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Abstract Specific chemical and physical properties of volcanic ash particles that could affect their ability
to induce ice formation are poorly understood. In this study, the ice nucleating properties of size-selected
volcanic ash and mineral dust particles in relation to their surface chemistry and crystalline structure at
temperatures ranging from �30 to �38°C were investigated in deposition mode. Ice nucleation efficiency of
dust particles was higher compared to ash particles at all temperature and relative humidity conditions.
Particle characterization analysis shows that surface elemental composition of ash and dust particles was
similar; however, the structural properties of ash samples were different.

1. Introduction

Volcanic eruptions emit enormous quantities of gases and micron- and submicron-sized ash particles that
can affect background atmospheric aerosol, climate, and environment [e.g., Graf et al., 1998]. Sulfur dioxide
(SO2(g)) injected into the atmosphere can oxidize to sulfuric acid (H2SO4) vapor producing H2SO4 particles,
which can then spread globally [Robock, 2000]. Injected ash and H2SO4 particles can significantly contribute
to the natural source of aerosols in the atmosphere. Almost every day, volcanic eruptions occur somewhere
around the globe, and they provide a constant flux of fine ash into the troposphere [Mather et al., 2003].
These volcanic erupted aerosol species can also serve as ice nuclei (IN) and affect the Earth’s radiative balance
through altering the microphysical properties of ice-containing clouds [e.g., McCormick et al., 1995; Liu and
Penner, 2002; Durant et al., 2008; Steinke et al., 2011].

Some previous studies observed that ash particles may be efficient sources of atmospheric IN [Isono et al.,
1959; Hobbs et al., 1971]. In these analyses, it was assumed that the ash particle concentration is always low in
the background atmosphere. During a volcanic eruption event, it was also observed that IN concentration
increased, and therefore, these studies concluded that this increase must suggest that ash particles are
efficient IN. Asian dust outflow events may bias these measurements, as Prenni et al. [2009] found that the
typical elemental composition of IN while flying over the active volcano was similar to mineral dust. On the
other hand, Langer et al. [1974] suggest that H2SO4 produced from SO2(g) oxidation associated with ash
particles could reduce ice-forming efficiency, which lead to the conclusion that volcanic ash could be a poor
source of atmospheric IN [Schnell and Delany, 1976; Schnell et al., 1982]. More recently, Bingemer et al. [2012]
found that ash particles collected near the eruption site were less efficient at �18°C and 119% relative
humidity with respect to ice conditions in inducing ice nucleation compared to ambient particles collected
in central Germany about 2200 km away from the eruption event. More specifically, Steinke et al. [2011]
observed that ice nucleation efficiency of ash particles is poorer than Arizona test dust (ATD; a commonly
used proxy mineral for natural atmospheric mineral dust [e.g., Murray et al., 2012]) particles. Further, Hoyle
et al. [2011] investigated ice nucleation efficiency of ash particles from the same volcanic eruption event
that Bingemer et al. [2012] and Steinke et al. [2011] studied and found that ash particles were poor IN in the
deposition mode at warmer temperatures only. However, these studies also showed that volcanic ash
particles are more efficient than both Asian and Saharan dust particles. Any particular reasons that may
explain these results, which concluded that volcanic ash particles were poor and efficient IN in deposition
mode with respect to proxy atmospheric and natural mineral dust, respectively, are missing but are crucial
to improving our overall understanding of heterogeneous ice nucleation activity of ash particles.
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In this study, we show for the first time that the ash particles may lack necessary crystalline properties
that play an important role toward nucleating ice in deposition mode (defined here for conditions where
relative humidity with respect to water (RHw) ≤ 100% or subsaturated conditions). To meet this objective, we
performed ice nucleation experiments on size-selected ash particles from the Eyjafjallajökull (henceforth
referred to as E16) volcanic eruption of April 2010 in deposition mode. To examine the relative importance of
ice nucleation behavior of these particles to natural dust particles in deposition mode, we also investigated
ice nucleation properties of ATD particles. Further, we applied bulk and single-particle techniques to analyze
surface properties, such as surface elemental composition, structural, and shape factor properties,
respectively, of ash and ATD species.

2. Experimental Methods
2.1. Particle Generation and Characterization

ATD (ultrafine mode; UF) was purchased from Powder Technology, Inc. Volcanic ash from E16 was purchased
from Nordicstore Inc. and Nammi Inc.; for simplicity, these two samples are referred to as T1 and T2,
respectively. Ash particles are further sieved (Newark Superla) to eliminate particles larger than 20μm.
Sieved ash (T1 and T2) and powdered samples of ATD particles were dry-dispersed independently using a
dust generator (TSI Inc., Model 3433; Figure S1 in the supporting information). More details are shown in
section S2 including experimental schematic (Figure S1) [Kulkarni et al., 2014]. These dispersed (aerosolized)
particles were size selected based on their mobility diameter (dm), in using a differential mobility analyzer
(DMA; TSI Inc., Model 3080) and transmitted as aerosol to a compact ice chamber (CIC) [Friedman et al., 2011;
Kulkarni et al., 2012] and a condensation particle counter (CPC; TSI Inc, Model 3010). The vacuum aerodynamic
diameters of size-selected particles were measured with single particle mass spectrometer, SPLAT II, and
used to calculate particle effective density (ρeff), from which particle dynamic shape factors were obtained
[Zelenyuk et al., 2006].

Size-selected ATD particles were also coated with H2SO4 (Sigma Aldrich) in the coating apparatus [Friedman
et al., 2011] that was maintained at a temperature of 130°C. Briefly, the coating apparatus unit consists of
a H2SO4 bath, which is heated using heating tape and its temperature is controlled using a thermostat. The
residence time of the particles within the unit was< 5 s, which was achieved by maintaining constant airflow
(0.3 LPM (Liters per minute)). Further details are provided in the supporting information (section S1).

The top 10nm surface composition of sieved ash, powdered samples of ATD particles using X-ray photoelectron
spectroscopy (XPS). XPS was performed using a Kratos Axis Ultra DLD spectrometer, which consists of a high
performance Al Kα monochromatic X-ray source (1486.6 eV) and a high-resolution spherical mirror analyzer.
The X-ray source was operated at 150W, and the emitted photoelectrons were collected at the analyzer
entrance slit normal to the sample surface. The data acquisition was performed in hybrid modewith an analysis
area of 700×300μm. The survey spectra were recorded at a pass energy of 160 eV with 0.5 eV step size.
The charge neutralizer with low-energy electrons was used to exclude the surface charging effects, and the
binding energy of C 1 s at 284.8 eV was used as the charge reference. The chamber pressure was maintained
at ~ 5×10�9 torr during the measurements. Finally, the XPS data were analyzed by CasaXPS software using
Shirley background correction.

Using the X-ray diffraction (XRD) technique, we identified crystalline phases and structural state of sieved ash,
powdered samples of ATD, and acid coated ATD particles. XRD is an analytical technique most widely used for
the phase identification and structural properties of materials. MicroXRD data were collected using a Rigaku
D/Max Rapid II instrument equipped with a 2-D image plate detector. Ash and ATD particles were dispersed on
a sample holder. A MicroMax 007HF generator fitted with a rotating Cr anode (wavelength equal to 2.29Å)
produced X-rays that were focused on the specimen through a 300μm diameter collimator. Additionally,
Rigaku 2-D Data Processing Software (Ver. 1.0, Rigaku, 2007) was used to integrate the diffractions rings
captured by the detector. Analysis of the diffraction datawas performed out using JADE 9.5 (Materials Data, Inc.)
and the PDF4+ 2012 database from International Centre for Diffraction Data.

2.2. Ice Nucleation Measurements

To investigate the ice nucleating properties of size-selected volcanic ash and ATD, the particles were exposed
to controlled temperature and relative humidity conditions in the CIC. The design details of the CIC have
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been previously described in Stetzer et al. [2008]
and Friedman et al. [2011]. In short, the CIC
consists of two vertical parallel plates coated
with an ice layer ~ 0.5mm thick to produce
the ice-supersaturated conditions inside of the
chamber. CIC also has an evaporation section
attached at the bottom of the chamber, again
coated with an ice layer ~ 0.5mm thick, to
remove water droplets. Additional details about
the CIC regarding cooling and temperature
control are described in the Kulkarni et al. [2012].
To obtain the RHw conditions at one fixed
temperature, the temperature gradient between
the plates was adjusted, and using Murphy and
Koop [2005] vapor pressure formulations, the RHw

magnitudes were calculated. The sample and
sheath flow used are 1 and 10 LPM, respectively,

which limits the aerosol residence time to ~ 12 s within the CIC. Ice nucleation on particles leads to the
formation of new ice crystals, with those crystals grown to a size larger than ~ 1.5 μm are counted with an
optical particle counter (OPC; CLiMET, model CI-3100). The total number of particles that entered CIC was
calculated using sample flow rate and CPC measurements. Further, ice-nucleated fraction (Fice) of these
particles was calculated as the ratio of number of ice crystals measured by the OPC to the total number of
particles that entered the CIC. The Fice calculations were averaged over ± 2.5% RHw and plotted against
the RHw. When sampling filtered air, Fice were lower than 0.01%. The water breakthrough limit or the
critical RHw conditions above which water droplets are not removed from the evaporator section of the
CIC was above 110%.

3. Results
3.1. Composition of Particles

Figure 1 shows the XPS survey scans of ATD, T1, and T2 particles. We observed Si, Al, O, Fe, Mg, Na, and Ca on
the surface of all three-test samples. Even though the T1 and T2 particles consist of the same elements, T2
shows more Si and less Al compared to T1. Furthermore, data show some variation in concentrations of
the other elements between T1 and T2 (Table S1). In comparison to T1 and T2, ATD has a higher content of Si,
but Al concentration is comparable to T1. ATD also has high Mg and low Fe and Na concentrations compared
to T1 and T2 particles. Sulfur was not detected in both ash samples. Except for K, Cl, and P elements that
were present in minor concentrations (<1 at. %), the elements present in T1 and T2 are in agreement with the
April 2010 E16 erupted volcanic ash composition reported in the literature [Gíslason et al., 2011] (Table S1).
However, atomic concentration (%) of these elements varied from T1 and T2.

3.2. XRD Analysis

The XRD-calculated crystallographic or structural properties and patterns of ash (T1 and T2), ATD, and coated
ATD particles are shown in Table 1 and Figure S2, respectively. Various peaks or degrees 2 theta (2θ) reflections
indicate characteristic mineral elements [e.g., Warren, 1990; Cullity and Stock, 2001; Melo et al., 2010; Volzone
and Ortiga, 2011]. Results indicate that ATD is composed of several minerals such as quartz (SiO2), albite
(Na(Si3Al)O8), orthoclase (KAlSi3O8), calcite (Ca(CO3)), and illite ((K,H30)Al2(Si3Al)O10(OH)2.xH2O), and ash was
mostly composed of orthoclase, albite, and kaolinite (Al2Si2O5(OH)4) minerals. Powder XRD patterns from
ATD particles revealed numerous intense sharp peaks, suggesting that these particles were polycrystalline in nature.
After coating, the peak intensity of some of ATDminerals was decreased significantly. For example, the positions
of 2θ reflections of well-defined peaks of calcite, orthoclase, quartz, illite, and albite in the region between
55°< 2θ< 80° for ATD were decreased after coating, see Figure S2. The differences in the peak intensities and
the calculated crystallite sizes (see section S2) of the XRD patterns between the bare and coated ATD suggest
that coating resulted in some loss of crystallinity. For example, crystallite size of bare and coated ATD were in the
range from 40 to 50nm and 20 to 30nm, respectively; indicating crystallite sizes were decreased after coating.

Figure 1. XPS spectra of ATD, T1, and T2 particles. The spectra
show the elemental composition from the top 10 nm deep of
the particle surface.
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Quantitative phase analysis carried out on one ash sample (T2) suggested a significant amount of amorphous
content (~37w t%) was present. Further, quantitative phase analysis such as Rietveld analysis of XRD data would
be necessary to determine the quantity of crystalline and amorphous components. Spectra show that minerals
such as kaolinite and calcite were present within T2 but were missing in T1.

3.3. Effective Density of Particles

Measurements of ρeff provided the information about particle shape (section 2.1), such that particle irregularity
(roughness and discontinuities) increases as ρeff decreases [DeCarlo et al., 2004] or dynamic shape factor
increases. Figure 2 shows the calculated ρeff of ATD, T1, and T2 ash particles as a function of particle size. ρeff
of ATD and T2 are nearly identical, decreasing from 1.6g/cm3 for 150nm particles to 1.17g/cm3 for 500nm
particles. The ρeff of 300nmT1 and T2 ash particles are 1.77g/cm3 and 1.42g/cm3, respectively. These differences
between the two ash samples might reflect changes in particle shape properties with the time of the eruption
[e.g., Scasso and Carey, 2005].

3.4. Ice Nucleating Efficiency of Ash and
ATD Particles

Figure 3 presents a fraction of T1, T2, ATD, and
acid-treated particles, all classified at dm= 300 nm
that induced ice nucleation as a function of RHw at
temperatures of�30, �34, and �38°C. The vertical
error bars are equal to the one standard error
of the measurements (n= 4), and the horizontal
error bars are equal to the ± 3% uncertainty in
the RHw measurements. The measurements show
that the Fice increases as RHw increases consistent
with previous studies [e.g., Welti et al., 2009;
Sullivan et al., 2010; Hoyle et al., 2011; Steinke et al.,
2011; Bingemer et al., 2012]. The Fice of T1, T2,
and coated ATD particles was nearly identical,

Figure 2. Calculated effective densities of two types of ash
particles (T1 and T2) and ATD (UF) as function of mobility
diameter.

Table 1. Crystallographic or Structural Properties: Crystalline Size and Lattice Parameters of ATD (Bare and Coated)
and Volcanic Ash (T1 and T2) Particles From XRD Analysesa

Chemical Compound Crystalline Size (nm) Minerals Weight (%)

Lattice Dimensions (Å)

a b c

ATD (bare) 53.7(8) Quartz 30.1 4.916(1) 4.916(1) 5.407(1)
28(3) Calcite 4.4 4.982(2) 4.982(2) 17.064(7)
16(1) Albite 10.5 8.168(4) 12.792(7) 7.160(4)
10(1) Orthoclase 22.6 8.427(8) 13.037(10) 7.194(5)
11(1) Illite 32.4 5.219(5) 9.008(8) 20.554(18)

ATD (coated) 25(1) Quartz 33.0 4.909(1) 4.909(1) 5.411(1)
3 (2) Calcite 2.5 4.966(9) 4.966(9) 16.324(31)
18(2) Albite 10.5 8.166(5) 12.966(9) 7.108(4)
4(2) Orthoclase 30.2 8.680(9) 12.982(11) 7.185(4)
13(2) Illite 23.8 5.190(6) 9.046(13) 20.356(26)

T1 35(1) Albite 7.4 8.192(3) 12.886(4) 7.117(2)
7(1) Orthoclase 49.1 8.545(6) 13.013(8) 7.429(4)
-- Kaolinite 3.5 5.264(3) 8.934(9) 7.453(9)

T2 31(1) Albite 37.5 8.188(2) 12.878(3) 7.122(1)
7(1) Orthoclase 25.5 8.452(8) 12.942(10) 7.115(5)

Ice-Ih -- -- -- 4.52 -- 7.36
AgI -- -- -- 4.592 -- 7.51

aUncertainties associated with lattice parameters are presented in brackets. They should be read as ± of the last
decimal (e.g., accuracy of “a” lattice parameter in quartz is read as 4.916 ± 0.001). For comparison lattice parameters of
ice-Ih and efficient IN AgI are also shown. For data quality reasons, lattice parameters for T1 particles were calculated
using a structureless peak profile fitting method.
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andtheir efficiency to nucleate ice was reduced
compared to uncoated ATD particles, which had
higher Fice as a function of RHw.

4. Discussion

Our results demonstrated that crystalline structural
properties impact the IN ability of ash and ATD
particles. At temperatures ranging from �30 to
�38°C and humidity conditions below water
saturation, ash (T1 and T2) and coated ATD particles
showed a reduced ice nucleation ability compared
to uncoated ATD particles. XRD analyses show that
ATD was composed of quartz, calcite, orthoclase,
albite, and illite, while the ash samples had albite,
orthoclase, and kaolinite. We observed that T1 and
T2 had slightly different XRD spectra, but these
differences were not relatable to their ice nucleation
ability. Results show that ice nucleation efficiency
of both T1 and T2 particles was nearly similar
(Figure 3) and warrants further research to
qualitatively determine the threshold amorphous
phase contents to understand the relationship
between amorphous phase and IN activity.

The crystallographic structure match was considered
one of the specific characteristic requirements to
be met for a particle to serve as an efficient IN
[Pruppacher and Klett, 1997], because crystallographic
surface provides preferred configurations for the
water molecules to bond and reduce free energy
associated with the substrate-ice interface. It is
hypothesized that small crystallographic differences
between the substrate (for example, dust surface in
this study) and ice will reduce the interface-free
energy at the substrate-ice interface and will aid to
induce ice formation [Pruppacher and Klett, 1997].
These crystallographic properties can be represented
with lattice parameters (Table 1; see section S3 for
more details). For example, the lattice dimensions

(a, b, and c) of orthoclase mineral, which is a K-feldspar group mineral identified as an efficient ice nucleating
mineral [Yakobi-Hancock et al., 2013], from ATD and ash particles are 9.129, 12.248, 7.206, and 8.545, 12.967,
7.301, respectively, in Å. These results clearly indicate the crystal latticemismatch between test particles and ice.
The importance of the lattice structure was also demonstrated by many previous studies [e.g., Baklanov et al.,
1991; Edwards and Evans, 1960; Vonnegut, 1947], which showed that silver iodide (AgI) is an efficient IN due to
the fact that AgI has similar crystal structure dimensions as hexagonal ice-Ih (see Table 1).

The importance of crystalline structure toward ice nucleation was further confirmed by coating ATD particles
with H2SO4. We observed that deposition mode efficiency of acid-treated particles was reduced compared to
uncoated ATD particles (Figure 3). This is consistent with previous literature data which show that acid
coating decreases the ice nucleation efficiency of dust particles [e.g., Chernoff and Bertram, 2010; Tobo et al.,
2012; Wex et al., 2014]. Our XRD results show that acid treatment resulted in reduced crystallinity in the
coated ATD particles (Figure S2) and partial dissolution of the calcite content, however, we note that further
quantitative phase analysis would be needed to understand the degree of crystallinity that was lost due
to acid coating. Reduction in crystallinity is possible because acid treatment can lead to the fragmentation of

Figure 3. Ice nucleating fraction of ATD, coated ATD, T1, and T2
particles classified by the DMA at 300 nm. Vertical error bars
indicate standard deviations (n=4). RHw measurements had
± 3.0 uncertainty. Vertical dashed line indicates RHw=100%.
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the layered structure of the dust minerals through various reaction mechanisms. Reitz et al. [2011] suggested
that surface chemical reactions between H2SO4 and ATD particles lead to various metal and ammonium
sulfates compounds and hydrogenated fragments of the sulfate species. These sulfate anions can adsorb
strongly to these compounds due to electrostatic attractions, and these adsorbed anions can alter the
structural properties [e.g., Stumm, 1997]. Acid treatment can also lead to exchange of cations of the dust
and H+ ions of the H2SO4, and under certain conditions, metallic ions can leach out from the interlayer
structure of the dust minerals [Volzone et al., 2005; Volzone and Ortiga, 2006; Zhao et al., 2013]. It is also
possible that amount of soluble material present on a particle may influence ice nucleation mechanism. For
example, recently Wex et al. [2014] reported that coatings that correspond to a hygroscopicity of about 0.05
would be sufficient to nucleate ice on the surface of the particle that is coated through the immersion
mechanism. Acid treatment had shown to modify the surface geometry through dissolution (disintegration
of crystalline structure), surface chemistry, and active sites [Boudrichea et al., 2011] that may affect ice
nucleating behavior of mineral particles. Recent spectroscopic measurements show that ions within acid
solution disrupts the charge density next to mineral surfaces (e.g., sapphire) and conclude that ion
segregation could influence ice nucleation temperatures and structure of ice [Anim-Danso et al., 2013].
Further, it is possible that during E16 or another volcanic event [e.g., Hansen et al., 1992; Bluth et al., 1997,
and references therein], the volcanic erupted gaseous components such as H2SO4 may have adsorbed
at active sites or modified/deteriorated the volcanic ash surface properties, potentially suppressing the
ice nucleation ability of ash particles [e.g., Durant et al., 2008]. Recent spectroscopic investigations at
water/mica interfaces by Yang et al. [2011] report that H2SO4 treatment modified the ordered water
structure, suggesting that lack of such structured order could explain why dust particles coated with H2SO4

are relatively poor IN. The study also found that the state of lattice structure is also a function of molarity of
the H2SO4, meaning that the ice nucleating properties of particles also depend upon the magnitude of
the coated H2SO4 concentration. Therefore, it is possible that the heterogeneity in the H2SO4 concentration
in a volcanic plume could result in processing the ash particles with different deterioration efficiency,
and thus few ash particles could be efficient IN compared to others. These results (Figure 3) indicated that
ash particles might not act as efficient IN in deposition mode, but within the volcanic plume where ash
concentrations greatly exceed background mineral dust concentrations their role in glaciating clouds
would be important. We suggest that the reason volcanic ash particles investigated by previous studies
[Schnell and Delany, 1976; Schnell et al., 1982; Hoyle et al., 2011; Steinke et al., 2011; Bingemer et al., 2012]
were poor IN is because these ash particles may lack the necessary crystalline structural properties;
however, further characterization of these ash particles is necessary to confirm the role of crystallinity
toward ice nucleation.

We observed that surface composition (elemental) of ATD and ash particles were similar. Atomic concentration
of elements varied within T1 and T2, but we observed that these variations do not affect ice nucleating
properties of these two test samples (Figure 3 and section 3.4). The surface composition was compared with
Gíslason et al. [2011], which analyzed the ash sample from the same volcanic event using XPS (the analysis
methodology that was similar to ours; section 2.1), and we find a similar elemental distribution.

High-resolution scanning electron microscopy images of individual ash particles (T1) show that particles are
highly irregular in shape and have many steps, cracks, or pores (Figure S3). These irregular features could
act as ice active surface sites at which ice nucleation can be initiated [Pruppacher and Klett, 1997; Durant
et al., 2008]. The importance of these features toward ice nucleation was understood by calculating ρeff, as
described in section 3.3. We note that ρeff does not represent the measurement of surface defects, such
as steps, cracks, or pores, but is a measure of overall particle shape. T1 and T2 particles of dm=300 nm
had ρeff equal to 1.75 and 1.4 g/cm3, respectively. The ρeff of T2 and ATD particles was equal, but these
densities were smaller than T1 particles. These differences in the ρeff, or shape factor (section 3.3), do not
seem to influence ice nucleation ability of these particles, because we observed that fraction of T1 and T2
particles that induced ice nucleation was similar and ice nucleation efficiency of ash particles was lower
compared to ATD particles (Figure 3). Insensitivity of shape factor toward ice nucleation implies that T1
particles were sufficiently irregular that further increase in irregularity (e.g., T2 particles) does not seem to
affect ice nucleating efficiency of ash particles. Experiments with controlled irregular features [e.g., Hiranuma
et al., 2014] on the particles would be useful to understand more about the significance of shape factor
toward ice nucleation.
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5. Conclusions

We observed that crystallographic (lattice structure) properties are more important than surface elemental
composition and shape factor toward nucleating ice on ash and dust particles. ATD particles were crystalline
and more efficient in nucleating ice, whereas ash particles had some amorphous phase content and reduced
ice nucleation efficiency compared to ATD particles. The surface elemental composition shows that both
test species consists of several common elements (Si, Al, O, Fe, Mg, Na, and Ca). Our results conclude that ash
particles from the E16 volcanic event were poor IN compared to ATD particles in deposition mode. XRD
measurements show that ash particles lacked the necessary crystalline structure, providing unique insight on
importance of crystalline structure toward nucleating ice.

For future studies, determining ice nucleation efficiencies of volcanic ash particles from different eruption
periods (e.g., explosive and phreatomagmatic) [Hoyle et al., 2011] would be useful to understand the impact
of volcanic particles on clouds. In this study, we applied the XRD technique that helped us to interpret
heterogeneous ice nucleation efficiencies of ash and dust particles. Future experiments are underway to
characterize the effect of acid treatment on the crystallographic properties, as well as quantify the phases and
amorphous content using the Rietveld method to advance our overall understanding of heterogeneous
ice nucleation.
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