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ABSTRACT: X-ray microspectroscopy is a powerful analytical
method in geoscientific and environmental research as it provides a
unique combination of nanoscale imaging with high spectroscopic
sensitivity at relatively low beam-related sample damage. In this
study, “classical” scanning transmission soft X-ray microscopy
(STXM) with X-ray absorption spectroscopy and the recently
established soft X-ray ptychography are applied to the analysis of
selected rock varnish samples from urban and arid desert
environments. X-ray ptychography enhances the spatial resolution
relative to STXM by up to 1 order of magnitude. With its high
chemical sensitivity, it can resolve nanoscale differences in valence
states of the key varnish elements manganese (Mn) and iron. Our
results emphasize the complex nanoarchitecture of rock varnish as
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well as the diverse mineralogy of the Mn oxy—hydroxide matrix and its embedded dust grains. In contrast to the fast-growing urban
varnish, the slow-growing arid desert varnish revealed a remarkable nanoscale stratification of alternating Mn valence states,
providing hints on the layer-wise and still enigmatic growth process.

Bl INTRODUCTION

Microspectroscopic techniques, providing spectroscopic in-
formation at micrometer (um) or even nanometer (nm) scales
have become essential tools in environmental research,
geoscience, material science, and related scientific fields." A
widely used technique is scanning transmission X-ray
microscopy (STXM) in combination with near-edge X-ray
absorption fine structure (NEXAFS) analysis.”> The analytical
strength of STXM-NEXAFS is defined by its microscopic
resolution in the few hundreds of nanometers range (with
respect to resolved features), its high chemical sensitivity and
rich spectroscopic information, as well as a relatively low beam-
related sample damage."® A further development of STXM-
NEXAFS is X-ray ptychography—the X-ray microscopic
technique with the highest spatial resolution currently
available.”'® X-ray ptychography combines STXM with
diffraction imaging and subsequent reconstruction of the
images.'' "7 Ptychography has been applied, e.g., in material
science using either the soft or hard X-ray range and requires
chemical, magnetic, or bond orientation contrast in the
samples.”'”'"*~"7 It provides images of extended sample
areas with sub-10 nm resolution (with respect to resolved
features) and, therefore, increases the resolution of “classical”
STXM by about 1 order of magnitude.”'® The spatial
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resolution is limited by diffraction rather than by the X-ray 46
optics and is, thus, in principle wavelength-limited. 47

Microspectroscopy has been increasingly used in the analysis 48
of rock varnish, a geological sample type whose properties and 49
genesis have remained enigmatic since its first description by so
Alexander von Humboldt and Aimé Bonpland (1819)."® Rock s1
varnishes are naturally occurring, up to few hundred s2
micrometers thin and hard black or brownish layers that s3
primarily consist of poorly crystallized manganese (Mn) and s4
iron (Fe) oxides and hydroxides (5—20%)—shortly noted as ss
oxy—hydroxides—that cement together clay mineral grains (on s6
average 60%) of airborne origin.lg_24 Rock varnishes have s7
been described from guite different environments, such as arid ss
and semiarid deserts,” >’ for which the formation process is s9
typically very slow (i.e., 1—40 um per 1000 years), river splash 6o
zones,” on buildings in urban locations,” and presumably also 61
at extraterrestrial sites.””*”*' Up to now, the potential 6
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63 mechanisms that control the precipitation of the varnish layers
64 on rock surfaces have been discussed controversially: On the
65 one hand, abiotic formation models suggest that thermody-
66 namic and kinetic characteristics of leaching and reprecipita-
67 tion equilibria of certain elements (i.e., Mn, Fe, Si, etc.) suffice
68 to explain the formation process.2‘<”32_34 On the other hand,
69 biotic formation models advocate that Mn-oxidizing micro-
70 organisms play key roles in varnish formation and, therefore,
71 have to be considered to explain the observations.”>™** The
72 jury is still out on varnish genesis, which keeps inspiring
73 researchers to apply cutting-edge techniques to solve this “old
74 mystery”.

75 Microscopic analyses have provided insights into ym as well
76 as nm structures inside the varnish. On micrometer scales, light
77 microscopy on thin sections is widely used to determine the
78 thickness and sequence of darker Mn-rich versus brighter Mn-
79 poor microlaminations that are discussed as potential climate
8o archives to reflect past millennia-scale climate condi-
81 tions.”>**~*! Furthermore, high-resolution scanning and trans-
82 mission electron microscopy (SEM and TEM) applied to
83 sections of varnish samples have provided even more detailed
84 insights, indicating a high degree of complexity on nm
ss scales.”’ ™ In combination with energy-dispersive X-ray
86 spectroscopy or electron energy-loss spectroscopy, SEM and
87 TEM also provide chemical contrast, helping to determine
8¢ element distributions and mineralogical identities.** %

89 In our previous studies on rock varnish samples from various
90 locations worldwide,”*’~* we applied STXM-NEXAFS (in
91 combination with other techniques) to resolve the varnish
92 micro- and nanoarchitecture with the finest detected features
93 of varnish-relevant elements down to 100 nm. These analyses
94 required focused ion beam (FIB) milling of ultrathin slices to
95 allow microscopy in transmission mode. For the analysis of the
96 chemical identity and bonding environment of 2p and 3d
97 elements in rock varnish, the high chemical sensitivity of
98 NEXAFS spectroscopy has proven to be particularly powerful.
99 Here, we applied X-ray ptychography to the analysis of the
100 Mn and Fe L;, as well as the Al K absorption edges in selected
101 rock varnish samples, providing highly resolved and chemically
102 sensitive maps and, thus, unprecedented insights into the
103 varnish nanostructures. As a key aspect, this analysis resolves
104 the spectroscopic fine structure and its variability at the Mn
105 Ly, absorption edge, revealing the nanoscale differences in
106 rock varnish geochemistry. This study represents one of the
107 first applications of X-ray ptychography in geoscience,””*" and
108 its results are embedded into a wider context of STXM-
109 NEXAFS data, which demonstrates the analytical scope and
110 particular strengths of ptychography for the analysis of
111 geological as well as other environmental samples.

—

—_

12 I MATERIALS AND METHODS

113 Rock Varnish Samples. From more than 20 rock varnish
114 samples analyzed in our previous studies,”’ ™"’ the following
115 three samples were selected here for in-depth investigation by
116 STXM-NEXAFS and/or X-ray ptychography:

117 o Sample SC is an urban varnish sample, collected from

118 the facade of the Smithsonian Castle in Washington,
119 DC. It belongs to the type IV varnish category,
120 according to Macholdt et al.” A detailed descrigtion
121 of the SC varnish can be found in Vicenzi et al.” and
122 Sharps et al.”> This sample was analyzed comprehen-
123 sively by STXM-NEXAFS (through high-resolution

maps and spectra spanning various element absorption 124
edges), and the corresponding data serves as an STXM- 125
NEXAFS reference case and context in this study. 126
Sample SC was not a subject of the X-ray ptychography 127
analysis. 128

e Sample CA WS18 is an arid desert varnish sample, 129
collected in Death Valley, CA. It belongs to the type I 130
varnish category, according to Macholdt et al.*’ Further 131
details can be found in Macholdt et al.*”*’ and Liu and 132
Broecker.”® This sample was selected for ptychography 133
analysis because of its distinct Mn and Fe laminar 134
microstructures. 135

e Sample CA14 JC8 is an arid desert varnish sample, 136
collected in Death Valley (Johnson Canyon), CA. It 137
belongs to the type I varnish category, according to 138
Macholdt et al.*’ Further details can be found in 139
Macholdt et al.*”*’ This sample was selected for 140
ptychography analysis because of its distinct Mn and 141
Fe microstructure. 142

Focused lon Beam Preparation. Sample preparation of 143
the varnish samples was conducted using the FIB lift-out 144
technique. This technique allows a relatively fast and relatively 145
contamination-free preparation and a precise selection of the 146
target area.”*" It was performed at the Max Planck Institute 147
for Polymer Research, Mainz, Germany, using a Nova 600 148
Nanolab FIB dual-beam instrument from FEI (Hillsboro, OR). 149
Simultaneously, SEM observation was conducted to determine 150
and monitor the site of milling (5 kV acceleration voltage). 151
Prior to the transfer to the FIB instrument, the samples were 152
sputtered with SO nm of platinum (Pt) to minimize sample 153
charging during SEM imaging and FIB milling. After additional 154
FIB-induced deposition of a 2—3 pm thick protective Pt stripe 155
(50 x 3 um?*) from a metallo-organic precursor gas, milling was 1s6
performed by gallium-ion (Ga*) sputtering with a resolution of
about 10 nm. At the end of the preparation procedure, which 1s8
involves multiple cutting and polishing steps, previously 159
described elsewhere in greater detail ® wedge-shaped, 30—40 160
um long lamellae with typical thicknesses between 80 nm at 161
the top and about 1 pm at the bottom were obtained. The 162
wedge shape was chosen to improve the stability of the sample. 163
These values were measured from SEM micrographs, some of 164
which are shown in Figure 1. Details on sample preparation 165 f1
requirements as well as limitation of the sample preparation 166
and analysis are critically discussed by Krinsley et al.’® and 167
Macholdt et al.,® respectively. 168

STXM-NEXAFS Measurements and Data Analysis. The 169
STXM-NEXAFS data presented here were measured at two X- 170
ray microscopes: (i) the MAXYMUS microscope at the 171
undulator beamline UE46-PGM-2 at the synchrotron BESSY 172
I, Helmholtz-Zentrum, Berlin, Germany, and (ii) the X-ray 173
microscope at the bending magnet beamline 5.3.2.2 at the 174
synchrotron Advanced Light Source (ALS), Lawrence Berkeley 175
National Laboratory, USA. The BESSY II measurements were 176
conducted in single-bunch top-up mode, whereas the ALS 177
measurements were conducted in multibunch top-up mode. 178
The ALS-STXM spans an energy range of 250—800 eV, 179
covering the following varnish-relevant absorption edges: K- 180
edge of carbon (C), L;,-edge of potassium (K), L;,-edge of 181
calcium (Ca), K-edge of nitrogen (N), L;,-edge of titanium
(Ti), K-edge of oxygen (O), L;,-edge of Mn, and L;,-edge of 183
Fe. It provides an energy resolution of E/AE < 5000 at C.”” 184
The MAXYMUS-STXM spans an energy range of 270—1900 18s

—
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—
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all Varnish

Figure 1. SEM micrographs of the wedge-shaped FIB slices of rock
varnish samples SC (left column A) and CA WS18 (right column B)
in the top view (top row) and front view (bottom row). The thickness
of FIB slices typically ranges from 80 nm at the top to about 1 ym at
the bottom. Note that after the thinning of sample CA WS18, the slice
broke apart and only its lower half was preserved. For this sample, the
remaining varnish-containing protrusion is 410—430 nm thick. All
axes in micrometers.

186 €V, covering all aforementioned absorption edges and in
187 addition the L;,-edge of cobalt (Co), K-edge of sodium (Na),
188 K-edge of aluminum (Al), and K-edge of silicon (Si). It
189 provides a resolution of E/AE < 8000 at C.5%%

190 For energy calibration, polystyrene latex (PSL) spheres were
191 measured and the characteristic 7 resonance peak of the phenyl
192 moiety at 285.2 eV at the C edge was used for the correction of
193 the spectra.’”®" At the Mn and Fe L;,-edges, the energy
194 calibration was validated by means of NEXAFS spectra of the
195 reference compounds MnO, Mn,0O;, MnO,, Fe;O,, and Fe,0;.
196 The STXM-NEXAFS data analysis was conducted using the

Multivariate ANaléysis Tool for Spectromicroscopy software
(MANTIS-3.0.01)*>%" and the Interactive Data Language 198
(IDL) widget “Analysis of X-ray microscopy Images and 199
Spectra” (aXis2000).” This included the extraction of spectra,
the map creation and the cluster analysis (CA). FFT-
prefiltering of the ptychographic reconstructions was done in
Fiji/Image] 1.52a and 1.52n.°° MANTIS compatible files were
compiled from the filtered reconstructions via custom-made
scripts, programmed in Python 3.6.5. Gwyddion-2.41 was used
to extract line profiles from the microscopy data. Final analysis
steps for the STXM-NEXAFS spectra were conducted in
IGOR Pro (Wavemetrics, version 7.08, Lake Oswego, OR).
The figure compositing was done in Adobe Illustrator CS6-
16.0.3.

Ptychography Measurements and Data Analysis. The
ptychography measurements were conducted at the MAX-
YMUS X-ray microscope at BESSY II (Berlin, Germany).
Ptychographic images are produced by scanning a sample in 214
raster mode with a certain degree of overlapping of 215
neighboring illumination spots. During the scan, diffraction
patterns are recorded in a far-field configuration by a charge-
coupled device (CCD) detector. Phase and amplitude images
are retrieved by an iterative algorithm using redundant
diffraction data as the boundary condition. The Fresnel zone
plate (FZP) used for ptychographic imaging was custom-made
using ion beam lithography (IBL) at the Modern Magnetic
Systems Department at the Max Planck Institute for Intelligent
Systems, Stuttgart, Germany.”” The FZP with a diameter of 224
120 pm and an outermost zone width of 100 nm produces a
120 nm large focus spot that is estimated as full-width half-
maximum (fwhm) of the illumination profile. The sample was
scanned with a step size of 80 nm in raster mode, which 228
resulted in more than 33% overlap of the neighboring regions. 229
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Figure 2. NEXAFS spectra covering multiple absorption edges for the varnish samples SC, CA WS18, and CA14 JC8. The spectra represent the
average compositions of the varnish within the FIB slices. For sample SC, a corresponding spectrum of the underlying sandstone is shown as well.
Sample SC was measured at the MAXYMUS-STXM, which provided a wide energy range (up to about 1900 eV). The samples CA WS18 and
CA14 JC8 were measured at the ALS-STXM with a narrower energy range (up to about 800 eV). An artificial vertical spacing was inserted between
the MAXYMUS and the ALS data to enhance the readability. The enlarged region (marked by an asterisk) emphasizes spectral details at the C edge
for clarity, e.g,, the CO;>” resonance at 290.3 eV. The vertical lines represent the energy value pairs at which the elemental and functional group

maps in Figure 3 were recorded.
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Figure 3. SEM and STXM overviews of the urban varnish sample SC. The STXM maps represent the distribution of 12 different elements as well
as the functional group CO;*". The STXM maps in the left and right columns cover most of the varnish coating within the FIB slice (at S0 nm pixel
size). The STXM maps in the central column represent rescans of a subregion in the maps in the left column at higher resolution (at 30 nm pixel
size). The white dashed lines have been defined relative to the Mn-enriched region, which is indicative for the spatial extent of the varnish coating.
Thus, the white lines help to visually separate the protective Pt coating from the varnish coating and from the underlying sandstone. The energy
pairs at which the images for the STXM maps were recorded are shown as vertical lines in Figure 2. The almost homogeneously distributed levels of
N in the varnish region correspond to the “bump” in Figure 2 and can therefore be seen as an artifact.

230 Each image contained 40 X 40 diffraction patterns that detailed description of the complete setup is given by .37
231 provided a field of view of 3.2 X 3.2 um?. For the detection of Bykova.I4 238
232 diffraction patterns in transmission mode, a fast in-vacuum Diffraction images at each scanning point were dynamically ;39
233 CCD camera, developed by PNSensor (Munich, Germany),68 stacked for 100 ms to provide sufficient photon count rates at 549
234 was utilized. The camera operates with a high frame rate of 450 high diffraction orders in reciprocal space. The dark field, with 54,
235 Hz, having 264 X 264 pixels and a pixel size of 48 um. It was a closed beam shutter, was recorded prior to each ptycho- 4
236 placed downstream of the sample at a distance of 8 cm. A graphic scan and subsequently subtracted from the diffraction 243
D https://doi.org/10.1021/acs.jpcc.1c03600
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244 patterns. Ptychographic reconstructions of phase and ampli-
245 tude components were performed using the SHARP
26 ptychography package developed for the ALS.”” The iterative
247 process consisted of 200 iterations of the Relaxed Averaged
248 Alternating Reflections (RAAR) algorithm, including illumina-
249 tion and background retrieval. Streaking, due to the lack of a
250 global shutter and a fixed-pattern noise were corrected during
251 the reconstructions and remnants were manually removed in
252 postprocessing via 2D FFT-filtering. This procedure was
253 applied to all ptycho§raphic reconstructions through the use
254 of Image] v1.52a.°° A custom macro was written to
255 consistently apply a FFT-filter mask to all reconstructions.

—

256 I RESULTS AND DISCUSSION
257 STXM-NEXAFS in Rock Varnish Analysis. For all three

258 varnish samples discussed in this work, X-ray absorption
259 spectra, spanning multiple element absorption edges, are
260 shown in Figure 2. The spectra show the characteristic
261 absorption peaks by the varnish-relevant 2p and 3d elements in
262 the experimentally accessible X-ray energy range. Expectedly,
263 the most pronounced X-ray absorption was found for O and
264 Mn. Beyond the edge height reflecting the total element
265 abundance, every absorption edge is characterized by NEXAFS
266 features, providing spectral information on the chemical
267 environments and valence states of the absorbing atoms.

268 The K-edges of the elements C, N, and O each represent an
269 overlay of a single steplike absorption edge and NEXAFS
270 features, consisting of sharp resonance peaks that correspond
271 to certain functional groups.” At the C K-edge, all samples in
272 Figure 2 show defined spectral peaks for z-bonds (285.0 eV) as
273 well as carboxylic acid groups (COOH, at 288.4 eV).
274 Noticeable is the pronounced carbonate peak (CO,>", at
275 290.3 eV) in the SC varnish, in contrast to the samples CA
276 WS18 and CA14 JC8, where much weaker CO5>~ signals were
277 found. At the N K-edge, no clear spectral features beyond the
278 “bump”, which appears to be a spectral artifact, were observed.
279 At the O K-edge, transitions from the Mn oxy-hydroxide O 1s-
280 states to unoccupied O 2p-states that are hybridized with Mn
281 3d-states occur between 528 and 535 eV in the varnish
282 spectrum and are absent in the sandstone spectrum (see
283 sample SC in Figure 2). Since these electrons transition to the
284 metal 3d-states, they are sensitive to the Mn valence states.””
285 The L;,-edges of the elements K, Ca, Mn, Fe, and Co consist
286 of doublets comprising the L; and L, edges, which are
287 separated due to spin—orbit coupling. Both edges, L; and L,,
288 consist of multiplets of further overlapping peaks, reflecting the
289 chemical and electronic character of the metal 3d-states.*”’
290 Accordingly, the L;, signatures contain information on metal
201 valence, which is particularly relevant for Mn and Fe in the
292 context of the varnish analysis.

293 Based on the X-ray absorption spectra in Figure 2, STXM
294 maps were recorded that reflect the spatial distribution of
295 selected elements and/or functional groups within the varnish
296 coating. In Figure 3, we present a comprehensive set of STXM
297 maps for the urban varnish sample SC. The maps characterize
298 the typically accessible spatial resolution of STXM in
299 geological samples in comparison to the subsequently
300 presented X-ray ptychography results. The smallest resolved
301 features (e.g, in the Ca map) have a full width at half-
302 maximum (fwhm) of about 100 nm. Note that the maps were
303 recorded after adjustment of the beamline and microscope
304 settings and, thus, represent experimentally optimized
305 conditions. The maps provide novel insights into the

—_

—

—

—_

=

composition and microstructure of the SC varnish and, thus, 306
complement the observations by Vicenzi et al.”’ and Sharps et 307
al.>* as discussed in the subsequent sections. 308

X-ray microspectroscopy on FIB slices provides a cross- 309
sectional analysis of the varnish microstructure and composi- 310
tion, and thus allows us to precisely discriminate between the 311
varnish coating and the underlying stone. Here, the Mn map 312
represents the primary marker for the spatial extent of the 313
varnish coating by means of the strong Mn enrichment in the 314
varnish relative to the sandstone. The thickness of the varnish 315
within the field of view of Figure 3 ranges from ~1 to ~8 ym, 316
which is much thicker than the fields of view analyzed by 317
Sharps et al.,”* ranging from ~150 to ~900 nm. In terms of the 31s
strong Mn enrichment in the varnish, our observations agree 319
well with previous findings.””*> In terms of sandstone 320
composition, high abundances of the oxides SiO,, ALOj;, 321
Fe,0;, Na,0, and K,O have been reported,””>* which is in 322
agreement with the high levels of Al, Si, Fe, and K in the stone 323
in Figure 3. The only exception is Na, which shows a rather 324
low abundance in Figure 3. 325

A particular strength of STXM-NEXAFS is the potential to 326
characterize carbonaceous matter in terms of its distribution 327
and overall composition. For the varnish analysis, this is 328
particularly relevant as it allows a search for “microbial 329
entombment in the Mn oxide”.”” However, the maps of the 330
potential biomarkers C and N in Figure 3 do not provide any 331
indications for microbial structures. In fact, most of the C in 332
the varnish appears to be bound in CO,*". 333

Relative to the strong varnish-to-stone enrichment of Mn, 334
Vicenzi et al.”’ reported an enrichment of further elements as 335
follows: Mn > Pb > Ca, Zn, Cu, Ni and Sharps et al>? 336
underline, in a follow-up study, that Mn, O, and Ca are the 337
most abundant elements in the coating. This is in good 338
agreement with our observations in Figures 2 and 3 showing a 339
varnish-to-stone enrichment in Mn, Ca, C (specifically CO;27), 340
and Co. Moreover, Figure 3 suggest lower levels of Al, Si, and 341
Fe in the varnish. 342

Along the lines of these qualitative results, we conducted a 343
quantitative correlation analysis of pixelwise optical density 344
(OD) values (representing element/functional group abun- 34s
dances) of all maps in Figure 3 relative to Mn. Note that this 346
correlation analysis was exclusively conducted for the varnish 347
coating layer. Here, a positive linear correlation between Mn 348
and a given element suggests that this element plays a 349
constitutive role in the mineralogy of the Mn oxy—hydroxide, 3s0
whereas a negative linear correlation or the absence of a clear 351
relationship suggests that the given element is not mineralog- 3s2
ically associated with the Mn oxy—hydroxide matrix. We found 3s3
rather clear positive and linear correlations between Mn and 354
the following elements/functional groups (reported with the 3ss
Pearson correlation coefficient, r): 356

Ca (r = 0.82), CO™ (r = 0.51), and Co (r = 0.33)

We further found negative, though strongly scattering, linear 357
correlations between Mn and the following elements: 358

Si (r = — 0.30), Al (r = — 0.28), and Fe (r = — 0.26)

No clear relationships were observed between Mn and C 3s9
(without CO4>7), K, N, Na, as well as Ti. 360
Further indications concerning the mineralogy of the Mn 361
oxy—hydroxide matrix can be obtained from element ratios 362
based on the multielement X-ray absorption spectra.””" From 363
the varnish spectrum in Figure 2 we obtained O/Mn = 2.5 =+ 364
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Figure 4. Manganese (A1) and iron (B1) L;,-edge spectra of reference compounds from literature sources

Y7477 as well as Mn and Fe Ls,-edge

spectra of varnish samples CA WS18 (A2) and CAl14 JC8 (B2) acquired by STXM-NEXAFS analysis. The reference spectra show spectral
variability related to Mn and Fe oxidation states. Overall, the varnish spectra of CA WS18 (solid black) and CA14 JC8 (dashed black) are shown
with gray shading emphasizing the spectral variability within the integrated varnish regions. Gray shading was obtained from envelope curves after
partitioning the spectral signatures by means of a k-means cluster analysis (k = 7). Mn (A2) and Fe (B2) spectra of sample CA WS18 were
obtained roughly in regions C1 and D1 in Figure S. Overall, STXM spectra correspond well with energy (E) screening point-scan spectra (red solid
lines) collected prior to ptychography imaging to correct potential energy offsets and to identify appropriate contrasting spectral features for
ptychography scans. Energies for ptychographic imaging are shown as vertical lines at energies (E;—E;) for CA WS18 and CA14 JC8. Square data
points in spectrum of CA14 JC8 (A2) were obtained from k-means cluster analysis (k = 3) on the ptychography image stack (images at E,—E;).
The resulting five-point cluster spectra were area normalized and vertically stretched such that the intermediate cluster spectrum (white boxes)

matches well with the dash double-dotted spectrum.

365 0.1, Mn/Fe = 20 + 3, Mn/Ca = 17 + 3, and Mn/C = 4 + 3,
366 which result in a stoichiometry of C,Cay;Mn,Oy for the
367 major elements with positive r. The corresponding data and
368 calculations have been provided as supplementary data.””
369 These results agree well with Vicenzi et al” reporting O/Mn
370 = 3.5 and Mn/Fe = 20 and do not contradict Sharps et al,>?
371 who suggested that the layered phyllomanganate birnessite
372 with an estimated stoichiometry of Cay;Mn,0,, constitutes
373 the coating. Since we could show that CO3™ is enriched in the
374 matrix, it is likely that much of the Ca present in the sample is
375 bound as CaCOj; and unavailable for birnessite formation.
376 However, our data neither support nor oppose an additional
377 presence of birnessite in the varnish. Regardless of its exact
378 composition, all these results agree that Ca acts as a major
379 cation in the Mn oxy—hydroxide matrix and Na and K play a
380 negligible role.

381 Vicenzi et al.” further reported “no discernible vertically
382 definable substructure as opposed to microstratified varnish”.
383 In Figure 3, the maps of those elements that are regarded as
384 constitutive for the Mn oxy—hydroxides (i.e., Mn, O, Ca, Co)
38s confirm this observation as they show a comparatively

homogeneous appearance of the Mn matrix without any 3s6
detectable stratification. In contrast, clear granular structures 3s7
embedded into the Mn matrix were found for Fe and Ti. In the 3ss
case of Fe, the observed grains could be explained either by 3s0
embedded dust grains from atmospheric deposition or by Fe 390
oxy-hydroxides, which could have coprecipitated independ- 391
ently of Mn oxyhydroxides in the course of the varnish 392
formation.” 393

X-ray Ptychography in Rock Varnish Analysis. X-ray 394
ptychography substantially improves the spatial resolution of 395
“classical” STXM-NEXAFS analysis and preserves its analytical 396
advantages, which are the high sensitivity to spectral features, 397
and thus chemical contrasts, as well as the comparatively low 398
degree of beam damage.”'’ In comparison, SEM and TEM 399
analyses provide an even higher spatial resolution, however, at 400
the expense of lower chemical sensitivity and significantly 401
higher levels of beam damage.”* The following sections 40
illustrate the analytical scope of X-ray ptychography in a 403
geoscientific context by means of its first application to rock 404
varnish analysis. For this, we focus on the amplitude data, 405
which provide information on the absorption contrasts in the 406
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Figure S. Micrographs of sample CA WS18 reveal a complex morphology. (A) (SEM micrograph, detector: SE2) and (B) (composite of three
individual ptychographic reconstructions at 797.7 eV) show the varnish-dominated subregion emphasized in panels C and D. The distribution of
chemical elements within the varnish-dominated surface layers down to the rock and clay-mineral-rich underground material is shown via optical
density maps for manganese in subfigures C (635.0/642.0 eV), C1 (639.7/643.4 V), and C2 (639.7/643.3 €V) and for iron in subfigures D (704/
709.5 eV) and D2 (708.5/710.2 eV), respectively. Panel D1 displays the single-energy X-ray absorption micrograph at 710.3 eV only. While panels
C and D reveal an alternating pattern of iron- and manganese-rich structures in the near-surface varnish-dominated region with a width of a few
hundred nanometers, a finer underlying sheet structure is visible in C1 and D1. In the boundary zone, nanometer-scale iron containing granules are
contrasting the Mn and Fe-rich varnish matrix as seen in C2 and D2. Color scales in OD, gray scale in counts. All axes in ym.

sample. The phase reconstructions have been retrieved as well
and are provided as supplementary data;’> however, due to a
lack of suitable reference compounds and the largely unknown
sample composition, interpretation of the refractive properties
would be highly speculative and are therefore not addressed
within the scope of this study.

The chemical reactions of the elements Mn and Fe are
regarded as key factors in the uniquely slow growth of the
varnish Iayers.73 Thus, knowledge on their valence states is of
particular importance for a deeper understanding of the Mn
and Fe oxy—hydroxide mineralogy as well as its precipitation
mechanism. However, nanoscale measurements of the Mn and

Fe oxidation states in rock varnish coatings as well as related
geological samples have remained sparse.”>”® Figure 4 shows
the L;,-edges of selected reference compounds along with
their diverse spectral signatures that allow discriminating
between geologically relevant Mn and Fe oxidation states (i.e.,
Mn**, Mn**, Mn*" and Fe**, Fe*"). Moreover, Figure 4 zooms
in on the L;)-edges of the arid desert rock varnish samples CA
WS18 and CAl4 JC8, as introduced in Figure 2, which both
belong to type I varnish according to Macholdt et al.**

The comparison of the reference vs varnish spectra (Figure
4A1,B1 vs A2,B2) highlights the following aspects: Overall,
both show a good agreement in terms of their spectral
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431 signatures. In particular, comparatively sharp features/peaks
432 occur in the varnish spectra, which find their counterparts in
433 the reference spectra (e.g, Mn peaks at 640.2 and 641.1 eV; Fe
434 peak at 707.9 eV). These features/peaks are more pronounced
435 for the energy screening point scan spectra’ (red lines in
436 Figure 4A2,B2) compared to the STXM-NEXAFS spectra
437 from scans over larger sample areas (black lines in Figure
438 4A2,B2). Iron in both samples predominantly occurs as Fe** as
439 evident from the defined spectral shape of the Fe spectra (see
440 gray shadings in Figure 4B2). This is not surprising since Fe**
441 is the more stable oxidation state in Fe oxides and hydroxides
442 under aerobic conditions. In contrast, the Mn spectra show a
443 higher diversity (see rather broad gray shadings in Figure 4A2),
444 suggesting that a mixture of the oxidation state Mn’** and
445 Mn*, probably also with some Mn?*, occurs in the samples.
446 The diversity of Mn oxidation states is higher for CA14 JC8
447 than for CA WS18.

#s  Recently, we reported in Macholdt et al.’ that the FIB
449 preparation process of ultrathin slices as utilized here alters the
450 Mn oxidation states through a near-surface reduction of Mn**
451 to Mn*". This implies that the Mn spectra in Figure 4A2 show
452 a more reduced valence state distribution than the supposed
453 original Mn oxidation in the varnish. Evidently, this beam
454 damage effect fundamentally precludes drawing overall
455 conclusions on the average and authentic Mn oxidation state
456 in the varnish. On the nanoscale, however, we can conjecture
457 that the distribution and patterns of contrasting Mn valence
458 states remained unaffected since the artificial reduction acts
459 homogeneously on the entire surfaces of the FIB slices, which
460 is a plausible assumption. Throughout the subsequent sections,
461 our results are discussed carefully with consideration of the
462 artificial beam-related Mn reduction outlined here.

463  Figure S presents a combination of SEM, STXM, and
464 ptychography micrographs from sample CA WS18. The Mn
465 and Fe STXM overview maps in Figure SC,D show a
466 remarkable 3-fold division along the depth profile, comprising
467 () an upper stratified varnish layer, (ii) a varnish/rock
468 boundary zone of more granular appearance, with clay minerals
469 embedded into the varnish matrix, and (iii) the underlying
470 rock (see dotted lines as separators in Figure SC,D).
471 Ptychography was applied to selected subregions to resolve
472 nanoscale structures within the stratified varnish layer as well
473 as within the varnish/rock boundary zone (Figure SC1,C2 vs
474 D1,D2). The corresponding ptychography maps and images
475 were recorded with a pixel size of ~12.2 nm/px and ~11.0
476 nm/px for Mn and Fe, respectively.

477 The type I varnish in Figure S contrasts with the urban
478 varnish from Figure 3. A characteristic feature of type I varnish
479 is the alternation of Mn- and Fe-rich layers inside the matrix,
480 visible in the STXM element distribution maps shown in
481 Figure 5 and discussed in Garvie et al.** and Macholdt et al.*’
482 In panels C and D in Figure S the alternating pattern of the
483 Mn/Fe microlaminations is emphasized by arrows pointing in
484 the propagation direction of some individual layers.

485 The morphological differences between the varnish region
436 (Figure 5C1/D1) and the boundary zone (Figure SC2/D2)
487 become obvious from the ptychographic reconstructions. The
488 boundary zone consists of a fabric of clay minerals cemented
489 by a Mn- and Fe-rich matrix.*” In addition to this gap-filling
490 material interconnecting the clay mineral grains, nanometer-
491 scale iron-containing granules (which we had not previously
492 seen with conventional STXM) are abundant in the matrix
493 (Figure SD2), whereas the varnish region itself is relatively free
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of clay minerals and shows no Fe-rich §ranules. Similar 494
granules had been observed by Vicenzi et al.”” by SEM X-ray 495
elemental mapping in the void-filling material of the SC 496
varnish. 497

This finding appears plausible with reference to the aqueous 498
atmospheric deposition model proposed by Thiagarajan and 499
Lee."” Dust grains that deposit on a previously smoothed s00
surface, i.e., when pores and cavities within the rock surface so1
have already been sealed by previous growth of varnish or silica s02
glaze, are easily flushed away by water or blown off the surface 503
by wind. However, if the surface is still unprocessed and so4
porous, dust particles get trapped and will be embedded sos
interstitially. One possible explanation for the Fe-rich grains s06
inside the boundary zone is that these are residual airborne so7
dust particles cemented in the varnish matrix. Contrastingly, sos
larger Fe-rich granules were found in the urban varnish so9
discussed above (Figure 3), which reach up to the surface of si0
the varnish. As for the slower growing type I varnish, physical s11
removal of dust particles is possible over a much longer period s12
of time, so that growth rates could have a large influence on the 513
amount of incorporated particles. However, it is also possible s14
that the Fe-rich grains are not associated with dust deposition, 515
but formed later as precipitates inside the varnish matrix. si6
Besides the mentioned stratification (compare parts C and C s17
of Figure S5), the only substructure visible in the varnish sis
dominated region is a ripple pattern that looks like Moiré s19
fringes at first glance. For the most part, this pattern cannot be 520
attributed to ringing artifacts produced by the reconstruction s21
algorithm, whose spacing is in the same size range, but must be s22
a real structure, for the following reasons: (i) It appears in all 523
reconstructions at different energies at the same spots 524
(compare Figure SB and C1 and D1). (ii) The pattern is sas
roughly oriented in parallel to the rock surface and follows the s26
overall direction of the stratification. (iii) Special care was s27
taken during the alignment of the reconstructions used in s28
Figure SCI to avoid an accidental enhancement of the ripples. s29
We interpret the ripples as up to a few tens of nanometers- 530
sized lamellae of varying chemical composition (consistent s31
with EFTEM results shown by Garvie et al.**). These lamellae 53
overlap with and interpenetrate each other, resembling a stack 33
of folded and rolled-up sheets of paper. Because the FIB slice s34
of sample CA WS18 is rather thick (420 nm) compared to the s3s
spacing of the lamellae, the visibility of the ripples can either be s36
preserved in the case of perfect orientation of the layers along s37
the line of sight, or fully disappear, by means of constructive 538
and destructive interference. Most likely the latter case is s39
coming into effect here and obscures the underlying structures. s4o

A second sample, CAl4 JC8, was also selected for s4
ptychography. Unlike sample CA WSI18, it could be 54
investigated in a highly thinned region with only about a 543
quarter of the other sample’s thickness. In Figure 6A the SEM s44 fs
micrograph illustrates the physical distance to the sample s4s
surface, which is covered by the residues of the Pt stripe. s46
Figure 6B represents the results of the ptychographic analysis 547
in the form of a k-means cluster analysis (CA) with three s4s
clusters (k = 3) and five energy points (E,—E;) instead of a s49
simple OD map. We chose this representation here because it ss0
is more robust against fringing artifacts (doubled edges) and ss1
statistically more significant (S energy points for CA vs 2 ss2
energy points for an OD map). The CA clearly differentiates ss3
the sample by the spectral signatures representing a Mn**-like, ss4
a Mn*"like, and an intermediate state (mixed-valence or sss
Mn?*"). A stratified pattern and an alternation of valence states ss6
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Figure 6. (A) SEM micrograph of the upper part of sample CA14
JC8. The region of interest, in which ptychography scans at the Mn L-
edge were conducted, is denoted as B and located in a thin region of
the FIB slice (~100—200 nm). (B) Result of the three-cluster (k = 3)
k-means cluster analysis on a five-energy-point ptychography stack

Another noticeable difference between the SEM micrograph
and the result of the ptychographic cluster analysis results in
Figure 6 is the very weak visibility of the laminar structures in
the SEM image. This can be attributed to (i) the surface-
sensitive view of the SEM compared to the penetrating nature
of the X-ray image and/or (ii) the sample preparation method.
During FIB slicing, the outermost few nanometers of a sample,
which are seen by SEM, are affected by amorphization, as
detailed in Macholdt et al.®

In ptychography, the achievable spatial resolution depends
on several factors, e.g, the detector’s pixel size and area, the
numerical aperture of the zone plate, the thermal/mechanical
stability of the microscope, and inherent sample properties,
e.g., the scattering contrast at the selected X-ray energies as
detailed in Bykova.'* In the present case, where a porous and
thus highly structured geological sample with a suitable sample
thickness of a few hundred nanometers exhibits satisfying
absorption and refraction contrasts in the soft X-ray regime,
the achievable resolution scales predominantly with the X-ray
energy, because at a higher energy, the CCD detector captures
more of the photons in the far-field diffraction orders, which
miss the detector at lower energies and thus lead to a poorer
reconstruction result.

This effect is emphasized in Figure 7, which shows
ptychographic imaging at the Al K-edge with a pixel size of 5
X § nm’. The smallest Al-rich structures detected in Figure 7C
were in the size range of 16—19 nm fwhm (compare Figure
7D1,D2). To quantify the resolution achieved, a Fourier ring
correlation (FRC) analysis’® has been performed using the
BIOP/ijp-frc plugin”® in Fiji/ImageJ 1.52n (Java 8) on the
amplitude and phase reconstructions at ~1565 and ~1569 eV.
Half-bit thresholding’® yielded FIRE (Fourier Image REso-
lution) numbers*” of down to 14 nm (amplitude) and 12.5 nm
(phase), respectively, in selected subregions of the total image
area. This agrees well with the measured feature widths.
Ideally, FRC would have been performed on two images with
identical recording parameters, only distinguishable by the
noise pattern. Such data were not available. While phase
reconstructions at the two different energies were very similar
to each other (Figure Rl1), the amplitude reconstructions
(Figure R2) on the other hand contained differences in
absorption properties as seen from the Al map in Figure 7C
and Figure R2, which lead to a worse correlation and therefore
a lower FIRE number. The corresponding results, raw and
processed data have been deposited in Edmond, the Max
Planck Society’s open-access data repository’” (10.17617/3.
7d).

Bl CONCLUSIONS

This study presents a comparison between STXM-NEXAFS
and X-ray ptychography as applied to the analysis of rock
varnish samples. The analytical strength of STXM with

611
612

ptychography is defined by its unique combination of 613

with 122 nm by 122 nm pixel size show not only laminar Mn- nanoscale imaging, high spectroscopic and thus chemical 614
enriched structures but reveal an alternating pattern of different sensitivity, and comparatively low levels of beam damage. 615
valence states. The corresponding cluster spectra are shown in Figure NEXAFS spectroscopy was used to illustrate the chemical 616
4. imaging capabilities of STXM-NEXAFS analysis for rock 617

varnish. The X-ray absorption spectra for Mn and Fe reveal a 618

predominant presence of Fe** as well as a mixture of the Mn 619
valence states Mn**, Mn**, and Mn** in the varnish. Generally, 620
the spectral features observed are in good agreement with 621
previousl;r reported literature values on reference com- 622
pounds.””*”” Chemical/elemental maps provide an overview 623

ss7 is clearly visible. Because of the artifactual origin of an
sss unknown amount of the Mn®** in the sample, the ptycho-
559 graphic data allow no quantitative interpretation at this point.
sé0 However, we can show that X-ray ptychography has the ability
s61 to resolve such structures on the nanoscale.
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Figure 7. Different views of the same region on sample CA14 JC8, ~20 um below Figure 6B: (A) SEM micrograph; (B) ptychographic
reconstruction at the Al edge with S nm/px resolution at ~1569 eV and (C) corresponding ptychographic optical density map (~1565 eV/ ~ 1569
V). In panels D1 and D2 line profiles (200 nm length and 60 nm width (12 px average), perpendicular to Al-rich structures) resolve details with

16—19 nm fwhm.

624 on the spatial distribution of various elements inside the rock
625 and the varnish layer. A set of micrographs was used to identify
626 those elements that are associated with the mineralogy of the
627 Mn-rich matrix. Our findings agree well with the results
628 provided by Vicenzi et al.”’ and Sharps et al.>* on the SC
629 varnish and complement previous findings by providing further
630 quantitative insights.

631 X-ray ptychography was applied to two arid desert varnish
632 samples. Ptychography increases the spatial resolution relative
633 to STXM by up to 1 order of magnitude and thus allows
634 resolving structural features and chemical contrasts that have
635 remained invisible in previous STXM investigations. The rock
636 varnish samples revealed clear structural and compositional
637 differences between regions of stratified varnish growth vs a
638 varnish/rock boundary zone with more granular appearance,
639 which is presumably due to embedded mineral dust grains. At
640 the highest spatial and spectroscopic sensitivities that
641 ptychography can provide, remarkable nanoscale stratifications
642 with layers of alternating Mn valence states were observed.
643 Although beam damage effects cannot be neglected here, the
644 nanostratification appears to be an authentic feature of the arid
645 varnish coating.”” A further investigation of the nano-
646 stratification may provide novel insights into the growth of
647 the varnish layer, since the thickness of these layers
648 corresponds with the estimated annual growth rates of arid
649 desert varnish.”* The highest spatial resolution in the course of
650 the entire study was obtained at the Al absorption edge, where
651 structures of about 16 nm fwhm were resolved.
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736 “ptychography E screening”—we refer to energy scans with
737 an illumination spot diameter of about 100 ym at a fixed beam
738 location on the sample. These scans were conducted prior to
739 ptychography image stack scans in order to resolve the precise
740 position of spectral features and to define the most appropriate
741 energies for the ptychography images to achieve the best
742 chemical contrast.
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