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On the cover page:

Iodine chemistry affects the ozone budget in the 
atmosphere.

Central figure: Cycling of iodine species between the 
particle phase and the gas phase determines the 
fraction remaining and deposited in the troposphere 
and that reaching the stratosphere. Cycling is driven by 
redox processes, e.g., by iron (III) carboxylate 
photolysis driven radical chemistry, or by oxidants 
(e.g., ozone (O3)) taken up from the gas phase. 

In 2021, a campaign was conducted in collaboration 
with the University of Colorado in Boulder (UCB) (photo 
of a social event, bottom left). UCB brought along a 
cavity enhanced differential optical absorption 
spectroscopy (CE-DOAS) setup operating in the green 

and blue for the detection of iodine (I2) and iodine 
oxide (IO) radicals (upper left). Experiments were 
performed with aerosol proxy materials as a thin film in 
coated wall flow tube experiments, which required 
handling light sensitive iron (III) complexes (upper 
right). Molecular dynamics simulations support kinetic 
experiments of the reaction of O3 with iodide ions in 
aqueous solution. A snapshot (bottom right) shows the 
O2 and IO– products at the verge of the dissociation of 
the iodide ozonide intermediate. Liquid jet X-ray 
photoelectron spectroscopy to understand the surface 
propensity of different iodine species involved 
reference solutions of triiodide (I3

–) (bottom far right).

Please see reports on p. 5, 6, 7 and 8.
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The year 2021 was again a challenging one for our La-

boratory of Environmental Chemistry (LUC). COVID-

related limited access to PSI continued to varying de-

grees throughout the whole year. Although remote tools 

were in place and managing lab times and home-office 

became routine, we still missed a lot the effortless ex-

changes in the coffee-round or the corridor.  

Nevertheless we are proud of the research outcome we 

produced with overall 29 papers in peer-reviewed sci-

entific journals. One highlight is an in-situ X-ray spec-

tromicroscopic study showing that photolytically pro-

duced radicals can persist in viscous aerosol particles 

due to limited diffusive transport of O2 (P. Alpert et al., 

page 9 of this report). Another exciting achievement is 

that a compilation of ice–core based aerosol records 

covering the last 250 years was published in the new 

report of the Intergovernmental Panel on Climate 

Change (IPCC AR6). Such records are indispensable to 

constrain model simulations of global aerosol radiative 

forcing, and we are pleased that the majority of the rec-

ords was produced by our Analytical Chemistry Group 

(page 30).    

The Surface Chemistry Group was very active at using 

the SLS facility at PSI for XPS and X-ray spectromicro-

scopic studies during 12 beamtimes; four of them at the 

Pollux and eight at the ISS beamline. At the latter also 

10 beamtimes for external users were supported. After 

a major administrative effort caused by the constantly 

changing pandemic restrictions, the surface chemistry 

group was extremely pleased that they could host scien-

tists from CU Boulder for an iodine campaign (see front 

page).  

 

 

The Analytical Chemistry Group managed to conduct 

two successful ice core drilling campaigns in 2021. The 

first on Adamello glacier, which is the largest glacier in 

Italy. Bedrock was reached at 224 m depth, which is to 

my best knowledge a new record for ice core drilling in 

the Alps (p. 24). The second campaign was on Colle 

Gnifetti, Monte Rosa, where two parallel cores down to 

bedrock at 82 m and two shallow cores were collected 

(p. 22 and 23). This is probably the last ice core site in 

the Alps, which is because of its high elevation not af-

fected by melting yet. The bedrock cores were recov-

ered in the frame of the ICE MEMORY project. 

On 10 November 2021 Huanyu Yang successfully de-

fended his PhD entitled “Hydrogen Bonding structure 

of Water at Interfaces relevant for ice nucleation" at the 

ETH Zürich. Congratulations!  

Already early in the year we as main organizers decided 

to postpone for a second time the 3rd Open Science 

Conference of the International Partnerships in Ice Core 

Sciences (IPICS), which should have been held in Oc-

tober 2021 in Crans-Montana. It will now take place this 

year from 2 to 7 October, and we are looking forward 

to welcoming the international ice core community in 

Switzerland.   

 

Margit Schwikowski 

  

EDITORIAL  



2 

 

 

 

  



3 

With two experiments we optimized and character-

ized actinometry measurements. First, we deter-

mined the decay of the chemical actinometer in the 

dark. Second, we assessed the recovery. 

During my third year as apprentice at PSI, I helped with 

actinometry experiments and got to know the entire pro-

cedure. With these measurements, one can determine 

how many photons per time hit a sample, for example 

in a flow tube. This is important for future and past ex-

periments, in which we want to observe the decay of 

substances during light exposure over time.  

This chemical actinometry relies on doping the samples 

with a chemical actinometer, exposing the sample to 

light, extracting the actinometer quantitatively from the 

sample holder, and measuring its concentration. The 

aim of the first experiment was to check if we wash the 

chemical actinometer completely from our sample 

holder. 

The sample was prepared as follows. 100 µL stock so-

lution of 2-nitrobenzaldehyde (2-NB, 2000 µM), which 

is our actinometer, was pipetted into a glass tube. The 

tube was then constantly turned while putting it into a 

cooled reactor until a thin ice film froze. A few seconds 

after it freezing, the tube was removed and placed in a 

beaker. The ice film was then melted by holding the 

tube vertically above the beaker and rinsed 6 times with 

250 µL of acetonitrile (in total 1500 µL). For each 

cleaning step the tube was hold over a new beaker and 

rinsed. These solutions were then pipetted into HPLC 

vials. For each washing step one vial was used. Then, 

every sample was diluted with 750 µl acetonitrile, well 

mixed, and measured using LC-MS. 

 

Fig. 1: Amount of 2-NB after each washing step. 

Fig. 1 shows that the 2-NB was completely washed off 

in the first cleaning step. Only neglectable amounts of 

2-NB appear to be left in the tube. Further quantification 

is ongoing. This result shows that the overall procedure 

can be optimized by minimizing the amount of acetoni-

trile to 250 µl in total.  

The aim of the second experiment was a background 

measurement. This was achieved through executing the 

normal procedure but leaving a cover around the reactor 

to shield the tubes from the light. 100 µL stock solution 

of 2-NB (2000 µM) was pipetted into a glass tube. The 

tube was constantly turned while putting it into a cooled 

reactor until a thin ice film froze. This was done with 6 

glass tubes. 

Normally the cover would be removed at this point to 

let the lamps shine on the samples. We left the samples 

in the dark, and continued as usual. The timer was 

started, and every 30 seconds a glass tube was removed 

and placed into a separate beaker. The ice film was then 

melted by holding the glass tube vertically above a 

beaker, and rinsed 3 times with 500 µL of acetonitrile 

(in total 1500 µL). Each solution was then pipetted into 

a HPLC vial and analyzed using LC-MS. 

 

Fig. 2: Evolution of 2-NB over time. Once with and 

once without the irradiation of light.  

In Fig. 2 we can clearly see the reduction of 2-NB when 

no shutter is used (green dots). After 150 seconds, all of 

it decayed. If the light is blocked with a cover, the 2-NB 

does not significantly decay (red dots). A slight loss 

over time can be seen. This background can now be sub-

tracted from the measurements to correct these. 

Overall, we are very satisfied with the results of both 

experiments. We will continue with actinometry meas-

urements in the future. 

____________________________________________ 

We acknowledge funding from the Swiss National Sci-

ence Foundation (Grant 178962). 

 

[1] E. S. Galbavy et al., J. Photochem. Photobiol., 

209, 186-192 (2010). 
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C. Blétry (PSI), Y. Manoharan (PSI & ETHZ), D. Salionov (PSI LBK & EPFL), T. Hullar, 

C. Anastasio (UCD), T. Bartels-Rausch (PSI) 
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We report the development of a chemical actinome-

try method for measuring the intensity of light in ice 

films in coated-wall flow-tube (CWFT) experiments, 

which is an important calibration step since photo-

chemical reactions depend on the intensity of light 

for absorption [1].  

The actinic flux is the total intensity of light available 

for a molecule for absorption, including direct, scattered 

and reflected radiation coming from all directions. Es-

pecially in ice films, the available light intensity for ab-

sorption can differ significantly from that hitting the re-

actor [2] and this variation can lead to inconsistencies 

when performing photolytic experiments. Here, we de-

scribe a method for determining the actinic flux directly 

in ice film samples in flow tubes. 

Chemical actinometry uses the rate of photolytic decay 

of a species, in our case 2-Nitrobenzaldehyde (2-NB) to 

calculate the photon flux that was available for this spe-

cies for photolysis [2]. Fig. 1 depicts the set-up of the 

coated-wall flow-tube experiments. 

 

Fig. 1: Set-up of the CWFT experiments, with six short 

tubes coated inside with ice films and placed inside the 

cooled glass reactor, surrounded by seven UVA lamps 

for irradiation. The black cover to shield the flow tubes 

from the light before starting the experiment, is indi-

cated as « shutter ».  

Since we need a measurement of the decay of 2-NB in 

the ice film over time, six short glass tubes, aligned next 

to each other as depicted in Fig. 1, are used. Every 30 s, 

one of the tubes is removed, its ice film melted and col-

lected for the later detection of the 2-NB concentration 

using HPLC with UV detection. Another new installa-

tion is the so-called “shutter”, a black textile cover to 

shield the ice films from the light and that can be in-

stalled around the glass reactor. This cover was left in 

place, while the lamps were warming up and then 

quickly removed to start photolysis. This was essential 

in order to avoid 2-NB decaying before starting the ex-

periment. A set of measurements were performed with 

UVA lamps of two different brands and four repetitions 

each to check if we get reproducible data. Fig. 2 shows 

the results of the actinic flux measurements.  

 

Fig. 2: Total actinic flux in ice films, of the UVA lamps 

brand Isolde (purple), and of the UVA lamps brand 

Philips (blue), and four repetitions each illustrated as in-

dividual bars.  

 

The ice films, irradiated with Philips lamps, obtain an 

actinic flux of 1.6 × 1016 photons/(s·cm2), and when ir-

radiated with Isolde lamps an actinic flux of 3.6 × 1016 

photons/(s·cm2). These numbers are in excellent agree-

ment with the actinic flux obtained when using NO2 gas 

instead of 2-NB as a chemical actinometer, which is 

1.6 × 1016 photons/(s·cm2) when irradiated with Philips 

lams, and 4.3 × 1016 photons/(s·cm2) with Isolde lamps. 

This might indicate, that scattering by the ice film and 

light absorption by the cooling liquid is negligible, or 

compensates. The standard error of 9.5% (Isolde lamps) 

was reduced to 4.6% by installing an improved shutter 

(Philips lamps).  

Overall, we developed and optimized a method to apply 

chemical actinometry to our coated-wall flow-tube ex-

periments. It gives us reproducible results for the actinic 

flux in our ice films, which serves as an important cali-

bration to compare between different ice experiments 

but also to compare with other studies. 

___________________________________________ 

We acknowledge funding from the Swiss National Sci-

ence Foundation (Grant 178962). 

 

[1]  T. Bartels-Rausch et al., Atmos. Environ., 44, 

5443-5450 (2010). 

[2]  E. S. Galbavy et al., J. Photochem. Photobiol., 

209, 186-192 (2010). 
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Y. Manoharan (PSI & ETHZ), D. Salionov (PSI LBK & EPFL), T. Hullar, C. Anastasio (UCD), M. Ammann, 

T. Bartels-Rausch (PSI) 
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Understanding the iodine cycle is a main topic in 

tropospheric chemistry. Here we show that iron(III) 

carboxylate photochemistry can have a role in the 

activation and recycling of iodate.  

Iodine is of primary importance due to its influence on 

the oxidising capacity and the radiative balance of the 

atmosphere. Nevertheless there is still a lack of kinetic 

data and missing information on reactive iodine precur-

sor gas fluxes [1]. Recently the measurements in the 

UTLS of Koenig et al. 2020 [2] have shown the persis-

tence of IO in the gas-phase, and of both iodate (IO3
-) 

and iodide (I-) in particles, which is indicative of active 

recycling between the gas and particle phases, which 

may be driven by still not well understood iodate reduc-

tion processes. Iron(III)-carboxylate complexes are 

well known photoactive compounds, which can gener-

ate reactive oxygen species (ROS), such as HO2 and 

H2O2 [3]. Previous work of this group demonstrated the 

link between carbonyl compounds, ROS and iodine 

chemistry [4], but the role of transition metals in the re-

dox chemistry of iodine has not yet been clarified. Here, 

we suggest that iron(III) carboxylate photochemistry 

may play a role in the activation and recycling of iodine 

species. Thus, in this work we aim at investigating the 

reduction of iodate by H2O2 according to the Bray-

Liebhafsky mechanism [5], where H2O2 would be pro-

vided by iron(III) carboxylate photochemistry.    

We performed coated wall flow tube (CWFT) experi-

ments with aqueous films of iodate and Fe(III) citrate 

(fe-cit) using citric acid (CA) as a matrix, which is an 

established proxy for oxygenated atmospheric organic 

matter and exhibits well characterized microphysical 

properties [6, 7]. The CWFT was coupled with a cavity 

enhanced differential optical absorption (CE-DOAS) 

instrument, provided by CU Boulder, in order to detect 

I2 resulting from iodate reduction [8]. 

The plot of Fig. 1 illustrates the formation of I2(g) upon 

irradiation with UV-A and visible light. The results in-

dicate that for both experiments fe-cit photochemistry 

promotes efficient iodate reduction. Furthermore the 

time profile suggests a complex reductive mechanism 

implying several chemical regimes where different con-

tributions prevail according to the photochemical turn-

over of fe-cit and to the depletion of iodate as iodine 

reservoir. In fact the initial peak can be attributed to the 

complete photolysis of fe-cit, which leads to high 

amounts of ROS. This peak is narrower and higher un-

der UV than in the visible, consistent with higher cross-

section and thus higher photolysis rates of fe-cit in the 

UV than in the visible. Subsequently the photocatalytic 

cycle takes over continuously providing free radicals 

[6], which is consistent with CO2(g) measurements (not 

shown), but the resulting I2(g) may be consumed by 

other competitive processes. It is notable that persistent 

longterm I2(g) production occurs that is higher under 

visible irradiation inspite of photolysis of I2(g) expected 

to be more significant in the visible. In turn, under UV-

A, photolysis of an intermediate species or the for-

mation of other products could occur (see Volkamer et 

al.).  

 

Fig. 1: Volume mixing ratio (VMR) values of I2 (g) 

measured with CE-DOAS during CWFT experiments 

using visible (red line) or UV-A (blue line) light. Both 

experiments were performed at about 80% relative hu-

midity using a coated film of 17.8 mg.  

In conclusion, model and further experimental studies 

need to be carried out in order to interpret the experi-

mental observations. This will aid at better understand-

ing the recycling and activation of iodine species in the 

atmosphere and further emphasize the key role of 

iron(III) carboxylate complexes in multiphase chemis-

try. 

__________________________________________ 

We acknowledge funding from the Swiss National Sci-

ence Foundation (Grant 188662) 

[1] A. Saiz-Lopez et al., Chem. Rev., 112, 1773–1804 

(2012). 

[2] T. K. Koenig et al., Proc. Natl. Acad. Sci., 117, 

1860-1866 (2020). 

[3] L. Deguillaume et al., Chem. Rev., 105, 3388-

3431 (2005). 

[4] P. Corral Arroyo et al., Atm. Chem. Phys., 19, 

10817-10828 (2019). 

[5] L. Kolar-Anić and G. Schmitz, J. Chem. Soc. Far-

aday Trans., 88, 2343-2349 (1992). 

[6] J. Dou et al., Atmos. Chem. Phys., 21, 315-338 

(2021). 

[7] D. M. Lienhard et al., J. Phys. Chem. A, 116, 

9954-9968 (2012). 

[8] R. Thalman et al., J. Quant. Spectr. Rad. Tran., 

147, 171-177 (2014). 
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T. Bartels-Rausch (PSI), R. Volkamer (CUB, PSI, ETHZ), M. Ammann (PSI) 
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The detection of iodine species in aged stratospheric 

air suggests the existence of recycling mechanisms 

reducing particulate iodate (IO3
-) to form gas-phase 

iodine (I2). We explore such processes in coated wall 

flow tube (CWFT) experiments. 

Gas-phase IO radical and particulate IO3
- have been ob-

served to coexist in the stratosphere [1]. These observa-

tions, along with the recent discovery that iodine is re-

leased from dust in the free troposphere [2], highlight 

the need to better understand iodate recycling as a miss-

ing component of iodine chemistry as represented in at-

mospheric models. Iodic acid (HIO3) efficiently forms 

particles, is a source of iodate [3], and forms by destroy-

ing ozone. Iodate reduction thus fuels a catalytic reac-

tion cycle with implications for ozone destruction and 

new particle formation (NPF). 

A quartz glass tube was coated with an aqueous solution 

containing sodium iodate and a matrix (i.e., either am-

monium bisulfate (ABS), 1,2,3,4-butanetetracarboxylic 

acid (BTCA), citric acid (CA), or Fe(III) citrate (Fe-Cit) 

and CA) at a concentration ratio iodate:matrix = 1:100. 

A thin aqueous film forms on the inside walls by pass-

ing a stream of humidified air through the CWFT 

(~80% RH). For each film, three types of flow tube ex-

periments were performed: (1) dark reaction with H2O2 

involved flowing H2O2 through the CWFT for several 

hours in the dark; (2) photochemical experiments in-

volved irradiating the CWFT with visible lights and 

UVA lights, separately; and (3) dark-aging experiments 

involved flowing H2O2 through the CWFT for several 

hours in the dark, followed by irradiation with visible 

light. 

The formation of gas-phase I2 from the aqueous films 

was measured by cavity enhanced differential optical 

absorption spectroscopy (CE-DOAS) coupled to the 

CWFT. Two custom (green and blue) CE-DOAS instru-

ments were brought from Boulder to PSI. In addition to 

the CWFT experiments, trough reactor and other cali-

bration experiments were conducted, and the PSI group 

was trained in the use of the CE-DOAS technique. Fig. 

1 summarizes the preliminary results using the green 

CE-DOAS instrument in CWFT experiments. The I2 re-

leased from aged films irradiated with visible light (type 

3 experiments) was substantially greater to that from ir-

radiated fresh films (type 2), or fresh films exposed to 

H2O2 in the dark (type 1). This increase of I2 in inor-

ganic and organic matrices suggests that a chromophore 

is formed from the reaction of iodate with H2O2. 

Further experiments used Arizona Test Dust (ATD) and 

hematite (Fe2O3) in photochemical-dust experiments, 

not shown here, and confirm that dust chromophores 

also act as photosensitizers to enhance the rate of iodate 

reduction to I2. 

A photochemical pathway was discovered in which vis-

ible light is sufficient for reducing iodate to I2, and the 

effect is more pronounced after the exposure of iodate 

to H2O2. This photochemistry is relevant in the atmos-

phere but not yet described in the literature. Further 

analysis is needed to determine the fractional yield of I2 

gas from iodate, as well as the reaction rate for the pho-

tochemical reduction of iodate. Integration of this pro-

cess in atmospheric models would serve to better inform 

the iodine budget of an area of study, would aid in un-

derstanding diurnal trends of iodine species along with 

their impact on ozone destruction and new particle for-

mation events.  

 

Fig. 1: I2 (given as volume mixing ratio, VMR) pro-

duced from irradiated films aged with H2O2 (red) is 

greatly enhanced compared to dark (blue) and photo-

chemical (orange) control experiments using fresh 

films. 

___________________________________________ 

We acknowledge funding from the Swiss National Sci-

ence Foundation (project grant 188662 and scientific 

exchange grant 199407), and the U.S. National Science 

Foundation award AGS 2027252. 

 

[1] T. K. Koenig et al., PNAS, 117, 1860-1866 

(2020). 

[2]  T. K. Koenig et al., Sci. Adv., 7, eabj6544 (2021). 

[3]  X. C. He et al., Science, 371, 589-595 (2021). 
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Atmospheric iodine forms particles by adding iodate 

(IO3
-), but the fate of IO3

- (and I-) in particles is un-

certain. We explore the chemical diversity of volatile 

organic-, inorganic- and iodo-organic products of 

multiphase recycling chemistry. 

Iodine emissions from oceans have tripled since 1950, 

largely due to increased deposition of hemispheric pol-

lution ozone into surface oceans. This anthropogeni-

cally stimulated source of naturally occurring iodine 

nowadays affects the stratospheric ozone layer [1]. The 

co-existence of iodine oxide (IO) radicals in the gas 

phase and particulate IO3
- in stratospheric air, and evi-

dence for aeolian iodine sources from dust aerosol sug-

gest IO3
- reduction is widely operative in the atmos-

phere [1,2]. However, atmospheric models do not 

widely consider IO3
- as a reactive intermediate of the io-

dine geochemical cycle. Better knowledge about IO3
- 

reduction and I- oxidation rates in aerosols is needed to 

better quantify iodine impacts in the atmosphere, i.e., as 

ozone sink, source of particles, and trace element that 

modifies the lifetime of climate active gases (e.g., O3, 

CH4) [3-4]. Moreover, little is known about the sources 

and identity of soluble organic iodine, present in fine 

(acidic) particles over oceans [5]. 

The University of Colorado Boulder (CUB) group is 

preparing a CI-API-LTOFMS (CIMS) instrument with 

interchangeable ion sources for aircraft measurements 

of condensable vapors (sulfur, iodine, organics) that nu-

cleate and grow nanoparticles over Colorado, Hawaii, 

and Alaska in Spring 2022 (TI3GER field campaign, 

“Technological Innovation Into Iodine for GV Environ-

mental Research”, NSF-AGS-2027252, PI: R. 

Volkamer). The CIMS instrument was brought to PSI, 

and together with two CE-DOAS instruments was cou-

pled to the photochemical coated wall flow tube 

(CWFT, see Reza et al.; Iezzi et al.) and a trough reactor 

(Roose et al.) to calibrate CIMS using CE-DOAS, opti-

mize reagent ions (Br-, I-) by adding acetonitrile to sup-

press water clusters, and assess ozone sensitivities. A 

training dataset was generated that characterizes capa-

bilities to measure oxygenated volatile organic com-

pounds (OVOC), iodo-OVOC (I-OVOC), and inor-

ganic iodine species. Comparison to accurate CE-

DOAS I2 measurements was used to demonstrate the 

sensitivity and linearity of the CIMS measurements. 

Fig. 1 shows selected CIMS products formed in the 

CWFT experiments upon irradiation of an aqueous or-

ganic film containing a photosensitizer and iodate (io-

date:Fe-citrate:citric acid = 1:10:100; 80% relative hu-

midity) with visible light in the absence of ozone. Three 

classes of products were detected: a) inorganic iodine 

species (red): I2·I- (m/z 269.804, major signal), HOI·I- 

(m/z 270.812, minor), I·I- (m/z 253.809, minor) and 

IO·I- (m/z 269.804, minor). All time variations were 

similar to I2. Experiments are planned to characterize I2 

fragmentation in the absence of free radicals. b) OVOC 

(green): C4H6O3·I- (m/z 228.936, major), a plausible 

product of citric acid decarboxylation, increased stead-

ily after visible lights were turned ON. c) I-OVOC 

(blue): C3H4OI2·I- (m/z 436.740, moderate), C3H3OI3·I- 

(m/z 562.636, moderate), C4H5O3I·I- (m/z 354.833, mi-

nor), CHI3·I- (m/z 520.626, minor), C2H2O4I2·I- (m/z 

470.709, trace), exhibited temporal variations con-

sistent with first and higher generation products. 

 

Fig. 1: Time series of volatile products that evaporate 

from the aqueous organic film irradiated with visible 

light, mostly as I2 (red, left), and also as OVOC frag-

ments of citric acid (green, right) and mono-, di- (not 

shown), and tri-iodo-OVOC (blue, right).  

 

Additional CWFT experiments were conducted in the 

absence of IO3
-, and hold potential to test and develop 

models of Fe-Cit photochemistry. Dark experiments in-

volved flowing H2O2 over IO3
-/citric acid films, and ex-

posing I- solutions to ozone in the trough reactor.  

___________________________________________ 

We acknowledge funding from the Swiss National Sci-

ence Foundation (project grant 188662 and scientific 

exchange grant 199407), and US National Science 

Foundation award NSF-AGS-2027252. 

 

[1]  T. K. Koenig et al., PNAS, 117, 1860-1866 

(2020). 

[2]  T. K. Koenig et al., Sci. Adv. 7, eabj6544 (2021). 

[3]  X. C. He et al., Science, 371, 589-595 (2021). 

[4]  X. Wang et al., Atmos. Chem. Phys., 21, 13973-

13996 (2021). 

[5]  A. R. Baker and C. Yodle, Atmos. Chem. Phys., 

21, 13067-13076 (2021). 

IODINE CHEMISTRY: VOLATILE PRODUCTS MEASURED BY CIMS AND CE-DOAS 

R. Volkamer (CUB, PSI, ETHZ), P. Sardana, R. L. Mauldin, H. Finkenzeller, M. Reza (CUB, PSI), A. Roose (PSI), 

L. Iezzi (PSI & ETHZ), T. Bartels-Rausch, M. Ammann (PSI) 



8 

Recent aircraft measurements report significant 

amounts of inorganic iodine in the lower strato-

sphere possibly representing a sink for ozone. Here, 

we study the formation of I2 and IO from the reac-

tion of ozone with iodide. 

Tropospheric multiphase redox reactions lead to gas 

phase iodine species as well as both oxidized (iodate) 

and reduced (iodide) particulate iodine in the lower 

stratosphere [1]. This may influence stratospheric ozone 

depletion as iodide can directly destroy ozone (O3) 

through reaction in the bulk aqueous phase or at inter-

faces [2,3]. The temperature dependence of this reaction 

is only poorly constrained.  

Sakamoto et al. [4] have studied this reaction and pro-

vided first evidence for IO formation, with 4 main fea-

tures observed: (1) I2(g) and IO(g) are released ([I2(g)] 

> 100[IO(g)]) during the reaction of O3(g) with KI(aq). 

(2) IO(g) yields are independent of bulk pH between 2 

and 11, whereas I2(g) production is markedly enhanced 

at pH < 4. (3) I2(g) and IO(g) produced are directly pro-

portional to [KI(aq)] up to 5 mM. 

 

Fig. 1: Preliminary volume mixing ratio (VMR) of I2, 

IO and IO/I2 ratio versus the consumed ozone mixing 

ratio at [I-] = 5.10-4 M in pure water, T = 283.15K, and 

different pH. 

We measured the loss of O3 to aqueous iodide solutions 

in a trough reactor described by Artiglia et al. [5] (for 

bromide). Cavity enhanced differential optical absorp-

tion spectroscopy [6,7] coupled to the trough reactor has 

allowed monitoring gas phase I2 (508–554 nm range) 

and IO radical (420–490 nm range). 

Fig. 1 and Fig. 2 show preliminary results for iodide so-

lutions in pure water. While I2 formation is increasing 

with increasing ozone consumption, formation of IO 

radicals reached a plateau indicating its formation is re-

lated to a surface-dependent mechanism. According to 

Fig. 1, the lowering of the pH clearly increases the I2 

mixing ratio as observed by Sakamoto et al. [4], likely 

due to the acid catalysis of the reaction of HOI with I-. 

However the IO radical yield is lower at lower pH, re-

quiring further investigation. 

As shown in the lower panel of Fig. 1 and Fig. 2, the 

saturating IO production leads to a maximum of the 

[IO]/[I2] ratio, because I2 formation continues to in-

crease. The position of the maximum as a function of 

the consumed O3 indicates a dependency on the temper-

ature.  

 

Fig. 2: Preliminary IO/I2 ratio as a function of the con-

sumed ozone concentration at [I-] = 5.10-4 M at pH = 7 

in pure water and at different temperature. 

___________________________________________ 

We acknowledge funding from the Swiss National Sci-

ence Foundation (Grant 188662) 

[1] T. K. Koenig et al., PNAS, 117, 1860-1866 

(2020).  

[2] L. J. Carpenter et al., Nat. Geosci., 6, 108–111 

(2013). 

[3] Y. Sakamoto et al., J. Phys. Chem. A, 113, 7707–

7713 (2009). 

[4] C. Moreno et al., Phys. Chem. Chem. Phys., 22, 

5625-5637 (2020). 

[5] L. Artiglia et al., Nat. Commun., 8, art. no. 700 

(2017). 

[6] M. Wang et al., Atmos. Meas. Tech., 14, 6955–

6972 (2021). 

[7] R. Thalman and R. Volkamer, Atmos. Meas. Tech., 

3, 1797–1814 (2010). 

IODIDE OXIDATION BY OZONE: A PATHWAY TO IO AND I2  

A. Roose (PSI), S. Gysin (PSI & ETHZ), H. Finkenzeller (CUB), R. Volkamer (CUB, PSI, ETHZ), M. Ammann (PSI) 



9 

The dominant reaction pathways and rates in aero-

sol particles composed of organic-metal complexes 

were investigated using X-ray spectromicroscopy in 

this study coupling iron and copper cross-reactions. 

Aerosol particles composed of organic-metal com-

plexes generate a significant amount of radicals as the 

result of photochemical reactions and cycling of metal 

oxidation states. Reactive species generated in our lungs 

are hazardous to our health, and are the result of being 

exposed to particles laden with metals, such as Cu and 

Fe [1]. In a recent study, Cu and Fe were shown to be 

responsible for 70 ‒ 90% of total radical production 

when tested in epithelial lung lining fluid, and the re-

maining 10 ‒ 30% was attributed to chemical reaction 

involving O3, NO2, and secondary organic aerosol 

(SOA) particles [2]. Although, previous work has 

shown catalytic radical destruction in aerosol particles 

due to cross redox reaction, Cu+ + Fe3+ → Cu2+ + Fe2+ 

followed by fast reactions of Cu2+ or Fe2+ with radicals 

[3]. Therefore, detailed information on radical produc-

tion and determining metal oxidation state changes dur-

ing cycles should result in better quantitative under-

standing of radical chemistry in atmospheric aerosol 

particles. 

We report a in situ X-ray spectromicroscopic study of 

single particles composed of citric acid, iron(III)-citrate 

and copper(II)-citrate (mole ratio is 5:5:1) exposed to 

UV light in a humidified environmental cell. The 

iron(III) fraction, β, was quantified during chemical and 

photochemical reactions inside single particles [46]. 

Particles were nebulized, dried and deposited by impac-

tion into the cell mounted in the scanning transmission 

X-ray microscope at the PolLux end station of the Swiss 

Light Source. Under controlled relative humidity of 

45%, pressure at 150 mbar, and O2 partial pressure of 

40 mbar, particles were illuminated with UV light (Lux-

iGenTM 365nm UV LED) using a fiber optic coupling. 

During oxidation, we imaged particles resulting in 

finely detailed maps of β, which were then converted to 

2-D column integrated pixelated profiles. 

Fig. 1 shows that UV light reduced β, where the grey 

and colored symbols are values of β prior to irradiation 

and after the light was switched off, respectively. In the 

first few minutes of re-oxidation (dark blue symbols), β 

was about 0.3 toward the center of particles, i.e. > 10 

pixels from the perimeter. Near the perimeter, β amaz-

ingly was already close to initial values. This exactly 

means there was significant O2 availability and radical 

production to re-oxidize Fe2+ on similar time scales as 

the photochemical reaction rate. The slopes β indicate 

gradients through the particles, which were expected as 

the particles were highly viscous and limiting the diffu-

sive transport of O2 and metals (as ions or in complex 

with organic molecules). In turn, the lack of fast reoxi-

dation in the particle interior also means that O2 should 

be much less available there to react with carbon cen-

tered radicals (CCRs) and form smaller reactive oxygen 

species (ROS), such as HO2. From these results, we can 

conclude that radicals instead persisted inside particles. 

We argue that reactions involving O2, Cu-Fe cross reac-

tions and diffusion limitations all need to be considered 

to explain favored ROS production pathways near the 

surface and CCR persistence in the interior in aerosol 

particles. 

 

Fig. 1: A profile of β in aerosol particles after being re-

duced by UV exposure for 10 min and then oxidized in 

situ in the dark. The light was switched off at t = 0 min 

and the color indicates the time that X-ray spectromi-

croscopic images were acquired. The bottom abscissa 

are concentric pixels from the perimeter of the 2-D im-

aged particles, where a value of 1 is the perimeter pix-

els. The top abscissa corresponds to our pixel size of 35 

× 35 nm2. 
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We present the detection of photochemically pro-

duced organic compounds in transition metal con-

taining organic aerosol with an EESI-TOF-MS. This 

method enables us to directly follow the organic 

composition at changing ambient conditions. 

Chemical aging of atmospheric particles triggered by 

photolysis of transition metal complexes in organic aer-

osol (OA) alters radical chemistry and thus generates 

reactive species causing oxidative stress in the lung [1, 

2]. Complexation of metals such as iron and copper in 

OA particles can occur via coalescence of existing OA 

with solid dust particles followed by dissolution of the 

metals. Aqueous aerosol particles prevail in very differ-

ent phase-states depending on humidity, and hence, dif-

fusion rates of e.g. O2 or other reactants change. We 

previously suggested that the formation of peroxy radi-

cals consumes all O2 in viscous OA degradation induced 

by Fe-carboxylate photolysis [1]. In highly-viscous 

conditions, radical-radical recombination is diffusion 

limited, which slows aerosol decomposition and favors 

other product pathways. We measured the different 

products from Fe-citrate (Fe-cit) containing citric acid 

(CA) aerosol at varying O2 partial pressure and humid-

ity by making use of an extractive electrospray ioniza-

tion time of flight mass spectrometer (EESI-TOF-MS, 

[3]). CA was used as a proxy for oxygenated OA with 

well known microphysical properties. In parallel, we 

are investigating the influence of copper in this model 

system.  

Fig. 1: Aerosol flow tube setup coupled to an EESI-

TOF-MS and SMPS system.  

The experiments were conducted with an aerosol flow 

tube (AFT) as schematically shown in Fig. 1. The pho-

tochemical aging process was mimicked with UV-

lamps surrounding the AFT, and we have built a flow 

system so that humidity and carrier gas composition are 

variable. The aerosol mass concentration was moni-

tored with an SMPS system and the automatic valve 

switching between HEPA filter and aerosol signal was 

used for background subtracting the MS time series. In 

a first campaign, we assessed the influence of different 

mole ratios of the iron/copper citrate/CA particles on 

their photochemical behavior. A time series of a major 

fragmentation product (C5H6O5) upon photolysis of the 

iron citrate complex is shown in Fig. 2 during two irra-

diation periods at different environmental conditions. 

The TOF-MS signal increase during irradiation periods 

confirms the light-induced formation of that product. 

Moreover, the signal intensity varied with changing hu-

midity, oxygen partial pressure and iron/copper ratio. 

This will lead to valuable conclusions whether the car-

bon-centered free radical formed after decarboxylation 

of the acid group near the alcohol group react with ox-

ygen to lead to the oxidation of the alcohol group, thus 

the ketodicarboxylic acid observed, or rather undergoes 

radical – radical recombination.  

 
Fig. 2: Time series of the photochemical fragmentation 

product, a ketodicarboxylic acid (C5H6O5, red), of an 

iron citrate/CA 1:10 experiment. The yellow area rep-

resents times of irradiation and the vertical-dashed lines 

separate carrier gas conditions (blue vs. green).  

The photochemical yield of other organic products need 

to be further evaluated towards their exact molecular 

composition. This could be resolved in experiments 

with an ultrahigh-resolution MS (EESI-Orbitrap [4]). 

Yields of all products formed under light will be used 

to assess the evolution of different aerosol composition 

at changing conditions. In the meantime, we are running 

experiments to assess the kinetics of the formation of 

these products, by varying the residence time in the 

AFT. The findings will help to understand the turnover 

of free radicals and chemical aging in OA particles ex-

periencing different metal contents, phase-states and 

thus, oxygen supply.  
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This work shows the characterization of aqueous so-

lutions containing ferric organic complexes by 

means of liquid jet x-ray photoelectron spectroscopy 

and resonant photoemission. 

In previous years, we carried out a complete investiga-

tion of ferrous and ferric sulfate aqueous solutions in-

terfaces by means of ambient pressure X-ray photoelec-

tron spectroscopy (APXPS), near edge X-ray absorp-

tion fine structure (NEXAFS) spectroscopy and reso-

nant photoemission (RPES). Such studies allowed to 

identify the structure and spin of the aquo-complexes, 

and to exclude strong hybridization between iron and 

water molecules. Furthermore, with the help of molec-

ular dynamics simulations, the presence of partially 

complexed ions at the liquid-vapor interface has been 

ruled out. Based on XPS results, the reaction of ferrous 

ions with hydrogen peroxide, also known as Fenton’s 

reaction, leads to iron oxidation and the production of 

hydroxyl radicals (Haber-Weiss mechanism) [1]. This 

is in agreement with the literature, which showed that 

non-complexed or partially-complexed ferrous ions are 

essential to favor the formation of highly-valent iron 

species (ferryls) [2], following the Bray-Gorin mecha-

nism [3]. In summary, ferrous ions quickly form com-

plete octahedral complexes with water, which are ho-

mogeneously distributed in the solution and, after the 

addition of hydrogen peroxide, lead to ferric ions and 

hydroxyl radicals. The use of organic ligands may alter 

the surface properties of iron, possibly enriching its 

amount at the liquid-vapor interface. Surface-enriched 

iron ions may show an incomplete coordination shell, 

thus favoring the Bray-Gorin mechanism. In this work, 

we investigated ferric organic complexes (citrate and 

oxalate). The main goal was to check the local amount 

of iron, in comparison to the sulfate aqueous solution. 

Experiments were performed at the X11MA (SIM) 

beamline at the Swiss light source synchrotron. 0.1 

mol/L aqueous solutions were injected in vacuum by 

means of a liquid microjet (liquid filament diameter in 

the 25 μm range) and photoelectrons generated at the 

liquid-vapor interface were detected by means of a dif-

ferentially pumped electron analyzer. RPES experi-

ments were carried out scanning the valence band 

across the iron L3 absorption edge. 

Fig. 1a shows the Fe 2p spectra of 100 mM ferrous sul-

fate solution, and the same ions (same concentration) 

complexed with oxalate and citrate. The spectrum of 

300 mM FeSO4, acquired in a previous beamtime, is 

also plotted in Fig. 1a, as a reference for peak positions, 

shape and spin-orbit-splitting. The concentration of 

Fe3+ in this work was set to 100 mM due to the solubility 

in water of the complexes. None of the 100 mM solu-

tions displays a definite signal, indicating that iron is 

below the detection threshold (within the probing depth 

– 1.0 nm - of the technique at a kinetic energy of ap-

proximately 300 eV). Fig. 1b displays the C 1s peaks of 

oxalate and citrate anions. Both signals are detected: ox-

alate shows a single feature (ca. 294.0 eV), correspond-

ing to the two carbons having the same oxidation state, 

whereas citrate shows carboxylic (ca. 294.5 eV), alco-

holic (ca. 292.2. eV) and aliphatic (290.6 eV) features. 

RPES data in Fig. 1c, d and e show the spectra acquired 

off-resonance (hν=702 eV), close to the pre-edge 

(hν=706 and 708 eV) and at the absorption maximum 

(hν=710 eV). While in the case of ferric sulfate the res-

onance of Fe 3d orbitals (shoulder at ca. 9.5 eV) appears 

only at 710 eV, in the case of organic complexes a 

shoulder is detected also at 706 (708) eV, and its rela-

tive intensity at 710 eV seems larger. Such a behavior 

may suggest a larger accumulation of iron within the 

probing depth of the technique. Further data processing 

is required to confirm such findings.   

 

Fig. 1: (a,b) Photoemission spectra of Fe 2p and C 1s of 

the solutions investigated; (c,d,e) RPES across the Fe L3 

threshold. 
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Surface active organics are important components 

in sea water and sea spray aerosol. Here, we use X-

ray photoelectron spectroscopy and molecular dy-

namics simulations to assess the role of ionic surfac-

tants on the abundance of bromide at interfaces.  

Bromide ions are implicated in halogen activation pro-

cesses relevant for the ozone budget in the troposphere. 

The abundance of bromide (Br-) ions, reaction interme-

diates and products at the aqueous solution – air inter-

face is crucial in these processes [1, 2]. In turn, sea wa-

ter is often containing surface active organic com-

pounds, including ionic surfactants of both polarities. 

We have recently shown that tetrabutylammonium 

(TBA) leads to a strong enhancement of Br- at the inter-

face and to a related increase of the reactivity with 

ozone [3]. Here, we investigate both experimentally and 

theoretically the impact of the positively charged hex-

ylammonium and the negatively charged propylsulfate 

on the abundance of Br- anions and sodium (Na+) cati-

ons. Fig. 1, in the middle (black line), shows  the pho-

toemission (PE) spectrum of a 0.1 M NaBr aqueous so-

lution obtained at 229 eV photon energy and featuring 

the  spin-orbit split doublet of Br 3d5/2 and 3d3/2 of 

Br- and the Na 2s peak of Na+. Upon addition of 0.1 M 

hexylamine (red, top) and mixed 0.1 M propylsulfate 

(blue, bottom) to the NaBr solution, the Br 3d PE inten-

sity increases and decreases, respectively, clearly show-

ing the impact of the electrostatic interactions caused by 

the headgroups of different polarity. The Na 2s shows 

the opposite behavior.  

  

Fig. 1: Br 3d and Na 2s PE spectra of 0.1 M aqueous 

NaBr (black, middle), with added 0.1 M hexylamine 

(red, top) or 0.1 M propylsulfate (blue, bottom), meas-

ured at 229 eV photon energy. Shadings indicate Gauss-

ian peak fits.  

Fig. 2 shows preliminary molecular dynamics results of 

Br- surface propensity as a function of the position with 

respect to the interface. Br- is attracted to the interface, 

indicated by the yellow region, in presence of hexyla-

mine or hexylammonium, as observed experimentally. 

Also, in presence of propyl sulfate, the relative Br- den-

sity is consistently lower than in the pure NaBr case. 

Additional calculations are planned with higher concen-

trations to confirm this trend. 

 

Fig. 2: Upper panel: surface propensity of Br- for dif-

ferent solutions, expressed as relative Br- density as a 

function of the distance perpendicular to the interface. 

The interfacial region is highlighted in yellow. Lower 

panel: molecular view of a hexylammonium bromide / 

NaCl solution. Color code for the ions: Br: orange, Cl: 

green, Na: blue, O: red, H: light grey, C: light blue. 
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Iron(III) carboxylate photochemistry can generate 

Reactive Oxygen Species (ROS). Here, we assess the 

tropospheric relevance of ROS for the conversion of 

NO2 into HONO by using the explicit aqueous phase 

chemical box model CAPRAM. 

Several studies have highlighted the importance of 

iron(III) carboxylate complexes in the troposphere as 

chromophores to initiate radical chemistry in aerosol 

particles involving ROS [1]. To date the formation 

mechanism of HONO in the atmosphere is still not com-

pletely understood and current research is focusing on 

photochemical processes involving heterogeneous con-

version of NO2(g) in aerosol particles [2, 3]. To assess 

the impact of Fe-carboxylate photochemistry on NO2 

conversion we used the explicit aqueous phase chemical 

box model CAPRAM [4]. Furthermore, in order to in-

vestigate atmospheric implications and the role of the 

aqueous phase we used the air parcel model SPACCIM 

which allows to investigate both cloud droplets and del-

iquesced particles according to the altitude where the air 

parcel is passing through. The multiphase chemistry 

mechanism of SPACCIM is comprised of the gas phase 

model MCMv3.2 and the aqueous phase CAPRAMv4.0 

which further describes the phase transfer process im-

plemented with the kinetic resistance model of 

Schwartz [5].  

The first hypothesis has been that HO2 resulting from 

Fe-carboxylate photochemistry can react with NO2 

leading to HONO through the formation of peroxynitric 

acid (HNO4) [6, 7]. Hence, the scope of this work is to 

evaluate the importance of NO4
- decomposition on 

HONO formation by performing sensitivity studies and 

assessing chemical sources and sinks. Thus, several 

simulations were performed by changing the chemical 

mechanism of the model, the emission scenario, the iron 

content of the aerosol phase, the photolysis efficiency 

and the occurrence of cloud periods. Fig 1. illustrates 

the main findings of these simulations. We can observe 

that in an urban scenario the main source of HONO(aq) 

during a cloud period is the photolysis of NO3
- in the 

condensed phase which produces NO2
-. However by re-

moving the competitive reaction with sulfite the NO4
- 

pathway becomes the main source of NO2
- in the con-

densed phase. In the remote scenario the fluxes are gen-

erally lower, probably due to lower NOx concentrations, 

but the NO4
- pathway dominates the condensed phase 

chemistry even in presence of sulfite. Analyzing the 

sources and sinks of the remote scenario for NO4
- and 

NO2(aq) we observed the same results, especially for 

NO2(aq) where the reaction with superoxide is the main 

sink. Furthermore there is evidence that the condensed 

phase chemistry gains importance during cloud periods 

rather than during the aerosol period, where gas phase 

chemistry dominates. 

 

Fig. 1: Main chemical pathways for deliquesced parti-

cles and cloud droplets considering chemical mecha-

nisms with and without the reaction between sulfite and 

HNO4 in the condensed phase, applied for two different 

scenarios. The color of the arrows indicates the approx-

imate average turnover (per volume of air) of the reac-

tions, calculated for the second day of the simulation.     

We can conclude that there is a clear impact of sulfur 

chemistry in suppressing the NO4
- pathway as a source 

of HONO. However, it may become important in a non-

polluted scenario, where SO2 levels are low. Finally in-

creasing the iron content leads to lower HONO concen-

trations during cloud periods, even though in the urban 

scenario this can be observed only in absence of sulfite. 

More model studies are needed to shed light at this dis-

closure and adding experimental findings would help to 

better understand the role of iron(III) carboxylate pho-

tochemistry. 
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Atmospheric aerosol particles often contain primary 

organic aerosol (POA) and secondary organic aero-

sol (SOA) components. Here, we investigate the 

phase behavior, i.e., the number and types of phases, 

in mixtures of POA and SOA material. 

Aerosol particles affect air pollution and climate. A 

large mass fraction of tropospheric aerosols is com-

posed of organic aerosol (OA). OA is often categorized 

into primary organic aerosol (POA) and secondary or-

ganic aerosol (SOA) [1]. POA denotes particles that are 

directly emitted into the atmosphere. Hydrocarbon-like 

organic aerosol (HOA), with typical oxygen-to-carbon 

(O:C) ratio of 0.02 ≤ O:C ≤ 0.26, denotes a main type 

of POA in urban environments. Examples of HOA are 

engine lubricating oils coming along with unburnt fuel 

components. By contrast, SOA is formed within the at-

mosphere, mostly through oxidation of volatile organic 

compounds (VOCs), followed by gas–particle partition-

ing of the reaction products. Precursors of SOA are 

emitted from both anthropogenic and biogenic emis-

sions. Examples of biogenic emissions include α-pi-

nene, limonene and β-caryophyllene, while toluene, cat-

echol, xylene and cyclohexene are examples of anthro-

pogenically emitted VOCs. The O:C ratio of ambient 

SOA material usually ranges from ~0.32 to 1.32. When 

HOA and SOA become internally mixed within individ-

ual aerosols, particles with either one or two phases can 

form. In order to predict the role of OA for air pollution 

and climate, knowledge on the phase behavior, i.e., the 

number and type of phases formed in such HOA+SOA 

particles is important, as the number of phases impacts 

many processes including heterogeneous chemistry, 

gas–particle partitioning and in turn particle growth and 

size distribution, ultimately affecting climate. If HOA + 

SOA are completely miscible the presence of HOA seed 

particles enhances the SOA formation, by providing ad-

ditional OA mass for semivolatile organic compounds 

to partition into. In contrast, such an enhancement is ab-

sent, if internal mixtures form two distinct aerosol 

phases. We have previously shown that one- or two-

phase particles can form when mixing single-compo-

nent commercially available proxies of HOA and prox-

ies of SOA [2]. Nevertheless, real atmospheric SOA is 

considerably more complex than the single-component 

SOA proxies used previously. Thus, studies with more 

realistic SOA are needed to confirm the conclusions 

from our recent study. Here, we have investigated the 

phase behavior of 11 HOA proxies with 7 different 

SOA materials, generated in environmental chambers, 

using fluorescence microscopy.  

Fig. 1 shows exemplary microscopy images, for HOA 

+ SOA mixtures taken at a relative humidity (RH) of 

90%, revealing that particles with either one or two 

phases can form. We found that the phase behavior for 

our 77 unique HOA + SOA mixtures was independent 

of RH between 90% to 0% [3]. 

 
Fig. 1: Example fluorescence microscopy images of α-

pinene SOA material mixed with HOA proxies of dif-

ferent O:C ratios. All images were taken at 90% RH. 

Fig. 2 summarizes the number of phases as a function 

of the absolute difference in the average O:C ratio of the 

HOA and SOA components, i.e., ΔO:C = ∣O:CSOA-

O:CHOA∣. A clear trend can be observed between the 

number of phases and the ΔO:C, with one- and two-

phase particles forming for low and high ΔO:C values, 

respectively. Using a threshold of ΔO:C = 0.265 (black-

dashed line in Fig. 2), we are able to predict the number 

of phases of 92% of the HOA + SOA mixtures studied 

in our experiments [3].  

Overall, our results suggest that the difference in aver-

age O:C ratio of the organic components determine the 

number of phases in internally mixed HOA + SOA par-

ticles. 

 
Fig. 2: Number of phases observed for HOA+SOA 

mixtures as a function of the difference in their O:C ra-

tios (ΔO:C). 
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We use X-ray excited electron spectroscopy at ambi-

ent water vapor pressures and with deposited, sub-

micron aerosol particles of atmospheric relevance to 

study the interaction with water vapor below the del-

iquescence point. 

The interaction between aerosol particles and water in 

the atmosphere has implications for air quality, human 

health, the hydrological cycle, and Earth’s radiative bal-

ance. In particular, the surfaces of aerosol particles and 

aqueous droplets play important roles in regulating var-

ious atmospheric processes such as partitioning of water 

soluble gases, aqueous phase reactions, mobilization of 

ions, and phases changes. 

Little is known about the process by which water vapor 

is adsorbed onto particles below their deliquescence 

point [1] since traditional aerosol instrumentation relies 

on detecting changes in the particle’s volume or mass. 

Previous measurements using XPS [2] have detected 

changes in the chemistry at the particle surface in the 

presence of low amounts of water vapor for several 

compounds of atmospheric relevance. Here, we use the 

capabilities of the In-situ Spectroscopy beamline at SLS 

to provide chemically specific information at the parti-

cle surface at significantly higher relative humidities 

than previously reported [3]. 

The particles studied here were composed of pure ma-

lonic acid—a hygroscopic dicarboxylic acid commonly 

found in ambient aerosol samples—and malonic acid 

mixed with sodium chloride (NaCl) in molar ratios of 

1:2, 1:1, and 2:1. Samples were prepared by nebulizing 

dilute solutions of malonic acid and NaCl, drying the 

generated droplets, and depositing the particles onto 

gold foil using an electrostatic precipitator. XPS meas-

urements targeting the C 1s, O 1s, Na 1s, Cl 2p, and Au 

4f core orbitals as well as Na and O K-edge NEXAFS 

measurements were performed at ultra-high vacuum 

and 1.25, 5, 15, and 26% relative humidity (RH). A 

schematic is shown in Fig. 1. 

 

Fig. 2 shows the C 1s spectra for particles composed of 

2:1 molar ratio malonic acid and NaCl for all five rela-

tive humidity values measured. The binding energy 

scale has been calibrated using the Au 4f spectra of the 

substrate. A shift in binding energy with increasing am-

bient water vapor can be seen, suggesting a change in 

the chemical environment starting at very low RH with 

the introduction of water vapor. Further analysis of the 

peak fits to the C 1s spectra can reveal potential keto-

enol tautomerism occurring in the malonic acid [4]. 

Loss of chlorine can also be seen by changes in the peak 

intensity of chlorine compared to sodium with increas-

ing RH. 

 

 
Fig. 2: XPS spectra for the C 1s orbital from malonic 

acid/NaCl particles (2:1 molar ratio) at 0, 1.25, 5, 15, 

and 26% RH. 

 

These measurements suggest the possibility of chemical 

transformations that can influence atmospheric chemis-

try at RH values much lower than previously expected. 
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Here, we use X-ray spectromicroscopy to character-

ize particles and soluble material from a continuous 

flow supercritical salt separator as a first step to con-

vert bio-waste into sustainable upgraded fuel. 

Hydrothermal gasification (HTG) and liquefaction 

(HTL) are techniques used to convert various biogenic 

feedstocks, such as microbial cultures, sewer sludge, 

black liquor and waste wood sawdust into sustainable 

gaseous and liquid fuels, respectively. They are cur-

rently being developed at the Bioenergy and Catalysis 

Laboratory at the Paul Scherrer Institute (PSI) in the 

Catalytic Process Engineering (CPE) group lead by F. 

Vogel. These processes operate in or near supercritical 

water and heavily rely on the selective removal of salts 

and/or unwanted carbonaceous particles [1]. The effi-

cient recovery of brine (water and salts) is very im-

portant to protect any trap or catalyst that is used down-

stream, and relevant for recuperating costs by produc-

ing fertilizer [2]. On the other end, understanding the 

formation and the fate of carbonaceous particles during 

such process is of great importance to optimize biocrude 

or biogas production. 

To investigate these challenging aspects, our main strat-

egy is building novel capabilities for product stream an-

alytics in multidisciplinary collaboration between the 

CPE group, the Chemical Processes and Materials 

(CPM) group headed by C. Ludwig, and the Surface 

Chemistry Research Group led by M. Ammann. Here, 

we report on the chemical characterization of particles 

and soluble compounds in sewer sludge feed and in the 

brine removed by the PSI salt separator [2] installed up-

stream a catalytic supercritical water HTG step to pro-

duce methane. Aliquots of the feed and the brine were 

centrifuged, and the supernatant and the re-suspended 

solids in water were analyzed using a transmission elec-

tron microscope (TEM) and scanning transmission X-

ray microscopy coupled to near edge X-ray absorption 

fine structure (STXM/NEXAFS) spectroscopy. Mor-

phology and carbon, oxygen and calcium bonding in 

single particles are presented. 

Fig. 1A) shows spectra of feed and brine samples, 

where the measured optical density (i.e. X-ray absorp-

tion) is plotted as a function of X-ray energy. Function-

alities corresponding to specific peaks are indicated. 

The main features are oxygenated organic ketones and 

carboxyl functionalities, and finally carbon double 

bonding. Solids (red and green) show a graphitic peak 

similar to soot around 293 eV. A TEM image of the 

brine solids shown in Fig. 1b reveals typical coke-like 

nanoparticles, which are carbonaceous particles likely 

formed from polymerized molecules with carboxylic 

functions [3, 4]. There is not much difference between 

spectra of the solids (red and green) and supernatants 

(blue and black). This further indicates the carbon re-

moved from the feed is polymerized into coke having 

similar functionality. This information will help im-

proving continuous salt and particle extraction and fu-

ture catalyst selection toward these highly oxygenated 

compounds. 

Fig. 1: A) Representative NEXAFS spectra of material 

in the feed into the salt separator and brine removed.  

The solids and supernatant after centrifugation is indi-

cated in the legend. All spectra are background sub-

tracted. Reference spectra of soot (dark grey) [5], tar 

balls (light grey) [5], lignin (purple) [6] and cellulose 

(orange) [6] are shown for comparison. B) TEM image 

of solid particles in the brine. 
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Adsorption and desorption are crucial steps in all 

phase change processes at environmental interfaces. 

We have presented a consistent statistical thermody-

namic treatment of equilibria and kinetics providing 

surprising insights into established features. 

Desorption of a molecule from a surface is an essential 

elementary process that, together with reaction on the 

surface, entering the bulk phase, and reaction and diffu-

sion therein, determines the life-time of this molecule 

on the surface. Desorption is an activated process in-

volving a transition state (TS). In complete analogy to 

classical transition state theory (CTST) for gas phase re-

actions, the description of desorption kinetics requires 

formulation of the equilibrium between the TS and the 

adsorbed state. However, adsorption thermodynamics is 

rarely comprehensively treated in textbooks. We have 

thus retraced these developments with consistent termi-

nology [1], based on other recent and earlier attempts in 

this direction [2,3]. 

The two simplest models of adsorption are the 2D ideal 

gas (2D) model, in which the molecules have two trans-

lational degrees of freedom parallel to the surface, and 

the 2D ideal lattice gas (latt) model, in which the mole-

cules are bound to a limited number of equivalent sur-

face sites. The latter is consistent with the well-known 

Langmuir adsorption model. Formulation of adsorption 

thermodynamics is based on the definition of activities. 

While straightforward for the 2D case, where the sur-

face coverage, θ, evolves linearly with the gas phase ac-

tivity (proportional to pressure or number density), a 

proper and meaningful definition of the activity for the 

latt case is [1,2] 

𝑎𝑙𝑎𝑡𝑡 =
𝜃 (1−𝜃)⁄

𝜃0 (1−𝜃0)⁄
 ,     (1) 

where θ0 is a suitably chosen standard state [2]. This ac-

tivity definition leads to the well-established depend-

ency of θ on the gas phase number density, exhibiting 

saturating surface coverage at high number density in 

the form of the Langmuir isotherm. Applying the proper 

partition functions and linking these to the thermody-

namic quantities allows to express the adsorption equi-

librium constants in terms of both molecular and ther-

modynamic properties [1,2].  

In turn, we have used this adsorption thermodynamics 

to formulate TS theory for desorption and to derive de-

sorption rates and pre-exponential factors (A). For in-

stance, this allows calculating the commonly used value 

of A for the 2D case of 1013 s-1 from basic principles, 

but also the deviation from this value for the latt case. 

One of the most striking results is the non-first order 

behavior of the desorption rate for the latt case at high 

θ (Fig. 1). The strong non-linearity is related to the di-

verging configurational entropy at high θ, driving the 

increase of the desorption rate. Experiments are often 

performed at high θ because of sensitivity limitations. 

However, they have commonly been analyzed assum-

ing first order desorption behavior. Thus, they have led 

to erroneous desorption energies that cannot be extrap-

olated to low θ [1]. 

We have also applied the same approach to formulate 

adsorption rates, which have allowed us to derive the 

surface accommodation coefficient and to establish a 

link between adsorption thermodynamics and desorp-

tion kinetics [1,4]. 

 

Fig. 1: The desorption rate for the case of a 2D ideal gas 

(blue line) and 2D ideal lattice gas (red line). Applied 

𝐸𝑑𝑒𝑠
0  are 63 kJ mol-1 and 88 kJ mol-1, respectively. We 

assume a desorption process without additional barrier, 

𝐸𝑏
0 = 0. 
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The ability to study both the gas-phase and surface 

coverage simultaneously is a key advantage for in-

terfacial studies of atmospheric relevance. Here we 

describe modifications to the ISS endstation to dose 

and detect traces of gases. 

Adsorption of trace 

gases to environmental 

surfaces and hetero-

genous reactions are a 

field of active research 

because these funda-

mental processes can 

impact atmospheric 

composition on a global 

scale [1]. Both, the ad-

sorption, and the hetero-

geneous chemistry vary 

with the gas-phase par-

tial pressure of the ad-

sorbate/reactant [2].  

The concentration of 

gases in experiments 

with relevance to atmos-

pheric science spans or-

ders of magnitude, from 

about 5 mbar water va-

por to 1E-2 mbar of vol-

atile organics, and 1E-

6 mbar for acidic trace 

gases (Fig. 2).  

Interaction of the trace 

gases at such low con-

centration with the walls 

of the gas delivery sys-

tem may lead to loss and 

to slow response times 

[3]. To optimize 

transport, an inert fluoro-

polymer (PFA) transport 

line was introduced to 

the ISS endstation 

(Fig. 1). Separating the 

trace gas and water vapor transport improves the re-

sponse time further. 

Fig. 3 shows the dosing of phenol at low partial pressure 

with time as determined by a Hiden Quadrupole mass 

spectrometer situated downstream of the sample (Fig. 

1). The detection limit of the mass spectrometer was 

found 4E-6 mbar making it ideal to detect volatile or-

ganics in the gas phase. Interestingly, the surface con-

centration on an ice sample initially reflects the increase 

of gas-phase concentration, before it saturates at higher 

dosing. This is consistent with adsorption isotherms. 

Detailed analysis of the complete data set is ongoing. 

   

Fig. 2: Typical concentration of trace gases in experi-

ments on the adsorption to ice surfaces [2].  

 

Fig. 3: Partial pressure of phenol as determined by mass 

spectrometry (blue line, left axis) and surface concen-

tration of phenol adsorbed to ice based on calibrated X-

ray photoemission spectra (red line, right axis). The 

shaded area represents uncertainties. 
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Amines are ubiquitous atmospheric bases and play 

an important role in neutralizing atmospheric acids. 

We report here first experiments of the adsorption 

of hexylamine on ice using near ambient pressure X-

ray photoelectron spectroscopy (XPS). 

As snow on the ground or cirrus clouds in the upper 

troposphere, ice plays a major role in the radiative 

budget of the Earth because of its high albedo. In addi-

tion, ice provides a large surface area for trace gas – ice 

interactions, which influence the chemistry of the at-

mosphere [1]. Amines are emitted from natural and an-

thropogenic sources [2]. Together with ammonia, they 

neutralize acids and substantially contribute to the for-

mation and burden of particulate matter. Amines are 

semi-volatile, thus occurring in both the gas and particle 

phase. Looking into adsorption of an amine on ice al-

lows studying the response of the ice surface to bases 

and contributes to the question of interfacial acidity. 

Here, we choose hexylamine (HA) as a first example. 

XPS provides us with chemically selective surface com-

position information from the surface of ice equilibrated 

with its vapor pressure. After growing, stabilizing and 

characterizing the ice at -23°C with XPS as in previous 

work [3], we started dosing HA from the headspace of 

a liquid HA solution by means of a leak valve. During 

this procedure, we kept the X-ray photon energy con-

stant at 1000 eV at the same spot on the ice surface, 

while iteratively monitoring the N1s and O1s core level 

photoemission spectra while step-wise opening the 

leak-valve. The absolute partial pressure of hexylamine 

is too low to be measured with a pressure gauge, but the 

spectra clearly reveal the increasing presence of nitro-

gen at the surface. Fig. 1 shows iteration #3 of the N1s 

spectra of hexylamine on ice at -23°C. The width of the 

peak indicates the presence of at least two components 

that we tentatively assign to R–NH2 and R–NH3
+. 

 

Fig. 1: N1s spectrum of hexylamine on ice, from itera-

tion #3. Arrows indicate the evolution of the peaks with 

increasing hexylamine partial pressure.  

Fig. 2 shows a proxy for the N/O elemental ratio, ob-

tained as the ratio of the N 1s and O 1s peak areas, each 

normalized to the total cross-section of the two core lev-

els at 1000 eV, but not considering the different inelas-

tic mean free paths for the photoelectrons with different 

kinetic energy. 

Fig. 2: Normalized N 1s to O 1s signal intensity ratio 

for R–NH2 and R–NH3
+. The hexylamine partial pres-

sure is increased between each iteration.  

The O 1s signal originates from the oxygen in H2O, thus 

ice. Since the amount of ice probed is assumed to stay 

almost constant with increasing HA pressure, the N/O 

is expected to increase with increasing surface coverage 

of HA. From iteration #1 to #4, we observe an increase 

in both R–NH2 and  R–NH3
+ . The fact that already 

measurable signal was observed in the first iteration re-

sults from test experiments with HA on the sample 

holder performed prior to this experiment, so that HA 

desorbing from the chamber walls was leading to a sig-

nal already prior to opening the leak-valve. In an at-

tempt to interpret the observed N/O ratios quantita-

tively, even the lowest observed N/O was higher than 

the ~0.01 expected for a monolayer of HA on ice so that 

we likely had a multilayer covering the ice. In iteration 

#5, we observe that the R–NH2 increase while 

R–NH3
+ vanishes. Our interpretation is that the supply 

of HA was high enough to condense and/or melt the sur-

face by formation of a solution. From the endoscope im-

age, bubbles were visible, suggesting the formation of 

bilayers or other complex structures.   

Further experiments at much lower HA partial pressures 

are needed to explore the adsorption isotherm of HA on 

ice as well as to assess the degree of protonation. 
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Air-water and air-ice interfaces are omnipresent in 

nature. Here we report on the adsorption of organic 

pollutants on the air-ice interface monitored by am-

bient pressure X-ray photoelectron spectroscopy. 

Ambient pressure X-ray photoelectron spectroscopy 

(XPS) has been established as important technique to in-

vestigate liquid-vapor and ice-vapor interfaces [1]. This 

technique is particularly useful to study the electronic 

structure and chemical composition at the interface, 

which allows gaining direct insight into complex chemi-

cal reactions at aqueous interfaces, which are highly rel-

evant in environmental and atmospheric science. This in-

formation is paramount to improving current models of 

atmospheric reactions. 

Our investigation focusses on the interaction of phenol 

with ice, since phenol and other phenolic compounds are 

toxic organic pollutants produced by anthropogenic and 

natural sources and can be regularly found in the atmos-

phere and the aquatic environment, such as the snow-

pack. 

We have used the ambient pressure XPS endstation in 

conjunction with the ISS beamline at SLS, which allows 

for the study of ice surfaces using the cryo-sample holder 

[2]. With this instrumentation we performed in-situ ex-

periments on the uptake of gaseous phenol on the ice sur-

face over the temperature range from 213 to 253 K. 

Ice samples were grown by adjusting the water vapor 

pressure in the experimental cell to the equilibrium vapor 

pressure of water at the respective temperature of the 

sample holder. The uptake experiment was then per-

formed by exposing the ice sample to a stream of phenol 

in a N2 carrier gas. The adsorption of phenol was moni-

tored by recording C1s and O1s spectra during continu-

ous increase of the phenol partial pressure in the sample 

cell. Fig. 1 (a) and (b) show representative core level 

spectra recorded at hν = 900 eV and at a pressure of 

0.99 mbar (water + phenol in N2). In the C1s region the 

signal is comprised of phenol and an unknown carbon 

contamination. The phenol features in this deconvolution 

were constrained by data acquired previously in aqueous 

solutions of phenol [3]. The O1s signal shows a small gas 

phase peak due to water vapor and a condensed phase 

contribution due to ice. 

From these spectra the C/O ratio corrected by the respec-

tive photoionization cross section and the electron signal 

attenuation by the gas phase was then used to reveal the 

uptake behavior of phenol. Fig. 1 (c) shows the C/O ratio 

as a function of the mass signal m/z = 94 (phenol). The 

mass signal was recorded by a quadrupole mass spec-

trometer attached close to the sample. It monitors the gas-

phase composition, and the mass signal is proportional to 

the phenol partial pressure in the experimental cell. While 

the signal of the carbon contamination stays relatively 

constant, the signal intensity of phenol increases non-lin-

early with increasing phenol partial pressure. At first 

glance the C/O ratio resembles a Langmuir isotherm. 

Further data analysis is ongoing for a more reliable char-

acterization of the uptake process of phenol at the ice sur-

face. The next round of experiments will focus on the het-

erogeneous reaction of phenol with reactive trace gases 

at the ice surface. 

 

Fig. 1: (a) C1s and (b) O1s core-level spectra. (c) C/O 

ratio as a function of the m/z = 94 signal (proportional 

to the phenol partial pressure and total pressure in the 

experiment). The respective pressure range covered in 

this experiment corresponds to 0.35 – 1.0 mbar. 

____________________________________________ 

We acknowledge funding from the Swiss National Sci-

ence Foundation (Grant 178962). 

 

[1] R. Dupuy et al., J. Chem. Phys., 154, art. no. 

060901 (2021).  

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

[3] J. L. Solomon et al., Surf. Sci., 255, 12-30 (1991). 

 

PHENOL ADSORPTION ON ICE MONITORED BY IN SITU XPS 

C. Richter, R. Dupuy (FHI), L. Artiglia (PSI LSK & LUC), M. Ammann, T. Bartels-Rausch (PSI), H. Bluhm (FHI) 



21 

The acid-base equilibrium is a central concept in 

chemistry. Experiments on the temperature trend of 

the dissociation at the ice surface support a unique 

mechanism of interfacial dissociation. 

 

Fig. 1: Illustration of the dissociation of HCl (green 

spheres) in the interfacial region of ice (red spheres) 

upon adsorption [1]. 

 

The dissociation of acids at the air-ice interface is linked 

to their tendency to form hydrogen bonds with water 

molecules [2]. This requires flexibility in the hydrogen 

bonding network as water molecules need to rotate and 

twist away from the more rigid alignment in hexagonal 

ice (Fig. 1). Fig. 2 shows a larger dissociation degree of 

acetic acid at the ice surface with increasing tempera-

ture. This finding supports the impact of the interfacial 

disorder at ice surfaces, which increases with tempera-

ture [3], on chemistry.  The photoelectron spectra of 

acids reveal the protonation degree, because electrons 

emitted from these molecular forms have different ki-

netic energies [4]. We found a dissociation degree of 

30% at -55°C, and of 50% at -25°C. This trend is in ex-

cellent agreement with previous studies, giving 40% at 

-40°C. Further comparison with the temperature trend 

of dissociation in aqueous solutions is ongoing. Surface 

coverage in these experiments was approximately 1014 

molecules per cm2. 
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Fig. 2: Carbon 1s X-ray photoelectron spectra of acetic 

acid adsorbed to ice at -25°C (light blue dots) and at -

55°C (dark blue dots). The two gauss-shaped features 

originate from the methyl- and from the carboxylic car-

bon of acetic acid. Also shown are deconvolutions of 

the signal revealing the dissociated (yellow) and undis-

sociated fraction (red) of the acid at the air-ice interface. 

The slight underestimation of the methyl group’s de-

convoluted signal might indicate beam induced damage 

of the acetic acid, detailed analysis is ongoing.   

 

The result suggests that dissociation at the interface is 

not an equilibrium process as it is in water, but depends 

on the molecular structure of the interfacial region.  

GOODBYE BRØNSTED – HELLO INTERFACIAL ACID-BASE 
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A 21 m shallow ice core from Colle Gnifetti recov-

ered in 2021 was cross-dated with previously drilled 

ice cores. The major ion signals are nicely preserved, 

which is a prerequisite for future studies of organic 

tracers in this shallow core.  

High-alpine ice cores allow access to pollution records 

back to pre-industrial times. However, these natural ar-

chives are in danger of melting. Recently Sommer et al. 

[1] stated that all zones of the glaciers in the Alps are 

experiencing melt, including the accumulation zone. 

Since 1976, several ice core studies have been con-

ducted on Colle Gnifetti, Monte Rosa, which is the 

highest ice core site in the Alps at 4450 m a.s.l. In June 

2021 we collected a 21 m shallow core to investigate 

the preservation of organic tracers [2]. The limited 

amount and thickness of ice lenses observed in the shal-

low core suggests that surface melt water formation is 

still limited. For the analyses of organic tracers, the core 

was cut as soon as the cores arrived in the laboratory, in 

order to reduce possible contamination from storage in 

plastic sleeves. The obtained core was dated applying 

annual layer counting using stable isotopes (18O) and 

the seasonal variation of major ions (e.g., ammonium 

(NH4
+)). In Fig. 1a) the good agreement between the 

two 18O records from the cores collected on Colle 

Gnifetti in 2015 (CG15) and 2021 (CG21) for the over-

lapping period (1995-2015) is shown. In addition, we 

observe preservation of the concentration and seasonal 

cycle of NH4
+ (Fig. 1b)), indicating that summer surface 

melt has had a negligible effect on the records. 

To underline the preservation of major ions we com-

pared annual averages and 5-year averages of major ion 

concentrations of CG15/CG03 and CG21. The sulfate 

(SO4
2-) record is shown as an example in Fig. 2. Both, 

annual and 5-years averages agree well and reflect the 

continuous downward trend of sulfate concentrations as 

a positive consequence of air pollution control measures 

(Fig. 2 ). This shallow ice core will be analyzed for or-

ganic tracers. The results will serve as baseline to assess 

the effect of melting on organic tracers in the shallow 

ice core drilled on Grand Combin in 2020 where we ob-

served substantial melt influence on the major ion rec-

ords [3]. 

 

Fig. 1: Comparison of two records from ice cores 

drilled at Colle Gnifetti in 2015 and 2021. Good agree-

ment for a) 18O and b) concentration of ammonium. 
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Fig. 2: Concentration records for sulfate from Colle Gnifetti shown as a) annual averages and b) 5-year averages 

covering the period of 1750-2015.

CROSS-DATING A COLLE GNIFETTI SHALLOW ICE CORE 
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With the current warming, many valuable ice ar-

chives of past climate are in danger of being lost for-

ever. Under the umbrella of ICE MEMORY, paral-

lel ice (~80 m) and firn cores (~20 m) cores were 

drilled on Colle Gnifetti in June 2021. While one of 

the deep cores is aimed for preservation, as a herit-

age to posterity and future generations of scientists, 

the other cores will act as a reference. 

The glacier saddle on Colle Gnifetti (Monte Rosa) is 

probably one of the best studied high elevation glacier 

sites in entire Europe. With 4450 m asl., it also marks 

the highest ice coring site in the Alps, first sampled in 

1976. In this millennium, the Laboratory of Environ-

mental Chemistry resampled the site with ice cores to 

bedrock in 2003 [1] and 2015 [2]. Within the framework 

of the international initiative ICE MEMORY (IM) [3], 

another site on Grand Combin was thus first aimed for 

in fall 2020. However, being at a lower elevation of 

4100 m asl., it showed to already be too late to preserve 

a core from there [4, 5]. It also underlined that urgent 

action is needed. In 2021, PSI, in collaboration with the 

Ca’ Foscari University of Venice, thus immediately in-

vested in a new drilling expedition to Colle Gnifetti, 

recognized to likely be the last remaining site in the 

Alps to go for the objective of ICE MEMORY.  

From 1-9 June, two parallel ice cores (82.7 m and 80.5 

m), around 1.5 m distant from each other, were success-

fully extracted from the same spot sampled back in 

2003 (45.92948° N, 7.87495° E; 4468 m asl.). In addi-

tion, two firn cores of 21 m (PSI) and ~15 m (Kovacs 

drill; Ca’ Foscari) were collected, aiming, among other 

things, for investigation of the most recent effects and 

changes to the archive from warming [e.g. 6].  

 

Fig. 1: Capanna Regina Margherita and drill site (red 

arrow). Bottom: Lift-off from Capanna Gnifetti and 

drill tent build-up. 

For the operation, the Swiss and Italian teams started 

from their respective countries. The PSI team, starting 

by helicopter from Zermatt, unloaded and secured the 

drilling equipment on the glacier saddle and then con-

tinued to the Capanna Gnifetti (3650 m asl.) to team up 

with the Italian members for two nights of acclimatiza-

tion (switch from Swiss to Italian helicopter required on 

Testa Grigia). All team members and the remaining 

equipment was then flown up from there on 3rd June, 

when the drilling tent and drill was set-up and the first 

10 m were drilled. For the remaining period, the team 

was accommodated in the Capanna Regina Margherita 

(4554 m asl.). See Fig. 1. 

Fig. 2: Drilling in progress and full commitment to use 

solar power even during snowfall 

For drilling, the PSI electromechanical drill (icedrill.ch) 

was employed. For both cores, most of the drilling was 

performed using a stainless steel cutting ring. The first 

core, which was obtained with excellent ice core qual-

ity, surpassed a characteristic, thick dust layer just 

above bedrock (starting at ~80.6 m depth), so far only 

recovered in the 2003 core [7]. Slightly warmer temper-

atures and higher humidity in the second half of the op-

eration aggravated drilling, which was then mostly con-

ducted in the early morning or late evening/night. De-

spite the closeness of the two boreholes and drilling 

with similar settings, the ice core quality was partly 

worse for core 2, with sections recovered as brittle ice. 

Unfortunately, same depth as for core one could not be 

reached, likely because of hitting (a) small rock(s), pre-

venting further ice perforation, see Fig. 2. 

At the end of operation, all personnel and equipment in-

cluding boxes with ice cores returned to their respective 

starting base by helicopter. The ice was then transported 

to the large freezer facilities for current storage (freezer 

truck or cooled by dry ice). See first results for the 21 m 

shallow analyzed at PSI in [6].  
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A 224 m long ice core was extracted from temperate 

ice in April 2021 on Pian di Neve (Adamello Glacier, 

Italy) using the PSI thermal drill. 

The Adamello is the largest glacier in Italy with an ex-

tension of 16.3 km2, but is located at a relative low ele-

vation of 2500-3400 m asl.. At present, it is affected by 

considerable mass loss even in the (former) accumula-

tion area. A shallow core drilled in 2016 showed, that 

despite the temperate glacier conditions with negative 

mass balance even on the high plateau (Pian di Neve, 

~3100 m asl.), and consequentially an age of the ice sur-

face different from the date of drilling (~20 years in 

2016) this site has potential to still contain a valuable 

ice archive (1). Dating of the ice was shown to be pos-

sible and a variety of proxies in the ice can still be used 

for paleo interpretation. Based on a predicted thickness 

of around 270 m (ground penetrating radar), the 

Adamello ice archive was estimated to potentially cover 

significantly more than 1000 years of local and regional 

climate and pollution history [1].   

 

Fig. 1: Map showing the location of the summit of 

Adamello and the ADA270 ice core drill site on the Pian 

di Neve glacier. 

The ADA270 field activities at the same location sam-

pled in 2016 (617616, 5111580 WGS84 UTM32; see 

Fig. 1), took place in April 2021. The lead was by the 

University of Milano Bicocca (Italy), with funding from 

private and commercial donors as well as from regional 

and local municipalities, which also built up camp in-

frastructure (all transport by helicopter from/to Tému). 

The drilling itself was carried out by PSI (9.4.-16.4.) af-

ter a two-day travel by car and trailer (~1 t of equip-

ment).  The first 28 m were drilled electromechani-

cally, until the borehole filled with water and required 

switching to the thermal drill module (2nd day). Thermal 

drilling was then conducted continuously (24 h/day) in 

three shifts (2-3 people each) to avoid closure of the 

borehole due to the high dynamic of temperate ice flow. 

Fortunately, the water in the borehole never drained 

with a water table surface constantly around 30 m below 

surface, which helped to stabilize the borehole). Bed-

rock was finally reached on April 16 at a final depth of 

224 m. 

Fig. 2: Drill location and inside of the drill tent (top). 

Bottom most ADA270 ice core section. Note the crys-

tal-clear ice (no dust from mechanical drilling) allow-

ing to visibly recognizing ice crystal size and larger 

particles (dust/rocks, organic fragments). 

New modifications on the thermal drill module proofed 

to be highly beneficial. Instead of using the motor of the 

electromechanical drill [2], a light, hollow frame was 

used as connection piece between cable (including 

power line) and drill. This allowed for much faster 

travel speed in the water-filled borehole due to reduced 

resistance from buoyancy when lowering the drill. Fur-

ther, it helped shifting the center of mass much closer to 

the melt head, with mass now contained in a much heav-

ier core tube. This made the drill behave more sta-

ble/steady while drilling. Together with the also im-

proved melt-head (larger heated surface area), the drill 

speed was increased (2.5 m h-1 on average) and ice cores 

were more even in shape and bigger in diameter (~7.8 

cm) compared to the previous version of the drill. A 

heat-cone (“Arnold”), as a replacement of the melt head 

allowed to (i) rim the borehole whenever it started to 

close off (every ~8 h at specific depths) and to (ii) sub-

sequently remove dirt and even small rocks after being 

collected in the melted, confined small spot in the mid-

dle of the core cross section. 

Currently, the ice is stored at EuroCold Lab in Milano 

awaiting analysis for a variety of parameters including 

dust, pollen and 14C for dating. 
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By using optimized method procedures, the concen-

trations of trace elements (TE) in ice cores deter-

mined by different instrumental systems (ICP-TOF-

MS and ICP-SF-MS) showed good agreement, both 

for soluble elements as well as for insoluble elements. 

For analyzing TEs in ice cores, inductively coupled 

plasma mass spectrometry (ICP-MS) is the method of 

choice. Sector Field MS (ICP-SF-MS) has the ad-

vantage of high sensitivity and low detection limits. The 

benefit of Time of Flight MS (ICP-TOF-MS) is the 

faster analysis time even for a wide element spectrum; 

therefore, it can be used to measure single particles and 

their elemental composition.  

Previous studies showed similar trends but differences 

in absolute concentrations of TEs in ice cores when us-

ing either instrument [1]. This effect was particularly 

evident for insoluble, and much less for soluble ele-

ments. For conventional TE analysis of ice cores at PSI, 

the samples are melted, manually acidified for 1 to 2.5 

h and then measured with ICP-SF-MS. At the ICP-

TOF-MS, incorporated into the continuous flow (CFA) 

system at the University of Bern, a continuous acidifi-

cation is applied in the inlet system, less than 20 s before 

the measurement. Previous experiments showed that, 

depending on the time of acidification, large differences 

in concentration of TEs can be observed [2, 3]. There-

fore we reduced the manual acidification prior to anal-

ysis by ICP-SF-MS to a still manageable short time of 

1.5 min. An increase of the acidification time instead 

was not considered, because it could lead to dissolution 

of particles, prohibiting analysis of their elemental com-

position. Because of the inhomogeneity in environmen-

tal ice the use of aliquots would be preferential for most 

direct comparability between the two analytical sys-

tems. This was not possible because the instruments are 

located at different places. Previous experiments 

showed that element concentrations between aliquots of 

melted samples differed, unless acidified before [4]. 

This however will causes storage effects (even if refro-

zen), again most likely mainly related to a then in-

creased time in acidification [2]. Therefore, separate, 

parallel samples were cut from the ice core of the Cerro 

Negro glacier (Chilean Andes, [5]) for this study. 

With the above method optimizations in sample prepa-

ration, we achieved to significantly reduce the previ-

ously observed discrepancy of concentrations obtained 

with the two systems (Fig. 1). Similar to the previous 

results (2018 in Fig. 1, [1]), analysis applying new, op-

timized method procedures (2021) shows good agree-

ment for soluble elements such as sodium (Fig. 1). 

However, for rather insoluble elements like lead, the op-

timization significantly improved the agreement be-

tween the results from the two systems (Fig. 1). This is 

in agreement with our expectations, considering the fact 

that insoluble elements showed to be more affected by 

differences in acidification time [2, 3]. An explanation 

is that these elements are usually more strongly bound 

in minerals and thus harder to dissolve. While the small 

deviations at individual depths can be explained by the 

inhomogeneities in the ice, the average over all samples 

now shows near perfect agreement. 

 

Fig. 1: Results from a previous study (2018, [1]) and 

new results with optimized method procedures (2021). 

Error bands show the standard deviation (n=3). The av-

erage over all samples is displayed to the right (Avg).  

In a next step, we plan to use a desolvating nebulizer 

(Apex Omega) at the ICP-TOF-MS, similar to the ICP-

SF-MS, allowing to achieve higher instrument sensitiv-

ity. 
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The filter unit in the extraction system for dissolved 

organic carbon was modified, allowing now simulta-

neous extraction of all carbonaceous aerosol frac-

tions from a single ice sample. 

Atmospheric aerosols influence the climate in two main 

ways: directly by affecting the balance of incoming and 

outgoing solar radiation and indirectly by altering cloud 

properties. Carbonaceous aerosol is the dominant com-

ponent of the total aerosol mass, accounting roughly 

40% [1]. It consists of two major fractions, elemental 

carbon (EC) and organic carbon (OC). Based on its sol-

ubility, OC is further divided into dissolved organic car-

bon (DOC) and particulate organic carbon (POC). Nat-

ural archives, such as ice cores, provide access to sam-

ples representing past climate and atmospheric condi-

tions, and thanks to radiocarbon (14C) analysis, carbo-

naceous aerosols can be assigned to their original 

sources and used for dating [2]. 

 
Fig. 1: The illustration shows an exploded view of the 

filter unit with all associated compression-fitting parts.  

Two different setups have been used to extract carbona-

ceous aerosols from the ice. Until now, the insoluble 

carbonaceous particles were filtered onto preheated 

quartz-fibre filters using a dedicated glass filtration unit 

(hereafter referred to as POC-setup, [3]). Our goal was 

to implement a quantitative filtration step also in our 

DOC extraction setup [4].  

Unrelated to the physical filtration of particles, the re-

moval of carbonate from POC is also a crucial part of 

source apportionment. It was previously shown that 14C 

dating based on DOC and POC yield similar ages [4]. 

Only samples with high dust content showed an age off-

set between the methods, which was attributed to in-

complete removal of carbonates on the filter. So far, the 

the removal of carbonates from POC takes place in two 

steps: first, 20 ml of 1 M HCl is added to the melted ice 

before filtration, and second, the insoluble particles on 

the filter are acidified three times with 50 µl of 0.2 M 

HCl. The challenge is to ensure that both, filtration and 

carbonate removal efficiency, is high and reproducible 

(i.e. quantitative). The goal was to allow determination 

of all fractions (POC, DOC and EC) in a single ice sam-

ple. This would reduce requirement of valuable ice and 

time investment for sample preparation. We therefore 

performed (i) modifications to optimize the filtration 

setup of the DOC system and (ii) experimental tests to 

investigate its efficiency and (iii) improvements for car-

bonate removal from POC. For the latter, the question 

if acidification of the melted ice sample can be omitted 

prior to filtration was addressed (not possible if the fil-

trate is intended for subsequent molecular tracer analy-

sis of the DOC fraction).  

We implemented a new filter unit (Fig. 1) made out of 

polyetheretherketone (PEEK, characterized by excel-

lent chemical resistance and easy to machine due to its 

mechanical properties) into the existing DOC setup. To 

ensure that the glass tube is pressed directly onto the 

filter, without shear forces leading to filter damage, a 

compression fitting was used. Two O-rings thereby sup-

port the filter and assure the assembly to be airtight. To 

test the efficiency and reproducibility of the filtration, a 

suspension of an Urban Dust (UD) reference standard 

(SRM 1649a) was used (I, Tab. 1). For testing the car-

bonate removal step (II, Tab. 1), we used a suspension 

of high concentration of Saharan dust with internal 

standard addition of UD. 

The experimental results are shown in Tab. 1. The fil-

tration with both setups yields (I) comparable amounts 

of carbon and F14C values (in good agreement with the 

literature value [2]). The significant difference in mass 

and an isotopic mass balance calculation underlined the 

significant improvement of (II) carbonate removal by 

the new acidification procedure.  

Tab. 1: Comparison of filtration efficiency (I) between 

the previous POC filtration and the filtration unit imple-

mented in the DOC setup. Acidification test (II) with 

two different acid concentrations and their correspond-

ing estimated removal efficiency. 

(I) Filtration efficiency test  

mass C [µg] 

 

F14C*  Filtration method 
 DOC setup (n=6) 24.7 ± 3.3 0.72 ± 0.02 
 POC setup (n=6) 25.4 ± 3.8 0.71 ± 0.02 

(II) Acidification test  

mass C [µg] 

 

removal eff.**  Acid concentration 
 0.2 M HCl (n=2) 862.9 ± 43.3 91 ± 2  % 
 1 M HCl (n=3) 419.1 ± 21.2 ~100 % 

Literature values: *F14C of UD: 0.70 ± 0.05 (OC) [2]; removal eff.: **95 ± 2 % [5] 
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The upper part of a new ice core recovered from the 

Belukha glacier in 2018 covers the period 1935-2018 

and demonstrates a good agreement in the major ion 

records with the previously studied 2001 Belukha ice 

core. 

A new 160 m ice core was drilled in June 2018 (B18) 

on Belukha glacier in the Siberian Altai (4060 m a.s.l., 

49°48'27.7''N, 86°34'46.5''E) [1]. The drilling took 

place approximately 90 m NE of the drilling site, where 

a previous ice core was recovered in 2001 (B01). The 

obtained B18 ice core is used, among others, to recon-

struct the recent heavy metal emissions from the former 

Soviet Union.  

The upper 44 m (31.6 m w.eq.) of the B18 core were 

analyzed for major ions, water stable isotopes, black 

carbon and trace elements. This part was dated using a 

combination of independent methods: annual layer 

counting (ALC), tritium (3H) dating, and cross-dating 

through a comparison of melt features, water stable iso-

tope, and major ion records with the previously dated 

B01 core. The first dating attempt of the upper 26.5 m 

was performed a year ago, however, that record was 

lacking reference horizons [2]. Based on the new anal-

yses we were able to confirm some of the old reference 

horizons and establish new ones. Accordingly, the five 

reference horizons of known age in the B18 core are 

(Fig. 1): (1) year 2018.5 at 0 m w.eq. (drilling date); 

(2) year 2001 at 10.5 m w.eq. (onset B01 core in the 

B18 records based on the agreement of Ca2+, NH4
+ and 

exSO4
2- records, and (3) similarity in strong melt fea-

tures (20 cm and 24 cm thick ice lenses at 11.5 and 12.0 

m w.eq. in the B18 core, respectively); (4) year 1963 at 

23 m w.eq. based on the maximum in tritium [3]; (5) 

year 1935 at 31.6 m w.eq. based on the agreement in 

δ18O records (end of the record). ALC based on the sea-

sonal variation of δ18O, NH4
+ and exSO4

2- and black car-

bon (BC) was performed using the “IceCoreDating” 

software. Additionally, major ion records before 2001 

of the two ice cores were synchronized, where possible, 

using a specialized “CoreMatch” software.  

The new reference horizons have enabled us to establish 

a precise age-depth scale of the upper 31.6 m w.eq., 

covering the period 1935–2018. The dating resulted in 

a high accumulation rate of 0.60 m w.eq. for the B18 

core between 2001 and 2018, and a much lower accu-

mulation of 0.33 m w.eq. between 1935 and 2001 (Fig. 

1). Currently we cannot explain the observed strong de-

crease in the accumulation rate. The accumulation rate 

of the B01 core for the corresponding period 1935-2001 

was 0.48 m w.eq. The established time scale is corrob-

orated by the good agreement between the major ion 

records of the two ice cores. NH4
+ and exSO4

2- records 

of the B18 and B01 cores correlate well based on the 

10-year mean concentration records (Fig. 2). General 

trends agree also for the annual records, whereas partial 

differences might be explained by the dating uncer-

tainty, local variations in precipitation, wind-redistribu-

tion or glaciological effects. 

 

Fig. 1: δ18O record (3-point moving averages) for the 

2018 Belukha ice core (B18) together with reference 

horizons discussed in the text.  

 

 

Fig. 2: NH4
+ (top) and exSO4

2- (bottom) records for the 

B18 (red) and B01 (black) Belukha ice cores. Shown 

are annual (thin lines) and 10-year (thick lines) mean 

concentrations. 
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The refreezing of previously molten ice samples has 

been frequently used as a strategy to temporary 

store samples. In this study, we demonstrate that this 

approach can affect the accuracy of the results.  

To reliably identify and quantify organic compounds in 

ice and snow samples, it is fundamental to evaluate their 

stability and preservation along the entire analytical 

procedure. In some studies [1], molten ice samples were 

refrozen prior to analysis, but little is known about the 

preservation of the compounds in the samples during 

this step. Previous investigations performed on different 

chemicals (drugs) and matrices (wastewater) showed 

divergent results [2,3], indicating that case-specific 

studies are needed to assess the analytes’ preservation 

when the samples are refrozen. In this context, we in-

vestigated the preservation of six organic tracers (syrin-

gic acid, vanillic acid, syringaldehyde, p-hydroxyben-

zoic acid and pinic acid) in refrozen ice samples.  

To study this phenomenon on real ice and snow sam-

ples, we developed a new Solid Phase Extraction (SPE) 

methodology followed by a Ultra High Performance 

Liquid Chromatography and High Resolution Mass 

Spectrometry (UHPLC-HRMS) analysis. The method 

showed average recoveries of 76% (58-88%), excellent 

inter-day reproducibility, no significant matrix effects 

and fast analysis time (15 min per sample). The method 

detection limits for the different tracers, quantified as 3 

times the standard deviation of the average value of the 

procedural blanks (n=16), were significantly lower than 

the concentration ranges observed in ice samples from 

different locations [4,5]. The instrumental accuracy and 

precision at 10 ng g-1 were between -0.01% and 0.4% 

and between 0.2% and 1.0% RSD, respectively.  

The refreezing effect was investigated using different 

snow matrices and different analyte concentrations. The 

experiments are summarized as follows: 

a) 400 g of snow were molten and spiked with the 

targeted compounds to reach a final spiked 

concentration of 0.1 ng g-1. The sample was di-

vided into 12 aliquots: 4 were extracted and 

analyzed the same day, the other 8 were frozen 

for 24 and 48 hours, respectively, then ex-

tracted and analyzed ; 

b) as for a), but the spiked concentration was 0.03 

ng g-1 ; 

c) 2x30 mL real sample aliquots were spiked to 

reach a final added concentration of 0.03 ng g-

1. One aliquot was immediately extracted and 

analyzed, while the other was kept frozen for 

7 days, then extracted and analyzed. This pro-

cedure was repeated for 6 different samples.  

The results of the experiments (Fig. 1) show that the re-

freezing of previously molten ice samples led to a sig-

nificant absolute mass loss that can affect the quality of 

the analysis, especially for those samples where the or-

ganic tracer concentrations were low (0.03 ng g-1). We 

hypothesize that the reason of this phenomenon is the 

adsorption to the walls of the glassware used in this 

study [6].  

In light of this, alternative sample storage strategies 

should be preferred. The freezing of loaded and dried 

SPE cartridges seems to be an effective approach in re-

ducing mass losses [6], as also confirmed by specific 

investigations performed on the six targeted compounds 

used for this study on real ice samples (not shown in this 

report). 

 
Fig. 1: Mass losses observed for syringic acid, vanillic 

acid and syringaldehyde in the 0.03 ng g-1 (n= 18, red 

bar) and in the 0.1 ng g-1 spiked samples (n = 12, black 

bar). The mass loss was more evident at the lowest con-

centrations for syringic and vanillic acid, while it was 

similar at both concentration levels for syringaldehyde. 
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Cd, Cu, Hg, Pb, and Zn emission estimates for the 

territory of the FSU in the period 1975-2015 suggest 

a significant drop in emissions after 1990 following 

the economic crisis and disintegration of the USSR. 

Air pollution from metallurgical industries and fossil 

fuel combustion in the FSU caused widespread damage 

on the environment and human health. The develop-

ment of heavy metal emissions in this region during the 

last ~40 years is, however, not well understood and pub-

lished data vary about one order of magnitude depend-

ing on the data source, as official statistical data or ex-

pert evaluations [1]. Here we provide new emissions es-

timates for the heavy metals Cd, Cu, Hg, Pb, and Zn. 

These data are used for cross-comparison and validation 

of ice-core heavy metal records obtained from glaciers 

in the Siberian and Mongolian Altai, influenced by 

emissions from the territory of the FSU [2].   

The calculation of heavy metal emissions was per-

formed based on (1): 

(1) Ei, m = Vm * Fi, m * Vi, m   

(Ei, m…emissions of metal i from sector m, tons;  

Vm…production in sector m, million tons; 

Fi…emission factor of metal i, g / t;  

Vi, m…vector of emission factor of metal i in sector m). 

 
Fig. 1: Compilation of estimated Cd, Cu, Hg, Pb, and 

Zn emissions on the territory of the FSU. 

Various sources have been used to infer production and 

emission quantities and factors (see e.g. [3-4]). Major 

emission sources during the investigated 40 years were 

copper production (Cu, Cd), or copper and steel produc-

tion (Zn). Pb was mainly emitted from mobile sources 

until the phasing out of leaded gasoline in the late 

1990s-2000s, later the main source was copper produc-

tion (see Tab. 1). The main Hg emitter during the 40 

years was fuel combustion (energy sector), caustic soda 

and mercury production before 1990. 

Results of the estimates show high concentrations of all 

five investigated metals until 1990, a strong drop bet-

ween 1990 and 1995, and decreasing values afterwards 

(Fig. 1). The strong drop after 1990 is related to the eco-

nomic crisis of the USSR and its disintegration in 1991. 

The decreasing values afterwards are mainly due to the 

technological changes and implementation of abate-

ment measures and the decrease in metal production.   

Our new emission estimates allowed to significantly 

amend emission data officially submitted to the Con-

vention on Long-Range Transboundary Air Pollution 

(LRTAP) to the EMEP programme, as well as expert 

estimates, prepared by the Centre on Emission Invento-

ries and Projections (CEIP) [5] and Meteorological 

Synthesizing Centre - East (MSC-E) [6]. Slight differ-

ences to expert emission estimates of Cd, Hg, and Pb 

(years 1990, 1995) [1] are related to the improved me-

thod by the introduction of dynamic emission factors. 
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Tab. 1: FSU Pb emission estimates (t) from different source sectors in the period 1975-2015. 

Sector 1975 1980 1985 1990 1995 2000 2005 2010 2015 

Fuel combustion (energy sector) 166.9 187.4 187.3 187.2 101.1 83 73.2 66.2 67.1 

Fuel combustion (housing and 

communal sector) 

20.4 21.1 21.3 22.2 3.5 1.2 3.2 4.9 2.7 

Fuel combustion (domestic sector) 27.8 29.2 29.5 31.4 21.3 18.1 5.3 5.8 8 

Primary lead production 2902.3 3174.3 2591.3 2089.4 481.9 657.5 312 230.9 229.4 

Primary zinc production 334.7 378.4 375 333.9 155.7 159.4 137.7 77.4 69.2 

Primary copper production 4545 4053.6 3656.5 5575.2 2825.6 2763.5 2053.2 1500.6 1186.8 

Cement production  731.5 750 687.8 694.3 233.5 152.8 175.3 124.9 125.4 

Nickel production  91.2 87 79.2 78.4 43.8 45.1 44.8 31 19.1 

Steel production 2261.2 2368 2066.7 2068.2 911.2 937.8 776.1 576.3 431.4 

Mobile sources 9504.3 11672.3 11517.4 10924.8 5042.5 2027.7 227.2 42.1 3.8 

Others 46.3 28.3 20.5 57.1 55.6 27.7 62.6 8.3 25.1 

Total 20631.6 22749.6 21232.5 22062.1 9875.7 6873.8 3870.6 2668.4 2168 
 

HEAVY METAL EMISSION ESTIMATES FOR THE FORMER SOVIET UNION (FSU) 

S. Kakareka, T. Kukharchyk (INM Minsk), A. Eichler (PSI) 



30 

Ice cores from mountain glaciers and polar ice sheets 

contain long-term records of aerosol constituents, 

which are indispensable to constrain model simula-

tions of global aerosol radiative forcing. 

There has been a tremendous improvement in the un-

derstanding of atmospheric aerosols and their climate 

effect over the last decades. However, due to the large 

complexity of atmospheric aerosols a robust quantifica-

tion of their climate effect is still lacking. In contrast to 

long-lived, well-mixed greenhouse gases, aerosol parti-

cles have a lifetime in the atmosphere of about one week 

and show therefore a heterogeneous spatial distribution 

with highest concentrations close to the sources. In this 

context, ice core records of aerosol constituents are very 

valuable, since they are available from many regions in 

the mid- and high-latitudes, and allow reconstructing 

aerosol concentration, composition, and trends back to 

the pre-industrial period.  

This is illustrated with the compiled ice-core sulphate 

and black carbon records in Figs. 1 and 2, respectively. 

Sulphate concentrations increased by a factor of 8 from 

the end of the 19th century to the 1970s in Europe, by a 

factor of 4 from the 1940s to the 1970s in Russia, and 

by a factor  of 3 from the end of the 19th century to the 

1950s in the Arctic (Svalbard). In all these regions, con-

centrations have declined since. In contrast, there is no 

anthropogenic peak in Antarctica, which is too remote 

from the sources and only a recent increase in South-

America. 

Fig. 1: Non-sea salt sulphate records from ice cores (10-

year averages) from Europe (Colle Gnifetti [1]), Russia 

(Belukha [2]), the Arctic (Lomonosovfonna [3]), South-

America (Illimani [4]), and Antarctica (stacked record 

including the four ice cores DIV2010, B40, Talos 

Dome, and DFS10 [5]). 

The black carbon concentrations show trends similar to 

sulphate, except that the maximum in Europe and the 

Arctic (Svalbard and Greenland) was earlier, i.e. al-

ready in the 1920s. This is in contrast to black carbon 

simulations of 11 Earth system models of the latest gen-

eration, which show the main peak in the 1970s in Eu-

rope and Greenland, suggesting large uncertainties in 

the emission estimates used in these models [6]. 

Modified versions of the two figures are included in the 

newest IPCC report [7], whereby seven of the eleven 

data sets were produced by our group. 

 

Fig. 2: Black carbon records from ice cores (10-year 

averages) from Europe (Colle Gnifetti [8]), the Arctic 

(Lomonosovfonna [9]), South-America (Illimani [10]), 

Eastern Europe (Elbrus [11]), Greenland (stacked 

record including the four ice cores NEEM-2011-S1, 

D4, TUNU2013, and Summit2010 [8 and references 

therein]) and Antarctica (B40 [12]).  
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