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Supplementary Information
S1 Background information on classes of mineral INPs
S1.1 K-feldspar

Alkali feldspars rich in potassium (K-feldspars) are considered to be the most important single ice-nucleating
mineral component in atmospheric mineral dust due to their exceptional ability to nucleate ice in both immersion
(Atkinson et al., 2013; Zolles et al., 2015; Harrison et al., 2019) and deposition mode ('Y akobi-Hancock et al.,
2013) in combination with its ubiquitous atmospheric abundance (Arnold et al., 1998; Murray et al., 2012;
Glaccum and Prospero, 1980; Kandler et al., 2009). As such, even in the presence of other minerals in higher
proportions, the INA of a mineral dust will likely be controlled by the K-feldspar content (Harrison et al., 2016).
Ice nucleation on mineral surfaces such as feldspars has been shown to occur at specific sites that become active
at a specific temperature (Holden et al., 2019; Holden et al., 2021) and topographical features associated with
exsolution microtexture (Whale et al., 2017; Kiselev et al., 2021) have been proposed as the locations of the highly
active sites on K-feldspar. Moreover, Kiselev et al. (2017) observed that ice crystals growing from the vapour
phase on the surface of microcline originated on steps and cracks and were preferentially orientated between the
basal face of ice and the (100) cleavage plane. More recent work suggests that cracks caused by exsolution
microtexture may expose the (100) face of feldspars (Kiselev et al., 2021). The chemical and physical nature of

these sites is, however, still unclear.

S1.2 Plagioclase feldspar

Plagioclase feldspars are the most abundant mineral in the Earth’s crust and are defined as having feldspar
compositions between that of the Na endmember albite (NaAlSizOg) and the Ca endmember anorthite
(CaAl;Si»Og). Solid solutions between these two endmembers are more stable than in alkali feldspars, therefore
plagioclase feldspars do not exhibit the “perthitic’ texture (exsolution microtexture) characteristic of K-feldspars.
It has been suggested that the lack of these textures is the reason (Whale et al., 2017) that plagioclase feldspars
are typically much less efficient INPs than K-feldspars (Harrison et al., 2016).

S1.3 Silica

Quartz is the most common crustal mineral after the feldspars and is also highly chemically and physically
resistant to weathering. It is often a major component of soils and sediments and is the most abundant non-
phyllosilicate mineral component of atmospheric mineral dust (Arnold et al., 1998; Murray et al., 2012; Glaccum
and Prospero, 1980; Kandler et al., 2009). Quartz is the crystalline form of silica (SiO2) and occurs in nature as
several different polymorphs. However, a-quartz is by far the most abundant polymorph and as such is usually
referred to as ‘quartz’. Previous laboratory studies have indicated that quartz particles have an atmospheric
importance as INPs superior to that of clays but lower than alkali and plagioclase feldspars (Atkinson et al., 2013;

Harrison et al., 2019), although there is variability in INA seen between different studies (Kumar et al., 2019a).



Re-milling quartz powders has been seen to enhance their INA more than what may be expected based on the
increase in surface area (Zolles et al., 2015), suggesting that the process creates active sites rather than simply
exposing them. This has led to uncertainty as to whether the documented INA of quartz is representative of that
found in the environment or whether it is simply an artefact of the laboratory milling process. The active sites of
quartz are proposed to arise from fracturing that produce patches of ‘dangling’ Si- and Si-O sites on the mineral
surface that can readily hydroxylate and order water molecules. Another characteristic of quartz is that it can lose

its INA while immersed in room temperature water over a few days (Kumar et al., 2019a; Harrison et al., 2019).

S1.4 Clay-based minerals

Clay minerals are present in abundance in soils, sedimentary and some metamorphic rocks, as well as in airborne
samples of mineral dust. Clays fall into the phyllosilicate group of minerals, with its principal subgroups
comprising kaolin (which includes kaolinite), smectite (which includes montmorillonite), illite and chlorite. They
are secondary minerals, meaning that they are weathering products of igneous and metamorphic minerals and, as
such, samples often contain relic traces of their parent minerals (for example K-feldspar in the case of kaolinite
or illite) and also of quartz as a weathering reaction product. Clays were previously considered (Hoose and Méhler,
2012) to be the most important mineral ice-nucleating component of atmospheric mineral owing to early
experimental work (Mason and Maybank, 1958) until the greater importance of feldspars was established
(Atkinson et al., 2013). They are, however, still overall the most abundant type of mineral found in atmospheric
mineral dust, their concentration tending to increase proportionally in transported dusts owing to their smaller
particle size (Murray et al., 2012). Therefore, clay minerals may be more likely to control the INA of desert dusts

sampled far from their source and of the finer particle fraction.

S1.5 Mineral dust analogues

Mineral dust analogue samples NX Illite and Arizona Test Dust (ATD) are two commercially available mineral
dust mixtures that have been used as atmospheric mineral dust analogues in laboratory investigations into the
properties of INPs (Marcolli et al., 2007; Broadley et al., 2012; Niemand et al., 2012; Hiranuma et al., 2015a).
ATD contains a much higher proportion (~50 %) of quartz and feldspars than NX Illite (~20 %), with the
remainder of both comprising clay minerals and a small amount of carbonate. It has been suggested that the INA
of ATD may be artificially enhanced by the milling process used in its production (Perkins et al., 2020). Both
mineral dust samples contain a higher proportion of K-feldspar than quartz (Broadley et al., 2012; Hiranuma et
al., 2015a) meaning that K-feldspar should be the main contributor to the INA of both samples. This is consistent
with the relatively high INA of ATD, in which the dominant polymorph of K-feldspar is microcline (Kaufmann
etal., 2016). However, NX Illite is less active than would be expected given its K-feldspar content, which may be
due to weathering or that the K-feldspar may have an INA at the lower end of the K-feldspar INA range (Harrison
etal., 2016).



S1.6 Calcite

Calcite (CaCQs3), along with other carbonates such as gypsum and dolomite, has been found to be an ineffective
mineral INP (Atkinson et al., 2013; Zolles et al., 2015; Kaufmann et al., 2016), however it can often be the
dominant component of some surface dust sources, especially the deserts of north-western Africa (Knippertz and
Stuut, 2014).

S2 Mass changes of samples after dry heating

Table S1: Mass changes of samples after dry heat treatment (250 °C for 4 h)

Sample name Classification % Change in mass after dry heating
(250 °C for 4 h)
Empty 15 mL borosilicate glass - -0.02 (mean)
vial 0.10 (standard deviation)
(mean of 5)
BCS-376 Microcline K-feldspar -0.25 (mean)
(mean of 5) 0.44 (standard deviation)
TUD#3 Microcline K-feldspar -2.53
Amazonite Microcline K-feldspar -0.68
Pakistan Orthoclase K-feldspar -0.96
TUD#2 Albite Plagioclase feldspar -1.39
BCS-375 Albite Plagioclase feldspar -2.32
Atkinson Quartz Quartz
Fluka Quartz (mean of 5) Quartz -0.27 (mean)
0.52
Fused Quartz Quartz -1.72
Bombay Chalcedony Quartz -0.59
KGa-1b Kaolinite Clay-based -1.01
Fluka Kaolinite Clay-based -0.78
Sigma Montmorillonite Clay-based -10.01
SWy-2 Montmorillonite Clay-based -8.44
Chlorite Clay-based
Arizona Test Dust (ATD) Dust surrogate -1.57
NX Hlite Dust surrogate -3.47
Calcite Carbonate -3.40
Snomax (pellets) Biological heat-sensitive -374
Lichen (raw) Biological heat-sensitive -58.8
Birch Pollen (raw) Biological heat-resistant -56.3
Microcrystalline cellulose Biological heat-resistant -52.6




S3 Supplementary figures

(a) K-feldspar: BCS-376 Microcline

(b) K-feldspar: Amazonite Microcline
1.0 .. 1.0 .. %
% s g 3 X
4 Ty=-87°C 3
gos s e _08 s Typ=-44°C
@ No treatment £ : ATy™=-02°C 3 t AT e=o1s0C
» ' AT =-28°C - i y
5 Wet heated (95 °C for 30 min) 506 1 * 306 X& L ATyv=-56°C
e % g 3
= Dry heated (250 °C for 4 h) 3 i 3 4
504 Y 204 Y
Water blanks g H 3 i
" " 43 e 3
+  Wet heating handling blank o2 X3 “02 X3
= Dry heating handling blank % %
00 * % 00 x5
32 28 24 20 -16 -12 -8 -4 0 32 28 24 20 -16 -12 -8
Temperature (°C) Temperature (°C)
(c) K-feldspar: TUD#3 Microcline (d) K-feldspar: Pakistan Orthoclase (e) K-feldspar: Eifel Sanidine
1.0 .. P 1.0 + . 10
i i ISR I !
* 3 - 38¢ % 3 1 - 150° =213
§o08 % Tw=-38°C §08 % : Tew=-150°C §o0s8 Tw=-213°C
Kl e ATy"=-0.1°C § M AT,*=-02°C S AT, *'=+08°C
a 4 4y =20 % % ay =34 2 oY= 0.4
ZEO s Y ATy =-20°C EM o ATy =-34°C fgn N AT =-04°C
L = L
s 1‘*& : S K : s
504 Y 504 1 504
s i $ H s
g : g ; g
o2 % o2 % o2
:
00 oy : 0.0 o s @ 0.0
-32 28 24 20 -16 12 -8 -4 -32 28 24 -8 -4 -12 -8 -4
Temperature (°C) Temperature (°C)
(f) Plagioclase feldspar: BCS-375 Albite (g) Plagioclase feldspar: TUD#2 Albite (h) Plagioclase feldspar: Labradorite
1.0 1.0 B 10
Ts=-184°C Typ=-212°C
c c 0 c 50
go.a 8 0.8 AT =4+ 10°C E 08 AT =-22°C
" ; AT, =+01°C = AT =+03°C
206 206 206
: 5 5
3 5 3
504 504 504
c c <
2 £ S
3 3
So2 o2 fag o2
0.0 0.0 e 0.0 °
32 28 24 20 -16 12 8 -4 12 8 4 42 8 4
Temperature (°C) Temperature (°C) Temperature (°C)
(j) Silica: Fluka Quartz (k) Silica: Fused Quartz
1.0
Typ=-144°C o o .
AT %= .73°C Tp=-166°C
Gos » §08 §08 ATy =-4.4°C
8 ATy =+0.1°C ] 3
% £ &g AT =-1.1°C
zo0s Sos Boe
S = s
g g 3
2 s 2
504 504 504
H £ 5
3 3 3
8
fo2 fo2 fo2
0.0 E! 00 00 =
3 30 25 20 15 10 5 0 R
Temperature (°C) Temperature (°C) Temperature (°C)
(1) Silica: Bombay Chalcedony (m) Clay: KGa-1b Kaolinite (n) Clay: Fluka Kaolinite
1.0 ., 10 1.0 * %
% 3 Tyo=-231°C g Ty=-18.1°C
- % Typ=-96°C < ; c x «
g08 . AT =01°C go08 AT,*=+04°C 308 33°C
£ 1 R £ AT, =+10°C g ATy®=-13°C
2 Y aTg™=-09°C o «
206 3 206 206
+ a a
§ L g §
S04 k3 504 504
§ : g b
3 4 3 3
o2 %% o2 £o2 L %
X5 % LY *
0.0 * % 00 00 oy Y om 9w og g
32 28 24 20 -16 12 -8 -4 8 4 32 28 24 20 -16 12 8 4
Temperature (°C) Temperature (°C)

Temperature (°C)




(o) Clay: SWy-2 Montmorillonite (p) Clay: Sigma Montmorillonite (q) Clay: Chlorite
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Figure S1: Fraction of droplets frozen (fice(T)) curves for all mineral-based INP samples. Data for three clean water blanks
runs along with wet and dry heating handling blanks are shown in each plot. A dotted horizontal line denotes fice(T) = 0.5,
from which Tso values were determined. All suspensions were prepared to a concentration of 1 % w/v. Denoted in each panel

are Tso, ATso"et and ATso® values for the sample, with significant (ATso greater than +1.2 °C) values highlighted in yellow.

(a) Snomax® (0.05%) (b) Lichen extract (2%) (c) Birch Pollen Washing Water (B. pendula, 0.5%)
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Figure S2: Fraction of droplets frozen (fice(T)) curves for all biological INP samples. Data for three clean water blanks runs
along with wet and dry heating handling blanks are shown in each plot. A dotted horizontal line denotes fice(T) = 0.5, from
which Tso values were determined. All suspensions were prepared to a concentration of 1 % w/v. Denoted in each panel are

Tso, ATs0"® and ATso® values for the sample, with significant (ATso greater than +1.2 °C) values highlighted in yellow.
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Figure S3: Plot showing fice(T) data for background water in borosilicate glass vials (Blanks #1 to #5) and handling blanks
for various modes of wet and dry heat tests in borosilicate and polypropylene containers. ‘CA’ denotes the use of a 0.2 um

cellulose acetate filter used for filtration of raw lichen and birch pollen.
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