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Abstract:

Gypsum crusts are typical decay forms on limestone in polluted urban environments. Their origin and
relation to the stone facies have been thoroughly investigated in the past three decades. Here, we
present the combined use of novel techniques for a microspatial structural, chemical and mechanical
characterization of a laminar black gypsum crust on a sandy limestone. These techniques include i.a.
X-ray computed microtomography, Xray Fluorescence micromapping, permeability mapping and the
scratch test. They reveal the typical architecture of a laminar gypsum crust, with an outer opaque layer,
a subsurface gypsum crystallization layer and a deeper cracked zone passing irregularly into the sound
stone. Gypsum crystallization is mostly restricted to an irregular outer zone with an average thickness
of 500 um, while cracks are found deeper within the rock. These cracks decrease the rock strength to
more than 27.5 mm below the surface. Because of their surface parallel orientation and thickness of >
10-100 um, they create the potential for surface scaling. This is shown by a laboratory acid test where
the crack network extensively developed due to further exposure to an SO2 environment. The use of
novel techniques opens potential for the study of different decay forms and can be used for stone
diagnosis with regards to conservation studies.

Keywords: Gypsum crust / X-ray computed microtomography / X-ray fluorescence mapping / Drilling
resistance / Scratch test

1. Introduction

Natural building stones are known to alter their surface properties when used and exposed to
atmospheric conditions as a result of the interaction between the stone and its environment. Many
processes interfere with each other and the eventual alteration pattern can be complex and dynamic.
Eventually, the interaction of different processes leads to different erosional or depositional alteration
patterns [28]. Erosional weathering removes material from the stone by e.g. dissolution, exfoliation,
flaking, scaling or sanding, while depositional weathering adds material to the stone's surface by e.g.
efflorescence, encrustation, biocolonization. Both can be caused by chemical, physical and biological
processes.
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Of all types of alteration, gypsum crusts and more specifically gypsum crust on carbonate rocks are
among the most present and the most studied (e.g. [35]). Gypsum crusts are sulfate encrustations on
building stones in polluted urban environments which mainly consist of gypsum crystals, and are often
called black crusts due to the incorporation of airborne dust and particulate matter [7]. Several studies
were assigned to the relation between black crust formation and urban pollution (e.g. [24,25,52]).
Morphologically, these crusts can have a laminar or more framboidal or dendritic structure [44],
depending on the conditions under which they were formed. Their structure may be strongly related
to the microfabric of the host rock [23], but in general, a gypsum crust consists of an outer opaque
layer, a subsurface layer with gypsum crystallization and a deeper fractured zone irregularly passing
into the sound stone [32]. Black crusts develop on rain-sheltered surfaces due to dry or wet deposition
of airborne SO2 on stone with a carbonate phase or lime mortars in the presence of water and
catalyzing air pollutants [3,37,39,40]. On surfaces exposed to rain, black crusts will be washed off due
to the moderate solubility of gypsum, when the rate of rain washing exceeds the rate of deposition.
On more rain-protected surfaces, they have the potential to initially stabilize the stone surface [43].
Eventually, they can detach mechanically through contour scaling, where not only the crust, but also a
layer of the disaggregated stone held by the crust is lost [41,46]. Detachment of the crust can occur by
other processes like mechanical impact, crystallization of ice or salt behind the crust,
hydratation/dehydratation or thermal stresses. After detachment, the process of gypsum crust
formation can resume, resulting in several crusts [41], although the conditions might be different due
to the legacy of the previous crust forming episode.

Accurate classification of stone weathering and diagnosis of the stone conditions is the first step for
stone conservation studies [28,49]. Notwithstanding having fundamental knowledge on weathering
forms, a preliminary case-study of the exact stone type and building environment is often appropriate.
Therefore, several methods exist and are being developed for the effective characterization of building
materials, both in the field and in the laboratory [45]. Although stone decay is observed and handled
with on the macroscale, it is the expression of microstructural changes in the pore space of the building
material. This paper therefore presents a microspatial structural and chemical characterization of a
laminar black gypsum crust on a sandy limestone, followed by further laboratory weathering by a
standard acid test. The material under investigation is Lede stone, on which black crusts were
previously described [14,31]. It was stated that glauconite could play a triggering role in the sulphation
process [19]. The formation of gypsum crusts on Lede stone was recently studied on the micro-scale
in laboratory conditions [16,17]. In the present study, current methods as thin section microscopy and
SEM-BSE and —EDX, which have typically been used for describing gypsum crusts [30,44,50], are
multidisciplinary combined with advanced methods such as X-ray computed microtomography (uCT)
[10,29], X-ray fluorescence micromapping (LXRF) [9] and the scratch test [36]. The aim is to study the
chemical and physical relation between the laminar gypsum crust and the underlying sandy limestone,
and to explore the benefits of these techniques for the characterization of altered rocks in laboratory,
as well as for the interpretation of field tests. In addition, a laboratory weathering test comparable to
Dewanckele et al. [16] was performed on these samples, to study the further effects of sulphation on
the gypsum crust dynamics.
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2. Materials

The material under investigation is a quartz-rich limestone from the north-western part of Belgium,
known as the Lede stone or Balegem stone. It originates from the sandy deposits of the Lutetian
(Eocene) Lede Formation where cementation occurred at generally 1-3 specific horizons and gave rise
to discrete stone banks of several decimeters thickness. At outcrop regions, these banks occur amongst
unconsolidated sediments and provided the local source of durable building material. The limestone
can be classified as a quartz-rich packstone to grainstone with varying amounts of micrite matrix,
microsparite cement and fossil fragments, amongst which miliolid and Nummulites variolarius forams.
The quartz fraction has a bimodal distribution, dominantly with fine sand sized subangular grains
contaminated with coarse well-rounded grains. A small part of the detritic fraction is composed of
feldspars and heavy minerals. Approximately 3% glauconite is present. The Lede stone is originally
greyish, but acquires a typical rust-coloured patina in buildings. The open porosity is 8.27 £ 1.09 vol%
and the compressive strength is 48.4 + 12.6 MPa [15], although there is a large spread depending on
the microfacies. (e.g. [14]).

Lede stone is the most important natural building stone resource in northwestern Belgium [15] and it
therefore is also prominently present in the built heritage of northern Belgium and the Netherlands.
The stone is prone to sulphation, typically leading to black gypsum crusts in protected environments,
and flaking or scaling crusts in surfaces exposed to water run-off. Exposed to atmospheric conditions,
the stone also develops a yellow-brownish to rust-coloured patina, giving the stone an animated and
aesthetically accepted touch. Whereas these are the most typical phenomena of weathering and
ageing, other decay forms can occur but are related to local conditions. Some examples can be found
in De Kock et al. [14]. Weathered specimens were collected at the Sint-Salvator church in Wieze
(Belgium) from the well-ventilated top of the tower where they were protected from direct rain
impact. In these conditions, a thin black crust developed on the stone surface (Fig. S1, Supplementary
material).

3. Methods

The weathered sample was cut into sagittal sections for subsampling. The first section was
impregnated with an EpoFix resin, stained with yellow fluorescent dye (EpoDye) for the preparation of
subsamples for optical microscopy, SEM, uCT and uXRF. Optical microscopy was performed on 30 um
thin sections using a Zeiss Axioscope Al equipped with Axiocam and EpoDye filter. Polished sections
were prepared for SEM and uXRF studies, using an alcohol-based diamond slurry. A JEOL 5300-LV SEM
was used for SEM-BSE imaging and EDX mapping. uXRF spectra were recorded in vacuum with an
EDAXEAGLE Il u-probe at the X-ray Microspectroscopy and Imaging Group (XMI, Ghent University). An
area with both crust and stone material was mapped (40 kV, 11 s live time per pixel, pixel resolution
~100 um, map dimensions 9100 umx5100 um). The detection limit for SEMEDX is around 1000-3000
ppm, whilst for uXRF this is tens to hundred ppm, depending on the element (e.g. Al 100 ppm, Fe 15
ppm). On the other hand, the image resolution of the SEM-EDX mapping is approximately 2.5 um per
pixel, whilst the resolution of uXRF mapping here is approximately 100 um per pixel. The sample
surface, however, does not require specific coating for uXRF measurements. Two cylindrical
subsamples with diameters of 8 and 1.8 mm were cored for uCT scanning at the Centre for X-Ray
Tomography of the Ghent University (UGCT) using a custom built micro-CT setup [33]. The 8 mm
sample was scanned at a tube voltage of 120 kV and a tube current of 75 pA, and a 1 mm Al filter was
used for beam hardening reduction. For the 1.8 mm sample, the tube was operated at 80 kV and a
tube current of 37.5 pA. A spatial resolution of 12.48 um and 2.04 um was obtained for each sample
respectively. The uCT images were reconstructed with the Octopus reconstruction software [47], 3D
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image analysis was performed with Octopus Analysis (formerly Morpho+) [6] and the volumes were
rendered using VGStudio MAX software.

The second cut section was not impregnated and was used to perform the scratch test [11,36] to assess
the microspatial variation in rock strength. Successive 100 um deep cuts were performed along the
sample surface using a 94 um wide cutter to generate a groove with a total depth up to 2750 um. The
resulting rock strength was expressed as unconfined compressive strength, and the scratch
tomography image was matched with a photo of the stone section.

Six drilling tests were performed on the same sample of the second section, aligned in the same
direction of the scratch test. The custombuilt drilling system [11,12] used a 5 mm drill bit and measures
both torque and weight on bit versus depth as an indicator of the variation in strength. The drill bit
was operated at a Rotational speed of 250 RPM and Rate of Penetration of 50 um/rotation.

Non-destructive gas permeability measurements were performed with a TinyPerm Il probe
permeameter [22] on the same sample as the scratch test measurements. The measurements were
performed in a grid on the sagittal section and the results were interpolated and plotted in Matlab.
This plot was also matched with a photo of the stone section. However, measurement was somewhat
problematic near the crustal surface because of stone instability and thus the entire section could not
be covered by measurements. This area is left white within the resulting image.

A cylindrical sample with a diameter of 6 mm was cored from the non-impregnated second section. It
was mounted on a sample holder with the same diameter and sleeved with a heat-shrink tubing so
that only the crust was exposed on top. Similar to Dewanckele et al. [16], the sample was subjected
for 21 days to an acid environment according to EN 13919 [21], further described as the ‘acid test’.
First, the sample was wetted and placed in the atmosphere of a closed 50 | container, containing a
solution of 150 ml H20 and 500 ml 5—6% H2S03. After 21 days, the sample was removed from the
container, rinsed with water and left to dry in a custom designed climatic cell whilst the sample was
scanned with uCT using HECTOR [34]. The conditioning of the sample in the climatic cell was controlled
by a humidity generator (GenRH Surface Measurement Systems Ltd.). The sample was scanned with
UCT before the test and before drying at the end of the test. To allow a direct comparison of the uCT
images before and after the test, scanning, reconstruction and analysis were performed with the same
parameters for both scans. The X-ray tube was operated at 120 kV and 10 W and equipped with an 1
mm Al filter. 2401 projections of 1 s were taken over 360°. The resulting voxel size was 4.99 um or 9.88
um for rebinned (factor 2) images. The scans were registered using Dataviewer software from Bruker
MicroCT and analysis was performed with Octopus Analysis [6] using the same parameters for both
scans.

4. Results
4.1. 2D structure

The laminar gypsum crust on the Lede stone from the Sint-Salvator church has been analyzed with
different techniques, accordingly or complementary to Larbi et al. [31] and Dewanckele et al. [16,17],
to evaluate its decay and the implications on stone conservation. Fig. 1 shows thin section micrographs
at different magnifications of the Lede stone from the Sint-Salvator church with a laminar gypsum crust
on the left side. The porosity of Fig. 1A in the same field of view can be more easily observed in green
on the fluorescence image (Fig. 1B). In general, the crust exists of three layers: an opaque layer (zone
1), a subsurface layer with gypsum crystals (zone 2), and a deeper cracked layer which passes into the
sound stone (zone 3). This can be best observed in a higher magnification (Fig. 1C). The opaque layer
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is thin (tens of microns) and irregular. It consists of loosely bound opaque and iron-rich particles,
adherent to the surface. Underneath, there is a zone which is cemented by very fine gypsum crystals.
Its thickness is variable, but mainly fluctuates around 500 um. It encompasses autochthonous quartz
grains and patches of calcite. Larger bioclasts such as Nummulites variolarius show a positive relief
with respect to the rest of the unweathered stone. Specifically for these bioclasts, weathering starts
with dissolution of the fibrous carbonate cement lining of the object, followed by partial dissolution of
the calcite test (i.e. the shell) layer per layer (Fig. S2A, Supplementary material). It is remarkable that
a substantial amount of the glauconite has a brown discolouration. This is especially true for glauconite
grains within the gypsum crust or adjacent to the underlying crack network. This discolouration is due
to atmospheric weathering, releasing free iron that subsequently can precipitate as amorphous iron
oxide, ferrihydrite or goethite.
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Fig. 1. (A) thin sections micrograph of gypsum crust; (B) fluorescent image of the same view as A, illustrating
the porosity and fractures in green; (C) indication of opaque upper layer (zone 1), gypsum crystallization layer
(zone 2) and sound stone with fractures (zone 3); (D) same field of view as (C) under crossed polars. Scale bars

are 500 um. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Looking at the porosity distribution on the fluorescence image of Fig. 1B, a zone of lower porosity can
be seen up to approximately 500 um deep below the surface. This corresponds with the formerly
described zone 2. Behind this low porosity zone, a number of surface parallel cracks exist over a depth
of several hundred of microns. The crack network protrudes deeper inside the stone than the gypsum
alteration does. However, using SEM, gypsum crystals were sometimes found within these cracks. The
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crack network is preferentially accommodated by some textural features such as the lining of coarse
quartz grains and bioclasts. Small cracks initiate at the interface of the coarse

well-rounded quartz grains and the surrounding cement or matrix. Cracks also form through the axial
plane of the planispiral forams N. variolarius (Fig. S2A Supplementary material). The major crack
network develops where these features are aligned and smaller cracks are connected.

The same structure can also be observed on SEM-BSE images in Fig. 2A. In the opaque layer of zone 1
(Fig. 2B), fly ash can be recognized both as smooth and rough spherical particles of 5-10 um diameter.
Airborne silt-sized quartz particles are also present. Zone 2 consists of densely intertwined acicular
gypsum crystals, within the micrometer scale. In zone 3, cracks can be observed, sometimes with
gypsum crystallization inside.

Fig. 2. (A) SEM-BSE image of gypsum crust oriented to the left with indication of zone 1, 2 and 3; (B) detailed
SEM-BSE image of the crust with particulate matter in the outer layer and intertwined gypsum crystals
underneath; (C-E) SEM-EDX mapping of Si, S, Ca with the same field of view as (A).
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4.2. 2D composition

SEM-EDX mapping and point spectrum measurements were performed to provide more chemical
information on the decay pattern (Fig. 2C—E). The crustal structure is reflected in the elemental
maps. On the Si map (Fig. 2C), quartz and feldspar grains are visible. Feldspars could be recognized by
spotting them in a K map, but can be differentiated here from quartz by the number of counts for Si
in the EDX images. Quartz grains are bright, feldspars are more grey. The Ca map (Fig. 2D) displays
the calcite cement and matrix on the right side of the sample together with the Ca-tests of miliolid
forams. To the left, there is a Ca signal with lower number of counts. This correlates well to the S
map (Fig. 2E) and corresponds to the gypsum crust as observed in thin section. Finally, the signal of
phosphorus and iron was too low to be detected in SEM-EDX mapping.

Laboratory uXRF mapping shows the spatial occurrence of Al, Si, P, S, K, Ca, Fe and Zr in relative
concentrations, with the crustal surface oriented to the left (Fig. 3). Here especially, the increased
content of P and Fe in the crust is detected. Six main hotspots of Si can be recognized, representing
the fraction of coarse well-rounded quartz grains. On the other hand, the Ca hotspots are related to
bioclasts. Over the rest of the area, pixels show a combined Si and Ca signal, because he sampling
depth of uXRF and the resolution (~100 um) is too low to resolve very fine quartz fraction ( < 125 um)
from the calcite matrix and cement. The hotspots in Al, K and Fe are related to feldspar grains (K, Al
and possibly Ca), and glauconite (K, Al, Fe). The elemental maps show a clear elevation in P and S
content in the crust compared to the bulk of the stone, with S indication the crystallization of gypsum.
The phosphor enrichment in the crust was not noticed in SEM-EDX.
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Fig. 3. uXRF mapping of cross section of 5.1 mm x 9.1 mm, crustal surface oriented on the left side and marked
by rectangle, with relative concentrations per element of Al, P, Si, K, Ca, Fe and Zn spectra. Fe and K
enrichments in the crust are less clear, and lack true hotspots. However, the relative concentration is higher for
the crust than for the bulk of the sample, hotspots excluded.
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4.3. 3D structure

Finally, the sample was analyzed in 3D using puCT. Fig. 4 shows a sagittal uCT slice through the cylindrical
subsample of 1.8 mm, with the gypsum crust oriented to the top. uCT has the advantage of analyzing
and rendering the sample in both 2D and 3D, providing a numerous stack of slices (several hundreds)
which each represent a different section of the total 3D volume. The results show that puCT is well
suited for the microstructural investigation of the laminar gypsum crust.

Crust surface Partial Grey Value (8bit) Partial Porosity (%)
0 20 40 60 80 0 10 20 30 40

1000

()]
o
o
Depth below surface
(um)

Fig. 4. Sagittal slice obtained with uCT and correlated Partial Grey Volume and Partial Porosity graphs of the
total volume in function of depth beneath the crustal surface.

Fig. 4 represents a 2D sagittal section through the 3D volume in an 8 bit greyscale image. Black
represents pore, whilst the various grey values are material. At a specific X-ray energy, the lower the
effective atomic number and density of a material, the darker it appears in the image, and vice versa.
The dark grains are mainly quartz and some minor amounts of feldspar or, a little brighter, glauconite.
The lightest cement phase in the bottom of the sample is calcite, whilst the darker cement on top is
gypsum. The same three zones as observed in thin sections can also be recognized in this sagittal slice
and are marked as such on the image. A frontal slice of the three zones is presented in Fig. S3
(Supplementary material). The Partial Grey Value (PGV) and Partial Porosity (PP) are calculated on the
3D volume from top to bottom (Fig. 4). Whilst PP is dependent on the segmented porosity only, the
PGV also reflects the average grey value of the material. Thus PGV is dependent on the amount of
porosity as well as the phases present. In both PGV and PP, the three zones are distinguishable when
their values are plotted in function of depth beneath the crustal surface (Fig. 4). Based on this and the
visual observations, the three zones are arbitrary marked on the image. Although they are separated
by straight lines for simplification and correlation between the image and the graphs, it should be clear
that the real boundary between each zone is irregular. It can be seen that zone 1, the opaque layer, is
loosely bound, resulting in a very high PP and thus low PGV. The difference with the underlying zone 2
is remarkable. This zone has a much lower porosity with a minimum around 500 um below the surface.
The PGV shows a plateau for this zone, allowing to delimit its extension. This plateau is caused by a
uniform zone of low porosity consisting mainly out of quartz grains in a gypsum matrix. Underneath,
zone 3 is differentiated by higher PGV and a slightly higher porosity. Gypsum crystallization is almost
nonexistent in this zone and calcite remains chemically unaffected. The average porosity of this zone
is similar to normal values for similar fresh stone samples [15]. Peaks in porosity are both caused by
natural variability within the fabric and the occurrence of small cracks. The preparation of longer cores,
although imbedded in resin, was problematic. Most likely, this was the result of a larger crack being
present at the irregular base of the sample seen in Fig. 4.

Very specific features can be observed in some of the various 2D reconstructed uCT slices. Zone 2 is
less thick where larger bioclasts are present. The coarser bioclasts are known to stand in positive
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relief upon weathering. In this case, it can be seen that N. variolarius specimen are less prone to
weathering than the surrounding calcite components, similar to the thin section observations.
Nevertheless, weathering is protruding from the outer edge into the test layers along the perforate
hyaline calcite (Fig. S2B, Supplementary material). Where calcite is dissolved, gypsum subsequently
precipitates. Also axial cracks are formed within these planispiral forams. Glauconite within the
gypsum crystallization zone is intensely cracked and corroded, so that released parts could
disintegrate completely.

The cracks were segmented in 3D, using a multiscale Hessian crack filtering [48] to select elongated
features that belong to porosity. After this segmentation, the cracks were separated from the
elongated primary pores by manual selection in Octopus Analysis. Once the cracks were isolated, they
were separated into objects using the Octopus Analysis tool based on a watershed separation. The
resulting objects were regarded as individual cracks, together building the crack network. It is possible
to calculate the maximum opening (MO), i.e. diameter of the largest sphere that fits within the object,
and the object orientation in 3D. Fig. 5 displays the 3D rendering of the cylindrical samples and the
location of the cracks within the transparent volume. In the 1.8 mm cylinder, many cracks exist very
near to the surface.
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Fig. 5. 3D rendering of uCT samples (left) with transparent volume and fractures depicted in green (right);
stereoplot of fracture orientation and distribution of the fracture Maximum Opening (right). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

They are found within the opaque layer and on the boundary with the zone below. Also, the smaller
cracks at the bottom, which were observed in Fig. 4, are clearly connected to the border, when
rendered in 3D. They are most likely part of a larger crack network, which caused the sample to crack
during coring. Thus, the bottom surface can be seen as a larger crack, but could not be analyzed
qguantitatively. The segmented cracks have a MO which is distributed around 20 um.

In the 8 mm sample, smaller cracks are also present near the surface, but the largest crack network
runs approximately 2.5 mm below the surface. The pole of the crack is plotted on stereographic
projections. A plot in the centre of the projection thus represents an object with its long axis oriented
parallel to the stone surface (i.e. crustal surface). The majority of the cracks plot around the centre and
thus run (sub-)parallel to the stone surface (Fig. 5). Some cracks, however, clearly have an inclined
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orientation. This second generation of cracks forms the connection steps between the first generation,
individual and sub-parallel cracks. The MO of these cracks is distributed around 60 um, but can grow
larger than 100 um, which is quite substantial on the scale of observations. As only objects with MO
three times the spatial resolution were included in the analysis, the small cracks as observed in the 1.8
mm sample were not included in the analysis of the 8 mm sample. It is thus the intention to combine
the information of both separate analysis.

4.4. Petrophysical properties

Understanding the petrophysical properties of weathering forms is important to estimate stone
surface stability and to decide on interventions and stone treatments. Here, this was addressed by
measuring unconfined compressive strength and gas permeability. The stone section on which the
analysis was performed is given in Fig. S4 (Supplementary material). The scratch test was performed
inthe outer 27.5 mm of the stone surface (Fig. S4B, Supplementary material). Red and yellow represent
the strongest parts of the rock, with compressive strengths up to 150 MPa, which are not unusual for
this type of rock. The dark to light blue represents strengths from tens of MPa to around 50 MPa. There
is an important decreasing gradient in strength in the outer few centimeters, as a result of the
superficial stone decay. Drilling resistance profiles (Fig. S5, Supplementary material) show more detail
of this weaker zone. Drops in weight on bit illustrate the passage through weaker zones while peaks
are stronger zones. The larger drops at 8 mm depth in drilling resistance profile 6 and at 2 mm depth
at drilling resistance profile 1 are the result of major cracks. The decayed zone is the thinnest in drilling
resistance 4, where the stone strength increases at a depth of 5 mm. It can be correlated to the position
where the scratch test reaches its highest strength values. This means that initial rock strength
corresponds to an average weight on bit of around 20 N, whilst lower weights are measured in the
decayed zone, as is most clear in profiles 1, 3 and 5. The measurements again show that the decayed
part has an irregular thickness. After performing the scratch test, part of the crust (top left in Fig. S4A,
Supplementary material) broke off during the cutting of the sample, preparing it for gas permeability
measurements. This crack correlates with an area of weakness observable in the scratch test
tomography and to the drop in weight on bit at a depth of 8 mm in profile 6. Therefore, unfortunately,
gas permeability measurements could not be obtained for the entire cross section. In addition,
permeability very near to the crustal surface was too high to obtain representative measurements with
this method. However, the mapping does show some interesting features (Fig. S4C, Supplementary
material). The core of the sample demonstrates relatively low gas permeability, scaled in blue, with
values ranging from 98 to 240 mD. Within this bulk, there is a zone of slightly higher permeability
represented in light blue. This could be due to variation within the stone fabric. Towards the remainder
of the crust, permeability starts to increase strongly up to 679 mD, with highest permeability
correlating to a thick zone of relative weakness observed in the scratch test tomography.

4.5. Acid weathering of black gypsum crust

Fig. 6 shows a sagittal cross-section of the sample with uCT before (initial state) and after the test (final
state), with the exposed crust on the top. The sample has undergone dimensional changes, prohibiting
an easy registration of the scans. As the dimensional changes, which include a rotation and translation
of the grains, are more pronounced in the top part, the bottom part of the scans were used to register
both volumes. The obtained transformation parameters where then applied to register the entire
volume of the final state to the initial state. Subsequently, both volumes were cylindrically cropped to
eliminate the irregularity of the lateral edges and the heat-shrink tubing in the analysis.
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Fig. S6 (Supplementary material) shows the 8-bit grey value histogram of the initial and final state. The
voxels that represent porosity have grey values of 30-40, quartz and feldspar grains have grey values
of 85—105, gypsum has grey values of 105—115 and calcite has grey values of 115-130. Voxels on the
interface between two phases have an average value depending on the relative weight of each phase
in the voxel (partial volume effect). The histogram of the initial state shows a peak in the quartz interval
and a positive skew for the grey values related to calcite. In the final state, after 21 days of acid
weathering, this positive skewness has decreased and the peak has increased. This indicates a relative
decrease of calcite compared to the initial state. The increase in the peak can be interpreted as a result
of different effects, firstly the increase in gypsum, and secondly to an increase in the surface/volume
ratio of the porosity (i.e. different kind of porosity) which results in an increase of partial volume effect
around the carbonate and gypsum phase.

On Fig. 6, it can be seen that the volume of the final state has increased at the top of the sample. This
can also be observed when plotting the amount of voxels that represent the sample in function of
depth for both the initial and final state (Fig. S7, Supplementary material). This graph can also be seen
as a representation of the largest volumetric cross section of the sample with the top directed to the
left. It shows that the volume has expanded + 200 um in the topwards direction.

Fig. 6 also gives a visual impression of the changes within the sample. In the final state, three
differences are remarkable compared to the initial state. First, a new compact and thin crust developed
on top of the initial crust. Secondly, a zone with intensive cracking developed just beneath the initial
crust. And finally, the bulk of the sample is less porous. This is shown in Fig. S7B (Supplementary
material) where the partial porosity is plotted in function of depth beneath the crust. The initial state
can be interpreted the same way as in Section 4.3. However, because of the lower resolution, zone 1
and 2 cannot be distinguished clearly. Rather, only the transition of zone 1 and 2 to zone 3 is visible at
around 750 um depth. The partial porosity has changed drastically in the final state. Whilst the porosity
of the top part increased almost 5 times, the porosity in the deeper parts decreased by a factor 2.

1000 pm

Initial state final state

Fig. 6. Sagittal cross section of uCT with the crust on top of the initial state (left) and the final state (right).
Arrow 1 indicates the depth of the original gypsum crust. Arrow 2 indicates superficial gypsum crystallization
crust after 21 days acid exposure. Arrow 3 indicates a zone with a development of cracks. Relative grey scale

given in the histogram of Fig. S5 (Supplementary material).
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The increase in porosity can be attributed to dissolution and the development of cracks in a zone up
to 1500 um depth (Fig. 6). These cracks form a network subparallel (horizontal) and oblique (vertical)
to the surface. They mainly develop in the zone just below the initial gypsum crust. On the other hand,
the decrease in porosity in the deeper

parts of the stone can mainly be attributed to precipitation in the pore network. To illustrate this, Fig.
S8 (Supplementary material) shows a detail of the top part of the sample (top) together with a zonal
model (bottom). Here it can be seen that a newly crystallized crust covers the entire top of the sample.
Underneath, the initial gypsum crust remains largely unaffected, except for some cracks
accommodating the underlying cracked zone and connecting it to the outside. As these cracks are
covered with the new crystallization, they developed pre- or contemporary to the crystallization on
the top.

Fig. S9 (Supplementary material) shows a slice through the top, with the original crust on the initial
state image (top) and the evolution of this crust in the final state (bottom). The crust clearly increased
in volume. The tracking of dense particles near the border of the original crust can be used to evaluate
the growth direction of the crust. Doing so, it can be seen that the gypsum crust has grown in two
directions. In some locations, the crust grew outwards, as a result of crystallization on the top (also
visible in Fig. S8, Supplementary material). Other grains indicate the inwards progression of the crust,
as they become incorporated in the gypsum crust in the final state. Over the entire sample, the crust
grew inwards, by dissolution of the calcite cement and the precipitation of gypsum. Underneath this
superficial crystallization, the crack network is visible in planar view (subparallel to the crustal surface).
Here, the crack network tends to form a more polygonal network. The cracks observed here, mainly
correspond to the vertical cracks in Fig. S8 (Supplementary material).

5. Discussion

Black gypsum crusts drastically change the aesthetic appearance of architecture and sculptures by
black discolouration and modification of surface finishing and details. Furthermore, they are only a
dominant visual expression of several interacting decay processes combining crystallization,
dissolution, cracking and bio-colonization, leading to heavy damages on the stone superficial surface,
e.g. scaling and flaking. In this study, we looked at the morphology of laminar black gypsum crust which
covers the entire stone surface and how this relates to the stone's microstructure. The combination of
several spatial characterization techniques allowed the identification of different structural and
compositional elements of the crust and the altered stone below. Their spatial distribution allowed for
an understanding of how these mechanisms are related to each other and how they are involved in
surface stability and strength.

5.1. Microstructure

The observed layered structure of the black gypsum crust is consistent with the observations of
Maravelaki-Kalaitzaki & Biscontin [32]. There is a clear contribution of particulate matter and other
airborne dust on the surface of the crust, which can best be studied under the SEM microscope. uCT
images, on the other hand illustrate the nature of these particles; irregularly adherent to the outer
surface on which they are deposited. Gypsum alteration, however, occurs underneath this zone where
calcite crystals are dissolved by sulphurous acid solutions and provide Ca2+ ions. This process
preferentially exploits finer crystal phases as these have higher specific surface [17,23]. Therefore,
calcite dissolution is mainly restricted to the finer calcite matrix and cement. Gypsum does not
necessarily crystallize on locations where calcite was dissolved. In moist rocks, the pore fluids enriched
in atmospheric sulphur and autochthonous calcium will migrate through the pore system towards the
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exterior in case of drying or towards the interior in case of exterior wetting. Salts, and thus gypsum,
crystallize by heterogeneous nucleation out of a supersaturated solution [42]. In rocks, there are
sufficient nuclei available, yet still phases with high specific surface have higher chance to act as
nucleus [17]. On the other hand, crystals form in supersaturated solutions, which can be obtained by
drying. When crystallization is induced by drying, gypsum will accumulate at the evaporation front,
near the surface and subsurface of the stone [8]. This explains the occurrence of the gypsum layer,
zone 2, near the stone surface with a discontinuous thickness of approximately 500 um, very similar
to the observations made by Beck and Al-Mukhtar [5] on tuffeau limestone. It can be assumed that
this zone grows from the interior outwards by crystallization of gypsum at the interface with the stone.
For the same reason, gypsum crystallization can be observed at crack surfaces deeper within the stone.
Beck and Al-Mukhtar [5] made similar observations on tuffeau limestone, where they measured a
thickness of 0.5 mm for the real gypsum crust, but a thickness of 20 mm for the altered stone.

5.2. Cracks

KCT facilitated the 3D characterization of the orientation and maximum opening of the crack network.
Most are oriented (sub-) parallel to the surface. The cracks can grow to more than 100 um wide, several
millimeters below the surface, initiating the detachment of the crust by scaling as observed by Smith
et al. [41]. The cracks originate near the rounded coarse quartz grains, where initial circumgranular
porosity is present. Thus, the presence of these grains can be seen as a flaw. They are further facilitated
by the axial plane of N. variolarius and by the easily weathered glauconite grains. Dewanckele et al.
[16] observed the initiation of micro-cracks due to the sulphation process underneath the gypsum
crust. Dreesen et al. [18] found such (sub-) parallel cracks in Lede stone at depths of 5-25 mm and
designated them as frost cracks. Cracks at depths of 5-25 mm are in accordance with the observations
of the scratch test and the drilling test, which is reflected by a decrease in strength. The thickness of
the weaker layer is variable, but reaches more than 27.5 mm near the stone edges. This exceeds by far
the average thickness of 500 um of the gypsum alteration zone, but rather corresponds to the zone
where cracks are present. This cracking might be enhanced or facilitated by progressive discrimination
between the deeper stone and the crystallization zone, where porosity is altered and water flow might
be redirected parallel to the surface [4]. In turn, cracks increase the permeability and reduce rock
strength. This will have a positive feedback on the partial dissolution of carbonates within the deeper
altered rock and the further propagation of micro-cracks induced by gypsum crystallization pressure.
It will also affect the local water saturation which influences freeze-thaw weathering. Such increase in
permeability is confirmed by the gas permeability mapping, which suggests an increased permeability
near the stone surface. However, only a small part near the stone surface could be accurately
measured and more tests on permeability variation within the decayed zone should be done on other
samples.

5.3. Glauconite

The glauconite grains in the decayed zone show physical disintegration and a brownish discolouration.
This could be the result of acid-induced release of Al, Fe and Mg from the crystal lattice [26] when
glauconite comes in contact with sulphurous pore waters. This results in wedge-like splitting, which
facilitates cracks and further physical disintegration. In contrast to the suggestion of Dreesen et al.
[18], there is no evidence here of glauconite acting as favourable nucleation site for gypsum
crystallization. The released iron can precipitate locally, causing the brownish discolouration of the
grains. On the other hand, these are a possible source of the relative iron enrichment in the crust as
observed by uXRF mapping. The potassium enrichment, which is observed in this way, could also be
related to the iron released from glauconite grains. This superficial iron enrichment can be related to
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the brown-coloured patina, which is typical for Lede stone [14,15]. Gas permeability mapping suggests
an increased permeability near the stone surface, improving the capability of pore water to interact
with the glauconite grains, and most likely related to the crack network and dissolution of the calcite
matrix and cement.

5.4. Phosphorous

Finally, a phosphorous enrichment in the crust was observed in the uXRF sample, but not in de SEM-
EDX samples. Designation of phosphorous phases in crusts on building materials can be troublesome
[2]. Different authors have described the potential role historical treatments [13], organic
contributions [27] or atmospheric pollution [51] on phosphates present on building stone surfaces. In
this study, the information is insufficient to determine the origin of the phosphorous unambiguously.
However, given the sample was provided from the church tower, bird droppings are the most probably
source. This would also explain its presence in the uXRF mapping and its absence in SEMEDX images,
as bird droppings vary locally.

5.5. Black crust formation

From the cross sections and the plots of the voxel volume of interest and partial porosity, it can be
seen that the sample has undergone some dimensional changes as a result of local dissolution and
precipitation. The histogram suggests that calcite has been dissolved and that probably gypsum
precipitated. The plots indicate an outwards extension of the sample.

The dissolution of calcite took mainly place in the zone underneath the original gypsum crust.
Crystallization, on the other hand, took place in the pore network of the deeper stone and on the top
of the sample. Here, it crystallized both on top of the older crust, as well as underneath, thereby
including non-reactive grains of the stone in the crust.

Very striking is the development of cracks underneath the original and newly formed crust. This zone
is situated close to the surface, between two parts where crystallization occurred: the top crust and
the deeper stone. As such, the development of these cracks could be related either to differential
length changes induced by gypsum crystallization, either by drying induced tension. Differential length
change can be caused by crystallization of gypsum at the top and in the deeper parts of the stone.
Crystallization causing an accretion at the surface, could induce tensile stresses in the substrate. Later
crystallization in the deeper parts of the stone could induce shear stresses at the base of the overlying
layer, which was already cracked.

Alternatively, during the period of falling drying rate, the largest pores empty first which can cause
local stress [38]. In unweathered conditions, this is insufficient to crack Lede stone. However, it is not
clear how much this cracked zone was weakened by dissolution during the experiment. It is not unlikely
that the same process is responsible for the cracks observed in Section 5.1 (e.g. Fig. 5), though on a
different scale and with different intensities. Dreesen et al. [18] attributed similar cracks in Lede stone
to frost action. However, given the good frost resistance as shown by the technical tests for this stone
[15] and the observations in this experiment which did not involve freeze-thaw cycling, also the
sulphation process itself could be responsible for cracking. Yet, if sulphation initiates the formation of
this crack network, this will have a positive feedback on other processes such as freeze-thaw
weathering which can enhance the initiated cracking.
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6. Conclusion

The combination of several techniques allows a microspatial characterization of the gypsum crust.
Optical microscopy and SEM are powerful investigation tools for the study of stone weathering. uXRF
can provide additional information on the spatial distribution and the relative concentration of
different elements and was in this case particularly helpful in identifying a weak enrichment of Fe in
the crustal surface. UCT allows for 3D structural characterization, such as crustal thickness, cracked
stone thickness, crack orientation and crack maximum opening. Scaling of the gypsum crust is caused
by a crack network parallel to the surface which extends several millimeters in depth below the
superficial gypsum crystallization. The scratch test provides a spatial characterization of surface
strength and illustrates that superficial strength can be reduced more than 27.5 mm below the stone
surface. This is the result of preferential dissolution of the calcite matrix and cement and the
development of a crack network facilitated by elongated features such as circumgranular porosity or
the axial plane of planar fossils. The microspatial characterization can be used for the interpretation of
drilling tests in the field to assess the stone condition for further conservation studies.

As evidenced by the acid weathering experiments, the origin of the cracks can possibly solely be
assigned to the sulphation process, rather than freeze-thaw action. Once originated, however, they
potentially initiate a positive feedback with respect to freeze-thaw weathering. Such cracks eventually
lead to the flaking or scaling of the crust. With decreasing SO2 emissions over the last decades (e.g.
[1,20]), this implies a positive outlook on the future weathering and deterioration of Lede stone and
similar sandy limestones in monuments.
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