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ABSTRACT  

Feldspar particles have been considered to be responsible of a large proportion of the ice 

nucleation particles present in clouds. In this work, using environmental scanning electron 

microscopy (E-SEM), we investigated ice nucleation on different faces of feldspar minerals 

exposed to water vapor below water saturation conditions. Our experiments revealed that 

nucleation was dominated by natural micro-sized pores exposed at the surface of the mineral 

upon cleavage. Between 80 to 90 % of the sites where ice crystals appeared in the nucleation 

experiments was related to a pore. Ice crystals appeared at the same sites and with the same 

orientation in consecutive nucleation experiments indicating an overimposed template from the 

surface to the ice crystallographic growth. Sequences of E-SEM images showed that ice growth 

inside pores starts with the filling of the pore and then the growth of the crystal outside the pore, 

as it’s described by the pore condensation freezing theory to explain ice nucleation in porous 

materials exposed to humid air below saturation. Micro-sized pores are too large to satisfy the 

theoretical conditions for pore condensation freezing theory but high magnification SEM images 
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revealed the presence of additional pores at the nanoscale inside the micro-sized pores. Our 

findings demonstrate that porosity in feldspar particles plays a key role in determining its ice 

nucleation efficiency in the deposition mode.  

 

 

 

INTRODUCTION 

The formation of ice, when and how water freezes, is still poorly understood, even though this 

is essential for understanding Earth’s climate.1 Knowing more about the molecular mechanisms 

underlying these processes can help to build atmospheric and climate models with higher 

confidence. One of the key factors in ice nucleation is to understand how solid surfaces induce 

heterogeneous nucleation.2 Many different surface properties can have an impact on 

heterogeneous ice nucleation: structural matching between the surface and ice3, polarity at the 

surface4, chemical groups exposed at the surface5, surface topography6,7 or water confinement8. 

Studies performed in cryogenic conditions at molecular level clearly indicate that the interaction 

of water molecules with the surface determines the ice structures that will be formed at the 

interface.9,10 However, cryogenic temperatures can easily lead to situations where 

thermodynamic equilibrium is not reached, so that the results might not be transferable to 

ambient conditions. Studies on the interaction of water and ice with surfaces in ambient 

conditions have been restricted mainly to light microscopy11 and spectroscopy3 or scanning probe 

microscopy12,13. However, in the last two decades, advances in surface-sensitive techniques based 



 3 

on electron spectroscopy14 and microscopy15, that were traditionally limited to work in vacuum 

conditions, have allowed measurements at temperatures and pressures relevant to ice in ambient 

conditions. In this work, we take advantage of one of these techniques, environmental Scanning 

Electron Microscopy (E-SEM), to study ice nucleation on feldspar surfaces. 

Studies of atmospheric ice nucleation induced by solid particles suggested that surfaces could 

exhibit a small number of active sites that determine the nucleating ability of an entire 

surface16,17. Each site would have its own threshold of supersaturation or supercooling above 

which nucleation becomes probable and thus, the sites with the lowest thresholds would 

dominate nucleation18. K-rich feldspar has been identified as one of the most active 

atmospherically relevant ice-nucleating minerals19,20. Heterogeneous nucleation on feldspar 

samples has been recently studied from the interaction with the vapor15 and liquid phases21. In 

both cases, it was pointed out that steps and pores of the surface would be very active as ice-

nucleation sites. Several decades ago, it was already suggested that ice nucleation from vapor 

may proceed by the formation of ice embryos within small pores or cracks, and that bulk crystals 

would emerge then from these when saturation of water vapor is sufficient22,23. This 

phenomenon, named pore condensation and freezing24, has recently been observed at mica steps7 

and on porous silica particles25. From these results it has been concluded that pore condensation 

and freezing must be a dominant pathway for atmospheric ice nucleation below water saturation. 

Here, we demonstrate using E-SEM that nucleation from vapor below water saturation on 

feldspar surfaces is totally dominated by pores and that, as predicted by Fukuta22, bulk ice 

crystals emerge from them.   
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METHODS 

In this work we studied ice nucleation on orthoclase Feldspar sample from the Mt. Maloso 

region, Malawi that was cleaved along the natural (001) and (010) faces and left at room 

conditions for a few days. The cleavage lead to surfaces formed mainly by flat terraces and steps 

with the presence of numerous cracks and pores, as observed on SEM images (Figure 1a). Those 

pores showed sizes in the order of few microns with regular edges likely to be along well-defined 

crystallographic faces. Examination by atomic force microscopy (AFM) clearly revealed that 

what we called “pores” are very deep and they are actually pores and not a bunch of steps created 

upon cleavage (Figure 1b). AFM images also revealed terraces with a roughness between 4 and 

15 nm, far from being atomically flat. Energy-dispersive x-ray (EDX) mapping showed regions 

rich in different cations (K+ and Na+) as it’s shown in Figure S1. From the analysis of the EDX 

mapping we estimate that the ratio between K+ and Na+ was proximately 4:1. To study ice 

nucleation, the sample was introduced in the E-SEM (FEI Quanta 650F ESEM) at temperatures 

between -22 oC and -9 oC. Then, water vapor was introduced in the chamber until a pressure of 

100 to 150 Pa was reached, corresponding to a relative humidity (RH) close to 90%. No ice 

nucleation was observed under these conditions. Next, pressure was increased approaching water 

saturation until ice nucleation events were observed as well-defined hexagonal ice crystals 

appearing on the surface (Figure 2a and 2b). Decreasing of the pressure to the original starting 

value sublimed the crystals and they completely disappeared from the images. We call this 

process a nucleation cycle. We want to point out that in our experimental set-up we only change 

water pressure in the chamber for each nucleation cycle. Experimental conditions of 

supersaturation with respect to ice and water26 and peltier temperature of the different nucleation 

cycles performed are shown in Figure 2c. The points in the plot indicate the conditions of 
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temperature and supersaturation under which ice was first observed while increasing water vapor 

pressure in the chamber. Nucleation cycles were performed sequentially in order to induce new 

nucleation events in the same area of the sample. A nucleation cycle took a few tens of minutes 

to be completed. Water vapor pressure was modified at rates from 1 to 10 Pa per minute, both 

when increasing or decreasing the pressure. Unless large amounts of ice conglomerates were 

formed on the surface, complete sublimation of ice crystals at low pressure was observed in a 

timescale of 10 minutes or lower. 

RESULTS AND DISCUSSION 

When we performed nucleation cycles in the same region we found that sites where ice 

nucleation was observed consistently repeated from one cycle to another. This can be observed 

in Figure 3, where nucleation sites of two different pressure cycles (Figure 3a and 3b) were 

compared (Figure 3c). Although, new nucleation sites appeared in the second cycle, most of the 

sites showing a nucleation event in the first cycle induced again a nucleation in the second cycle. 

In addition to that, we found that nucleation sites were totally dominated by pores. We 

considered that a nucleation took place on a pore when the ice crystal is directly observed to 

begin inside a pore or when the area of the feldspar surface covered by the ice crystal in the first 

frame that the ice crystal appears contains a micron size pore. The density of such pores is low 

enough to distinguish when an ice crystal if formed on a pore and when not. Counting the 

different nucleation sites of several experiments we found that between 80 to 90 % of the crystals 

were formed on a pore or crack, around 5 to 15% at steps and only few of them on sites that 

didn’t show any visible special topography (see as an example the graphs in Figure 3c 

corresponding to the two nucleation cycles as shown in Figure 3a and 3b).  
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The high reproducibility of the sites where ice nucleation happened at each cycle allowed us to 

center E-SEM images on some of the pores that showed high efficiency as ice nucleation sites. 

Then, in these high-resolution E-SEM images, nucleation occurring inside the pores and then 

emerging from it could be observed if the water pressure was increased slowly. In Figure 4 

sequences of images from three different nucleation cycles of ice crystals growing from the 

inside of pores are shown. In the images ice crystals seem to first fill the pores and then emerge 

from them. Thus, observing nucleation events in different sites and cycles we could conclude the 

following: a) Most of the nucleation events happen at pores, b) Ice nucleation sites are very 

specific and crystals are formed in exactly the same position form one cycle to another (within 

the image resolution, in the order of 1 μm), c) Ice crystals seem to first fill the pores and then 

emerge from them, d) Ice crystal grown form exactly the same location showed the same 

orientation of the crystal from one nucleation cycle to another. This last finding can be better 

observed in Figure 5, where two consecutive nucleation events named cycle I and cycle II are 

shown for the same area of the sample. It can be observed that some crystals that appear on both 

cycles (colored with the same color gradient) showed exactly the same orientation. More 

nucleation events from within the pores can be observed in Figure 6a, in that case up to three 

different crystals grew from the same pore: three different ice nucleation sites inside the pore are 

observed in cycle I, two nucleation sites in cycles II, and III and only one in cycle IV.  

 

Previous E-SEM studies of ice nucleation on orthoclase alkali feldspar found that nucleation of 

ice from vapor induces a specific orientation of the hexagonal ice crystal, characteristic for each 

face15. In this previous work, on the (001) face, it was found that the basal face of ice crystals 

was parallel to this (001) face and with all the crystals with the same rotational orientation with 
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respect of the c axis of the crystal. In our experiments, we found the same predominant 

orientation on the (001) face (see Figure 2a) although other orientations were always present.  On 

the contrary, on the (010) face several orientations were found (see Figure 2b). Despite the 

different orientations observed, as shown in Figure 5, crystals grown from the same site showed 

exactly the same orientation for each consecutive cycle, indicating that ice crystal structure is 

induced by the substrate. A statistical analysis of the orientation of all the crystals observed 

revealed preferential orientations for crystal growth with the basal plane parallel to the surface. 

In Figure 6a, an example of ice crystals with different orientations grown on the (010) face is 

shown. The orientation of around one hundred crystals on different regions of the sample was 

measured as the angle formed by one of the prismatic faces of the ice crystals and the (001) 

direction of the feldspar, as shown in the scheme in Figure 6b. Three preferential orientations 

appear in the histogram created from these measurements (Figure 6c) that would correspond to 

crystals oriented with one prismatic face parallel to the (001) face and one prismatic face 

perpendicular to the (100) face or to the mirror image of the (100) direction, i.e. the (10-1) 

direction, as shown in the scheme in Figure 6b. On the other hand, crystals showing orientations 

with the basal plane not parallel to the surface didn’t show any preferential orientation as 

revealed by an equivalent statistical analysis (See Figure S2 in the supplementary information).  

Our findings indicate that pores are the most efficient sites inducing ice nucleation in feldspar 

when in undersaturation conditions, according to the high percentage of nucleation events 

occurring at pores if compared with events occurring at other sties such as steps or flat terraces. 

Efficiency of pores as ice nucleation sites was already established indirectly in experiments on 

different feldspar powders.27 In those studies, it was concluded that the presence of nanoscale 

features such as pores was the key factor in determining the activity of a kind of feldspar. Those 
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nanoscale features can be formed on feldspars due to strain induced by the phase separation into 

Na and K rich regions27,28. In fact, our EDAX images revealed phase separation of Na and K rich 

regions on pores showing high nucleation efficiency (Figure S1). The reason that could make a 

pore more efficient for ice nucleation could be chemical, for example a specific distribution of 

OH groups that could exist only in the walls of the pores15,28 or morphological, for example due 

to water confinement inside the pores.  

As mentioned above, it has been predicted theoretically that nucleation in pores often proceeds 

via two steps: condensation in the pore and pore filling, and nucleation out of the pores23,25,29. 

Actually, at low temperatures, it has been observed that the limiting step is not nucleation but a 

free energy barrier associated with the emergence of ice from the pore to become a bulk phase30. 

Although, our micro-sized pores are much larger that critical radius for ice7, in the order of a few 

nm, we did observe this two step process in some pores showing sizes below 5 µm in which a 

filling of the pore by rather an amorphous shape crystal is observed before a well defined 

hexagonal crystal starts to grow outside the pore (see Figure 4). Unfortunately, the low rate in 

our image recording, in the order of 1 frame per second, didn’t allow us to follow in detail the 

complete evolution. These pores are characteristics of the specific microtextures present in alkali 

feldspar31,32. Those microtextures could contain nanoscale features, such as nanotunnels33 that 

would be of the length scale of the ice critical nucleus and thus they may stabilize it as predicted 

by classical nucleation theory27. The presence of nano-sized porosity and features inside the 

micro-sized pores could be the morphological factor that would explain the presence of ice 

nucleation sites inside the pores, since it would be specific from the pores and not found in other 

topological features created during cleavage such us steps. We also have to consider that when 

pressure is lowered in a nucleation cycle ice crystals melt and completely disappear from the 
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SEM images, nevertheless some ice can remain inside the pores and thus act as embryo for a new 

nucleation cycle. This phenomenon has been proposed as a pre-activation method for ice 

nucleation particles34,35. That would explain why a nucleation cycle generally shows ice crystals 

appearing at the same sites as previous cycles and crystals appearing at new sites. If the substrate 

was warmed up above ice melting point between cycles the new nucleation event showed a 

mixture of new nucleation sites and nucleation sites already observed before the warming. The 

orientation of the crystals growth from “old” nucleation sites was kept only in some cases and 

the experiment was not conclusive in elucidating which of the two phenomena is responsible of 

the ice crystal orientation. One thing that should be considered is that warming the sample above 

the melting point reduces RH in the chamber (sometimes below 40%) and thus desorbs also 

liquid water from the surface. Water adsorption on the surface was not homogeneous when the 

temperature was lowered again. In general, water molecules adsorb on surfaces forming 

monolayers or patches13 that depend strongly on surface morphology12, i.e. water can absorb 

preferentially on different pores or even on different sites inside the pore and thus nucleation can 

take place on different sites after warming up and cooling down the sample again. In the normal 

nucleation cycles described in the methods section RH in the chamber changed only from ∼90 % 

to just before saturation and no important differences on where water is adsorbed is expected.   

Although, no pores or features in the order of a few nm could be observed, high magnification 

SEM images taken in vacuum conditions revealed the presence of morphological features such 

as pores (probably the tunnels mentioned above) and cracks with dimensions below 100 nm 

inside the micro-sized pores that were discovered to act as highly efficient ice nucleation sites 

(see Figure 7). To obtain more information on the pores morphology AFM imaging of some of 

the most efficient pores was performed (Figure S3). No better resolution of the nano-sized 
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tunnels observed in SEM could be obtained using AFM. Nevertheless, AFM revealed that pores 

were very deep, showing at least an aspect ratio vertical to horizontal of 1:1, i. e. they are as deep 

as wide and revealing a complex morphology that could contain many different shapes able to 

act as an ice nucleation site.25 

On the other hand, the fact that ice crystals growth on a specific site inside the pore (see 

Figures 4 and 5) showed the same orientation on each cycle confirms that even if nucleation 

happens by pore condensation, making them the most effective nucleation site, nucleation is 

generated on a specific atomic arrangement of atoms at the surface that imposes the growth of 

the ice crystal with a specific orientation. However, our results, with multiple orientations on the 

same face, indicate that the imposition of the crystal orientation by the feldspar substrate should 

be more complex than just a direct relationship with the exposed crystallographic face as 

described in previous works.15 

 

CONCLUSIONS 

In summary, we have investigated ice nucleation on feldspar surfaces in contact with humid air 

below water saturation with E-SEM. Our observations revealed that a large majority of the ice 

crystals appearing in the nucleation events happened on micro-sized pores, known to be 

characteristics of some feldspars, present at the cleaved surface. Sequential nucleation events 

induced by cycles of increasing and decreasing water vapor pressure revealed that nucleation 

happens on sites that showed nucleation before and that crystals grown from the same site 

always appeared with the same orientation with respect to the feldspar surface. Experiments also 

confirmed that nucleation starts inside the pore, fills the pore showing an amorphous morphology 
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and then grows outside the pore following hexagonal ice structure. This finding resembles what’s 

predicted by the pore condensation and freezing theory where condensation of water inside the 

pore and filling of the pore is expected to happen at conditions below water saturation followed 

by ice nucleation and growth of the crystal outside the pore. This theory should be limited only 

to nanoscale pores. SEM high magnification images revealed the presence of pores at the 

nanoscale inside the micro-sized pores where ice nucleation was observed that could take 

account on the size limitation of the theory. Finally, we don’t reject the possibility of ice 

surviving inside the pores, even if not visible in the SEM images when pressure is lowered. It 

would mean that feldspar could be pre-activated34 in order to enhance its nucleation efficiency 

although more experiments would be needed to confirm this point. 
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FIGURE CAPTIONS: 

 

 

Figure 1: a) SEM images of the cleaved (001) and (010) surfaces of the feldspar sample. and b) 

Amplitude modulation Atomic Force Microscopy (AM-AFM) images of the cleaved (010) and 

(001) surfaces of the feldspar sample: a) (010) surface; left: 20 × 20 μm showing some terraces, 

steps and pores, right: 2.5 × 2.5 μm of a terraces and a step. b) (001) surface; left: 20 × 20 μm 

showing terraces, steps and pores, right: 10 × 10 μm image of a crack. Roughness of flat terraces 

from AFM images show values ranging from 5 to 15 nm depending on the region. Steps 



 13 

measured from the images were a few nanometers height. Images are created from a 3D 

rendering of the raw AFM data using the free software Gwyddion with a color scale to indicate 

vertical position and false illumination.  

 

 

 

Figure 2: a) and b) SEM images of ice crystals growth on the (001) (a) and (010) (b) face of an 

orthoclase feldspar crystal at -20 °C. c) Saturation with respect to ice and temperature conditions 

of ice nucleation observed in the different experiments performed on the feldspar crystal. Green 
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triangles correspond to the (001) face and red squares to the (010) face. Error in the x-axis is 

±0.2 oC. 

 

 

Figure 3: a) and b) SEM images of two consecutive nucleation cycles (I and II) on the same 

region of the feldspar (010) face at -20 °C. Ice nucleation sites for each cycle are compared in c), 

blue circles corresponding to cycle I and orange circles to cycle II. d) Percentages of ice crystals 

that appear from pores, steps and non-specific site for cycle I and II. 
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Figure 4: SEM images of three nucleation cycles (I, II and III) show that ice forms inside the 

pores, filling them and them emerge from them.  
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Figure 5: SEM images of two consecutive nucleation cycles (I and II) show that crystals grown 

from the same sites show the same orientation in each cycle. Coloring of crystals is just an eye 

guide to identify crystals grown from the same site. 
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Figure 6: a) SEM images of four nucleation cycles (I, II, II, IV) from a single pore on the (010) 

face of the feldspar crystal. Crystal grown from the exact site inside the pore shows always the 

same orientation, however crystals grown from different sites inside the pore can show different 

orientations. b) Histogram of the orientations of the crystals showing the basal face co-planar 

with the surface. The preferential orientations are observed. Those orientations correspond to ice 

crystals with a prismatic face parallel to the feldspar (001) direction or perpendicular to the (010) 

direction and it mirror image (10-1) as shown in the scheme in b). 
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Figure 7: a) SEM images of ice crystals grown from pores on the (001) face of the feldspar 

crystal. b) High resolution images of the site where nucleation begins revealed the presence of 

cracks, and pores in the order of 100 nm and lower that can correspond to known microtextures 

of feldspar crystals.  
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