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Introduction
Glass, including window panes from existing stained-glass 

windows or fragments encountered in an archaeological con-

text (e.g. at excavations of church sites, monastery sites), is 

often affected by so-called darkening or browning caused by 

the development of dark-coloured Mn/Fe-rich zones in the 

alteration layer; sometimes this can lead to a reduced or 

total loss of transparency of the glass. This phenomenon has 

been reported in the literature for archaeological glass exca-

vated from different northern European sites situated in, for 

example, Belgium, Spain and the U.K. and dating from the 

11th to the 16th century (Newton and Davison 1989; 

Schreiner 1991; Müller, Torge, and Adam 1994; Müller, 

Torge, and Adam 1995; Watkinson, Weber, and Anheuser 

2005; Doménech-Carbó and others 2006; Cagno and others 

2011; Schalm and others 2011; Wouters 2013). In this 

paper, the focus of attention is on the darkening caused by 

Mn-rich zones or plugs (Roemich and others 2003), hence-

forth referred to as Mn inclusions (Doménéch-Carbó, 

Doménéch-Carbó, and Osete-Cortina 2001), and how high-

resolution microcomputed tomography (μCT) can be used to 

explore their formation and treatment.

While this study deals with both the removal and artificial 

intrusion of Mn staining, it is important to point out that 

the main objective of a glass conservator (based upon inter-

nationally accepted guidelines) is the conservation of origi-

nal (glass) material and the prevention of further decay with 

minimal intervention. This objective would generally not 

include the recovery of the transparency of Mn-darkened 

glass fragments through the removal of corrosion products 

and deposits. Corrosion products are considered to be a part 

of the material history of a sample and thus a part of its cul-

tural value (Corpus Vitrearum, Guidelines for the 

Conservation and Restoration of Stained Glass 1.3, 2nd edi-

tion, Nuremberg, 2004). To appreciate the highly fragment-

ed state of archaeological glass collections, it is important to 

understand their lifespan through the interpretation of signs 

of production, design, use, re-use, repair and deposition of 

such fragments in relation to their specific context (Wouters 

2013). For glass, any loss of the corrosion layers results in a 

High-resolution Desktop Microcomputed Tomography for 
the Evaluation of Reducing Treatments on Historical Glass 

Suffering From Manganese Browning

Keywords:
manganese browning; manganese intrusion; desktop microcomputed tomography;  reducing treatment 

Abstract
Historical glass, especially non-durable mediaeval glass, can undergo corrosion. This sometimes results in the forma-
tion of dark-coloured manganese-rich inclusions or stains that reduce the transparency of the glass. A conservation 
treatment with reducing or chelating agents may be considered with the aim of improving the transparency. In this 
paper, high-resolution desktop microcomputed tomography (μCT) is used in combination with element-specific two-
dimensional imaging methods for in situ monitoring of manganese removal by hydroxylamine hydrochloride from an 
archaeological stained-glass sample suffering from manganese browning and from artificially corroded model glass 
samples. μCT also proved itself useful for the study of the (re-)penetration of manganese into the gel layer during 
artificial corrosion of a model glass. 

Gert Nuyts,* Simone Cagno, Jakub Jaroszewicz, Hilde Wouters, Kristel De Vis,
 

Joost Caen, Koen Janssens
*Corresponding author

https://www.researchgate.net/publication/226887628_Glass_of_the_past_the_degradation_and_deterioration_of_Medieval_Glass_Artifacts?el=1_x_8&enrichId=rgreq-6e882a84-c830-497d-8037-914c774b0bd5&enrichSource=Y292ZXJQYWdlOzI5NzcxNjgyMTtBUzozMzgwNDcxMDAwNDczNjFAMTQ1NzYwODExNzY1Ng==


202

loss of technological traces and, therefore, a loss of informa-

tion (Wouters 2013). Any intervention should be reversible 

and non-destructive. However, a non-reversible treatment 

method may be considered in a limited number of cases, e.g. 

in extreme cases of darkening where the original colour of 

the glass and other signs of its history such as applied paint 

or design on the surface can no longer be appreciated. 

Two different strategies are known to conservators for 

removing the darkening effect induced by manganese: one is 

based on the reduction of the highly oxidised black/brown 

compounds, and the other focuses more on the extraction of 

this element from the inclusions by means of the application 

of chelating agents (Fitz 1981; Newton and Davison 1989). 

The heterogeneity of degraded historical glass (Newton and 

Davison 1989) makes it difficult to compare different meth-

ods of treatment, since historical glass exhibits a large range 

of weathering phenomena (Newton and Davison 1989) and 

has a variable composition, while its corrosion history is in 

many cases unknown. Samples with identical initial proper-

ties are rarely available. This can be circumvented by testing 

treatments on model glass samples, which may be artificially 

corroded to simulate phenomena encountered on original 

glass fragments; this allows full control over the composition 

of the glass and the parameters of the artificial corrosion pro-

cess in order to ensure the reproducibility of such experi-

ments. Additional reasons for preparing synthetically corrod-

ed glass are (a) that it is ethically appropriate to use such 

material in order to avoid damaging historical glass frag-

ments during comparative tests and (b) that a systematic 

study of the phenomena taking place during glass corrosion 

and/or its treatment may expand our knowledge on the man-

ganese browning phenomenon and the factors that govern it. 

In some cases, evaluation of conservation measures requires 

high-resolution analytical techniques appropriate to detect 

the degradation phenomena and the subtle changes that may 

occur to the glass during treatment. μCT has already proven 

its usefulness for the characterisation of degraded glass 

(Lopez and others 2002; Roemich and others 2003; Mees 

and others 2009; Schalm and others 2011). By employing 

the local density contrast, a 3D image can be obtained in 

which not only the position and volume of (internal) cracks 

and voids in the glass may be visualised but also the size and 

shape of the Mn inclusions may be determined. Schalm and 

others (2011) describe the presence of dendrites and of pla-

nar- and tubular-shaped enrichments inside the gel layer. 

These findings allowed them to formulate the hypothesis 

that such inclusions are formed by migration of Mn(II) 

towards the inclusions, followed by in situ oxidation. 

In order to assess the effect of a reducing treatment on exist-

ing Mn stains or of a treatment intended to induce the arti-

ficial formation of such stains, the glass material in which 

these transformations take place needs to be compared before 

and after treatment. While μCT is very useful to determine 

the 3D morphology of the Mn inclusions, it suffers from the 

limitation of being not element-specific. In what follows, we 

therefore use μCT either in combination with scanning elec-

tron microscopy-energy dispersive X-ray spectrometry 

(SEM-EDX), a conventional analytical method frequently 

employed to study glass degradation (Janssens and Van 

Grieken 2004), or together with microscopic X-ray fluores-

cence analysis (μXRF), a more sensitive equivalent of SEM-

EDX. These methods require polished cross-sections to be 

prepared from the samples, making it more difficult to 

study changes before, during and after treatment.

In a previous study on manganese browning, microscopic 

high-resolution synchrotron-radiation-based CT (μSR-CT) 

was used to evaluate the effect of a hydroxylamine hydro-

chloride (NH2OH·HCl) treatment of glass. Glass fragments 

with a comparable provenance as the materials employed 

here were immersed in a 2–5 wt% NH2OH·HCl solution. 

At a spatial resolution level of 0.7 μm, it could be demon-

strated that not only was Mn in inclusions (assumed to be 

present as MnO2) reduced to the water soluble Mn(II) form 

(Cagno and others 2011), but also the enhanced mobility 

(Watkinson, Weber, and Anheuser 2005) of the Mn allowed 

it to diffuse into the treatment solution, thus removing it 

from the gel layer (Cagno and others 2011). While μSR-CT 

allows one to distinguish between the original glass, the gel 

layer and the Mn inclusions, another advantage of the SR 

variant is its speed: by exploiting a total scan time of 

approximately 10 minutes, it was possible to monitor the 

gradual removal of the Mn resulting from a series of short 

exposures to the treatment solution (Cagno and others 

2011). An important restriction of μSR-CT, on the other 

hand, is the limited availability of experimental time at 

large-scale synchrotron facilities. A relevant question in this 

context is, therefore, to what extent a high-resolution desk-

top mCT apparatus may be used for the above-mentioned 

type of investigations.

Accordingly, in this paper, we first describe the results of a 

comparative study between desktop and SR-based mCT con-

ducted on an expendable historical glass fragment showing 

manganese staining; SEM-EDX was employed to map the 

presence of this element. The sample was characterised in 3D 

High-resolution Desktop Microcomputed Tomography for the Evaluation of Reducing Treatments on Historical Glass Suffering From Manganese Browning
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before and after treatment with a 5 wt% NH2OH·HCl solu-

tion, intended to reduce and remove the Mn from the glass. 

Second, in combination with μXRF, high-resolution desktop 

μCT was used to study the phenomenon of Mn intrusion 

from a solution into the glass gel layer during artificial deg-

radation. More specifically, these methods were used to veri-

fy whether Mn intrusion and precipitation occurs only in the 

microscopic cracks of a pre-corroded non-durable glass frag-

ment or whether Mn(II) effectively penetrates into the gel 

layer, as suggested by Schalm and others (2011). 

Background on Manganese Browning 

Glass Corrosion
In general, corrosion of historical silicate glass (Roemich and 

others 2003) is induced by the presence of water: molecular 

water penetrates into the glass via diffusion and/or reversible 

hydrolysis/condensation reactions. As a result, the silica net-

work will undergo structural transformations (Bunker 

1994). Simultaneously, an ion-exchange process will take 

place, mainly at low pH values, between protons from the 

environment and cations present within the glass network 

(Scholze 1982; Janssens and others 1996; Adams and others 

1997; Melcher and Schreiner 2004). This results in leaching 

out of most mobile cations (i.e., monovalent Na+ and K+), 

during which the density of the gel layer will decrease, since 

heavier metal cations are being replaced by lighter protons 

and water. If the surface of the glass is subject to dry/wet 

cycles, microcracks can occur, leading to the formation of 

very thin (< 1 μm) lamellae (Schalm and others 2011). In 

addition, weathering products (such as sulfates and chlorides 

of Mg or Ca) can be formed on the glass surface (Roemich 

and others 2003; Doménéch-Carbó and others 2006). If the 

original glass contains Mn, this element can also become 

depleted in the gel layer (Janssens and others 1996).

Manganese Browning
As described elsewhere in more detail (Schalm and others 

2011), when an internal or external manganese source is 

available, Mn inclusions can be formed within the leached 

layer. Historical glass often contains a small amount of man-

ganese (typically 0.5–1 wt%) with Mn(II) being the pre-

dominant species. Manganese can be present in the glass as 

an impurity of the starting materials or can have been added 

deliberately as pyrolusite (MnO2), a de-colourising agent 

(Newton and Davison 1989). Alternatively, manganese may 

be introduced into archaeological glass from the soil in 

which the glass was buried (Cox and Ford 1993; Doménéch-

Carbó, Doménéch-Carbó, and Osete-Cortina 2001). Previous 

experiments have indicated the presence of MnO2 in the Mn 

inclusions (Schalm and others 2011), and a hypothesis for its 

formation was proposed: in the presence of water and oxy-

gen, Mn(II) and/or Mn(III) ions can be oxidised to higher 

oxidation states, giving rise to, for example, insoluble MnO2 

from which the Mn inclusions are formed (Doménéch-

Carbó, Doménéch-Carbó, and Osete-Cortina 2001; Cagno 

and others 2011; Schalm and others 2011). Manganese 

inclusions are sometimes referred to as ‘corrosion bodies’ 

(Cagno and others 2011; Schalm and others 2011). 

Experimental

Microcomputed Tomography 
X-ray absorption tomography is a non-destructive technique 

that allows 3D visualisation of the linear attenuation coeffi-

cient, which is equal to the product of the local mass absorp-

tion coefficient and density (Sasov and Van Dyck 1998). The 

3D images generated by μCT consist of slices, where each 

slice corresponds to a virtual cross-section of the sample. In 

each slice, the grey value represents the linear attenuation in 

that specific location. 

Two different lab μCT scanners were used to image the cor-

roded glass fragments, namely a Skyscan 1172 high-resolu-

tion micro-CT and an Xradia MicroXCT-400 instrument. 

The first is equipped with a Hamamatsu 100 kV tungsten 

X-ray source and an 11 Mp Skyscan CCD camera. The 

Xradia has a Hamamatsu 150 kV X-ray source and a 2 K x 

2 K Andor CCD camera. In addition to the geometric mag-

nification, the Xradia also includes a set of scintillator-coat-

ed objective lenses with an optical magnification of 0.5x, 4x, 

10x, 20x and 40x, which allow better resolution than the 

Skyscan 1172. All measurements using the Skyscan 1172 

were carried out with an operating acceleration voltage of 70 

kV and a source current of 139 μA. A 0.5 mm Al filter was 

inserted in the incoming beam in order to remove the soft 

X-rays. These cannot pass through the sample and do not 

contribute to the acquired radiograph, but their scattering 

can still induce noise and unnecessary sample heating. Only 

one glass fragment was measured using the high-resolution 

https://www.researchgate.net/publication/243298717_Molecular_Mechanics_for_Corrosion_of_Silica_and_Silicate_Glasses?el=1_x_8&enrichId=rgreq-6e882a84-c830-497d-8037-914c774b0bd5&enrichSource=Y292ZXJQYWdlOzI5NzcxNjgyMTtBUzozMzgwNDcxMDAwNDczNjFAMTQ1NzYwODExNzY1Ng==
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Xradia instrument employing a 50 kV acceleration voltage 

and a 200 μA current. Reconstructions were performed using 

an algorithm based on cone beam filtered back projection, 

including ring-artefact and beam-hardening corrections. The 

latter is required since a polychromatic primary beam is used. 

Other experimental parameters are unique for every measured 

glass fragment and are summarised in table 1; this table also 

summarises all the chemical treatments employed.

Reducing Treatment of Historical Glass
Sample A, used to compare SR-CT with desktop μCT, is 

part of a series of glass fragments that originate from an 

excavation at a former Franciscan friary and are dated to the 

14th century. Since the context data of the excavation were 

lost, the heritage value of this fragment is limited (Hind, 

Marsden, and Evans 1994). The major components (wt%) of 

the original glass in sample A were determined by SEM-

EDX analysis:1 MgO 5.2%; Al2O3 2.0%; SiO2 46.8%; K2O 

18.4%; CaO 23.6%; and MnO 1.6%. The relatively large 

size (around 1 mm depth and around 2 mm width) of the 

dark Mn-enriched zone at the original glass surface makes 

this sample very suitable for the μCT comparison study. In 

order to obtain optical microscopy images from this sample 

before and after NH2OH·HCl treatment, the glass sample 

was embedded in Versocit-2 acrylic resin and consecutively 

cut and polished. Embedding also helped to preserve sample 

integrity during diamond saw cutting. 

The reducing treatment involved immersing the embedded 

glass sample for 30 min in a 5 wt% NH2OH·HCl aqueous 

solution. The same concentration as employed in the SR-CT 

study was used; there, this relatively high concentration was 

chosen in order to accelerate the treatment effect and to 

allow for a series of short exposures to the NH2OH·HCl 

alternated with SR-CT data acquisition (Cagno and others 

2011). Also in this case, immersion in this solution results 

in consecutive Mn reduction and removal. An important dif-

ference between these experiment and ‘real’ treatments per-

formed by glass conservators can be noted with respect to 

the contact surface of the glass fragment with the treatment 

solution. In the present experiment, a cross-sectional plane 

of the sample (figure 1(c)) was exposed to the reducing solu-

tion, while the original (naturally corroded) surface of the 

glass fragment was shielded by the embedding resin; during 

an actual conservation treatment, the solution would be in 

contact with the original surface. 

Artificial Degradation
Fraunhofer type M1.0 sensor glass (54.2 wt% SiO2, 28.8 wt% 

K2O, 17.0 wt% CaO) (Fuchs, Roemich, and Schmidt 1991) 

was used as starting material for the artificial alteration. A 

two-step treatment was employed to realise a rapid weather-

ing/staining process. Fragments of type M1.0 glass were 

immersed consecutively in 1 M HCl (2 hours) and 0.5 M 

MnCl2 solutions (24 hours). The immersion in acid leads to 

the creation of a leached/hydrated layer, while immersion in 

the MnCl2 solution introduces Mn into the gel layer. 

Results and Discussion

Desktop µCT Imaging of a Reducing Treatment
A schematic overview of the orientation of original bulk 

glass, gel layer and Mn inclusions of sample A is shown in 

figure 1(a). Figure 1(b) shows a Mn elemental distribution 

map of part of the area obtained by SEM-EDX,2 indicating 

Sample Scanner Treatment

µCT parameters

Exposure time/
angle

Rotation step
(°)

Total rotation 
angle (°)

Image pixel size
(µm)

Total scan duration
(hours)

Sample A Skyscan 
1172

30 min 5 wt% 
NH2OH·HCl

300 ms 0.150 360 4.2 ± 4.5

Sample B 
Fraunhofer M1.0

Skyscan 
1172

 2 h 1 M HCl 500 ms 0.4 360 3.05 ± 2

Sample C Fraunhofer 
M1.0

Skyscan 
1172

2 h 1 M HCl +
24 h 0.5 M MnCl2

780 ms 0.3 192 2.4 ± 2

Sample D 
Fraunhofer M1.0

Xradia XCT-
400

2 h 1 M HCl +
24 h 0.5 M MnCl2

10 s 0.072 180 1.1 ± 17 h

Table 1. Summary of the treatments applied to the glass samples and the instrumental parameters used during μCT acquisition. 
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that Mn-rich inclusions of lateral dimension 10–20 μm are 

present. On the optical microscope image prior to treatment 

(figure 1(c)), a gel layer (in grey) can be observed on both 

outer surfaces of the glass fragment with black Mn inclusions 

inside. (The purple regions that can be observed on the left 

side of the sample in figure 1(c) are a flashed glass layer.) 

Figure 1(d) shows a microphotograph of sample A after the 

treatment. In figure 2, tomograms of the left Mn stain of fig-

ure 1(c) are shown, obtained by μCT before (figures 2(a) and 

(c)) and after (figures 2(b) and (d)) the reducing treatment. 

The large dimensions of the Mn inclusions (figure 1(b)) 

allowed the lower resolution settings (4.2 μm) of the Skyscan 

1172 system to be used, making it possible to visualise a 

larger volume (see table 1 for a summary of all operating 

parameters).

A comparison of the images in figures 1(c) and (d) shows 

that, already after 30 min of exposure, the damage to the 

bulk glass caused by the treatment can be observed; the sur-

face has developed a crack pattern, resulting in increased 

light scattering. A second observation is that the browning 

effect has partially disappeared; this indicates that some 

manganese, originally present in the +IV state of oxidation, 

was reduced in accordance with the results obtained by 

Cagno and others (2011). However, some residual bluish-

grey coloured zones can still be observed inside the gel layer, 

suggesting that not all oxidised Mn has been removed.

While one tomographic scan using SR-CT required approxi-

mately 10 minutes, by means of the desktop μCT, a total of 

4.5 hours of measurement time was needed. Thus, it was 

only possible to evaluate the reducing treatment in a before/

after fashion without recording of 3D data at the intermedi-

ate stages. The tomograms shown in figures 2(a) and (b) cor-

respond to the contact surface, while the slices in figures 

2(c) and (d) are situated around 40 μm below the surface. 

More dense areas are represented by lighter grey values, and 

less dense areas are represented by by darker values. 

Accordingly, the less dense gel layer appears darker grey in 

the CT image than the bulk glass. Due to a higher local den-

sity, Mn inclusions show up brighter than the surrounding 

gel layer. At the surface (figures 2(a) and (b)), a significant 

fraction of the Mn has disappeared during the 30-minute 

exposure to the reducing solution; however, at 40 μm below 

the surface (figures 2(c) and (d)), this is far less the case. 

When comparing SR-CT and desktop CT, it can be noted 

that the desktop CT employed here has sufficient resolution 

and contrast to make the distinction between the various 

phases in the corroded glass and to observe relevant changes 

Fig. 1. Sample A prepared as cross-section: schematic overview (a); elemen-
tal distribution map of Mn, obtained with SEM-EDX (b); optical 
microscopy image, before treatment (c); optical microscopy image, after 
30-minute treatment with 5 wt% NH2OH·HCl solution (d) (Images: the 
authors).

Fig. 2. Virtual slices of sample A obtained by means of desktop μCT: at 
the surface of the cross-section of the embedded fragment, before (a) and 
after 30 min treatment with 5 wt% NH2OH·HCl solution (b); parallel 
slice at around 40 μm below the surface, before (c) and after treatment (d) 
(Images: the authors).

inside the material when it is exposed to the reducing solu-

tion. The long data acquisition time required by the desktop 

instruments, however, makes it not practical to record many 

intermediate stages during a treatment of this kind. From 

the images shown in figure 2, it can be concluded that, after 

30 minutes of exposure, the influence of the NH2OH·HCl 

solution is fairly superficial only.
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Microcomputed Tomography on Model Glasses: 
Detecting Artificial Corrosion Layers
The optical photographs shown in figures 1(c) and (d) 

underline that chemical treatment methods for glass can 

induce unwanted damage; this makes it questionable to use 

historical glass fragments in optimisation experiments for 

conservation methods, especially considering the art-histori-

cal value of most fragments. 

During previous experiments on artificial glass alteration, it 

was already demonstrated that Mn intrudes into the gel 

layer (Nuyts and others 2013). Figure 3(a), obtained by 

μXRF3 from a cross-sectioned sample of Fraunhofer M1.0 

glass treated with HCl and MnCl2, shows that this preferen-

tially takes place via microscopic cracks that have formed 

during the exposure to HCl (figure 3(b)). It was previously 

shown that Mn3O4 is the dominant Mn species (Nuyts and 

others 2013), without any significant spatial variation or any 

variation with treatment time, causing the typical brownish-

black colour (Hao and others 2011). The specific advantage 

of μCT here is that glass fragments can be studied at and 

below the exposed surface without the necessity to prepare 

exposed, polished cross-sections of the sample and thus 

without the risk of removing intruded Mn during such 

preparation. 

Figures 3(c) and (d) show virtual cross-sections of the gel 

layer, 14–15 μm below the original glass surface, after treat-

ment of M1.0 sensor glass with both the HCl and MnCl2 

solutions (sample C). The dark grey colour visible in almost 

the entire slice corresponds to the gel layer, having a density 

lower than that of the original bulk glass. When sample C 

was analysed using the Skyscan 1172 instrument (using the 

conditions given in table 1), a series of virtual slices with 

around 2.4 μm resolution were obtained. At the top of the 

tomographic slice shown in figure 3(c), which is not perfect-

ly parallel to the outer surface of the fragment, the denser 

bulk glass is visible. Inside the gel layer, some brighter 

areas/lines, corresponding to a higher density material, can 

be observed. These areas correspond to the cracks visible in 

figure 3(a), where a local enrichment and the higher density 

is caused by local precipitation of Mn. Without the MnCl2 

treatment (sample B), the cracks are also visible in the 

tomograms, but then as areas of lower density (dark lines in 

figure 3(b)). Thus, the combined μXRF and μCT images 

suggest that Mn has indeed penetrated the cracks created by 

the HCl treatment. 

In order to ascertain whether the Mn only filled up the 

cracks or actually penetrated the gel layer, glass sample D (a 

duplicate of sample C) was analysed at higher resolution by 

using the Xradia instrument (resolution of around 1 μm; see 

table 1 for the data-acquisition parameters). A virtual cross-

section parallel to the original glass surface within the gel 

layer is shown in figure 3(d). Similar to the image shown in 

figure 3(c), Mn enrichments can be observed as brighter 

areas in the grey-coloured gel layer. In this image (figure 

Fig. 3. (a) Si (blue) and Mn (red) elemental distribution maps of a cross-
section of an artificially altered model glass sample, obtained with μXRF; 
(b) virtual slices of model glass samples obtained with μCT, around 10 μm 
below the original glass surface after a 2-hour HCl treatment (sample B, 
medium resolution Skyscan 1172 data); (c) around 14 μm below the ori-
ginal glass surface after consecutive HCl and MnCl2 treatment (sample C, 
medium resolution Skyscan 1172 data); and (d) around 15 μm below the 
original glass surface (sample D, higher resolution Xradia XCT-400 
data) (Images: the authors).

3(d)), also some unfilled cracks (dark lines across the gel 

layer) are present. More importantly, however, inside the 

bright areas, a slightly darker core can be observed, repre-

senting the original, physical cracks in the material. From 

this observation, we tentatively deduce that Mn effectively 

enters the material via the cracks previously created by the 

HCl treatment and, from there, diffuses into the silicon–

oxygen network of the gel layer. The μXRF elemental distri-

bution maps (figure 3(a)) do not provide enough resolution 

to visualise this effect. 

Conclusions
In the first part of this paper, the treatment of historical 

glass suffering from manganese browning with NH2O·HCl 

was investigated: the applicability of desktop μCT for in 

situ monitoring of chemical changes was compared to that 

of the synchrotron-radiation-based equivalent. 
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Using a medium resolution desktop μCT instrument 

(Skyscan 1172), a behaviour in accordance with the results 

previously obtained by Cagno and others (2011) using μSR-

CT was observed, where consecutive Mn reduction and 

removal was demonstrated. However, the relatively long 

scan times of the desktop system did not allow quasi-contin-

uous monitoring of the treatment effects. On the positive 

side, the desktop variant does not suffer from the limited 

availability of SR-CT facilities and could therefore be used 

for in situ monitoring of slower-acting, and therefore more 

realistic, conservation procedures of this type, albeit with a 

coarser time resolution (i.e. of the order of days rather than 

of hours). 

In the second part of the paper, desktop μCT was proven to 

be useful for determining how Mn may be introduced into 

the gel layer formed during artificial corrosion of glass sam-

ples of low durability (Fraunhofer M1.0). Previous experi-

ments associated visual browning of the altered glass with 

the precipitation of Mn in the gel layer as brownish-black 

Mn3O4. This could also be observed by medium-resolution 

desktop CT. In high-resolution scans (1.1 μm), indications 

suggesting the diffusion of Mn from the microcracks into 

the surrounding gel layer could be observed. This will need 

to be investigated in greater detail by means of an element 

specific method such as high-resolution XRF tomography or 

transmission electron microscopy coupled to EDX.

The two-step artificial corrosion, described in this paper, was 

performed to induce manganese browning in a relatively 

short time period (around 26 hours), making it possible to 

evaluate the applicability of desktop μCT. However, gel lay-

ers produced by immersion in acidic solutions are different 

compared to degradation layers of glass fragments buried in 

the soil. Thus, in a next step, a less aggressive form of artifi-

cial corrosion will be evaluated. Another parameter to 

change is the composition of the substrate. In this study, 

highly sensitive M1.0 Fraunhofer glass without Mn was 

used together with an external Mn source. To better match 

realistic conditions in future experiments, the artificial cor-

rosion will be performed on Mn-containing glass, allowing 

browning on glass with an internal Mn source to be simulat-

ed, as described by Roemich and others (2003). In both cases, 

high-resolution desktop μCT in combination with an ele-

ment-specific imaging method will be used to visualise the 

Mn distribution before and after treatment in order to com-

pare different methods applicable to conservation practice.
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Notes
1. Quantitative analysis was performed using a JEOL 6300 scan-

ning electron microscope equipped with an energy dispersive 
X-ray detector. Spectra were collected for 200 seconds using a 
2 nA electron beam current, an accelerating voltage of 20 kV 
and a microscope magnification of 500. The net intensities 
were calculated with the program AXIL (Analysis of X-rays 
by Iterative Least squares) and quantified by means of a stan-
dardless ZAF program.

2. The X-ray map was recorded using a JEOL JSM 5510 scan-
ning electron microscope equipped with an Inca X-ray micro-
analysis unit and applying an accelerating voltage of 20 kV.

3. µXRF maps were recorded at beamline 21, ESRF (Grenoble), 
using a primary beam energy of 6.57 keV, and the sample was 
positioned at 45º with respect to the incoming beam (0.3 x 
0.8 μm2). The fluorescence yield was recorded using a silicon 
drift detector at an angle of 45º with respect to the sample. A 
step size of 5 x 5 μm2 was applied with a measuring time of 
500 ms/pt, and all recorded spectra were evaluated using the 
PyMCA software package.
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