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ORIGINAL RESEARCH OR TREATMENT PAPER

Mosaic Materials in an Art Deco Steel-framed Building
Grace A. Morris 1, Kevin Briggs 1, Michael Beare2, Geoffrey Allen3 and Richard J. Ball 1

1Department of Architecture and Civil Engineering, University of Bath, Bath, UK; 2CTP Consulting Engineers, Sevenoaks, Kent, UK;
3University of Bristol, Bristol, UK

ABSTRACT
The mosaic coving at the Grade II* listed Freemasons’ Hall in London is an example of a mosaic
on an Art Deco steel-framed building. Microstructural and chemical characterisation of loose
mortars and tesserae were undertaken to inform conservation efforts and advise whether a
protective coating was needed to prevent further fading of gold gilding. Rigorous testing
used optical imaging, scanning electron microscopy, field emission scanning electron
microscopy, energy dispersive X-ray analysis, Raman spectroscopy, X-ray diffraction, and
thermogravimetric analysis with differential scanning calorimetry. Laboratory evidence
demonstrated the glass tesserae were created using traditional techniques. The glass
tesserae were soda-lime-silica glass with lead. The gold glass tessera was produced in the
ancient Roman style which included a glass cartellina layer, so further protective coating
was not needed. Historical records confirmed sheets of mosaic tesserae were prefabricated
in Italy. The grout and thin-set mortar were the same low hydraulicity mortar mix, which
enabled mosaic tesserae positions to be adjusted as required. The bedding coat mortar was
a hydraulic cement mortar that was applied on top of an early example of foamed mortar
from 1932. This unique study analyses a traditional style mosaic that was installed during a
pivotal point in construction history where foamed mortars and steel framed buildings were
introduced. It demonstrates how archival research and laboratory testing of small-sized
samples enhance the building’s significance and architectural interest by improving the
knowledge of its history.
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Introduction

The Freemasons’ Hall in London was built between
1927 and 1933 (Stubbs and Haunch 1983; The Library
andMuseumof Freemasonry 2006). The Grade II* build-
ing was designed by architects Henry Victor Ashley and
F. Winton Newman (Historic England 1982). Inside, a
vast mosaic coving was installed above the Grand
Temple, which was designed by George Murray
(Figure 1(a)) (Murray 1930; The buildings illustrated
1933). It was measured at approximately 16.5 m long
on each side and 4 m tall. The combination of the
mosaic coving and the early 1930s steel-frame con-
struction have resulted in a splendid example of a
mosaic in an Art Deco steel-framed building. Other pro-
minent examples of mosaics in Art Deco steel-framed
buildings include the head office at the Hong Kong
and Shanghai Bank in Shanghai (1924) and Temple
Emanu-El in New York (1930) (Singmaster 1998; Hart
2007). Mosaics built throughout the centuries have
been known to fail due to moisture, for example at
the Temple Emanu-El in New York and at the Basilica
of San Marco (C11–C19) (Hart 2007; Allen et al. 2008;
Dal Bianco and Russo 2012; Adami et al. 2018).

Mosaics built from early C20 on steel-framed buildings
face the additional threat of failure due to oxide jacking
of embedded steelwork. This is what happened at the
Freemasons’ Hall mosaic, as evidenced in Figure 1(b,c).

The mosaic was formed using intricate arrays of
different coloured small tesserae. Close inspection
revealed cracks throughout the mosaic. The crack dis-
tribution was monitored by CAN London Ltd. They
reported 65 cracks measuring between 0.21 m to
15.6 m long with crack widths between 0.25 mm to 7
mm (CAN London Ltd. 2012). The cracks were typically
linear and occurred on all sides of the mosaic. The
cracks ran through the grout and occasionally
through the individual tesserae, as displayed in
Figure 1(b). Cracks had loosened tesserae to the
point that they fell away from the mosaic, as shown
in Figure 1(d), onto the seating area below which
was a safety risk. This initiated a coving repair project
that aimed to ensure the structure was safe.

Visual deterioration was also occurring to some gold
tesserae. The golden writing and other gold triangle
edge features had lost their lustre over time whilst the
golden rays, shown in Figure 1(d) had retained their
lustre. It was considered desirable to either conserve
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Figure 1. (a) The mosaic coving in the Grand Temple at Freemason’s Hall; (b) Cracks through Fortitvdo are an example of the
cracks scarring the mosaic; (c) Rust on the exposed steel structure in a crawl space to the skyward rear of the mosaic coving
at the Freemasons’ Hall; and (d) Gold and blue tesserae showing examples of spalled tesserae and the glass base exposed
beneath the gold leaf.
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the gold colour with a protecting coating over the
mosaic or enhance the gold colour through regilding.
Consequently, this study included investigating the
gold tesserae and advising on whether a protective
coating was beneficial to prevent further degradation.

This paper describes the material characterisation
conducted before the coving repair. This study aimed
to inform conservation works at Freemasons’ Hall, to
demonstrate how testing on limited sample sizes can
reveal much about the materials and construction
methods used, and to enhance the architectural inter-
est of the building. Mortar and tesserae samples were
analysed to understand how the mosaic was built,
what materials were used, and whether the mosaic
needed a protective coating to prevent further loss
of surface gilding.

Background

There are three mosaic creation methods. First is the
direct method where individual tessera are directly
applied in situ to thin-set mortar. This thin-set layer
should be tacky for adhesion but slow to set or carbon-
ate so that adjustments can be made. The direct
method is good for irregular surfaces but creates an
undulating finish and requires workers to be on-site
for the duration of the mosaic creation. Second is the
indirect method where tesserae are adhered face
down onto a backing sheet (Pugliese 2004). These pre-
prepared sheets are then pressed onto a thin-set
mortar and the backing is removed. The indirect
method creates a flat finish, is easy to rework, and pre-
fabrication reduces installation time. The third method
is the double indirect method, which is like the indirect
method except that tessera are stuck face up on the
backing, prior to being transferred to a sticky backing
on the top so that it can be applied to the substrate.

Regardless of the method, the structure’s surface
must first be prepared with a bedding coat mortar
before the thin-set mortar is applied. It was alleged
that the Freemasons’ Hall mosaic was installed by
two Italians using the direct method, but historical evi-
dence showed it was indirectly installed by three
mosaic fixers (Museum of Freemasonry 2020).

George Murray designed the Freemasons’ Hall
mosaic (Clerk of Works 1932; The buildings illustrated
1933). His other mosaic works included the head
office at the Hong Kong and Shanghai Bank in Shang-
hai which was also a steel framed building (The
Evening Telegraph 1933; Singmaster 1998). Site
diaries listed the mosaic fixer as ‘Mr Avon of Venice’
(Clerk of Works 1932; Cumbers 1932). This was possibly
Gino Avon, who managed the workshop at the Fruili
Mosaic School in the City of Spilimbergo until 1930,
alongside his own workshop in the same city until
1934 when it was closed in compliance with the
ruling fascist regime (Battiston and Grossutti 2019; Col-
lendani n.d.). Mr Avon struggled to speak in English, so
he was appointed two Italian speaking workers by Mr
Stellon from the company Carter’s (Clerk of Works
1932). This created a team of three Italian speaking
mosaic fixers. Evidence of them using indirect
method was in the Clerk of Works’ diary which
recorded that the mosaic shipment was delayed at
Folkestone (Clerk of Works 1932). This was corrobo-
rated by the photograph in Figure 2(b) at locations
(W) where two workers were applying mosaic sheets
labelled with codes such as ‘A75’ (Sims 1932a). Using
the indirect method and having two additional
workers reduced the installation time. Documents
stated the mosaic fixing started on 4 May 1932 and
there was no mention of the fixing works after 22
June 1932, which gave an installation period of

Figure 2. Historical photographic records of (a) the site construction mock-up of the Grand Temple ceiling taken on 24 July 1931 ©
Museum of Freemasonry, London; and (b) two craftsmen installing prefabricated mosaic sheets for St George taken on 12 May
1932 © Museum of Freemasonry, London (Sims 1931; 1932a).
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approximately seven weeks (Clerk of Works 1932;
Cumbers 1932).

Initial visual inspection of the mosaic showed a
composite structure with four layers on top of the
building’s structural concrete. The tesserae were at
the front of the mosaic and were 5–7 mm thick. Gaps
between tesserae were filled with grout and the tes-
serae were bedded onto a 1–2 mm-thick thin-set
mortar. The thin-set mortar, which is visible at
locations (X) in Figure 2(b), was applied to a bedding
coat. Locations (Y) in Figure 2(b) show the scratched
bedding coat, which was approximately 20 mm thick
(Sims 1932a). Below the bedding coat there was a
12 mm-thick cementitious layer that was likely
foamed mortar cast to create the desired curvature
as seen in the construction mock-up in Figure 2(a)
(Sims 1931). Foamed mortar is a high porosity cemen-
titious slurry with no large aggregate that can be
pumped and cast in situ. Location (Z) in Figure 2(b)
shows construction lines demarking edges of cast
foamed mortar sections. Finally, behind the foamed
mortar was a structural concrete that encased the
building’s steel frame, as seen in Figure 1(c).

Two 10 mm holes were drilled by Format NDT Ltd to
facilitate ultrasonic surveying of defects using a Mitec
mfd650c and video inspection with an Aadark
8802AL inspection camera. The total depth was 200–
220 mm in the two video surveyed locations and no
void spaces were identified in these locations
(Format NDT LTD 2018). The mosaic build up was
approximately 40 mm in total from the tesserae to
the back of the foamed mortar, though material thick-
nesses varied. The remaining 160–180 mm of the
depth was the structural concrete.

Methods and materials

Sample collection from site was limited to loose mortar
and glass tesserae, so pieces of structural concrete and
tesserae of every colour could not be obtained. Mortar
samples were extracted from each of the four identified
surface layers: ‘grout’, ‘thin-set mortar’, ‘bedding coat’,
and ‘foamed mortar’. Drilling for ultrasonic testing
and video inspection created a by-product ‘powder’
which contained small amounts of the ‘thin-set
mortar’, ‘grout’, ‘bedding coat’, and ‘foamed mortar’
alongside the structural concrete. The powder was ana-
lysed to check for any carbon-based materials, such as
hessian, used in the mosaic build up and to check for
anything atypical in the structural concrete.

There were a range of coloured glass and ceramic
tesserae, but only three glass tesserae were acquired:
one gold glass tessera and two blueish turquoise
glass tesserae (referred to as ‘blue’). The extracted tes-
serae specimens were approximately square, measur-
ing 12 ± 1 mm wide in both directions, 4.9 ± 0.1 mm
deep for the ‘blue’ tessera, and 6.5 ± 0.1 mm deep for

the ‘gold’ tessera. All tests to tesserae were to be
non-destructive so that tesserae could be reinstated.
This limited the tesserae testing to imaging using
optical microscopy and scanning electron microscopy
(SEM), and characterisation using energy dispersive
X-ray analysis (EDX) and Raman spectroscopy.

For optical microscopy a Keyence VHX 6000
equipped with the VH-Z20R/Z20 T lens was used,
enabling magnifications between ×20 and ×200. SEM
imaging with backscatter electron imaging was
carried out using a JEOL SEM6480LV. EDX was carried
out on the fracture surfaces of uncoated samples
using the JEOL SEM6480LV equipped with an Oxford
INCA X-Act SDD X-ray detector. A Renishaw inVia
system was employed to carry out the Raman spec-
troscopy and Renishaw WiRe 4.0 software enabled
peak fitting of the spectra. Samples were examined
using a monochromatic 532 nm or 785 nmwavelength
laser to allow the spectrum to be obtained and avoid
excessive fluorescence.

For mortar samples, laboratory testing included
optical microscopy imaging of polished samples, SEM
and field-emission scanning electron microscope (FE-
SEM) imaging of fracture surfaces and polished
samples, and characterisation using EDX, X-ray diffrac-
tion (XRD) analysis, thermogravimetric analysis (TGA)
with differential scanning calorimetry (DSC), and
Raman spectroscopy.

The FE-SEM used was a JEOL JSM-7900F. XRD was
carried out using a BRUKER AXS D8 Advance, equipped
with a Vantec-1 detector, using CuKα radiation. For XRD
analysis the grout sample was flat, so it was mounted,
but the other mortar samples were ground to powder.
The software WinXPOW was used for phase identifi-
cation of the results. For TGA and DSC, samples were
placed in an alumina crucible for use in the Netzsch
STA 449 F1 Jupiter simultaneous thermal analyser. The
temperature was increased from 30°C to 900°C at a
rate of 10°C per minute. Data were recorded and pro-
cessed using the Netzsch Proteus software.

SEM imaging was conducted on fracture surfaces
and polished mortar samples for inspection of
sample morphology, microstructure, and the distri-
bution of aggregate, binder, and pores. Fracture sur-
faces of mortar samples were sputter coated with
gold (Au). FE-SEM was carried out on a polished and
fracture sample of the foamed mortar, which enabled
greater magnifications for observation of particle
morphology.

Calcium carbonate crystallises as calcite, aragonite,
or vaterite. Calcite is typically observed in its rhombo-
hedral form but may be present in its tabular, pris-
matic, acute rhombohedron, or scalenohedral habit
(Cizer et al. 2012; Serrapede et al. 2014). Aragonite crys-
tals are acicular whilst vaterite crystals are typically
spherical but are occasionally star shaped if irregular
growth occurs (Zhou et al. 2004; Serrapede et al.
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2014; Trushina, Bukreeva, and Antipina 2016). In the
case of samples with incomplete carbonation,
calcium hydroxide is characterised by plate-like hexa-
gonal crystals (Rodriguez-Navarro, Hansen, and Ginell
1998; Pesce et al. 2017). In hydraulic pastes dicalcium
silicate (C2S) and tricalcium silicate (C3S) hydrate in
the presence of water, producing calcium-silicate-
hydrate (C–S–H) phases. These are needle-like in
shape and as hydration continues the C–S–H layer
grows in thickness, the fibres interlock, and the C–S–
H gel layer increases in density (Mindess and Francis
Young 1981). Gypsum is incorporated into cement to
prevent the ‘flash set’ caused by hydration of tri-
calcium aluminates (C3A) in the binder. C3A reacts
with gypsum to produce a mineral that is colloquially
called ‘ettringite’ (AFt) (Bullard et al. 2011). Ettringite
crystals are acicular and hexagonal in cross-section.
Once the calcium sulphate is consumed, remaining
C3A reacts with ettringite to produce calcium mono-
sulphoaluminate (AFm) which are hexagonal plate-
like particles (Yoneyama et al. 2021).

EDX of the mortar samples reveals the chemical
composition of the analysed area. For mortar
samples the elemental weights identified in the
binders were converted to oxides and input into
Equation (1) which calculated the cementation index
(CI) (Holmes and Wingate 1997, 13). Equation (1)
used element weights to estimate the binder’s hydrau-
licity. The bottom of the fraction added quicklime
(CaO) and magnesium oxide (MgO). The top of the
fraction summed silica (SiO2), alumina (Al2O3), and hae-
matite (Fe2O3). These were the active clay contents in
the binder that create hydraulic phases. Ideally the CI
would be calculated from fresh binders and oxide
analysis would be carried out using X-ray fluorescence.
In this case samples contained aggregate and equip-
ment availability restricted testing to chemical analysis
by EDX. The visible aggregate was sieved out of
samples with a 63 µm sieve before EDX, but fine-
grained quartz remained in the mortar which skewed
the CI results towards more hydraulic classifications.
As such, the results did not accurately describe the
hydraulicity but offered an approximation of the
hydraulicity and enabled comparison of hydraulicity
between mixes.

CI = 2.8SiO2 + 1.1Al2O3 + 0.7Fe2O3

CaO+ 1.4MgO
(1)

Results

Optical microscopy images of the blue and gold tes-
serae are shown in Figure 3(a–d). Measurements
demonstrated that these tesserae were hand-cut
with vertices ranging from 85° to 98° in the blue
tessera and 87° to 92° in the gold tessera. The top
surface of the blue tessera in Figure 3(a) had surface

imperfections where dirt had accumulated but there
were no cracks. Viewing the blue tessera on its side
in Figure 3(b) revealed a homogeneous opaque blue
glass. There were grout remnants adhered to the
side and contained in partial bubble voids that
remained from glass production and were indicative
of poured glass.

Optical microscopy confirmed that the gold tes-
serae were created using an ancient Roman method
where gold leaf foil was sandwiched between
support glass and a thin glass layer called the cartellina.
The exact order of this process can vary (Neri and
Verità 2013). The gold leaf seen in Figure 3(c) was
covered by a transparent cartellina. The cartellina was
the 0.5 mm-thick top layer in Figure 3(d). No bubbles
were identified in the cartellina and it had a wavey
surface profile which signified blown glass. The
support glass beneath the gold leaf had a greenish
hue and had a flat bottom face except for occasional
chipped areas. It also had an abundance of bubbles
which meant the support glass was made using
poured glass.

Microcracks were found in the cartellina in Figure 3
(c) and in the top third of the support glass. These
cracks were likely the result of thermal expansion
and shrinkage during the gold glass production. The
presence of these microcracks in the cartellina and in
the adjacent topmost portion of the support glass
demonstrated that the blown glass cartellina was
made first. This was confirmed by the exposed
support glass on some tesserae, which was visible in
Figure 1(d). Here the poured support glass had
flowed over the edge of the cartellina, leading to
visible support glass when tesserae were cut from
the edge (Neri and Verità 2013).

Imaging during EDX analysis of the blue tesserae
showed that the glass was one smooth piece with
some adhered surface particles up to 5 µm and fre-
quent features up to 8 µm wide. These can be seen
in Figure 4(a). The SEM image in Figure 4(b) shows
the ancient Roman style of gold leaf glass with the
gold leaf foil between the cartellina (left side of the
image) and the support glass (right side of the
image). The gold leaf was visually evident and had
been beaten to less than 0.5 µm thick.

EDX spectra were obtained for each sample using
one or more sites of interest. Table 1 presents weighted
averages over the total area analysed for each material.
EDX analysis of the top and side of the blue glass
tessera revealed it was composed elementally from
carbon (C), oxygen (O), sodium (Na), magnesium (Mg),
aluminium (Al), silIcon (Si), potassium (K), calcium
(Ca), copper (Cu), lead (Pb), and antimony (Sb). The
glass on base of the gold tesserae had a similar compo-
sition to the blue tessera but with a higher proportion
of aluminium and only trace amounts of copper. The
gold leaf identified in Figure 4(b) was analysed and
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confirmed to be gold (Au). No gold alloying elements
were identified, confirming 24-carat gold was used for
the gold leaf. The cartellina contained 0.5% manganese
(Mn). The blue tesserae and the glass either side of the

gold leaf layer contained impurities including iron (Fe)
and chlorine (Cl).

The Raman spectrum of the blue tessera in Figure 5
had an initial peak that was the Boson peak. The Boson

Figure 3. Optical microscope images of (a) a blue tessera taken at ×20 magnification from the top; (b) the same blue tessera from
the side at ×20 magnification; (c) the top surface of the gold tessera showing the gold leaf through the cartellina taken at ×20
magnification; (d) a side view of the same gold tessera; and (e) a polished section through the intermediate grout, thin-set mortar,
and bedding coat.
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Figure 4. (a) Backscattered electron image of the side of the blue tessera taken during EDX analysis; and (b) SEM image of the side
of the gold tessera at ×6k.

Table 1. Elemental analysis by EDX for mosaic mortar and tesserae samples.

Material
Area analysed

(µm2)

Element weight averaged over EDX results (%)

C O Na Mg Al Si K Ca Cu Au Pb S Mn Fe Cl Ti Sb

Powder 32,500 6.3 39.4 1.4 27.8 0.7 19.8 0.7 4.1
Foamed mortar 16,200 3.6 39.6 4.8 10.9 26.8 5.2 6.3 0.6 2.2 0.3
Bedding coat 38,300 5.6 40.5 0.8 0.3 3.3 13.1 1.6 29.6 3.1 1.7 0.2
Thin-set 2440 4.5 33.8 0.2 0.3 2.1 7.2 0.4 49.7 0.6 1.2
Grout 14,400 3.2 37.3 1.3 4.4 0.3 52.2 0.9 0.5
Blue tessera top 13,100 3.0 33.2 5.9 0.3 0.3 31.1 0.6 5.9 1.7 17.1 0.7 0.1
Blue tessera side 22,500 10.0 42.5 4.2 0.3 0.2 25.6 0.5 3.9 1.0 10.6 0.1 1.0
Gold tessera Base 265,000 3.2 31.2 1.3 0.3 1.4 34.8 1.2 3.7 22.9
Gold leaf 65 5.7 18.1 1.8 0.1 0.7 12.0 0.6 1.7 0.2 49.5 8.3 1.2 0.1 0.1
Gold tessera
Cartellina

145,000 3.4 32.3 1.4 0.2 1.8 36.7 0.9 3.8 18.9 0.5 0.1

Figure 5. Raman spectra for the gold tessera and a blue tessera. ‘✱’ – Calcium antimonate (Ca2Sb2O7), ‘●’ – symmetric stretching
of Si–O–Si in mode Q3, ‘X’ – symmetric stretching of Si–O–Si in mode Q2, ‘♦’ – stretching of Si–O in SiO4 cage, ‘Δ’ – stretching of
Si–O in mode Q2, ‘◗’ – stretching of Si–O in mode Q3.
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peak is a feature characteristic of amorphous materials
that results from excess vibrational density of states. In
glasses the Boson peak is a broad peak between 20 and
150 cm−1 (Schroeder et al. 2004; Deschamps et al. 2011).
The blue tessera also contained peaks of calcium anti-
monate at 480 and 636 cm−1. It was present in the
orthorhombic form (Ca2Sb2O7) as opposed to the hexa-
gonal crystal (CaSb2O6) (Gedzevičiute et al. 2009; Ric-
ciardi et al. 2009; Zhao et al. 2013). Both the gold and
blue Raman spectra exhibited peaks corresponding to
stretching vibration modes of silIcon and oxygen in
the lead glass. The band at 564 cm−1 was attributed
to Si–O–Si symmetric stretching vibration mode Q3,
the band at 792 cm−1 was Si–O stretching in its tetrahe-
dral oxygen cage (SiO4), and the 988 and 1098 cm−1

bands were Si–O stretching in vibration modes Q2 and
Q3, respectively (Deschamps et al. 2011).

Optical microscopy was used to calculate the aggre-
gate contents for the mortars in the polished section in
Figure 3(e). The percentage of aggregate by area was
17.3% for the grout, 10.3% for the thin-set, and
30.5% for the render. This demonstrated that the
render mix design had a greater proportion of aggre-
gate in the mix design compared to the grout and
thin-set mortar. Aggregate percentage could not be
carried out on the foamed mortar due to the
absence of any visible aggregate.

SEM imaging of the mortars revealed calcite crystals
in the grout and thin-set mortar, as shown in Figure 6(a),
with no evidence hydraulic phases. This implied that a
high calcium lime mortar had been used. Ettringite
crystals over 10 µm in length and C–S–H fibres were
identified in the SEM image of the bedding coat
mortar in Figure 6(b), meaning that the bedding coat
had hydraulic properties and that there was sulphate
present in the mortar. There were no distinguishable
crystals or fibres in the foamed mortar in Figure 6(c)
due to compaction, no aggregate was visible, and
there was a significant proportion of void space. At
this magnification (×2000) the largest visible pores
were over 20 µm in diameter, indicating a low
density, porous mortar. Further imaging of these
pores showed that they were well connected,
however the sample was too small to run a mercury
intrusion porosimetry test so the pore size distribution
could not be obtained. The interface between the
foamed mortar and bedding coat layer was clearly
visible in Figure 6(d) as a smooth line between the
two mortars. The image accentuated the difference
in their structure and composition. Aggregate was
clearly seen in the bedding coat mortar, surrounded
by binder, and containing occasional void spaces.
The foamed mortar structure had no distinguishable
aggregate and was extremely porous with the largest
visible pore measuring 175 µm in diameter at ×100
magnification. The foamed mortar’s pores were par-
tially filled at the interface.

Field-emission scanning electron microscopy (FE-
SEM) of the foamed mortar revealed aragonite and
calcite in Figure 6(e) and (f), respectively. The surfaces
of the pores were covered in spherical particles of
around 100 nm in size, which was consistent with
silica fume in Khan et al. (2014) and Esfandiari and
Loghmani (2019). Occasional fibrous hydration pro-
ducts were present, as in Figure 6(h) (Tantawy et al.
2012).

EDX results in Table 1 showed that the thin-set and
grout samples had similar elemental composition. The
main elements identified in the thin-set and grout
were calcium and silIcon with some aluminium and
iron. This composition indicated that a calcium rich
lime with a small amount of hydraulicity had been
used for both the grout and thin-set mortar. Bedding
coat samples showed a higher proportion of silIcon,
iron, and aluminium compared to the thin-set and
grout. Sulphur also appeared in the bedding coat
layer. The bedding coat elemental composition
denoted a mortar with hydraulic properties. The
foamed mortar had significantly less calcium by
weight than the other mortars and a greater pro-
portion of aluminium and potassium. It also had
more iron by weight than the other mortars but less
than in the drilling powder. The EDX results for the
foamed mortar were consistent with a cementitious
material (Scrivener et al. 2016). The powder sample
contained and represented all the mortars. Iron was
identified in higher proportions in the powder than
in any of the mortar layers due to drilling through
aggregate containing iron.

The CI results in Table 2 were calculated using
Equation (1). The grout and thin-set mortar had CI of
0.77 and 0.45, respectively, whilst the bedding coat
had a higher hydraulicity above the value of a
natural cement. The foamed mortar CI was more
than 14 times greater than the classification for
natural cement owing to high concentrations of alu-
minium and silIcon and low calcium contents
(Holmes and Wingate 1997). This showed that the
foamed mortar was not a typical mix design.

The results obtained through Raman spectroscopy
of the samples have been shown in Figure 7. The
Raman spectra for the four mortar layers showed
calcite bands at 154, 280, 714, and 1088 cm−1. The
grout was darker towards the mosaic surface where
Raman spectroscopy revealed ettringite in the
exposed surface grout at 988 cm−1 (Torréns-Martín
et al. 2013). A number of unidentified peaks
remained in the drilling powder >1070 cm−1. It is
thought that the higher wavelength bands could
correspond to carbon containing material, but this
could not be confirmed due to noise. Quartz was
also identified in the drilling powder at 186, 206,
and 455 cm−1 (Dean, Sherman, and Wilkinson 1982;
Liu et al. 2015).
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Figure 6. SEM images of the fracture surface of (a) the grout at ×5k; (b) the bedding coat mortar at ×2k; (c) the foamed mortar
substrate at ×2k; and (d) the bedding coat and foamed mortar interface at ×100. FE-SEM images from the foamed mortar of (e)
aragonite at ×10k; (f) calcite at x10k; (g) silica fume at ×50k; and (h) fibrous hydration products at ×25k.
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XRD results for the four mortars are presented in
Figure 8. The XRD results for the grout corresponded
with the results for the thin-set mortar. In the grout
and thin-set mortar the calcite and quartz bands had
the highest intensities with some less intense peaks
corresponding to portlandite and hydrated silicates.
The presence of the portlandite meant that carbona-
tion had been inhibited in areas in the grout. The
hydrated silicate peaks confirmed that the grout and
thin-set mortar had hydraulic phases present. Only
calcite and quartz were identified in the bedding
coat. The foamed mortar was found to contain no
quartz but had calcite, calcium alumina silicate
hydrate (C–A–S–H), and vaterite which is the most
thermodynamically unstable polymorph of calcite
(Wehrmeister et al. 2010). XRD confirmed that the

foamed mortar had hydraulic properties but contained
no quartz aggregate.

TGA and DSC results for the drilling powder, which
contained samples from all the mosaic mortar layers
and the structural concrete, are presented in Figure
9 as an example of the TGA, derivative thermogravi-
metry (DTG), and DSC data obtained. For all samples
the abundance of each identified compound has
been summarised in Table 3. In all samples mass loss
taking place up to 100°C corresponded to water evap-
oration. Dehydroxylation of portlandite occurred at
475°C in the thin-set, grout, and the drilling powder.
The mass loss of H2O was used to back-calculate por-
tlandite contents. Portlandite was calculated as 4.11
times the percentage mass loss over the temperature
range for dehydroxylation of portlandite. Portlandite
contents were low but demonstrated that even after
90 years the grout, thin-set, and structural concrete
had not fully carbonated. This was due to imperme-
able tesserae restricting carbonation rates. In all
mortars, significant mass loss occurred around 700–
800°C where calcite decarboxylation calcite took
place. The mass percentage of calcite was calculated
as 2.27 times the percentage mass loss due to decar-
boxylation. The grout and thin-set mortar contained
the greatest proportions of calcite. Peaks were
present at 145°C in samples containing the bedding
coat or foamed mortar which was in the region of
dehydration of gypsum, C–A–H, and C–S–H but the
characteristic double peaks of gypsum were not
present in any sample (Lawrence et al. 2006;

Table 2. Classification of hydraulicity for the tested lime
binders based on cementation index classification (Holmes
and Wingate 1997).
Classification CI

Fat lime Close to zero
Mildly hydraulic 0.3–0.5
Moderately hydraulic 0.5–0.7
Eminently hydraulic 0.7–1.1
Natural cement 1.7

Binder CI Classification

Foamed mortar 23.85 N/A
Bedding coat 2.8 Natural cement
Thin-set mortar 0.45 Mildly hydraulic
Grout 0.77 Eminently hydraulic

Figure 7. Raman spectra for mosaic mortars showing identified vibrational peaks. ‘Q’ – symmetrical stretching in quartz; ‘C1’ –
translation of CO3

2– in calcite; ‘C2’ – rotational torsion of C–O in calcite; ‘C3’ – in-plane deformation of C–O–C in calcite; ‘C4’ – sym-
metric stretching of C–O in calcite; and ‘E’ – v1 symmetric stretching of SO4

2– in ettringite.
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Lothenbach, Durdziński, and de Weerdt 2016). There
was a subtle peak in the bedding coat and drilling
powder at 250–300°C which was attributed to
goethite, an iron oxide impurity in the sand (Lawrence
et al. 2006). This confirmed that aggregate impurities
caused the elevated iron in the drilling powder EDX
results. The peak identified in the DSC plots at 580°C

corresponded to quartz inversion where it transitions
from α-quartz to β-quartz (Netzsch 2008; Arcones-
Pascual, Hernández-Olivares, and Sepulcre-Aguilar
2016). All samples exhibited the quartz transition
peak except for the foamed mortar, further demon-
strating that there was no quartz aggregate in the
foamed mortar.

Figure 8. XRD results for the grout, thin-set mortar, bedding coat, foamed mortar, and drilling powder. ‘C’ – calcite; ‘P’ – portlan-
dite; ‘S’ – hydrated silicates; ‘Q’ – quartz, ‘V’ – vaterite; and ‘as’ – calcium alumina silicate hydrate (C–A–S–H).

Figure 9. TGA/DSC results for the drilling powder obtained after drilling which includes the grout, thin-set mortar, bedding coat,
and foamed mortar.
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Discussion

The mosaic was handmade using hand-cut tesserae
produced in Italy at a time when the Fascist regime
limited art exports. The composition of the handmade
glass tesserae varied depending on the colour and
optical properties required. The chemical elements
identified by EDX arose from various compounds
that were added by the craftsmen to achieve optimal
working and visual properties. The compounds ident-
ified in the tesserae and their use in glass have been
summarised in Table 4.

EDX results show that both colours of glass tesserae
used soda-lime silica glass with lead oxide introduced
to enhance the optical properties. Sodium oxide was
used in the soda-silica glass tesserae as a flux to
lower the glass’ melting temperature from 1713°C to
below 1000°C (Brill 1963; Jones 1971; Rasmussen
2012). Soda-silica glass is soluble in water, so lime
was added to stabilise the glass by increasing its dura-
bility and chemical stability. A portion of the lime
stabiliser may have been dolomitic lime which would
account for the presence of magnesium in the glass,
but this could not be confirmed. The iron and alu-
minium were present due to impurities in the sand
(Boschetti et al. 2016).

Different compounds were added to the glass mix
to achieve a clear cartellina and the blue opaque
glass. The cartellina glass in the gold tessera had a
manganese-based decolourant to counteract the

colouring effects of impurities present and improve
the visual impact of the gold leaf through the cartel-
lina. This decolourant was unique to the gold tessera
cartellina and was not present in the support glass or
in either of the blue tesserae tested. The gold tessera’s
support glass was embedded so a decolourant was not
required. The colour in the blue glass tessera was
achieved using copper oxide and the opacifying
agent was the orthorhombic form of calcium antimo-
nate (Ca2Sb2O7).

The technique for creating the ancient Roman gold
leaf glass was inferred from visual inspection and
optical microscopy. Production began with a thin car-
tellina layer made from blown glass. The gold leaf was
then applied, then this cartellina and gold leaf compo-
site was reheated so that the molten support glass
could be poured on. Finally, the three layers were com-
pressed to ensure good contact (Neri and Verità 2013).
As a result of this compression, the molten poured
support glass took on the form of the flattening tool
which created the straight edge at the base of the
tessera in Figure 3(d).

As part of the conservation work it was questioned
whether the mosaic needed a protective coating to
prevent further loss of the gold lustre. Analysis of the
gold glass tesserae revealed the gold leafwas protected
by a cartellina, which explainedwhy the gold tesserae in
the rays in Figure 1(d) had retained their colour and
confirmed that gold glass tesserae did not need
additional protective coating. However, inspection of
George Murray’s mosaic design and a photograph
taken during installation revealed the fading writing
and triangle features were originally not gilded, so
they were not made using ancient Roman style gold
leaf glass (Murray 1930; Sims 1932b). These elements
were surface gilded later, with the gilding application
potentially shown in a 1935 photograph (Anon 1935).
A protective coating would preserve the existing
shade of the exposed gilding, but a coating over the
mosaic was inadvisable because the other coloured tes-
serae and glass tesserae do not need it. Moreover, it
would restrict moisture transfer through the grout
and promote moisture accumulation inside the
mosaic, generating associated moisture induced
decay. Instead, fading gold ceramic tesserae were
regilded.

A summary of the mosaic build-up is presented in
Figure 10, including information on the mortar mixes

Table 3. Abundance of compounds identified by TGA and DSC.
Sample C–-A–H and C–S–H Goethite Portlandite (%) Quartz inversion Calcite (%)

Drilling powder + + ++ (1.23) ++ +++ (8.09)
Foamed mortar ++ - - - +++ (10.35)
Bedding coat + + - ++ +++ (7.69)
Grout, thin-set and bedding coat + - ++ (1.56) ++ +++ (12.01)
Thin-set - - ++ (1.27) ++ +++ (16.44)
Grout - - - ++ +++ (13.79)

Note: - not identified, + sparse, ++ common, +++ abundant.

Table 4. Compounds identified in gold and blue tesserae and
the properties achieved.
Compound Use

Sodium oxide A flux that lowered glass temperature from 1713°C to
below 1000°C.

SilIcon dioxide Fundamental constituent of glass.
Calcium oxide Lime stabilised the soda-silica glass.
Magnesium
oxide

Magnesium oxide indicated that dolomitic lime may
have been used as the stabiliser.

Lead oxide Added to improve the refractive index and as a flux.
Lead glass is colloquially termed ‘crystal’.

Copper oxide Introduced the blue-green colour of the blue
tesserae.

Potassium oxide Used to slow crystal growth and reduce the
temperature of the upper limit of crystallisation by
up to 50°C, increasing workability and quality.

Calcium
antimonate

Opacifying agent or white colour.

Manganese
dioxide

Decolourant.

Gold 24-carat gold leaf was sandwiched between to glass
layers to create gold tesserae.
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used and their location with respect to the tesserae.
The thin-set and grout layers both had evidence of
calcite crystals in SEM images, similar EDX compo-
sitions, and similar Raman and XRD spectra. Raman
spectroscopy revealed that the mosaic surface has
been exposed to sulphates over its lifetime, leading
to ettringite formation in the top-most portion of the
grout. XRD spectra revealed calcite and quartz with
some portlandite and hydraulic phases. TGA/DSC
confirmed calcite with small amounts of portlandite
remaining in the thin-set layer. For the grout and
thin-set mortar the impurities identified in the EDX
indicated a low hydraulicity lime binder was used
with quartz aggregate. These results showed that the
same lime mortar mix design was used beneath
(thin-set layer) and around (grout) the tesserae.
Optical imaging showed a low proportion of aggregate
compared with the bedding coat. This low hydraulicity
lime mortar would have been tacky with a relatively
long working time. This neither evidences the indirect
nor the direct method so historical records and visual
inspection remained integral for determining the
installation method. Historical records confirmed that
the indirect method was used for fixing the mosaic
(Clerk of Works 1932; Sims 1932a). The records also
contained only two mortar specifications for the thin-
set and the render, confirming that the thin-set and
grout were the samemix design. The thin-set specifica-
tion was 1:1:½ of sand to cement to lime (Clerk of
Works 1932). This is consistent with the results
obtained for the grout and thin-set.

SEM imaging of the bedding coat revealed both C–
S–H fibres that are associated with hydraulic mortars
and EDX results showed a higher proportion of
silIcon and aluminium compared to the thin-set and
grout. These results showed that the bedding coat
was a mix of quartz aggregate and a hydraulic
binder. Historic records supported the laboratory
results by stating that the bedding coat was specified
2½:1 sharp sand to cement (Clerk of Works 1932).

SEM of the foamed mortar showed it was signifi-
cantly porous and it was indicative of a low-density

material. This low-density mortar may have been
specified for ease of construction and to reduce the
structure’s weight. Figure 2(a) shows boarding in the
construction mock-up, and construction lines are
visible in Figure 2(b). These construction lines
demarked the boarding positions from when the
foamed mortar was cast. The foam mortar created a
smoother, lightweight layer that was cast to achieve
the desired form. It is possible that the observed
cracks coincided with the joins between these
boards, but it could not be confirmed without intrusive
surveys. The pore sizes identified in SEM images were
typical of air-entrained concrete (Silva et al. 2020).
The EDX results, and the size and abundance of
pores, indicate foamed mortar. The earliest known
patent for foamed mortar was filed in 1923 and
casting at the Freemasons’ Hall took place in 1932,
so this represented a relatively early use of foamed
mortar in construction (Eriksson 1924). Historical
records state that ‘aerocrete’, which is an alternative
name for foamed mortar, was used elsewhere in the
Freemasons’ Hall (Clerk of Works 1932). This shows
that the contractors were familiar with using ‘aero-
crete’ in construction, so it is reasonably feasible that
foamed mortar was used to create the curved coving.

One patent from the time described a method from
Aerocrete Foreign Ltd. and Nicol (1928) where 0.1 parts
aluminium powder and 0.01 parts stearin were added
to 100 parts Portland cement. The aluminium powder
reacted with portlandite, releasing hydrogen gas that
created large pores (Tang Van et al. 2019). This tech-
nique, or a similar method, may have been applied
but there is insufficient evidence to confirm the foam
used. Results demonstrate that the foamed mortar
mix was unlikely to be a mix using 100 parts Portland
cement, as the EDX has elevated silIcon and aluminium
contents. High aluminium may be explained in part by
aluminium powder, but not enough to increase the
observed aluminium content from a typical 2.1% by
weight in Portland cement to the 10.9% observed
(Martínez-Alanis and López-Urías 2016). It is possible
that a high alumina cement was used, but the XRD,

Figure 10. Diagrammatic representation of the mosaic build-up.
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Raman, and TGA could not confirm this. Exploratory
FE-SEM imaging of the foamed mortar revealed the
high silIcon content was due to silica fume particles.
The pozzolanic silica fume was added to increase the
compressive and flexural strength of the foamed
mortar, mitigating the loss of strength due to high por-
osity and absence of large aggregate (Zhang et al.
2022).

The drilling powder sample showed that the
foamed mortar was not representative of the structural
concrete. The structural concrete, which was present
from 40 mm behind the mosaic surface to the crawl
space at 220 mm deep, was created using a cement
binder with quartz aggregate. This layer appeared con-
sistent in video surveys with no visible voids (Format
NDT LTD 2018). There was no evidence of any
carbon-based materials within the mosaic build-up in
the videos or laboratory data.

Conclusions

The Freemasons’ Hall, which was built in 1927–1933, is
a steel-framed Art Deco building containing a large
mosaic coving in its Grand Temple. The mosaic was
designed by George Murray. Historic records
confirmed the mosaic was installed using the indirect
method.

The tesserae samples were confirmed to be hand-
made lead glass produced in Italy by Gino Avon who
taught at the world renowned Fruili Mosaic School.
This greatly increased the architectural interest of the
mosaic, as it was created and installed by a well
revered Italian mosaic artist during a time when art
exports were being limited. The gold tessera was an
ancient Roman style gold leaf glass that used 24-
carat gold. Analysis revealed that a thin glass protec-
tive layer, the cartellina, was made first. The gold leaf
was added, followed by a poured lead glass base.
The retained gold lustre in the gold glass portions of
the mosaic demonstrates that the cartellina has pro-
tected the gold leaf. Historic images prove that the
faded gold portions were not originally designed to
be gold and were gilded later, around 1935.

Cementation Index values indicte the thin-set and
grout were moderately to eminently hydraulic whilst
the bedding coat had hydraulicity above a natural
cement. Raman spectroscopy, EDX, XRD, and TGA/
DSC results demonstrate that the same mix was
employed for both the thin-set and the grout. The
Freemasons’ Hall’s Clerk of Works records from 1932
confirms that the same mix was used for the thin-set
and grout and that the bedding coat was a more
hydraulic mortar with only cement as the binder
whilst the thin-set and grout had a lower hydraulicity
cement-lime binder.

Cementation Index values identified that the
foamed mortar was an atypical mix. Imaging revealed

a highly porous structure containing silica fume that
was likely foamed mortar. Foamed mortar was first
patented in 1923, so its use in 1932 represents an
early use for this material. This greatly enhances the
mosaic’s architectural interest as it presents a unique
situation where authentic mosaic materials produced
using historic methods have been combined with
newer construction technology including foamed
mortar and a steel framed superstructure.
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