Response to referee Adam Hitchcock (D. S. Macholdt et al., Artifacts from manganese reduction in
rock samples prepared by focused ion beam (FIB) slicing for X-ray microspectroscopic analysis)

We appreciate the very thorough and helpful comments by Adam Hitchcock, which have been consid-
ered carefully and helped to improve the quality of our manuscript. The referees’ comments and our
responses are outlined in detail below:

[1.1] Referee comment: The authors interpret the results as evidence that the FIB is drastically alters
the Mn oxidation state, which is quite plausible since metal ion reduction by FIB is known from other
work. However, the conclusion is not really supported by the data. The evidence, as presented, suggests
the thicker regions in the sample have lower amounts of Mn(2+), but there really is not very strong
evidence for the presence of Mn(4+) (green in Fig 3), except in some very localized spots. Similarly,
the areas identified as Mn(2+) (blue in Fig 3) are localized in a line across the sample, whereas, if the
reduction was due to FIB beam damage, then | would expect a more broad distribution of Mn(2+) signal,
more like the Mn(3+) distribution (red in fig. 3) reported by the authors. One way to make a more
convincing argument would be to use the authors’ favourite method to estimate the fraction of Mn(2+),
Mn(3+) and Mn(4+) at each pixel in the thinner area they say is not affected by absorption saturation,
and also to estimate the thickness of each pixel (for example, from the average STXM image below the
onset of the Mn2p edge). A plot of the fraction of each Mn oxidation state as a function of thickness
(with suitable binning to improve statistics) should then directly reveal any (anti)-correlation of Mn(2+)
amount with thickness. A second way would be to do that type of thickness-oxidation state correlation
on several other samples the authors say they have made by FIB and analysed by STXM.

Author Response:

The worthwhile ideas towards a clearer representation of our data gave us the occasion to extensively
rework our results and apply a sample thickness normalization routine prior to the spectral clustering.
Furthermore, we increased the number of discussed samples to four to provide more (statistical) weight
to our argumentation. In addition, results from a total of thirteen samples have been summarized in
Table 1. We explain our newly developed sample analysis procedure in the reworked sections below:

“2.2 STXM-NEXAFS measurements and data analysis

[...] To analyze the spatial distribution of different Mn oxidation states in the FIB slices, the STXM
image stacks were analyzed by a k-means cluster analysis with Euclidian distances. The analysis
sequence included the following specific steps:

1. A careful alignment of the images in the stack was conducted with the help of a custom-made

alignment tool.




For the subsequent analysis steps, the energy range was limited in MANTIS from 630 to 665 eV,
which covers the Mn L, absorption edge. Note that in the plots of this study the energy range
from 631 to 664 eV is shown.

According to Beer-Lambert’s law:

I(E)

OD(E) = —In (10(_5)) = u(E)pd (eq. 1)

with E = X-ray photon energy, OD(E) = optical density of varnish sample at given E, I(E) = pho-
ton flux at given E through the sample, Io(E) = incident photon flux at given E through a sample-
free region, U(E) = energy-dependent mass absorption coefficient (see Henke et al., 1993),
p = density of absorbing atoms in the sample, and d = sample thickness. The background
I0(E) spectrum was determined to convert the entire stack data into OD(E). A modified version
of the histogram-based background selection routine in MANTIS was used here.

An OD filter was applied to exclude pixels with OD > 2.5 from the analysis, which are well out-
side the linear regime of Beer-Lambert’s law.

For every pixel, the Mn pre-edge value ODyr. (averaged between 630 and 636 eV) was subtracted
from the pixel-specific spectrum. Depending on the energy resolution of the stacks, data from 3
to 20 images was averaged here.

For every pixel, the step function-like absorption edge was subtracted from the spectral signature.
The generalized logistic function, also known as Richards’ curve (Richards, 1959), has been used:

oD
OD(E)pno—eage = OD(E) + post eq. 2
( )no edge ( ) [1+exp(—OD(E)+0.5-0Dp05t)]1/(25'0D(E)) (q )

with OD(E)ne-edge = Optical density of varnish sample at given E after subtraction of the absorption
edge OD from OD(E), here represented by a logistic function, and ODyost = optical density at Mn
post edge, averaged between 660 and 665 eV. The pre-factor 0.5 ensures that the inflection point
of the curve is located at half of the edge height. The pre-factor 25 determines the steepness and
symmetry of the curve. This value was found empirically and worked well for the current appli-
cation. Note that without prior subtraction of ODpr (Step 5), the following modified version of
the equation 2 would be relevant:



OD(E)pew = OD(E) — ODpye + ODpost—ODpre

eq. 3
[1+exp(—0D(E)+0.5.0Dpost)]UOS'OD(E)) (ea. 3)

7. After the preprocessing steps 1 to 4, as well as normalization steps 5 and 6, the pixels were pre-
classified by means of principle component analysis (PCA) as implemented in MANTIS.

8. With the PCA results as start values, the MANTIS k-means cluster analysis was applied. For the
current analysis k = 4 was chosen since it represents the smallest k that still covers the observed
spectral variability in the samples. Within MANTIS the “reduce thickness effect” box was
checked to exclude the first PCA component in the subsequent cluster analysis (Lerotic et al.,
2004), which is roughly equal to the total Mn absorption per pixel in the observed energy range.
The normalization steps 5 and 6 in combination with exclusion of PCA component s = 1 ensure
that the cluster analysis partitions the pixel-spectra neither by physical thickness of the FIB slice
nor by the heterogeneities in Mn distribution and pMn, but only by the spectral patterns at the Mn
L3, edge, which can be related to Mn oxidation states (Gilbert et al., 2003).

For the further analysis steps beyond the cluster analysis, the non-negative matrix approximation

(NNMA) routine, as implemented in MANTIS, was used to extract spectral features while constrain-

ing the weightings to be non-negative (for details see Mak et al., 2014). In this work, the NNMA

allowed obtaining relative fractions of Mn?* and Mn** in every pixel of the stack. Within the MANTIS

NNMA routine, we used the following settings: cluster analysis output (k = 4) as input for NNMA,

spectra similarity = 15, smoothness = 0, sparseness = 0.05, iterations = 500.

3 Results and discussion
The SEM overview images and STXM Mn maps in Fig. 1, which illustrate the coating thickness,

morphology, and heterogeneity of the selected varnish samples, provide the context for the regions
of interest that were analyzed spectroscopically (Fig. 2). The FIB slices were prepared with a wedge-
like shape as illustrated in Fig. 1A, and 1B,. Dedicated SEM measurements with a perpendicular view
on the tip of the wedge showed that the thinnest part is ~100 nm thick, whereas the thickest part
measures ~1 pm. For certain samples, part of the wedge was thinned out even further, allowing a
comparative analysis of thicker vs. thinner wedges within the same slice (see Fig. 1Ba.3).

In the course of our STXM-NEXAFS analysis of various varnish samples from different locations
worldwide (see Macholdt et al., 2017a), we observed clear indications for beam-related changes in
the sample composition. Specifically, differences in the spectral patterns at the Mn L. edge indicate
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that a beam-related reduction of the Mn oxyhydroxides has occurred. For the cluster analysis used to
discriminate these spectral patterns at the Mn L3,2 edge — which are a proxy for Mn oxidation states
—, it is important to eliminate any influence of the overall sample thickness as well as heterogeneous
Mn distributions (e.g., layering) as outlined in Sect. 2.2. As a general trend, low-valence-state Mn
species — similar to the Mn?* reference spectra — were observed in thinner regions of the FIB wedge,
whereas more oxidized Mn species — similar to the Mn** references spectra — dominate in the thicker
regions. Figure 2 emphasizes those samples where the relationship between the optical thickness of
the sample and the Mn oxidation state is resolved clearly. The gradient is most obvious in the example
shown in Fig. 2D1-3. For certain samples, reduced Mn has also been observed around holes within
the specimen (e.g., see cracks in Fig. 1D and 2D), which was first interpreted as a sign for reduction
of Mn by organics that had previously filled those cavities, especially since some cavities are lined
with C-rich material (Macholdt et al., 2015). However, further observations suggest that the reduced
Mn in the periphery of the holes can also be explained by a stronger beam exposure in the FIB/SEM
preparation. For the sample AR14 Y1 in Fig. 2D1.3, we further conducted an NNMA analysis (see
Sect. 2.2), which provides a proxy for the relative fractions of Mn?* and Mn** in every pixel. This
particular sample was chosen because it has the most pixels, thus providing good statistics, and the
most homogeneous varnish layer (i.e., no visible clay minerals, low porosity). In Fig. 3, the scatter
plots of the obtained Mn?* and Mn** fractions against the relative (optical) thickness of the wedge
further emphasize the gradients observed in Fig. 2, with highest Mn?* fractions in the thinnest and
highest Mn4+ fractions in the thickest part.

The beam-damage-related gradient dominates the oxidation state distribution and, thus, superimposes
on the natural heterogeneity in Mn valence states in the varnish. Accordingly, the beam damage fun-
damentally hampers our original aim to use spatially resolved measurements of the Mn oxidation
states for further insights into possible varnish genesis mechanisms. Some indications for layered
structures, which may represent residues of the original distribution of Mn valence states, can be seen
in Fig. 2A2 to 2B2, however, an interpretation of these structures is highly uncertain. The beam-
related Mn reduction has been observed in many samples for which appropriate image stacks were
recorded. Table 1 specifies whether a beam-damage effect was found in the analyzed samples and
relates the samples to the varnish classification scheme, discriminating five varnish types, proposed
by Macholdt et al. (2017a). According to this scheme, three of the samples in Fig. 2 (i.e., AR14 J1,
AR14 Y1, and SA14 DV09a) belong to the arid desert varnish type I, whereas one sample (i.e., SA10
#9) belongs to the semi-arid desert varnish type I11. Multiple type | and type 111 samples confirm the

4



observed trend. For statements on the varnish types I, IV, and V, however, our experimental basis is
sparse: No STXM-NEXAFS data is available for type Il varnish samples. For type IV and V, STXM
stacks have been recorded, however, the varnish coatings of the analyzed samples were too thin to
identify clear gradients.*
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Fig. 1: SEM images (A:-D1), Mn pre-edge STXM images (Az-D.), and Mn STXM maps (Asz-Ds) of
Flslices of the rock varnish samples AR14 J1 (Ai-3), SA14 DV09a (B1-3), SA10 #9 (C13), and AR14 Y1
(D1-3). All samples are oriented such that the sample support with the Pt solder is on the left side and
the rock surface at the top. The varnish layer is visible in the upper part of the images and the bedrock
in the lower part in panels C and D. In panels A and B, the Mn-rich varnish layer spans across the whole
FIB slice. The luminance values represent transmittance and are to some degree proportional to the
sample thickness. Although this is only true for a homogeneous sample, differences in thickness due to
the sample preparation and the curtaining effect are obvious and, in some cases, indicated by arrows
pointing towards thicker areas, or via brackets in column two. The Mn spectra shown in Fig. 2 were
collected within the dashed regions highlighted as ‘stack region’ in column two and three. The Mn pre-
edge images were obtained at 635 eV photon energy. The Mn maps were calculated from single images
at 635 eV (pre-edge) and 643 eV (on-edge) photon energy.
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Fig. 2: Results from k-means cluster analysis applied to STXM image stacks of four different varnish
samples, showing influence of beam damage (i.e., reduction of Mn oxyhydroxides) as a function of FIB
slice thickness. For background information on the selected varnish samples AR14 J1, SA14 DV09a,
SA10#9, and AR14 Y1 refer to Macholdt et al. (2017a). Panels A; to D; show relative optical thickness
maps obtained by averaging Mn pre-edge images between 630 and 636 eV. Relative optical thickness
maps were normalized to a numeric range from 0 to 1 (0 = lowest transmission in observed area; 1 = full
transmission). White contour lines have been calculated based on relative optical thickness maps. Panels
A, to D, show spatial distribution of pixels across FIB slices partitioned into four clusters based on
pixel-specific spectral patterns at the Mn L3, absorption edge. White contour lines project relative op-
tical thicknesses at the Mn pre-edge onto cluster maps. Black regions represent filtered pixels with
OD > 2.5, bedrock and Pt. Grey regions represent background pixels. Panels Az to D3 show correspond-
ing spectra from clustering (same cluster colors in A, to D2 in As to Ds). Reference spectra for Mn?*,
Mn3* and Mn** obtained from Gilbert et al. (2003) are shown in Ds. The spectral pattern of cluster 1
(red) corresponds to the most reduced Mn species — similar to Mn?* — and is located mostly in thinnest
parts of FIB slices. The spectral pattern of cluster 4 (purple) corresponds to the most oxidized Mn spe-
cies — similar to Mn** —and is located mostly in the thickest parts of the FIB slices. Clusters 2 (yellow)
and 3 (cyan) represent intermediate states.



Table 1. Overview of all varnish samples analyzed with appropriate STXM-NEXAFS stacks as well as
with specification if beam-related Mn reduction has been observed. Samples are grouped according to
classification scheme by Macholdt et al. (2017a): type | = arid desert varnish, type Il = semi-arid desert

varnish, type Il = semi-arid desert varnish, type IV = urban area varnish, type V = river splash zone
varnish.
Sample name?! Varnish Beam damage-related Comment
type Mn reduction observed:
AR14 1 (AR-J) | Yes, clearly Referto Fig. 1 & 2
AR14 Y1 (AR-Y) | Yes, clearly RefertoFig. 1,2 & 3
CAl4 DV11 (CA-DV) | Unknown Spectral gradient overlaps with porous regions,
dominant varnish/rock boundary zone
CA14 JC8 (CA-JC) | Yes, clearly -
1IS13 V1 (1S) | Unknown Low spectral quality & varnish coating too narrow
1S13 V3 (IS) | Unknown If yes, superimposed by sample layering
- 1 - No STXM-NEXAFS data for type Il available
SA10 #9 (SA-1) 11l Yes, clearly Refer to Fig. 1 & 2
SA13 mM-f (SA-1) 11l Unknown Sample too thick in most parts, remaining pixels in-
dicate rather a random species distribution
SA14 DV09a (SA-2) 11| Yes, clearly Referto Fig. 1 & 2
SA14 DV09b (SA-2) 11| Yes, but uncertain Sample too thick in most parts & low statistics
SC v Unknown Varnish coating too narrow to resolve gradients
FM v Unknown Varnish coating too narrow to resolve gradients
E Canal \Y Unknown Varnish coating too narrow to resolve gradients

! Sample names kept consistent with Table 1 in Macholdt et al. (2017a)
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As suggested, the (anti-)correlation of Manganese species with thickness was exemplarily done for one

sample:

“[...] For the sample AR14 Y1 in Fig. 2D1.5, we further conducted an NNMA analysis (see Sect.
2.2), which provides a proxy for the relative fractions of Mn2* and Mn** in every pixel. This partic-
ular sample was chosen because it has the most pixels, thus providing good statistics, and the most
homogeneous varnish layer (i.e., no visible clay minerals, low porosity). In Fig. 3, the scatter plots
of the obtained Mn?" and Mn** fractions against the relative (optical) thickness of the wedge further
emphasize the gradients observed in Fig. 2, with highest Mn?* fractions in the thinnest and highest

Mn** fractions in the thickest part. [...]
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Fig. 3: Non-negative matrix approximation (NNMA) of sample AR14 Y1. Panel A shows the spa-
tial distribution of the Mn?*-associated (most reduced) cluster (red) and the Mn**-associated (most
oxidized) cluster (violet). Panels B and C show the pixel weights from the NNMA analysis of each
cluster against the “relative thickness” represented by the Mn pre-edge luminance values, scaled
from 1 to 0, where 0 represents full transmission and 1 stands for the darkest pixel in the observed
area. Thick areas with relative thickness > 0.6 were masked, as well as non-varnish regions (back-
ground, Pt or rock). Compare with Fig. 1D and Fig. 2D. There is a positive correlation with thick-
ness for the more oxidized cluster and an anti-correlation for the more reduced cluster. Linear fits
along with their slopes and R2-values are shown to emphasize the observed trend. Very striking is
the increased weight of Mn?*-like pixels in thin regions at the top, along the crack (compare with
Fig. 1 D2) and along the outer cutting line (right side).”

[1.2] Referee comment: (p2 27) ‘phosphor screen;” — change to ‘phosphor coating — screen implies im-

aging but only a single number is read from the detector at each pixel in a STXM image.
[1.3] Referee comment: (p2, 27) ‘generated visible’— ‘generated burst of visible” — it is not individual

visible photons, but bursts since there is ~1 visible photon per ~3 eV of photon energy

Author Response: To make the introduction more concise, we deleted the general information on STXM,

since the details are well documented in the references we are listing in the newly rephrased paragraph:
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[1.4]

“In view of the controversy regarding the varnish genesis and the scarcity of information on the
varnish microchemistry, we conducted STXM-NEXAFS measurements to investigate element dis-
tributions within the varnish coatings, along with spectroscopic information on the elements’ bind-
ing environments and oxidation states. Experimental details on STXM-NEXAFS can be found in
Kilcoyne et al. (2003) and Moffet et al. (2011).”

Referee comment: (p3, 16) to a few hundred degrees - is this proven or speculation ? reference ?

would it be worth to compare FIB of RT and heated varnish samples ? — if the heat during FIB is important,
a change in degree of radiation damage might occur. (cryo-FIB is known to reduce damage).

Author Response: Regarding this valuable comment, we re-evaluated the damaging potential of sample

heating from SEM and FIB, added some quantitative information, and rephrased essential parts of the in-
troduction:

“[...] The amorphization coincides with heating of the outer sample surface in the course of the
collision cascade (Volkert and Minor, 2007; Fischione et al., 2017) along with the occurrence of so-
called “thermal spikes”, which can easily reach a few thousand Kelvin (Ovchinnikov et al., 2015).
Because of the immediate vaporization of the affected volume within 102 s (Ovchinnikov et al.,
2015), the thermal effect on the bulk material is rather low. For samples with both, good thermal
conductivity and good thermal connection, ion beam heating plays a negligible role in the bulk
(Volkert and Minor, 2007), but for materials with inefficient heat dissipation (e.g., due to a low
thermal conductivity, such as in SiO2) a temperature increase up to 500 °C was calculated (Ishitani
and Kaga, 1995). If samples are very thin, even in metals, temperatures up to 370 °C (Kim and
Carpenter, 1987) or even >400 °C (Cen and Van Benthem, 2018) can be reached. This is especially
destructive for organic samples, such as polymers, which tend to melt and decompose under com-
mon FIB conditions (Volkert and Minor; 2007, Schmied et al., 2014) . For instance, a temperature
rise of 171 °C has been observed by Bassim et al. (2012) for polyacrylamide. During thinning with
rather low beam currents of 0.23 nA, a temperature rise to above the melting temperature of Crys-
talbond™ 509 (121 °C) has been observed by Li and Liu (2017). This heating can be reduced to a
large extent with optimized scanning patterns (Schmied, 2014) or simply by cooling the sample
(Fischione et al., 2017). The susceptibility for beam damage and the thickness of the amorphous
layer strongly depends on the type of ion and the sputtered material. The damaged layer thickness
typically ranges from a few to a few tens of nanometers (Mayer et al., 2007; Mikmekova et al.,
2011). Sample heating also facilitates the occurrence of uncommon types of beam damage, such as
preferential sputtering (\VVolkert and Minor, 2007), which occurs in materials with more than one
atom species, especially if the compound can decompose chemically. In-depth information on sam-
ple heating (Kim and Carpenter, 1987; Cen and Van Benthem, 2018; Volkert and Minor, 2007;
Ovchinnikov et al., 2015; Ishitani and Kaga, 1995), beam damage (Gutierrez-Urrutia, 2017; Mayer
et al., 2007; Betz and Wehner, 1983; Prenitzer et al., 2003) and experimental reduction strategies
of these effects (Bassim et al., 2012; Barber, 1993) can be found in the cited literature. [...]
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As radiolysis shows a temperature dependence, its damaging potential can be minimized when the
irradiated specimens are cooled (Pantano and Madey, 1981; Egerton et al., 2004; Egerton, 2012).
This should not lead to the false conclusion that sample heating due to the electron beam is as
significant as with ions. The temperature rise through electron exposure is not expected to exceed a
few Kelvin (Tokunaga et al., 2012; Holmes et al., 2000; Hoffman and Paterson, 1996).”

In our concluding remarks, we now explicitly link sample heating to the observed radiation damage and
listed cryo-FIB, among other methods, as a possible approach to minimize beam damage:
“[...] For instance, Fondell et al. (2018) report that sputter reduction of maghemite is similar to heat
treatment of the sample in vacuum. The dissociation of carbonates (Christie et al., 1981) and sulfates
(Contarini and Rabalais, 1985) has been observed and attributed to a combination of thermal sputtering
connected to thermal spikes and electron sputtering. Momentum transfer alone (preferential sputtering
due to mass differences) could not explain the observed reactions. A follow-up study on previously
heated samples could therefore help to better understand the potential thermal decomposition of rock
varnish. [...]
If available, a cryo-FIB approach (Bassim et al. 2012) could be applied. Sezen et al. (2011) showed,
however, that cryogenic conditions could not prevent or even slow down the degradation of conjugated
polymers during FIB milling. [...]”

[1.5] Referee comment: (p 4 ,14) the metal coating is done, in part to reduce damage from heating or

charging. Was there any study of the dependence on the amount of damage on the thickness of the Pt coating
?

Author Response: The application of the Pt stripe is an integral part of the FIB preparation procedure and a
consistently thick coating was applied to all samples to keep them comparable. The ablation of the Pt strip
was also used as an indicator for a sufficiently thinned FIB slice.
In our data, compare Fig. 2 A; and D2, we see no damage reducing effect due to the Pt stripe’s improved
heat dissipation. However, it would be interesting to test this assumption on a FIB sample without a Pt stripe.
We also rephrased the sentence to which the question refers:

“The Pt stripe acts as a mask to reduce damage from perpendicular ion collisions on the sample

surface throughout the subsequent milling steps.”

[1.6] Referee comment: (p 6, 23) ‘main absorption edges at different energies’—it would be useful to
define what you mean by ‘edges’. I suspect the XPS peak energies for Mn(2+/3+/4+). As you note, the
spectra of each ox state (in fact each ‘compound’ or local environment) are characterized by multiple peaks,
and a single ‘energy’, ‘edge (in XAS sense)’ or ‘peak’ is not enough to uniquely identify oxidation state. It
is the overall pattern that is needed. This should be brought out.

Author Response: True. See response to [1.8].
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[1.7] Referee comment: (p 6, 25) connecting multiplets to oxidation state is actually a gross simplifica-
tion. Multiplet refers specifically to the [core electron — valence electron] exchange interaction. Oxidation
state (interpreted as a net valence electron count) is only indirectly connected.

Author Response: Agree. See response to [1.8].

[1.8] Referee comment: (p 6, 27) “for each oxidation state the absorption at a certain energy (Mn 2+ ~
639.7 eV, Mn 3+ ~641.35 eV, Mn 4+ ~ 643.05 eV) is predominant, so that the oxidation states can be
distinguished from each other” again, I would stress that it is the PATTERN of peaks that is connected to
oxidation, not a single peak.

Author Response to [1.6], [1.7], and [1.8]: We agree with the referee that the wording in the corresponding
paragraph is confusing. Accordingly, we reworked the original text section

“[...] The Mn L3 and L absorption edges (short the Mn L3, edge) are located in the energy range
from ~635 to ~660 eV (i.e., electron binding energies in elemental Mn: 638.7 eV at Ls and 649.9 eV
at L, according to Fuggle and Martensson, 1980). The Ls and L, edges consist of multiplets of
peaks, which reflect the density of unoccupied 3d states (Gilbert et al., 2003). It is well documented
in the literature that the NEXAFS spectra show different spectral patterns for the oxidation states
Mn#*, Mn®*, and Mn** (Cramer et al., 1991, Pecher et al., 2003, Gilbert et al., 2003, Nesbitt and
Banerjee, 1998) and that the ratio of the L3 and L edge intensities can be taken as a measure for the
3d occupancy and thus for the valence state (Cramer et al., 1991, Kurata and Colliex, 1993). The
energies of the most intense peaks within the Ls multiplets for the individual oxidation states are
the following: Mn?* ~ 640.2 eV, Mn®* ~ 642.2 eV, Mn* ~ 643.2 eV (Gilbert et al., 2003).”
and added a few words of explanation to the ‘results and discussion’ section:

“Specifically, differences in the spectral patterns at the Mn Lz, edge indicate that a beam-related
reduction of the Mn oxyhydroxides has occurred. For the cluster analysis used to discriminate these
spectral patterns at the Mn L3, edge — which are a proxy for Mn oxidation states —, it is important
to eliminate any influence of the overall sample thickness as well as heterogeneous Mn distributions
(e.g., layering) as outlined in Sect. 2.2.”

[1.9] Referee comment: (p 7, caption to Fig 2) The caption calls (c) and (e) “images”, but they are not —
they are color coded cluster signal distributions.

Author Response: Thank you for pointing this out. We clarified this in the new caption of Fig. 2:
“Panels A, to D, show spatial distribution of pixels across FIB slices partitioned into four clusters
based on pixel-specific spectral patterns at the Mn L3, absorption edge.”

[1.10] Referee comment: (p 8, 31) “While STXM-NEXAFS measurements are conducted with energies in
the eV range, FIB preparation and SEM imaging utilize energies in the keV range.‘ The correlation of dam-
age-potential and particle energy is an oversimplification. The X-rays transfer ALL their energy to the sam-
ple on absorption, whereas the ion and electron beams transfer only a portion. For ions it is momentum
rather than energy transfer that is important | suspect. The reduction is probably done by liberated electrons.
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Author Response: The paragraph referred to has been reworked to point out the very different energy trans-

fer processes:
“Generally, the varnish samples experienced an intense ion and electron bombardment as well as
high X-ray exposure in the course of the preparation and analysis. Accordingly, all applied tech-
niques — FIB, SEM, and STXM - are in principle potential sources for the beam damage (Slzer
2000, Bassim et al. 2012). The soft X-rays in STXM (~0.3 to 0.7 keV), accelerated electrons in
SEM (~2 to 5 keV), and accelerated Ga* ions in FIB (~30 kV) are characterized by widely different
energies. Moreover, their energies — and thus the potential damage — are deposited in the samples
via different mechanistic pathways: Soft X-rays mostly act via core electron excitation up to an
ionization of the atom, followed by a relaxation and filling of the core hole vacancy with associated
photon and Auger electron emissions. As stated in the introduction, accelerated electrons mostly
interact with varnish-like specimens via inelastic scattering, possibly causing radiolytic processes
in the course of electronic excitations. Accelerated ions mostly act via nuclear, i.e. elastic collisions,
resulting in sputtering, but electronic excitations should not be neglected. Our experiments showed,
however, that the damaging effect of STXM is negligible: In dedicated tests, sequences of succes-
sive stack scans were recorded on the same area and no difference in the spectral patterns (i.e., at
the absorption edges of Mn and other elements) could be observed. Moreover, previous X-ray mi-
crospectroscopy measurements have been successfully performed on materials with different Mn
oxidation states (e.g., Bargar et al., 2001, Glasauer et al., 2006, Pecher et al., 2000, Pecher et al.,
2003, Tebo et al., 2004, Toner et al., 2005).*

All changes requested and/or recommended by the referee in his minor comments have been implemented
in the revised version of the manuscript.
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