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Abstract

Mortars from 12" to 18" century buildings along the Belgian and southern Dutch coast have
been analysed macroscopically, microscopically and by using TGA and FT-IR. The aim of
these analyses has been to determine whether the location, date and initiators of the buildings
(Cistercian or non-Cistercian) had influence on the composition of the mortar.

Macroscopy resulted in fourteen groups based on colour and thirteen groups based on the
presence of certain grains. Two groups and two subgroups have been made using microscopy,
five groups using TGA and six groups using FT-IR. When two samples appeared in the same
group when they were analysed using one method, they were often not in the same group when
analysed using a different method.

Groups based on TGA results correspond in terms of location, and groups made of mi-
croscopy and FT-IR relate only partly. The samples of only one of the buildings show a link
between the composition of the mortar and the date. No relation was found between the com-
position of the mortar and the building owner, except for small differences in the presence of
grains which were noticed during the macroscopic analyses.

The angular grains found during the microscopical analyses indicate that the quartz sand
came from rivers. The source of the lime could not be determined, but regarding the distance,
it would be most logical that it came from shells.

In conclusion, we can establish that local material was most probably used for the mortar.

Figure front page: mortar of the ‘Hof te Zande’ church, Kloosterzande (the Netherlands) (taken by the
author).
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Chapter 1

Introduction

1.1 Framework of the project

The Order of Citeaux was founded by Robert of Molesme in the south of Dijon in the east
of France in 1098 and was established because a group of monks chose to follow the Rule of
Benedictus more strictly than was possible in other abbeys (Verbaal, 2005). This Rule was
the basis of the life in European abbeys from the first half of the sixth century onwards (De
Bleeckere, 2005).

Five abbeys were a member of the Order in 1115, among which Clairvaux. The Order of
Citeaux grew to more than 280 members while Bernardus was abbot of Clairvaux, until his
death in 1153 (Vanderputten, 2005). During the 12" and 13" centuries, the Order extended
as far as Portugal, Ireland, Norway, Estland and Syria (Kinder, 2002).

The planning of a new abbey required either a monk with experience in building (Lloyd,
2006), a monk who was a master builder (Sease and Schmidt-Brabant, 2007) or a consultant
(Delaey, 2005), who was sent from an older abbey. Alternatively, a professional master builder
who traveled from project to project could be employed instead of a monk, as well as professional
builders with various specialties (e.g. quarrymen, masons) (Moffett et al., 2003).

Although no detailed specifications or guidelines existed about the shape of the buildings,
the Cistercians (the people from the Order of Citeaux) followed the design that had been used
for many abbeys since the 9" century onwards. The fact that almost all Cistercian abbeys
were built according to the same plan may have resulted from the rapid growth of the monastic
community and also because monks were sent from the main abbey to the subsidiary abbeys
for construction and providing or advice. In contrary to the abbeys themselves, the secondary
and farm buildings differed at various locations (Delaey, 2005).

This thesis comprehends the study of buildings from six sites, three Cistercian and three
others. The buildings on the Cistercian sites are all secondary buildings related to the Cistercian
Abbey of Our Lady of the Dunes (‘Ten Duinen’ Abbey) in Koksijde (Belgium). It is unknown
whether these were actually built by monks. This is examined by studying the differences in
the mortar used in buildings from Cistercian clients compared with buildings commissioned by
other clients. This and differences in location and date are studied by analysing various mortars.

This thesis has been written for my Master’s Thesis Archaeometry, which is part of the
Master’s programme of Earth Science, specialisation Archacometry, at the VU University Ams-
terdam. I aim to achieve greater knowledge of Medieval building styles, the methods of building
and use of materials.



1.2 Reading guide

This chapter has given an introduction to this thesis. Chapter 2 outlines the definition of
the problem (including the research questions) and the background information (including the
historical background, mortar and previous research). Chapter 3 presents the samples taken for
analyses, including the locations of these samples. The methods used are described in chapter
4. The results are described and grouped in chapter 5. The data set is discussed in chapter 6.
This is a study of the possible existence of a link between the groups made in chapter five and
the location, date and owner of the buildings. Furthermore, the results of the different methods
are compared. Finally, chapter 7 contains the conclusion, including what can be done in further
research. This is followed by the acknowledgements and references.



Chapter 2

Definition of the problem and
background information

2.1 Definition of the problem

The main research question 1 aim to answer in this research is:
e Do the location, date and building owner have influence on the composition of the mortar?
Therefore, the following sub questions need to be answered:
e Do mortars show differences in terms of location, period and building owner?

— What is the composition of the sampled mortars?

x What is the provenance of the material? Does the lime from the mortar come
from shells or from limestone?

— What groups of building styles can be made based on the composition of these sam-
ples?

I hope to answer these questions in this thesis by measuring the samples taken from various
locations in western Belgium and the south-western Netherlands.

Hypotheses:

I assume that the mortars contain much lime. The six locations are all near the coast where
shells and quartz sand, which can be used for making mortar, are available, so probably local
material was used.

I expect the mortar of the buildings to be quite the same. Since the people who built the
buildings had connections with each other (as they lived in the same area or they had the
same initiator), they might have had the same methods of building and preparing of mortar.
However, there may be some differences, because of the distance between the locations and
probably because local material was used.

I think that location has the largest influence on the mortar, since I expect that local
material is used, regardless the period. It is unknown whether a difference exists between the
Cistercian and the other buildings. When the Cistercian buildings are built by monks, they
might differ from the other buildings, but they might as well be built by the same people as the
other buildings.



2.2 Historical background and study area

The locations that have been chosen to study are all related to the abbey ‘Ten Duinen’ in
Koksijde (Belgium). Some are located nearby the abbey and some are historically related. Un-
fortunately, no reliable samples could be taken from the abbey ‘Ten Duinen’, since its remains
have been excavated and intensely restored without proper documentation (Dewilde and De
Meulemeester, 2005).

The abbey ‘Ten Duinen’ was founded in 1128 and joined the Order of Cistercians in 1138
(Devliegher, 1954). The building was rebuilt out of brick in the 13" century, since the commu-
nity grew (Dewilde and De Meulemeester, 2005).

Hence also the subsidiary abbey ‘Ter Doest’ at Lissewege (D in fig. 2.1) was founded in
1175 (Delaey, 2008). As more people joined the abbey, ‘Ten Duinen’ needed more farmland. It
started to cultivate, reclaim and embank land, for example in Zeeuws-VIlaanderen, which was
granted by the Flemish counts. Consequently, ‘Hof te Zande’ was built at Kloosterzande (Z in
fig. 2.1) in the 13" century (Fruytier, 1950).

In the Eighty Years’” War, the monks fled from ‘Ten Duinen’. Between 1578 and 1584, the
protestant government of Veurne ordered to remove ‘Ten Duinen’. In 1601, the monks regrouped
at ‘Ten Bogaerde’ (B in fig. 2.1) at which already buildings of the community were located (Van
Royen, 2005), among which a barn from the 13t" century which still exists (Lehouck, 2008).
New buildings were built and older ones were restored. In 1627, the most monks moved to
Brugge, while a few stayed at ‘Ten Bogaerde’ (Van Royen, 2005).

To compare the mortar of these Cistercian buildings with non-Cistercian buildings, the
following buildings were also studied. Some samples have been taken from excavated bricks of
the church of the drowned village of Aendijcke (A in fig. 2.1), since this church and the church
of ‘Hof te Zande’ are at close range and existed at the same time. The church at Wulveringem,
nearby Koksijde and Veurne, (W in fig. 2.1) was sampled since it still contained some 12"
century material (Firmin, 1940). In addition, various samples were taken from buildings in the
city Veurne (V in fig. 2.1) which is nearby ‘Ten Duinen’.

G

Belgiu™

Luxembourg

Figure 2.1: Overview of the sample locations (Based on http://maps.google.com, 2010 and Google Earth).
A: Aendijcke (The Netherlands) V: Veurne (Belgium)
B: ‘Ten Bogaerde’, Koksijde (Belgium) W: Wulveringem (Belgium)
D: ‘Ter Doest’, Lissewege (Belgium) Z: ‘Hof te Zande’, Kloosterzande (The Netherlands)



2.3 DMortar

Mortar is studied in this thesis since it is expected that different building phases can be dis-
tinguished by studying Medieval mortar, as was done by studying Roman mortars in various
studies (see 2.4).

2.3.1 Production process and composition

Mortar exists of binder (lime in most periods), aggregates (often sand) and sometimes aiding
materials (Van Balen, 2003). These three groups are described below.

Binder is the component that binds the aggregates and the bricks of the building when it
hardens (Van Balen, 2003; Durbin, 2005). Clay and calcium carbonate were used as binder in
the Middle Ages. Calcium carbonate is obtained from limestone or shells and heated until a
temperature of 900°C (Van Balen, 2003):

CaCOj; (calcium carbonate) — CaO (quicklime) + CO2 (1 gas)
The quicklime is quenched with water to form slaked lime (Van Balen, 2003):
CaO (quicklime) + HoO (water) — Ca(OH)2 (slaked lime)

The slaked lime reacts with COs9 from the air whereby calcium carbonate is formed again. The
lime hardens in this phase (Van Balen, 2003):

Ca(OH)s (slaked lime) + CO2 — CaCOj3 (calcium carbonate) + HoO
This reaction is the short version of the two sub reactions that take place (Van Balen, 2003):
a) CO9 + HyO — HyCOg3

b) Ca(OH)g + HyCO3 — CaCO3 + 2 HyO

Aggregates are added to the slacked lime (Goffer, 2007) to prevent shrinking of the mortar
when it hardens (Van Balen, 2003). Sand is the most used aggregate, others are broken shells,
slags, pieces of coal and hair.

Aiding materials (pozzolans) are added in order to enhance the hardening (increase the
hydraulicity, see 2.3.2) and final strength of the lime mortar. Materials that can be used as
pozzolanas are for example baked clay and powder from milled stones, for example trass (milled
tuff) (Van Balen, 2003).

2.3.2 Mortar types

Mortar has been used for a long time. The first known mortar was made from loam and flattened
soil. It was found in Catal Hiiyik and dated at 6000 BC (Van Balen, 2003). The Egyptians
used mortar made from burned gypsum and sand from the third millennium BC onwards (Kreh,
2002). Lime was first used as plaster in Greece from the 6" century BC onward. Lime mortar
was first used at the end of the second or the beginning of the first century BC in Greece, after
which it was used widely by the Romans which often added puzzolana and milled ceramics
which increase the hydraulicity (Van Balen, 2003).

The hydraulicity depends on the purity of the material. Non-hydraulic lime exist of pure
lime (Ca(OH)2), while hydraulic lime also contains calciumsilicates and oxides. Non-hydraulic
lime hardens by air, while hydraulic lime can harden by a chemical reaction with water. It can
harden under water without contact with air. This means that the entire amount hydraulic
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lime can harden at the same time, while non-hydraulic lime starts hardening at the surface
(Van Balen, 2003).

In the Middle Ages, raw materials had to be obtained from nearby the building site, since
transport over large distance was too expensive. This caused many differences in composition
between different locations (Van Balen, 2003).

Lime mortar was used until Portland cement was introduced by the end of the 19*” century.
This is modern material consisting of tricalciumsilicates which hardens very fast, even faster
than hydraulic lime which consists of dicalciumsilicates (Van Balen, 2003).

9th

2.4 Previous Research

Various research has been done on mortar. The hydraulicity appears to be one of the most im-
portant factors to find differences in mortars of historic buildings (Van Balen, 2003). Hydraulic-
ity research has successfully been done in various studies (e.g. Kootker, 2007a, b; Moropoulou
et al., 2003) using Thermogravimetric analysis (TGA). Moropoulou et al. (2003) could success-
fully group mortar in four categories based on TGA analysis. Kootker (2007b) could make two
groups of her mortars.

The presence of components as calcite, quartz, portlandite, brucite, K-feldspars (Biscontin
et al., 2002) and iron oxides (Genestar et al., 2006) has been indicated using Fourier transform
infrared spectroscopy (FT-IR).

The methods TGA and FT-IR (which measures which compounds are present) are often
applied on the binder, for which the <63 pm fraction is mostly taken (e.g. Biscontin et al.,
2002; Genestar et al., 2006; Kootker, 2007b). Sometimes another fraction is taken (<40 pm in
Silva et al., 2005).

Microscopy provided information about the aggregate content (Pavia et al., 2008), binder /
aggregate ratio and grain size (Kootker, 2007 a and b).

Other methods that are sometimes applied are for example Granulometric analysis (e.g.
Maravelaki-Kalaitzaki et al., 2003; Kootker, 2007b), scanning electron microscopy (SEM) (e.g.
Moropoulou et al., 2000; Silva et al., 2005), X-ray diffraction (XRD) (e.g. Genestar et al., 2006),
and X-ray fluorescence (XRF) (e.g. Velosa et al., 2007).

Not enough time was available to use all these methods in this research, so only microscopy,
FT-IR and TGA were chosen, since they are often applied in previous research and were con-
sidered to be the most useful. Granulometric analysis is not very reliable for measuring the
binder/aggregate ratio, since brittle aggregates can be present in the material, such as ceram-
ics and some stones, which can break into fine material (Maravelaki-Kalaitzaki et al., 2003)
and binder can be cohere to larger aggregates (Kootker, 2007b). Aggregates, such as mica,
plagioclase and pyroxene have been identified using SEM (Silva et al., 2005) and pore size dis-
tribution has been studied (Moropoulou et al., 2000). An optical microscope was used instead
of SEM, since it can also study the aggregates and pores and it is easier to use and to obtain.
XRD only showed the presence of calcite and quartz in some studies (Genestar et al., 2006;
Kootker, 2007b), so no additional information was provided to the TGA and FT-IR results.
However, XRD has identified other material like muscovite, gypsum, plagioclase in an other
study (Maravelaki-Kalaitzaki et al., 2003). XRF could have been useful, since it can measure
various components in the sample, e.g SiOg, CaO, AlyO3, FeaOs (Velosa et al., 2007), but it
does not add much information if FT-IR is already used.

Most studies are done on sites from the Mediterranean, for example in Portugal (e.g. Velosa
et al., 2007), Spain (e.g. Genestar et al., 2006), Italy (e.g. Silva et al., 2005) and Greece (e.g.
Moropoulou et al., 2000). The studied buildings are often from the Roman period. Since the
location and period is different, the mortar might have been produced differently too, using
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different ingredients. Degradation may also differ.

Mortar from sites in Belgium is also studied. Macro-, optical microscopy and polarisation
fluorescence microscopy were applied on lime mortar from the cathedral of Tournai. The aggre-
gates and binder types were identified and binder/aggregate ratio, grain sizes and degradation
were studied. Differences in composition between building periods were found (Elsen, 2006;
Mertens et al., 2009). Leysen et al. (1990) studied various samples from sites throughout Bel-
gium using electron probe X-ray micro-analysis, petrographical and electron microscopy, X-ray
fluorescence, ion chromatography and atomic absorption spectrometry. Differences in compo-
sition were found between the underlying material and crust which indicate weathering and
pollution.

I think this research, in which I study mortar from sites in Belgium and the southern
Netherlands using macro- and microscopy, FT-IR and TGA, can contribute to the understanding
of mortar in general.






Chapter 3

Sample locations

A total of 48 samples was taken from six locations, representing 3 structures or buildings in the
Netherlands and 14 in Belgium. Three of the six locations contain more than one building. The
sample locations are described below and maps and/or pictures of the buildings are included.
If not stated otherwise, the pictures are taken by the author.

3.1 Hof te Zande

The church and the nearby wall (fig. 3.1) of ‘Hof te Zande’ at Kloosterzande (Zeeuws-Vlaanderen,
The Netherlands) have been studied.

The church was built at the beginning of the 13" century (DeVlieger, 1954; Stichting de
Kerk in Klooster, 2009). It was largely destroyed during the Eighty Year’s War at the end
of the 16" century, and rebuilt in 1609 (Fruytier, 1950; De Kraker, 1997). It was restored
between 1922 and 1924 (Stichting de Kerk in Klooster, 2009). The shape stayed the same,
since it was rebuilt according to the original plan of the 13" century (personal communication
P. Overduin and C. Crans, 2010). According to Vincent Debonne (personal communication,
2010), researcher of architectural heritage, the 13" century construction phase is still present
at the eastern and south-eastern wall. The rest is from the 17" or 20" century.

Ten samples were taken (fig. 3.2 and table 3.1). The samples that have been taken from the
eastern wall (1 and 2), the southern wall east of the extension (4 and 5) and the well (6) are
medieval (13" century) (personal communication V. Debonne, 2010 and P. Overduin, 2010).
Sample 7 is modern, probably from 1922. The other samples are from the rebuilding phase of
1609.

The area of ‘Hof te Zande’ was surrounded by walls and deep ditches under abbot Theodori-
cus (1259-65’) (Fruytier, 1950). A part of that wall is still present and sampled for this research.
The wall is built out of medieval bricks, but it is not known whether it is original or if the bricks
have been reused. Also 17¢" century bricks are present in some parts of the wall (Scez, 2010).
The age of the wall is not very reliable, since the wall is often repaired and rebuild.

The wall exists of flat sides with buttresses between them (fig. 3.3(h)). There are 13 flat
sides at the larger part of the wall and 5 at the smaller. The flat sides are about 210 cm long.
The vertical structures are about 40 cm wide and stick out about 7 cm. Some flat sides exist
only of the smaller 17*" century bricks (e.g. flat side 3) and some of smaller (17" c.) and larger
(medieval) bricks (e.g. flat side 8, fig. 3.3(i)). All samples have been taken from the northern
side of the wall. They are described in table 3.1.

Since sample 1, 2 and 3 are taken from mortar near the smaller bricks, the mortar has to be
from the 17%" century or younger. Sample 4 is taken from mortar near larger bricks, so might
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be medieval (13"" century), but this part of the wall may also be rebuilt in the 17

later.

century or

Figure 3.1: ‘Hof ter Zande’, view from the west. The wall is visible at the right.
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Figure 3.2: ‘Hof ter Zande’, map of the church with sample locations.
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Figure 3.3: Sample locations at ‘Hof te Zande’.

First row left (a): Zc.1 and Zc.2 (©N. de Kraker). Right (b): Zc.3.

Second row left (¢): Zc.4 and Zc.5 (©N. de Kraker). Right (d): Zc.6.

Third row left (e): Zc.7 and Zc.8 (©N. de Kraker). Middle (f): Zc.9. Right (g): Zc.10.

Fourth row left (h): The wall including the flat sides and buttresses, the third flat side is in the middle of the
picture. Right (i): The eight flat side, the white circle indicates the location of sample Zw.3.
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Sample Wall Location Height Photo Date
(cm) 3.3
Zc.1 Eastern 134 cm from the buttress at the north. 137 a 13" ¢.
Zc.2 Eastern At the northern side of the middle buttress. 62 183 a 13" c.
cm from the wall to the west.
Zc.3 Western At the northern side of the buttress left of the 9 b 1609
door. 20 cm from the wall at the east.
Zc.4 Southern Right from the extension, 90 cm from the but- 133 c 13th c.
tress at the east.
Zc.b 7 Same as Zc.4, but deeper into the wall. ” c 13th c.
Zc.6 Well Southwestern corner. d 13" .
Zc.7 Western wall of the 143 cm from the buttress at the south and 306 101 e 1922
extension at the c¢m from the wall to the north.
south.
Zc.8 ? Same as Zc.7, but deeper into the wall. ” e 1609
Zc.9 Southern 30 cm from the end of this buttress at the west. 130 f 1609
Zc.10 Northern Second buttress from the west. 33 cm from the 144 g 1609
end of this part at the north.
Zw.1 3th flat side from 170 cm from the eastern buttress. 127 h 17t c.
the east or later
Zw.2 8th flat side from 105 cm from the eastern buttress. 88 i 17" .
the east or later
Zw.3 8th flat side from At about 1/3 from the part from the western 4th-5th i 17" ..
the east buttress. brick row or later
from the
top
7w.4 Buttress between Entire wide. 114 - 13" ¢,
12th and 13th flat or later

side from the east.

Table 3.1: Locations and dates of the samples from the church (Zc) and nearby wall (Zw).

3.2 Aendijcke

The Medieval village of Aendijcke was flooded in 1584 (De Kraker, 1997) and it was located
at the recent hamlet Poonhaven (Zeeuw-Vlaanderen, The Netherlands). It is unknown when
this church was exactly built, probably in the 14" or 15" century (personal communication A.
de Kraker, 2011). An excavation took place in the flooded village Aendijcke in 1980 at which
the remains of a church were found. The mortars of two bricks of that church (table 3.2) are
analysed in this research. The oldest known visual information about the church is a map of
Franchoys Horenbault from 1569 (fig. 3.4), so the mortar is certainly from before this date.

Sample Location Date
Al At a brick of 29x14x8 cm. Before 1569
A2 At a brick of 28x13x7 cm.  Before 1569

Table 3.2: Location and date of the samples from Aendijcke (A).

3.3 Ter Doest

The only building remaining from the Medieval abbey ‘Ter Doest’ is a barn (fig. 3.5 left). This
barn has been dated with dendrochronology at about 1375, while its masonry has been dated
at the 13th century (Delaey, 2008).

Samples (table 3.3) could be taken at only one location of the Medieval barn of abbey ‘Ter
Doest’. This was at the inside, at the northern wall, behind the most north-western wooden
pillar (fig. 3.5 right). A hole was already present in the wall at that location. The rest of the
walls were very hard and were painted white. A drill was needed for the other walls, but that
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was not available. The age of the eastern and western walls (the long sides) could not be trusted
(personal communication B. Delaey, 2010).

Figure 3.4: Aendijcke. Horenbault, 1569. No. 2647 in Maps and plans, State Archives, Gent, Belgium.

Figure 3.5: 13" / 14" century barn of the abbey ‘Ter Doest’, Lissewege. Left: Overview picture. Right: Sample
location at the most north-western wooden pillar.

3.4 Ten Bogaerde

A 13" century (Lehouck, 2008) barn (fig. 3.6 upper left) is located at ‘Ten Bogaerde’ which
belonged to the ‘Ten Duinen’ abbey. Four samples have been taken from what used to be the
inside of the north-eastern wall (fig. 3.6 upper right and bottom). Nowadays, the north-western
wall has been torn down and a new wall is built in the middle of the old barn, leading to a
smaller barn.

The abbot’s house (fig. 3.7 upper left), which was finished in 1612 (numbers on the wall;
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Sample Location Date

D.1 Inside of the barn, near the north-wester wooden pillar, 104 cm above the 13"-14%" ¢.
surface, 20 cm deep into the wall.
D.2 Same as D.1, but 24 cm deep into the wall. 13th-14%h ¢,

Table 3.3: The location and date of the samples from Ter Doest (D).

Lehouck, 2008) was built when the monks from ‘Ten Duinen’ regrouped at ‘Ten Bogaerde’ dur-
ing the Eighty Years” War. Three samples have been taken from this house (fig 3.7 upper right
and bottom).

In addition, an 18" century barn (fig. 3.8 upper left) is located at ‘Ten Bogaerde’ at which
six building phases have been distinguished. The major part was built in 1742-1744. Only the
wall at the southeast corner is dated older, probably 1597/1601-1627. Restoration works took
place in the 19" century, 1918-1949, 1949-1951 and after 1952, mostly along the windows and
doors (Lehouck, 2010).

Samples 1 and 2 are from the part of the building that was built between 1742 and 1744
(fig. 3.8 lower left). Samples 3, 4 and 5 have been taken from the part of the building that is
dated 1597-1627 (fig. 3.8 lower right). Sample 5 is more reliable than sample 4, because it has
been taken from deeper into the wall. All joints at the outside were reflushed in the 1950’s.

Table 3.4 presents the descriptions from the samples from ‘Ten Bogaerde’.

4
1&2 3
. . 158cm
91cm 90cm
Z NP N2 N N
N A 7N rd Y Fd
180cm 244cm 376cm 283cm

Figure 3.6: 13" century barn of abbey ‘Ten Bogaerde’, Koksijde. Upper left: Overview photo. Upper right: The
north-eastern wall seen from the west. Bottom: Schematic drawing of the bottom part of the north-eastern wall
seen from the south-west, with sample locations.
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Figure 3.7: 17" century abbot’s house at ‘Ten Bogaerde’, Koksijde. Upper left: Overview photo. Upper right:
Map of the abbot’s house with the sample locations. Lower left: Sample location of Bb.1. Lower right: Sample
location of Bb.2 and Bb.3.

Sample Location Height (cm) Date

Ba.l 180 cm from the end of the wall at the left. 91 13 c.

Ba.2 Same as Ba.l, but deeper into the wall, until 12 cm. ? 13" c.

Ba.3 424 cm from the end of the wall at the left. 90 13th c.

Ba.4 8 m from the end of the wall at the left. 158 13" c.

Bb.1 Below the middle window in the southern wall. 45 cm from the right 56 1602-1612
side of the window, which is 118 cm.

Bb.2 South-western side of the tower. 30 cm from the edge at the left. 8 1602-1612

Bb.3 Same as sample 2, but deeper into the wall. ? 1602-1612

Be.l Inside of the eastern side of the northern wall, at a bricked hole, 166 1742-1744
probably a former window. The sample is taken at the corner right
of the niche. 156 cm from the east wall.

Be.2 14 cm from the left corner of the niche. 145 1742-1744

Be.3 Outside, at the south-eastern corner. 35 cm from the end of the 150 1597/1601-1627
wall at the south.

Bc.4 Near sample Bc.3, 29 cm from the end of the wall at the south. 140 1597/1601-1627

Be.5 Same as Bc.4, but deeper into the wall. ? 1597/1601-1627

Table 3.4: Locations and dates of the samples from the Medieval barn (Ba), Abbot’s house (Bb) and 18" century
barn (Bc) of ‘Ten Bogaerde’.
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Figure 3.8: 18" century barn at ‘Ten Bogaerde’, Koksijde. Upper left: Overview photo. Upper right: Schematic
overview of the sample locations. Lower left: The niche at the northern wall. Lower right: The older part of the
south-eastern corner of the building. The samples are taken left of the ivy.
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3.5 Veurne

The city of Veurne is at least as old as the 7*"th century (Firmin, 1940) and many old Medieval
buildings are still present which were available for sampling. Figure 3.9 shows an overview of
all sample locations in Veurne.

One sample has been taken from the church of St. Walburga (fig. 3.10), which was built
between 1213 and the beginning of the 14" century (Lehouck, 2008). It replaced a Romanesque
church of which parts were still standing until the beginning of the 20" century (Firmin, 1940).
The sample has been taken from south-eastern side of the choir, which was built in the first half
of the 13" century (Lehouck, 2008).

One sample has been taken from the St. Niklaas church tower (fig. 3.11), which was built
in the 13" century (Lehouck, 2008).

Three samples have been taken from the front of the 16 century (Lehouck, 2002) school
building at Noordstraat 21 (fig. 3.12).

In addition, samples from 6 buildings were provided by Alexander Lehouck, who took these
for an earlier study (Lehouck, 2001). The Spanish Pavilion is a former town hall of which
the oldest part was built in the period 1445-1447. The vault was made in 1492-1493 and an
extension was built in the 16'" century (Lehouck, 2008). The sample was taken from the vault,
so is from 1492-1493.

Table 3.5 shows the descriptions of the samples taken in Veurne.

Figure 3.9: Overview of the sample locations in the city Veurne (based on Google Earth).
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Figure 3.10: The 13" century church St. Walburga, Veurne. Upper left: Overview photo. Upper right: Photo
of the sample location. Bottom: Schematic overview of the sample location.
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Figure 3.11: The 13" century church of St. Niklaas, Veurne. Left: The tower. Right: The portal at the bottom
of the tower with an arrow indicating the sample location.
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Figure 3.12: 16" century school, Veurne. Top: Overview photo. Bottom: Schematic overview of the sample
locations.
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Sample Building Location Height Date

(cm)
Vb.1  Boterweegschaal- Arch in the northern wall. - 1316 c.
straat 3 (Lehouck, 2001).

Vb2 7 Vault - 7

Vg.1  Grote markt 16 - - 16th c.-first
half of 17" c.
(Lehouck, 2001)

Va.l  Noordstraat 5 - - 15th-17th c.
(Lehouck, 2001)

Vec.l  Noordstraat 21 242.5 cm from the door to the right and 408 cm 69 16" c.

from the building to the left. Until 1 cm deep
into the wall.

Ve2 7 Same as Vc.1, but 1-9 cm deep into the wall. - ?

Ved 7 319.5 cm from the door to the right and 331 cm 63 7

from the building to the left.

Vd.1 Noordstraat 59 - - 13" c. (Lehouck,
2001)

Vo.l1  Ooststraat 18 - - 17th-18th c.
(personal  com-
munication  A.
Lehouck, 2011)

Vn.l  St. Niklaas 22 cm left of the portal 29 13t c.

Vs.1  Sp. Pavilion Vault - short after 1492

Vw.l St. Walburga South-eastern side, at a wall below a window. 136 13" c.

287 cm from the left of the part of the wall that
is indicated in fig. 3.10(c).

Table 3.5: Codes and dates of the samples from buildings in Veurne (V).

3.6 Wulveringem

The Romanesque part of the ‘Onze Lieve Vrouwe Kerk’ in Wulveringem (fig. 3.13 left) has been
built out of ironstone from the 12" century onwards until the 14" century. The church was
rebuilt out of brick in the 16! century. The last rebuilding took place in 1553 (Firmin, 1940).

i

= i —

-i.#'k

Figure 3.13: 12'"-16'" century church, Wulveringem. Left: Overview photo (http://nl.wikipedia.org). Right:
Sample 2 is taken at the part of the pillar at the right which is made of ironsandstone.

Samples have been taken at the inside and the outside of the church, the exact locations
can be seen on the map (fig. 3.15).

Samples 1, 3, 4 and 5 have been taken from the northern columns of the 12*" century aisle
which nowadays is the northern wall (Firmin, 1940) (fig: 3.14 left and middle). Sample 2 has
been taken from a 12" century column in the middle of the church (fig. 3.13 right), while
sample 6 has been taken from a 16! century window frame (fig. 3.14 right).

2th
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Figure 3.14: Sample locations at Wulveringem.

Right: W.6.
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Figure 3.15: Map of the church of Wulveringem with the locations from which the samples are taken (based on

a map found in the church).

Sample Inside/  Location Height Date
outside (cm)

W.1 Inside At the northern wall. About 70 cm from the wood at the right. 120 127 c.

W.2 Inside At the third pillar seen from the south-western wall of the church. At the 90 12t% c.
ironsandstone part of the pillar, near the lighter brick part of the pillar.

W.3 Inside At the northern wall. Between the second and third bow. The pillar between 138 12th ¢.
the two bows exists of rounded stones at the sides and flat stones in the
middle. The third sample is taken 46 cm left from the border of the rounded
and flat stones. The part of the flat stones was 59 cm in total.

W4 Outside This samples has been taken between the ironsandstones between the first and 60 12tk ¢.
second bow seen from the south-west, that is 838 cm from the south-western
side of the church.

W.5 Outside At the same location as sample 2, but deeper into the wall. ? 12tk ¢.

W.6 Outside This sample has been taken at the newer part of the church, just below a 161 16" c.

Gothic window, as a comparison. The location of the sample 167 cm from a

wall to the left.

Table 3.6: Locations and dates of the samples from the church of Wulveringem (W).
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Chapter 4

Methods

4.1 Sampling

A mortar sample of about 7 cm was needed for thin section, TGA and FT-IR. The samples
have been taken with a hammer and chisel. Some samples were so loose that only a chisel was
needed. The samples were put into plastic bags. The sample locations are described in chapter
3. Unfortunately, only loose material could be taken at most locations, so thin sections could
be made of only 16 samples. FT-IR and TGA analyses have been done at 47 samples.

4.2 Macro- and microscopy

All samples have been macroscopically described. The colours of the dry material have been
described using the Munsell colour chart after sampling. In addition, the grade of consolidation
and the aggregate content have been noted.

Microscopical analyses have been done in order to describe the mineralogical composition
of the samples and their texture. Not only the binder colour, the aggregate content and the
amount, shape and size of the aggregates are studied, but also the amount and size of pores
and an estimation of the binder/aggregate ratio are given. The thin sections are observed in
PPL (Plane Polarized Light) and XPL (Crossed Polarized Light).

4.3 TGA

Thermogravimetric analysis (TGA) has been performed in order to distinguish different kinds
of mortars. The hydraulicity index of the studied mortars was calculated using TGA, in order
to distinguish hydraulic and non-hydraulic mortar. This has been done earlier, for example by
Kootker (2007 a and b), Moropoulou et al. (2003) and Bakolas et al. (1998). Furthermore, the
amount of CaCOg in the samples can be measured.

The principle is as follows. When samples are heated, the instrument measures weight loss
as a function of temperature. Since certain materials burn or evaporate at certain tempera-
tures, the loss of weight during a temperature range indicates which and how many material
was present in the sample.

Only the <63 pm fraction of the samples has been measured with TGA. Besides that fine
material is required for the methods, it is done since this fraction is considered as the binder,
although also fine aggregates can be found (Moropoulou, 2000; Biscontin et al., 2002; Kootker,
2007b). Sand and larger aggregates are filtered out during the sieving, since sand has a grain
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size ranging from 63 pm till 2mm. Only grains with the size of silt (4-16 pm) and clay (<4 pm)
are present (Nichols, 2009). TGA (and FT-IR) measurements of this fraction were successfully
done in previous research (e.g. Moropoulou, 2000; Biscontin et al., 2002; Kootker, 2007b).

Since the samples were difficult to sieve, they were dried in an oven, in order to remove some
of the water, which caused the samples to stick together. The first group of samples was put
in the oven for 4 days at 60°C, the second group was put in the oven for 5 days at 50°C. After
the samples were heated, they were much easier to sieve.

Some samples were crushed before they were sieved, since they were more consolidated than
the other samples. These samples are: A.1, A.2, Be.4, Vg.1, , W.4, Zc.3, Zc.4, Zc.6, Zc.7, Zc.10,
Zw.1, Zw.2, Zw.3, Zw.4. This was done using a crusher of the brand Janson. The crushing was
done carefully, trying to avoid the aggregates.

The sieving was done using a mechanical sieve: Fritsen ®analysette Type: 03.502 No. 130
volt: 220. Two identical <63 pum sieves were used, of the brand Retsch®.

The instrument that is used for analysing is the TGA-701 analyzer from LECO Corporation.
The samples are heated from 25 to 1000°C. Three temperature ranges at which certain material
disappears are chosen to study:

120-200°C: weight loss due to disappearance of water chemically bound to hydrated salts.

200-600°C: weight loss due to disappearance of structurally bound water (SBW) bound to
hydraulic compounds.

600-1000°C: weight loss due to disappearance of carbon dioxide during the decomposition of
the carbonates.

The weight loss (%) between two temperatures can be calculated by the following formula,
in which w(a) is the weight at the lowest temperature, while w(b) is the weight at the highest
temperature and w(i) is the initial weight, measured at 105°C, after the moisture has been
evaporated:

w(a) —w(b)
w(i)
The hydraulicity is described by the CO2/SBW ratio. This is the weight loss between 600 and
1000°C divided by the weight loss between 200 and 600°C.

x 100% = weight loss (%)

The instrument also calculates the weight percentage CaCQOg in the range 615-1000°C. This
is calculated by using the following formula:
w(615°C) — w(1000°C) " 10000
w(150°C) 44

= weight loss (%)

104%)0 is used instead of 100, because the ratio between CaCQO3 and CO» is 100:44 in the equation

that shows how the bonds of CaCOgs break during heating:
CaCO3 — CaO + CO2

The sample size differs from 0.2416 to 0.9212 grams. The sample size is sometimes very small,
since only few sample was available.

4.4 FT-IR

Fourier transform infrared spectroscopy (FT-IR) can measure which bonds of atoms are present
in a sample. The method is used because it can measure whether for example carbonate, silica,
iron oxides and organic material are present (e.g. Kootker, 2007b).

As for TGA only the <63 um fraction was measured, so the samples had to be sieved. Only
fine material can be measured with FT-IR.
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The principle

Two atoms connected by a chemical bond vibrate relative to each other. If one of these atoms
is positive and the other is negative, there is an electric dipole moment. The frequency of the
vibration (v) depends on the strength of the bond (k) and the weight of the atoms (m):

1 [k(ml+m2)

V= o ml x m2
At FT-IR, infrared radiation is set to pass through the sample. When a photon collides to a
bond, it will be absorbed, which causes the bond to vibrate more. The molecule can only absorb
radiation with a frequency equal to the frequency at which the bond vibrates and only when
there is a change in dipole moment.

The instrument measures the transmittance (%) corresponding to a wavenumber (cm™1).
Each wavenumber corresponds to a certain chemical bond. The wavenumber (v) is the frequency
of the vibration (v) divided by the speed of light (c: 2.998 x 10% m/s). The transmittance is
the difference between the incoming and outgoing infrared radiation:

T =1/I,

A blanc has to be measured before the samples in order to determine Iy and to be able to correct
for the loss of radiation due to reflection (when light hits an object it reflects, transmits, or gets
absorbed) and absorption by components in the atmosphere (H2O, CO2) (Ariese, 2010).

Testing submethods and analysing

Two FT-IR submethods were available: ATR (Attenuated Total Reflectance) and KBr (Potas-
sium Bromide). In order to see which submethod was more suitable for this research, 3 samples
were measured with both submethods and with different settings.

The KBr method was chosen, because much noise was visible at the ATR spectra, while the
peaks of the KBr spectra were more clear. A resolution of 4 was chosen, because this causes the
sharpest and so clearest peaks. Resolutions of 8 and 16 were also used at the test measurements,
but this causes the peaks to flatten, so smaller peaks might not be visible. 16 scans were made
at each measurements. The more scans the more precise the measurements are, but the longer
the measurement takes. The range was 4000-400 cm~!, which is the mid-infrared region (Harris,
2002), and the interval was 2.0. The unit on the y-axis was % T (Transmittance).

Blanc correction was applied on the measurements. Therefore, a pellet made of pure KBr
was measured. This shows the background, for example the COs and water vapor, which is also
measured. The spectrum of this background measurement will be subtracted from all following
measurements. In order to measure the samples, pellets were made by mixing and compressing
2 mg sample and 100 mg KBr.
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Chapter 5

Results

5.1 Macroscopic description

All 48 samples are macroscopically described. An overview of these descriptions is shown in
table 5.1.

The main distinctive property is colour. The samples are of different shades of gray and
yellow. The Munsell system is used to describe the colours.

A distinction has also been made between samples existing of loose material and samples of
which the material was cemented together. Small consolidated pieces are often present in loose
material. This is not the consequence of the original composition, but of weathering.

Besides binder several other grains are present in the sample, such as chunks of lime and
aggregates. The aggregates found during this research are bricks fragments, pieces of shells,
(char)coal, rock and organic material. Some grains could not be identified. The white grains
are probably lime or rock (e.g. quartz) and the red and orange grains are probably pieces of
brick. Brown grains could be a piece of either brick or rock (e.g. flint, sandstone, mica) and
a black grain can be a piece of either rock (e.g. mica) or (char)coal. A grey grain could be a
piece of brick, rock or a dull piece of (char)coal.

If aggregates are not noted in the table, it does not necessarily mean that a sample does not
contain that material. The aggregates may be very small and so not clearly visible. Microscop-
ical analyses will give more detailed information.

5.1.1 Discussion and conclusion

Fourteen groups were made based on sample colour (table 5.2). Some samples have an unique
colour, while seventeen or eighteen samples have the colour 7.5Y 8/1.

Groups can also be made based on the identifiable grains. In order to look for an overlap in
identifiable grains at the samples, the amount of the occurrence of these grains is noted: 15 of
the 48 samples contain brick, 37 contain lime, of which 4 shells. 4 samples contain (char)coal
and 8 possibly. 9 contain grey rocks, 3 samples contain some kind of organic material, of which
one contains wood.

Then it is noted how many times a certain combination of identifiable grains occurs. Since
the presence of five grains is noted, 32 (2°) combinations can be made. Table 5.3 shows no clear
relation between the presence of various grains. Fourteen out of 32 combinations occur at these
samples. Some combinations are only shown at one sample, while 16 to 19 samples contain only
lime. The unidentifiable grains are not taken into account.

The groups based on colour and the groups based on identifiable grains do not show much
resemblance.
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Sample  Colour Consolidation Grains
chunks (mm) Identifiable Unidentifiable

Al 75Y8/1-1g S B c?

A2 5Y 7/3 - ly S B LS C? GR

Ba.l 5Y 8/3 - py L <lcm B L C? GR

Ba.2 5Y 8/3 - py L <1lcm L Black, red-brown

Ba.3 5Y 8/3 - py L <5 mm L Quartz, orange-brown, dark gray

Ba.4 10YR 8/1-1g L <5 mm L Small red-brown grains. Green-gray
mat. <1 cm.

Bb.1 7.5Y 8/1-1g L <5 mm B L C? GR

Bb.2 7.5Y 8/1-1g L <1.5cm B L C

Bb.3 7.5Y 8/1 - 1g S B C

Be.1 7.5Y 8/1-1g L <2cm B L C? Dark gray

Be.2 7.5Y 8/1 - 1g L <1 cm L C? Orange, gray brown

Be.3 7.5Y 8/1 - 1g L <2cm LS O Black, red-brown, white

Bc.4 10Y 8/1 - Ig S B LS Black

Be.b 7.5Y 8/1 - 1g L <3 mm L Small black, gray, red-brown

D.1 25Y 7/4 -1y L<1lcm L Black, brown, red

D.2 2.5Y 7/4 -1y L <1lcm B L Black, brown, red

Va.l 10YR 8/1-1g L <lcm L Some black, dark brown, gray

Vb.1 5Y 8/2 - 1g L <7 mm L GR

Vb.2 5Y 8/2 - 1g L <5 mm L C GR

Ve.l 7.5Y 8/1 - 1g L <1.5cm Black, orange-red

Ve.2 7.5Y 8/1-1g L <1lcm O(wood) Some white, red-brown, gray

Ve.3 5Y 8/2 - 1g L <2cm Black, dark brown-gray, orange, white

Vd.1 2.5Y 8/2-1g L <1cm L C

Ve.1 7.5Y 8/1-1g S+L L GR

Vn.1 7.5Y 8/1 - 1g L <5 mm Black, gray and red-orange-brown,
white

Vo.1 5Y 8/2 - 1g L<lcm L C? Gray

Vs.1 2.5Y 8/2-1g L <1 cm Some brown, gray

Vw.1 5Y 8/3 - py L <5 mm L Black, orange, white. Black mat. +3
mm.

W.1 7.5Y 8/2 - 1g L L Dark gray, dark red-brown

W.2 7.5Y 8/1 - 1g L L Dark gray, dark red-brown

W.3 7.5Y 8/1 -1g L <5 mm L Dark gray, dark red-brown

W.4 5Y 8/2 - 1g S L GR Dark gray, red, white

W.5 2.5Y 8/6 -y L <1l cm L Brown, gray

W.6 7.5Y 8/1 -1g L <1lcm Some white, dark

Zc.1 7.5Y 8/2 - 1g L <2 cm L C? Red, gray

Zc.2 7.5Y 8/1 - 1g L <1.5cm L Quartz, dark gray, red-brown

Zc.3 7.5Y 8/1 -1g, S B Quartz

5Y 6/2 - go

Zc.4 25Y 7/1-1g S B

Zc.5 7.5Y 8/2 - 1g L <2cm L Dark gray, red

Zc.6 5Y 8/2 - 1g S L Black, red

Ze.7 10YR 7/2 - S B L Quartz, black, brown

dyr

Zc.8 2.5Y 8/3 - py L <1.5cm B L GR Black, brown

Zc.9 5Y 7/3 -1y L<1.5cm L Some black, brown, red

Zc.10 7.5Y 8/2 -1g S B L Gray

Zw.1 7.5Y 8/2 - 1g S+L LS (0] Dark gray-brown

Zw.2 5Y 8/2 - 1g S Gray, red, white

Zw.3 7.58/1-1g S B L GR Black

Zw.4 5Y 8/2 - 1g S L

Table 5.1: Results of the macroscopic analysis.

Colour: g: gray(ish), o: olive, r: orange, y: yellow, d: dull, I: light, p: pale.
Consolidated: L: loose material, S: stone.
Grains: B: brick, L: lime, S: shell, C: (char)coal, GR: gray rock, O: organic.
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Colour Samples
2.5Y 7/1 (light gray) Zc.4.

2.5Y 7/4 (light yellow) D.1, D.2.
2.5Y 8/2 (light gray) Vd.1, Vs.1.
2.5Y 8/3 (pale yellow) Zc.8.

2.5Y 8/6 (yellow) W.5.

5Y 6/2 (grayish olive) Zc.37?

5Y 7/3 (light yellow) A.2, Zc.9.

5Y 8/2 (light gray)
5Y 8/3 (pale yellow)
7.5Y 8/1 (light gray)

7.5Y 8/2 (light gray)
10Y 8/1 (light gray)

10YR 7/2 (dull yellow orange)

10 YR 8/1 (light gray)

Vb.1, Vb.2, Vc.3, Vo.1, W4, Zc.6, Zw.2, Zw.4.

Ba.1l, Ba.2, Ba.3, Vw.1.

A.1, Bb.1, Bb.2, Bb.3, Be.1, Be.2, Be.3, Be.5, Ve.l, Ve.2,
Vg.1, Vn.1, W.2, W.3, W.6, Zc.2, Zc.37, Zw.3.

W.1, Zc.1, Zc.5, Zc.10, Zw.1.

Be.4.

Zc.7.

Ba.4, Va.l.

Table 5.2: Groups made based on sample colour.

Combination Amount of
identifiable  samples

Samples

grains

none 6 Ve.1, Ve.3, Vn.l, Vs.1, W.6, Zw.2

B 2/3 A1, Zc.3, Zc.A

L 16/17/18/19 Ba.2, Ba.3, Ba.4, Bc.2?, Be.5, D.1, Va.l, Vo.1?, Vw.1,
W.1, W.2, W.3, W.5, Zc.1?, Zc.2, Zc.5, Zc.6, Zc.9, Zw.4

(@) 1 Ve.2

BC 1/2 A.17, Bb.3

BL 4/5 Bc.1?, Be.4, D.2, Zc.7, Zc.10

LC 1/2/3/4 Be.2?, Vd.1, Vo.1?, Zc.1?

LG 3 Vb.1, Vg.1, W.4

LO 2 Be.3, Zw.1

BLC 1/2 Bb.2, Be.1?

BLG 3/4/5 A.27, Ba.1?, Bb.1?, Zc.8, Zw.3

LCG 1 Vb.2

BLCG 1/2/3

A.27, Ba.1?, Bb.1?

Table 5.3: Groups made based on the presence of the five identifiable grains. B: brick, L: lime, C: (char)coal, G:
gray rock, O: organic.
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The samples of the groups with the colours 2.5Y 7/4 (D.1 and D.2), 2.5Y 8/2 (Vd.1 and
Vs.1) and 5Y 7/3 (A.2 and Zc.9) are not in a group based on identifiable grains with the same
samples of that group.

Two samples (Vb.1 and W.4) with the colour 5Y 8/2 contain only lime and gray rock, two
(Ve.3 and Vw.2) contain none of the identifiable grains and two maybe three (Zc.6, Zw.4, Vo.17)
contain only lime.

Three (Ba.2, Ba.3 and Vw.1) out of four samples with the colour 5Y 8/3, two, maybe three,
(W.1, Zc.5, Zc.1?) out of five samples with the colour 7.5Y 8/2 and the two samples (Ba.4
and Va.l) with the colour 10YR 8/1 contain only lime as identifiable grain. This is the largest
group, so it is not strange that a large part of the samples from various groups based on colour
are in this group.

The samples with the colour 7.5Y 8/1 form 5 groups based on identifiable grains. A.1 forms
a group with either Zc.3 or Bb.3 (depending on whether coal is present). Furthermore, two
samples contain brick, lime and gray rocks (Bb.1 and Zw.3), two samples contain brick, lime
and coal (Bb.2 and Be.1), four or five samples contain only lime (Be.5, W.2, W.3, Zc.2, Bc.27?),
and three none of the identifiable grains (Vc.1, Vn.1 and W.6).

Concluding, the two sets of groups do not match. The groups based on identifiable grains
are more significant than the groups based on colour, since colour is more subjective than grain
content.

5.2 Microscopic analyses

Thin sections were made of 16 samples: A.1, A.2, Be.4, Vg.1, Vc.3, W4, Zc.1, Zc.3, Zc.4, Zc.6,
Zc.7, 7c.10, Zw.1, Zw.2, Zw.3, Zw.4. Unfortunately, the other samples had only loose material,
so no thin sections could be made of them.

The articles of Elsen (2006), Pavia et al. (2008), the theses of Kootker (2007a and b) and
the book of Wenk and Bulahk (2004) are used for interpretation of the features that have been
observed. Illustrations of Pettijohn et al. (1987) and Terry and Chilingar (1955) were used to
estimate respectively sorting and sphericity, and percentage.

All photo’s in this section have been taken by the author, using a microscope with 39x
magnification.

5.2.1 Descriptions
Al

Matriz: Light brown in PPL, dark brown in XPL, slightly lighter with than without compen-
sator.
Minerals and Aggregates:

e Quartz. The minerals are mostly angular, 0.03-0.2 mm, well sorted. In addition, a poly-
crystalline quartz mineral has been seen. About 35 % of the total.

e Shells. One shell is probably of a snail (Gastropoda) (fig. 5.1 left) The material is
carbonate: brown in PPL and XPL (with and without compensator). The holes are not
filled, except for 2 round black objects. The diameter is about 0.3 mm.

An other object that is probably a piece of a shell is brown in PPL and colourful in XPL
(the same with and without compensator). The size is about 0.7 mm.

e Probably charcoal. A few pieces that are black in PPL and XPL (with or without com-
pensator.) Some are more dense than others. Some are round, but most are angular,
0.05-0.5 mm. The minerals can also be other organic material or iron oxides.

e Lime lumps. These objects are slightly darker or lighter than the matrix and contain less
aggregates. Until about 1mm.
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Calcite. The mineral shows various cracks, it seems to be broken. It is gray in PPL, it
is light yellow with green en pink spots and it has a black extinction in XPL. In XPL
with the compensator, it is yellow/green with a pink extinction. The shape is round, has
a diameter of about 0.3 mm. It has a white, black or pink rim. This piece of calcite is
not well burned compared to the matrix. Similar smaller minerals (about 0.05 mm) are
present throughout the sample.

Unknown, about 0.2 mm. Green or yellow in PPL, slightly more gray in XPL, or-
ange/green in XPL with compensator.

Unknown, about 0.2 mm. Yellow in PPL, black in XPL, pink/red in XPL with the
compensator. Angular.

Unknown, about 0.2 mm. White in PPL, light yellow in XPL (with or without compen-
sator).

Unknown, about 0.1 mm. Brown/white in PPL, blue in XPL, green to purple in XPL
with compensator.

Unknown. A mineral that is brown in PPL and XPL, about 0.3 mm, cleavage in one
direction, no pleochroism and extinction. It has orange and green lines in XPL with the
compensator. It resembles biotite, although biotite has pleochroism.

Pores: Some small pores of about 0.1 mm, some round pores of about 0.5 mm, some irregular
pores of about 1mm and one long crack of 4x0.5 mm. In total about 5% of the volume.
Binder/Aggregate (B/A) ratio: 60/40

A.2

Figure 5.1: Left: Shell at A.1, PPL. Right: Lime lump (left) and brick (right) at A.2, PPL.

Matriz: Not much is present. Light brown in PPL, brown/grayish in XPL.
Minerals and Aggregates:

e Quartz. Angular, 0.03-0.1 mm, well sorted. About 55%.
e Charcoal. A few angular fragments occur from 0.1-0.3 mm in diameter.

e Ceramic fragments (fig. 5.1 right). Pieces that are red/brown in PPL, and slightly darker

in XPL. At least four large fragments and a few smaller ones are present, the largest being
0.9x0.6 mm, a smaller one for example 0.5x0.3 mm. Quartz is present in them. They can
be recognized as ceramics with the naked eye, because of their orange colour.

e Lime lumps (fig. 5.1 right). At least two large brown lumps are present, 1.3x0.8 mm

and 2.3x0.6 mm. They are darker than the matrix, slightly darker in XPL than in PPL
and slightly lighter with compensator than without compensator. Quartz and dark brown
pieces are present in them.
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A mineral is present which seems to be calcite. It is a rounded mineral, 0.8x0.6mm, gray
in PPL, partly brown and partly very colourful with partly a black extinction (purple
with compensator) in XPL.

The lime lumps and calcite are white when looking to the thin section with the naked eye.
Unknown. About 0.05 mm. Brown in PPL, dark brown in XPL, dark purple in XPL with
compensator.

Unknown. About 0.05 mm. Light brown in PPL, yellow/orange with black extinction in
XPL and yellow with purple extinction in XPL with compensator.

Unknown. Light green in PPL, more gray in XPL, very colourfull in XPL with compen-
sator. About 0.1 mm. This might be the same mineral as the green mineral in A.1.

Pores: Some pores between 0.5 and 2 mm are present. These have rounded to irregular shapes
and are spherical to elongated. In addition, some pores of about 0.1 mm are present. In total
about 3%.

B/A ratio: 40/60

Bc.4

Matriz: Dark brown in PPL and XPL.
Minerals and Aggregates:

Many angular quartz grains. Larger than at the previous two samples: 0.1-0.2 mm,
medium sorting. About 40% of the total.

Many shell fragments (fig. 5.2 left). The one in the photo seems to be from the Ensis
genus, a Bivalvia class. 0.5x0.2 to 2.0x0.8 mm. These are brown in PPL. Some are brown
and some are pink and green in XPL. They have an black extinction without and a purple
with compensator in XPL.

Carbonate lumps. These slightly lighter brown than the matrix in PPL, slightly darker in
XPL without and lighter with compensator. Darker spots and pores are present in most
lumps. E.g. 0.6x0.3 or 1.7x1.0 mm.

Some unburned calcite is present, small minerals that are white or yellow in PPL and
show bright colours in XPL. About 0.1-0.4 mm.

Unknown. About 0.3mm. Brown in PPL, yellow-green in XPL without compensator,

green-orange in with compensator. They might be the same as the unknown green minerals
in A.1.

Pores: Many pores of various sizes, from only 0.1 mm to almost 3x0.5 mm. All have irregular
borders. Some are more spherical, while some are more elongated. About 30% of the total.
B/A ratio: 50/50

Figure 5.2: Left: Shell at Bc.4, PPL. Middle: Charcoal fragment at Vc.3, PPL. Right: Calcite (top) and lime
lump (bottom) at Ve.3, XPL.
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Ve.3

Matriz: The matrix is brown in PPL, slightly darker in XPL.
Minerals and Aggregates:

e Quartz. Angular grains, 0.05-0.3 mm, medium sorting. Some small polycrystalline quartz
is present. About 30% of the total.

e Charcoal (fig. 5.2 middle). A large black area of 4.4x3.8 mm, is visible which contains
many pores. In addition, charcoal is visible as small dense black pieces.

e Shell. A thin (0.1 mm) fragment is present of 1.5 mm long.

e Carbonate lumps are present. Some show pores or small black spots. Some show cracks.
One shows a black rim. E.g. 0.6x0.5 mm.

e Calcite mineral (fig. 5.2 right). Elongated mineral of 1.4x0.3 mm. White with brown
spots at PPL. It exists of small yellow, orange, pink, green and blue spots in XPL, every
90 degrees there is a black extinction without compensator and a pink extinction with
compensator. This calcite mineral was not burned. In addition, some calcite minerals of
about 0.2 mm are present.

Pores: Many small pores (about 0.3 mm) and a few larger ones (about 1 mm) are present.
About 10% of the volume.
B/A ratio: 65/35

Vg.1

Matriz: Dark brown in PPL and XPL. Similar to that of Bc.4.
Minerals and Aggregates:

e Many angular quartz grains, 0.1-0.3 mm, medium sorting. Some small polycrystalline
quartz. Except for some carbonate lumps and small other minerals, quartz is the only
mineral present, it is estimated to be about 48% of the total.

e Carbonate lumps are visible throughout the sample. They are slightly lighter than the
mortar. Some show pores or darker spots. E.g. 0.6x0.4 mm.

e Probably ceramics: a dark brown, almost black material. It is overlapped by a carbonate
lump (fig. 5.3 left). The total of the two minerals is 1.1x0.9 mm.

e Unknown. A mineral that looks like quartz, except it is yellow /orange in XPL without a
compensator instead of white. About 0.3 mm.

Pores: Many large pores. Some connected cracks seem to be in the same direction. These
cracks are about 0.5 mm thin, and in total about 6 mm long. Their borders are irregular. Also
some smaller pores are visible (0.2-0.5 mm). About 30% of the volume.

B/A ratio: 50/50

W.4

Matriz: Light brown in PPL, darker in XPL.
Minerals and Aggregates:

e An area with more and darker matrix and larger quartz grains can be seen (fig. 5.3 right).
This might be a piece of old re-used mortar. 11x8 mm.

e Quartz. Most are angular, but some are round. 0.05-0.3 mm, poorly sorted. About 40%.
The quartz grains are slightly larger in one area than at the other.

e Charcoal. Dense black pieces of about 0.3 mm.
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Figure 5.3: Left: Carbonate lump (top) and ceramics (bottom) at Vg.1, PPL. Right: Two areas with different
mortar at W.4, PPL.

e Lime lumps. Brown minerals, which are slightly darker in XPL. Some minerals are slightly
lighter than average, some slightly darker. Some have pores and cracks. The lumps are
white with the naked eye. Until 2 mm.

e Probably calcite. Some very small (0.05 mm) minerals which are white in PPL and have
very high-order interference colours in XPL are visible.

e Unknown material. Grey brown in PPL, orange to gray with partially black extinction
in XPL. With the compensator blue, yellow and red lines are visible. The object exists
of small coloured lines with various directions. Black spots (charcoal) are visible in the
material. 1.8x0.6 mm. It resembles calcite, except calcite shows high-order interference
colours in XPL, while this mineral shows only orange and gray.

Pores: A large triangle shaped pore with an irregular border of 4x2 mm. Some medium pores
of 0.5-1 mm and many small pores of about 0.1-0.2 mm, spherical to elongated, with irregular
to sharp borders. In total about 10% of the volume.

B/A ratio: 50/50

Zc.1

Matriz: Light brown material in PPL, gray in XPL, brown in XPL with compensator.
Minerals and Aggregates:

e Quartz. All kind of shapes, angular and round. 0.05-0.3 mm, poorly sorted. About 50%
of the total.

e A shell. Probably from a snail (Gastropoda). 1.3x0.9 mm. (fig. 5.4 left). The shell is
filled with mortar, e.g. quartz, charcoal and matrix.

e Charcoal. One large fragment of 1 mm. In addition, some dark minerals which might be
charcoal as well as lime fragments.

e Lime lumps. One is a triangle, but most are more rounded. Some are very large (e.g.
1.8x1.4 mm). They are about the same colour as the matrix. They are white with the
naked eye.

e Calcite. Some small (0.05-0.1 mm) minerals which are white in PPL and have very high-
order interference colours in XPL.

e Unknown. Some of the green minerals that has already been seen in sample A.1. About
0.2 mm.
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e Unknown. A mineral that is yellow in PPL, black in XPL and pink/red in XPL with
the compensator. It resembles the second unknown mineral of A.1, but also the unknown
green mineral. About 0.2 mm.

e Some areas with few matrix and many small quartz minerals (<0.03 mm) are present.

Pores: Some pores of small (0.1 mm) to medium size (0.5-1 mm) are present. Most have an
irregular border. From spherical to elongated. About 5% of the total.
B/A ratio: 45/55

Figure 5.4: Left: Shell at Zc.1, XPL with compensator. Right: Quartz at Zc.3, XPL.

Zc.3

Matriz: Dark brown material.
Minerals and Aggregates:

e Quartz (fig. 5.4 right). Very round to very angular, 0.05x0.05 to 1.8x1.2 mm, very poorly
sorted. Some are light brown instead of white, but they seem to be quartz when looking
to them in XPL with the compensator. Much polycrystalline quartz is present. About
48% of the total.

e Unknown. Some minerals that are white in PPL, red/orange with a black extinction in
XPL (fig. 5.4(b), orange to pink to brown to dark green in XPL with compensator. About
0.2-0.5 mm. One is orange/pink in XPL, green/yellow/orange/pink with compensator and
has a diameter of 0.2 mm.

e Unknown. Some minerals that are light brown in PPL, dark brown in XPL without and
purple in XPL with compensator. This might be very thin material, since pores are black
in XPL without and purple with compensator, maybe a lime fragment. About 0.5 mm.

Pores: Some pores of about 0.1 to 0.5 mm are visible, from very round to very angular. About
5% of the total.
B/A ratio: 50/50

Zc.4

Matriz: Brown.
Minerals and Aggregates:

e Quartz. Angular, small: 0.05-0.1 mm, well sorted. About 20% of the total.
e Lime lumps (fig. 5.5 left). They have the same colour as the matrix. Some show cracks
and pores. Some are very large, e.g. 3.6x5.4 mm, but most are about 0.5 mm in diameter.
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A shell has been observed. About 0.3x0.2 mm.

Calcite. Some small (0.1 mm) fragments.

Unknown. Some green minerals, similar to those in A.1. About 0.1 mm.

Unknown. Some minerals that are yellow/orange/red in PPL, slightly darker in XPL
without and red/orange/pink in XPL with compensator. About 0.1 mm.

Pores: Many pores which are smaller than 0.1 mm and some pores between 0.3 and 1 mm. Most
have sharp borders, they range from well rounded to very angular. In addition, thin cracks can
be seen in the mortar and lime lumps. About 10% of the volume.

B/A ratio: 60/40

Figure 5.5: Left: Lime lumps at Zc.4, PPL. Right: Pyroxene at Zc.6, XPL.

Zc.6

Matriz: Brown.
Minerals and Aggregates:

e Quartz. Less minerals than in most other samples, about 10%. Most are very angular,
0.05-0.4 mm, poorly sorted. In addition to normal quartz minerals, polycrystalline quartz
is present with a size ranging from 0.03 to 0.1 mm.

e Charcoal. Some pieces that are black in PPL and XPL. 0.1-1 mm.

e Pyroxene (fig. 5.5 right). Two similar minerals are present. One is white in PPL, while the
other is light yellow. One has stripes in one direction, while the other shows clear double
cleavage. They are bright blue with brown extinction in XPL, they contains orange, yellow
and purple spots. Blue with pink, orange, yellow spots in XPL with the compensator, and
a light green to orange to pink extinction. The largest contains a few dark brown spots
and is 1.2x0.6 mm.

An other pyroxene is brown in PPL, the same colour as the matrix. It has a blue to yellow
birefringence in XPL. It is orange/yellow to blue/green in XPL with the compensator. It
is L shaped and has a hole in it. This mineral is 0.5x0.6 mm.

e Unknown. Some small pieces that are brown/orange/red/yellow in PPL and XPL. One
has a diameter of 0.5 mm and has an arc shape. Others are 0.1-0.3 mm.

e Unknown. A mineral that is gray in PPL and yellow in XPL. About 0.1 mm.

e Some spots appear to be less dense. It are not pores, but the matrix is much lighter.
Various sizes until 6 mm.

Pores: Pores of 0.1 to 1.5 mm. Most are very round, some have a more angular shape. Some
long thin cracks are present. In total about 10%.
B/A ratio: 80/20
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Zc.7T

Matriz: Brown.
Minerals and Aggregates:

e Quartz. Larger and more round than in most thin sections. 0.05-1.0 mm, poorly sorted.
Much polycrystalline quartz (fig. 5.6 left). Some grains are light brown in PPL, but act
the same as quartz in XPL, as at Zc.3. About 68%.

e Unknown. Some small minerals that are white/gray in PPL and red or orange in XPL.
About 0.05 mm. The same unknown minerals as in Zc.3.

e Unknown. Minerals which are light brown in PPL, black in XPL without compensator
and purple with. The same minerals as in Zc.3. Possibly a not dense lime fragment.
About 0.5 mm.

Pores: The amount of pores is larger than the amount of matrix. The aggregates lay largely in
pores instead of matrix. About 60% of the total.
B/A ratio: 30/70

Figure 5.6: Left: Polycrystalline quartz at Zc.7, XPL. Right: Brick (left) at Zc.10, PPL.

Zc.10

Matriz: Brown, variating between slightly lighter and darker brown.
Minerals and Aggregates:

e Quartz. Some rounder, some more angular, 0.03-0.3 mm, poorly sorted. About 35%.

e Lime lumps. From 0.3x0.3 to 2.5x0.9 mm. The same colour as the matrix. Some show
cracks and pores.

e An area that is black in PPL and XPL. It contains much quartz. When looking to the
thin section with the naked eye, it is orange/red and it seems to be a piece of brick (fig.
5.6 right). 2.8x1.8 mm.

e Calcite. Some small (0.1-0.2 mm) minerals that show high-order interference colour in
XPL.

e Unknown. Some minerals that are green in PPL and slightly darker green in XPL. In XPL
with the compensator, they are dark green with a yellowish extinction. About 0.1mm in
diameter. This is the same unknown green material as in A.1.

Pores: Some small (about 0.1 mm) and some larger (0.5-1 mm) pores are present. Some are
very large: 4-5 mm long. About 20% of the total.
B/A ratio: 55/45
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Zw.1

Matriz: Dark brown.
Minerals and Aggregates:

Quartz. From very rounded to very angular, 0.03-0.5 mm, poorly sorted. About 45%.

e Lime lumps (fig. 5.7 left). Some are slightly lighter or darker than the matrix. Many
show cracks. Most are between 0.5 and 1 mm.

e A mineral that is black in PPL, XPL and with the naked eye. Probably charcoal. About
0.7 mm.

e Calcite. Some minerals that are white and gray in PPL and very colourful in XPL. E.g.
0.7x0.5 or 0.5x0.2 mm. Also some smaller (about 0.1 mm) minerals are present.

e Unknown. Some small minerals which are green/yellow in PPL, dark green in XPL and

brown/green/orange in XPL with compensator. The same minerals as in A.1. 0.1-0.3

mim.

Pores: Some small pores of about 0.1 mm, some are slightly larger: 0.5 mm. The largest pores
are in lime lumps. Most have irregular borders. About 5%.
B/A ratio: 50/50

Figure 5.7: Left: Lime lumps at Zw.1, PPL. Right: Area with quartz at Zw.2, PPL.

Zw.2

Matriz: Brown.
Minerals and Aggregates:

e Quartz. Mostly angular, some are round. 0.03-0.3 mm, poorly sorted. About 40%.

e Areas with a lighter matrix, smaller quartz fragments and many pores (fig. 5.7 right).
This might be old re-used pieces of mortar. One of 3.6x2.0 mm and one of 1.5x1.0 mm.

e Lime lumps. Some are broken and are very porous. Some are slightly lighter or darker
than the matrix. 0.1-1.5 mm.

e Calcite. Minerals that are white and gray in PPL and very colourful in XPL. About
1.0x0.7 mm. Some calcite minerals might be slightly burned, since they are less colourful
and more brown than the other minerals.

e Unknown. Minerals which are green in PPL and darker green in XPL, as in sample A.1.

Pores: Some small pores (0.1-0.3 mm), some are larger (around 0.5 mm), one pore is 4.5 mm
long. Most have irregular borders. Many pores are in lime lumps. In total about 20% of the
volume.

B/A ratio: 50/50
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Zw.3

Matriz: Brown.
Minerals and Aggregates:

Quartz. Angular and round, 0.05-0.3 mm, poorly sorted. Some polycrystalline quartz is
present. About 50%.

Lime lumps (fig. 5.8 left). Large brown minerals. They contain many cracks and pores.
From very small until about 2 mm.

Calcite (fig. 5.8(a). Minerals that are brown in PPL and colourful in XPL. E.g. 0.6x0.3

or 0.8x0.4 mm.

Unknown. Some minerals that are light green in PPL and darker green in XPL. 0.1-0.2
mm. The same unknown green minerals as in A.1.

Unknown. Black material, round and angular minerals, about 0.05-0.5 mm. Possibly
charcoal or very dark carbonate lumps.

Pores: Some small pores (around 0.1 mm), some larger ones (0.5-1.0 mm). Most have irregular
borders. Some are in lime lumps. In total around 10%.
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5.8: Left: Calcite (left) and carbonate lump (right) at Zw.3, XPL. Right: Shell and lime lumps at Zw .4,

Matriz: Brown.
Minerals and Aggregates:

Quartz. Angular and round. Poorly sorted, 0.03 to 1.0 mm in diameter, with an average
of 0.1 mm. About 50%.

Two pieces that seem to be shell (fig. 5.8 right). They are brown in PPL and brown with
small yellow, pink, orange and green spots in XPL. 1.5x0.3 and 1.4x0.1 mm.

Lime lumps (fig. 5.8 right). Slightly lighter or darker than the matrix. They show many
cracks. Until 2.5 mm.

Calcite. Minerals that are white/brown in PPL and colourful in XPL. From 0.2 to 2.5
mm.

Charcoal. At least one angular mineral of 0.5 mm. Some other black to dark brown
minerals might be charcoal or dark carbonate fragments. Some minerals are very round.
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e Unknown. Some minerals are present, which are light green in PPL and slightly darker
in XPL. About 0.1 mm. These are the same minerals as in sample A.1.

Pores: Many pores ranging from 0.1 to 4 mm, most are between 0.1 and 1 mm. Most have
irregular borders, some are in lime lumps. In total about 10% of the volume.
B/A ratio: 40/60

5.2.2 Discussion and conclusion

The binder is carbonate in all samples. This carbonate with grains less than 4 microns is called
micrite, or lime mud (Nichols, 2009). The colour differs between lighter and darker brown in
PPL and XPL.

Quartz grains are present in all samples, in different sizes and shapes. Polycrystalline
quartz, which consists of aggregates of crystals instead of single crystals (Pettijohn et al., 1987),
is present in seven samples (A.1, V.3, Vg.1, Zc.3, Zc.6, Zc.7 and Zw.3).

Lime lumps are present in thirteen samples (all except Zc.3, Zc.6 and Zc.7), calcite in twelve
(all but Vg.1, Zc.3, Zc.6 and Zc.7) charcoal in eight or nine (A.1, A.2, Vc.3, W.4, Zc.1, Zc.6,
Zw.l, Zw.37, Zw.4)), shells in six (A.1, Be.4, Ve.3, Zc.1, Zc.4 and Zw.4), ceramic fragments
in three (A.2, Vg.1 and Zc.10), areas with a different kind of mortar in two samples (W.4 and
Zw.2) and pyroxene in only one sample (Zc.6) (see table 5.4).

Most unknown minerals are very small and not important for grouping. Some are observed
in more than one sample.

The green mineral that is lighter in PPL, slightly darker in XPL without compensator and
orange/green with compensator is present in the samples A.1, A.2, Be.4, Zc.1, Zc.4, Zc.10, Zw.1,
Zw.2, Zw.3 and Zw.4.

Two unknown minerals are present in Zc.3 and Zc.7. Minerals which are white/gray in PPL
and red/orange in XPL and minerals which are light brown in PPL, dark brown/black in XPL
without compensator and purple with compensator. The last might be a thin lime fragment.

Ratios Quartz Other Aggregates
*
_ S F
o~ —_ n o+ QO
cS |EE 8 Z|9EzEZiz:
Sample |~ M < 0 n n A OO0 nmO O A
Al 5 60/40|35 a 0.03-0.2 well |+ + + + +
A2 3 40/60|55 a 0.03-0.1 well + + + +
Bc.4 30 50/50(40 a 0.1-0.2  med. + + +
Ve.3 10 65/35|30 a 0.05-0.3 med. |+ + + + +
Vg.1 30 50/50|48 a 0.1-0.3 med. |+ + +
W.4 10 50/50 |40 a-r 0.05-0.3 poor + x + +
Zc.1 5 45/55|50 a-r 0.05-0.3 poor + + +
Zc.3 5 50/50|48 va-vr 0.05-1.8 poor |+
Zc.4 10 60/40|20 a 0.05-0.1 well + x +
Zc.6 10 80/20|10 va 0.05-0.4 poor |+ + +
Zc.7T 60 30/70|68 r 0.05-1.0 poor |+
Zc.10 |20 55/45|35 r-a  0.03-0.3 poor + x +
Zw.1 5 50/50|45 va-vr 0.03-0.5 poor + + +
Zw.2 |20 50/50|40 a-r  0.03-0.3 poor + + +
7w.3 10 40/60 |50 a-r 0.05-0.3 poor |+ + + 7
Zw.4 |10 40/60|50 a-r  0.03-1.0 poor + + + +

Table 5.4: Overview of the ratios, aggregates and minerals in samples detected by microscopy. *Percentages
quartz of the total minus the pores. Abbreviations: a:angular, r:round, v:very, med.: medium, P.Q: Polycrys-
talline quartz. x: only a small amount of calcite is present.
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In order to group the samples, the matrix, presence of aggregates and quartz characteristics
are compared with each other.

Zc.3 and Zc.7 are similar. Both contain almost only quartz, further they contain polycrys-
talline quartz and two unknown minerals. The grains are larger and rounder than in other
samples. Since Zc.7 is modern mortar, Zc.3 should be modern mortar as well. In retrospect, it
looks as modern mortar when looking at it macroscopically.

Zc.1, Zc.10 and the Zw samples are similar since they have a dark matrix and the B/A ratio
is about the same. The binder of Zw.4 is slightly lighter than that of the others. The quartz
is of about the same size, poorly sorted and can be angular or rounded. Lime and calcite are
present in every sample.

The area of W.4 that is different from the rest of the sample seems also to be similar to this
group, especially to Zw.1. They have the same matrix colour and the same size quartz minerals.
They contain lime, calcite and charcoal. Only Zw.1 contains the unknown green mineral, while
W.4 does not. The rest of W.4 seems to be more similar to A.1 in matrix colour and grains
size. A.l contains polycrystalline quartz and 2 small pieces of shell, while W.4 does not and
W .4 contains a piece of old mortar, while A.1 does not. Furthermore, they differ in location,
period and building owner, so it is not likely that this is the same mortar.

Zc.1 and Zw.4 are similar since they both contain lime, calcite, charcoal, shell and the un-
known green mineral.

Furthermore, some samples contain the same aggregates, but their appearance is not the
same.

A.1 and Vc.3 contain the same aggregates: polycrystalline quartz, lime, calcite, charcoal
and shell. The appearance of the two samples is not the same, since Vc.3 contains slightly more
binder than A.1, the quartz grains are slightly larger and the lime lumps are much larger. A.1
contains the unknown green mineral, while Vc.3 does not.

Bc.4 and Zc.4 contain lime, calcite, shell and the unknown green mineral. The appearance
of the two samples is not the same, since the matrix of Zc.4 is lighter than that of Be.4, the
B/A ratio is larger and the quartz grains of Bc.4 are much smaller.

Summarizing, Zc.3 and Zc.7 make a group and W.4, Zc.1, Zc.10 and the Zw samples make
a group. W.4 and Zw.1 form subgroup 1 and Zc.1 and Zw.4 form subgroup 2 of the last group,
since they contain the same minerals.

5.3 TGA

The results of the TGA analyses are shown in table 5.5. This table presents the amount of salts,
structurally bound water (SBW), COg, carbonates and the hydraulicity index (CO2/SBW). Ac-
cording to Moropoulou et al. (2000), non-hydraulic mortar has a CO3/SBW ratio above >10.
All samples have a ratio <10, so all samples are hydraulic or near hydraulic.

The relation between the hydraulicity (CO2/SBW) and the amount of CO3 is presented in
figure 5.9 left. Various groups can be seen in the graph, the lines which make these groups can
be drawn from the lower left to the upper right corner of the graph (fig. 5.9 right).

The first line that can be seen is a long line from the lower left to the upper right corner of
the graph. This group contains the samples A.2, D.1, Vb.1, Vo.1, W.5, Zw.3 and Zw.4. The
second group is a small and dense group at the upper right, containing the samples Va.l, Zc.4,
Zc.5, Z¢.10 and Zw.2. The third group is a broad group, laying in the middle. Although it
looks like a rest group, the samples show a direction. It contains the samples A.1, Ba.l, Bb.1,
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Sample Weight loss (wt.%) at CO2/SBW
temperature range (oC)
120-200  200-600  600-1000 615-1000

Measures salts SBW COs2 carbonates

loss of:

Al 0.95 4.85 15.53 35.45 3.20
A2 0.26 2.55 4.68 10.70 1.84
Ba.l 2.92 8.47 21.21 49.85 2.51
Ba.2 0.98 9.99 26.01 60.93 2.60
Ba.3 1.36 8.07 26.62 62.92 3.30
Ba.4 0.54 8.57 30.91 71.45 3.60
Bb.1 0.88 6.84 23.15 52.30 3.38
Bb.2 0.72 5.97 27.97 63.55 4.69
Be.l 1.05 7.65 34.39 78.31 4.50
Bce.2 1.22 7.28 35.45 80.71 4.87
Be.3 1.98 11.09 17.08 39.03 1.54
Bce.4 1.18 11.45 20.49 46.83 1.79
Be.b 1.23 8.26 26.90 61.74 3.26
D.1 1.55 13.03 3.94 10.83 0.30
D.2 0.93 12.26 12.13 29.24 0.99
Va.l 1.12 4.70 28.43 64.14 6.04
Vb.1 0.44 2.96 22.17 50.47 7.49
Vb.2 0.76 7.95 12.33 27.74 1.55
Ve.l 1.14 11.38 16.79 41.33 1.47
Ve.2 0.62 7.65 24.28 55.88 3.17
Ve.3 2.76 8.78 12.53 30.84 1.42
Vd.1 0.81 13.22 14.13 32.40 1.07
Vg.1 1.43 12.95 27.46 63.19 2.12
Vn.l 1.49 15.92 16.26 38.29 1.02
Vo.1 0.46 3.16 15.03 34.13 4.76
Vs.1 1.01 7.85 28.21 64.96 3.60
Vw.1l 1.77 9.25 26.71 61.95 2.89
W.1 0.53 8.74 21.54 48.76 2.46
W.2 0.47 6.10 27.86 63.41 4.57
W.3 0.61 5.48 20.43 46.31 3.73
W.4 0.55 4.06 16.73 38.00 4.12
W.5 0.66 2.95 19.02 43.22 6.45
W.6 0.99 7.39 14.99 34.05 2.03
Zc.1 1.19 8.94 14.10 32.34 1.58
Zc.2 1.98 5.59 24.23 55.86 4.33
Zc.3 2.61 7.33 10.71 24.45 1.46
Zc.4 0.52 4.50 30.27 68.95 6.73
Zc.5 0.24 4.44 28.72 65.09 6.47
7Zc.6 3.02 6.47 14.73 33.48 2.28
Zc.7 0.96 6.56 21.21 47.82 3.23
Zc.8 3.17 9.48 9.82 22.26 1.04
Zc.9 0.55 6.96 16.74 38.05 2.40
Zc.10 0.74 4.46 29.36 66.81 6.58
Zw.1 1.11 5.70 25.05 56.76 4.39
7Zw.2 0.44 4.76 27.97 63.64 5.88
7Zw.3 0.43 2.85 28.12 63.89 9.87
Zw.4 0.41 2.97 29.36 66.25 9.89

Table 5.5: TGA results
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Bb.2, Be.3, Be.4, D.2, Vb.2, Vc.1, Vc.2, Ve.3, Vd.1, Vn.1, W.1, W.2, W.3, W.4, W.6, Zc.1,
Zc.2, 7c.3, 7c.6, Zc.7, 7c.8, Zc.9 and Zw.1. The fourth group is a small dense group, similar to
group 2. The samples Ba.2, Ba.3, Bc.5 and Vs.1 and Vw.1 are present in this group. The last
group contains 4 samples, Ba.4, Bc.1, Bc.2 and Vg.1, and is at the right of the graph.
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Figure 5.9: TGA results. Left: The hydraulicity of the samples. Right: Groups based on hydraulicity.

5.4 FT-IR

5.4.1 Basic knowledge

Before the data is analysed, it is studied which bands can be present in lime mortar and which
bonds they represent. This paragraph shows an overview of these bands.

A band around 3430 cm ™! is present in all mortar samples, this is interpreted as a water
peak (Genestar et al., 2006; Kootker, 2007b). One or more peaks can be visible.

The peaks at the wavelengths 1416-1430, 872-874 and 712-714 cm~! are interpreted as calcite
(Kootker, 2007b; Regev et al., 2010), a peak at 2514 cm™! as carbonate (Bakolas et al., 1995;
Silva et al., 2005; Gleize et al., 2009) and a peak at 1798-1800 cm ™! as a calciumcarbonate band
(e.g. Silva et al., 2005; Gleize et al., 2009).

C-H bands, which are present in almost all organic compounds can be found in the region
3100-2700 cm~! (Whittaker, 2000). Silva et al. (2005) interprets the peaks at 2920 and 2860
(fig. 5.10 left) which were found in mortar as organic material.

Peaks representing COs are sometimes present around 2350 cm ™! (Socrates, 2001) since the
instrument also measures some air. The blank should correct for this, but that may not have
happened entirely.

Silicates, Si-O-Si bonds and quartz all belong to this Si-O group. Bands at the following
wavelengths have been interpreted as bonds from the Si-O group: 1166 (Biscontin et al., 2002;
Genestar and Pons, 2005), 1100-1000 (Socrates, 2001), 798 (Genestar and Pons, 2005; Kootker,
2007), 778 (Genestar and Pons, 2005) and 694 cm ™! (Biscontin et al., 2002; Genestar and Pons,
2005).

Band at the wavelength 470 and 536 cm~! are interpreted as iron oxide (Genestar and Pons,
2005; Genestar et al., 2006; Kootker, 2007b). The band around 470 cm~! is also interpreted as
silicates (Kootker, 2007b) and an Al-O bond of clay (Kristof et al., 1993).

Bands at around 1685 (Rampazzi and Bugini, 2006), 1623-1621 (Genestar and Pons, 2005;
Gomes et al., 2005; Rampazzi and Bugini, 2006), 1116 (Genestar, 2005; Kootker, 2007b), 660
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(Gomes et al., 2005), 602 (Genestar and Pons, 2005; Kootker, 2007b) and 589 cm~! (Genestar
and Pons, 2005) have been interpreted as sulphate.

A band around 1638 cm~! has been interpreted as brucite (Biscontin et al., 2002). This is
a Mg hydroxides layer which occurs in some clays (Faure, 1998).
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Figure 5.10: Left: An example of a FT-IR spectrum based on Silva et al., 2005. Right: Three types of mortar
distinguished by relative size of the two largest peaks (Genestar et al., 2006).

5.4.2 Discussion and conclusion

The FT-IR spectra are very similar to each other. All spectra have a large water peak around
3430 cm~!. Mostly one peak is visible, like at Zc.6 (fig. 5.12), but sometimes two or more
peaks are visible, like at A.2 (fig. 5.11).

Calcite is present in all samples. All samples show peaks at the wavelengths 1416-1430,
872-874 and T712-714 and 2514 cm~'. All spectra, except that of D.1, also show a peak at
1798-1800 cm ™!, which represents a calciumcarbonate band.

A peak at 2982-2986 cm ™! is present at most samples, as well as a peak at 2876-2878 cm ™.
These peaks probably represent organic material. Although not at 2920 and 2860 cm™! the
peaks seem quite similar to the peaks of organic material at the article of Silva et al. (2005).
Sample A.2 does not show peaks near 2984 and 2876, but at 2934 and 2864 cm ™!, that is even
closer to the peaks in the article (Silva et al., 2005). Bc.3 also lacks a peak near 2984, but shows
peaks at 2964 and 2926 cm~!. The spectrum of D.1 is the only one that does not show peaks
between 3100-2700 cm ™.

The peaks at around 2350 cm ™! are CO; peaks caused by the instrument.

One or more bands which represent Si-O bonds are found in each sample, except for Zc.6.
These bands than be observed near the wavelengths 1166, 1100-1000, 798, 778 and 694 cm™!.
The spectrum of Zc.6 does contain a peak at 994, that may belong to the 1000-1100 cm ™! range.

Iron oxide is present in W.6, Zc.9 and Zc.10 since the spectra of these samples show bands
at 536 and around 470 cm~! (Genestar and Pons, 2005; Genestar et al., 2006; Kootker, 2007b).
A band around 470 cm ™!, which is indicative for either iron oxides, silicates or an Al-O bond
of clay is present in more samples.

Sulphate is present in the samples Ba.l, Ba.2, Ba.3, Ba.4, Bb.2, Bc.1, Bc.2, Be.3, Be4,
Be.5, Vb.2, Vg.1, Va.l, Vc.1, Ve.2, Ve.3, Vd.1, Vo.1, Vn.1, Vs.1, Vw.1, W.2, W4, W.6, Zc.1,
Zc.2, 7c.3, Zc.b, Zc.7, Zc.8, Zw.1. This is indicated by the present of one or more bands at
bands around 1685, 1623-1621, 1116, 660, 602 and 589 cm™!.
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Brucite is present in D.1, D.2, Vg.1, Vn.1, Zc.6 and Zc.9, indicated by a band around 1638
cm™ L
Table 5.6 presents an overview of the components. No connection can be seen between the

presence or absence of the various components.

Four groups can be made when looking at the relative size of the two largest peaks of the
spectra, the calcite peak around 1420 cm~! and the silicate peak around 1030 cm~! (or in the
range from 994 to 1116 cm™!). This is the most distinctive difference between the spectra. This
characteristic has also been used for making groups in previous research (Genestar et al., 2006
(fig. 5.10 right).

Group 1

Group 1 consist only of the sample A.2 (fig. 5.11). This sample has a much smaller calcite peak
at 1430, than a Si-O peak at 1032 cm™!.

Group 2

The two peaks are of equal size at the samples of this group (fig. 5.12). The samples are: A.1,
D.1, Zc.3, Zc.6 and Zc.8.

Sample D.1 is special, because it is the only one that does not show a CaCOg3 band at 1798-
1800 cm™!. It also does not show a peak which represents organic material between 3100-2700
cm™ .

Sample Zc.6 does not contain silicate oxides, except for maybe the 994 cm~! peak.

Group 3

The samples of this group have a Si-O band that is smaller than the calcite peak (fig. 5.13).
Subgroups can be made of samples in which the Si-O peak is close to the calcite peak, like Vb.2,
Vec.3 and Vo.1 and of samples with a small peak Ba.2, Zc.7, Zc.9, Zc.10, Zw.1, Zw.2, Zw.4. The
following samples are between these subgroups: Ba.l, Ba.3, Bb.1, Bb.2, Bc.3, Be.4, Be.5, D.2,
Va.l, Vb.1, Vc.1, Vc.2, Vd.1, Vn.1, Vs.1, W.1, W.3, W4, W.5, W.6, Zc.1, Zc.2.

The three samples which contain iron oxide are in this group.

Group 4

At the samples of group 4 (fig. 5.14), the Si-O peak near 1030 cm ™! is very small and sometimes
almost completely gone. The samples in this group are Ba.4, Be.1, Be.2, Vg.1, Vw.1, W.2, Zc .4,
Zc.5, Zw.3.
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Table 5.6: FT-IR results
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Figure 5.11: FT-IR group 1 (A.2).
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Figure 5.12: FT-IR group 2 (Zc.6).
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Chapter 6

Discussion

6.1 Macroscopy

Fourteen groups could be made based on colour (table 5.2) and thirteen groups based on the
presence of five identifiable grains (table 5.3).

A link between the macroscopic results based on the sample colour and the site and building
can be seen at the samples of ‘Ter Doest’ which are both in the same group. All three samples
from the abbot’s house and four out of five samples from the 18" century barn at ‘Ten Bogaerde’
have the same colour. In addition, three out of four samples from the medieval barn of ‘Ten
Bogaerde’ have the same colour. The samples from the other sites and buildings are too scattered
throughout the groups.

The samples from the Cistercian and non-Cistercian buildings are mixed. All groups con-
taining more than three samples contain samples from buildings being built by the Cistercians
and samples of buildings which are not built by the Cistercians.

A link between the date of the building and the colour of the material can not be seen
clearly. All four samples with the colour 5Y 8/3 are from the 13" century, but three of these
samples are from the same location (‘Ten Bogaerde’), so it is not clear whether the relation
between these samples is based on location or date. Five samples with the colour 7.5Y 8/1 are
from the 17" century, but these are also all from ‘Ten Bogaerde’.

Following, the groups based on grain content are compared with the site and building of the
sample. The only match is that four out of six samples which contain no identifiable grains are
from Veurne. Furthermore, the group which only contains lime contains four or five samples
out of twelve samples from ‘Ten Bogaerde’, four out of six samples from Wulveringem and six
out of fourteen samples from ‘Hof de Zande’. It is logical that this group contains a large part
of these samples, since it is the largest group.

It is noticeable that all samples which contain no identifiable grains are not from Cistercian
buildings. The samples which contain brick alone, brick and lime, lime and organic material or
brick, lime and coal are all from Cistercian buildings.

A link between grain content and date can not be seen. The most obvious fact is that seven
or eight out of sixteen or nineteen samples are from the 13" century, but these samples are
from only three sites, so the location may have influence on this.
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6.2 Microscopy

Quartz source

Sediment transported by rivers is the most angular, beach sand is more round and sediment
transported by aeolian processes is the roundest (Chorley et al., 1985). The sediment trans-
ported by a river becomes more round downstream. Quartz is very durable compared to other
minerals (McBride and Dane Picard, 1987).

Suspension, at which the grain does not touch the surface, is not effective in rounding par-
ticles, while traction, at which the grain does touch the ground, is (Twenhofel, 1945). Traction
occurs at larger and denser grains than suspension and when there is lower velocity in the water
(Nichols, 2009). Experimental stream transport studies have shown that quartz gravel becomes
round after 161 km, while quartz sand becomes round after a greater distance (Chorley et al.,
1985). Grains smaller than 0.5 mm, which is the case here, need to travel thousands of miles
when they are transported by aqueous traction before they are rounded (Twenhofel, 1945).

The quartz grains in most samples are angular or angular to round, so this quartz has been
transported by rivers. The longest river in the area is the Scheldt. This river is about 350 km,
including the Western Scheldt, which is about 160 km long (International Scheldt Commission,
2011). The quartz grains are still angular when they have been transported along this distance.
Aendijcke and Kloosterzande are nearby the Scheldt. The largest river near ‘Ten Bogaerde’,
Veurne and Wulveringem is the river Yser. This river is 78 km long (Provoost, 1997), so the
quartz grains in this river are still angular.

The modern sample Zc.7 is the only sample that contains round quartz grains. Since these
grains are very large compared to grains in other samples, it is more likely they have a marine
than an aeolian provenance.

Comparison with site, building, date and building owner

Two groups are found based on the microscopic analyses. The samples of the first group, Zc.3
and Zc.7, are from the same Cistercian site and building and are both modern. All samples
of group 2 are from ‘Hof te Zande’, except W.4. The samples of subgroup 2a, W.4 and Zw.1,
have no common site, building, date (12" and 17*" century) and building owner. The samples
of subgroup 2b, Zc.1 and Zw.4, have a common Cistercian site and date (13" century), but are
from different buildings. The other samples of group 2 (Zc.10, Zw.2 and Zw.3) are from the
same Cistercian site and date and from two buildings.

The other samples, also those which have a common location, date and building owner, were
not similar to each other. For example, Zc.4 and Zc.6 have the same location and date as Zc.1
and Zw.4, but are different.

6.3 TGA

Comparison with literature

Using TGA, a distinction can be made between hydraulic and non-hydraulic mortar. This
distinction is based on the amount of SBW (structurally bound water), which is indicative for
hydraulic compounds, and COs, which is indicative for carbonates. Non-hydraulic mortar, or
typical lime mortar, shows a SBW value <3% (Moropoulou et al., 2003), a CO4 value between
33 and 40% and a CO2/SBW ratio above >10 (Moropoulou et al., 2000), while hydraulic mortar
shows a SBW value >3.5%, a CO4 value <30% and a COy/SBW value <6 (Moropoulou et al.,
2000).

The results in Table 5.5 show that none of the samples has a CO2/SBW value higher than
10. Only the samples Zw.3 and Zw.4 are very close with values of 9.87 and 9.89. The samples
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that have a SBW value <3% are: A.2, Vb.1, W.5, Zw.3 and Zw.4. The samples that have a
COs value between 33 and 40% are: Bc.1 and Be.2. Therefore, none of the samples is typical
lime mortar, only Zw.3 and Zw.4 are nearby.

The samples that have a SBW value >3.5% are all samples, except for the samples mentioned
before and Vo.1, which has a value of 3.16. The samples that have a COy value <30% are all
samples except for Be.1, Be.2 (mentioned before) and Ba.4 and Zc.4. The samples that have
a CO2/SBW value <6 are all samples except for Vb.1, Va.l, W.5, Zc.4, Zc.5, Zc.10, Zw.3 and
Zw.4.

Concluding, the samples that are hydraulic according to Moropoulou et al. (2000) are A.1,
Ba.1, Ba.2, Ba.3, Bb.1, Bb.2, Bc.3, Be.4, Be.5, D.1, D.2, Vb.2, Vg.1, Ve.1, Ve.2, Ve.3, Vd.1,
Vn.l, Vs.1, Vw.1, W.1, W.2, W.3, W4, W.6, Zc.1, Zc.2, Zc.3, Zc.6, Zc.7, Zc.8, Zc.9, Zw.1,

Zw.2, while the other samples are between the hydraulic and non-hydraulic group.

The two groups are plotted in figure 6.1, together with the samples of Moropoulou et al.
(2003), from which the classification came. The group of hydraulic mortars seems to be one
group, but the group of the samples between non-hydraulic and hydraulic seems to be more the
outliers of the first group than a second group. They are not near the group of typical lime
mortars measured by Moropoulou et al. (2003), except for the samples Zw.3 and Zw.4.
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Figure 6.1: TGA results compared with Moropoulou et al. (2003).

The classification of the samples by Moropoulou et al. (2003) was done on samples from
the Mediterranean, instead of on samples from Belgium and The Netherlands. This may be the
reason that some samples do not fit between the boundaries of the hydraulic mortar and the
typical lime mortar.

That most mortars are hydraulic means that relative few carbonate is present compared to
hydraulic compounds. For example pieces of brick, which have been seen under the microscope
at a few samples, help to increase the hydraulicity.

o1



Comparing TGA results with site, building, date and building owner

The TGA results can be grouped by site (fig. 6.2 upper left). Group A, D and Z show clear
diagonal lines, while group B, V and W are much broader. It is logical that the group made
from the samples from Veurne is very large, since this group contains many different buildings.

When the results are grouped by building (fig. 6.2 upper right), the church (Zc¢) and wall
(Zw) of ‘Hof te Zande’ and the medieval (Ba) and 18" century (Bc) barns of ‘Ten Bogaerde’
show clear diagonal lines. The other groups contain either too few samples or are broader.

No clear relation can be observed between the TGA results and the date of the buildings
(fig. 6.2 lower left). The samples of the 13! and 17" century seem to show a diagonal line like
at the location graph, but this may be influenced by the locations, since most of the samples
of ‘Hof te Zande’ are from the 13" and 17" century. The samples of the 18" century barn of
‘Ten Bogaerde’ show differences in hydraulicity per building phase. The samples from the older
building phase (Bc.3, Be.4, Be.5) are hydraulic mortars according to Moropoulou et al. (2003),
while the samples from the newer phase (Bc.1 and Be.2) are not. The average estimated date
is taken for this graph.

The TGA results from the Cistercian buildings overlap with the results of the other buildings
(fig. 6.2 lower right). The results from the Cistercian buildings show a thiner line than that of
the other buildings, but that could be caused by the locations. The samples of ‘Hof te Zande’
are more grouped, than the samples from Veurne and Wulveringem. Concluding, no relation
can be seen between the initiators of the building and the TGA results form the mortar.
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Figure 6.2: TGA results grouped by site (upper left), building (upper right), date (lower left) and building owner
(lower right).
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The amount of salt in the samples may also be linked to the location of the site. All
Wulveringem (W), Aendijcke (A) and Bb samples have between 0 and 1 weight % salts, while
the Bc samples contain between 1 and 2 % salts.

6.4 FT-IR

The measured bonds are often indicative for more than one component.

Clay occurs in many forms. Its basic formula is the formula of kaolinite, which is AlaSi2O5(OH)4
(Faure, 1998). This consist out of the bonds O-H, Si-O-Si, Si-O-Al, Al-O-H (Genestar and Pons,
2005) and Si-O (Kristof et al., 1993). Brucite is a group of Mg hydroxides, which can be present
in clay instead of Al hydroxides (Faure, 1998).

Portland cement consists of OH, S-O, COgs, Si-O and Al-O bonds (Gomes et al., 2005).

SOy, caused by pollution, can transform into sulphuric acid. This conversion leads to the
increased acidity of rain. Sulphuric acid can transform carbonates into calcium sulphate (gyp-
sum (CaS04.2H50)) (Kootker, 2007a). Therefore, the presence of sulphate has nothing to do
with the original composition.

Si-O bonds occur in clay and portland cement and can occur as small crushed quartz grains.
Gypsum can occur because of pollution and in portland cement. Portland cement and a mixture
of lime, which is partly transformed in gypsum, and clay can not be distinguished, since these
mixtures both contain water, carbonoxide, sulphate, silicate and aluminiumoxides.

The presence of a C-H bond means that the sample contains organic matter. This can be
charcoal, which could be added to the mortar, intentional or accidental during the heating. The
formula of charcoal is CyH4O (Bretscher, 2009). It can also be recent organic material.

It is strange that Zc.6 contains brucite, but no silicates. Clay containing brucite should also
contain silicates.
The fact that the samples which contain iron oxide are all in group 3, in which the Si-O

band is smaller than the calcite band, does correspond with the results of the article of Genestar
et al. (2006).

Comparison with site, building, date and building owner

The following groups were made based on the height of the calcite peak around 1420 cm ™! and
the silicate peak around 1030 cm™!:

Group 1: A.2.

Group 2: A.1, D.1, Zc.3, Zc.6 and Zc.8.

Group 3a: Vb.2, Vc.3, Vo.l.

Group 3b: Ba.2, Zc.7, Zc.9, Zc.10, Zw.1, Zw.2, Zw 4.

Group 3c: Ba.l, Ba.3, Bb.1, Bb.2, Bc.3, Be.4, Be.5, D.2, Va.l, Vb.1, Vc.1, Vc.2, Vd.1, Vn.1,
Vs.1l, W.1, W.3, W.4, W.5, W.6, Zc.1, Zc.2.

Group 4: Ba.4, Be.1, Be.2, Vg.1, Vw.1, W.2, Zc.4, Zc.5 and Zw.3.

A link between site or building and FT-IR results can only be seen at the samples of the
church of Wulveringem, from which 5 out of 6 samples are in the same group, and at the wall
of ‘Hof te Zande’, of which 3 out of 4 are in the same group.

The two samples of Aendijcke and the two samples of ‘Ter Doest’ are separated. The 11
samples of ‘Ten Bogaerde’ and the 12 samples from Veurne are divided among 3 groups. Most
of these samples are in the largest group (3c). The 10 samples from the church of ‘Hof te Zande’
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are spread out over 4 groups.

A link between the date of the sample and the FT-IR group is only visible at the 18"
century barn of ‘Ten Bogaerde’. The 2 samples from the northern side are in group 4, while the
3 samples from the southern side of the barn are in group 3c.

Furthermore, no link exists between the date of the sample and the FT-IR group. Group 1
contains only 1 sample, so nothing can be said about that. The samples in group 2 and 3b have
dates between the 13" and 20" century, the buildings of group 3a have been dated 13/16,
16" and 17/18™ century, group 3c between the 12" and 17" century and group 4 between the
13t" and 18" century.

The Cistercian buildings are scattered throughout the groups. The largest group (3c) shows
ten samples from Cistercian buildings and twelve samples from other buildings, which is almost
an equal amount. Group 4 contains six samples from Cistercian buildings and three samples
from other buildings. The samples in group 3c are all from Cistercian buildings, but six out
of seven samples are from ‘Hof te Zande’, so the location may have influenced this. Group 2
contains one sample from a non-Cistercian building and four samples from Cistercian buildings,
of which three are from ‘Hof te Zande’. The other two groups contain only one and three samples.

When looking to all components, it is noticed that the samples from Aendijcke do not contain
iron oxide, sulphate and brucite. The samples from ‘Ter Doest’ do contain brucite, but no iron
oxide and sulphate. This is an indication that the composition may be influenced by location,
but this is not shown from the other samples.

W.6 differs from the other samples from Wulveringem in age, it is of a later building phase.
Unlike at the other samples, the 1622 peak of W.6 is clearly visible in the spectrum. Some of the
other Wulveringem samples only show a very small 1622 peak. This peak indicates sulphate,
maybe gypsum. It is unlikely that the sulphate is caused by industrial pollution, since it is
much more present in W.6 than in the other samples and the samples have been taken from the
same location. It is possible that the sample is newer than expected and the sulphate originates
from portland cement.

6.5 Comparing results from different methods

As macro-, microscopy, FT-IR and in a certain way TGA all measure composition, the results
of these methods can be compared.

6.5.1 Macro- and microscopic results compared

The samples of microscopic group 1 (Zc.3 and Zc.7) are not in the same macroscopic groups
based on colour and identifiable grains, neither are the samples of microscopic group 2a (W.4
and Zw.1). The samples of microscopic group 2b (Zc.1 and Zw.4) might be in the same group
based on identifiable grains, but are not in the same group based on colour. Concluding, no
resemblance can be seen between the macro- and microscopical groups.

Microscopy is more precise, so it is expected that during microscopy more aggregates could
be found than during macroscopic examination. However, sometimes aggregates were found
during macroscopy and not during microscopic analysis. This means that the sample was not
very homogeneous. Sometimes, only one relatively large piece was found during macroscopic
description, that has not ended up in the thin section.

Aggregates found during macroscopy, but not during microscopy:
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A.1l: brick  Zc.3:brick  Zc.7: lime, brick
A.2: shell Zc.4: brick Zw.1: shell
Be.4: brick Zc.6: lime Zw.3: brick

After comparing the macro- and microscopic results, it was noticed that A.1 and A.2 contain
the same aggregates, except for polycrystalline quartz.

Lime source

The lime in mortar could have been made of shells or limestone. Shells were found in the
samples A.2, Be.3, Be.4 and Zw.1 using macroscopy and in the samples A.1, Be.4, Ve.3, Ze.1
and Zw.4 using microscopy. However, these analyses did not show whether the lime was made
of shells or limestone. Lime lumps and shells coexist in the samples, probably because the lime
mixture was made first and the shells were added later. The shells are completely visible, while
the lime lumps are burned.

While shells are visible in the lime, the lime could still have been made from limestone, since
this can also contain shells. If limestone is not well heated when producing lime, a shell might
remain in the mortar, but the structure may not be visible as well as in the studied samples.
In addition, some limestone would probably be visible around the shell, but the shells in the
studied samples are isolated aggregates.

Although the presence of shells does not prove them to be the source, it still is the most
likely. Limestone can be found in the Belgium province Hainaut (Henegouwen), for example in
Soignies (Zinnik) (Fédération des Carrieres de Petit Granit - Pierre Bleue de Belgique ASBL,
2006). This is just less than 100 km from the nearest locations (Kloosterzande and Aendijcke)
and almost 130 km from Wulveringem, Veurne and ‘Ten Bogaerde’. The area south-east of
Gent contains calcareous sandstone and sandy limestone (Van der Kelen, 1996). The nearest
sources are 40 km from Aendijcke to almost 80 km from ‘Ten Bogaerde’. The samples locations
are only 2 (Kloosterzande) (slightly further away when the church was build (de Kraker, 1997))
to 13 km (Wulveringem) from the coast, so it is much easier and cheaper to get shells from the
coast than to obtain limestone.

6.5.2 FT-IR and TGA results compared

Table 6.1 clearly shows that most of the samples are in group 3 of the TGA results and in group
3c of the FT-IR results. This results in 16 of the samples being at both these groups.

Furthermore, the table shows a relation between the results of TGA and FT-IR. The samples
which form a group based on the TGA results do not form the same groups based on the FT-IR
results, but in general it can be said that whenever a sample is in a FT-IR group with a small
number, it will not be in a TGA group with a large number and whenever a sample is in a TGA
group with a large number, it will not be in a TGA group with a small number.

The TGA groups are based on the amounts of COs and SBW, while the FT-IR groups are
based on the amounts of calcite and silicates. The amount of calcite and COs are related to
each other. Silicates are a part of the hydraulic compounds, which the structurally bound water
indicates. The fact that the TGA and FT-IR results do not form the same groups indicates
that silicate is not the only hydraulic compound. Other compounds that influence the SBW
could for example be organic material and iron oxide.

6.5.3 Macroscopic results compared to FT-IR and TGA results

The macroscopic results do not show a relation to the FT-IR and TGA results. Most samples
are in FT-IR group 3¢, TGA group 3, in the 10" group of the macroscopic results based on
colour, followed by the 8 group, and in the 3" group of the macroscopic results based on
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identifiable grains. Tables 6.2 and 6.3 show that the intersections of these groups give the
highest amount of samples.

FT-IR
TGA 1 2 3a 3b 3c 4
1 1 1 1 1 1 1
2 0 0 O 2 1 2
3 0 4 2 3 16 1
4 0 0 O 1 3 1
5 0 0 O 0 0 4

Table 6.1: The amount of samples in groups based on FT-IR and TGA results.

Macroscopy (colour)
1 2 3 4 5 6 7 8 9 10 11 12 13 14
FT-IR. NA 0 0 O O 0 O 0 0 0 1 0 0 0 0
1 0O 0 0 0 0 O 1 0 0 O 0 0 0 0
2 0 1.0 1 0 01 0 1 0 1/2 0 0 0 0
3a 0 0 0 0 0 O 0 3 0 0 0 0 0 0
3b 0 0 0 0 0 O 1 2 1 0 2 0 1 0
3c 0O 1 2 0 1 O 0 2 2 10 2 1 0 1
4 1 0 0 0 0 O 0 0 1 5 1 0 0 1
TGA NA 0O 0 O O 0 O 0 0 0 1 0 0 0 0
1 0 1.0 0 1 O 1 3 0 1 0 0 0 0
2 1 0 0 0 0 O 0 1 0 0 2 0 0 1
3 0 1.1 1 0 01 1 4 1 11/12 3 1 1
4 0O 0 1 0 0 O 0 0 3 1 0 0 0 0
5 0O 0 0 0 0 O 0 0 0 3 0 0 0 1

Table 6.2: The amount of samples in groups based on Macroscopy (colour), FT-IR and TGA results.

Macroscopy (grains)

1 2 3 45 6 7 8 9 10 11 12 13
FIIR NA 0 0 0 o0 1 0 0 0 0 0 0 0 0
1 00 O 0O O O OO0 0O 0/1 0 0/
2 0 12 2 0 01 0 0 0 0 O 1 0 0
3 1 0 0/1 0 0 0 01 0 0 0 1 0 0
3 1.0 3 00 2 0 0 1 0 0 0 0
3c 4 0 7/8 1 0 2 1/2 2 1 1 0/1/2 0 0/1/2
4 0 1 45 0 0 0/1 0/1 1 0 0/1 1 0 0
TGA NA O 0O O O0 1 0 0 0 0 0 0 0 0
1 0 0 34 0 0 0 01 1 0 0 1/2 0 0/1
2 11 2 00 1 0 00 O0 ©0 0 0
3 4 1/2 6/7T 1 0/1 3 1/2 1 2 1 2/3/4 0 0/1/2
4 1.0 4 00 0 0O 0 0 0 0 0 0
5 0 0 1/2 0 0 0/1 0/1 1 0 0/1 0 0 0

Table 6.3: The amount of samples in groups based on Macroscopy (identifiable grains), FT-IR and TGA results.

6.5.4 Microscopy results compared to FT-IR and TGA results

Microscopy does not show a relation to TGA and FT-IR. Table 6.4 shows that most samples
are not measured with microscopy (not applicable: NA) or could not be grouped (no). The
samples that could be grouped are mostly in TGA group 3, which is logical, since that is the
largest group. And in FT-IR group 3b, but that are only 3 samples, only one more than in
FT-IR group 3c, which is the largest group.

In addition, the binder/aggregate ratio estimated during microscopy and the amount of
carbonate measured at TGA do not match. For example, the B/A ratio of Zc.6 is estimated
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TGA FT-IR
Microscopy 1 2 3 4 5 1 2 3a 3 3¢ 4
NA 4 2 17 5 3 0 2 2 2 19 6
no 2 3 4 0o 1 1 2 1 2 1 3
1 0 0 2 0 0 0 0 O 1 1 0
2 1 0 1 0 0 0 0 O 1 1 0
3 0o 0o 2 0 0 0 1 0 1 0 O

Table 6.4: The amount of samples in groups based on Microscopy, FT-IR and TGA results.

80/20, while the amount of carbonate measured with TGA is 33.48 wt.%. Of course the volume
and weight don’t match, but this is a very large difference.

6.6 Summary of the comparisons

The macroscopic results showed that a link between colour and the buildings may be present
at the samples of ‘Ter Doest’ and ‘Ten Bogaerde’. No clear relation was seen between the
identifiable grains and the sites and buildings. No relation at all was seen between the colour
of the samples and the initiator of the building, but some differences between the grain content
and the initiators were seen. No clear relation could be seen between the date of the samples
and the colour or grain content. Small differences that were observed could also have been
influenced by the location.

The microscopy results show that groups can be made which are similar in site, date and
building owner. However, a sample with a different location, date and building owner can also
occur in the group, while a sample with the same location, date and building owner can not.

Using TGA, groups can be made of samples which correspond in site, especially at the
samples from Aendijcke, ‘Ter Doest’ and ‘Hof te Zande’. A link between the samples of a
building is noticed at the samples of ‘Hof te Zande’ and the two barns from ‘Ten Bogaerde’.
TGA groups and date correspond only at the 18" century barn of ‘Ten Bogaerde’. No relation
was found between the building owner and the TGA results.

A link between location and FT-IR groups could only be seen at 2 buildings, the church of
Wulveringem and the wall of ‘Hof te Zande’. The FT-IR peaks of the samples from Aendijcke
show the same components, and the samples from ‘Ter Doest’ show the same peaks, but the
peaks of these two locations differ in height. This shows that a link may exist between FT-IR
results and location. FT-IR groups and date correspond at only one building, again at the 18th
century barn of ‘Ten Bogaerde’. The FT-IR peaks of W.6, which is of a later date, are slightly
different from the other samples from the church of Wulveringem. No relation could be found
between the building owner and the FT-IR results.

Except for a small difference between Cistercian and non-Cistercian buildings at the macro-
scopic groups based on identifiable grains, no link could be found between the building owner
and the result. This can either mean that no relation is present, or that the relation between
the results and the location is more dominant. The last may also be the case at the relation
between the composition and the date. The samples with a different building owners always
have and with a different date sometimes have a different location.

Table 6.5 gives an overview of all samples and in which group they are. It is strange that if
groups are made, samples of the same location, building and building owners are not necessarily
in the same groups, as Zc.4 and Zc.6, and samples from different locations, dates and owners
are sometimes in the same groups, for example W.3 and Zc.2. The last occurs often, especially
at samples which are in the largest groups (group 10 at macroscopy based on colour, group 3
at macroscopy based on identifiable grains, group 3 at TGA and group 3¢ at FT-IR).
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Sample Century Macroscopy Macroscopy Microscopy TGA FT-IR
(colour) (grains)
Al <16™h 10 2/5 no 3 2
A2 <16t 7 11/13 no 1 1
Ba.l 13t 9 11/13 3 3c
Ba.2 13" 9 3 4 3b
Ba.3 13th 9 3 4 3¢
Ba.4 13th 14 3 5 4
Bb.1 17t 10 11/13 3 3c
Bb.2 17t 10 10 3 3¢
Bb.3 17¢" 10 5
Be.l 18" 10 6/10 5 4
Bc.2 18" 10 3/7 5 4
Bc.3 17¢" 10 9 3 3¢
Bc.4 17th 12 6 no 3 3¢
Bc.5 17th 10 3 4 3¢
D.1 13/14" 2 3 1 2
D.2 13/14" 2 6 3 3¢
Va.l 15/17" 14 3 2 3¢
Vb.1 13/16" 8 8 1 3¢
Vb.2 13/16"" 8 11 3 3a
Ve.l 164" 10 1 3 3¢
Ve.2 16" 10 4 3 3¢
Ve.3 16" 8 1 no 3 3a
Vd.1 13" 3 7 3 3¢
Vg.1 16/17™" 10 8 no 5 4
Vn.1 13" 10 1 3 3¢
Vo.1 17/18" 8 3/7 1 3a
Vs.1 15" 3 1 4 3¢
Vw.1 13th 9 3 4 4
W.1 12th 11 3 3 3¢
W.2 12th 10 3 3 4
W.3 12th 10 3 3 3¢
W.4 12t" 8 8 2a 3 3¢
W.5 12t" 5 3 1 3¢
W.6 16" 10 1 3 3¢
Zc.1 13t 11 3/7 2b 3 3c
Zc.2 13th 10 3 3 3¢
Zc.3 200 6/10 2 1 3 2
Zc.4 13t 1 2 no 2 4
Zc.5 13" 11 3 2 4
Zc.6 13" 8 3 no 3 2
Zc.7 20" 13 6 1 3 3b
Zc.8 17¢" 4 11 3 2
Zc.9 17th 7 3 3 3b
Zc.10 17th 11 6 2 2 3b
Zw.1 > 17th 11 9 2a 3 3b
Zw.2 > 17tk 8 1 2 2 3b
Zw.3 > 17 10 11 2 1 4
Zw.4 > 13t 8 3 2b 1 3b
Table 6.5: Group comparison
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Chapter 7

Conclusion and outlook

The aim of this thesis has been to discover whether the location, date and initiators of the
buildings (Cistercian or non-Cistercian) had influence on the composition of the mortar.
Therefore, the following questions needed to be answered:

e Do mortars show differences in terms of location, period and owner of the building?

— What is the composition of the sampled mortars?

x What is the provenance of the material? Does the lime from the mortar come
from shells or from limestone?

— What groups of building styles can be made based on the composition of these sam-
ples?

The composition of the mortars is presented by the macro-, microscopic, TGA and FT-IR
results. The mortars mostly contained lime, but also silicates, organic material, charcoal, iron
oxides, clay, shells etc. were present.

The results of the microscopic analysis show that all quartz grains, except for the modern
ones, are angular, so they come from rivers. This rejects the hypothesis made in chapter 2,
which was that the quartz sand which was used came from the beach. The analyses did not
provide evidence of shells being the lime source, but regarding distance, this is the most logical
source.

The groups which were made based on the results of the different methods do not corre-
spond, so building styles could not be distinguished based on the composition.

Since no link exists between the results and the date, possible samples with an unknown
date could not be dated. However, a difference between older and newer material was noticed
at the 18" century barn at ‘Ten Bogaerde’ using TGA and FT-IR.

Groups based on TGA results correspond in location, while groups made of microscopy and
FT-IR results only partially relate.

No relation could be found between the results and the building owner, except for a small
difference at the macroscopic groups based on identifiable grains.

The above shows that the groups based on the results from the various methods correspond
the most to location, so it can be concluded that local material was used to make mortar. This
is consistent with the hypothesis.

Analysing mortars from more buildings will improve the result, since if mortars from different
centuries and building owners are taken from every location, it will be easier to prove whether
the composition is influenced by the location, date or building owner. Samples of consolidated
material are needed in order to make additional thin sections. An architectural historian has
to study the to be sampled buildings to distinguish different building phases.
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In addition, a historian can study literature to see whether methods to produce lime mortar
which have been described in the past correspond to the composition of mortar in this study
and to the results that local material was used.

It is not yet known whether the result, that local material was used for producing mortar,
can also be applied to other regions. A challenge for future research is to test this.
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