC emissions. In contrast, the increase in 
non-fossil OC is not visible in the emission estimates of 
OC with a mismatch of up to one magnitude a factor of 
five in the second half of the 20th century. 

 
Fig. 2: OC concentrations from fossil and non-fossil 
sources over the period of 1680-1990.  
 
The comparison between the ice core records with emis-
sion inventories indicates that emission data of BC 
agree well with EC observations, but OC emissions un-
derestimate the OC aerosol. We attribute this trend pri-
marily to enhancement of SOA formation caused by the 
presence of anthropogenic precursor gases or by the in-
crease of the atmospheric oxidative capacity. Thus, bot-
tom-up emission inventories seem to underestimate 
heavily the atmospheric OC loading by not accounting 
adequately for SOA formation, limiting the capacity of 
current models in estimating anthropogenic aerosol 
forcing. 
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Recent improvements in radiocarbon analysis tech-
niques allowed us to develop a new ice dating 
method based on 14C in dissolved organic carbon 
(DOC) in glacier ice. Ice samples from four different 
locations were analysed to evaluate the DO14C da-
ting method. 

A precise age-depth relationship in ice cores is essential 
for paleoclimate studies. Radiocarbon dating of water 
insoluble organic carbon (WIOC) has become an im-
portant dating tool to constrain the age of ice cores from 
nonpolar glaciers, and the accuracy of this method has 
been validated recently [1]. However, in some cases this 
method is restricted by the low WIOC concentrations 
(10-60 ppb) present in the ice [2]. Considering the com-
parably higher concentrations of DOC (50-100 ppb) [3], 
radiocarbon dating using DOC will generally demand 
less ice sample mass and may allow dating even when 
the WIOC concentration is too low. 

To validate the dating using DO14C, the deep part of ice 
cores from four different glaciers - Colle Gnifetti, Be-
lukha, Chongce, and Shu Le Nan Shan (SLNS) - were 
selected (Fig. 1). Each sample was 14C dated using both 
the DOC and WIOC fraction to allow a direct compari-
son of the two methods. Samples are melted and further 
cleaned by rinsing with ultra pure water in a melting 
vessel, all under helium inert gas conditions. WIOC is 
then separated by filtration and inorganic carbon (IC) is 
removed from the filtrate via acidification and degas-
sing with helium. The remaining DOC in the solution is 
oxidized by two UV lamps in a quartz glass photo-reac-
tor. Produced CO2 is collected by cryogenic traps, puri-
fied, quantified and finally flame-sealed in glass vials 
for 14C analyses [4]. 

 
Fig. 1: Location of the four glaciers sampled. 

On average, DOC concentrations (187 ± 180 μg carbon 
per kg ice) were about two times higher than WIOC 
concentrations (106 ± 44 μgC kg-1). This is consistent 

with previously reported ratios [3]. Comparing the ob-
tained DO14C ages with WIOC 14C ages, we found all 
samples to scatter around the 1:1 ratio line (Fig. 2). The 
linear regression shows good agreement between the 
two dating methods, although WIOC ages seem to indi-
cate a significant systematic shift to older ages for sam-
ple younger than ~1000 year. This possibly indicates an 
incomplete removal of carbonates (14C dead) from the 
WIOC fraction. Based on 14C mass balance, a contribu-
tion of ~1.7 μgC from remaining carbonates was calcu-
lated causing the observed offset. This would conclude 
that although more than 95 % of all carbonates is usu-
ally removed from the filter by the applied acidification 
step the remaining 5 % are critical. 
 

 
Fig. 2: Comparison of DOC and WIOC 14C ages. 
Shown 14C ages are given as the mean age: µ ± 1σ range. 

In summary, our results indicate that DOC and WIOC 
yield comparable 14C ages. However, a systematic bias 
to older ages in the WIOC fraction seems apparent, 
likely related to carbonates from mineral dust. At least 
for sites experiencing exceptionally high loading with 
mineral dust (e.g. Chongce, see Fig. 2), an improved 
carbonate removal procedure thus seems to be required. 
In any case, this study clearly demonstrates the benefit 
of using the DOC fraction as an additional, independent 
tool for the dating of high-alpine ice cores. 
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A cross-comparison based on the records of NH4+ 
and δ18O of different ice cores from the well-studied 
site Colle Gnifetti in the Monte Rosa massif (Swiss 
Alps) is presented.  

Ice sheets and glaciers are valuable natural archives that 
contain information about the history of the Earth’s at-
mosphere. Ice cores from high-altitudes glaciers at 
lower latitudes are of growing interest because of their 
geographical proximity to human activities, providing 
information to study related atmospheric pollution and 
processes (e.g. aerosol from the combustion of fossil 
fuels). The Colle Gnifetti (CG, 4455 m asl.), a glacial 
saddle between Zumsteinspitze and Punta Gnifetti, is 
located in the uppermost part of the accumulation area 
of Grenzgletscher, surrounded by the highly industrial-
ised area of Central Europe. As this glacier saddle is lo-
cated at a high altitude, the stability of the atmospheric 
layering during the winter season limits the transport of 
air from the emission sources to the study site, resulting 
in seasonal variations. For some compounds, this varia-
tion is further enhanced by the seasonality of the emis-
sion source strength (e.g. NH3/NH4

+ from biological ac-
tivity and agricultural fertilization). The isotopic frac-
tionation of the stable isotopes of water (16O/18O, 1H/2H) 
is a temperature-dependent process and underlines the 
seasonal variations by reflecting winter as minima and 
summer as maxima. The presence of these seasonal cy-
cles is the basis for the ice core dating by incremental 
annual layer counting (ALC).  

We compared the records of major ions and stable iso-
topes of water (expressed as δ18O and δD) from the ice 
cores drilled in 2015 (CG15) and 2003 (CG03, [1]), 
aiming to achieve synchronisation and a common, over-
lapping age scale. A firn core from the same site, ob-
tained in 2008 (CG08) was used for additional con-
straint. The distance between the three sites is ~20 m. 
Concentrations of major ions were determined by ion 
chromatography (850 Professional IC, Metrohm) and 
the stable isotopes of water by Wavelength-Scanned 
Cavity Ring-Down Spectroscopy (WS-CRDS, Picarro). 
The ALC of the CG15 was performed using the Core-
Dating [2] software tool, mainly considering the signals 
of NH4

+ and δ18O. The CG15 and CG08 records of ma-
jor ions and δ18O were then aligned to the established 
chronology of CG03. The alignment of the cores was 
performed using the CoreMatch [3] software tool. The 
temporal variability of mineral dust, with calcium used 
as a proxy, and particularly the pronounced layers from 
events of long-range transport of Saharan dust (SDE), 
served as absolute tie points for core matching (Fig 1).  

Fig. 2 shows a comparison of the δ18O records from the 
three cores after alignment. The signals are in good 
agreement, but deviations in the fine structure, most of-
ten observed in a missing of pronounced minima related 

to winter snow, are evident. This characteristic under-
lines the difficulty of dating alpine ice cores, particu-
larly at a site like CG with preferential wind erosion of 
cold, light winter snow. Although annual accumulation 
rates at CG seem to vary quite substantially even within 
a few meter, these results show that ice cores from the 
same location similarly record information at least on a 
multi-annual scale. However, it also underlines, that 
particularly for a site like CG a stacked record from 
multiple cores may result in a more complete picture of 
past pollution and climate. 

 
Fig. 1: Comparison of the calcium records of the CG15 
(purple) and CG03 (green) ice cores. Visible dust layers 
are marked by yellow bars. SDE used as tie points are 
denoted. 

 
Fig. 2: Comparison of the δ18O records of CG15, CG08, 
and CG03 over the last decades. The CG15 and CG08 
records are aligned to the chronology of CG03 for the 
overlapping period. 
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Within the framework of the CALICE – Calibrating 
Plant Biodiversity in Glacier Ice – project, a 45 m ice 
core was extracted from the Adamello glacier (Ital-
ian Alps). Here we report on the successful dating of 
this core, marking a crucial project achievement. 

The Adamello glacier is a temperate glacier, character-
ized by ice temperatures at the pressure melting point, 
and therefore affected by melting and percolation pro-
cesses. The 2016 coring site at Pian di Neve (3200 m 
asl.), a plateau in the accumulation zone of the glacier, 
was selected in the area of maximal glacier ice thick-
ness. With 240 m of ice, this site potentially allows ac-
cess to paleo-records of several hundred years. How-
ever, such records are only valuable in case the proxy 
signals of interest remain unaffected by post-deposi-
tional processes and can be placed in a chronological 
context. Because of meltwater percolation occurring in 
temperate glacier ice, proxies such as soluble ions will 
be disturbed by wash-out effects. Particularly for the 
time of recent warming, such glaciers may further ex-
perience years with negative mass balance even in the 
accumulation zone. This may cause a surface loss of an-
nual layers, leaving the glacier ice surface to be of un-
known age at the time of sampling. So far, only a few 
ice cores from temperate glaciers could successfully be 
dated, with the environmental radionuclide 210Pb show-
ing to be a crucial dating tool [1].      

The Adamello 210Pb ice core profile did not show the 
typical decrease in activity concentrations with depth, 
expected due to the radioactive decay of 210Pb incorpo-
rated with snow fall (T½ = 22.3 a). Instead, a value of 
692 mBq kg-1 was observed in the upmost sample, high 
compared to usually ~100 mBq kg-1 in freshly deposited 
annual surface snow in the European Alps [1]. Samples 
below showed a pattern, resembling the profile of a 
closeby ice core drilled on Silvretta glacier in 2011 (SI, 
2930 m asl., Eastern Swiss Alps); one of the few dated 
ice cores from a temperate glacier [2] (Fig. 1).  

Besides 210Pb, the Adamello ice core has so far been an-
alysed for pollen, black carbon (BC) and 137Cs. 137Cs is 
tightly bound to insoluble particulate matter and thus 
assumed to be rather unaffected by percolating meltwa-
ter (no significant relocation or removal). Its profile in 
the Adamello ice core revealed two distinct peaks [3]. 
One at 27.1 m w.e. depth, related to the nuclear fallout 
from atmospheric nuclear tests with a maximum in 
1963, the other at a shallower depth of 6.6 m w.e., a po-
tential signal from the 1986 Chernobyl accident. In the 
SI ice core, the 1963 horizon was detected by the 3H 
peak found at 28.9 m w.e. depth. As shown in figure 1, 
we shifted the depth of the SI ice core to align the 1963 
horizons found in both cores.  

 
Fig. 1: 210Pb profiles of the Adamello and Silvretta ice 
cores, aligned by the 1963 horizon. 

With the 210Pb profiles showing reasonable alignment 
by doing so, the SI age scale could directly be applied 
to the Adamello ice core (Fig. 2). Unexpectedly, the re-
sulting chronology precisely matched the 137Cs peak at-
tributed to 1986. For the surface age of the Adamello 
glacier at drill date, this approach leads to the year 1998 
± 3. This agrees well with 2001 ± 4, the year estimated 
based on the high 210Pb surface sample value assumed 
to reflect enrichment at the surface when ice melted, and 
thus representing an integrated activity (Fig. 2). Last, 
ALC based on distinct minima and maxima in pollen 
and BC, allowed for an independent dating, confirmed 
the chronology for 1963-1986 by a tight match and in-
dicated reasonable signal preservation of these proxies 
(Fig. 2). ALC resulted in a slightly lower surface age, 
relating it to summer 1993. Overall, this accounts to re-
cent surface loss equal to around 20 years of deposition. 

 
Fig. 2: Independent dating results and surface age esti-
mates for the Adamello ice core. 
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Glacier ice flow models can potentially be con-
strained by spot-wise availability of absolutely dated 
ice in the glacier body. Here we present first results 
from Rhone Glacier (2300-3450 m asl., Swiss Alps).  

The movement of a temperate alpine glacier occurs 
from plastic ice deformation (shearing) and basal ice 
sliding [1]. These two processes cannot be distinguished 
at the surface, e.g. by direct glacier surface velocity ob-
servations. In this study, the effect of basal motion on 
surface ice isochrones was investigated by a numerical 
modeling approach. Further, the age of ice in a core ex-
tracted at the terminus of Rhone Glacier in 2017 was 
estimated, using modelled back-trajectories of ice parti-
cles. For comparison, samples from this core were 14C 
dated. The setting of the study site is shown in Fig. 1. 

 
Fig. 1: Rhone Glacier drill site (blue dot) and ice core 
14C sampling depths. White and gray areas indicate the 
glacier extent in 1874 and 2007 respectively. 

The parallel and finite element code Elmer/Ice was used 
for modelling the dynamics and evolution of Rhone 
Glacier [2]. Ice deformation was described by Glen’s 
flow law while basal friction was treated using Weert-
man’s bedrock sliding law. A diagnostic model (in 2D 
and 3D) with steady ice geometry served to investigate 
conceptually how the shearing to sliding ratio influ-
ences the surface age distribution. In a prognostic model 
setup (3D), to model trajectories of ice particles back-
ward in time, Elmer/Ice was coupled to a mass balance 
model and the temporal evolution of changing ice ge-
ometry considered. Ice core samples from three depths 
were 14C dated, using the particulate organic carbon 
fraction contained as impurities in the ice [3] (Fig. 1). 

The diagnostic modeling indicates that 20-30 years 
older surface ages are to be expected in the ablation 
zone with basal sliding allowed compared to the non-
sliding case. With the prognostic model, using bounda-
ries for changing glacier extent as observed between 
1874 and 2007, the modeled back trajectories yield an 
emergence of the ice core particle in the accumulation 

zone of Rhone Glacier. For particles from the top and 
bottom of the ice core, the mapped trajectories are 
nearly similar, except ~50 years prior to emergence. Ice 
particles were deepest ~100 years after deposition at up 
to 400 m below glacier surface. The time between 
ice/snow particle deposition and arrival at the ice core 
location (i.e. the modeled age of ice in the core) results 
with 212 and 194 years for the bottom and top part of 
the ice core, respectively (Fig. 2). 14C dating of ice sam-
ples gave ages of 350-870, 320-870 and 340-1000 years 
for the depths of 52 m, 67 m and 79 m, respectively (1σ-
range). While modeling and absolute dating agree that 
the age difference between ice core top and bottom ice 
is relatively small (i.e. insignificant for 14C), the dating 
by 14C generally suggest at least slightly older ages. 
However, the achieved precision does not allow evalu-
ating or even constraining the model output. Reducing 
the 14C-dating uncertainty and trying to assess model 
uncertainty and sensitivity to changes in free model pa-
rameters could be the subject of a future project. 

 
Fig. 2: Modeled backward trajectories starting from ice 
core top and bottom depth. Location and time of emer-
gence indicate modeled deposition origin and deposi-
tion time, respectively. Colors indicate depth below 
glacier surface. 
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For assessing recent heavy metal pollution from the 
territory of the former Soviet Union (FSU), dating of 
a 52 m long ice core from the Mongolian Altai is cru-
cial. Our results show exceptionally good agreement 
in chemical records between the studied ice core and 
a well-dated 72 m parallel core, allowing future 
cross-dating of the two cores. 

Atmospheric pollution by heavy metals and, in particu-
lar, by Pb presents a significant issue because of its haz-
ardous effect on human health. Whereas recent Pb pol-
lution is well documented for many regions worldwide, 
existing Pb records for the territory of the former Soviet 
Union (FSU) demonstrate some controversy. Officially 
reported Pb emission estimates for the period 1990-
2007 show a decreasing trend [1], while Pb concentra-
tions obtained from a Tien Shan ice core (influenced by 
emissions from the FSU and China) increased during 
the 1990s [2]. We will reconstruct recent FSU Pb and 
other heavy metal emissions based on an ice core from 
the Mongolian Altai (Tsambagarav mountains). In 
2009, two parallel ice cores (52 m and 72 m length, dis-
tance few m) were drilled at the Tsambagarav site. The 
72 m core was dated earlier, covering the period 2009 
AD – 4800 BC [3]. However, no material was left for 
acquiring records of heavy metal pollution. For this pur-
pose the 52 m parallel core will be used. Since this core 
is not dated so far, the aim of this study is to perform a 
cross-dating of the 52 m and 72 m parallel cores based 
on a comparison of major ion records. 

So far, the upper 43 m (32 m w.eq.) of the 52 m 
Tsambagarav ice core were sampled with a resolution 
of 5 cm and analyzed for major ions and water stable 
isotopes. Concentrations of major ions were analysed 
with ion chromatography (Metrohm 850 Professional). 
Determination of water stable isotope ratios was per-
formed using Wavelength-Scanned Cavity Ring-Down 
Spectroscopy (WS-CRDS, Picarro L2130-i). Obtained 
records were compared with those from the well-dated 
72 m Tsambagarav ice core. Records of the two parallel 
cores agree exceptionally well for water stable isotopes 
(G18O, GD) and anthropogenically derived species (such 
as NH4

+, NO3
-, and SO4

2-) (see Fig. 1). For dust-related 
ions (such as Ca2+ and Mg2+), larger differences occur 
due to inhomogeneity in dust deposition, but distinct 
maxima (e.g. at 11.6 m w.eq.) are the same in both 
cores. Unlike at many other study sites, variations in 
water stable isotope signals (G18O) shown in Figure 1 
cannot be solely explained by changing temperatures, 
but are most probably also affected by fluctuations in 
precipitation [4]. NH4

+ is an important proxy for bio-
genic and anthropogenic emissions that can be used to 
distinguish different seasons. Thus, unsmoothed NH4

+ 
and G18O records allow dating of the ice core based on 
annual layer counting (ALC) using seasonal variations 

of the signals. The upper 43 m (32 m w.eq.) cover the 
period 1861�2009 AD. 

In order to complete the cross-dating of the two ice 
cores, chemical records will be further adjusted and 
matched using specialized software (CoreMatch and 
ALC – Ice Core Dating Tool). The dated 52 m core will 
then be used to reconstruct recent FSU metal pollution. 

 
 

 
Fig. 1: G18O (top) and NH4

+ records (bottom) for the 
parallel 52 m and 72 m Tsambagarav ice cores. Shown 
are 5- and 10-point moving averages, respectively, to 
account for the different sampling resolution of 5 and 
2.5 cm, respectively. 
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A maximum in total E-activity associated with the 
fallout from the Chernobyl nuclear reactor accident 
in 1986 helped to refine ice core dating of an 18 m 
core from Gregoriev ice cap in Kyrgyzstan. 
The reconstruction of past climate and pollution from 
ice core records crucially depends on a precise dating of 
the core. For establishing age-depth scales of ice cores 
covering the last decades annual layer counting based 
on seasonally varying concentrations of impurities such 
as NH4

+ is the method of choice [1]. However, often the 
assignment of annual layers is not unambiguous and 
further dating horizons are needed. 

Here we report on measurements of the 137Cs J- and to-
tal E-activity in an 18 m ice core from Gregoriev ice cap 
in Kyrgyzstan, drilled in 2018. The initial motivation 
for the drilling was the investigation of firn and mass 
balances changes in this data sparse region. Dating of 
the core by annual layer counting using NH4

+ and den-
sity records yielded an age of the bottom layers of ~40 
years (±10 years). The huge dating uncertainty is partly 
due to meltwater influence, to some extent disturbing 
chemical records. Thus, the aim of this work was to find 
a reference horizon to refine the dating. Therefore, we 
looked for a maximum in 137Cs J-activity and/or total E-
activity that can be related to the fallout from the Cher-
nobyl nuclear power station accident in April 1986. 

 
Fig. 1: Total E-activity in ten filtered samples from Gre-
goriev ice core, shown is the difference to the blank 
value and the 2V uncertainty. 

For the activity measurements, ten ice core samples in 
the depth range between 7 and 16 m and 1 blank sample 
(frozen MilliQ water) were prepared. Each sample con-
sisted of 1 kg of ice, acidified in a 1 L plastic container 
with 0.33 ml of concentrated HCl [2]. Samples were 
melted at room temperature. In a first attempt, we meas-
ured the 137Cs J-activity directly in the container, using 
a GMK J-detector. However, even after 24 h of analy-
sis, measured J-activities remained below the detection 
limit (DL) of ~1400 cph/kg (0.4 Bq/kg). In a second at-
tempt, we pre-concentrated radionuclides from the acid-
ified samples using MN616 LSA-50 cation exchange 

filters. Every sample was filtered three times and sub-
sequently, the filters were dried at 60 °C. 137Cs J-activ-
ity on the filters was determined during a 24 h measure-
ment using a GMK J-detector. Despite the improved DL 
of 110 cph/kg (0.03 Bq/kg), measured 137Cs J-activities 
did not significantly exceed the DL. Additionally, the 
filters were analyzed for total E-activity. Each sample 
was measured six times 1 h at a LB790 detector. Blank 
corrected total E-activity background signals fluctuate 
between 18 and 60 mBq/kg (Fig. 1). Two samples show 
enhanced activities of 83 and 108 mBq/kg. The ob-
served maximum between 11.4 and 13 m is also evident 
in the dust-normalized E-activities (not shown). Reten-
tion of radionuclides strongly depends on the total quan-
tity of insoluble matter. Since we did not measure insol-
uble particle content, Ca2+ was used for normalization, 
assuming that insoluble particle signals and Ca2+ con-
centrations are often highly correlated [3].    

 
Fig. 2: Records of NH4

+ concentrations (blue) and den-
sities (green) (3 point moving averages) in the 18 m 
Gregoriev ice core. The detected Chernobyl horizon is 
marked in red and dating based on annual layer count-
ing is indicated with black lines and italic numbers. 

Based on the maximum E-activities in two samples, we 
conclude that fallout from the Chernobyl accident is in-
cluded in both samples. Thus, we can assign the depth 
of 12 m to the year 1986 (Fig. 1). With this reference 
horizon, we were able to refine the dating of the ice core 
(Fig. 2). Accordingly, the 18 m core covers the period 
from 1974(±3) to 2018. With the precise dating, ice core 
variations in annual accumulation rates will now be in-
vestigated to study glacier mass balance changes at the 
Gregoriev ice cap. 
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Rock glaciers are defined as bodies of frozen debris 
with interstitial ice cement, ice lenses and/or a core 
of massive ice [1]. They are a common feature in the 
European Alps [2]. Whether they are formed by per-
mafrost creep, talus deformation (rockslide) or 
simply are permafrost and debris protected relicts 
of glaciers is still under debate (e.g. [3]). The aim of 
this project is to determine the age of the Murtèl 
rock glacier and potentially to improve the under-
standing of rock glacier formation. 

The Murtèl rock glacier is located near the Piz 
Corvatsch in the Upper Engadin (2670 m asl., Eastern 
Swiss Alps) [1]. Previous research has been conducted 
on a core drilled in 1987. Radiocarbon dating of 
macrofossils (moss) showed an age of 2250±100 at 5.94 
m depth [2]. For renewal of the PERMOS [4] borehole, 
a new core was retrieved in 2015 from the ice rich part 
(49 core segments). Planned analysis include visual 
stratigraphy, 14C dating of water-insoluble organic car-
bon (14C-WIOC) by accelerator mass spectrometry as 
well as measurements of stable isotopes of water (δ18O 
and δD, cavity ring-down spectroscopy) and concentra-
tions of major ions (ion chromatography). So far, data 
are available for sections 11 and 30 (Table 1). Section 
44 from a depth of 29.60 m is a piece of solid rock with 
a density of ~ 2.4 g cm-3, identified to be of granitic 
composition. Whether this is a piece of an ice-incorpo-
rated boulder or bedrock is unknown. Core segments 
below this depth will help to draw firmer conclusions. 

Table 1: First 14C dating results for sections 11 and 30. 
No. Mid-depth Stratigraphy Age 

11 11.40 m 

Relatively compact 
and clean milky ice 
with a 5 cm sand layer 
of brownish colour. 

2999 r 646 
cal yr BP 

30 21.80 m 
Very coarse-grained 
ice, particles/debris 
(2-3 cm Ø). 

4736 r 753 
cal yr BP 

In Fig. 1, the derived ages from Murtèl are compared to 
those from the active rock glacier Lazaun in the south-
ern Ötzal Alps [5]. The ages are slightly younger for 
Murtèl, but show comparable increase with depth. A 
preliminary calculation of the annual layer thickness in 
the Murtèl rock glacier yields ~ 6 mm yr-1.  

For water stable isotope analysis, samples were cut in 5 
cm resolution, corresponding to ~ 8 years if considering 
the derived annual layer thickness. The δ18O average 
value is -14.0 ‰ and -15.0 ‰ for section 11 and 30, 
respectively. Despite the lower elevation, these values 
are slightly lower than the 11-year mean of -12.2 ‰ ob-
served in the nearby ice core from Piz Zupó (3870 m 
asl.) [6]. This might indicate a different accumula-
tion/deposition process, a predominant recording of the 

winter signal in the rock glacier or relate to lower tem-
peratures at the time of deposition. At Piz Zupó, the sea-
sonal variation is around 10 ‰ whereas the variability 
in the Murtèl samples is only 1.5 ‰, which is compara-
ble considering the smoothing resulting from the ap-
plied multi-annual sampling resolution. 

 
Fig. 1: Age-depth relationship for the Lazaun (blue) and 
Murtèl (green, open symbol: [2]) rock glacier with the 
1σ range (red). 

Major ions have so far been analysed for core section 
11 (clean, in-transparent ice; Fig. 2). For this section, 
concentrations in the Murtèl samples are generally 
lower compared to the average concentrations in the Piz 
Zupó ice core. This is true even for dust related tracers 
such as calcium.  

 
Fig. 2: Concentrations of major ions for Murtèl (section  
11, blue) compared with 11-yr average values for Piz 
Zupó (orange). 
This study will continue with the analysis of water sta-
ble isotopes and 14C-WIOC on the remaining and major 
ions on a selected few ice sections, respectively. 
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Trace element (TE) concentrations in an ice core, 
analysed with different systems (ICP-SF-MS and 
ICP-TOF-MS) showed similar trends, but a differ-
ence in the absolute values for some TEs [1]. One 
reason for this could be the difference in the applied 
time of sample acidification prior to analysis, which 
we tested here. 

TEs in the atmosphere originate from natural and an-
thropogenic sources. The analysis of TEs is usually per-
formed by inductively coupled plasma mass spectrom-
etry. Samples of ice cores are first melted, acidified and 
then measured [2]. The applied methodology may differ 
in the acid used, the acid strength and the acidification 
time. The major sources of particle-bound TEs in ice 
cores are typically marine salts and mineral dust. While 
the salts are completely dissolved by the added acid, 
TEs in mineral dust are only partially leached, with the 
partitioning depending on the acidification time [3,4].  

For the analysis of an ice core from Cerro Negro glacier 
(Chilean Andes, 4604 m asl.) performed in [1], the acid 
was added to the sample stream in front of the ICP-
TOF-MS inlet system resulting in an acidification time 
of less than 1min, while the samples were acidified be-
tween 1.5 h and 4 h prior to analysis with the ICP-SF-
MS system. In this study, the effect of sample acidifica-
tion time was tested, using ice from the same core. In 
the course of the test, 38 TEs were measured using an 
ICP-SF-MS (Element2, Thermo Scientific). The test 
was carried out on two days with an identical test set-up 
but different samples. Each day, five pre-cleaned tubes 
were filled with aliquots of the same sample. A calcu-
lated amount of 0.2 M HCl was then added to each tube 
at predetermined times. This allowed the following 
acidification times to be measured with three repetitions 
each: 1 min; 10 min; 20 min; 30 min; 1 h; 1.5 h; 2 h; 2.5 
h; 3 h; 3.5 h and 4 h. The test showed changes in con-
centration over time for most TEs. While concentrations 
of some TEs remained constant (Ni, Zn, Sb, Co, Cu, 
Na), others showed opposite trends for the two samples 
(Li, Mo, Ag, Eu, Th, Ca, Mn). For the majority of TEs 
a significant change in concentration was observed. Af-
ter 4 h of acidification time, changes ranged between -
65 % and +164 %. Concentration increased by 10-50 % 
for Al, Sc, Cu, Rb, Sr, La, Pr and Bi; by 50-100 % for 
Cr, Fe, Ce, Nd, Sm and Pb and by >100 % for Mg and 
Ba. A decrease was recorded for some TEs, with -10 to 
-30 % for V and Tl; -30 to -50 % for Cd, Yb, and W; 
and >50 % for Zr. Previously performed acidification 
tests demonstrate that the change in concentration of the 
TEs is not only dependent on the acidification time, but 
also on the lithology of the mineral dust [2,3,4]. The so-
lution of TEs from the minerals is related to their posi-
tion in the crystal lattice and the mineral structure [3]. 

In our samples, the mineral dust consists mainly of al-
bite, quartz and muscovite. Albite has a complex silicate 
structure in which TEs are relative tightly bonded. 
Therefore, contained TEs would be expected to dissolve 
rather slowly but steadily which could explain the ob-
served continuous increase of e.g. Al concentrations 
over the tested time range. Meanwhile muscovite is a 
sheet silicate, with rather weak bonds between the 
sheets allowing TEs to dissolve quickly into the solu-
tion. Between the sheets Pb is often deposited, which 
release fast into the solution and this could be an expla-
nation for the rise of Pb (Fig. 1). The decrease of some 
TEs (Zr, Tl, W, V, Yb, Cd) can be explained by hardly 
soluble compounds such as oxychlorides, forming in the 
acidified sample. These compounds strongly adsorb on 
surfaces and when thereby fixed to the sample tube 
walls might then no longer be available for analysis. 
The decrease in concentration could further be caused 
by the re-placement of dissolved ions in the crystal lat-
tice. For example, Zr can replace Mg in hexagonal 
closed packed crystal structures.  

 

 

 

 

 

 

 

 
 
 

Fig. 1: Effect of sample acidification time on measured 
concentrations of Pb for two different ice samples. Each 
data point represents the mean of three replicate meas-
urements, with the standard deviation shown by the er-
ror bar.  

Our results show, that for most TEs, especially for lith-
ophilic elements, the in [1] observed differences in con-
centrations determined by either the ICP-SF-MS or the 
ICP-TOF-MS system can be explained by the different 
acidification times used.  
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