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CONVERGED SURFACE ROUGHNESS PARAMETERS—A NEW TOOL
TO QUANTIFY ROCK SURFACE MORPHOLOGY AND
REACTIVITY ALTERATION

CORNELIUS FISCHER*** " and ANDREAS LUTTGE**S

ABSTRACT. The quantification of surface topography is essential in understanding
the processes of dissolution and precipitation occurring at the rock-water interface. As
a new approach to quantify rock surface alteration in the micrometer to nanometer
scale we utilize the convergence of well-known surface roughness parameters. This
approach allows the quantification of rock surface size and amplitude as well as its
state of alteration during fluid-rock interaction. Vertical scanning interferometry (VSI)
is our tool of choice for measuring rock surface topography because of its high vertical
resolution and large field of view.

Here, we present a case study to demonstrate the potential of surface roughness
convergence for quantifying rock surface alteration during weathering. Black slates
show different concentrations of organic matter (OM) due to different oxidative
weathering ranks. Roughness and surface size data indicate that the original smooth
slate surface with deviations of only some tens of nanometers was altered to a rough
surface with pore diameters at a scale of some hundreds of nanometers up to several
microns. Surface roughness data of a sample profile of three weathering stages (small,
medium, large OM decrease) primarily indicate an increase of the OM’s surface area
and roughness during weathering. However, during further weathering, surface area
and roughness were decreased. From these data we conclude that those parts of the
OM that do not directly adjoin to the slate’s clay minerals have a higher reactivity. This
means that during ongoing OM weathering the rock surface reactivity and topography
are controlled by the extent of OM degradation. Because both reactivity and topogra-
phy of the observed surface will alter during reaction, it must be concluded that a
constant term of “reactive” surface area must not be used to calculate the dissolution
rates.

INTRODUCTION

The fluid-rock interface alters in size and shape during weathering processes.
Most importantly, however, it also changes in reactivity. Hence, the characterization
and quantification of surface area evolution are needed to quantitatively understand
fluid-rock interactions. The simplest case is the alteration of a single crystal surface.
Much laboratory work has been conducted over decades to reconstruct those surface
changes and to interpret dissolution and precipitation kinetics of single crystals
(Eggleton and Busek, 1980; Helgeson and others, 1984; Lasaga and Blum, 1986;
Hochella and White, 1990; White and Brantley, 1995). Surface area was measured by
AFM methods to calculate surface area changes during reactions (for example, Dove
and Platt, 1996; Arvidson and others, 2003; Metz and others, 2005). In contrast, to
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detect and quantify the results of dissolution processes occurring in mineral aggregates
and rocks it is necessary to determine surface area changes over a significantly larger
field of view than AFM can provide.

More recently, vertical scanning interferometry (VSI) (for example, Littge and
others, 1999) and confocal laser scanning microscopy (LSM) (Karcz and others, 2006)
have been developed as new tools to distinguish and trace the reactive parts of mineral
surfaces. LSM and VSI are complementary techniques and particularly well suited to
detect surface changes within a large field of view. The LSM technique provides a
superior lateral (~ 100 nm) but lower vertical resolution than VSI. However, a simple
application of such results to the significantly more complex natural fluid-rock system
is often difficult or even impossible because of the chemical, physical, and hydraulic
permeability properties [connected/unconnected porosity, pore size (for example
TUPAC, 1994; Lion and others, 2004)].

In industrial production processes, VSI techniques are widely used for characteriz-
ing and testing the machine finished surfaces of work pieces. As a result, a number of
statistical surface parameters have been established over decades to quantify the
information obtained from surface area measurements conducted by 2D or 3D
“large-area” techniques (Dong and others, 1992, 1993, 1994a, 1994b; Stout, 1993;
Blunt and others, 2005). Our attempt here is to adapt these roughness parameters to
the characterization and quantification of rock surface alteration caused by weathering.

Dissolution and precipitation processes during weathering change the fluid-rock
interface properties through the formation of, for example, pores and secondary
minerals. Therefore, a crucial step for surface and reactivity quantification is to explore
how different surface components impact roughness parameters over a range of
vertical and lateral scales. Consequently, it is preferable to compare the surface
roughness parameters as a function of different sizes of the field of view.

Based on our insight above, the study presented here has two main objectives:
First, we show the ability to characterize and quantify natural rock surfaces by
converged statistical surface roughness parameters. Second, we will try to trace the
surface evolution of rocks during weathering with these parameters. For this purpose
we will compare surface roughness parameters of rocks showing different stages of
weathering.

Numerical Parameters for Characterization of Surface Topography

A 3D data set of a given sample surface is built up of several superimposing surface
components of different sizes. From the common material science point of view, the
measured surface consists of three superimposing units: (I) the form surface is the
shape of the work piece. (II) low-frequency and (III) high-frequency deviations from
this shape may occur. These deviations result in the so-called surface waviness and
roughness. This classification is not useful to describe natural surfaces because we
usually do not know if there are only two classes of surface deviations and what the
discrimination size between the surface features (or wavelength of component size) is.
Therefore, we suggest the use of convergence for the application of surface roughness
parameters and introduce convergence graphs of roughness parameters. We will apply
convergence graphs for three different amplitude parameters and a surface area
parameter. We characterize surface topography by using sets of numerical parameters
derived from statistical calculations of surface deviations. The so-called S-parameter set
contains 15 parameters of different types [amplitude, spacing, hybrid, fractal dimen-
sion parameters (Blunt, 2003) ]. To characterize surface area changes during chemical
rock alteration, we utilize the peak-to-valley depth (Rt), ten-point peak-to-valley aver-
age depth (Rz), root-mean-square deviation of the surface (Rg), and interfacial area
ratio (I"). Below, we give a short explanation for the calculation of these surface
topographic parameters (Jorgensen and others, 1993).
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The height difference between the pixel with the highest and the lowest z value in
a surface height map is the peak-to-valley depth

Rt = Zmax — Zmin- (1)

The ten-point height, Rz, is defined as the average height of the five highest (peak)
local maxima plus the average height of the five lowest (valley) local minima:
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Rz = 5 , (2)

where w is the mean height given by:
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z,; and z,,; are the height values of the ith highest local maximum and the ith lowest
local minimum, respectively.

We present a graph of Rz only in cases when the trend shown by this value is
significantly different from that shown by Rt. In most cases Rt and Rz show the same
trend.

Rgqis also an amplitude parameter and is used to describe dispersion of the height
distribution. It is the sample standard deviation and describes the deviation of
measured surface sites from the mean or another reference surface, for example, a
“zero” plane. For calculations of Rq the surface is considered as a line set of NV profiles.
Each profile has a number of M points.

M—-1 N—1

1
Re= 1\ 2> 2 [y — nF (3)
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The amplitude parameter, Ra, defines the average surface roughness, that is the
arithmetic mean of surface deviations and is often used to trace surface alteration such
as corrosion of work pieces (Ayebah and Hung, 2005). However, several studies have
shown that no significant information about surface features can be attained by using
Ra (for example, Thomas, 1999) because similar Ra values can be derived from
surfaces showing completely different characteristics of their peak and valley configur-
ation.

In contrast, the root mean square average, Rg, is more sensitive to minima and
maxima of a surface structure due to the squared term (see eq 3). Generally, the utility
of amplitude parameters for direct interpretation of surface features is good only for
surfaces built up by a periodical structure.

The surface area ratio, F, expresses the ratio between the measured surface area,
F,,, and the area of the flat xy plane, which is the sampling area, I, For a totally flat
surface, the total and geometrical surface area and the sampling area are the same
(r=1).

F="" (4)
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Surface Topography Parameters and Their Significance for Rock Surface Characterization:
Use of Converged Parameters

It can be shown that the usual approach of describing work piece form, waviness,
and roughness cannot be used in the characterization of rock surfaces (Thomas,
1999). We cannot hypothesize that a rock surface is formed by the superimposition of
so-called surface waviness and roughness. Generally, we find on rock surfaces several
components, these are mineral aggregates and pores within a range of sizes. It is clear
that this situation results in a mixture of surface roughness values. So, surface
parameters such as amplitude and hybrid parameters are not useful in characterizing
such surfaces. For example, it would be meaningless to calculate the mean Rgvalues of
surfaces with different peak heights, peak diameters, and peak densities. Such a
mixture of differently sized surface components, however, would be the expected case
for most natural rock surfaces.

Now, we introduce the idea of using converged surface roughness parameters to
obtain a deconvolution of surface components of different size scales. Convergence
graphs show the variation of a roughness parameter depending on the size of the
sampling area. The roughness parameters defined by equations (1) to (4) were first
calculated for the entire data set and, subsequently, for increasingly smaller sections of
this data set. These sections were produced by a recurrent bisection of the measuring
field (fig. 1A). The small axes (ay-a,) are the reference values for each plotted
roughness parameter to characterize the measuring field size. Converged surface parame-
ters were calculated from partial data sets of the original total data set. Therefore, the
spatial resolution (pixels per length scale unit) of all data subsets is identical.

The convergence calculation is determined by two variables (fig. 1B). The
number of steps, n, for sampling area reduction specifies the precision of the
convergence length. The convergence direction within the measured field is impor-
tant if a surface is non-uniform and you want to know which surface structures were
sampled.

We define that a surface parameter is converged if neighboring data points of the
convergence graph show a flat slope (dff{a)/da near 0, a: length) in contrast to the
adjoining steep-slope sections of the graph. If this criterion is satisfied, then the
converged parameter value can be used to characterize and quantify topography of the
associated surface section. Converged graphs of Rt will rarely show sections of pro-
nounced near-zero slope. The reason is that Rt quantifies the maximum height
difference of the surface. Rt may reflect outlier height data. Therefore, we used at least
three data points with near-zero slope to define a converged Rt height. Root-mean-
square roughness Rg does not reflect surface height outliers. Therefore, we used the
criterion of at least two neighboring data points with near-zero slope between them to
define convergence. The same criterion was applied to the surface area ratio /"and to
Rz, which represents the average height of the five highest local maxima plus the
average height of the five lowest local minima.

Figure 2 gives an example of convergence graphs of a known surface, a matt-
finished glass plate. The surface consists of hills that are approximately 2 to 2.5 pm
high and 4 pm wide (peak-to-peak width is approx. 8 um). Figure 2A shows a section of
the (x,9,2) data set within a field of view of 30 pm x 40 um. Figure 2B shows
convergence graphs of R, Rg, and F. The Rtvalue graph has a flat slope between ~ 8
pm and 60 pm axis length (maximum height without outlier). The high R¢ values
within the large field of view are caused by scratches in the glass surface. Rt is sensitive
for the maximum peak height. If the field of view is small enough and no scratches are
imaged, Rivalues indicate only the maximum peak height caused by the glass matting
process. If the reduction of our field-of-view is smaller than the peak-to-peak length,
the Rt convergence is abolished (part ii). The constancy of Rg and F for medial and
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Fig. 1. (A) Measuring field (= a, * 2a,) and smaller and smaller sections of the field by a recurrent
bisection. (B) Suggestion for a continuously measuring field reduction, characterized by two parameters
(direction, step number).
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Fig. 2. (A) VSI data of a matt-finished glass slide, size 40 pm * 30 pm. The matt-finished glass shows a
structure of hills and valleys. Peak to valley high is approx. 2 to 2.5 wm, peak to peak distance is approx. 8 pm.
(B) Convergence of surface roughness (Rg) and surface ratio () are shown over length a of measured area.
Note the breakdown length of @ = 8 wm for converged Rg, I'values (border between blue and yellow lines,
compare to fig. 2A).
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large axis length (parti) demonstrates that only one surface component dominates the
surface structure. Two important and differently sized surface components would produce
two plateaus in both, the Rt and Rg graphs. This example illustrates the ability of
convergence graphs to distinguish quantitatively between different surface components.

METHODS AND MATERIALS

Surface Area Scanning Methods

Surface area characterization and quantification requires a method that allows a
sufficiently high spatial resolution, similar to that provided by atomic force microscopy
(AFM) or scanning tunneling microscopy (STM) but also a much larger field of view
that is similar to that provided by common light optical microscopy (Stout, 1993). In
this study, we have used two different light optical microscopy methods, vertical
scanning interferometry [VSI, MicroXAM MPS8, ADE Phase Shift; for a detailed
description see, for example, Luttge and others (2003) ] and confocal laser scanning
microscopy [LSM, ZEISS LSM 510 Meta, EC-Epiplan-Apo 100x 0.95 HD DIC, beam
splitters MBS NT80/20, DBS: plate, wavelength = 405 pm, pinhole = 52 pm, 12 bit
multi track stack scan mode, sampling area: 92.1 pm x 92.1 um, scaling 0.09 pm x 0.09
pm x 0.1 pm, pixel time: 0.80 ps]. Three-dimensional surface measurements by
confocal scanning microscopy were described by Hamilton and Wilson (1982).

Both light optical methods are capable of providing a field of view of more than
100 wm x 100 pm with a sufficiently high spatial resolution. VSI in combination with a
white light source provides resolution in the zdirection of better than 2 nm (for
example, Littge and others, 2003); the resolution of LSM is one or two orders of
magnitude lower. The lateral x-y resolution of VSI is approximately 500 nm (for a 50x
Mirau objective). In contrast, LSM provides approximately 100 nm. The complemen-
tary use of VSI data to LSM is useful, because VSI is not able to detect steeply dipping
flanks due to its very different lateral and vertical spatial resolution. Therefore, steep
flanks will be interpolated as smooth planes between the detected surface points.

Black Slate Samples with Different Weathering Intensities

For this study, we compared the surface area data of black slates with different
degrees of organic matter degradation caused by oxidative weathering. Two types of
samples were used: alum slates and black roof slates.

Alum slates.—Freshly mined lower Silurian, low-grade metamorphic black alum
slates from Thuringen (Germany) contain approximately 6 to 15 weight percent
organic carbon (TOC). The slate is composed mainly of the clay mineral, illite, and, in
part, of minor amounts of microquartz caused by diagenetic silification of re-
crystallized material from microfossils. Due to weathering processes the slate may
release up to 90 percent of its TOC. In addition, sulfide oxidation may cause an iron
rich encrustation of the sample surface. We studied a black sample (#211) that was rich
in organic matter (OM), [C,,, = 11.8 wt%] and a weathered sample of white slate from
the same location that was nearly free of TOC (sample #224, C,,, = 0.2 wt%). Both
samples were free of iron rich encrustations. In addition, a sample profile of the same
slate type was investigated at the millimeter scale with three profile points (black, gray,
and white). Here the TOC decreases from the black colored part (TOC ~ 8 wt%) to
the gray colored area (TOC ~ 2 wt%) and the white colored (TOC ~ 1.4 wt%) section
of the profile. Our black slate samples were free of sulfides because of the fast
dissolution rates of sulfides during oxidative weathering. This explanation is supported
by, for example, Littke and others (1991) for other black pelites. Due to the lack of
sulfides, our comparison of rock surfaces is not influenced by a pore space alteration
during sulfide weathering (for a more detailed sample description and location map
see Fischer and Gaupp, 2005).
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Fig. 3. Size distribution of organic matter flakes from black alum slates.

Roof slates.—Fresh, unbleached Lower Carboniferous (Visean) black roof slate
(Pfeiffer and others, 1995) from the Schmiedebach-Lehesten mine (samples #399 and
#401) as well as used and weathered roof slate (samples #370, #378, and #379) were
investigated for this study. The average mineralogical composition of the freshly mined
Lehesten slate shows quartz (41 wt%), illite (35 wt%), chlorite (17.5 wt%), plagioclase
(6 wt%), and pyrite (0.5 wt%) (Rothenhofer and others, 1999); however, this study did
not report the slate’s organic carbon content. The mercury intrusion porosity of fresh
mined slates is 0.2 weight percent (sample #399) and 0.7 weight percent (sample
#401). During the weathering of sample #379, its porosity increases up to 1.3 weight
percent (black part) and 3.1 weight percent (white margin) (Fischer and Koch, 2005).

The slates used for analyses were exposed for (i) 94 years at a southerly oriented
house wall (sample #379), (ii) for 90 years at a westerly exposed house wall (#378) in
the Thuringisches Schiefergebirge, and (iii) for 100 years on a southeasterly exposed
roof (370) in the Erzgebirge (Sachsen).

RESULTS AND DISCUSSION

The studied rock surfaces of unweathered (black) and weathered slates are fresh
and undisturbed surfaces on cleavage planes. In this study, we compare the surface
topography data of OM rich black slate with those of originally black slate, now nearly
without OM due to its oxidative degradation. OM degradation is responsible for the
rock’s surface topography alteration (Fischer and Gaupp, 2005). The alum slate’s OM
has a shape of thin and small flakes. Figure 3 shows the size distribution of the OM
flakes. Mostly they have a diameter of some microns or some tens of microns. The
thickness of the flat OM flakes was not determined. Because no difference of the
surface shape between black and weathered slates is visible by SEM, the OM height
must be smaller than several microns. The black slate’s OM shown in the figure is the
residuum after treatment with fluoric acid (Fischer, 2002).

Alum Slate Surface Topography Alteration

Figure 4 shows VSI-measured height maps of the surfaces of a black, OM rich alum
slate (A, sample #211) and of an oxidatively weathered alum slate that is nearly free of
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Fig. 4. VSI surface of a black alum slate (A, sample 211) and its white weathering product (B, sample
224). On the right side are shown sample sections with higher magnification.

OM (B, sample #224). Compared to the weathered slate, the OM rich slate shows a
smooth surface with unevenness in the dimension of hundreds of nanometers. The
weathered slate has a more uneven surface relief. Magnifications of surface sample
sections shown at the right side of the figure underline these observations and show the
occurrence of half-pores at the weathered rock surface in the micron range.

Surface topography parameters calculated from VSI data are presented in figure
5. Rt (A), Rq (B), IF (C) are shown as a function of the sample length a. Those graphs
show the existence of convergence (nearly constant values of surface topography
parameters). Rt values of the weathered slate are converged for lateral extensions
smaller than approximately 20 wm. According to the visualization of the extension of
half-pores of weathered slate in figure 4B, the convergence (cl) breaks down for a
sample length of 5 wm. Rgis converged with approximately 800 nm to 1 pm between
5 pm and 20 pm, too (# 224, c1). This standard deviation of surface height indicates a
nearly constant peak-to-valley height. The maximum depth (= convergence of Rf) is
approximately 7 um. We conclude, the newly-formed half pores have nearly the same
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Fig. 5. Converged surface roughness parameter data, calculated from VSI data of black (sample 211)
and white (sample 224) alum slates. Convergence is indicated by gray (black slate) or black (white slate) bars.
The following parameters are shown: peak to peak height (Rf), surface roughness (Rg), and surface ratio (F).

lateral and vertical extension of = 5 wm and < 7 pum, respectively. In contrast to the
weathered slate, Rt and Rq of unweathered slate surfaces show convergence at sample
axes lengths smaller than 5 pm. This supports our interpretation of a smooth
unweathered slate surface with deviations in the range of 200 to 300 nm. In addition to
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Fig. 6. LSM surface of a black alum slate (A, sample 211) and its white weathering product (B, sample
224). On the right side are shown sample sections with higher magnification.

the described features the slate samples show another surface component, dominating
the Rg convergence plot of sample #211 between axes length of 20 um to 50 pm. A flat
slope of the Rq convergence graph for a =~ 30 to 60 pm is visible for sample # 224, also.
Because this potential convergence exists for both, weathered and unweathered slate
samples, this surface component responsible for convergence is not modified by
weathering and represents most probably the size of sheet silicate aggregates (cleav-
age). The surface area ratio I’ of weathered slate samples is clearly higher than that of
unweathered samples (fig. 5C). The differences between [F values are not much
affected by the convergence lengths mentioned above. The reason for this observation
must be that in general it is the smallest surface component (pores with diameters
smaller than the dimension of sheet silicate aggregates), which is responsible for the I
value of the slate. Furthermore, the higher F' value of weathered slate samples indicates
the surface area magnification of the rock by OM decrease. This magnification is
approximately 1.6 fold (F,,.imerea ~ 2-55 Fppvearnerea ~ 1.6 for convergence cl).

As a comparison, figures 4 and 6 show the same sample surface generated from
VSI and LSM data, respectively. The corresponding surface topography parameters are
shown in figure 7. The better lateral but lower vertical spatial resolution of LSM is
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responsible for the visible differences in surface topographies shown in figures 4 and 6.
A comparison of figure 6B (left) with figure 4 shows more lateral details of peaks and
valleys of the weathered rock surfaces. As said above, the LSM measurements are able
to detect steeply dipping flanks of surface components. Hence more individual
components with a lateral extension smaller than 1 pwm were detected with LSM. It is
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Fig. 7. Converged surface roughness parameter data, calculated from LSM data of black (sample 211)
and white (sample 224) alum slates. Convergence is indicated by gray (black slate) or black (white slate) bars.
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likely that some of these components were amalgamated in the VSI data. In contrast,
the strength of the VSI data is clearly shown by the differences of the same surface
images in the right parts of figures 4 and 6. While VSI data can be used to detect surface
height differences at the nanometer scale, the LSM image of the same surface shows a
very simplified view of the height differences. As a consequence, the surface roughness
parameters calculated from LSM data must be different—at least in part—compared
to the same parameters calculated from VSI data.

Figure 7 shows surface roughness parameters calculated from LSM data. Conver-
gence ranges of Rt and Rgvalues (figs. 7A and 7B) are similar to the VSI data results
mentioned above. The lower vertical resolution is the reason for very low F,, . ..iiered
values shown in the left part of figure 7C. For calculations of the surface area alteration
during black slate weathering the F,,,.,..serq Values (F(cl)) derived from VSI data are
more realistic. In contrast, the higher F,, ... values ((cl)) derived from LSM data
(fig. 7C) can provide more detailed information about the surface area increase
caused by the decrease in organic matter. Based on these considerations, we
estimate surface area increase caused by weathering of approximately 2.1 times
(F(c1) wearnerea wsan ~ 3-35 F(C1) ynweatnerea (vsry ~ 1.6 for smallest axes lengths).

An alum slate weathering front of approximately 10 mm (Fischer and Gaupp,
2005) was investigated to detect surface parameter changes between the two final
conditions (black slate, little or no OM decrease vs. white slate, nearly completely OM
decrease). Three points of a weathering zone were analyzed by VSI, that is, a black and
a white part as well as a dark gray transition zone between. Figure 8 (A-D) shows the
surface parameter changes within this weathering zone. The highest peak-to-valley
depths Rtwere found for the gray slate. This result is equal to that of the Rz values (fig.
8D). Therefore, the gray slate part must have the highest relief differences. This result
is not modified by parameter convergence. This consideration underlines the respon-
sibility of small surface components that are significantly smaller than the axes length «
of the sampled area for the surface topography and surface area differences between
gray and black/white slate samples. From the ten-point height, Rz, we can estimate the
dominating surface component height. Black slate samples show height differences
smaller than ~1 pwm, white slate samples smaller than ~2 pm, and gray slate samples
smaller than ~3 pm (e = 5 pwm). The standard deviation of these heights is relatively
small for each slate type. Converged Rq data (fig. 8B, convergence between ¢ = 5 pm
and 8 pm for 211-white) are clearly smaller than 1 pm. F values of the gray slate surface
are clearly higher than those of white and black slates (fig. 8C). It is plain that surface
components with a lateral size of approximately 5 wm must be responsible for the total
surface size of white and gray sample parts. In every case the Fvalue of gray slate is
larger than those of white or black slate samples. All these observations support the
following model of surface area alteration during OM decrease (see also fig. 9): The
aggregates of sheet silicates (mainly illite) that form the black slate are coated by
organic matter. This coating causes a smooth surface with height differences at a range
of hundreds of nanometers (black slates with initial OM content; fig. 9, left part).
During oxidative OM decrease, pore spaces in the micron scale (¢ = 5 to 8 pum, Ryg
convergence of sample 211-white) are created. The newly-formed surface heights
(peak valley heights), surface roughness, and the total surface area (/) are higher than
those of the nearly completely OM free slate (fig. 9, right part). We conclude that the
OM decrease in this rock follows the model shown in figure 9A rather than that in
figure 9B. Model (B) requires an increase of the R¢, Rz, and [ values caused by OM
decrease from gray to white slate. Such an increase was not measured (fig. 8).
Evidently, the comparison of gray slate and white slate data shows a clear decrease of all
these surface parameters. In model (A), the OM degradation is faster in the “median”
parts of the OM volume. Apparently the OM volume situated directly on the illite
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Fig. 8. Converged surface roughness parameter data of an alum slate weathering profile (progressing
weathering: black, gray, white slate), calculated from VSI data. The following parameters are shown: peak to
peak height (R?), ten point roughness height (Rz), surface roughness (Rg), and surface ratio (/).

aggregates has a lower reactivity during oxidative weathering. We conclude that during
ongoing OM weathering the rock surface reactivity and topography are controlled by
the extent of OM degradation. Because both reactivity and topography of the observed
surface will alter during reaction, it is obvious that an absolute term of “reactive”

surface area must not be used to calculate the OM dissolution rates.
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Fig. 9. Two models of OM degradation in black slates; model (A) illustrates the creation of OM intra
pore space, model (B) shows a normal retreat of the OM volume.

Such a contrast in reactivity could have two causes: either there are different
structural properties or there are different geochemical properties on the scale of a few
microns. The first reason could be that sheet silicates have an influence on adjacent
OM porosity or permeability. The other reason could be that OM consists of two
separate chemical fractions having different reactivity. The latter reason was excluded
for the OM investigated here (Fischer and others, 2007). In the alum slate an OM type
was found that is uniform. The minor amounts of OM, remaining after intense
weathering of black slates (gray, white samples) were not found to be more inert or to
have higher maturity (thermal stability) compared to the OM of the not or slightly
weathered, black slates.

Roof Slate Surface Topography Alteration

The second example of rock surface alteration by OM weathering highlights the
surface parameter evolution of roof slates (Fischer and others, 2007). Two types of
freshly mined roof slates (samples 399, 401) were compared to three weathered slates
of the same lithotype but from different roofs (fig. 10). Two sections showing different
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weathering intensities were analyzed by VSI (fig. 10, samples 370, 378, 379: b = black,
w = white): The stronger weathered white part was directly exposed to surface
weathering. The less weathered darker part of the roof slate was covered by the
adjacent roof slate. These surface data and the data of the fresh slates were plotted in
each diagram for comparison.

Freshly mined slates (399, 401) and slightly weathered slates (b-samples) show
convergence of Rq for sample sections with axis lengths smaller than 8 pm. For larger
sample sections the slate’s surface relief is dominated by large surface components of
different heights (large amounts of Rt, Rq). The surface area ratios (I7) of samples 399
and 401 are relatively low (~1.1-1.3).

White roof slate samples (samples 370w, 378w, 379w) have a convergence range of
Rg at approximately 5 to 15 pm. In this range, Rt and Rq data are clearly higher than
those of unweathered slates and of the black, covered roof slate samples (samples 370b,
378b, 379b). The Rtand Rq data of black roof slate samples are very similar to those of
the unweathered slates. We conclude that during strong weathering of roof slates
(white parts), new pores are created with a diameter (peak-peak distance) of approxi-
mately 5 to 15 pm. The Rt data indicate, that the rock’s surface shows half pores with a
peak-valley height of ~ 8 pm (378w: only 4 wm). The creation of pore spaces within the
black roof slates is clearly of little importance. The Rtand Rg data indicate a moderate
pore space creation only.

This interpretation is supported by the F'data of black roof slates that are similar to
those of the fresh-mined slates. On the contrary, the FFdata of the white roof slates show
clearly higher surface area ratios. Surface area ratio of sample 370w shows a maximum
at sample length of 8 pwm. This indicates that this surface component that dominates
the rock surface area structure has a lateral extension of this length scale. In contrast,
sample 379w shows no clear maximum value of Fin the convergence graph. Because F
increases with decreasing axis length, very small pores with diameters smaller than
4 microns must be responsible for the very large surface ratio. Sample 378w shows no
distinct maximum in the convergence range of Rtand Rq. Therefore no single surface
component of a certain size is dominating the rock surface area. These data demon-
strate the creation of pores with different dimensions within the weathered roof slates.
Because we compared rocks of the same lithotype, the diversity in the results indicates
different weathering intensities of the roof slates. This is similar to the results from the
alum slate weathering profile analysis (fig. 8), indicating the total rock surface area
enlargement during the ongoing oxidative weathering. The surface area characterized
here is the fluid-rock interface size. From BET and mercury intrusion porosity
measurements it is known that the internal OM porosity will linearly decrease during
oxidative degradation (Fischer and Gaupp, 2005). The results and interpretations
presented here are therefore a helpful addition to understanding the reactivity of a
rock component during weathering.

CONCLUSIONS

(1) The high spatial resolution in the z-direction and its broad field of view make
light-optical topographic microscopy the ideal tool for observing rock surface
alterations. The combination of vertical scanning interferometry and laser
scanning microscopy offers the detection of surface elements with sizes of x ~
y > 100 nm and z > 2 nm.

(2) Convergence plots of statistical surface parameters offer the opportunity to
detect differently sized components and their alteration on natural rock
surfaces.

(3) Significant surface parameters for rock surface area characterization are the
amplitude parameters Rt (peak-valley height), Rz (ten point surface height),
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and Rg (root mean square roughness) as well as the surface relief area per
measuring field ratio I'; the latter characterizes the total interface area.

(4) The rock surface size evolution during dissolution of a certain component is
traced by the change of converged amounts of I

(5) The combination of converged Rt, Rz, Rg, and I'data allows us to detect the
predominance of surface normal retreat or of pore space creation during
dissolution.

(6) The oxidative degradation of organic matter in black slates causes the
alteration of an originally smooth surface (deviations of some hundreds of
nm) to a rough surface with peaks and ridges in the scale of several microns.

(7) During the OM degradation process, the fluid-rock interface size increases.
In contrast, progressive degradation with nearly complete OM degradation
leads to a decrease in interface size. This indicates differences of the reactivity
of OM during oxidative weathering.
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