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Abstract

Emulsion and bulk freezing experiments were performed to investigate immersion ice
nucleation on clay minerals in pure water, using various kaolinites, montmorillonites,
illites as well as natural dust from the Hoggar Mountains in the Saharan region. DSC
(differential scanning calorimeter) measurements were performed on the kaolinites5

KGa-1b and KGa-2 from the Clay Mineral Society and kaolinite from Sigma-Aldrich;
the montmorillonites SWy-2 and STx-1b from the Clay Mineral Society and the acid
treated montmorillonites KSF and K-10 from Sigma Aldrich; the illites NX and SE from
Arginotec. The emulsion experiments provide information on the average freezing be-
haviour characterized by the average nucleation sites. These experiments revealed10

one to two distinct heterogeneous freezing peaks, which suggest the presence of a low
number of qualitatively distinct average nucleation site classes. We refer to the peak
at the lowest temperature as “standard peak” and to the one at higher temperatures
as “special peak”. Conversely, freezing in bulk samples is not initiated by the aver-
age nucleation sites, but by a very low number of “best sites”. The kaolinites showed15

quite narrow standard peaks with onset temperatures 239 K< T std
on <242 K and best

sites with averaged median freezing temperature T best
med =257 K. Only the kaolinite from

Sigma Aldrich featured a special peak with freezing onset at 248 K. The illites showed
broad standard peaks with freezing onsets at 244 K< T std

on < 246 K and best sites with
averaged median freezing temperature T best

med = 262 K. Montmorillonites had standard20

peaks with onsets 238 K< T std
on < 240 K and best sites with T best

med = 257 K. SWy-2, M

K10, and KSF featured special peaks with onsets at T spcl
on = 247, 240, and 242 K, re-

spectively. M K10 and KSF both from Sigma Aldrich had less intense standard peaks
compared to the ones from the Clay Mineral Society suggesting that a fraction of the
standard sites are lost by the acid treatment. The acid treatment had however, no25

evident effect on best sites. Our investigations demonstrate that immersion freezing
temperatures of clay minerals strongly depend on the amount of clay mineral present
per droplet and on the exact type (location of collection and pre-treatment) of the clay
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mineral. We suggest that apparently contradictory results obtained by different groups
with different setups can indeed be brought into good agreement when only clay min-
erals of the same type and amount per droplet are compared. The natural sample from
the Hoggar Mountains, a region whose dusts have been shown to be composed mainly
of illite, showed very similar freezing characteristics to the illites with freezing peak on-5

sets 247 K< T std
on < 248 K for the average and T best

med = 261 K for the best sites. Relating
the concentration of best IN to the dust concentration in the atmosphere suggested
that the best IN in the Hoggar sample would be common enough downwind of their
source region to account for ambient IN number densities in the temperature range of
250–260 K at least during dust events.10

1 Introduction

Cloud glaciation in the atmosphere either happens via homogeneous or heterogeneous
ice nucleation. While the former typically occurs at temperatures below ∼238 K, the
latter may take place in the whole temperature range between ice melting at 273 K and
the onset of homogeneous ice nucleation (DeMott et al., 1997). Heterogeneous ice15

nucleation can proceed through different mechanisms: contact freezing (when an ice
nucleus initiates freezing by contacting a supercooled droplet), condensation freezing
(when ice formation occurs during water condensation on a supercooled droplet), de-
position freezing (when an ice embryo forms directly by water vapour condensation on
a surface) and immersion freezing (when freezing of a water droplet occurs on a foreign20

particle immersed in it). Various insoluble particles such as mineral dust, soot, metallic
particles, volcanic ash, or primary biological particles may act as ice nuclei (IN) with
relevance for ice cloud formation (Pruppacher and Klett, 1997; Szyrmer and Zawadzki,
1997; Hoose et al., 2010; DeMott et al., 2010). Among these IN, mineral dusts plays
a predominant role (DeMott et al., 2010).25

Desert dust aerosols strongly influence the Earth’s radiative budget and climate ei-
ther by direct interaction with solar radiation (Haywood et al., 2003) or by acting as IN
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and thus modifying the optical properties of clouds and their lifetime (indirect effect)
(e.g., Levin et al., 1996; Rosenfeld et al., 2001; Yin et al., 2002; Rudich et al., 2002,
2003; Sassen et al., 2003; Toon, 2003; Mahowald and Kiehl, 2003).

Up to 5700 Tg of dust from deserts are injected into the atmosphere every year
(IPCC, 2001). Strong convection over desert areas may lift these aerosols into the5

middle and upper troposphere (Kim et al., 2004), where they can be transported over
long distances (Glaccum and Prospero, 1980; Wiacek and Peter, 2009). A previous
study by Wiacek et al. (2010), which examined forward air parcel trajectories initialised
over desert dust areas, showed that a significant fraction (10–20 %) of the studied tra-
jectories reached temperature and humidity regimes susceptible to mixed-phase cloud10

formation, indicating that freezing in the immersion mode on mineral dust from these
areas could be the most relevant ice formation process.

Residuals of ice crystals that formed at T > 238 K are often enriched in mineral dust
(Kumai, 1961; Kumai and Francis, 1962; DeMott et al., 2003a; Twohy and Poellot,
2005; Kamphus et al., 2010). Some polarization lidar measurements offer evidence15

of desert dust causing the glaciation of supercooled water clouds (e.g., Sassen, 2002;
DeMott et al., 2003b; Sakai et al., 2004; Seifert et al., 2010). However, there seems
to be variability in the IN activity, possibly related to the history and chemical aging of
the dust: Seifert et al. (2010) report that in Central Europe for cloud top temperatures
from −10 to −20 ◦C an increased amount of ice-containing clouds (25–30 % more)20

was observed in air masses that contained Saharan dust compared to air masses
that were advected from dust-free regions. This contrasts with lidar studies at Cape
Verde (Ansmann et al., 2009) and in Southern Morocco (Ansmann et al., 2008), where
cloud top temperatures below −20 ◦C had to be reached before ice production could
be detected.25

Desert dust aerosols are mainly composed of varying shares of illite, kaolinite and
montmorillonite (Kumai, 1961; Kumai and Francis, 1962; O’Hara et al., 2006; Zimmer-
mann et al., 2008; Chudnovsky et al., 2009) depending on the source region (Avila
et al., 1997; Ganor, 1991; Blanco et al., 2003; Moreno et al., 2006). These clay
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minerals have frequently been used as mineral dust surrogates in ice freezing ex-
periments and their ability to act as IN is well established. However, there are large
discrepancies between the observed freezing ranges: while older studies report freez-
ing onsets as high as −12 ◦C for droplets loaded with clay mineral particles (Hoffer,
1961; Pitter and Pruppacher, 1973), more recent studies detected ice nucleation on5

clay particles only at much lower temperatures: e.g., Lüönd et al. (2010) report the on-
set of droplet freezing at −30 ◦C and median freezing temperatures between −33 and
−35 ◦C for droplets containing a kaolinite particle; Murray et al. (2010, 2011) measured
freezing temperatures from −32 to −37 ◦C for droplets of kaolinite and montmorillonite
suspensions. Therefore, these recent measurements are not able to explain the en-10

hanced glaciation of clouds with cloud top temperatures from −10 to −20 ◦C in air
masses that contained mineral dust (Seifert et al., 2010). Similar discrepancies have
also been found for deposition mode ice nucleation: deposition ice nucleation experi-
ments on different natural and surrogate mineral dusts (Salam et al., 2006; Knopf and
Koop, 2006; Eastwood et al., 2008) indeed suggest a large variety of results depending15

on the size of the particles (Archuleta et al., 2005; Kanji et al., 2008; Kanji and Abbatt,
2010), and on the mineral and/or elemental composition (Möhler et al., 2006; Koehler
et al., 2010; Kulkarni and Dobbie, 2010).

In this study, we aim at resolving some of these discrepancies by relating IN freezing
temperatures to the mass concentration of the clay minerals in suspension and the20

droplet size. We investigate immersion freezing of kaolinites, montmorillonites and il-
lites from different source regions and distributors. For comparison, we also investigate
a natural sample from the Sahara region (Hoggar Mountains).

Using a differential scanning calorimeter (DSC) we can perform experiments on
emulsified and bulk suspensions. In the emulsion experiments a high number of25

micrometer-sized droplets of mineral dust suspensions are emulsified in oil matrix.
Each of the aqueous droplets contains between none and several dust particles, de-
pending on the suspension concentration. The droplets in the emulsion freeze practi-
cally independently (because the DSC is optimized to remove rapid releases of latent
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heat, which might otherwise lead to mutual dependences). Therefore, this type of ex-
periment is sensitive to the freezing caused by average dust particles. In contrast,
bulk experiments of suspensions in a similar concentration range monitor the freezing
caused by the best IN, since one nucleation event causes the freezing of the whole
sample. The combination of these two types of experiments and variation of the sus-5

pended mineral concentration allow for the investigation of a wide spectrum of freezing
caused by a specific type of IN.

2 Experimental setup

Immersion mode freezing experiments using bulk and emulsion samples were per-
formed with the Differential Scanning Calorimeter (DSC) Q10 from TA Instruments. The10

freezing of droplets within the emulsion or of the bulk sample is detected by means of
the associated latent heat release. The DSC temperature calibration was performed
with water, adamantane, cyclohexane, ammonium sulfate and indium (Zobrist et al.,
2008).

The emulsions consist of 80 weight percent (wt.%) of a mixture of mineral oil15

(95 wt.%, Aldrich Chemical) and lanolin (5 wt.%, Fluka Chemical) and 20 wt.% of a sus-
pension of clay and distilled and deionised water (18.2 MΩ). The samples were emul-
sified by using a rotor-stator homogeniser (Polytron PT 1300D with a PT-DA 1307/2EC
dispersing aggregate) for 40 s at 7000 RPM. Following the method developed by Mar-
colli et al. (2007), each experiment comprised three subsequent cycles starting from20

20 ◦C: the first and the last cycle with a cooling rate of 10 K min−1 (used as control for
the emulsion stability) and the second cycle with a cooling rate of 1 K min−1 (used for
evaluation). In each experiment the pure water melting point was measured during
the heating part of the cycle at 1 K min−1 heating rate, to check whether the melting
point was affected by species that might have dissolved from the dust particles during25

sample preparation. Ice nucleation temperatures of emulsion samples are derived from
onsets of latent heat release peaks using the implemented software of the instrument
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(TA Universal Analysis) as further explained by Zobrist et al. (2006) (i.e. as the intersec-
tion of the tangent drawn at the point of greatest slope with the extrapolated baseline).
Onsets instead of peak maxima were chosen because peak maxima are influenced by
heat flow limitations which depend on cooling rate and absolute heat flows. The effect
of heat flow limitations is illustrated in Fig. 3 of Marcolli et al. (2007) for homogenous ice5

freezing in an emulsion sample. All heat flux curves were normalized by the amount of
suspension present in the pan, allowing a comparison of peak areas between different
experiments and, thus, of the relative fractions of freezing droplet volumes.

Evaluation of freezing onset temperatures of different emulsions prepared from the
same suspension showed typical standard deviations of 0.5 K and maximum standard10

deviations of 0.8 K. These values characterize the reproducibility of the emulsification
process and limit the precision of our DSC measurements.

Photographic images of emulsions prepared with aqueous suspensions of different
clay minerals covering the full range of mineral concentrations used in this study were
taken with an optical microscope (Olympus BX-40) in order to measure the size dis-15

tribution of the droplets (Fig. 1). Droplet diameters were counted in approximately 40
images with the ImageTool program and the resulting size distribution of the emulsion
was fitted with a lognormal distribution, yielding a mode diameter of 1.9 µm and a nor-
mal standard deviation of 1.8. There was no apparent dependence of droplet size
distribution on clay mineral type or concentration. In each DSC experiment, 3–13 mg20

of the emulsions was transferred into the pans. Emulsion samples therefore contain
approximately 9×106–4×107 immersed water droplets.

Bulk freezing experiments were performed using polychlorotrifluoroethylene
(PCTFE) coated sample pans, into which a few milligrams (ca. 2.5 mg) of the sus-
pension containing the dust was placed. Experiments with aluminium pans were also25

carried out. The freezing temperature is given by the abrupt onset of heat release
which occurs when the whole droplet freezes instantaneously.

Particle diameters of the clay minerals were measured using a fluidized bed aerosol
generator (TSI 3400A) and a scanning mobility particle sizer (SMPS) as described
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by Lüönd et al. (2010). The particle size distributions are given in Table 1 as mode
diameters and standard deviations of lognormal distributions which were fitted to the
data Because of the small sample size, the size distribution of the Hoggar sample
(see Fig. 2) was determined by evaluating electron microscope images (Philips CM12
electron microscope, ImageJ software for sizing and counting of particles).5

3 Clays and dust samples

Three different types of clay minerals were investigated in this work: kaolinite, illite and
montmorillonite. Additionally a natural sample collected in the Hoggar Mountains (Sa-
hara) was investigated. In contrast to many other natural samples, the Hoggar Moun-
tain dust is suited for emulsion experiments without prior artificial treatment besides10

sieving, because it contains a large percentage of very small particles. A summary of
the studied clays and their main characteristics are shown in Table 1.

Kaolinite. This is a clay mineral represented by the chemical formula Al2Si2O5(OH)4.
It belongs to the silicate group and can occur in different colours like white, brownish
white, grayish white, yellowish white and brownish green depending on the source re-15

gion. It is a layered silicate mineral, which has one tetrahedral sheet linked through
oxygen atoms to one octahedral sheet of alumina octahedrals (a so called T-O struc-
ture; see, for example http://webmineral.com/data/Kaolinite.shtml). This clay mineral
has a low cations exchange capacity in comparison to other clay minerals, such as
montmorillonite (Carroll, 1959). Three types of this clay mineral were investigated,20

each of them having different characteristics (see Table 1). KGa-2 (Clay Mineral Soci-
ety) is a high-defect kaolinite; this means that the clay mineral presents a less crystal-
lized structure. KGa-1b is also provided from Clay Mineral Society and it is classified
as a low-defect kaolinite, i.e. a clay mineral that presents a well crystallized structure.
K-SA is available from Sigma Aldrich; this company does not provide any further infor-25

mation about the clay (collection place, pre-treatments, etc.). Nevertheless, since its
ice nucleation properties have been investigated in many previous studies (Eastwood
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et al., 2008; Lüönd et al., 2010; Welti et al., 2009), a further study of K-SA is useful for
comparison with literature data.

Illite. It belongs either to the phyllosilicate or mica group, its colour is white and it
tends to be an agglomerate of numerous individual crystals or clusters. Its structure
is given by the repetition of an octahedral layer sandwiched between two tetrahedral5

layers (T-O-T) (Viani et al., 2002). “The interlayer space is mainly occupied by poorly
hydrated potassium cations responsible for the absence of swelling” (Kumar et al.,
2011). The chemical formula is given as (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]
(Arginotec) and it has a higher cations exchange capacity than kaolinite, but still less
than montmorillonite (Carroll, 1959). Due to its small grain size and defective character,10

the crystal structure of illite is poorly known (Nieto et al., 2010). Two different types of
illite from Arginotec were used: Ill NX and Ill SE. These two samples mainly differ in
their mineral composition, since they are not entirely composed of illite (see Table 1).
Mineral composition of Ill NX is given by the company technical sheet, although in
a recent study (Broadley et al., 2012) X-ray measurements showed slight differences15

in mineral composition of Ill NX: 74.3 % of illite and illite-smectite mixed layers, 6.6 %
of quartz, 9.8 % of feldspar, 2.1 % of carbonate and 7.2 % of kaolinite.

Montmorillonite. It belongs to the smectite group or silicates group and it occurs
in white, yellow, gray white, brownish yellow, or greenish yellow colours depending on
the source region. Like illite it presents a TOT structure and its chemical formula is20

given by (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2 ×nH2O. Montmorillonite has a high cation
exchange capacity (Carroll, 1959). Four kinds of Montmorillonite were investigated in
this study. M STx-1b and M SWy-2 were both provided by the Clay Mineral Society.
While M STx-1b presents interlayer Ca2+ cations, M SWy-2 has Na+ interlayer cations.
Acid activated montmorillonite is widely used as catalyst (http://www.sud-chemie.com/)25

and can be purchased, e.g. from Sigma Aldrich. M K-10 has been treated with HCl
such that its aluminosilicate sheets are partially disrupted (Ajjou et al., 1997). Such
a strong acid treatment surely does not represent atmospheric conditions, however,
since this quality of montmorillonite has been often used in ice nucleation experiments
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(Welti et al., 2009; Eastwood et al., 2008; Salam et al., 2006; Kanji et al., 2008), we
investigate it for comparison.

M KSF (Sigma Aldrich) is a montmorillonite that was chemically treated with H2SO4
and therefore the crystal structure is completely delaminated (personal communication
from Sigma Aldrich). A melting point depression to 272.4 K was detected for a 10 wt.%5

suspension of this clay mineral, which would correspond to ca 2.5 wt.% sulphuric acid in
solution assuming a pure H2SO4 solution. The acidity of the suspension/solution was
also measured using litmus paper which confirmed it. The melting point depression
starts to be detectable for a 2 wt.% suspension of M KSF (272.9 K).

Hoggar dust. Sources of Saharan dust emissions have been found to be mostly10

located in the centre of North Africa (Schulz et al., 1998). The Hoggar (or Ahaggar)
mountains are situated in Southern Algeria as part of an area, which has been identi-
fied as major source of desert dust aerosol (Laurent et al., 2010). The Hoggar sample
was kindly provided by Dr. L. Schütz (Johannes Gutenberg-Universitaet, Mainz). Pre-
vious studies of a sample from a similar location (Ganor 1991; Moreno et al., 2006)15

show that in this region the mineral dust is mainly composed of illite (87 %), followed
by kaolinite (11 %) and montmorillonite (2 %). Our sample showed rapid sedimentation
when put in suspension, therefore we sieved it (32 µm grid) to remove the coarse par-
ticles. The size distribution of the dust was investigated after sieving giving a tri-modal
lognormal size distribution (see Table 1 and Fig. 2) as best fit.20

4 Results

4.1 Emulsion experiments

4.1.1 Kaolinite

Figure 3a–c shows the DSC freezing curves of the three investigated types of kaolin-
ite for concentrations ranging from 0.01 to 10 wt.% in suspension. The lowest mineral25
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concentrations show one freezing peak with onset temperatures in the range 236.2–
236.6 K. This freezing temperature is typical for homogeneous ice nucleation and in
good agreement with freezing of pure water emulsion samples prepared by the same
procedure (236.1–236.3 K). Variations of this homogeneous freezing temperature re-
flect the reproducibility of emulsion preparation, e.g., by variations in droplet size distri-5

bution. DSC peaks that appear at higher temperatures are considered to originate from
heterogeneous freezing on the clay and dust material. Small sharp peaks – so-called
spikes – in the DSC thermograms are caused by freezing of single large droplets and
are not reproducible features of a DSC scan. Therefore, they are not considered for
further evaluation.10

Figure 3a shows the DSC curves of the high defect kaolinite KGa-2 from the Clay
Mineral Society. The lowest concentration for which heterogeneous freezing can be
observed is 0.1 wt.% with a heterogeneous freezing onset at T std

on = 238.6 K. When the
dust concentration increases, the intensity of the heterogeneous freezing peak also
increases, and the onset shifts by 3.5 K to 242.1 K at 10 wt.%. A similar shift was15

also detected for Arizona Test Dust (ATD) in similar DSC experiments with an onset
varying from 247.4 K for 0.01 wt.% to 252.4 K for 10 wt.%, corresponding to a shift of
5 K (Marcolli et al., 2007).

Figure 3b shows the DSC results obtained for the low-defect kaolinite KGa-1b. Again
0.1 wt.% represents the lowest suspended mineral concentration for which heteroge-20

neous freezing can be observed. An increase in mineral concentrations from 0.1 via
0.5 to 10 wt.% results in a minor increase in freezing onsets T std

on from 240.4 via 238.9 to
241.0 K, but all within the range of experimental uncertainty. These heterogeneous on-
set temperatures of KGa-1b are in the same range as the ones of KGa-2. At the highest
mineral concentrations, KGa-1b and KGa-2 samples show quite narrow heterogeneous25

freezing signals that peak before the onset of homogeneous ice nucleation, indicating
that heterogeneous ice nucleation is fading away before homogeneous ice nucleation
sets in.

3223

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/3213/2012/acpd-12-3213-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/3213/2012/acpd-12-3213-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 3213–3261, 2012

Ice nucleation
efficiency of clay
minerals in the

immersion mode

V. Pinti et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

DSC curves for kaolinite from Sigma Aldrich, hereafter termed K-SA, are shown in
Fig. 3c. Surprisingly, two heterogeneous freezing peaks appear: one which we term
“standard” at temperatures similar to the ones of the samples from the Clay Mineral So-
ciety (238.7 K< T std

on < 239.1 K), and one which we term “special” at much higher tem-

peratures (247.8 K<T spcl
on <248.5 K). The evaluation of the freezing peak at lower tem-5

perature is hampered because its onset overlaps with the tail of the preceding freezing
peak. The freezing peaks with onsets at ∼239 K and ∼248 K are observed at lowest
dust concentrations of 0.5 and 2 wt.%, respectively. A third peak seems to appear at
higher temperature for the 10 wt.% mineral concentration, but the data are noisy (not
shown) and no onset is measurable. This could suggest that at higher suspension con-10

centrations dust aggregates promote the formation of larger emulsion droplets freezing
at higher temperatures. The presence of one additional heterogeneous freezing peak
in K-SA might be due to the collection location or to the pre-treatment of the clay af-
fecting the IN efficiency. Unfortunately, Sigma Aldrich does not provide more detailed
information on their kaolinite quality, preventing further conclusions.15

4.1.2 Illite

Figure 4a,b shows the DSC curves obtained for Illite NX and SE, respectively. Both
types of illite show a heterogeneous freezing peak at a lowest dust concentration of
0.5 wt.% with 244.6 K< T std

on < 244.8 K (Ill NX) and 245.7 K< T std
on < 246.1 K (Ill SE). Ill

SE also presents a second heterogeneous freezing peak at a dust concentration of20

10 wt.% with onset T spcl
on = 249.9 K. Ill SE contains a higher concentration of calcite,

which might be a reason for the higher freezing temperature. However, calcite proved
to be a poor IN in deposition nucleation experiments (Eastwood et al., 2008). Both illite
samples exhibit broad freezing peaks that extend to homogeneous freezing tempera-
tures suggesting that heterogeneous ice nucleation is still ongoing when homogeneous25

ice nucleation sets in. Ill NX and Ill SE are less uniform in composition than the kaoli-
nite samples (see Table 1). This might result in higher freezing onsets and broader
freezing peaks.
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4.1.3 Montmorillonite

Four different types of montmorillonite were investigated: two natural samples from the
Clay Mineral Society and two “acid-activated” montmorillonites from Sigma Aldrich. M
STx-1b from Clay Mineral Society (Fig. 5a) shows a heterogeneous freezing peak at
a lowest dust concentration of 0.1 wt.% with onset in the range 239.2 K<T std

on <239.9 K5

and a quite narrow peak width comparable to the ones of the kaolinite samples from
the Clay Mineral Society.

The second natural sample, M SWy-2 (Clay Mineral Society), shown in Fig. 5b clearly
presents a heterogeneous freezing peak even for the lowest suspension concentration
of 0.01 wt.% at an onset 237.7 K< T std

on < 238.7 K. A second heterogeneous freezing10

peak with onset between T spcl
on = 246.9 and 247.3 K appears at 0.1 wt.%. It was im-

possible to create a suspension of 10 wt.%, because a slurry formed that could not be
emulsified. While M STx-1b presents interlayer Ca2+ cations, M SWy-2 has Na+ inter-
layer cations. This seems to be the major difference between the two clays, so that the
different interlayer cations might be a reason for the second freezing peak of M SWy-2.15

Systematic ion-exchange experiments might be a way to support this hypothesis.
M K-10 and M KSF, two “acid-activated” montmorillonites from Sigma Aldrich, both

require high concentrations to reveal heterogeneous freezing peaks. While most
other investigated clays present detectable heterogeneous freezing onsets already
at 0.1 wt.% suspension concentration, M K-10 and M KSF require 2 wt.% and 5–20

10 wt.%, respectively. This could be due to the acid treatment, which partially disrupts
the crystal structure (Table 1). M K-10 in Fig. 5c shows two heterogeneous freezing
peaks, the first appearing at 2 wt.% with an onset in the range 237.9 K<T std

on <238.6 K,

and the second at 5 wt.% with onset at T spcl
on = 240.4 K. Figure 5d for M KSF shows

also two heterogeneous freezing peaks with onsets at 237.6 K< T std
on < 237.9 K and25

241.7 K< T spcl
on < 242.2 K. In this case the heterogeneous freezing peaks appear only

at the highest suspension concentrations (5–10 wt.%).
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4.1.4 Hoggar (Ahaggar) mountains

As mentioned above, Hoggar Mountain dust is suited for emulsion experiments without
prior treatment besides sieving, because it contains a large percentage of very small
particles. Heterogeneous freezing peaks of the mineral dust sample collected from
the Hoggar mountains (Fig. 6) appear broad for the lowest suspension concentration5

of 0.5 wt.% with onsets between T std
on = 247.1 and 247.7 K. These onset values are

higher than the ones of all other investigated clay minerals, showing the importance to
investigate natural samples. On the other hand, the Hoggar onset temperatures are
still lower than those of Arizona Test Dust (ATD) characterized by Marcolli et al. (2007).
The illite clay minerals come closest to the Hoggar sample in terms of width and onset10

of the heterogeneous peak. This agrees well with the supposed mineral composition
of the Hoggar dust with a large share of illite.

4.2 Bulk measurements

The emulsion freezing experiments were complemented by bulk experiments to as-
sess the highest heterogeneous freezing temperatures that are reached when freezing15

of a large water volume is initiated by a single best IN (see also Hoyle et al., 2011).
For all clay minerals and the Hoggar dust sample we performed up to twenty cooling
and warming cycles with 5 wt.% aqueous suspensions with sample masses of approxi-
mately 2.5 mg. Figure 7 shows the twenty consecutive cycles of two such experimental
runs, each performed with a fresh bulk sample of K-SA. No systematic change in freez-20

ing temperature was detected between runs. This suggests that the freezing process
does not significantly change the quality of the IN during experimental runs. Freezing
occurred between 256 and 269 K. As expected from the sensitivity on a single best
nucleus, the bulk experiments show a broad and much higher temperature range than
observed for freezing of emulsion experiments.25

To exclude the possibility that the much lower freezing temperatures obtained for
emulsion freezing are caused by interactions between the lanolin surfactant and the
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clay surface (i.e. coating of the clay), we performed bulk experiments with 5 wt.% K-SA
suspensions in the presence of lanolin. A mix of 80 wt.% of the suspension and 20 wt.%
of lanolin and mineral oil was stirred. In this proportion, no emulsion is formed and the
water volume remains connected (bulk), while the surfactant is able to interact with the
clay. Figure 7 shows that the freezing temperatures for 20 cycles of samples with and5

without surfactant are all in the same temperature range. From this we conclude that
interactions with lanolin can be excluded as reason for the lower freezing temperature
of emulsion samples.

The freezing temperature distributions of all investigated bulk samples are repre-
sented as box and whisker plots in Fig. 8. Each box and whisker plot represents the10

results obtained from an “experimental run”, i.e. the up to 20 cooling and warming cy-
cles performed with a particular sample. Several experimental runs were made with
samples of the same suspension, to test the reproducibility of the results between
samples of the same clay mineral type.

Also shown in Fig. 8 are results of bulk samples consisting of pure water, which typ-15

ically freeze heterogeneously between 249.0 and 253.5 K (Hoyle et al., 2011) due to
the presence of minor impurities and interactions with the pan walls. This limits the
significance of our bulk experiments to temperatures above 254 K. It can be seen from
Fig. 8 that all investigated 5 wt.% suspensions initiate freezing at or above this thresh-
old. The averaged median values of the freezing temperatures are T best

med = 257.3 K for20

kaolinites, 261.6 K for illites, 257.4 K for montmorillonites, and 260.9 K for the Hoggar
sample. Considering the large spread in freezing temperatures, a ranking of the IN
efficiencies of the different clays based on this data is problematic. On the other hand,
differences are evident when comparing bulk freezing temperatures of different types
of the same clay mineral, e.g. the acidtreated M K-10 from Sigma-Aldrich freezes at25

significantly higher temperatures than the natural samples from the Clay Mineral Soci-
ety. This last finding indicates that high bulk freezing temperatures do not necessarily
require an intact crystal structure.

3227

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/3213/2012/acpd-12-3213-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/3213/2012/acpd-12-3213-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 3213–3261, 2012

Ice nucleation
efficiency of clay
minerals in the

immersion mode

V. Pinti et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 9 shows that reducing the suspension concentration in K-SA bulk samples
by a factor of 10 and 100, (i.e. 0.5 and 0.05 wt.% suspensions), leads to freezing in
a similar temperature range as for “pure water samples”. Therefore, freezing cannot
be unambiguously attributed to heterogeneous ice nucleation on the clay surface. The
distinct reduction of the lowest freezing temperature by ∼4 K for a decrease of the sus-5

pension concentration by a factor of 10 shows that indeed very few best IN are respon-
sible for the freezing events occurring at the highest temperatures. Bulk samples with
5 wt.% of K-SA contain approximately 107 particles indicating that only 1 per 10 millions
of kaolinite particles lead to freezing above 254 K. The reduction in average freezing
temperature with decreasing suspension concentration is much less pronounced for10

the Hoggar sample (Fig. 10). The lowest suspension concentration for which hetero-
geneous freezing is still well discriminated from water freezing is 0.005 wt.%. From
this, it can be estimated that 1 per 2700 particles are responsible for freezing above
254 K in the Hoggar sample.

5 Discussion15

5.1 Freezing temperatures of emulsions and bulk samples

When taking bulk and emulsion freezing experiments together, the heterogeneous
freezing of the investigated clay minerals and the Hoggar dust sample spans the entire
temperature range from well over 260 K down to the onset of homogeneous ice freez-
ing. Emulsion experiments revealed distinct freezing peaks with almost concentration-20

independent onset temperatures. A summary of standard, special and best sites (T std
on ,

T spcl
on , T best

med ) of all investigated clays and the Hoggar sample is given in Table 2.
Figure 11a shows the onset freezing temperatures for emulsion measurements plot-

ted as a function of the BET surface area (Table 1) per droplet. This surface is calcu-
lated by dividing the BET surface area present in an emulsion sample by the number of25

droplets present in an emulsion sample. Grey dots in Fig. 11a,b are the onset freezing
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temperatures (T std
on ) of Arizona Test Dust from Marcolli et al. (2007) with BET area taken

from Teipel et al. (2008).
The dashed lines in Fig. 11 represent calculated freezing onsets for a frozen frac-

tion of 1 % using Classical Nucleation Theory (CNT, parameterization of Zobrist et al.,
2007) with different contact angles. CNT predicts an increase of freezing temperature5

with increasing heterogeneous surface given by the slope of the dashed lines. In con-
trast, the heterogeneous freezing peaks of the emulsions show almost constant onset
temperatures with the exception of the kaolinite KGa-2 clay mineral, which exhibits an
onset shift from 238.6 to 242.1 K with increasing suspension concentrations from 0.1
to 10 wt.%. A constant onset would be indicative for the singular hypothesis that ice10

nucleation occurs instantaneously when a specific temperature is reached (e.g., Nie-
dermeier et al., 2011), while CNT describes ice nucleation as stochastic process with
nucleation rates depending on surface area. However, given the experimental uncer-
tainties represented by the error bars, there is no direct conflict between the almost
concentration-independent constant experimental T std

on and CNT.15

Contact angles of the standard peaks of kaolinites and montmorillonites correspond
to 90–110◦ and 100–120◦, respectively. Since kaolinites and montmorillonites show
quite narrow freezing peaks in the DSC emulsion experiments, these numbers should
be representative for the whole distribution of contact angles responsible for standard
freezing. The standard peaks in illites and the Hoggar samples are much broader. The20

onset freezing temperatures correspond to contact angles ranging from 75–80◦ and fall
into a similar range as the contact angles of the special peaks of K-SA and M SWy-
2. Since the standard peaks in illites and the Hoggar sample extend to the onset of
homogeneous freezing, these samples likely also contain nucleation sites with contact
angles in the same range as standard peaks of montmorillonites and kaolinites (90–25

120◦).
The bulk freezing experiments show a scatter of 2.6–7.2 K between median freez-

ing temperatures of individual experimental runs performed with the same clay mineral
type. The largest scatter between highest and lowest freezing temperature of one
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experimental run varies from 258.5 to 266.8 K. This scatter in temperatures is compa-
rable to the one found in similar freezing experiments on volcanic ash bulk samples
described by Hoyle et al. (2011) and consistent with results discussed by Vali and
Stansbury (1966). The interpretation given by these authors is that “the characteristics
of a particular nucleating site determine a range of possible nucleation temperatures5

for that site”, this means that each site shows a probability function to freeze in a certain
temperature range.

In Fig. 11b emulsion and bulk freezing temperatures are shown together as a function
of BET surface area. The bulk freezing temperatures correspond to contact angles
ranging from 40–70◦. This suggests that freezing temperatures of bulk samples cannot10

be explained by scaling the emulsion freezing results to larger surface areas but that
they have to originate from a different class of sites.

Assuming that 1–10 particles are responsible for freezing in bulk experiments, there
is only 0.01–1 best site per cm2 of clay surface. These best sites are so infrequent that
they are below the detection limit of the emulsion experiments. The freezing tempera-15

tures of the bulk samples show a large scatter between samples which we attribute to
the low number of best IN leading to a large variation in quality of the best IN present
in a sample. Moreover, the stochastic nature of the freezing process leads to an addi-
tional variability of freezing temperatures between freezing cycles performed with the
same sample.20

5.2 Comparison with literature

Freezing temperatures of our samples cover a similar temperature range as observed
in older studies by Pitter and Pruppacher (1973) and Hoffer (1961). Hoffer (1961) re-
ported freezing of 25–170 µm droplets consisting of montmorillonite suspensions (with
unspecified concentrations) between 237.7–260 K, of kaolinite suspensions between25

238.2–254.2 K and of illite suspensions between 246.2–255.2 K. Pitter and Pruppacher
(1973) observed freezing of 325 µm droplets of kaolinite suspensions between 243.2–
259.2 K and of montmorillonite suspensions between 245.2–261.2 K. These authors
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do not give information concerning their suspension concentrations and type of clay
minerals, thus preventing a direct comparison. We can only state that sample vol-
umes and freezing onsets of these older studies cover a similar range as our bulk
samples. Therefore, onset freezing temperatures of these previous studies should not
be taken as IN efficiency of average clay particles. This conclusion is corroborated5

by more recent studies that found much lower freezing onsets for their experimental
conditions: Zuberi et al. (2002) measured heterogeneous nucleation of ice in aqueous
ammonium sulfate droplets of the size range from 10–55 µm containing numerous par-
ticles of kaolinite from Fluka (which corresponds with K-SA from Sigma Aldrich) and of
montmorillonite (M K10). Extrapolation to the pure water droplet case yielded average10

freezing temperatures of approximately 242 K for both clay mineral types. This freezing
temperature falls in between the freezing temperatures of the standard and the special
peaks of K-SA and M K10 and might indicate that for the concentration and particle size
range that Zuberi et al. (2002) used in their experiments, freezing occurred sometimes
on a standard and sometimes on a special nucleation site of the clay minerals. Lüönd15

et al. (2010) report on the onset of droplet freezing at 243.2 K and median freezing
temperatures of 240.2 and 238.2 K for droplets containing one 800 nm and one 200 nm
diameter kaolinite particle (K-SA from Sigma Aldrich), respectively. These median
freezing temperatures correspond well with T std

on of K-SA in our experiments, indicat-
ing that freezing dominantly occurs on standard sites when only one clay particle per20

droplet is present. A tail to higher freezing temperatures that appears for the 800 nm
diameter sample might be interpreted as arising from heterogeneous freezing on spe-
cial sites for this largest investigated particle size. Murray et al. (2010, 2011) measured
median nucleation temperatures increasing from 236 K to 240.8±0.6 K for 10–40 µm
droplets of kaolinite suspensions (KGa-1b), when dust concentrations increased from25

0.005 to 1 wt.%, and constant freezing at 245.8±0.6 K for montmorillonite suspensions
(M SWy-2) covering the same droplet and concentration range. These results are in
good agreement with our own findings, where KGa-1b shows 238.9 K<T std

on <241.0 K.
There is a slight shift to higher temperatures with increasing concentrations, however
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within the range of our measurement uncertainties. Mean nucleation temperatures
of 245.8±0.6 K for M SWy-2 coincide well with freezing on special sites for this clay
mineral. Broadley et al. (2012) measured freezing onset temperatures from 246 K to
the homogeneous regime (236 K) for Ill NX with droplet diameters between 10 µm and
56 µm, when dust concentration decreases from 1.44 wt.% to 0.007 wt.%. These re-5

sults are in good agreement with our findings 244.6 K<T std
on <244.8 K and broad freez-

ing peaks for Ill NX.
These results show that immersion freezing temperatures of clay minerals strongly

depend on the amount of clay mineral present in the droplets and the exact quality
(location of collection and pre-treatment) of the clay mineral. Results obtained from10

different groups with different setups are indeed in good agreement when the type of
the clay is the same and the loading of the droplets with particles is comparable.

5.3 Occurrence probability of sites

Table 3 shows the comparison of calculated and measured droplet fractions freezing
heterogeneously. For DSC emulsion measurements the water fraction freezing het-15

erogeneously was quantified as the ratio between the area below the heterogeneous
peak and the area below the homogeneous and heterogeneous peaks. This fraction
is termed f2 in Table 3. It can be compared to the fraction of droplets in the emulsion
samples containing dust particles. The average number of dust particles per droplet,
N was calculated as the ratio between the number of particles and the total number20

of droplets derived from the size distributions of the particles (Table 1) and the size
distribution of the droplets in the emulsion, respectively. The volume fraction, which
potentially freezes heterogeneously was calculated on the basis of the droplet volume
size distribution taking into account that the degree of occupation of particles scales
with droplet size. This fraction is termed f std

2 or f spcl
2 in Table 3, for occupation with25

particles carrying standard or special sites, respectively.
Our calculations suggest that droplets in the higher concentrated clay mineral

emulsions are on average filled with several particles (N) and that for the 10 wt.%
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concentrations almost complete heterogeneous freezing should occur. The calcula-
tions generally overestimate the fraction of droplets that freezes heterogeneously, i.e.
f1 > f std

2 + f spcl
2 . One potential reason for this discrepancy might be aggregation of the

clay particles in the emulsion so that more droplets are empty than our calculations
suggest. Strong aggregation at pH below 7 is indeed reported for kaolinites (Kret-5

zschmar et al., 1998; Tombácz et al., 2004; Tombácz and Szekeres, 2006). In a recent
paper, Wheeler and Bertram (2011) determined a median diameter for K-SA of 8 µm
by measuring aqueous suspensions using static laser light scattering. For the same
clay mineral suspended in air using a fluidized bed aerosol generator we determined
a mean diameter of 446.8 nm, supporting that kaolinites suspended in water indeed10

form aggregates. Assuming an average particle size of 8 µm, the calculated volume
fractions that potentially freeze heterogeneously, f1, would even be strongly underes-
timated. Lüönd et al. (2010) observed heterogeneous freezing of approximately 80 %
of droplets containing one kaolinite (K-SA) particle with diameter of 200 and 400 nm,
and 100 % when droplets contained an 800 nm particle. This indicates that almost all15

droplets that contain a K-SA particle indeed freeze heterogeneously.
Coagulation in montmorillonites is much less pronounced than in kaolinites

(Tombacz and Szekeres, 2006). In dilute aqueous solutions, sodium montmorillonite
forms a stable sol of delaminated particles that turns into a gel at concentrations above
∼3 wt.% (Abend and Lagaly, 2000). The relatively good agreement of calculated and20

measured volume fractions of water freezing heterogeneously in the DSC emulsion
experiments of M SWy-2 (i.e. f1 ≈ f std

2 + f spcl
2 ) confirms that this clay mineral does not

aggregate under our experimental conditions and that the size distributions of droplets
and particles are both valid. Calcium montmorillonites have a higher tendency to co-
agulate than sodium montmorillonites, which might explain the larger discrepancies25

between calculated and measured heterogeneous freezing volume fractions for the
calcium montmorillonite M STx-1b. Assuming a similarly low degree of aggregation
for M K-10 and M KSF, the low heterogeneous peaks of these montmorillonites in-
dicates that the acid treatment has indeed strongly decreased the capacity of these
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montmorillonites to induce heterogeneous freezing.
Our calculations show that droplets in illite emulsions with suspension concentrations

of 5 wt.% or higher should on average contain at least one clay particle. There is no
clear information available whether these clay minerals aggregate in suspensions. The
DSC thermograms of illites show that heterogeneous nucleation is still ongoing when5

homogeneous nucleation sets in. We therefore assume that a part of the droplets in
these emulsions indeed freeze homogeneously although they contain illite particles.

The calculated number of particles per droplet is much lower for the Hoggar moun-
tain sample reflecting the coarser nature of this Saharan dust sample compared with
the clay minerals (see Table 1). For this natural mineral dust the calculation even un-10

derestimates the relative intensity of the heterogeneous peak in the DSC thermograms
(i.e. f1 < f std

2 +f spcl
2 ). We attribute this underestimation to the experimental uncertainties

connected with the determination of the size distribution of the droplets and the parti-
cles. For this sample, one can assume that droplets that contain a dust particle indeed
freeze heterogeneously.15

5.4 Origin of active sites

Our analysis of emulsion and bulk freezing experiments suggests that nucleation in
clay minerals occurs on three different types of sites, standard, special and best sites,
with characteristic temperatures T std

on , T spcl
on and T best

med , respectively.
The standard peaks in montmorillonites and kaolinites are narrow and at similar tem-20

peratures, probably caused by similar surface features. Standard sites seem to be very
frequent in natural clay minerals provided by the Clay Mineral Society such that nearly
all clay particles induce heterogeneous freezing on standard sites. Destruction of the
crystal lattice by acid treatment (M K-10, and M KSF) seems to reduce their number
so that a part of the particles that were exposed to acids lose their ability to act as IN.25

Acid treatment appears to mostly affect the edges of the clay particles (Suarez Bar-
rios et al., 2001). We therefore speculate that mainly their edges are involved in ice
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nucleation on standard sites. This argumentation gains some support by grand canon-
ical Monte Carlo calculations performed by Croteau et al. (2008) that showed water
adsorption on Al-surfaces and both protonated and unprotonated edges of kaolinite at
atmospherically relevant relative humidities. However, the hexagonal pattern of water
that adsorbed on the Al-surface and the basal plane of ice Ih showed a misfit strain.5

Hence, the ring structures that form on the Al-surface are not expected to be good
building-blocks for ice nucleation, rather ice nucleation might occur on the edges.

The standard peaks of illite and the Hoggar samples are much broader and extend
to higher temperatures than the ones of kaolinite and montmorillonite. This might be
related to the defective character of the crystal structure or to the mixture of minerals10

present in the illite and the Hoggar samples leading to less uniform surfaces with higher
numbers of random defects that also might act as good sites for ice nucleation.

Several clay minerals showed a second heterogeneous freezing peak at higher tem-
peratures for higher concentrations in emulsion experiments. These special peaks are
not present in all types of the investigated clay: e.g. K-SA shows a second freezing15

peak at higher temperatures, while KGa-1b and KGa-2 do not. They therefore do not
seem to be related to the regular crystal structure of the clay minerals, but rather to
sites or surface structures that are typical for a certain type of a clay mineral. Since the
special peaks are also quite narrow, they are rather not related to random defects. In
the case of the montmorillonite M SWy-2 the exchangeable cations might play a role,20

however more experiments are needed to establish such a relationship.
All investigated clay minerals and the Hoggar dust sample exhibit a low number

of best sites, which induce freezing above 254 K as could be shown in the bulk ex-
periments. These best sites are very infrequent. They should not be mistaken as
“heterogeneous IN efficiency” of these clay materials, as has erroneously been done25

in the past (Pitter and Pruppacher, 1973; Hoffer, 1961). Such sites seem to be more
abundant, when the crystal lattice is partly destroyed as the comparison of the mont-
morillonite samples suggests. The best sites are therefore most probably not related
to the regular crystal lattice of the clay minerals, but due to random defects.
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5.5 Atmospheric implication

The number concentration of best IN in a bulk sample can be related to the amount
of dust in an air parcel (Hoyle et al., 2011). Atmospheric dust concentrations (mass
densities) span a wide range from 0.01–1000 µg m−3 (Huneeus et al., 2011) with large
temporal and spatial variations. Monthly mean dust concentrations measured at Bar-5

bados (Prospero and Lamb, 2003) vary between 1–50 µg m−3 and might be repre-
sentative for transatlantic transport of Saharan dust (Engelstaedter et al., 2006). The
total suspended particle mass on Cape Verde for dust periods measured during SA-
MUM ranged between 250–410 µg m−3 (Kandler et al., 2011). In Central Europe,
dust free air masses from the North Atlantic and air containing Saharan dust alter-10

nate. Seifert et al. (2010) identify dust concentrations >2 µg m−3 as dust episodes
and present a moderate dust outbreak with dust peak concentrations of 160 µg m−3 at
4000 m measured at Leipzig. The vast majority of mineral dust particles transported
through the atmosphere have sizes from 0.5 µm to 75 µm, with larger particles getting
rarer with increasing distance from the source because of gravitational settling during15

atmospheric transport (Maring et al., 2003). As rule of thumb, sedimentation speeds
are v ≈1 m h−1 × (r /µm)2 for particles with effective radius r , resulting in roughly 1.5 km
sedimentation per hour of particles with 75 µm diameter. The Hoggar sample includes
particles with diameters up to 32 µm and its size distribution can be fitted with a three-
modal one with peaks at 35 nm, 340 nm and 2100 nm. Particles with diameters smaller20

than 1 µm (v < 1 m h−1) contribute about 6 % to the surface area and particles smaller
than 10 µm (v < 100 m h−1) about 50 %. This is somewhat coarser but still compa-
rable with dust aerosol surface area size distributions from the Canary Islands and
Puerto Rico in which particles smaller than 1 µm are responsible for half and particles
smaller than 10 µm for almost the entire dust surface area (Maring et al., 2003). The25

0.005 wt.% suspension of the Hoggar sample which contained 1.25×10−4 mg of min-
eral dust froze in the temperature range 252–257 K. Dilution by a factor of 10 caused
freezing mostly below 252 K, which is indistinguishable from freezing of the pure water
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reference. We therefore assume that in the 0.005 wt.% suspension on average only
1–10 particles are responsible for freezing above 252 K. This concentration of best IN
per dust mass (1–10 particles/1.25×10−4 mg) can now be transformed to IN concen-
trations per air volume assuming typical values of dust loadings. Dividing the mass of
dust in the 0.005 wt.% suspension of the Hoggar sample by the mass concentration of5

dust in the air volume yields the volume of air throughout which the mass of dust in the
bulk sample would have been spread (i.e. 3.0×10−4 m3 for an upper limit of 410 µg m−3

and 6.3×10−2 m3 for 2 µg m−3 dust per air volume). This yields number densities in the
atmosphere of best IN that are active above 252 K of 0.01–0.1 l−1 for low concentration
dust events (2 µg m−3) and of 3–30 l−1 for high concentration dust events (410 µg m−3).10

DeMott et al. (2010) presented data for IN number densities from different campaigns
ranging from 0.1–10 l−1 for temperatures between 250 K and 265 K. The best IN in the
Hoggar sample are thus frequent enough to account for ambient IN number densities
at least during dust events.

As we showed previously (Hoyle et al., 2011), assuming an IN layer thickness of 2 km15

for a IN number density of 0.1 l−1, atmospheric dehydration effect can be significant.
This would suggest that already the few best IN have an impact on water vapour or
cloud formation; therefore they should be taken into account. A major effect could
result from higher IN number densities, e.g. 100 l−1, which could lead to a complete
dehydration of the column.20

6 Summary and conclusions

We performed DSC emulsion and bulk freezing experiments to investigate immersion
mode ice nucleation of the clay minerals kaolinite, montmorillonite, and illite from dif-
ferent sources, and of a natural sample from the Sahara region (Hoggar Mountains).
All studied samples showed heterogeneous freezing, but there were considerable vari-25

ations in the freezing onsets and the frozen fraction depending on clay mineral type,
source region and pre-treatment performed by the supplier. In combination, emulsion
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and bulk freezing experiments on a single type of clay mineral reveal a very broad
temperature range for ice nucleation from well over 260 K down to the onset of homo-
geneous ice nucleation. Such a broad freezing range can hardly be reconciled with the
assumption of classical nucleation theory (CNT) that ice nucleation can be described
as occurring stochastically on a homogeneous surface with uniform freezing probabil-5

ity. We therefore hypothesize that freezing is initiated on active sites and discriminate
between standard, special and best sites: standard sites are present in all types of
a clay mineral, while special sites occur in addition to standard sites, but only in cer-
tain types of clay minerals, and are active at higher temperatures. Best sites are very
rare (0.01–1 cm−2), may differ greatly from sample to sample of the same type of min-10

eral dust, and possibly originate from random defects. Ice nucleation on best sites is
accessible by bulk DSC experiments, whereas emulsion experiments are needed to
investigate standard and special sites.

The kaolinites show narrow standard peaks with onsets 239 K<T std
on <242 K and best

sites with averaged median freezing temperatures T best
med ≈257 K. Only the kaolinite from15

Sigma Aldrich (K-SA) featured a special peak with freezing onset T spcl
on ≈ 248 K. The

illites showed broad standard peaks with 244 K<T std
on <246 K and best sites with T best

med ≈
262 K. Montmorillonites had standard peaks with onsets 238 K<T std

on < 240 K and best
sites with T best

med ≈ 257 K. M SWy-2, M K-10, and M KSF featured special peaks with

onsets T spcl
on ≈ 247, 240, and 242 K, respectively. M K-10 and M KSF both from Sigma20

Aldrich had less intense standard peaks compared to the ones from the Clay Mineral
Society suggesting that a part of the standard sites are lost by the acid treatment. The
acid treatment had however, no evident effect on best sites.

Our investigations demonstrate that immersion freezing temperatures of clay miner-
als strongly depend on the amount of clay mineral present per droplet and the exact25

type (location of collection and pre-treatment) of the clay mineral. Results obtained by
different scientific investigators using different setups can be reconciled when the clay
type is the same and the dust amount in the investigated liquid volumes is comparable.
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Our bulk measurements, which are just sensitive to the best IN, clearly show that the
high heterogeneous freezing temperatures reported in the older studies by Pitter and
Pruppacher (1973) and Hoffer (1961) can be reached, but should not be mistaken to
be characteristic for the freezing efficiency of the average dust particle.

The natural sample collected in the Sahara (Hoggar Mountains) showed a broad5

freezing peak, with onsets 247 K<T std
on <248 K and best sites with an averaged median

freezing temperature T best
med ≈ 261 K. These freezing characteristics are very similar to

the ones of the illites, which is in agreement with the supposed mineral composition of
the Hoggar sample with a large share of illite. A comparison of the concentration of best
IN in the Hoggar sample to observed Saharan dust concentrations over Cape Verde10

suggests that these IN should be frequent enough to account for ambient IN number
densities, and that they could be active at temperatures between 250 and 260 K during
dust events

More mineral dust samples from different deserts and different locations in desert
areas have to be sampled to enlarge the picture of IN efficiency of mineral dusts and15

to validate the suitability of clay minerals as surrogates for natural dust samples.
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Table 1. Samples examined in this study. Exchangeable cations are given in brackets where
relevant. Measured SMPS size distributions were fitted by lognormal size distributions.

Name Mineral Characteristics Lognormal distribution Surface area (m2g−1)
fitting parameters

Mode diameter Standard
dm (nm) deviation σ

KGa-2 kaolinite high defect 360.8 1.8 23.50±0.06
(Clay Mineral Society)

KGa-1b kaolinite low defect 299.1 1.8 11.8±0.8
(Murray et al., 2011)

K-SA kaolinite – 446.8 2.0 17.44
(Jang et al., 2010)

Ill SE illite illite 77 wt.%; 327.8 1.8 104.2±0.7*
kaolinite 10 wt.%;
calcite 12 wt.%;

quartz and
feldspar traces.

Ill NX illite illite 86 wt.%; 370.7 1.8 104.2±0.7
kaolinite 10 wt.%; (Broadley et al., 2012)

calcite 4 wt.%;
quartz and

feldspar traces.
M STX-1b montmorillonite collected in Texas 301.4 2.2 83.79±0.22

(Ca2+) (Clay Mineral Society)
M SWy-2 montmorillonite collected in 288.2 2.0 31.82±0.22

Wyoming (Clay Mineral Society)
(Na+)

M K-10 montmorillonite treated with HCl, 412.0 1.8 245±25
aluminosilicate (Sigma-Aldrich®)
sheets partially

disrupted.
M KSF montmorillonite treated 438.7 1.8 30±10

with H2SO4 (Sigma-Aldrich®)
completely
delamelled

Hoggar Saharan dust natural 35** 2.2 49.7***
340 (Seisel et al., 2004)
2100

* Illite SE BET surface area is assumed identical to BET surface area of illite NX, because no more specific literature data was available.
** Hoggar tri-modal size distribution.
*** Hoggar BET surface area is assumed identical to BET surface area measured for Saharan dust (Seisel et al., 2004).
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Table 2. Summary of freezing peaks of emulsion and bulk experiments: onset freezing tem-
peratures are given for standard and special sites, average of median freezing temperatures
for best sites (5 wt.% suspension concentration). Where the standard deviation is not shown,
there were too few data for evaluation.

Emulsions: Bulks:
Clay mineral Standard sites Special sites Best sites (5 wt.%)

T std
on (K) T spcl

on (K) T best
med (K)

KGa-1b 239.9±0.8 – 255.2
KGa-2 238.6–242.1* – 257.9
K-SA 238.8±0.2 248.2±0.4 259.0
Ill NX 244.7±0.1 – 257.6
Ill SE 245.9±0.2 249.9 264.8
M SWy-2 238.2±0.4 247.1±0.2 256.9
M STx-1b 239.5±0.3 – 255.5
M K-10 238.1±0.4 240.4 261.1
M KSF 237.8 242.0 256.8
Hoggar 247.2±0.4 – 260.7

* This clay mineral presents a shift in the onset temperatures depending on concentration.
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Table 3. Percentage of activated droplets depending on the mass concentration of the clay in
suspension for all the minerals studied in this work.

Mineral Suspension Average number Calculated volume DSC Standard peak DSC Special peak
concentration of particles per fraction freezing onset normalized onset normalized

(wt.%) droplet, N heterogeneously, f1 T std
on (K) area, f std

2 T spcl
on (K) area, f spcl

2

KGa-2 0.1 0.09 0.55 238.6 0.26 – –
0.5 0.45 0.83 239.7 0.34 – –
2 1.82 0.95 240.2 0.53 – –
5 4.70 0.98 240.5 0.75 – –

10 9.92 0.99 242.1 0.84 – –
KGa-1b 0.1 0.15 0.66 240.4 0.09 – –

0.5 0.74 0.88 238.9 0.23 – –
2 3.02 0.97 239.6 0.37 – –
5 7.78 0.99 239.7 0.41 – –

10 16.43 . 1.00 241.0 0.85 – –
K-SA 0.1 0.02 0.22 -* – – –

0.5 0.10 0.57 238.7 0.06 – –
2 0.39 0.82 239.1 0.22 248.4 0.18
5 1.01 0.91 238.7 0.25 247.8 0.37

10 2.13 0.96 238.7 0.23 248.5 0.39
Ill SE 0.1 0.07 0.50 245.8 0.17 – –

0.5 0.37 0.81 246.1 0.13 – –
2 1.49 0.94 245.7 0.69 – –
5 3.85 0.98 245.9 0.54 – –

10 8.13 0.99 – 0.20 249.9 0.09
Ill NX 0.1 0.03 0.32 244.6 0.21 – –

0.5 0.17 0.68 244.6 0.30 – –
2 0.68 0.88 244.8 0.48 – –
5 1.75 0.95 244.6 0.71 – –

10 3.70 0.97 244.7 0.77 – –
M STx-1b 0.1 0.03 0.33 239.6 0.10 – –

0.5 0.17 0.69 239.2 0.18 – –
2 0.71 0.88 239.6 0.52 – –
5 1.83 0.95 239.4 0.64 – –

10 3.87 0.98 239.9 0.78 – –
M Swy-2 0.01 0.007 0.09 238.1 0.22 – –

0.1 0.07 0.49 238.6 0.20 246.7 0.06
0.5 0.35 0.80 238.7 0.45 247.0 0.29
2 1.42 0.93 238.1 0.26 246.9 0.56
5 3.67 0.97 237.7 0.12 247.3 0.76

M K-10 0.1 0.04 0.36 – – – –
0.5 0.20 0.72 – – – –
2 0.82 0.89 238.6 0.32 – –
5 2.11 0.96 237.9 0.39 240.4 0.10

10 4.45 0.98 237.9 0.51 240.4 0.12
M KSF 0.1 0.05 0.40 – – – –

0.5 0.23 0.74 – – – –
2 0.95 0.91 – – – –
5 2.45 0.96 237.9 0.20 242.2 0.02

10 5.17 0.99 237.6 0.17 241.7 0.05
Hoggar 0.1 0.0014 0.018 – – – –

0.5 0.007 0.09 247.1 0.34 – –
2 0.03 0.29 247.3 0.43 – –
5 0.07 0.51 246.7 0.68 – –

10 0.16 0.68 247.7 0.78 – –

* No heterogeneous peak detected.
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 1 

 2 

Figure 1. Optical microscope image of a typical emulsion. 3 

 4 

 5 

Figure 2: Tri-modal lognormal distribution: best fit to the Hoggar sample size bins. 6 

Fig. 1. Optical microscope image of a typical emulsion.
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Figure 1. Optical microscope image of a typical emulsion. 3 

 4 

 5 

Figure 2: Tri-modal lognormal distribution: best fit to the Hoggar sample size bins. 6 

Fig. 2. Tri-modal lognormal distribution: best fit to the Hoggar sample size bins.
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 1 

 2 

Figure 3. DSC thermograms of KGa-2 (panel a), KGa-1b (panel b) and K-SA (panel c). 3 

Curves are shown with different offsets for clarity. Suspension concentrations and onsets of 4 

heterogeneous freezing are indicated above and below the curves, respectively. The onset of 5 

the freezing peaks (Ton) is given by the intersection of the two tangent lines (thin black lines) 6 

for each curve.  7 

 8 

Fig. 3. DSC thermograms of KGa-2 (a), KGa-1b (b) and K-SA (c). Curves are shown with
different offsets for clarity. Suspension concentrations and onsets of heterogeneous freezing
are indicated above and below the curves, respectively. The onset of the freezing peaks (Ton)
is given by the intersection of the two tangent lines (thin black lines) for each curve.
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 1 

Figure 4: DSC thermograms of Ill NX (panel a) and Ill SE (panel b). Curves are shown with 2 

different offsets for clarity. Suspension concentrations and onsets of heterogeneous freezing 3 

are indicated above and below the curves, respectively. The onset of the freezing peaks (Ton) 4 

is given by the intersection of the two tangent lines (thin black curves) for each curve. 5 

Fig. 4. DSC thermograms of Ill NX (a) and Ill SE (b). Curves are shown with different offsets
for clarity. Suspension concentrations and onsets of heterogeneous freezing are indicated
above and below the curves, respectively. The onset of the freezing peaks (Ton) is given by the
intersection of the two tangent lines (thin black curves) for each curve.
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 1 

Figure 5: DSC thermograms of M STx-1b (panel a), M SWy-2 (panel b), M K-10 (panel c) and 2 

M KSF (panel d). Curves are shown with different offsets for clarity. Suspension 3 

concentrations and onsets of heterogeneous freezing are indicated above and below the 4 

Fig. 5. DSC thermograms of M STx-1b (a), M SWy-2 (b), M K-10 (c) and M KSF (d). Curves are
shown with different offsets for clarity. Suspension concentrations and onsets of heterogeneous
freezing are indicated above and below the curves, respectively. The onset of the freezing
peaks (Ton) is given by the intersection of the two tangent lines (thin black curves) for each
curve.
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curves, respectively. The onset of the freezing peaks (Ton) is given by the intersection of the 1 

two tangent lines (thin black curves) for each curve. 2 

 3 

Figure 6: DSC thermograms of a dust sample from Hoggar mauntains. Curves are shown with 4 

different offsets for clarity. Suspension concentrations and onsets of heterogeneous freezing 5 

are indicated above and below the curves, respectively. The onset of the freezing peaks (Ton) 6 

is given by the intersection of the two tangent lines (thin black curves) for each curve.  7 

 8 

 9 

Figure 7: Bulk measurements of freezing temperature for 5 wt% K-SA suspensions mixed 10 

with lanolin (light and dark blue) and pure K-SA suspensions (red and orange). The median of 11 

the values shown here has been termed     
    . 12 

Fig. 6. DSC thermograms of a dust sample from Hoggar mauntains. Curves are shown with
different offsets for clarity. Suspension concentrations and onsets of heterogeneous freezing
are indicated above and below the curves, respectively. The onset of the freezing peaks (Ton)
is given by the intersection of the two tangent lines (thin black curves) for each curve.
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Figure 6: DSC thermograms of a dust sample from Hoggar mauntains. Curves are shown with 4 

different offsets for clarity. Suspension concentrations and onsets of heterogeneous freezing 5 

are indicated above and below the curves, respectively. The onset of the freezing peaks (Ton) 6 

is given by the intersection of the two tangent lines (thin black curves) for each curve.  7 
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 9 

Figure 7: Bulk measurements of freezing temperature for 5 wt% K-SA suspensions mixed 10 

with lanolin (light and dark blue) and pure K-SA suspensions (red and orange). The median of 11 

the values shown here has been termed     
    . 12 

Fig. 7. Bulk measurements of freezing temperature for 5 wt.% K-SA suspensions mixed with
lanolin (light and dark blue) and pure K-SA suspensions (red and orange). The median of the
values shown here has been termed T best

med .
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 1 

 2 

Figure 8: Box and whisker plot of bulk measurements of the investigated samples with 5 wt% 3 

of suspended mineral clay (except pure water on the left). The upper and lower boarders of 4 

the box are given by the upper and lower quartile, respectively, and the horizontal line in the 5 

middle of the box shows the value of the median (    
     . The highest and lowest values in a 6 

particular experiment are shown by the ends of the whiskers. Different clay minerals are 7 

separated by dashed vertical lines. 8 

 9 

Fig. 8. Box and whisker plot of bulk measurements of the investigated samples with 5 wt.% of
suspended mineral clay (except pure water on the left). The upper and lower boarders of the
box are given by the upper and lower quartile, respectively, and the horizontal line in the middle
of the box shows the value of the median (T best

med ). The highest and lowest values in a particular
experiment are shown by the ends of the whiskers. Different clay minerals are separated by
dashed vertical lines.
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 1 

Figure 9: Box and whisker plot of bulk measurements for K-SA suspensions with different 2 

concentrations. The blue rectangle represents the spread in pure water freezing temperatures. 3 

 4 

 5 

Figure 10: Box and whisker plot of bulk measurements of Hoggar suspension with different wt%.  6 

  7 

Fig. 9. Box and whisker plot of bulk measurements for K-SA suspensions with different con-
centrations. The blue rectangle represents the spread in pure water freezing temperatures.
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Figure 9: Box and whisker plot of bulk measurements for K-SA suspensions with different 2 

concentrations. The blue rectangle represents the spread in pure water freezing temperatures. 3 

 4 

 5 

Figure 10: Box and whisker plot of bulk measurements of Hoggar suspension with different wt%.  6 

  7 

Fig. 10. Box and whisker plot of bulk measurements of Hoggar suspension with different wt.%.
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 1 

Figure 11 Freezing temperatures as a function of the BET surface area per droplet. Panel a: 2 

emulsion experiments. Different clay minerals are shown in different colours. Open and solid 3 

symbols represent standard and special peaks,    
    and    

    
, respectively. Error bars 4 

indicate the uncertainties associated with the emulsion reproducibility. Panel b: emulsion and 5 

bulk experiments. Symbols represent the average of median freezing temperatures for bulk 6 

Fig. 11. Freezing temperatures as a function of the BET surface area per droplet. (a) emulsion
experiments. Different clay minerals are shown in different colours. Open and solid symbols
represent standard and special peaks, T std

on and T spcl
on , respectively. Error bars indicate the un-

certainties associated with the emulsion reproducibility. (b) emulsion and bulk experiments.
Symbols represent the average of median freezing temperatures for bulk experiments (see Ta-
ble 2 for the 5 wt.% suspensions), T best

med vertical bars represent the spread in these temperatures
between freezing cycles. Grey dashed lines in both panels: calculated Ton for a frozen droplet
fraction of 0.01 (i.e. onset) using classical nucleation theory (CNT, parameterization of Zobrist
et al., 2007) with the contact angle indicated on the right side.
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