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Feldspar minerals are abundant rock-forming minerals playing a central role in environmental pro-
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cesses such as silicate weathering and ice nucleation in mixed-phase clouds. These processes typically

take place at the feldspar-water interface, which is why the micro- and nanoscopic surface topology
is of major importance to understand them. However, especially in the field of ice nucleation on
feldspar surfaces, most experimental studies are limited to the micrometre scale, while the ice nucle-

ation sites are expected to be nanometre sized. Here, we report an intrinsic island structure observed

on microcline (001). High-resolution atomic force microscopy (AFM) images taken in ultra-high

vacuum show nanometre-sized islands on the terraces and at the step edges. Atomic scale images

revealing a very similar contrast and identical lattice parameters on the terrace and on the islands
suggest that these islands are an intrinsic feature of the microcline surface. Moreover, AFM at the
solid-liquid interface demonstrates that the observed nanostructure is stable in water. As the exis-
tence of islands significantly increases the density of edge and kink sites, the observed nanostructure
might have important implications for surface reactivity and potentially ice nucleation efficiency.

1 Introduction

Due to their wide abundance, feldspar minerals play a central
role in many large scale environmental processes. In the litho-
sphere, feldspar minerals are not only major constituents of most
igneous rocks, they are also abundant in metamorphic and sedi-
mentary rocks. I Weathering of these rocks ultimately leads to the
formation of carbonate minerals, binding atmospheric carbon in
the process. This process, referred to as the carbonate-silicate cy-
cle, is of upmost importance for life on Earth, as one of the major
temperature feedbacks regulating our climate via the atmospheric
carbon dioxide level.?/ Based on this natural process, artificial sil-
icate weathering has also been discussed as a means to capture
anthropogenic carbon dioxide.® Moreover, erosion can create
small feldspar particles, which are then picked up by the wind
and brought into the atmosphere.” Airborne feldspar particles,
especially alkali feldspar, are very efficient ice nucleating parti-
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cles under mixed-phase cloud conditions.©8 That is, they initiate
the formation of ice in clouds in a temperature range where cloud
droplets would normally stay liquid due to kinetic hindrance. This
change in aggregate state has a profound impact on the physical
and chemical properties of clouds such as their lifetime and re-
flectivity,®@10 making a detailed understanding of this process
necessary for the development of accurate climate models. ™

Both, weathering and heterogeneous ice nucleation, typically
take place at the interface between feldspar minerals and aqueous
solution. Hence, a detailed understanding of the feldspar-water
interface is essential for unravelling these large-scale processes.
Understanding the feldspar-water interface requires a careful con-
sideration of the complex interplay between interfacial chemistry
and surface topology. The former refers to the species present
at the interface, their chemical environment and reactivity, and
the latter refers to placement and abundance of surface features
such as terraces, step edges, and kink sites. While, at first glance,
the surface chemistry may seem as the primary impact factor for
the interfacial reactivity, it is important to acknowledge the effect
of surface topology. Many interfacial processes such as dissolu-
tion and growth of minerals predominantly take place at edge
and kink sites and not on the flat terrace 12114 Consequently, the
presence (or absence) of such surface features can have an enor-
mous impact on the reactivity of minerals.

For feldspar minerals, the role of microtexture in the bulk
and surface structure has been studied extensively for a long
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time. 1511 Alkali feldspars (chemical formula XAlSi3Og with X =
Na,K) form a continuous mixing series at the elevated tempera-
tures present during the formation of most feldspar minerals, but
not at room temperature. 117 Hence, the initially-formed homo-
geneously mixed alkali feldspars exsolve into Na- and K-rich do-
mains during cooling or in the course of their geological history.L
The combination of exsolution processes with weathering gives
rise to a wide range of complex so-called perthitic intergrowth in
the bulk and on the surface of alkali feldspar minerals. 42 Typical
forms of perthitic intergrowth described in literature are lamel-
lae, 1821l platelets?423 and nanotunnels.!824 Moreover, patch
and vein morphologies have been observed.23/26

In addition to studies discussing feldspar microtexture in the
general geological context, the microtexture of alkali feldspar
has also attracted great interest in light of ice nucleation activ-
ity. Several independent studies show that ice nucleation on al-
kali feldspar minerals does not start on flat areas but at distinct
surface features such as cracks or pores.2Z%33 This seems to hold
true for ice nucleation in both immersion and deposition mode,
even though the active sites on alkali feldspar differ between
modes.2? In deposition mode, environmental scanning electron
microscopy reveals the same preferential orientation on the (001)
and (010) surfaces of microcline feldspar, which has been ex-
plained by small patches of the unstable (100) surface exposed
in cracks or pores.2Z Moreover, it has been shown that feldspar
specimens exhibiting perthitic intergrowth are generally more ice
nucleation active,*# and that cation exchange-induced fracturing
can increase the ice nucleation activity of sanidine feldspar.=2 Re-
garding chemical composition, K-rich feldspars are often more
ice nucleation active than Na-rich feldspar,®® but it is disputed
whether this difference in ice nucleation activity actually comes
from a higher potassium content or the prevalence of perthitic
intergrowth in many K-rich feldspar.24 The same is the case for
the relation between crystallographic order in the aluminosili-
cate framework of K-rich feldspar minerals and their ice nucle-
ation activity.243> However, these studies are mainly limited to
the micrometer and hundred-nanometre scale, while the actual
ice nucleation active sites (INAS) are expected to be nanometre
sized 2831 Consequently, the specific surface topology and chem-
istry of ice nucleation active sites remains elusive.

Here, we apply atomic force microscopy in ultra-high vacuum
and at the solid-liquid interface to describe a microstructure ob-
served on microcline (001). AFM images taken under UHV condi-
tions reveal a surface structure consisting of terraces covered by
islands with a diameter between 5 nm to 40 nm, and a high density
of step edges. The islands were found to exhibit the same AFM
contrast as the terrace and a similar height as monolayer step
edges, which suggests that the observed islands are consisting
of microcline feldspar. This conclusion is supported by atomic-
resolution images showing a very similar contrast and identical
lattice parameters on the terrace and on the islands. Moreover,
AFM images recorded at the microcline-water interface show that
the observed island structure does not change noticeably within
110 min. We conclude that the investigated structure is stable in
contact with water and might persist under environmental con-
ditions. Since the presence of these feldspar islands significantly
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enhances the number of step and kink sites, we expect that the
observed island structure — where present — might have a signif-
icant impact on surface reactivity and potentially ice nucleation
activity.

2 Methods

AFM experiments were performed under ultra-high vacuum
(UHV) conditions and at the solid-liquid interface. UHV AFM
experiments were carried out in a UHV setup consisting of two
chambers separated by a valve. The first chamber with a base
pressure below 1-107!'mbar was used for sample preparation
and the second chamber with a base pressure below 5-10~!! mbar
was used for AFM experiments. Dynamic AFM experiments were
carried out in the frequency-modulation mode with constant am-
plitudes between 10nm and 20nm with a variable-temperature
(VT) STM/AFM instrument (Scienta Omicron, Germany). The in-
strument was operated with a MATRIX controller. N-doped silicon
cantilevers with a nominal force constant of 40 N/m and an eigen-
frequency of 300 kHz (Nanosensors, Switzerland) were glued onto
a cantilever holder, brought into UHV and sputter with Ar ions. To
compensate for contact potentials remaining after sample prepa-
ration, a compensating voltage between 10V and —10V was ap-
plied.

Cuboidal microcline single crystals with the (001) direction ori-
ented parallel to the top face and the [010] direction along one
of the sample edges were obtained from SurfaceNet (Germany).
X-ray diffraction data and chemical analysis confirming the sam-
ple variety as maximum microcline have been reported previ-
ously.2937 samples were brought into UHV, degassed for several
hours at 700K and cleaved parallel to (001) with a tungsten car-
bide blade. To remove surface charges preventing AFM measure-
ments, the samples were annealed for 20 h at 450 K.

After UHV experiments, microcline samples were locked out of
the UHV chamber and clamped in a PEEK sample holder. Then, a
droplet of ultrapure water (Stakpure GmbH, Germany, 18 MQcm)
was placed on top of the sample surface before investigation
with a modified2852 Bruker Multimode AFM with a Nanoscope
V controller (Bruker Nano Surface Division, USA). Experiments
were carried out with gold-coated silicon cantilevers (TAP300GD-
G, Budget Sensors, Bulgaria) with a nominal force constant of
40N/m, an eigenfrequency between 120kHz and 140kHz and a
quality factor from 6.5 to 8.5 in water. Further in-liquid AFM
measurements with a Cypher ES AFM (Asylum Research, an Ox-
ford Instrument Company, USA) instrument were performed on
microcline samples cleaved in air with a tungsten carbide blade
directly before the AFM experiments. Some of the air-cleaved mi-
crocline samples were glued to a magnetic mounting plate with
superglue, because the sample height after cleavage was not suf-
ficient for clamping in a PEEK sample holder.

AFM images were calibrated and in case of the atomic
scale images drift corrected with the drift-correction software
unDrift. 4941 Calibration parameters were determined by refer-
encing against the known lattice parameters of calcite (10.4) in
UHV and at the calcite-water interface, respectively. Scan direc-
tions are indicated in the top right corner of the images with the
bold arrow pointing in the fast scan direction and the triangu-
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lar arrow pointing in the slow scan direction. Surface directions
indicated in the images were obtained from the manufacturers
specifications and confirmed by atomic-scale imaging. The AFM
channel is also marked in the top right corner with z;, being the z-
piezo displacement and Avexc being the excitation frequency shift.

Optical microscopy images were measured with an DCM8 opti-
cal microscope (Leica, Germany) using confocal imaging. To pro-
duce images showing the entire surface, individual images at 10x
magnification were stitched together. Details of the surface were
inspected at 50x and 150x magnification. Scanning electron mi-
croscope (SEM) and energy dispersive X-ray spectroscopy (EDX)
measurements were performed with a Phenom ProX G3 Desktop
SEM (Thermo Fisher Scientific, Waltham, MA, USA).

3 Results and discussion

In this study, we performed AFM experiments on cleaved micro-
cline (001) samples. Our samples are opaque white (slightly
beige) microcline crystals cut from the same base crystal as the
samples used in our previous studies (see UHV samples in Refs.
S0I37) | Microcline is a feldspar variety with a high potassium con-
tent and a high degree of Al-Si order in the aluminosilicate frame-
work. For our samples, both properties have previously been con-
firmed by chemical®Z and structural analysis.2® Specifically, we
found that our samples consist of mainly potassium feldspar (ap-
proximately 96 %) with a small amount of sodium feldspar (4 %)
and almost no calcium feldspar (less than 0.1 %).27 In terms of
Al-Si order, our samples exhibit a high degree of aluminium-
silicon order with about 80 % of aluminium atoms situated in
T1(o) sites.©

3.1 Microscopic structure

Regarding the microscopic surface structure, optical and scanning
electron microscopy images reveal several micrometre big cracks
and holes (see Fig. S2 and S3). The existence of holes on both
cleavage planes suggests that our microcline samples exhibit mi-
croporosity as already hypothesized in a previous study.Z Chem-
ical analysis of the near-surface region with SEM-EDX reveals a
composition generally close to the expected composition of K-
feldspar but with an increased oxygen mole fraction. We interpret
this as an indication for water inclusions inside the sample, which
would also be consistent with the water degassing observed in
previous TPD experiment5.37 Moreover, SEM-EDX measurement
reveal that our microcline samples are exsolved into K- and Na-
rich domains (see Fig. S3). Due to the observed porosity, water
inclusions and exsolution structure, we expect that our samples
were hydrothermally altered during their geological history.
Figure |1f (a) shows a 460 x 460nm? AFM image taken on the
(001) cleavage plane of a microcline sample prepared and anal-
ysed under UHV conditions. The image reveals a typical surface
structure consisting of several terraces limited by step edges. The
terraces are covered by islands, which merge with the ascending
step edges of the terrace above, creating the impression of ragged
step edges. To analyse the step edge height, an exemplary profile
is presented in fig. [1| (b) extracted along the fast scan direction as
indicated by the red line in fig. [1| (a). The extracted profile con-
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tains four step edges with an average height of (0.65+0.02) nm,
which is in perfect agreement with the atomic step height calcu-
lated from the bulk structure.#2 This specific image exclusively
contains monoatomic step edges, but we also observed multi-step
edges with heights up to several nanometres on a regular basis.
However, these high step edges interfere with our high-resolution
imaging, which is why areas with high step edges are typically
avoided. Moreover, the step edge density on our sample varies
probably due to cleavage as can be seen by comparing the mi-
crometre scale images in, e.g., fig.[T] (a) and fig. 2] (a).

Next, we turn to the islands observed on the terraces. These is-
lands have an oval shape with irregular edges and an approximate
size between 5nm and 40 nm (largest diameter). The island cov-
erage on the terraces is not homogeneous, some areas are almost
island-free and others are densely covered. Two areas with high
and low island coverage are marked by a red and blue square,
respectively, in fig. [1| (a). Moreover, a 90 x 90 nm? image of the
typical island structure is shown in fig. 1| (c). This image reveals
that some of the islands are connected to form a larger network.
The detail image also shows that both islands and terrace exhibit
round protrusions with a seemingly random placement (neither
the Fourier transform nor auto-correlation show any periodicity,
see ESIt). These protrusions could, e.g., be defects or residual
surface charges. Some islands are directly attached to ascending
step edges, thereby creating unusually shaped steps (see fig.
(a)). It is not possible to distinguish between the islands and
the terrace above as both islands and terrace exhibit an identical
contrast in all measured AFM channels. Furthermore, the islands
have the same height as the step edges as shown by the two is-
lands included in the extracted profile at x ~ 200nm (see fig.
(b)). In summary, we find that the observed islands exhibit the
same contrast as the terraces and a similar height as monoatomic
step edges. These findings suggest that the islands are an intrin-
sic part of the microcline structure, and not, e.g., some kind of
contamination.

3.2 Atomic structure

To elucidate the atomic-scale structure of the observed islands,
we measured high-resolution images on the terrace and islands.
Figure|2| (a) and (b) show an overview image of the surface and
an atomic resolution image taken on the terrace in the marked
area (see red rectangle in Figure|2| (a)), respectively. The atomic-
resolution image reveals a periodic structure consisting of stick-
like features, which we already discussed in detail in a previ-
ous publication.® Briefly, we found that even when prepared in
vacuo, the as-cleaved microcline (001) surface readily reacts with
even small amounts of residual water forming a hydroxylated sur-
face.2% In room-temperature AFM images, the hydroxyl groups
closest to each other are imaged together creating the impression
of stick-like features as shown in Figure |2| (b). Otherwise, micro-
cline (001) follows the expected bulk-truncated structure with-
out any reconstructions. A corresponding DFT model is shown in
fig.[2| (¢) 291t shows the regular array of hydroxyl groups protrud-
ing from the microcline surface (hydroxyl oxygens drawn in red),
where every second hydroxyl group is bound to aluminium and
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Fig. 1 (a) Experimental AFM image of the microcline (001) cleavage plane showing several step edges and islands. (b) Profile along the red line in
(a) with the heights of the terraces marked. (c) Detail AFM image of the observed islands. Two examples each for the protrusions on the terrace
and islands are marked by blue and red circles, respectively. AFM images are calibrated, and background corrected by means of three-point levelling.
Directions indicated in the images were determined from the manufacturers specifications and confirmed with high-resolution AFM. The AFM data

was recorded under UHV conditions at room temperature.

silicon, respectively. Our results are in perfect agreement with a
recent study presenting low-temperature AFM data recorded with
a copper oxide-terminated tip.43

AFM experiments on the islands were performed following a
three-step procedure ensuring that AFM images are actually taken
on an island: First, we measure an overview image (fig. 3| (a)) to
find an island with a suitable size of approximately 30 x 30nm?> or
bigger. Second, we choose a new scan area on top of the selected
island as indicated by the red quadrangle in fig.|3| (a) and measure
high-resolution images. These measurements can be challenging
as we found that scanning over the islands and especially their
edges increases the probability for tip changes. Here, the image
measured on top of the island is presented in fig. 3| (b). It shows
atomic resolution before the tip becomes unstable after approx-
imately 60% of the image. Note that the edge in the top right
corner of fig. [3| (b) nicely aligns with the sharp edge of the se-
lected island in fig. 3| (a). Third, we increase the scan area again
in fig.|3| (c) to check whether the previous measurements were in-
deed performed on top the island. In this regard, fig. [3[(c) shows
that the scan area of the image in fig. [3| (b) (indicated by a red
quadrangle) lies on top of an island with the same shape as the
island selected in the overview image fig.[3| (a). We conclude that
the atomic resolution image in fig. [3| (b) was, indeed, measured
on top of an island.

Based on the atomic-resolution images measured on top of the
islands, we can now analyse the island structure. In the z-piezo
displacement image shown in fig. 3| (b), the atomic structure con-
sists of round protrusions arranged in a centred lattice, i.e., each
unit cell contains two features. On average, this lattice exhibits
structural parameters of a = (0.91£0.03)nm, b = (1.29+£0.02) nm
and an angle of y = (86 £ 3)° as determined from 10 AFM images.
Hence, the island structure agrees with the terrace structure in
all lattice parameters, and with the bulk-truncated structure in

4| Journal Name, [year], [vol.], 1~E|

the b and y parameters within the experimental error. Moreover,
the directions of the longer (shorter) lattice vectors agree with
the orientation of the [010] direction ([100] direction) of the mi-
crocline sample as specified by the manufacturer. These findings
show that the structure of the islands is governed by the terrace
structure underneath. Additionally, fig. |3| (b) shows some areas
protruding from the surface (shown in bright white), which might
correspond to the protrusions observed in the detail image fig.
(c). Due to the blurred appearance of these protrusions, we spec-
ulate that they might originate from surface charges remaining
after the annealing.

To obtain more information on the island structure, we turn
to the excitation frequency shift image shown in fig. [3| (d). In
the Avexc image, the island structure exhibits a different contrast
consisting of bright features, which are elongated along the [010]
direction. These features look similar to the sticks observed in the
atomic-resolution images measured on the terrace (see fig.|2| (b)),
but with a less pronounced stick-like shape. Moreover, the fea-
tures on the island are connected by thinner bright lines, which
creates the impression of a hexagon pattern on the surface. The
great similarity between the island and terrace structures in terms
of unit cell dimensions and image contrast suggests that both
structures are actually identical. In this case, the difference in
the atomic resolution contrast would originate from a change in
the tip termination, tip-sample distance or both. This conclusion
is also supported by AFM images showing atomic resolution on
the terrace and small patches of an island presented in the ESI.}

We further compare the atomic-structure of the islands to the
DFT structure of the hydroxylated surface structure found on the
terrace. In fig. [3| (e), the DFT structure from fig. [2| (b) is super-
imposed on a cutout of the experimental island structure. Since
the focus of this overlay is on the structure within the unit cell
and not the lattice parameters, we transformed the experimental
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Fig. 2 Overview of the micro and atomic-scale structure on the terraces under UHV conditions. (a) Overview image of the microcline (001) surface
showing the location the atomic-scale image was recorded. (b) Atomic resolution AFM image taken on the terrace in the red rectangle marked in (a).
(c) Density functional theory structure of the microcline (001) surface as reported in Ref.39,

Fig. 3 Atomic structure of the islands on microcline (001). (a) - (c) illustrate the procedure of an AFM measurement on top of an island, where
(a) is an overview image, (b) is measured on top of the island and (c) is another an overview image. This procedure ensures that the measurement
was indeed performed on top of an island. The scan area of (b) is indicated in (a) and (c) by red quadrangles. (d) shows an excitation frequency
shift image of atomic resolution on an island (same scan area as (b)) and in (e) the DFT structure of the hydroxyl-terminated microcline surface is
superimposed on the experimental AFM image. To achieve this overlay image, the experimental data was distorted with an affine transformation to
match the lattice parameters of the DFT structure. The DFT structure in (e) is taken from Ref 36/

image in the overlay to fit the theoretical lattice parameters. This
overlay reveals a very good agreement between both structures,
where each feature is again comprised of two terminal hydroxyl
groups. Moreover, we do not observe any additional surface fea-
tures contradicting the superimposed structure.

3.3 Structure at the solid-liquid interface

Next we investigate the structure and stability of the discussed is-
lands in contact with water. The microcline sample was removed
from the UHV chamber, covered with a droplet of ultrapure wa-
ter and inspected with AFM. Figure [4] (a) shows an AFM image
taken at the microcline-water interface 27 min after bringing the
sample in contact with water. In general, the island structure
observed at the microcline-water interface is very similar to the
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topology found in UHV but with a slightly higher island density
and some bigger merged islands up to around 100 nm present on
the surface. However, given the inhomogeneity of the island cov-
erage observed in the UHV experiments, we attribute this differ-
ence to the measurements taking place at a different position on
the sample. The observed island structure did not change on the
timescale of our experiment, i.e., we did not observe dissolution
or growth on the timescale of hours. The islands were observed
in the first image taken at the microcline-water interface, and
images taken up to 110 min after bringing the sample in contact
with water show essentially the same surface topology as the first
image. Additionally, we observed the reported islands on two mi-
crocline (001) surfaces prepared by cleavage under ambient con-
ditions as shown in the ESL." One of these surfaces was prepared
by a second cleavage of the sample, which was previously used in
the UHV experiments, the other sample had not been used in any
experiments before.

Furthermore, we performed atomic-resolution imaging on the
terrace and islands. The corresponding AFM images in fig. [4] (b)
and (c) show a periodic structure with two round features per
unit cell and an identical image contrast in both cases. This im-
age contrast is identical to the contrast reported on another mi-
crocline (001) sample in our previous publication, which is why
we can assign it to imaging in the second water layer on the
surface.2% The lattice parameters observed on the terrace (a =
(0.88+£0.03)nm, b = (1.29+0.03)nm and y = (85+2)°) and is-
lands (¢ = (0.85+£0.03)nm, b = (1.32+0.03)nm and y = (86 +2)°)
are also identical within the accuracy of our device.#? These find-
ings, again, indicate that the observed islands have a very similar
structure than the microcline surface underneath.

3.4 Origin of islands

In the previous sections, we established that the observed islands
have the same height as atomic step edges on microcline (001)
and that the atomic structures in UHV and at the solid-liquid in-
terface closely resemble bare microcline (001). Further, we found
that the islands are stable in contact with water on the timescale
of hours. Based on these results, we will now discuss three pos-
sible explanations for the observed island structure. The islands
could originate from (1) a contamination introduced during sam-
ple preparation, (2) alteration of the surface structure by sample
preparation and (3) internal microstructure exposed upon cleav-
age. It is essential to understand the origin of the islands, because
a surface structure induced by contamination or sample prepara-
tion might not be relevant in a geochemical context. In contrast,
the observed islands could have important implication for pro-
cesses on feldspar minerals, if they can form on natural feldspar
samples under environmental conditions.

First, we discuss whether the islands could be caused by con-
taminations. For example, the annealing of our samples could
release (organic) molecules, which then adsorb on the cleaved
microcline (001) surface and form islands. Island formation by
(organic) adsorbates has been observed both under UHV condi-
tions@44% and at the mineral-water interface,47#42 and the pe-
riodicity on these islands often follows the lattice of the mineral
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surface underneath. The internal structure of adsorbate islands
typically differs from the mineral substrate. 4442l Here, however,
we observe an extremely similar atomic structure on the terrace
and islands. Moreover, the observed islands are very homoge-
neous in their height, internal structure and general appearance,
which is contrary to our expectation for contaminated samples. In
case of contaminations, we expect a very diverse surface structure
caused by a variety of contaminants.>%>L Further, we not only ob-
served islands for samples prepared in UHV, but also for samples
cleaved in ambient conditions and analysed at the mineral-water
interface (see ESI). It seems very unlikely to observe the same
contamination after these completely different methods of sample
preparation. Moreover, SEM-EDX analysis of two of our samples
with islands showed no signs of organic contamination as dis-
cussed in the ESI." Consequently, we exclude contaminations as a
potential origin for the observed islands.

Second, we explore a potential alteration of the surface struc-
ture during sample preparation. Prior to our UHV-AFM exper-
iments, we needed to anneal our samples for several hours to
remove surface charges induced by cleavage, so the observed is-
lands might also have formed during this annealing step. To test
this hypothesis, we freshly cleaved a microcline sample from the
same batch under ambient conditions and annealed it to subse-
quently higher temperatures (449K, 549K and 649K). Directly
after cleavage and after each annealing step, we inspected the
surface with AFM at the microcline-water interface, which al-
lowed us to assess the surface topology regardless of surface
charges. As shown in the ESI¥, this sample did not exhibit any
islands initially, and we could not induce the formation of islands
by annealing up to 649K for 20h. These annealing experiments
suggest that the observed structure is likely not caused by anneal-
ing, which is consistent with the fact that we also observed islands
on air-cleaved samples (see ESIt).

Moreover, the microcline samples could be altered upon con-
tact with water. In the UHV experiments, the water can originate
from the sample by degassing during annealing as reported pre-
viously.2Z In the liquid experiments, the surface can react with
the water droplet placed on top of the sample. Indeed, literature
shows that K-feldspar can be altered through hydrolysis in wa-
ter or acidic solution, leading to the formation of phyllosilicate
minerals, silicic acid and potassium hydroxide.®? The first step
in K-feldspar weathering is likely the leaching of potassium ions
from the first interfacial layers, which is followed by protonation
of the aluminosilicate framework.1922 This process is expected
to preferentially occur along fractures inside the K-feldspar min-
erals.®% These weathering schemes suggest either the formation
of a potassium-depleted aluminosilicate layer or the formation of
a hydrolysed aluminosilicate (clay-like) layer. However, if water
was altering the feldspar terrace, we should not observe islands
but patches of altered surface layer or even holes in the surface,
while islands are indicative of reprecipitation. Furthermore, since
we observe an island structure, which is indistinguishable from
the bare feldspar surface, we must assume that feldspar material
from the solution reprecipitates as islands on the terrace. The ma-
terial likely stems from dissolution via hydrolysis at fracture sites,
cracks or at the phase boundary between K- and Na-rich domains,
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Fig. 4 AFM images taken at the microcline (001)-water interface showing that the observed island structure persists in contact with water. (a) shows
a typical 2.0 x 2.0um? overview image measured 27 min after the water droplet was placed on the sample. Atomic-resolution images measured on the
terrace and island are shown in (b) and (c). The AFM contrast and lattice parameters in (b) and (c) are identical, further corroborating the intrinsic

nature of the observed feldspar islands.

the presence of which is clearly revealed by optical and scanning
electron microscopy (see ESIT).

Nevertheless, the question remains why feldspar material re-
precipitates as roundish islands instead of forming closed layers.
For gibbsite precipitating on muscovite mica (001), it has been
found that gibbsite forms islands approximately 10nm in lateral
extent and a single monolayer thick, separated by 1 nm to 2nm
spaces instead of a complete gibbsite layer.4? One of several ex-
planations offered for this peculiar observation has been electro-
static repulsion between atoms at the edges of islands, which
might prevent coalescence and therefore limits island size. 42 In
our case, it seems unlikely that the observed island distribution
is caused by electrostatic repulsion between islands, because the
island density varies significantly with some of the islands being
several nanometres away from each other. Instead, the varying
island density seems to suggest that we are looking at different
stages of island growth.

Further, the dissolution rates of K-feldspar derived from exper-
iments with feldspar powder indicate a process on the timescale
of hours or slower, 26 which is significantly slower than our AFM
experiments. While the surface alteration process might have
already started between placement of the water droplet and
the first AFM image taken at the microcline-water interface, we
would expect to see a further surface alteration during our AFM
experiments. The fact that we do not observe any alteration to the
surface structure, thus, contradicts the hypothesis of K-feldspar
weathering during sample preparation.

Third, the observed islands could originate from a structure al-
ready contained within the microcline samples, which is exposed
upon cleavage. Our microcline samples are exsolved into K- and
Na-rich domains and their turbid appearance also suggests that
the samples have undergone hydrothermal alteration. As dis-
cussed in the introduction, exsolved and weathered K-feldspar
samples commonly a exhibit complex microstructure, 1825 which
could be exposed upon cleavage. However, for a structure orig-
inating from cleavage we would expect to observe two distinct

properties: The cleavage should create both islands and holes,
and the two sides of the cleavage plane should exhibit an oppo-
site pattern. The islands on microcline (001) satisfy neither of
these expectations, because we exclusively observed islands and
experiments on an air-cleaved microcline sample revealed islands
on both cleavage planes (see ESIT). This makes it very unlikely
that the islands are created by cleavage of bulk microstructure.

Cleavage could not only expose bulk microstructure, but also
structures previously hidden on internal surfaces of the microcline
samples. As shown in Fig. S1, our microcline samples exhibit sev-
eral natural cracks parallel to the (001) cleavage plane, and we
observed that samples tend to cleave along these cracks even if
scored slightly above or below. Consequently, at least some of
the surfaces investigated in our experiments will be old surfaces
created by the cracking rather than our cleavage. In this case,
the islands could have formed naturally on the inside of cracks
by one of the previously discussed chemical alteration schemes
over a longer timescale before they are exposed by the cleavage.
This hypothesis is consistent with the observation of islands on
both cleavage planes and the fact that we do not observe any fur-
ther surface alteration in our experiments at the mineral-water
interface. Moreover, the surface alteration could have processed
with different speeds in different areas of the cracks, which would
explain the widely different island densities observed in our ex-
periments. However, in this scenario we would also expect areas
without islands originating from the cleavage in areas without
cracks, but this has only been observed very rarely.

The hypothesis of the islands having previously formed in
cracks and being exposed upon cleavage is also consistent with
the statistics of our AFM experiments on microcline (001). We
investigated a total of seven cleavage planes from the batch of
opaque white to beige microcline samples, of which four showed
the discussed island structure. This seems reasonable, because
our samples might not always cleave along cracks and the degree
of chemical alteration might vary locally even in the same base
crystal. In a previous publication, we also investigated trans-
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parent colourless microcline samples without apparent internal
cracks. On these samples, we never observed any island structure
as might have been expected from the absence of obvious internal
cracks and signs of significant chemical alteration.

Based on this discussion, we think that island formation inside
of cracks during previous weathering and exposure by cleavage
is the most likely explanation for the experimental results. In
this case, the observed islands would be a natural feature of the
microcline (001) surface, which could not only appear on feldspar
surfaces in rocks but also on the surface of feldspar mineral dust
particles.

Conclusions

In summary, we present high-resolution AFM images of K-feldspar
microcline (001) taken under UHV conditions and at the mineral-
water interface. Micrometre-scale images reveal a surface consist-
ing of terraces covered by islands with a size from 5 nm to around
100 nm. The islands have the same height as monolayer step edges
and exhibit the same contrast as the terrace in all AFM channels,
indicating that the islands are an intrinsic part of the feldspar
crystal. This finding is corroborated by atomic-resolution images
on the terrace and on top of the islands showing the same atomic-
scale structure in both UHV experiments and at the mineral-water
interface. As an intrinsic surface feature, these islands signifi-
cantly increase the number of kink and edge sites on the surface
compared to a surface with flat terraces. Furthermore, we find
that the surface topology does not change when in contact with
liquid water on the timescale of our experiments which extends to
110 min. We conclude that the observed island structure is stable
in contact with water, which indicates that it might persist under
environmental conditions. Given the known importance of step
and kink sites for dissolution, growth and general surface reactiv-
ity of minerals, we expect that the presence or absence of these
island structures can significantly alter processes on feldspar sam-
ples. This, in turn, might have important implications for under-
standing reactivity and processes on feldspar minerals.
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