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Abstract 1 

Mineral dusts are among the most active ice-nucleating particles present in cloud droplets, with their 2 

properties influencing radiative properties and precipitation formation. To improve weather predictions 3 

and climate projections, it is important to understand under which conditions ice will form on mineral 4 

dusts. Laboratory experiments have primarily focused on single minerals, and field samples are complex 5 

mixtures that cannot be controlled in their composition or particle size. To fill this gap, a bottom-up 6 

investigation of suspensions containing pure or binary mixtures of microcline, montmorillonite, or 7 

quartz at concentrations between 0.0001 and 0.1 wt.% is presented. Arrays of monodisperse aqueous 8 

droplets (diameters of 75 μm) are generated using a microfluidic device and subsequently cooled at a 9 

rate of 1 K min−1. The probability of freezing in the presence of binary mixtures generally follows that 10 

of the most ice-active mineral. Each pure mineral’s nucleation site density is fit as a function of 11 

temperature and used to predict the frozen fraction curves for each binary mixture assuming additivity 12 

of mineral surface area. Predictions are also made for Arizona Test Dust from the obtained pure mineral 13 

fits, and general agreement with experiments is observed. This work presents a systematic study of ice 14 

formation in the presence of pure and binary mixtures of common mineral dusts, providing information 15 

for the future design of composition-aware parameterizations for ice nucleation in the atmosphere. 16 

 17 

  18 
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1 Introduction 1 

Heterogeneous ice nucleation in the atmosphere is an important step in the Earth’s hydrological cycle, 2 

including cloud formation and precipitation. It occurs on ice-nucleating particles (INPs) that are 3 

aerosolized primarily from natural sources, of which mineral dust particles have been identified as a 4 

significant category both in terms of mass and propensity to catalyze ice nucleation (Beall et al., 2022; 5 

Kanji et al., 2017). Other INP types originate from biological and anthropogenic sources (Kanji et al., 6 

2017). INPs are required for the formation of mixed-phase clouds, which contain both liquid water 7 

droplets and ice crystals, through a mechanism known as immersion freezing (Vali et al., 2015), wherein 8 

INPs immersed in water droplets provide a surface on which ice nucleates upon reaching a sufficiently 9 

low temperature. The size and composition of the INP present in a droplet influence the likelihood of 10 

ice nucleation. As a consequence, these INP properties affect the properties of mixed-phase clouds since 11 

the nucleation of ice precedes many processes that determine what fraction of the cloud becomes ice, 12 

such as secondary ice production, collision–coalescence, and the Wegener–Bergeron–Findeisen process 13 

(Wegener, 1911; Bergeron, 1935; Findeisen, 1938). Since there are large uncertainties in INP 14 

properties, their global distribution, and interactions with other aerosols (such as those of biological 15 

origin (Kanji et al., 2017; Klumpp et al., 2022)), the indirect effect of INPs through aerosol–cloud 16 

interactions on the Earth’s top-of-atmosphere radiative budget remains poorly constrained (Kok et al., 17 

2023). 18 

 19 

Numerous studies have reported the ice-nucleating ability of minerals in the immersion mode of 20 

freezing, both in the field and in the laboratory. In the field, aerosol samples are  characterized using 21 

either a continuous flow instrument (e.g., a horizontal ice nucleation chamber (HINC) (Lacher et al., 22 

2017; Rogers, 1988; Rogers et al., 2001)) or a batch assay (e.g., droplet assays (Miller et al., 2021; 23 

Wright and Petters, 2013; Polen et al., 2018; Whale et al., 2017)) to quantify the number of freezing 24 

events. However, the rarity of ice-nucleating particles in the atmosphere is one challenge for their 25 

systematic investigation (Burrows et al., 2022), and it is difficult to draw generalizable conclusions 26 

from field campaigns due to a lack of systematic control or knowledge of particle size and composition. 27 

Laboratory investigations of single minerals often approach the quantification of ice nucleation 28 

behavior in a bottom-up manner: a mineral rock of known composition is crushed, suspended in an 29 

aqueous solution, and cooled under observation until ice forms. Such laboratory measurements have 30 

been carried out for a range of droplet numbers (tens to thousands) and volumes (microliters to 31 

picoliters) (e.g., Atkinson et al. (2013); Tarn et al. (2018); Reicher et al. (2018); House and Dutcher 32 

(2024); see Table 1 in Miller et al. (2021) for an overview of instruments reported in the literature), and 33 

parameterizations of the observed trends in ice nucleation have been developed for input to climate 34 

models. 35 

 36 
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There has been growing interest in developing parameterizations of ice nucleation that account for the 1 

properties of INPs, including their composition and size distribution (Burrows et al., 2022; 2 

Chatziparaschos et al., 2023; Knopf and Alpert, 2023). With such an aerosol-aware parameterization 3 

(Burrows et al., 2022), the effect of variations in regional emissions might be more accurately accounted 4 

for in global models. Presently, primarily single-component, monodisperse aerosols are used as a 5 

representative of the true aerosol population. For example, the ice nucleation activity of K-feldspar is 6 

an adequate surrogate of mineral dusts (e.g., Atkinson et al. (2013)). Recently, Chatziparaschos et al. 7 

(2023) performed simulations using a global chemistry transport model and considered two of the 8 

components in the dust, K-feldspar and quartz, to be ice-nucleating. They showed that both mineral 9 

types could contribute significantly to ice nucleation depending on their relative concentration and 10 

regional temperature, even though K-feldspar is known to initiate ice formation at higher temperatures 11 

than quartz. For example, when the mass of quartz was 6 times that of the feldspar, the percentage of 12 

ice crystals that formed on quartz particles reached more than 35% (Chatziparaschos et al., 2023). 13 

 14 

Wong (2019) investigated one concentration of each of three minerals (0.5 wt.% K-feldspar, 1wt.% NX 15 

illite, and 1 wt.% kaolinite KGa-1b) suspended in binary combinations in water droplets with volumes 16 

of 0.2 μL. In this study, the frozen fraction observed in binary mixtures reflected the freezing behavior 17 

of the most ice-active single component. However, the concentrations of all combinations of two 18 

components were either equal or within a factor of 2, and it was not possible to discern whether there 19 

may be a departure from the freezing being dominated by the most active mineral type when the 20 

difference in concentrations is much larger, such as the factor of 6 considered in the study by 21 

Chatziparaschos et al. (2023). 22 

 23 

In this work, we investigate the effect of mineral mixture composition by suspending known 24 

concentrations of mineral dust particles in microfluidically-generated aqueous droplets. Both single- 25 

and multi-mineral systems are analyzed at varying concentrations (0.0001 to 0.1 wt.% in increments of 26 

10x) of microcline, quartz, and montmorillonite, which have all been identified as important ice-27 

nucleating particles in the atmosphere (Harrison et al., 2019; Harrison et al., 2016; Atkinson et al., 28 

2013). These three minerals are also the primary components of Arizona Test Dust (ATD), a common 29 

proxy of atmospheric mineral dust, suspensions of which are also studied herein. A comparison between 30 

the ice nucleation activity of the controlled mixtures and that of ATD is drawn to investigate whether 31 

samples mixed from the pure components can explain the ice nucleation activity of samples that were 32 

collected as mixtures from the air or ground. Through these results, we quantify the likelihood of ice 33 

nucleation in binary mineral mixtures, with this information providing a basis for inferring the behavior 34 

of immersion mode freezing on real mineral dust mixtures in the atmosphere where concentrations of 35 

minerals may span several orders of magnitude. 36 
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2 Materials & Methods 1 

For all studied suspensions, we used ultrapure water (molecular biology reagent-grade, Sigma-Aldrich, 2 

USA). Single minerals included microcline (originally from Macedonia and obtained from the ETH 3 

Mineralogical and Petrographical Collection; milled with a tungsten carbide disk mill), quartz (Sigma-4 

Aldrich, ≥ 99.995% trace metals basis), and Na-rich SWy-2 montmorillonite (The Clay Minerals 5 

Society). The composition of the microcline and montmorillonite samples were confirmed by powder 6 

X-ray diffraction to be 97 % microcline and 3 % albite for the microcline sample (Fig. A1), while the 7 

montmorillonite sample was pure montmorillonite. Ultrafine Arizona Test Dust (ISO 12103-1, A1 8 

Ultrafine; Filter & Aerosol Technologie GmbH) was used as received, with a documented size 9 

distribution of 65.0–69.0 % being less than 5.50 µm in size and 95.5–97.5 % of particles being less than 10 

11 µm. 11 

 12 

2.1 Sample Preparation, Droplet Generation, and Cooling 13 

All single minerals (microcline, quartz, and montmorillonite) were suspended in water, sonicated (8 × 14 

30 s pulse in a UP200ST ultrasonic VialTweeter; Hielscher Ultrasonics GmbH, Germany), filtered 15 

through a 0.45 µm polyethersulfone sterile syringe filter (TPP Techno Plastic Products AG, 16 

Switzerland), dried (SpeedVac, Savant™ SPD111V, Thermo Scientific™, USA), and stored in dried 17 

form in separate Eppendorf tubes. On the day of each experiment, a dried sample was resuspended in 18 

water and diluted or mixed to the desired concentration. For each pure mineral suspension of 0.1 wt.%, 19 

1 µl was placed on a silicon wafer for SEM analysis. Immediately before generating droplets, the 20 

resuspended sample was transferred to the polytetrafluoroethylene (PTFE) tubing attached to the 21 

syringes and pumps for controlling the sample flow rate. For samples of ATD, dust was only suspended 22 

in water and sonicated (VialTweeter) without filtration or further drying, followed by physical agitation 23 

(shaking) immediately prior to being transferred to the PTFE tubing before droplet generation. To 24 

remove the possibility for contamination in the inlet PTFE tubing to the microfluidic device, the same 25 

tubing was only reused for experiments with the same mineral. The tubing was also flushed with 26 

isopropanol after each day of experiments. If multiple mineral concentrations were investigated on the 27 

same day, the lower concentration of each mineral suspension was investigated first to avoid potential 28 

contamination of subsequent experiments. 29 

 30 

Three independent populations of droplets were generated sequentially from the same starting 31 

suspension in the Microfluidic Ice Nuclei Counter Zürich (MINCZ) (Isenrich et al., 2022). MINCZ 32 

consists of: a polydimethylsiloxane (PDMS) microfluidic device, three glass syringes (1 mL, 33 

HamiltonⓇ syringe, Sigma-Aldrich) in syringe pumps (Aladdin AL1000-220Z, World Precision 34 

Instruments, USA), high-purity perfluoroalkoxyalkane (PFA) tubing (50 cm in length with 360 μm o.d. 35 

and 75 μm i.d.; IDEX Health & Science LLC, USA) to store the generated droplets, a stereoscope 36 
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(Nikon SMZ1270, 0.5× objective lens, fibre ring illuminator with LED light source), a CMOS camera 1 

(iDS UI-3060CP-M-GL Rev. 2) for optical freezing detection, and cooling instrumentation (an ethanol 2 

bath cooled by a Peltier element (PKE 128A 0020 HR 150, Peltron GmbH, Germany) and a chiller 3 

(Huber KISS K6, Huber Kältemaschinenbau AG, Germany) that recirculates an aqueous 55% v/v 4 

ethylene glycol (98% technical grade, Sigma-Aldrich, USA) solution). PDMS microfluidic devices 5 

were manufactured following an established protocol, as described by Isenrich et al. (2022). Briefly, 6 

this involved patterning of an SU-8 coated silicon wafer, transferring this pattern to PDMS (Elastosil 7 

RT 601 A/B, Ameba AG, Switzerland; mass ratio of 10:1 between the base and curing agent) via soft 8 

lithography and bonded the structured PDMS layer to a glass slide (Menzler-Glaser, Germany) via 9 

plasma treatment. Using MINCZ, 75-µm diameter aqueous droplets were generated within a continuous 10 

surfactant laden oil phase (1% v/v 008-FluoroSurfactant–RAN Biotechnologies, USA in HFE-7500) 11 

and stored in the PFA tubing, followed by cooling at 1 K min−1 (automatically controlled by a 12 

proportional controller implemented in Python with images saved every 3 s). As discussed by Alpert & 13 

Knopf (2016), a sufficient number of experiments and number of droplets are needed for a reliable 14 

statistical interpretation of heterogeneous nucleation. Based on these recommendations around 100–15 

200 droplets and three repeats were used for experiments in the current study. There were inherent 16 

variations in the number of droplets observed in each experiment because of variability in the process 17 

of droplet generation between experiments. The primary goal of droplet generation was to obtain a 18 

stable, monodisperse population of droplets with sufficient spacing to avoid droplet coalescence. The 19 

spacing proved to be slightly variable depending on the exact fluid flow rates required to achieve a 20 

stable droplet population, which influenced the number of droplets in the field of view. 21 

 22 

2.2 Mineral Characterization  23 

Secondary electron scanning electron microscopy (SEM) images were obtained using a FEI Magellan 24 

400 scanning electron microscope. Each pure mineral was pre-processed (sonication, filtration, and 25 

drying) and re-suspended in a 0.1 wt.% aqueous solution. A single droplet of this suspension was 26 

deposited on a dried and ultrasonicated silicon substrate for characterization. 27 

 28 

Dynamic vapor sorption (DVS; Advantage ET 1, Surface Measurement Systems Ltd., London, UK) 29 

using deionized water was employed to measure the adsorption isotherms. Samples were 30 

preconditioned at 298 K for 720 min under a nitrogen atmosphere (grade N5.0) to remove any pre-31 

adsorbed moisture. Subsequently, samples were subjected to stepwise increases in relative humidity 32 

(RH), with increments of 5 % RH between 0 %–40 %, 10 % RH between 40 %–70 %, and 2 % RH 33 

between 70 %–98 %. Quasi-equilibrium at each step was defined as a mass change rate below 34 

0.0005 % min⁻¹ over a period of 10 min, or after a maximum duration of 1000 min. Throughout the 35 

experiment, the temperature was maintained at 298 K, while nitrogen (grade N5.0) served as the carrier 36 

gas at a constant flow rate of 200 mL min⁻¹ to regulate RH. The specific surface area (𝐴ₛ; m²/g) of the 37 
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solid particles was estimated in accordance with the Brunauer–Emmett–Teller (BET) model, consistent 1 

with previous studies (Gronquist et al., 2019; Klumpp et al., 2023; Mahrt et al., 2023). For this purpose, 2 

data points from the adsorption isotherms within the 15 %–35 % RH range were used to perform a linear 3 

regression. A cross-sectional area of 0.114 nm² per water molecule was assumed to represent monolayer 4 

coverage. 5 

 6 

Based on the observed fraction of frozen droplets during an experiment as a function of temperature 7 

(𝑁frozen/𝑁total), the number of nucleation sites per unit surface area, 𝑛𝑠, was calculated using (Vali, 8 

2014) 9 

 10 

 

𝑛𝑠 = −
ln (1 −

𝑁frozen
𝑁total

)

𝐴
 

(1) 

 11 

where 𝐴 = 𝐴𝑠𝑚𝑤𝑖 and 𝑚 is the mass of a droplet (221 ng) and 𝑤𝑖 is the mineral mass fraction in a 12 

droplet. 13 

 14 

2.3 Image Analysis 15 

Automated detection of possible freezing events (Fig. 1) was carried out in three steps. In Step 1, the 16 

location of the PFA tubing in each recorded image was detected using an algorithm developed by Deck 17 

et al. (2024), consisting of histogram equalization, Otsu’s thresholding, and smoothing with a Savitzky–18 

Golay filter. For one experimental series, the raw recorded image sequences were not completely 19 

stationary, so image registration (i.e., image alignment) was carried out by identifying features, tracking 20 

their evolution over time, and aligning the images accordingly (using the scikit-image package in 21 

Python) before carrying out further analysis. In Step 2, the difference image between two consecutive 22 

images was calculated (It and It−Δt), and in Step 3, the OpenCV package in Python was used for further 23 

image processing (1936×1216 pixels) aimed at identification of potential freezing events through a 24 

sequence of steps: bilateral filtering, opening, Canny edge detection, Hough circle detection, and 25 

applying a threshold for the average greyscale value within the found circles. Each potential freezing 26 

event was cropped to an image size of 60×60 pixels and passed to classification by a deep convolutional 27 

neural network (CNN).  28 

 29 
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 1 

Figure 1. Image processing workflow consisting of automated detection of potential freezing events and a convolutional neural 2 

network, MINCZ-Net, for their classification to obtain either (a) a fully automated count of frozen droplets as a function of 3 

temperature or (b) a count that is confirmed by the expert. 4 

 5 

At the classification stage, the CNN named MINCZ-Net was used to classify each event as either 6 

“freezing” or “not freezing”. The CNN contained three sets of convolutional, pooling, and dropout 7 

layers (as shown in Fig. 1; implemented with the TensorFlow and Keras packages in Python) between 8 

the input and output layers, and it was trained on images from three experiments (one from each pure 9 

mineral suspension) for a total of 689 images with an 80:20 split between training and test data. The 10 

last layer used rectified linear unit (ReLU) and softmax activation functions to determine the final 11 

classification. In the fully automated workflow (Fig. 1a), freezing events identified with a confidence 12 

score ≥ 0.95 were counted as a function of temperature. In comparison, the workflow with expert 13 

confirmation (Fig. 1b) prompted the expert to assess any freezing events that were classified by 14 

MINCZ-Net with a confidence score < 0.95 and those that were below the 10th percentile or above the 15 

90th percentile of the population. 16 

 17 

Since the neural network training was carried out for one experiment for each single mineral, we tested 18 

the accuracy of the resulting classification for five other cases—one for each binary mineral mixture 19 

containing microcline (mc), quartz (qu), and montmorillonite (mm), as shown in Fig. 2. Results from 20 

three methods of classifying potential freezing events are shown: by the expert only, fully automated 21 

by the CNN (Fig. 1a), and with expert confirmation of the CNN categorization (Fig. 1b). All three 22 

methods yielded similar counts of freezing events as a function of temperature. The most important 23 

difference is in the tails of the frozen fraction distribution, where the expert alone and the combined 24 

CNN–expert methods identified fewer freezing events than the CNN alone. False positives may occur 25 

with the CNN due to noise or optical interference (e.g., dust moving in between frames) resembling a 26 

freezing event with a localized increase in pixel brightness, and thus the CNN method overestimates 27 
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the number of freezing events. The expert-only method generally identifies more freezing events than 1 

the combined CNN–expert method due to the false negative categorizations by the CNN; other 2 

deviations between these methods can also originate from expert classification error. Between the 3 

expert-only and the CNN–expert methods, the CNN–expert analysis is beneficial when considering the 4 

required analysis time for one experiment (up to 1000 potential freezing events): more than 1 h is needed 5 

to classify all the possible freezing events by an expert alone, while less than 15 min is typical for the 6 

CNN and expert together. Thus, the best methodology for counting the number of frozen droplets is a 7 

combination of the CNN with expert confirmation, and this is used in all experiments. 8 

 9 

 10 

Figure 2. Comparison of frozen fraction and counts of freezing events for one experiment on each mineral mixture containing 11 

quartz (qu), montmorillonite (mm), or microcline (mc) of different weight percentages. The results were obtained through 12 

classification by the expert only (purple circles and line); the convolutional neural network (CNN) (green circles and dashed 13 

line); and the CNN followed by expert confirmation (triangles and shaded region) of the frozen droplets that were classified 14 
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with either less than 95% confidence by the CNN or were below the 10th percentile or above the 90th percentile. The total 1 

number of droplets present in the field of view is assumed to be equal to the total number of freezing events detected, with 2 

variations between experiments arising from differences in droplet spacing during droplet generation.  3 

 4 

2.4 Governing Equations for Fitting and Prediction 5 

The following empirical equation was fit to the experimentally-derived 𝑛𝑠 values as a function of 6 

temperature for each pure mineral: 7 

 8 

 𝑛𝑠,𝑖 = 10𝑎𝑖[−𝑏𝑖(𝑇 − 𝑐𝑖)]𝑑𝑖 (2) 

 9 

where 𝑎𝑖, 𝑏𝑖, 𝑐𝑖 , and 𝑑𝑖 are fitting coefficients for mineral 𝑖 determined after discarding the first 10 % of 10 

data points calculated from the experimental frozen fraction to prevent overfitting to the rare nucleation 11 

events at the higher temperatures. The curve_fit function in the Python package SciPy was used for 12 

obtaining fitting coefficients that minimized the sum of squares of residuals. For all coefficients reported 13 

herein for Eq. (2), 𝑇 is in units of °C and 𝑛𝑠 is in units of cm−2. The goodness of fit was assessed via the 14 

standard deviation (SD) calculated using: 15 

 16 

 

SD = √
∑ (log10 𝑛̂𝑠,𝑖 − log10 𝑛𝑠,𝑖)

2𝑛
𝑖

𝑁 − 𝑝
 (3) 

 17 

where 𝑛̂𝑠,𝑖 is a predicted value, 𝑛𝑠,𝑖 is an experimental value, 𝑁 is the number of experimental data 18 

points, and 𝑝 is the number of fitting parameters (𝑝 = 4). The validity of the obtained fit is limited to 19 

the range of experimental temperatures, and the expression should be used with caution outside this 20 

range. 21 

 22 

Using the pure mineral fits for 𝑛𝑠, predictions of frozen fraction for mixtures as a function of 23 

temperature were calculated by applying Eq. (1) to a multi-mineral suspension where 𝑛𝑠𝐴 = ∑ 𝑛𝑠,𝑖𝐴𝑖𝑖  24 

to yield the following expression: 25 

 26 

 𝑁frozen

𝑁total
= 1 − exp (− ∑ 𝑛𝑠,𝑖 𝐴𝑖

𝑖

) (4) 

 27 

where 𝐴𝑖 = 𝐴𝑠,𝑖𝑚𝑤𝑖. 28 

 29 

 30 

  31 
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3 Results and Discussion  1 

 2 

3.1 Freezing Temperatures of Pure Mineral Suspensions 3 

The observed frozen fractions of droplets as a function of temperature are shown in Fig. 3 (symbols) 4 

with each frozen fraction calculated as the ratio between the number of frozen droplets and the total 5 

number of droplets in an experiment. The relative ability of each pure mineral to nucleate ice is 6 

comparable to previous reports, with microcline being the most ice-active mineral at the highest 7 

temperature (Atkinson et al., 2013; Harrison et al., 2019), followed by quartz and montmorillonite 8 

(Atkinson et al., 2013; Harrison et al., 2019; Pinti et al., 2012), although a wide variety in activity has 9 

also been reported depending on the source of the mineral (Kanji et al., 2017; Harrison et al., 2016; 10 

Hoose and Möhler, 2012; Murray et al., 2012; Harrison et al., 2019). For each series of experiments in 11 

Fig. 3, the temperature at which nucleation is observed decreased as the concentration of the mineral in 12 

each droplet decreased. This is expected because the surface area available for ice nucleation decreases 13 

with reducing concentration, thus lessening the probability of ice nucleation. Fig. 3 also presents the 14 

homogeneous freezing of contemporaneously-measured pure water droplets (black circles and light 15 

grey shading) from Isenrich et al. (2022), confirming that droplets with higher mineral concentrations 16 

freeze at higher temperatures than the pure water background. 17 

 18 

 19 



12 

 

 1 

Figure 3. Frozen fraction of droplets as a function of temperature for each studied single mineral: microcline (mc) at 2 

concentrations of 0.1, 0.01, 0.001, and 0.0001 wt.%; quartz (qu) at concentrations of 0.1, 0.01, and 0.001 wt.%; and 3 

montmorillonite (mm) at concentrations of 0.1, 0.01, and 0.001 wt.%. The measured frozen fraction for the homogeneous 4 

freezing of water droplets of the same volume shown with black symbols is reproduced from Isenrich et al. (2022). Each 5 

symbol type denotes a different mineral concentration, and the different symbol sizes represent independent populations (i.e., 6 

triplicates) of monodisperse droplets with diameters of approximately 75 µm cooled at 1 K min−1 (temperature uncertainty is 7 

0.2 K (Isenrich et al., 2022)). The corresponding number of nucleation sites per unit surface area, 𝑛𝑠, is plotted as a function 8 

of temperature according to Eq. (1) using specific surface areas of 102 m2/g, 48 m2/g, and 241 m2/g for mc, qu, and mm, 9 

respectively. For comparison, parameterizations or experimental data of 𝑛𝑠 are plotted and labeled as: H19 from Figure 7 in 10 

Harrison et al. (2019) with shading for the reported uncertainty; A13 from Atkinson et al. (2013); and P12 from Pinti et al. 11 

(2012) as calculated by Hoose and Möhler (2012). The dashed lines are model fits for 𝑛𝑠 as a function of temperature, from 12 

which frozen fraction curves are calculated using Eq. (1). The equations are given by: 𝑛𝑠,mc =  102.3344[−1.6598(𝑇 +13 

23.054)]3.2291, 𝑛𝑠,qu = 100.8924[−1.2756(𝑇 + 21.865)]3.7223, and 𝑛𝑠,mm = 10−0.2189[−0.5956(𝑇 + 20.744)]4.8178. In all 14 

plots, the shaded grey area at the lowest temperatures highlights the region where the homogeneous nucleation of pure water 15 

in 75 µm droplets occurs; 𝑛𝑠 values are thus not plotted in this region. 16 
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Figure 3 also shows the number of nucleation sites per unit surface area, 𝑛𝑠, for temperatures above the 1 

onset of homogeneous freezing. Eq. (1) was used with 𝐴𝑠 = 102, 48, and 241 m2/g for microcline, 2 

quartz, and montmorillonite, respectively, as obtained from BET analysis of DVS measurements 3 

(shown in Fig. 4 alongside SEM images) to convert experimental frozen fractions to 𝑛𝑠 vs. 𝑇. For 4 

microcline and montmorillonite, the derived 𝑛𝑠 values do not agree between different mineral 5 

concentrations, which suggests that there are differences in the number of nucleation sites per unit 6 

surface area as a function of concentration. However, we cannot exclude the possibility that these 7 

apparent discrepancies may be due to deviations in the actual suspension concentrations from the 8 

nominal ones in the process of preparing the samples from the stock suspension. To obtain a 9 

representative model of the site density, we therefore consider all 𝑛𝑠 data over all mineral concentrations 10 

of a single mineral. The dashed lines in the plots of 𝑛𝑠 in Fig. 3 are fits obtained using Eq. (2) for 11 

microcline, quartz, and montmorillonite with standard deviations (SD) for log10 𝑛𝑠 of 0.47, 0.19, and 12 

0.22, respectively. The highest standard deviation is obtained for microcline due to the spread of the 13 

experimentally-derived values of 𝑛𝑠 between different nominal suspension concentrations. The 14 

obtained fitting parameters for each pure mineral were used to calculate frozen fractions for each 15 

concentration using Eq. (1), as illustrated by dashed lines in Fig. 3, showing close agreement with 16 

experimental observations for quartz and montmorillonite. Some of the predicted frozen fractions for 17 

microcline, however, deviate from those obtained experimentally, with a steeper slope in frozen fraction 18 

predicted for the highest concentration of 0.1 wt.% and a shallower slope for the concentration of 19 

0.001 wt.%. As in our analysis of 𝑛𝑠 for microcline, we attribute these discrepancies to potential 20 

variation in the actual concentration of the suspensions. The three replicates shown at each 21 

concentration were prepared from the same starting suspension and show high reproducibility, while 22 

different concentrations were prepared independently, and variability may be greater. 23 

 24 

 25 
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 1 

Figure 4. Scanning electron microscopy images and linear regressions performed on adsorption isotherm measurements via 2 

dynamic vapor sorption (DVS; see Fig. A2) for the determination of the BET surface area of each mineral (microcline, quartz, 3 

and montmorillonite) after sonication, filtration, and drying. 4 

 5 

Figure 3 includes representative correlations or experimental data from the literature for nucleation site 6 

density as a function of temperature for each mineral. It is difficult to draw an exact comparison between 7 

our results and literature reports of 𝑛𝑠, since ice activity depends on the exact physicochemical 8 

properties of a mineral sample, such as its composition, source, processing (e.g., milling), size, and age. 9 

For microcline samples, our results indicate a lower density of nucleation sites compared to literature 10 

values (Harrison et al., 2019) by approximately 1–2 orders of magnitude. This may be due to an 11 

inherently different ice activity for the sample studied or due to a dependence of ice activity on particle 12 

size. We filtered all pure mineral samples through a 0.45 µm filter to narrow the polydispersity of 13 

particle sizes between droplets and to reduce the probability of clogging in the microfluidic device; such 14 

size selection may influence the resulting ice nucleation behavior if smaller particles have either fewer 15 

or inferior active sites. For quartz and montmorillonite samples, our results for 𝑛𝑠 as a function of 16 

temperature broadly align with the representative literature sources. In Atkinson et al. (2013), a different 17 

montmorillonite was investigated (STx-1 containing Ca2+) compared to the one used herein (SWy-2 18 

containing primarily Na+), and it has previously been reported to be less ice active than SWy-2 (Pinti et 19 

al., 2012; Kumar et al., 2023). 20 

 21 

Another contributing factor to the different orders of magnitude of 𝑛𝑠 for microcline and 22 

montmorillonite shown in Fig. 3 may be the uncertainty in the determination of specific surface area 23 

(𝐴𝑠), both in our work and in previous reports. In the literature, specific surface areas are determined 24 
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based either on the BET adsorption of nitrogen or on the particle size distribution observed via SEM 1 

imaging. Adsorption-based measurements typically yield higher estimates of 𝐴𝑠 because they capture 2 

the rough surface features and internal surface area (e.g., pores) of the sample. In addition, BET 3 

measurements with water tend to overestimate the surface area compared to the same measurements 4 

carried out with nitrogen (Blattmann and Plötze, 2024). The relatively high specific surface areas 5 

measured for the studied minerals is partially due to the small particle sizes (filtered through a 0.45 µm 6 

filter), but more likely attributed to a significant amount of internal surface area. Assuming a mineral 7 

density of 𝜌 = 2.6 g/cm3 and a perfectly spherical particle diameter of 𝐷 = 450 nm yields a specific 8 

surface area of 6/𝜌𝐷 = 5.1 m2/g, which is 1–2 orders of magnitude smaller than the estimated BET 9 

values. In comparison, for example, reported specific surface areas of montmorillonite samples range 10 

between 22.7 and 350 m2/g (Dogan et al., 2007), with a value of 31.82 m2/g for SWy-2 (Pinti et al., 11 

2012). For microcline samples, reported BET specific surface areas have typical values of around 2–3 12 

m2/g (1.91 m2/g (Kumar et al., 2018); 1.6 m2/g (Klumpp et al., 2022); 3.2 m2/g (Atkinson et al., 2013); 13 

and 1.8–3 m2/g (Peckhaus et al., 2016). For quartz, a value of 5.5 m2/g was previously reported by 14 

Zolles et al. (Zolles et al., 2015) in a sample where 80 % of the particles had sizes between 1 and 5 µm. 15 

Thus, the combination of smaller particle sizes and significant internal surface area contributes to the 16 

difference in the magnitude of the specific surface areas for the pure minerals studied herein compared 17 

to the literature. 18 

 19 

3.2 Freezing Temperatures of Binary Mineral Mixtures 20 

Three binary mixtures containing microcline, quartz, and montmorillonite are shown in Fig. 5 in 21 

comparison to the pure minerals at the concentrations that comprise the mixture. For both mixtures 22 

containing 0.01 wt % microcline (Fig. 5a and 5b), there is no significant difference between the 23 

experimental frozen fractions of the mixture and those of the pure microcline (symbols), as expected 24 

based on the predictions using Eq. (4) assuming additivity of the pure minerals’ surface areas (solid 25 

lines). Even though the concentrations of quartz and montmorillonite in their respective binary mixtures 26 

are 10x that of microcline, the active sites on quartz and montmorillonite were less active than those of 27 

microcline. For the mixture containing 0.01 wt.% quartz and 0.1 wt.% montmorillonite, the frozen 28 

fractions follow the same trend as the individual minerals’ frozen fraction, which are themselves 29 

indistinguishable at these concentrations. Even though there was more surface area available for 30 

nucleation to occur in the binary mixture, there was no increase in the observed nucleation temperature, 31 

suggesting that the 0.01 wt.% quartz and 0.1 wt.% montmorillonite surfaces do not have a detectable 32 

additive effect. This is likely because the available surface area was only doubled, and this change did 33 

not lead to a measurable change in the frozen fraction within the variability of replicate experiments, as 34 

is shown by the solid line in Fig. 5c depicting the frozen fraction calculated using Eq. (4) with the pure 35 
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quartz and montmorillonite fits of 𝑛𝑠. To detect a significant enough change in the frozen fraction, the 1 

available surface area would need to increase by a larger factor, such as that between 0.01 wt.% quartz 2 

and 0.1 wt.% quartz leading to the shift in frozen fraction shown in Fig. 3. 3 

 4 

 5 

Figure 5. Frozen fraction of droplets as a function of temperature for three binary mixtures where the most active single 6 

mineral dictates the mixture’s freezing behavior: (a) 0.01 wt.% microcline (mc) and 0.1 wt.% quartz (qu); (b) 0.01 wt.% 7 

microcline and 0.1 wt.% montmorillonite (mm); and (c) 0.01 wt.% quartz and 0.1 wt.% montmorillonite. The constituent 8 

single-mineral frozen fractions are reproduced from Fig. 3 for comparison at the corresponding concentration in each mixture. 9 

The measured frozen fraction for the homogeneous freezing of water droplets of the same volume shown with black symbols 10 

is reproduced from Isenrich et al. (2022). Each symbol size represents an independent population of monodisperse droplets 11 

(i.e., triplicates) with diameters of approximately 75 µm cooled at 1 K min−1 (temperature uncertainty is 0.2 K (Isenrich et al., 12 

2022)). Dashed lines are calculated from the pure component fits of 𝑛𝑠 vs. 𝑇 using Eq. (1), and solid lines are predictions (not 13 

fits) using Eq. (4) with input of the pure component 𝑛𝑠 fits. 14 

 15 
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When the microcline concentration was decreased from 0.01 wt.% to 0.001 wt.% in the binary mixtures 1 

with quartz and montmorillonite, the nucleation temperatures of the droplets decreased accordingly, as 2 

shown in Fig. 6. In the binary mixture containing microcline and quartz, there is no significant change 3 

in the frozen fraction curves compared to the individual minerals’ frozen fractions that were observed 4 

experimentally (open triangles and diamonds).  In the binary mixture containing microcline and 5 

montmorillonite, however, there was a significant proportion of droplets freezing in the tail end at even 6 

lower temperatures than observed for droplets containing pure microcline. This observation can also be 7 

seen by directly comparing the microcline–quartz mixture with the microcline–montmorillonite 8 

mixture, as shown in Fig. 6c. Here, approximately 15 % of the microcline–montmorillonite droplets 9 

froze at temperatures below −30 °C, where there was no observed freezing for the microcline–quartz 10 

mixture.  11 
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 1 

 2 

Figure 6. Frozen fraction of droplets as a function of temperature for two binary mixtures containing 0.001 wt.% microcline 3 

(mc) and (a) 0.1 wt.% quartz (qu) or (b) 0.1 wt.% montmorillonite (mm). The constituent single-mineral frozen fractions are 4 

reproduced from Fig. 3 for comparison at the corresponding concentration in each mixture. In (c), the binary mixtures are 5 

directly compared to highlight the noticeable reduction in ice nucleation activity in the presence of 0.1 wt.% montmorillonite 6 

compared to 0.1 wt.% quartz with the same concentration of 0.001 wt.% microcline. The measured frozen fraction for the 7 

homogeneous freezing of water droplets of the same volume shown with black symbols is reproduced from Isenrich et al. 8 

(2022). Each symbol size represents an independent population of monodisperse droplets (i.e., triplicates) with diameters of 9 

approximately 75 µm cooled at 1 K min−1 (temperature uncertainty is 0.2 K (Isenrich et al., 2022)). Dashed lines are calculated 10 

from the pure component fits of 𝑛𝑠 vs. 𝑇 using Eq. (1), and solid lines are predictions (not fits) using Eq. (4) with input of the 11 

pure component 𝑛𝑠 fits. 12 

 13 

 14 
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One possible explanation for the extended tail of the distribution could be that the 100x higher 1 

concentration of montmorillonite compared to microcline may interfere with the activity of microcline 2 

in solution. SWy-2 montmorillonite is a clay mineral that releases Na+ ions when suspended in water, 3 

and we hypothesize that these ions may exchange with the K+ ions at the surface of the microcline. Such 4 

ionic interactions between microcline and dissociated species were hypothesized by Kumar et al. (2018) 5 

to explain the enhancement or reduction in the ice-nucleation activity of microcline suspensions 6 

containing different combinations of NH4
+, Na+, K+, SO4

2−, Cl−, and NO3
−. The presence of any cation 7 

except NH4
+ decreased the ice-nucleation activity of microcline at the studied concentrations. Whale et 8 

al. (2018) and Hamzehpour et al. (2022) also reported a reduction in the activity of microcline in the 9 

presence of NaCl. In addition, Yun et al. observed a reduction of microcline’s ice-nucleation activity in 10 

the presence of inorganic acids and carboxylic acids (Yun et al., 2021) and NaNO3 (Yun et al., 2020). 11 

It is therefore likely that the surface interaction of microcline with Na+ ions from montmorillonite 12 

explains why the frozen fraction curves of microcline–montmorillonite droplets lie between the frozen 13 

fraction curves of the pure minerals at their respective concentrations. In contrast, at the higher 14 

concentration of microcline (0.01 wt.%) in the binary mixture with montmorillonite shown in Fig. 5b, 15 

we hypothesize that the concentration of montmorillonite was insufficient (only 10x higher than 16 

microcline) to fully exchange surface ions; there was therefore no perceptible change in the frozen 17 

fraction of the mixture compared to that of pure microcline at the same composition. 18 

 19 

Yet we cannot exclude the possibility that experimental variability in the determination of microcline’s 20 

ice nucleation activity explains the observed tail of the microcline–montmorillonite mixture compared 21 

to the microcline–quartz mixture. As shown in Fig. 3, the trend of 𝑛𝑠 vs. 𝑇 for microcline derived from 22 

experimental frozen fractions does not collapse onto a single line over all studied concentrations, and 23 

in Fig. 6, the obtained fit for 𝑛𝑠 to this data thus yields a frozen fraction at lower temperatures (dashed 24 

blue line) than those observed experimentally at a nominal microcline concentration of 0.001 wt.% 25 

(open diamonds). If the true activity of 0.001 wt.% microcline is represented by the dashed blue line, 26 

then the frozen fraction observed in Fig. 6a for microcline–quartz is explained by the inherent activity 27 

of a 0.1 wt.% quartz suspension, and the frozen fraction observed in Fig. 6b for microcline–28 

montmorillonite is explained by the additive activity of each constituent, as depicted by the solid purple 29 

line calculated using Eq. (4). 30 

 31 

Figure 7 highlights the freezing behavior of some studied aqueous suspensions containing pure 32 

minerals and their binary mixtures, and all experiments are shown in Fig. A3. The corresponding 33 

average median temperature T50 for each set of three independent experiments at each concentration is 34 

also shown. A statistical comparison of all pairs of T50 was carried out (Table A1), highlighting several 35 

significant differences between pure components and the binary mixtures, as shown in Fig. 7 denoted 36 

by asterisks. In mixtures containing microcline at 0.01 wt.%, the median freezing temperature is greater 37 
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than that of the second component, whether it is quartz or montmorillonite. As seen previously in Fig. 1 

6, we confirm that there is a statistically significant difference (according to Welch’s unequal variances 2 

t-test) between the median freezing temperature of the microcline–quartz and microcline–3 

montmorillonite mixtures when microcline was present at a concentration of 0.001 wt.%. We also 4 

confirm that there is no statistically significant difference between the median freezing temperature of 5 

the mixture containing microcline at 0.001 wt.% and quartz at 0.1 wt.% when compared to the median 6 

freezing temperatures of the pure minerals at the same concentrations (also seen in Fig. 6). 7 

 8 

 9 

Figure 7. Box plot of the freezing temperatures for a subset of all experiments shown in Fig. A3: pure microcline (mc 0.01 10 

and 0.001 wt.%), quartz (qu 0.1 and 0.01 wt.%), montmorillonite (mm 0.1 wt.%), and all studied binary mixtures in triplicate. 11 

In each box plot, the vertical line indicates the median freezing temperature, the upper and lower bounds of the box stretch 12 

across the 25th to 75th percentiles, whiskers span the maximum and minimum temperatures, and open circles are outliers 13 

beyond 1.5 times the interquartile range. The corresponding average median temperature T50 is plotted for each set of three 14 

experiments (error bars show one standard deviation). Four significant differences in median freezing temperature are labeled 15 

with two or three asterisks to denote that Welch’s unequal variances t-test yielded p ≤ 0.01 (**) or p ≤ 0.001 (***). 16 

 17 

Figure 7 also shows the relative unimportance of quartz in the quartz–microcline mixtures even when 18 

the mass of quartz is ten or a hundred times that of microcline. This is an interesting comparison to the 19 

results of Chatziparaschos et al. (2023), who modelled ice nucleation in a global climate model and 20 

determined that the percentage of ice crystals forming on quartz particles was more than 35% when the 21 

mass of quartz was 6x that of feldspar. This difference may be a result of the droplets herein containing 22 

an internal mixture of quartz and microcline instead of each droplet containing either quartz or 23 

microcline. In a cloud, each droplet would only contain a single ice-nucleating particle (an external 24 

mixture), and thus particles that are less active can still contribute to the frozen fraction, because ice 25 

nucleation is not initiated at a higher temperature by the presence of a particle that is more active. 26 

 27 
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3.3 Freezing Temperatures of Arizona Test Dust (ATD) Suspensions 1 

Figure 8 summarizes the observed frozen fractions and corresponding nucleation site densities for 2 

suspensions of ATD at three concentrations (symbols). As expected, the freezing temperatures 3 

decreased as the concentration decreased, in line with the decrease in surface area available for freezing. 4 

Normalizing based on the  surface area through Eq. (1) shows that all results collapse onto a single 5 

curve of 𝑛𝑠 as a function of temperature. The specific surface area has been shown to vary as a function 6 

of particle size; for example, Ibrahim et al. (2018) reported a value of 37.8 ± 1.7 m2/g for the 0–3 µm 7 

nominal size range and a value of 2.8 ± 0.4 m2/g for the 40–80 µm nominal size range. We assume a 8 

specific surface area of 22 m2/g from Ibrahim et al. (2018) for the fraction of particle sizes between 5 9 

and 10 µm to represent the specific surface area of the A1 Ultrafine ATD investigated herein, which is 10 

documented to have 95.5–97.5 % of particles being < 11 µm in size by the supplier. Our results for 11 

nucleation site density are lower than representative literature sources (Wheeler et al., 2015; Hader et 12 

al., 2014), possibly due to natural variation in the source material or a different assumption for the 13 

specific surface area. As reported by Kaufmann et al. (2016), ATD consists primarily of microcline, 14 

quartz, and montmorillonite (29 wt.%, 23 wt.%, and 25 wt.%, respectively, for a total of 77 wt.%), 15 

while for a sample containing the nominal 0–3 µm fraction analyzed by Broadley et al. (2012), the 16 

composition was 33.2 wt.% feldspar and 17.1 wt.% quartz, with 10.2 wt.% being an illite–smectite 17 

mixed layer). No individual component is present at concentrations orders-of-magnitude higher than 18 

the others, in contrast to the experiments performed for binary mixtures shown in Fig. 5 and Fig. 6. 19 

Instead, all three minerals are present in similar proportion, and all provide a comparable surface area 20 

for ice nucleation.  21 
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 1 

Figure 8. Frozen fraction of droplets as a function of temperature for Arizona Test Dust (ATD; A1 Ultrafine) at concentrations 2 

of 0.1, 0.01, and 0.001 wt.%. The measured frozen fraction for the homogeneous freezing of water droplets of the same volume 3 

shown with black symbols is reproduced from Isenrich et al. (2022). Each symbol type represents a different concentration, 4 

and different symbol sizes represent independent populations of monodisperse droplets with diameters of approximately 75 µm 5 

cooled at 1 K min−1 (temperature uncertainty is 0.2 K (Isenrich et al., 2022)). The dash-dotted lines are predictions (not fits) of 6 

frozen fractions calculated using Eq. (4) with inputs of each pure mineral’s nucleation site density vs. temperature shown in 7 

Fig. 3 assuming an ATD composition of 29 wt.% microcline, 23 wt.% quartz, and 25 wt.% montmorillonite. The corresponding 8 

number of nucleation sites per unit surface area, 𝑛𝑠, is plotted as a function of temperature according to Eq. (1) from the 9 

experimental frozen fractions using a specific surface area of 22 m2/g, as reported by for particles between 5 and 10 µm by 10 

Ibrahim et al. (2018). For comparison, experimental data of 𝑛𝑠 are plotted (lines) and labeled as: W15 digitized from Wheeler 11 

et al. (2015); and H14 digitized from Hader et al. (2014) (data labeled unfiltered). The shaded grey area at the lowest 12 

temperatures highlights the region where the homogeneous nucleation of pure water in 75 µm droplets occurs; 𝑛𝑠 values are 13 

thus not plotted in this region. 14 

 15 

The median freezing temperatures at each concentration are in the same range as those that would be 16 

expected for the fraction of microcline present. If we assume the composition of ATD to be that reported 17 

by Kaufmann et al. (2016) (i.e., 29 wt.% microcline, 23 wt.% quartz, and 25 wt.% montmorillonite), 18 

we obtain the predictions of frozen fraction shown by the dash-dotted lines for each concentration of 19 

ATD in Fig. 8 using Eq. (4) with the fits obtained from each pure mineral’s nucleation site density 20 

(shown in Fig. 3). There is general agreement between the experimental frozen fractions for ATD and 21 

the predicted frozen fractions obtained from the activity of the pure components. This agreement 22 

suggests that samples mixed from the pure components can explain the ice nucleation activity of 23 

samples that were collected as mixtures from the air or ground, such as ATD. Such an observation can 24 
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inform future work in: (i) the design of experimental campaigns with controlled bottom-up mineral 1 

mixtures acting as surrogates of real field samples without their variability and complexity, and (ii) the 2 

development of composition-aware parameterizations for ice nucleation in the atmosphere. 3 

4 Conclusions 4 

This work provides a systematic investigation of the ice-nucleation behavior of single minerals and their 5 

binary mixtures suspended in varying proportions in microfluidic droplets. The monodispersity and 6 

large number of microfluidic droplets in a single experiment provide an important benefit in ensuring 7 

the reliable statistical interpretation of results. To process the images obtained from each experiment, a 8 

neural network MINCZ-Net was developed to accelerate image processing followed by expert 9 

confirmation. One challenge of the microfluidic technique is that pre-processing of the mineral sample 10 

was needed to prevent microfluidic channel clogging and to ensure a more homogeneous distribution 11 

of particle sizes in the generated droplets. Herein, we filtered all single minerals, and filtration of the 12 

montmorillonite was especially challenging due to its swelling behavior. Therefore, such a microfluidic 13 

approach is likely better suited for investigating aerosol particles that are inherently smaller via 14 

collection by filters or with impactors. Soil samples or crushed mineral samples may have a larger share 15 

of supermicron particles that may settle in the tubing or in the microfluidic device, and pre-processing 16 

may lead to the exclusion of ice-active material.  17 

 18 

A comparison of the active site density of the single mineral microcline to literature results showed a 19 

bias towards lower densities, and this difference may be due to the filtration exposing a size-dependence 20 

in the ice-nucleation activity (either in the number of sites or their activity). Alternatively, the difference 21 

may be accounted for by inherent differences in activity between mineral samples in the literature 22 

depending on their source, purity, and processing (e.g., by milling). For the studied binary mixtures, the 23 

observed freezing behavior generally followed that of the single most ice-active mineral, and this can 24 

be explained by the fact that the minerals are internally mixed within each droplet. Finally, the freezing 25 

behavior of Arizona Test Dust (ultrafine fraction) also followed its mineralogical composition (i.e., 26 

similar to that of the investigated pure microcline), while its active site density was biased to lower 27 

values than those reported in literature, possibly due to uncertainties in the specific surface area or due 28 

to inherently different sample-to-sample activity.  29 

 30 

This systematic study of three common atmospheric mineral types (microcline, quartz, and 31 

montmorillonite) over a wide range of compositions and binary mixture combinations will provide 32 

useful input for the design of aerosol- and composition-aware parameterizations of ice nucleation in the 33 

presence of multi-mineral particles in the atmosphere. Future work using the microfluidic instrument 34 

could investigate the impact of particle size on ice-nucleation activity, other mixtures beyond mineral 35 
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dusts (e.g., of biological origin), or the effect of solutes in a mixture, while fine-tuning of CNN-1 

supported image processing could lead to rapid analysis of experimental data. 2 

  3 
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Appendix A1: XRD analysis and DVS isotherms 1 

The composition and purity of natural microcline and montmorillonite were determined using Powder 2 

X-ray diffraction (XRD). To this end, approximately 1–3 mg of finely-ground sample powders was 3 

loaded on a low-background single-crystal silicon holder. Powder XRD measurements were conducted 4 

using an Empyrean 3 diffractometer (Malvern Panalytical) equipped with a Cu source (Cu Kα = 1.5406 5 

A, 40 kV, 40 mA) and secondary graphite monochromator at the Institute of Geochemistry and 6 

Petrology, Department of Earth and Planetary Sciences, ETH Zurich. The diffraction patterns were 7 

continuously collected from 5 to 90° (2θ) with a step size of 0.013° and a 65 s dwell time at ambient 8 

temperature using a PIXcel1D detector. Phase identification and Rietveld refinements were carried out 9 

using HighScore software and the Crystallography Open Database (COD) to identify the mineralogy 10 

and estimate modal abundances. The XRD spectrum for the microcline sample is shown in Fig. A1. 11 

 12 
Figure A1. XRD spectrum of the unprocessed microcline sample from Macedonia obtained from the ETH Mineralogical 13 

and Petrographical Collection. 14 

 15 

Figure A2 shows the adsorption isotherm for each pure mineral using dynamic vapor sorption (DVS). 16 

 17 

Figure A2. Adsorption isotherms from dynamic vapor sorption (DVS) measurements for each pure mineral: microcline, 18 

montmorillonite, and quartz.  19 
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Appendix A2: Statistical analysis 1 

A summary of all experiments reported in the main text is shown in Fig. A3, and the corresponding 2 

statistical analysis of each pairwise comparison is reported in Table A1. 3 

 4 

Figure A3. Box plots of the freezing temperatures for each experiment containing microcline (mc), quartz (qu), 5 

montmorillonite (mm), and Arizona Test Dust (ATD) and the corresponding average median temperature T50 for each set of 6 

three experiments (error bars show one standard deviation). In each box plot, the vertical line indicates the median freezing 7 

temperature, the upper and lower bounds of the box stretch across the 25th to 75th percentiles, whiskers span the maximum 8 

and minimum temperatures, and open circles are outliers beyond 1.5 times the interquartile range. 9 

 10 

Table A1. Statistical comparison between the median freezing temperatures (T50) of each single mineral and binary mixture 11 

studied shown in Fig. A3. Differences are tested using Welch’s unequal variances t-test and classified into the following 12 

categories: not significant (ns), p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***). 13 

 
mc 0.01 

wt.% 
mc 0.001 

wt.% 
qu 0.1 
wt.% 

qu 0.01 
wt.% 

mm 0.1 
wt.% 

mc 0.01 
wt.% + qu 

0.1 wt.% 

mc 0.001 
wt.% + qu 

0.1 wt.% 

mc 0.01 
wt.% + mm 

0.1 wt.% 

mc 0.001 
wt.% + mm 

0.1 wt.% 

qu 0.01 
wt.% + mm 

0.1 wt.% 

mc 0.01 wt.%           
mc 0.001 wt.% **          

qu 0.1 wt.% ** ns         

qu 0.01 wt.% *** ** **        

mm 0.1 wt.% *** ** ** ns       

mc 0.01 wt.% + 

qu 0.1 wt.% 
ns *** *** *** ***      

mc 0.001 wt.% 

+ qu 0.1 wt.% 
** ns ns ** ** ***     

mc 0.01 wt.% + 
mm 0.1 wt.% 

ns ** ** *** *** * ***    

mc 0.001 wt.% 

+ mm 0.1 wt.% 
*** ns * * ** *** ** ***   

qu 0.01 wt.% + 

mm 0.1 wt.% 
*** ** *** ns ns *** *** *** ***  

 14 
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