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Abstract

Ice nucleation on volcanic ash controls both ash aggregation and cloud glaciation,
which affect atmospheric transport and global climate. Previously, it has been sug-
gested that there is one characteristic ice nucleation efficiency for all volcanic ash,
regardless of its composition, when accounting for surface area; however, this claim5

is derived from data from only two volcanic eruptions. In this work, we have studied
the depositional and immersion freezing efficiency of three distinct samples of volcanic
ash using Raman Microscopy coupled to an environmental cell. Ash from the Fuego
(basaltic ash, Guatemala), Soufrière Hills (andesitic ash, Montserrat), and Taupo (Oru-
anui euption, rhyolitic ash, New Zealand) volcanoes were chosen to represent different10

geographical locations and silica content. All ash samples were quantitatively analyzed
for both percent crystallinity and mineralogy using X-ray diffraction. In the present study,
we find that all three samples of volcanic ash are excellent depositional ice nuclei, nu-
cleating ice from 225–235 K at ice saturation ratios of 1.05±0.01, comparable to the
mineral dust proxy kaolinite. Since depositional ice nucleation will be more important15

at colder temperatures, fine volcanic ash may represent a global source of cold-cloud
ice nuclei. For immersion freezing relevant to mixed-phase clouds, however, only the
Oruanui ash exhibited heterogeneous ice nucleation activity. Similar to recent studies
on mineral dust, we suggest that the mineralogy of volcanic ash may dictate its ice
nucleation activity in the immersion mode.20

1 Introduction

It is estimated that approximately 9 % of the world’s population lives within 100 km of
a historically active volcano (Small and Naumann, 2001) and at any moment at least
20 volcanoes around the globe may be erupting (Durant et al., 2010). In these areas,
both gaseous and particulate volcanic emissions can affect both human respiratory25

health (Horwell and Baxter, 2006) and local environments (Witham et al., 2005). Fur-
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ther, explosive volcanic eruptions can greatly influence global climate, even for years
after the initial eruption (Durant et al., 2010). For example, the eruption of Mt. Pinatubo
in 1991 injected large amounts of gaseous sulfur species into the stratosphere, which
perturbed the climate system 2–3 yr following the eruption (Robock, 2004).

In addition to gaseous emissions, explosive volcanoes generate large amounts of5

fine ash (< 63µm), which is dispersed into the atmosphere via plumes above vol-
canic vents and pyroclastic flows. The global annual flux of fine volcanic ash into
the atmosphere is approximately 200 Tgyr−1, based on a 1000 yr average. While this
flux is smaller than the terrestrial dust burden of approximately 1000 to 4000 Tgyr−1

(Huneeus et al., 2011), volcanic eruptions are often sporadic and can eject a large10

amount of particulate into the atmosphere over a short amount of time. Further, water
vapor is abundant in volcanic eruptions, with up to 8 % of the pre-eruptive magma by
mass (Durant et al., 2008). Thus, volcanic plumes represent prime conditions for ice
cloud glaciation via heterogeneous ice nucleation, yet this phenomenon is vastly under-
studied considering its influence on plume dynamics, volcanic lightning, sequestration15

of gaseous species, and the transport of these species to the stratosphere (Brown
et al., 2012; McNutt and Williams, 2010; Kolb et al., 2010; Van Eaton et al., 2012).
Further, fine ash from plumes can stay suspended in the upper troposphere for weeks
to months and travel 1000s of km; if these particles are efficient depositional ice nu-
clei, they could represent a widespread source of cold-cloud ice nuclei not currently20

parameterized in global models (Hoose et al., 2010).
Active volcanoes have long been known to influence ice nuclei (IN) concentrations

in the atmosphere (Hobbs et al., 1971; Isono et al., 1959). For example, a study mon-
itoring IN concentrations in Japan found concentrations were enhanced by a factor
of 40 over background aerosol following the eruption of a nearby active volcano (Isono25

et al., 1959). In contrast, other studies have shown that IN concentrations near volcanic
plumes were not elevated above typical background concentrations (Langer et al.,
1974; Schnell and Delany, 1976). It was suggested, however, that the ash in some of
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these studies had been deactivated by chemical processing via gases in the volcanic
cloud.

Laboratory studies probing the ice nucleation efficiency of volcanic ash have also
shown it can act as a heterogeneous IN (Durant et al., 2008). Unlike field measure-
ments, however, it has been suggested that all volcanic ash may have similar ice nu-5

cleation efficacy, initiating ice formation in a relatively narrow temperature range of
approximately 250 to 260 K (Durant et al., 2008); however, these works are difficult
to interpret quantitatively, especially in cases where the nucleation mode is unclear,
frozen fractions are unavailable, or the available surface area has not been quantified.
More recently, several studies have investigated the deposition and/or immersion mode10

ice nucleation properties of ash from the 2010 eruption of the Eyjafjallajökull volcano in
Iceland (Steinke et al., 2011; Hoyle et al., 2011; Bingemer et al., 2012). The results of
these studies, combined with previous studies on large, 250–300 µm ash particles from
the 1980 Mt. St. Helens eruption (Fornea et al., 2009), suggests that there is one char-
acteristic ice nucleation efficiency for all ash, even when accounting for frozen fractions15

and surface area (Murray et al., 2012). While such behavior would allow for a great
simplification in models, these results are only for two volcanoes with similar classifica-
tions. Thus, the question still remains of whether or not all volcanic ash exhibits similar
ice nucleation activity regardless of the location, pre-eruptive magma composition, and
mineralogy.20

In this study, we have collected volcanic ash particles from the Fuego (Guatemala),
Soufrière Hills (Montserrat), and Taupo (Oruanui eruption, New Zealand) volcanoes,
which are basaltic, andesitic, and rhyolitic ashes, respectively. These samples were
specifically chosen to represent three separate geographical locations, classifications
by silica content, and percent minerals. For each of these ashes, we have probed their25

depositional ice nucleation and immersion freezing potential. The present experiment
used to study depositional ice nucleation has been described previously; however, this
paper represents our first measurements of immersion freezing. For the depositional
nucleation experiments, the results are compared to previous results using the same
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system for the clay mineral kaolinite (Sihvonen et al., 2014), which is generally thought
to be an efficient depositional IN (Hoose and Moehler, 2012). For the immersion freez-
ing experiments, the Raman Microscope cold stage was validated using the same,
standard kaolinite sample (Murray et al., 2011; Pinti et al., 2012). Using this validated
system, we determined the ice nucleation active surface site densities of each volcanic5

ash sample by utilizing the singular description (Vali, 1994, 2008; Vali and Stansbury,
1966). The results and implications of these findings for cloud glaciation in volcanic
plumes and the atmosphere are discussed.

2 Experimental

2.1 Volcanic ash and standard minerals10

Volcanic ash was collected from three separate volcanic eruptions that produced three
distinct types of ash. Volcan Fuego is an active stratovolcano that lies 16 km north
of Antigua, Guatemala. The sub-Plinian eruption of 14 October 1974 produced ash fall
that impacted an area of ∼ 400km2, and samples used here were collected by previous
researchers from a location 10 km from the vent. The Soufrière Hills volcano is an15

active stratovolcano located in Montserrat, an island in the Lesser Antilles island arc of
the West Indies. The ongoing eruption, which began in 1995, produces cyclic dome-
building and explosive activity, with samples used here resulting from an explosion in
January of 2010. Finally, the Taupo caldera sits in the center of the North Island of
New Zealand. Samples used here were collected from air fall deposits of the Oruanui20

ultra-Plinian eruption ∼ 26ka.
Volcanic ash (pyroclasts < 2mm) dominantly consists of silica-rich volcanic glass

and crystalline minerals. The chemical composition of volcanic ash is mainly deter-
mined from its parent magma, although lithic material from the vent may play a role.
Since the main chemical elements of magma are Si and O, magma is often classified25

by its silica content, which increases in the following order: basaltic (45–52 % SiO2),
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andesitic (56–59 % SiO2), and rhyolitic (63–75 % SiO2) (Heiken, 1972). Each parent
magma has a different melting temperature, viscosity, and volatile content (dominantly
H2O); further, the assemblage and composition of minerals often reflect their host melt
(Langmann, 2014). The silica content and % crystals, taken from previous whole-rock
studies, for each of the volcanoes are shown in Table 1. As shown, the Fuego, Soufrière5

Hills, and Oruanui whole-rock samples represent a range of magma compositions and
contain varying amounts of crystalline material. From these bulk studies, the primary
mineral for all three samples was found to be plagioclase, a tetrosilicate material in
the feldspar family; however the samples vary in their next abundant mineral. For the
Fuego, Soufrière Hills, and Oruanui samples, the second-most abundant mineral is10

olivine, amphibole, and quartz, respectively.
A low-defect kaolinite from Washington County, GA, USA (KGa-1b) was obtained

from the Source Clays Repository of the Clay Mineral Society (West Lafayette, IN,
USA). KGa-1b was chosen because it has been previously been studied in the ice
nucleation literature in both the deposition and immersion mode (Hoose and Moehler,15

2012; Murray et al., 2012). Soda feldspar (Standard Reference Material (SRM) 99b),
a standard Na/Ca feldspar, was obtained from the National Institute of Standards and
Technology (NIST) as a homogenous, fine powder (< 60µm).

2.2 Raman microscope and environmental cell

The Raman microscope has been described previously in detail (Baustian et al., 2010;20

Schill and Tolbert, 2013). Briefly, a Nicolet Almega XR Raman spectrometer has
been coupled to a research grade Olympus BX-51 microscope with 10×, 20×, 50×,
and 100× magnification objectives. This Raman microscope has been outfitted with
a Linkam THMS600 environmental cell. The temperature of a cold stage inside the cell
is controlled by a Linkam TMS94 automated temperature controller with an accuracy25

of 0.1 K. Water partial pressure inside the cell is controlled by mixing dry and humid-
ified flows of N2 and measured using a Buck Research CR-A1 dew point hygrometer
in line with the cell. The accuracy of the dew point hygrometer is 0.15 K. The relative
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humidity (RH) and ice saturation ratio (Sice = PH2O/V Pice) inside the cell are determined
by ratioing the partial pressure of water to the equilibrium vapor pressure of water and
ice, respectively (Murphy and Koop, 2005). A Gast diaphragm pump at the exit of the
hygrometer ensures that the gas flow through the cell and hygrometer is 1 Lmin−1.

Raman spectra were obtained using a 532 nm frequency-doubled Nd:YAG as the5

excitation laser. Spectra were taken from 200 to 4000 cm−1 with a typical resolution of
2–4 cm−1. Spectra were taken at the center of each particle and typically consisted of
256 co-added scans and were taken with 50× and 100× long-range objectives, which
focus the laser to a spot size of approximately 1.3 and 1.1 µm, respectively (Everall,
2010).10

2.3 Depositional freezing

For depositional freezing experiments, approximately 100 mg of ash was ground in
a porcelain mortar and pestle. To the ground ash, 8.0 mL of ultra-pure water was added
and the slurry was immediately aspirated into a Meinhard TR-50 glass concentric neb-
ulizer. Nebulized droplets were directed at a fused-silica disc and allowed to coagulate15

into supermicron droplets. The sample disc was then transferred into the environmen-
tal cell and exposed to a low humidity environment. This caused water evaporation,
resulting in aggregated ash particles ranging from 1 to 20 µm in lateral diameter. Sim-
ilar composite or aggregate volcanic ash samples are often found in the atmosphere,
and are produced by a similar mechanism (Brown et al., 2012). To assure that minimal20

chemical alteration occurred from grinding and nebulizing the ash samples, Raman
spectra of unground, ground, and ground/nebulized and dried ash were obtained. An
example set of these spectra for Soufrière Hills ash is shown in Fig. 1. It can be seen
that the main ash signatures in the Raman spectra are not significantly altered between
the unground, ground, and aggregated particles, indicating that any chemical alteration25

due to ash processing was not detected for these samples.
Depositional nucleation experiments were conducted from 225–235 K. Experiments

consisted of increasing ice supersaturation over the sample by holding a constant vapor
1391
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pressure of water and lowering the temperature until the first ice event was noted.
Specifically, after the particles were allowed to sit at 298 K and ∼ 0% RH for at least
10 min, the temperature was decreased at a rate of 10 Kmin−1, until Sice ∼ 0.9. The
temperature was then decreased at a rate of 0.1 Kmin−1, which corresponds to an Sice

ramp rate of 0.01 min−1, until the first ice event was noted. Initial observation of ice5

was monitored by scanning the entire disc using the 10× objective. After the first ice
particle was detected, the 50× objective was utilized to verify the existence of ice both
visually (Fig. 2a) and spectrally. Finally, the ice was sublimed by turning off the flow of
the humidified nitrogen to ensure that ice had formed on an ash particle instead of the
fused silica disc (Fig. 2b).10

2.4 Immersion freezing experiments

For immersion freezing experiments, it was important to ensure that the concentration
of volcanic ash or standard mineral in each drop was the same. Grinding with a mortar
and pestle produced samples too coarse to meet these requirements. Thus, for immer-
sion freezing experiments, a Wig-L-Bug® amalgamator (Crescent/Rinn Dental Mfg.)15

was used to pulverize volcanic ash or standard minerals (Hudson et al., 2008; Curtis
et al., 2008). Specifically, approximately 100 mg of material was placed in a hardened
stainless steel vial containing a stainless steel ball pestle. The samples were pulverized
in four five-minute intervals, for a total of twenty minutes. The samples were allowed
to rest for five-minutes between intervals to avoid overheating of the sample. After20

treatment with the Wig-L-Bug®, the samples were made into 0.5, 1.0, and/or 2.0 wt%
solutions with ultra-pure water. The concentration of material in suspensions was de-
termined gravimetrically. Sample solutions were shaken for at least 12 h prior to ice
nucleation experiments; this prevented unnecessary aggregation, and, therefore, en-
sured better homogeneity between droplets. To generate droplets for an immersion25

freezing experiment, a known weight-percent solution was aspirated into a Meinhard
TR-30 glass concentric nebulizer. To mitigate gravimetric settling prior to nebulization,
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humidified nitrogen was vigorously bubbled through the sample solutions immediately
before aspiration. Humidified N2 was used as the carrier gas to prevent excess evap-
oration at the nebulizer nozzle (Todoli and Mermet, 2011). The nebulized spray was
directed at a hydrophobically treated fused-silica disc, and the nebulized droplets were
allowed to coagulate into supermicron droplets. After nebulization, the disc was imme-5

diately capped with an indium spacer (Alfa Aesar, 127 µm thick) and a second quartz
disc. The spacer was coated with Apiezon L high-vacuum grease to ensure good con-
tact to the discs, which helped maintain a saturated humidity in the space created by
the indium spacer (immersion cell). By taking the above precautions, the concentra-
tion of ash in each particle is assumed to be the same as the concentration of ash10

in the nebulized solution. To confirm this, droplets were examined under 50× magni-
fication prior to each experiment to ensure that their ash concentrations were visually
similar. Despite low relative humidities inside the environmental cell, droplets inside the
immersion cell did not visibly grow or shrink, even after sitting for 12 h.

Freezing experiments were video recorded under 10× or 20× magnification at 3015

frames per second, and freezing events were identified by the sudden appearance of
structure within droplets. Droplets were cooled from approximately 5 ◦C to −40 ◦C at
a rate of 10 Kmin−1. An example of droplets at the beginning of an immersion freezing
experiment prior to freezing and the same droplets after all had frozen can be seen in
Fig. 3a and b, respectively. Ice nucleation frozen fractions were calculated as a function20

of temperature. Frozen fraction curves were separated into two different size bins: 10–
60 and 65–165 µm (lateral diameter). These size bins span droplet volumes from ∼
1.3pL to 0.7 nL. In some cases, larger ice particles would grow at the expense of
smaller droplets in the cell. If these smaller droplets completely evaporated by the end
of the experiment, they were disregarded in our analysis. Further, if unfrozen droplets25

were contact frozen by growing ice particles, those contact-frozen droplets were also
disregarded in our analysis. Errors in ns values are based on the range of surface
areas available in each experiment. The temperature error for all droplets, 0.5 K, was
determined by repeated homogeneous freezing experiments on ultra-pure water.
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2.5 Brunaur–Emmet–Teller surface areas

Brunaur–Emmet–Teller (BET) surface area analysis was conducted by Pacific Surface
Sciences Inc. using a Micrometric TriStarr II surface area analyzer. For BET analysis,
ash samples and Na/Ca feldspar were prepared exactly as for immersion freezing ex-
periments, but were not suspended in high-purity water. The samples were degassed5

under flowing ultra-high purity grade nitrogen for two hours at a temperature of 200 ◦C
and the surface area was measured. Nitrogen gas adsorption measurements were
taken at relative pressures of 0.05, 0.1, 0.15, 0.2, and 0.25. The free space in the anal-
ysis tube was measured by the Helium method. The five pressure points were used to
calculate the BET surface area. In this study, we determined the BET surface areas for10

all three volcanic ash samples and Na/Ca feldspar (Table 1).

2.6 X-ray diffraction analysis

X-Ray Diffraction (XRD) analysis of volcanic ash and Na/Ca feldspar was conducted
by X-Ray Wizards, LLC. Similar to BET analysis, each sample was prepared exactly
as for immersion freezing, but was not suspended into solution. Data was collected15

with a Bruker D8 Discover instrument with a scintillation detector, Cu radiation, and
appropriate slits for high resolution. Percent crystallinity and associated % amorphous
were determined by profile fitting and Degree of Crystallinity measurements using the
Bruker Rietveld Refinement (Table 1). Phase identification and quantitative analysis
were used to determine the identity and relative amount of each phase in a mixture,20

and each identified mineral is reported as a wt% (Table 2). The quantitative analysis
was done via reference intensity ratio.
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3 Results and discussion

3.1 Depositional ice nucleation on volcanic ash samples

Depositional ice nucleation experiments using the Raman microscope have previously
been validated (Baustian et al., 2010; Wise et al., 2010). The critical Sice needed for the
onset of depositional ice nucleation on all three ash samples from 225–235 K is shown5

in Fig. 4. It can be seen that all three ash samples exhibit minimal temperature depen-
dence and similar ice nucleation activity to each other at the temperatures explored.
Further, all three ash samples require low ice supersaturations (Sice = 1.05±0.01) to
nucleate ice and, therefore, are efficient ice nuclei. Also shown in Fig. 4 are onset re-
sults from depositional ice nucleation experiments on ash from the 2010 Eyjafjallajökull10

eruption from Hoyle et al. (2011) and Steinke et al. (2011). Here, even the Icelandic ash
has similar ice nucleation activity to the three types of ash used in this study. To further
highlight their depositional ice nucleation efficiency, a parameterization of the critical
ice saturation ratio of kaolinite from a previous study (Sihvonen et al., 2014) has also
been added to Fig. 4. Since these results were taken with the same instrument for15

similar frozen fractions and surface areas, these results are directly comparable. Thus,
these results suggest it is possible that all volcanic ash studied to date are as efficient
as clay minerals for ice nucleation in the depositional mode.

To attempt to elucidate why these ash samples had similar, efficient depositional ice
nucleation abilities, we compared the % crystallinity and mineralogy for each ash. In20

Table 1, it can be seen that the % crystallinity from our XRD results and the % crystals
from the literature can be different. This indicates that finer ash-sized fractions may
have different properties from representative whole-rock samples; thus, in this study
we will only consider the % crystallinity and mineralogy that we directly determined by
XRD analysis. By comparing Fig. 4 with Table 1, it can be seen that the % crystallinity25

and % amorphous between ash samples are different, but the Sice onsets are simi-
lar. Therefore, the total amount of crystalline vs. amorphous material is likely not the
sole factor in determining depositional ice nucleation. Table 2 indicates the detectable
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crystalline material and their abundances (±3%). As shown, each of the ash sam-
ples contains a considerable amount of plagioclase, either albite, a sodium-rich Na/Ca
feldspar, or anorthite, a calcium-rich Na/Ca feldspar. Feldspar minerals, both K feldspar
and Na/Ca feldspar, have previously been shown to be among the most efficient depo-
sitional ice nuclei, comparable to kaolinite, Arizona Test Dust, and Mojave Desert Dust5

(Yakobi-Hancock et al., 2013). Thus, we suggest that Na/Ca feldspar could be dictating
the ice nucleation behavior of volcanic ash. It is important to note that the above dis-
cussion only interprets ice nucleation efficiency in terms of a chemical mechanism. The
alteration of physical active sites from mechanical grinding or wet generation could in-
crease depositional ice nucleation efficiency; however, our results were comparable to10

both studies on the Eyjafjallajökull ash, which used dry sieving to size select samples
and aerosolized using dry-generation techniques (Steinke et al., 2011; Hoyle et al.,
2011).

3.2 Validation of immersion freezing experiments with kaolinite

To validate our immersion freezing experiments, we have run test experiments on KGa-15

1b. KGa-1b was chosen because its ice nucleation behavior has been well studied in
the immersion freezing mode using both cold stage and continuous flow instruments
(Murray et al., 2011; Pinti et al., 2012). Our results for freezing of 10–60 µm droplets
containing 1 wt% KGa-1b are shown in Fig. 5. In this experiment, the cumulative frac-
tion of frozen droplets [FF(T )] was determined as a function of temperature:20

FF(T ) =
nice(T )

n
, (1)

where nice(T ) is the total number of frozen droplets at temperature T and n is the total
number of frozen droplets at 233.6 K. Also shown are results for homogeneous freez-
ing of 10–60 µm ultra-pure water droplets from our experimental setup. As expected,
the homogeneous freezing curve rises steeply at ∼ −37 ◦C. The droplets containing25

1 % kaolinite freeze at higher temperatures than the homogeneous freezing curve;
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thus, the droplets must be freezing heterogeneously. Differences in droplet size bins,
ash concentration, and droplet contact angle with the substrate affect both the surface
area available for ice nucleation and the subsequent frozen fraction at each tempera-
ture. This renders it difficult to directly compare these results to former freezing spec-
tra using different experimental setups. It has, however, been shown in the past that5

inter-instrumental comparisons of mineral dust can be made by invoking the singular
approximation (Vali, 1994, 2008; Broadley et al., 2012; Niemand et al., 2012). Here,
the time dependence of freezing events is considered to be of secondary importance
to the temperature dependence. In this vein, a simplified quantification of the observed
frozen fractions and temperature onsets can be made by the metric of ice nucleation10

active site (INAS) densities (ns) (DeMott et al., 1994), which is defined as:

ns(T ,Sice) = −
ln[1−FF(T ,Sice)]

SAaerosol
, (2)

where SAaerosol is the average surface area per particle. Our ns values for KGa-1b
as a function of temperature, calculated under the singular description, can be found in
Fig. 6a. For SAaerosol, the BET specific surface area was used. The BET surface area for15

KGa-1b was assumed to be 11.8 m2 g−1 (Murray et al., 2011). Also shown in Fig. 6a is
an ns parameterization for KGa-1b from Murray et al. (2011), who used a cold stage to
determine the immersion freezing potential of KGa-1b for 0.2 to 1 wt% solutions using
various cooling rates. Our results lie slightly under the Murray parameterization; how-
ever, in our analysis we have ignored the time dependence of freezing events. While20

this may be valid for complex samples with a distribution of ice active sites (Niemand
et al., 2012), it has been shown that one must take into account the time dependence
for a pure clay mineral like kaolinite (Murray et al., 2011). Despite this, our data ana-
lyzed under the singular approximation are only one order of magnitude off from the
parameterization. To take into account the time dependence, we invoke the modified25

singular theory (Vali, 2008). Here, the ns value is modified to represent a single cooling
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rate. The parameterization is as follows:

ns(T ,Sice) = −
ln[1−FF(T −α,Sice)]

SAaerosol
, (3)

where the variable α is an offset in temperature from a freezing spectrum recorded at
a cooling rate of 1 Kmin−1. This is related to the cooling rate (r) by the equation

α = β log(|r |), (4)5

where β is an empirical parameter. Our same KGa-1b data parameterized using the
modified singular description with β = 2.01 (Murray et al., 2011) can be found in Fig. 6b.
Now our data is in excellent agreement with the Murray parameterization. Thus, for im-
mersion freezing, we find that the Raman Microscope cold stage setup can be used
to inter-compare inherent immersion freezing abilities of particle types to other instru-10

ments under the singular or modified singular approximation. This ability of the Raman
Microscope cold stage to determine the inherent immersion freezing ability of NX-Illite
nanopowder has also been verified (Hiranuma et al., 2014a).

3.3 Immersion freezing of droplets containing volcanic ash samples

The immersion freezing results from 0.5, 1.0, and 2.0 wt% Oruanui, Soufrière Hills,15

and Fuego volcanic ash are shown in Fig. 7. The Oruanui ash samples serve as het-
erogeneous immersion mode ice nuclei for all wt% explored (Fig. 7a). In general, in-
creasing the wt% of ash in each droplet increases the freezing temperature. This is
expected as increasing the wt% of ash in each droplet increases the total surface area
available for heterogeneous ice nucleation for a similar-sized droplet population. Al-20

though their freezing spectra have different shapes, the temperature at which 50 % of
1 % Oruanui ash droplets were frozen (FF0.5) coincides with the FF0.5 of 1 % KGa-1b,
indicating that they may have similar immersion freezing abilities. Unlike the deposi-
tional freezing results, the immersion freezing activity of the Soufrière Hills ash is not
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similar to the Oruanui ash (Fig. 7b). In fact, the FF curve for 10–60 µm droplets con-
taining 2 wt% Soufrière Hills ash overlaps with the ultra-pure water curve, implying that
these droplets froze homogeneously. Increasing the droplet size range to 65–165 µm
only produces a few special IN at T > −37 ◦C; however, most droplet freezing events
still coincide with the homogeneous freezing curve. For 65–165 µm droplets contain-5

ing 2 wt% Soufrière Hills ash, the total available surface areas correlate to ash particles
with spherical equivalent diameters of 23.0–53.6 µm, which forms a large subset of fine
volcanic ash. The Fuego ash has similar immersion freezing behavior to the Soufrière
Hills ash, despite coming from a different region and having different silica content
(Fig. 7c). Again, for 10–60 µm droplets containing 2 wt% Fuego ash, the FF curve co-10

incides with the homogeneous freezing FF spectrum. Further, for 65–165 µm droplets
containing 2 wt% Fuego ash, whose total available surface area corresponded to ash
particles 23.4 and 58.0 µm in spherical diameter, only a few special IN at T > −37 ◦C
are found.

Since these ash samples contain different wt% ash, droplet size populations, and15

ashes with different surface areas, it is difficult to directly compare inherent ice nu-
cleation activity from the freezing spectra. Thus, we have calculated the ns values for
these ash samples under the singular approximation (Fig. 8). For each ash, the BET
specific surface area was used as determined in this study (Table 1). The modified
singular approximation was not used because larger particle-to-particle variability of20

ice active sites is expected for these complex samples, limiting the importance of time
dependence (Broadley et al., 2012; Hiranuma et al., 2014a). As shown in Fig. 8, the
Oruanui ash is inherently a better ice nuclei than either the Soufrière Hills or Fuego
Ash, which are similar to each other. Also shown in Fig. 8 are ns values of Mt. St. He-
lens and Eyjafjallajökull ash from previous studies (Hoyle et al., 2011; Steinke et al.,25

2011; Murray et al., 2012). The Oruanui ash sits below these points; however it should
be noted that the surface area of the Eyjafjallajökull and Mt. St. Helens ash were es-
timated using their geometrical surface area. Due to the high degree of aggregation
and porosity of volcanic ash particles, the geometrical surface area could be vastly
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underestimating the true surface area. To estimate this effect, we have re-plotted the
volcanic ash parameterization found in Murray et al. (2012), assuming that the true sur-
face area is 10 times greater than the estimated geometrical surface area. This is not
an unreasonable assumption, since the geometrical surface area would underestimate
the true surface area 4–20 times for ash particles 1–5 µm in diameter, assuming a BET5

surface area for Oruanui ash and a density of 2.6 gm−3. The adjusted parameterization
is shown in Fig. 8 as a dashed line. As shown, estimating the surface area as 10 times
greater than the geometrical surface area brings the parameterization much closer to
our results. Thus, although the Oruanui ash has different surface-area normalized ice
nucleation abilities than the Fuego and Soufrière Hills ash used in this study, it appears10

to be similar to the Eyjafjallajökull and Mt. St. Helens ash.

3.4 Immersion freezing of droplets containing Na/Ca feldspar

Recently, it has been shown that K feldspar is an extremely efficient ice nucleus and,
consequently, may dictate the ice nucleation ability of natural mineral dust, even though
it is only found in low weight percentages (Atkinson et al., 2013). That study also deter-15

mined the ice nucleation ability of Na/Ca feldspar from the Bureau of Analysed Sam-
ples (UK), and found that it was also an efficient immersion ice nucleus. In our results,
we found that neither the Fuego nor Soufrière Hills ash acted as efficient immersion
freezing ice nuclei for the concentrations and droplet sizes that we explored. While the
Fuego and Soufrière Hills ash both contained significant feldspar, it was almost ex-20

clusively the Na/Ca feldspar. To explore this further, we conducted immersion freezing
experiments on NIST SRM 99b, a Na/Ca feldspar standard. We also conducted XRD
on these samples, and found that they contained K feldspar and quartz impurities in
addition to Na/Ca feldspar (Table 2). The frozen fraction curves for NIST SRM 99b are
plotted in Fig. 9 and their ns values are shown in Fig. 8. As shown, the NIST SRM25

99b is also an efficient ice nucleus. We suggest that the high immersion freezing ac-
tivity of the NIST 99b soda feldspar is due to the K feldspar impurities, in agreement
with previous studies (Atkinson et al., 2013). To our knowledge, a laboratory stan-
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dard of Na/Ca feldspar cannot be obtained without these K feldspar impurities. These
combined results suggest that Na/Ca feldspar may be inactive in the immersion mode
despite being very active for depositional nucleation. Thus, from examining Table 2,
we suggest that the immersion freezing activity of the Oruanui ash is likely due to
the quartz. This is in agreement with previous findings, who found that quartz was5

the second-most efficient immersion mode nuclei mineral found in mineral dust behind
feldspars (Atkinson et al., 2013).

The ash samples used here were collected at various distances from the volcano
and represent various magnitudes of eruption explosivity, which affects grain morphol-
ogy and the grain size distribution of the fall deposit, however, it is important to note10

that these samples were processed prior to immersion freezing. Namely, even after
size sorting, the particles were pulverized from larger ash particles and immersed in
water and shaken for at least 12 h prior to immersion freezing experiments. Pulverizing
the ash particles has two possible effects on ice nucleation. First, it could introduce
new, physical active sites. For example it has been shown for hematite particles that15

mechanical milling can change the ice nucleation surface site density, even when ac-
counting for changes in surface area (Hiranuma et al., 2014b). Second, it could liberate
and/or expose mineral surfaces that were previously encased in volcanic glass. Both of
these effects, however, are expected to increase ice nucleation activity and do not ac-
count for the inactivity of the Fuego and Soufrière Hills ashes in the immersion mode.20

Further, in some cases, approximately 70 % of fine ash particles (< 63µm) are largely
aggregates of smaller particles (Brown et al., 2012). Thus, pulverizing with the Wig-L-
Bug® amalgamator may only break apart these aggregates. In the past, it has been
shown that wet generation techniques can affect the hygroscopicity and cloud droplet
formation ability of mineral dust (Sullivan et al., 2010; Garimella et al., 2014). Thus,25

allowing the ash samples to shake in solution for at least 12 h prior to immersion freez-
ing experiments could cause the dissolution/redistribution of active surface sites. This,
however, is unlikely since this treatment was also conducted for kaolinite, which agrees
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with previous literature values of wet and dry generated KGa-1b (Pinti et al., 2012;
Murray et al., 2011).

4 Atmospheric implications

Previously, it has been suggested that all volcanic ash has similar ice nucleation effi-
ciency and may initiate ice below 250–260 K, leading to an overseeding of ice in vol-5

canic plumes (Durant et al., 2008). Since volcanic ash concentration in plumes can
be up to 1000 cm−3, overseeding of ice could create a dearth of supercooled water
droplets and shut down the Bergeon–Findeisen process, the process of ice crystal
growth at the expense of supercooled liquid droplets in mixed-phase clouds. Thus,
since particle growth would be reliant on collision processes, overseeding could retard10

or even prevent the development of precipitation in volcanic plumes. In this work, we
have shown that three distinct types of volcanic ash have similar, efficient ice nucleation
onsets in the deposition mode. It has been suggested that, large amounts of water in
pre-eruptive magma (up to 8 % by mass) may render concentration of water in volcanic
plumes greater than for typical thunderstorms (McNutt and Williams, 2010). Thus, the15

primary mode of ice nucleation in volcanic plumes may be immersion freezing. Unlike
depositional freezing, the volcanic ash in this study did not possess the same ice nu-
cleation efficiency in the immersion mode; indeed, both the Fuego and Soufrière Hills
ash seem inactive in the immersion mode for droplets containing a surface area of ash
equivalent to a spherical ash particle ∼ 60µm in diameter. Thus, our results indicate20

that some volcanic plumes may not be overseeded with ice. Indeed, this has been
directly observed in some volcanic plumes such as the 17 September 1992 eruption
of Mt. Spurr, where remote sensing measurements showed that ash mass dominated
over ice mass (Rose et al., 2001). The current study suggests that immersion freezing,
and therefore overseeding, may be dictated by the differences in the mineralogy of the25

crystalline material found in volcanic ash. Thus, the identification and quantification of
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mineral phases in fine volcanic ash may be important to correctly predict the many
processes in volcanic plumes that rely on ice and hydrometeor formation.

It has been shown that ash aggregation, which controls volcanic cloud dispersal,
may be reliant on hydrometeor formation (Rose and Durant, 2011). If a volcanic plume
is overseeded with ice, hydrometeor growth will be retarded, reducing aggregation and5

prolonging the lifetime and dispersal of the volcanic cloud (Brown et al., 2012). Cor-
rectly modeling volcanic cloud lifetimes and dispersal has important implications for
both human health and aviation traffic. Volcanic lightning is another understudied pro-
cess in volcanic plumes that is thought to be influenced by ice formation (McNutt and
Williams, 2010). Volcanic lightning in high-altitude plumes is thought to be produced10

along a similar mechanism to thundercloud electrification and is important because it
represents a hazard and contributes to the global electrification circuit. From this work,
we show that some types of ash, depending on their mineralogy, may not initiate ice
until the homogeneous freezing limit. Thus, previous thresholds of ice formation in vol-
canic plumes of 250–260 K may be overestimating the amount of volcanic lightning15

predicted in models.
Volcanic ash also has important climatic implications beyond the initial plume. Fine

volcanic ash can stay suspended in the atmosphere for 24 h and travel 100s to 1000s
of km (Brown et al., 2012). Previous work has shown that, while initial plumes contain
large concentrations of water, volcanic clouds can dry out markedly within hours of en-20

tering the atmosphere (Schultz et al., 2006). Further, very fine ash can stay suspended
much longer than 24 h and ash fall deposits may remain in local environments for years
to decades and can be re-suspended due to human activity (Horwell and Baxter, 2006).
In this work, we have shown that all three samples of volcanic ash had similar deposi-
tional ice nucleation efficiency (Sice = 1.05±0.01), likely due to Na/Ca feldspars, which25

is similar to previous findings on proxies of mineral dust. Thus, since depositional nu-
cleation can occur at lower temperatures than immersion freezing, fine volcanic ash
represents a potentially important source of global cold-cloud ice nuclei. Indeed, in one
study that took daily measurements of IN concentrations over a 2 year period from cen-
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tral Germany, the highest IN concentrations ever recorded coincided with backwards
trajectories of the Eyjafjallajökull volcanic eruption in Iceland (Bingemer et al., 2012).
In that same study, the IN concentrations in Israel, over 5000 km away from the source
of the eruption, were determined for air-masses originated from the same volcanic
eruption. The high IN concentrations found in those air masses were rivaled only dur-5

ing desert dust storms. Electron microscopy measurements confirmed that the most
abundant IN in these air masses were volcanic ash.

Our experimental results suggest that ice nucleation on fine volcanic ash may exert
a non-negligible effect on volcanic plume lifetimes and dynamics as well as on global
climate through the formation of cirrus clouds; however, volcanic ice nuclei are currently10

neglected in global climate models (Hoose et al., 2010). While previous works indicate
that a simple parameterization for all ash types may be possible for the simplification
of parameterizing immersion mode volcanic ash ice nuclei in models (Murray et al.,
2012), our results indicate that ash types could differ in ice nucleation properties, likely
due to their mineralogy. Depositional nucleation on volcanic ash, however, may fall15

under such a parameterization since all three, distinct ash samples displayed similar
depositional ice nucleation onsets to each other and to previous studies on ash from
the Eyjafjallajökull volcano (Steinke et al., 2011; Hoyle et al., 2011).
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Table 1. Silica content, % crystals from previous whole-rock studies, XRD % crystallinity and %
amorphous, and the BET surface areas of representative volcanic rock and ash samples from
the Fuego, Soufrière Hills, and Taupo volcanoes and powdered NIST SRM-99b Na/Ca feldspar.

Sample Silica
content
(wt%)

% Crystals XRD
% crystallinity

XRD
% amorphous

BET surface
area (m2 g−1)

Fuego
(Guatemala)

50.6a 38 vol%a 63±3 37 5.14±0.03

Soufrière Hills
(Monserrat)

59.13b 60–87 wt%b 89±3 11 6.30±0.04

Taupo (Oruanui,
New Zealand)

74.15c 3–13 wt%c 41±3 59 9.23±0.04

Na/Ca feldspar
(NIST)

– – 100±3 0 1.219±0.008

aRose et al. (1978), bMurphy et al. (2000), cWilson et al. (2006).
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Table 2. The mineralogical composition of Fuego, Soufrière Hills, and Oruanui volcanic ash and
NIST SRM-99b Na/Ca feldspar as determined by XRD.

Mineral/Sample Anorthite Albite Microcline Quartz Enstatite Riebeckite Other
Ca/Na
feldspar

Na/Ca
feldspar

K feldspar SiO2 ortho-
pyroxene

Magnesio-
hornsblende

(trace)

Fuego 36 64 – – – – –
Soufrière Hills 10 71 – 1 11 7 –
Oruanui 26 47 – 27 – – –
Na/Ca feldspar
(NIST)

– 69 18 13 – – Anorthite,
Anorthoclase,
Barium Silicate
Hydrate
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Figure 1. A set of example Raman spectra of unground, ground, and ground/nebulized
Soufrière Hills volcanic ash. As shown, the main peaks at 507 cm−1, 408 cm−1, and 281 cm−1

(vertical dashed lines) are minimally affected by mechanical grinding and wet generation, sug-
gesting that bulk chemical alteration does not occur.
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Figure 2. 50× optical image of an ice particle at 225 K (a) and its Fuego ash nucleus (b). The
scale bar in the bottom right-hand corner equals 10 µm.
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Figure 3. 20× images of unfrozen droplets containing 1 % KGa-1b (a), and the same drops
after an immersion freezing experiment (b). The scale bar in the bottom right-hand corner
equals 100 µm.
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is it possible to provide a more magnified version of this figure, where the lack of a structure ans appearance of a structure in the frozen droplets is more evident. It is not super clear in these figures. Although if one observed closely, the bottom figure does have a few crystals with protrusions which would imply ice formation. 
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This is two droplets here

ZaminKanji
Callout
Here it looks like they have coagulated. could this be contact nucleation? 

ZaminKanji
Sticky Note
if the droplets continue to coagulate even after you have stopped depositing particles onto the stage and during the cooling process, this needs to be made clear. 

It is also evident from the images that in the liquid phase there are more droplets than in the image where ice is present. So is this only due to the bergeron-findeisen process or could it be from contact nucleation with the small droplets diffusing to the large ones as pointed out in the image. 
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Figure 4. The onset Sice as a function of temperature for nucleation on volcanic ash samples.
The thick and thin solid lines refer to water and ice saturation respectively. The dashed line rep-
resents the Sice values for homogeneous nucleation of an aqueous droplet (Koop et al., 2000).
Also included are onset results from depositional ice nucleation experiments on ash from the
2010 Eyjafjallajökull eruption (Hoyle et al., 2011; Steinke et al., 2011) and a parameterization
for depositional ice nucleation on KGa-1b (Sihvonen et al., 2014).
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Figure 5. Frozen fraction curve for 1 wt% KGa-1b in 10–60 µm droplets as a function of temper-
ature. Also shown are results for freezing of ultra-pure water droplets (homogeneous freezing).
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Figure 6. Ice nucleation active surface site densities for KGa-1b as a function of temperature
using the singular description (a) and the modified singular description (b).

1417

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/1385/2015/acpd-15-1385-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/1385/2015/acpd-15-1385-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 1385–1420, 2015

Deposition and
immersion mode
nucleation of ice

G. P. Schill 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 7. Frozen fraction curves as a function of temperature for 0.5, 1.0, and/or 2 wt% Oruanui
ash (a), Soufrière Hills (b), and Fuego Ash (c).
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Figure 8. Ice nucleation active surface site densities as a function of temperature for Oruanui,
Soufrière Hills, and Fuego ash and NIST SRM-99b Soda Feldspar. Also shown are ns-values for
previous studies (grey markers) on volcanic ash and a parameterization for that data (solid line,
(Murray et al., 2012). Additionally, a new parameterization has also been shown that assumes
surface area of the volcanic to be 10 times greater than the original parameterization to account
for the high porosity of volcanic ash (dashed line).
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Figure 9. Frozen fraction curve for 1 wt% Na/Ca Feldspar in 10–60 µm droplets as a function
of temperature.
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