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Abstract

This study analyses and compares around 650 years of mosaic mortar production spanning the Roman, late Roman
and Umayyad periods, at Gerasa/Jerash in Jordan, offering a better understanding of composition, structural features,
and manufacturing processes. It assesses the value of optical and electron microscopy examination of morphologi-
cal and textural features, pore structure using MIP, and composition studies using EDX, XRD, FTIR, TGA, and Raman
spectroscopy. The study indicated high density lime adhesive was used compared to other mortars. Wood was used
as a fuel when producing the lime and natural fibres were incorporated when manufacturing mortars. Aggregates
were primarily calcitic with a small proportion of silica-based aggregates. Key outcomes of the study conclude

that early Roman mortars were of highest quality, which was demonstrated through the careful selection of materials
including different stone for lime and tesserae, and differences between layers. Late Roman mortars used the same
slaked lime plus fibres and charcoal. Mortars dating from the Umayyad period also had the same higher lime con-
tent than late Roman, but higher porosity with fibres and charcoal. In general, the mortars showed slight differ-
ences in content and aggregate; different stone for lime and tesserae. The research attests to underlying traditions

as well as changes in mortar mixes and methods according to context and time. The resulting data is contextualized
within local and regional approaches.
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layers of the bedding were examined to assess the com-
plete sequence of the foundations and the relation-
ships between the mortar mixes across the production
stages, each with their own specific purpose within the
overall mosaic. The intention is to understand how and
why the mortars were used at different points in the
process, and more broadly at various times and places
during the life of the Northwest Quarter of the site as
well as to provide a basis for future discussions of mor-
tars in the region from a comparative perspective.

The Danish-German Jerash Northwest Quarter Pro-
ject began in 2011 and ended with a study campaign
in 2017. The project has examined an area of about 4
hectares located on the highest point of the walled city
in what can be termed a peripheral area sitting above
the Roman period Artemision in the western part of
the city [3, 4]. The Decapolis city of Gerasa flourished
in the Roman, Byzantine and early Islamic periods until
an earthquake brought a halt to most urban activity
at the site in 749 AD [5]. While we know that the site
existed before the Roman period, the archaeology tells
us very little about the earlier phases [6]. Most archae-
ological finds come from the early Roman imperial
period onwards. After the earthquake the Northwest
Quarter was abandoned and only resettled again in the
Middle Islamic period [7-9].

The archaeological work undertaken within the frame-
work of the Danish-German Jerash Northwest Quarter
Project has brought to light complexes from the Roman
and later periods, and material from several of these con-
texts has been included in this study. Mosaics have been
one of the main interests of research at Jerash since the
first excavations in the early twentieth century [10-13].
The artistic medium tends to survive well; tesserae and
fragments from floors and walls have been found scat-
tered across the site. Jerash is most well-known for its
Byzantine mosaics which embellished religious buildings
starting in the fifth century AD, with production increas-
ing rapidly during the sixth and then declining in the
early seventh century [14—18].

Although the Northwest Quarter project has contrib-
uted to our understanding of Byzantine religious mosa-
ics with the discovery of the so-called Mosaic Hall [19,
20], this paper focuses on the less well known, and much
rarer, mosaics from the Roman and Islamic periods.
There are a handful of Roman mosaics from Jerash and
those from the early Umayyad period are the only sur-
viving examples [14, 21-23]. These materials, therefore,
offer significant new insights into the decoration and
associated production technologies at these times. Byz-
antine mosaic fragments are included to provide context
so that the complete chronological sequence is consid-
ered and understood.
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The foundations of a tessellated mosaic are made up of
a series of superimposed layers, each consisting of lime
mortar mixed with aggregates at different ratios. The
number of layers varies according to the context but is
generally between two, at a minimum, and four as speci-
fied by Vitruvius (De Architectura 7.1). The lower lay-
ers are coarser being made up of larger stones and other
aggregates such as broken ceramic or recycled build-
ing materials, sometimes even shells [24]. They become
progressively finer and smaller towards the setting bed,
which is usually a purer lime mixed with powdered stone,
including volcanic rocks, or terracotta, into which the
tesserae were embedded. The mosaic’s surface is nor-
mally grouted using another mix of lime mortar with
microscopic additives, resulting in the grout filling the
interstices between the tesserae. Different terminolo-
gies are used for these layers, some following Vitruvius.
In this study, a simplified, contemporary vocabulary has
been applied with ‘base’ being used for layers preceding
the setting bed and ‘adhesive’ for the setting bed itself.

Lime mortars and plasters can be classified as either
hydraulic or non-hydraulic depending on the compo-
sition [25, 26]. They are traditionally manufactured by
burning [27, 28] a source of calcium carbonate to form
calcium oxide, which can then be hydrated to form cal-
cium hydroxide [29, 30]. Historic mortars are often less
homogeneous and contain phases such as unburnt lime,
pure lime lumps, carbon [31] and organic materials [32]
which are commonly identifiable.

The samples investigated attest to around 650 years
of mosaic mortar production at Gerasa in Jordan. This
study has employed complementary techniques includ-
ing, scanning electron microscopy, energy dispersive
X-ray spectroscopy, X-ray diffraction [33, 34], Raman
spectroscopy, Fourier transform infrared spectroscopy,
thermogravimetric analysis, mercury intrusion porosim-
etry and acid dissolution, to better understand the com-
position, structural features and manufacturing processes
of the mosaics from the Northwest Quarter.

Experimental methods
The following section details the experimental methods
applied during this study.

Sampling methodology
Samples were selected from archaeological contexts
belonging to trenches excavated by the Northwest Quar-
ter Project (Fig. 1). It is noteworthy that it was not pos-
sible to differentiate between grout and adhesive for the
specimens in this study.

Seven mosaic fragments with their mortar bed-
ding intact were chosen for sampling (Fig. 2; Table 1).
Fragments were selected based on size, preservation,
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Fig. 1 Locations of samples ID1-ID7 selected from archaeological contexts belonging to trenches excavated by the Northwest Quarter Project

chronology, and location. They are all duplicate examples
known in series from the same trenches so that destruc-
tive investigations could be adopted if deemed necessary.
The samples come from five trenches that produced frag-
mentary pieces of mosaic, in secondary contexts, dat-
ing from the early Roman through to the early Umayyad
periods. The chronological range of the different flooring
mortars offers the opportunity to assess similarities and
differences between the mortar mixes according to the
specificity of their context, function and date.

The earliest sample (ID1) was excavated in trench S.
The fragment comes from a Roman-period floor which
probably belonged to a high-status monumental building
constructed in the late first or early second century AD
[35, 36]. With other pieces from the same pavement, it
was intentionally deposited in a cistern alongside parts of
the structure’s fabric in the Late Roman period (third to
fourth centuries AD). Two samples, one from trench O
(ID2) and the other from trench X (ID3), were found on
a terrace that was transformed during the Byzantine and
Umayyad periods [1, 35, 37]. These fragments both likely

came from the same pavement of Late Roman or early
Byzantine date, which was broken up at some time before
the Byzantine remodelling of the area. Four samples were
chosen from trenches P and V (ID4, ID5, ID6, and ID7).
These were excavated amongst the collapse of upper sto-
rey floors from an Umayyad house, the so-called House
of the Tesserae, destroyed during the earthquake of 749
CE [35-38].

The samples cover the major mosaic finds, except for
the in-situ tessellated pavements from the so-called
Mosaic Hall [19, 20, 37-39], and allow investigation of
the associated manufacturing processes at each stage
of their production. Together with the analytical tech-
niques, the research was designed to characterize the
composition, structural features and elucidate informa-
tion regarding their production.

Analysis and characterisation of specimens
The specimens were analysed and characterized using
the following methods.
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Fig. 2 Photographs of the mosaic fragments collected. ID1: specimen of Roman date from trench S; ID2 (right hand side image shows underside
of sample) and ID3: specimens of Late Roman and Byzantine date from trenches of O and X; ID4-ID7 Specimens of Early Islamic date from trenches
P and V; (i) Cross sectional diagram of mosaic structure showing tesserae, grout, adhesive and mortar

Determination of binder/aggregate ratio

The historic mortars and grouts acid dissolution test
was performed using a 3/7 solution of hydrochloric acid
and distilled water at room temperature. The HCI solu-
tion (30 mL, 36 wt.%) was gradually added to the sam-
ple-dispersed deionised water solution (70 mL). During
dissolution, the pH was periodically monitored, and
additional acid was added if necessary. Total dissolution
was assumed when the pH level remained constant. The
insoluble fractions were vacuum filtered and rinsed with
deionised water, and the residue was dried and weighed.
Gravimetry was used to determine the aggregate ratio of
the historical samples.

Optical and electron microscopy, and EDX analysis

Optical microscopy was carried out using a Keyence
VHX-6000 Series 3D Imaging Microscope. A Z20 lens
was used to view a fracture surface at magnifications
ofx 30, x50, % 100,%x 150, 200. The microscope was

operated in normal imaging mode for focused images
of a particular region of a sample and image stitching
was employed to enable imaging of the full sample in
one picture. White balance enabled more effective dis-
tinguishing of coloured regions. Polished thin sections
were prepared by Hands On Thin Sections Ltd from
samples impregnated under vacuum with a low viscos-
ity epoxy resin. The samples were analysed with a Leica
DM750 P microscope using both cross polarised and
transmitted light as well as incident light. Three rep-
resentative images were selected from each specimen
for analysis of aggregate and pore sizes. The total area
of each image was equal to 10.89%x6.08 mm, there-
fore all three images had a total area of 66mm?. Fol-
lowing calibration, the size of each pore and aggregate
located within the image was measured using image ]
Versionl.53 k. Pore and aggregate dimensions were
categorised between 0.015 and 1 mm and plotted as a
frequency histogram.
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High magnification images of the samples were pro-
duced using either a JEOL JSM-6480LV variable pres-
sure scanning electron microscope (SEM) equipped with
an Oxford Instruments INCA X-act energy dispersive
X-ray analyser (EDX) or a Hitachi SU3900 large cham-
ber, variable pressure SEM with an Oxford Instruments
Ultim Max 170 mm? (EDX) analyser. Both these systems
allowed mapping, line scan, point ID and quantitative
analysis functions which were used where appropriate.
Images were obtained at magnifications from 50Xto
5000x. Additional images of polished cross sections of
the red, black and white tesserae were obtained at mag-
nifications of 3000x. Elemental analysis scans using EDX
were performed at 10 kV and all elements analysed were
normalised. Surface scans were performed over rep-
resentative rectangular areas which were relatively flat
and had edges ranging from approximately 50—1000 um.
Between 2 and 4 such areas were analysed and the aver-
age elemental composition is reported.

Mercury intrusion porosimetry (MIP)

The percentage porosity by volume and pore size distri-
bution of the mortars was determined using Pascal 140
and Pascal 440 mercury intrusion porosimeters, combin-
ing low- and high-pressure analysis up to 400 MPa uti-
lising a glass dilatometer. Testing was conducted in two
phases, the first at low pressure from 0 to 100 kPa and the
second at high pressure up to 400 MPa.

Thermogravimetric analysis (TGA)/Differential scanning
calorimetry (DSC)

The thermogravimetric measurements of the historic
mortars and grouts were conducted using the Netzsch
Sta 449F1 Jupiter machine. The heating program ramped
from 50 to 950 °C at a constant heating rate of 10 °C/min
under inert N2 with a 50 mL/min gas flow.

X-ray diffraction (XRD)

The crystal structures of the historic mortars and grouts
were determined using a STOE STADI P X-ray diffrac-
tometer employing Cu-K, radiation with a wavelength
of 1.5408 A. The tests were conducted with a step size of
0.015° from 5° to 60° (28). Samples of the mortars were
prepared by breaking small representative pieces of the
mortar and adhesive, where applicable. They were then
crushed to a fine powder. XRD analysis was also carried
out on the residue remaining following acid dissolution.

Fourier transform infrared spectroscopy (FTIR)

The FTIR results were obtained using the attenuated total
reflection (ATR) method using a Perkin Elmer Frontier
Instrument. The FTIR spectra were recorded between
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wavenumber 600 and 4000 cm™!, with 10 repeated scans

at the resolution of 4 cm™.

Raman spectroscopy

Raman spectroscopy was carried out using a Renishaw
inVia system and WiRe 4.0 software for peak fitting and
deconvolution of the spectra. The system was equipped
with red and green diode lasers with wavelengths and
powers of 785 nm/140 mW and 532 nm/69 mW respec-
tively. The analyses were performed by focusing the laser
with objective magnification x50 onto the sample sur-
face through a Leica optical microscope, corresponding
to a laser spot diameter of approximately 2 um. The laser
power at the specimen surface was of the order of 3mW
and an acquisition time of 10 s was used for each spec-
trum over the wavenumber range 100—2000 cm™.

Results
Optical and electron microscopy
Optical microscopy was carried out on fracture surfaces
to reveal sub mm features and polished thin sections
were imaged to determine porosity and aggregate shapes,
sizes and mineralogy. Scanning electron microscopy was
applied to fracture surfaces to obtain images at high mag-
nification and reveal the finer microstructural features.
Figures 3, 4 and 5 present a selection of images that rep-
resent the key features identified in the Roman mortars
from the Northwest Quarter (ID1), Late Roman and
Byzantine mortars (ID2 and ID3), and the upper floors
of the Umayyad building referred to as the ‘House of the
Tesserae’ (ID4-ID7). Previous electron microscopy stud-
ies at Jerash, carried out by Hamarneh and Abu-Jaber,
reported on the microstructures of representative mor-
tars from the Church of John the Baptist which was built
in 531 AD. Several different features observed including
fine and re-crystallised grains, overgrowth, plated calcite
crystals, and euhedral calcite crystals can be compared to
the mortars analysed from the Northwest Quarter noting
that those from trench X are probably closest in date [40].
All images in Fig. 3a—d relate to ID1. Figure 3a shows
a beige underlying mortar coated in white fine cal-
cite crystals of higher purity. Figure 3b displays basalt
(3b.1), a fine-grained, igneous rock composed mainly
of plagioclase and pyroxene which looks very similar
to amphibole (3b.2) also identified by Rispoli [41], and
a black and white speckled crystalline aggregate par-
ticle (3b.3) of microscopic silica with dolomite and cal-
cite [42]. Figure 3c is an SEM image of a fracture surface
distinguished by areas of calcite crystals and a region
of finer ones (3c.4). Figure 3d shows an adhesive layer
that has a denser structure and contains hollow fibres
coated in well-formed euhedral calcite crystals (3d.5-
6), many of which are sub-micron in size but are still
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(c) ID1 SEM, Calcite microstructure.
Fine calcite crystals (4)
Fig. 3 Roman mortar from the Northwest Quarter (ID1b): a Optical microscopy of fracture surface showing white surface crystals covering a brown
sublayer; b Transmission polarised image of thin sections showing basalt (1), amphibole (2), microscopic silica with dolomite and calcite (3); ¢ SEM
image of fracture surface showing areas of calcite crystals and a region of fine calcite crystals (4); d Fracture surface showing organic fibres coated
with angular calcite crystals, top inset (5) shows a cross section of fibre and hollow structure, bottom inset (6) shows higher magnification of surface
crystals. (1 unit on thin section images=0.0267 mm)

easily discernible in the SEM images. The morphology
of these crystals is apparent in Fig. 3d. The prevalence of
fine-grained crystals is consistent with the work of Har-
marneh which reports finer-grained textures in mosaic
floors [40]. The absence of any hydraulic phases such as
silicates or aluminosilicates is also noteworthy as this
supports the observation that these mortars are non-
hydraulic and is also in agreement with existing stud-
ies [43, 44]. In summary, the mortar adhesive described
here has a distinctly Roman character, distinguished by
its lack of hydraulicity, the predominance of fine-grained
calcite crystals, a thick adhesive layer, and an empirical
approach to materials science, as demonstrated by SEM
imaging and corroborating academic sources.

Figure 4a (ID2) shows a light grey coloured lime mor-
tar with a granular texture and some charcoal fragments
approximately 1 mm across visible underneath the sur-
face (4a.1) and smaller sub-millimeter fragments dis-
tributed over the surface. Figure 4b is a SEM image of a
typical charcoal particle. The polarised thin section image
in Fig. 4c shows numerous aggregate particles of differ-
ent mineralogy and a charcoal fragment. Figures 4d—e
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Insets showing fibre end (5) and crystals (6)

present some aggregate particles with coloured mineral
phases which resemble pyroxenes [45]. Figure 4g (ID3)
shows a similar beige coloured mortar to that observed
for ID1 (Fig. 3a), however, the white layer of calcite crys-
tals is much sparser. Organic fibres are clearly visible in
the optical image (Fig. 4g.1). These look similar to straw
fibres identified by Stefanidou [46] in 13th-century Byz-
antine renders [47]. The fracture surface contains several
rounded indents which may have formed from aggre-
gated particles detaching from the surface when prepar-
ing the sample. The thin section (Fig. 4h), shows a very
uniform structure with no aggregates visible. The SEM
images in Fig. 4i—k highlight the porous structure and
the presence of wood and fibrous materials. Figure 4k
shows some scalenohedral calcite crystals. The corre-
sponding EDX spectrum shown in Fig. 41 confirms the
expected composition for calcite of calcium, carbon, and
oxygen. Trace amounts of aluminium, silicon and magne-
sium are also present. In summary, the mortar samples
ID2 and ID3 display characteristics commonly associated
with Late Roman and Byzantine periods. Specifically,
ID2 showcases a light grey lime mortar with granular
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(f) ID2 Thin section, not polarised

() ID3 EDX, White box shown in (k)

Fig. 4 Microscopy images and EDX analysis of Late Roman and Byzantine mortars ID2 and ID3b: a Optical microscopy image of ID2 fracture
surface showing grey granular texture with black charcoal particles (1); b SEM image of charcoal fragment revealing cellular structure of wood;

¢ ID2 Transmission polarised image showing aggregates and charcoal particle; d ID2 thin section polarised image showing olivine particles; e

ID2 thin section polarised image showing olivine particles within lime nodule; f ID2 transmission image showing range of different sized mineral
aggregates and charcoal particle revealing the internal voids as white; g ID3 optical image showing brown mortar with some white calcite crystals
and a plant fibre (1); h ID3 thin section polarised image revealing a fine homogeneous structure with some porosity and no aggregate particles;

i SEM image of organic fibres within mortar coated with calcite; j SEM image of organic fibre cellular structure visible in adhesive phase; k SEM
image of organic fibre and scalenohedral calcite crystals (2); | EDX spectrum of area indicated by white rectangular box in (k). (1 unit on thin section

images=0.0267 mm)

texture and charcoal fragments. These are features seen
in both periods but are particularly reminiscent of Late
Roman mortar compositions. This is further evidenced
by the varied mineralogy of aggregate particles and the

presence of charcoal, often used in Roman constructions
for enhanced structural properties. In contrast, ID3 dis-
plays features that are more closely aligned with Byzan-
tine mortars. It has a beige coloration, similar to ID1, but
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Fig. 5 Microscopy images of the samples from trenches P (ID4 and ID5) and V (ID6 and ID7): a Optical microscopy image of D4 fracture
surface with black charcoal particles (1); b ID4 transmission polarised image showing a range of different sized and mineralogical aggregates
including organic fibre section (2); ¢ SEM image of organic fibre extruding from the mortar structure; d Optical microscope image of ID5
showing white calcite crystals and a horizontal crack; e Thin section polarised image of ID5 showing mortar and aggregates with crack; f SEM
image of agglomerates of calcite crystals and internal porosity in ID5; g Optical microscope image of ID6 fracture surface showing grey granular
structure with fine aggregates and charcoal particle (1); h Thin section image of ID6 showing aggregates of varying minerology and size; i
SEM image of ID6 showing fine porous structure of calcite crystals; j Optical microscope image of ID7 showing distribution of small charcoal
particles throughout mortar matrix; k Thin section polarised image of (ID7) showing mortar on left hand side, calcite nodule on right hand side,
and cross-section of mineral phase and its internal layered structure in top middle; I SEM image of ID7 showing aggregate particle coated in fine
calcite crystals. (1 unit on thin section images=0.0267 mm)
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with a much sparser layer of calcite crystals. This is a fea-
ture more specific to Byzantine practice.

Figure 5 presents microscopy images from the sam-
ples belonging to trenches P (ID4 and ID5) and V (ID6
and ID7). These mosaics originally decorated the upper
floors of the Umayyad building referred to as the ‘House
of the Tesserae! The mortars have some similarities to the
structures identified by Hamarneh and Abu-Jaber con-
taining secondary overgrowth [40]. Figure 5a shows an
optical microscopy image of the ID4 fracture surface with
a white granular texture with black charcoal particles
(5a.1). Figure 5b is a transmission polarised image of ID4
with a range of different sized and mineralogical aggre-
gates including an organic fibre section (5b.2). Figure 5¢
is a SEM image which includes an organic fibre project-
ing from the mortar fracture surface (5c.2). The opti-
cal microscope image of ID5 in Fig. 5d has white calcite
crystals and a horizontal crack. Figure 5e is a thin sec-
tion polarised image of ID5 with mortar and aggregates
visible and a crack at approximately 45 degrees. Figure 5f
shows an SEM image of agglomerates of calcite crys-
tals and the internal porosity of ID5. Figure 5g presents
an optical microscope image of the ID6 fracture surface
showing the grey granular structure with fine aggregates
and charcoal particle (5 g.1). Figure 5h is a thin section
image of ID6 with aggregates of varying minerology and
size. Figure 5i is a SEM image of ID6 with a fine porous
structure of calcite crystals. Figure 5j presents an opti-
cal microscope image of ID7 showing the distribution of
small charcoal particles throughout mortar matrix (5j.1).
Figure 5k is a thin section polarised image of ID7 show-
ing mortar on the left hand side and a large calcite nodule
(5 k.3) on the right hand side [48]. The top middle of this
image shows a cross-section of the mineral phase and its
internal layered structure. Figure 51 is an SEM image of
ID7 with an aggregate particle coated in fine calcite crys-
tals (5 14). In summary, the mortars described exhibit
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characteristics common to the Late Roman and Byzan-
tine eras, but their unusual combination, along with the
historical setting, could possibly indicate a distinctive
Umayyad period identity.

Figure 6 shows the scanning electron microscope
images of the polished cross sections of the red, creamy-
white, and black tesserae. These come from trench S and
relate to the Roman-period sample ID1. The polycrystal-
line structure of the tesserae is clearly visible.

Pore and aggregate distributions measured from optical
images of thin sections

Frequency plots showing the size distributions of pores
and aggregates in the mortars ID1 to ID7 are shown in
Fig. 7a—g respectively. Data was obtained from meas-
urements taken from optical images of polished thin
sections. The Roman mortar ID1 (Fig. 7a) has notice-
ably larger aggregates, extending up to 1 mm, and pores
compared to the other mortars. The late Roman mortars
ID2 (Fig. 7b) and ID3 (Fig. 7c) contained similar pore size
ranges to ID1 including finer pore sizes, however, sample
ID3 did not have any aggregate particles. This is highly
likely to be related to the effect of the hydraulic character
of Byzantine mortars. ID4 (Fig. 7d) has even distributions
of pores and aggregates with a high proportion of pores
around 0.17 mm. ID5 (Fig. 7e) had a low proportion of
aggregates 0.05-0.25 mm. A smaller concentration of
aggregates might be indicative of a localized practice
or resource availability during the Umayyad era. ID6,
the most porous mortar, has well-proportioned pores
(Fig. 7f) and ID7 had a wide range of aggregate sizes with
pores at lower sizes but a greater number (Fig. 7g). The
Umayyad period saw a fusion of styles and techniques
from different periods and peoples. A mortar with a wide
variety of aggregate sizes may signify a blend of building
traditions, a hallmark of Umayyad architecture.

Fig. 6 Scanning electron microscopy images of polished surfaces of the a red, b creamy-white and c black tesserae from trench S. Insets show
examples of the tesserae sectioned for polishing (scale divisions T mm). Bright white particles in the images are residual polishing media attached

to the surface
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Binder to aggregate ratio as a percentage for mortar

and grout samples

The binder to aggregate ratio, as a percentage, was
obtained gravimetrically following extraction by acid
dissolution. Figure 8 shows that aggregate ratios in the
adhesives were 4% and 6% for Roman (ID1a), and late
Roman and Byzantine (ID3a) adhesives respectively. The

30
T [D-1a llID-3a[  ID-5
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Fig. 8 Aggregate to binder ratios obtained gravimetrically
for samples ID1 to ID7
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mortars show a much higher variation in the aggregate
content from < 1% for the Umayyad mortar (ID5) to 26%
for the late Roman and Byzantine mortar (ID2) which
had the highest aggregate ratio. Although caution should
be exercised due to sample size, the results suggest that
the Roman and Umayyad adhesives had much reduced
aggregate quantities for their adhesives (Table 1).

Mercury intrusion porosimetry (MIP)

The pore size distribution of the mortar specimens, and
also the grout/adhesive ratio in the case of specimen ID1
from trench S, were determined using mercury intrusion
porosimetry. Pore sizes were measured in the range from
3 nm to 1x10° nm (100 pm) and are shown in Fig. 9. The
total porosities by mercury intrusion for the specimens
tested are presented in Table 2. Porosities ranged from
41.59 to 56.63% for the mortars, however, the poros-
ity of the adhesive of the Roman mosaic from trench S
showed a lower value of 30.90%. These mortar porosities
are comparable with those measured in Roman mortars
from Campania, southern Italy, where pore radii between
5 and 100 nm and open porosities of 39.9% and 52.4%
were reported [49]. In an earlier study by Rispoli on the
pozzolanic mortars from the thermal complex at Baiae,
the typical pore radii ranged from 5 to 100 nm, although
one sample contained larger pores ranging from 100 to
1000 nm [41]. In these mortars the open porosity was
between 38.2% and 49.9% by volume. Both these stud-
ies showed an unimodal and broadened shape of the

Table 1 Details of the specimens collected and studied from trenches excavated by the Northwest Quarter Project

Preservation name Location Chronology
ID Find number Trench Context Function Date
ID1 Find number: J16-Sa-1-44 S A modern fill (topsoil) Mosaic fragment associated  ID1a=adhesive, IDTb=mor- Roman (R)
MR16 with ancient at lower level  with those from within the  tar
cistern
D2 Find number: J15-0g-52-1 O A fill of early Byzantine date  Associated with trench X Mortar Late Roman
PL58 with mosaic fragments and ID3 and Byzantine
in a secondary context (LR/B)
ID3  Find number: J16-Xb-2-280 X A mixed fill with mosaic Associated with trench O |D3a=adhesive, ID3b=mor-
MR110 fragments in a secondary and ID2 tar
context
D4 Find number: P A mixed fill from the upper-  Associated with trench V Mortar Umayyad (U)
J15-Pb-16-154 PL73 storey collapse with mosaic ~ (ID6, ID7)
fragments (including ID5)
ID5 Find number: J15-Pcd-13-3 P A mixed fill from the upper-  Associated with trench V Mortar
PL3 storey collapse with mosaic  (ID6, ID7)
fragments (including 1D4)
ID6  Find number: J16-Vdf-25-43  V A mixed fill from the upper-  Associated with trench P Mortar
MR13 storey collapse with mosaic  (ID4, ID5)
fragments (including ID7)
ID7 Find number: J16-Vi-26-26  V A mixed fill from the upper-  Associated with trench P Mortar

PL37 storey collapse with mosaic

fragments (including 1D6)

(ID4, 1D5)
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Fig. 9 Pore volume distribution obtained by mercury intrusion porosimetry for mortar samples

Table 2 Total porosity by mercury intrusion

ID Trench Date Total porosity by
mercury intrusion
(%)

ID1b (mortar) S R 47.07

ID1a (adhesive) S R 30.90

D2 ) LR/B 4391

D3 X LR/B 41.59

D4 p U 56.63

ID5 p U 45.53

D6 % U 52.16

D7 V u 4481

R Roman, LR/B late Roman/Byzantine, U Umayyad

cumulative pore size distribution. Interestingly, the mor-
tars we present here show a roughly bimodal distribution
of pore sizes with peaks centred at approximately 200 nm
and 2000 nm. The relative proportion of these two pore
sizes varied between the samples as shown in Fig. 9.
ID2, Roman period mortar showed a broadening of the
cumulative pore size distribution, while ID3 became
distinctive with a unimodal pore distribution with the
peak at around 200 nm which is consistent with higher
strength as reflected by the structural integrity. For ID4-
ID7, the broadened shape distribution could be indicative
of the various architectural forms observed during the
Umayyad period being a combination of different styles.
A comprehensive study of the pore size distributions
of several different formulations of lime mortars has
been reported by Figueiredo [50]. Pure lime (CL90)—
CL stands for Calcium Lime and 90 is minimum 90%

calcium hydroxide—mortars were compared to cement/
lime hybrid mortars and lime/metakaolin mortars. The
mortars with greater proportions of hydraulic com-
pounds exhibited a single modal distribution which
became less prevalent in mortars with higher propor-
tions of lime showing a bimodal distribution. This sup-
ports the observational differences between the mortars
of sites in southern Italy, where pozzolanic materials
are well known, and Jerash. Pure limes tended to have
larger pores with the porosity by intrusion in CL90 and
lime putty being 30.47% and 34.45% respectively, com-
pared to porosities ranging from 25.19% and 34.93% in
the hydraulic mortars [51]. The pore size distribution is
expected to influence the flow of moisture through the
material thus determining its moisture content and dry-
ing times. Carbonation requires the presence of moisture
and carbon dioxide which diffuse through the material. It
therefore follows that a porous mortar may have carbon-
ated and hardened more rapidly during its early life [52,
53].

Energy dispersive X-ray analysis (EDX)

EDX analysis of mortars

The elemental composition of the mortars was deter-
mined by energy dispersive X-ray analysis on samples of
mortar and adhesive from trench S (ID1a and ID1b) and
trench X (ID3a and ID3b) and mortar only from trench P
(ID4). These are shown in Table 3. The slightly lower Car-
bon (C) content is consistent with the use of non-hydrau-
lic lime in mortars, as observed in Roman Period for ID1.
The most abundant elements identified were C, O, Mg,
Al, Si and Ca, with a trace amount of P found in ID4. The
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Table 3 Energy dispersive analysis of X-rays (EDX) analysis of
mortar samples which cover the complete chronology in this
study showing the atomic % elemental composition

ID ID1a ID1b ID3a ID3b ID4
Trench S S X X P
Element Adhesive Mortar Grout/adhesive Mortar Mortar
C 199 20.0 219 238 26.7

O 432 46.9 294 471 426
Mg 04 14 14 2.1 0.7

Al 0.3 0.8 15 1.1 0.7

Si 04 25 238 3.0 34

p 0.6

Ca 357 28.5 43.1 229 253
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more diversified pattern observed in ID4 serves as an
indicator of mortars from the Umayyad period. C, O and
Ca can be attributed to the calcite phase of the lime mor-
tar and the Si to the presence of small quantities of quartz
which is often found in limestone [54]. This observation
is supported by phase analysis carried out using X-ray
diffraction and Raman spectroscopy. The relatively small
quantities of Mg, Al and P are likely to originate from
additional mineral phases that were present in the lime-
stone used to manufacture the mortar or any fine aggre-
gate additions. Although the use of volcanic and other
materials as pozzolanic additions in Roman mortars is
widely reported, our results suggest that the mortars in
this study are non-hydraulic in nature [55, 56].

i

(<)}
| E— |
e m .

(21) CaCO3 |
(22) CaCO3 & Basalt 3 e

(23) Basalt

(20) Ccaco3

Scale bars
10mm

Fig. 10 Energy dispersive analysis of X-rays (EDX) semiquantitative analysis of aggregates within mortar samples for carbon (C), oxygen (O),
calcium (Ca), silicon (Si), aluminium (Al), magnesium (Mg), iron (Fe), potassium (K) and sodium (Na). Presented in the form of a stacked column chart

in atomic %. Aggregate locations are shown in photographs
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EDX analysis of aggregates in mortars

A detailed analysis of the composition of aggregate
phases in the mortar samples is presented in Fig. 10.
The figure shows images of mortar sections that were
impregnated with resin and then cut using a diamond
saw. Between 2 and 4 aggregates from each specimen
were analysed and the relative composition in atomic %
for the elements carbon (C), oxygen (O), calcium (Ca),
silicon (Si), aluminium (Al), magnesium (Mg), iron
(Fe), potassium (K) and sodium (Na) is presented as a
stacked column chart. It should be noted that carbon
values may be higher than expected due to beam skirt
under the low vacuum. The Roman mortar (ID1) con-
tained a mixture of different aggregate types consist-
ing of calcium carbonate, silica and clay which could be
an indication of marly limestone. The Late Roman and
Byzantine mortars (ID2-3) have a similar composition,
however, ID3 contained a noticeable magnesium con-
tent which would be consistent with the use of a dolo-
mitic lime. It is noteworthy that this is the only sample
in which aggregates were not observed and there-
fore the result is likely to correspond to the mortar.
The composition of early Islamic mortars is shown in
ID4-7. The most noticeable difference between mortars
from this period and the earlier Roman mortars is the
evidence of large charcoal particles, Figs. 4b, 5a and g.
The later mortars contained the highest proportions of
carbon and were black in colour. The aggregates in the
mortars from all periods contained of the elements Al,
Mg, Fe, K and Na. These elements are characteristics of
basalt which was positively identified in a thin section
image from sample ID1 (see Fig. 3b.1).

EDX analysis of tesserae from sample ID1
Elemental analysis was also performed for the white,
grey, and red tesserae from ID1, which is reported in

Table 4 EDX analysis of white, grey, and red tesserae removed
from ID1 showing the atomic % elemental composition

Element Colour

White Grey Red
C 15.0 15.7 15.6
Mg 0.1 0.1 0.2
Al 02
Si 04 0.1 04
Ca 355 346 311
Fe 14
O 489 49.5 510
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Table 4. All the tesserae contained C, Mg, Si, Ca and O,
with Al observed in the red tesserae.

A comparison of the elemental composition between
the tesserae and mortars indicates small traces of Al pre-
sent in all the mortars, however Al was only detected
in the red tesserae. This suggests that the stone used
for the white and grey tesserae could not have been the
same as that used to manufacture the mortar. Using a
similar reasoning the presence of Fe in the red tesserae,
and its absence in any of the mortars, suggests that the
mortars were not manufactured from the stone used
for the red tesserae. This indicates, therefore, that the
stone used for each of the three coloured tesserae and
that for the mortar from trench S all came from different
sources. Hamarneh and Abu-Jaber, and also Thomsen,
have reported that the lime mortars from Jerash were
manufactured from locally sourced limestone [40, 57].
Our results indicate, therefore, that a range of sources,
whether at a local or regional level, were exploited for the
tesserae and the lime. This observation needs to be deter-
mined for the later periods to produce a more compre-
hensive history.

Thermogravametric anaysis (TGA)

Figure 11a, b show the TG and dTG curves plotted from
the thermogravimetric analysis data. A small weight
loss up to 200 °C, Fig. 11a, is related to the desorption
of water adsorbed onto the surface of the sample. Most
of the weight loss occurs between 650 and 800 °C and is
attributed to the decarboxylation of calcium carbonate,
Fig. 11b. The calcium carbonate content, as a percentage,
was calculated for each sample using the stoichiometric
ratio and is presented in the legend.

X-Ray diffraction (XRD)
Figure 12a shows X-ray diffraction patterns obtained
from the specimens in the 2-theta range 5 to 60 degrees.
Major peaks corresponding to the phases quartz and cal-
cite were matched with PDF data files #78-1252 and #05-
0586 respectively. All specimens contained both calcite
and quartz, however, the relative amount of these two
phases varied with some samples containing higher pro-
portions of quartz compared to others. The results did
not suggest any consistent trend between the amount of
quartz and the trench from which the sample was taken.
XRD of the residue remaining following acid dissolu-
tion, Fig. 12b, identified the presence of quartz which
agreed with the analysis of the mortars. In the case of
samples ID1 and ID2 it was possible to easily isolate
aggregates of different colours, either ‘brown’ or ‘white;
however in both cases the dominant phase remained
quartz. Since the calcium carbonate binder had been dis-
solved away, the clay illite was identified in samples ID3a,
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Fig. 11 Thermogravimetric analysis obtained from mortar samples. Legend shows calculated percentage calcite

ID3b, ID4, ID5 and ID7. There are reports of illite and
other clays being used as pozzolanic materials [58], how-
ever, as the XRD signal was extremely low and it was not
detected by the other techniques it may have been pre-
sent as a result of contamination in the sand, or during
mixing, rather than being added intentionally.

Fourier transform infrared spectroscopy

The chemical bonds in historic mortar and grout were
assessed using FTIR analyses. Spectra obtained for
the mortars are shown in Fig. 13. The strong adsorp-
tion bands demonstrated the presence of carbonates in
the samples by the assignment of peaks of wavenum-
bers 1790 and 1820 cm™%; 1400 and 1500 cm™%; and at
868 cm ™! and 710 cm™! [59]. The IR bands at 711 cm™
(v in-plane bending) and 873 cm ™ (v,: O—C-O out-of-
plane bending) correspond to the characteristic bonds
of calcite. The strong band at 1402 cm™! is attributed to
the symmetric stretching vibration of CO,>~ ions, and
the weak band at 1797 cm™ corresponds to v; +v, sym-
metric COBZ_ ions [60-62]. The double peak centered at
around 776-796 cm™' confirmed the presence of quartz,
and the band centered at 1031 cm ™ is attributed to the
Si-O stretching band [63-65].

Raman spectroscopy

A series of Raman spectra were obtained for several of
the samples with mortar and adhesive. Some spectra
exhibited a high background fluorescence which domi-
nated the signal masking any underlying peaks from the

structure; these spectra are therefore not included. Fig-
ure 14 shows representative spectra where the peaks
could be resolved easily. Vibrational modes of the free
CO; %~ ion, A, are visible at 1085 cm ! and E, modes
were located at 717, 286 and 157 cm™ respectively. Of
these, the A, active mode is the strongest by far [13].
These results are in agreement with TGA, FTIR, and
XRD which also identified the presence of calcite.

Discussion

The results are discussed in chronological order starting
with Roman, followed by Late Roman and Byzantine, and
ending with Umayyad, Early Islamic.

Roman (63 BC—early fourth century AD)

The mosaic fragment from trench S (IDla and ID1b)
belongs to the only group of materials from the North-
west Quarter that can be attributed, with certainty, to
the Roman period. They are also one of the few surviv-
ing examples of a Roman tessellated pavement from the
city [18]. The decoration is quite simple, consisting of a
white adjusting border, a creamy-white fillet, and then
a geometric pattern, formed of triangles or diamonds
[66]. The finish is, however, of high quality with small
stone tesserae laid tightly together to form a flat sur-
face. The tesserae in the decorative part were between
0.5-0.9 cm, with a tessera density of 120-130 per dm?,
while those in the adjusting border are larger at 1.0—
1.2 cm, with a density of 65-70 per dm?. It is the earli-
est known example from Jerash, dating to the late first
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Fig. 12 X-ray diffraction patterns of a mortar samples showing the presence of calcite and quartz, b residues remaining after acid dissolution

or early second centuries AD, and also the simplest; the
well-known Mosaic of the Muses, whose much-debated
date sits somewhere in the second or third centuries,
has a more complex figurative design and employs glass
tesserae in addition to the stone [14, 21, 22, 67]. The
analysis characterized the adhesive, or setting bed, and
the mortar of one fragment from the decorative area.

All fragments from this mosaic had a similar two-layer
bedding.

The mortar (ID1b) and adhesive (ID1a) were found to
be different in composition. The adhesive had a higher
lime content, finer structure (Fig. 9), and was less porous
(Table 2). There were also differences in the composi-
tion supported by more intense peaks corresponding to
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quartz in the XRD pattern (Fig. 12) and FTIR spectra
(Fig. 13). The mortar had larger aggregates in a range
of materials while the adhesive contained natural fibres
(Fig. 3d). Their small diameter and hollow structure can
be identified as the individual xylem of a natural plant
fibre; they are not animal hairs [68]. They are bast fibres
which come, most likely, from flax, hemp, or straw, which
were commonly grown in antiquity for textiles. The land-
scape around Gerasa, which has been called a ‘garden
city’ [69], supported all major ancient crops, including
cereals and oilseeds. Plant fibres were not only a read-
ily-available source of aggregate but also had beneficial
effects on the properties of the mortar, increasing their
compressive and tensile strengths while improving frac-
ture toughness [46, 47, 70, 71].

The materials were adjusted for the aggregate of the
adhesive, adding plant fibres, and using no large quartz
grains, and the binder had a higher lime content of
93.65% compared to 74.95% for the mortar (Fig. 11). This
careful selection demonstrates the extra attention paid to
the layer into which the tesserae were set. The observa-
tion is supported by the original context of this mosaic,
which was likely a large, impressive, and highly-decorated
building. This is the first time that mosaic mortars of
Roman date have been studied at Gerasa and, therefore,
provides an important insight into their composition
and structure. The adhesive of this mosaic is the high-
est quality of all those analysed here while the mortar
is more comparable with the later examples. It has also
been shown that the sources of limestone for the lime
were different from those used for the tesserae, suggest-
ing planned exploitation of materials for different uses.

Late Roman and Byzantine (early fourth century AD—mid
7t century AD)

The mosaic fragments from trenches O and X (ID2
and ID3) were found in mixed fills associated with the
remodelling of the terrace when Byzantine and Umayyad
structures were built on top of an earlier Roman-period
water management system including a cistern and sedi-
ment basin. Although the fragments belong to second-
ary contexts, the similarities in construction technique
and surface decoration, which consists of elongated white
limestone tesserae, suggests that they all come from the
same pavement [66]. The similar macro porosity supports
this proposal (Fig. 7). The original location of this mosaic
pavement is unknown, and the date is sometime prior to
deposition during the changes to the terrace. The sam-
ple from trench O only retains the mortar (ID2) but the
one from trench X (ID3) retains the complete bedding
sequence, as known, from the surface tesserae through
the adhesive (or setting bed) to the mortar bedding.
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Numerous offcuts, from the processing of limestone into
tesserae, were found in the bedding used as an aggregate.

The lime from the samples from both trenches was
identified by the TGA (Fig. 11), XRD (Fig. 12), FTIR
(Fig. 13) and Raman spectroscopy (Fig. 14) as calcite,
the same as that from all the other trenches. The frag-
ment from trench X was the only one to be analysed with
SEM-EDX but both the adhesive (ID3a) and the mortar
(ID3b) were examined (Figs. 1, 8, 11, 12 and Table 3). The
general observation is similar to the sample from trench
S, the adhesive manifested a higher lime content than the
mortar and also a lower aggregate content (Fig. 8). The
actual quantity, however, is lower in trench X than the
earlier Roman mosaic fragment (ID1b). The mortar con-
tained fibres resembling those from plant fibres and small
pieces of carbonised wood (Fig. 4b, ¢, f, j). The presence
of burnt and unburnt organic debris, including charcoal,
in the mortars of the Northwest Quarter has been previ-
ously reported [1, 57]. These observations are consistent
with other research, where wood has been noted as a fuel
to calcine limestone for the production of lime [40]. It is
likely that the charcoal was not added intentionally to the
mortar but rather is residual, trapped during the slaking
process after the limestone was burnt in a kiln. Lime kilns
are known close to Jerash and the surrounding area [40],
and also in the city where, for example, in the Macellum
a small lime kiln was built in the sixth century [72]. The
lime produced in the latter was slaked locally and used in
the building renovations and another kiln has been iden-
tified near the Church of St Theodore [72].

The SEM-EDX shows that the mortar sample from
trench X is more porous than the adhesive. This indicates
extra effort being put into the mixing of the setting bed,
similar to that observed in trench S. The overall poros-
ity of the specimens from trenches O and X lies between
the results for the adhesive and mortar from trench S.
This now-fragmentary pavement is thought to have had a
more functional purpose in its original context due to the
use of elongated tesserae. All the analyses, however, show
care was taken during preparation, using lime with dif-
ferent purity levels, and making small adjustments to the
aggregate. They are comparable in approach and materi-
als to the earlier Roman mosaic floor even if the adhesive
from trench S was of higher quality.

Umayyad, Early Islamic (seventh century AD to 749 AD
earthquake)

The samples from trenches P (ID4 and ID5) and V (ID6
and ID7) formed part of the mosaic decoration of the
upper floors of an Umayyad building, the so-called
‘House of the Tesserae, which was destroyed in an
earthquake in January of 749 AD. The impressive prop-
erty, constructed in the early eighth century around a
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courtyard, received its name from a trough containing
thousands of unused tesserae, which were probably being
stored following renovation [35, 66]. It is not known
whether the fragments come from a single pavement or
a series of rooms belonging to the first floor of the prop-
erty. The range of porosities may suggest the latter.

Lime content determined by TGA (Fig. 11) show that
the mortars from trench P (ID4 and ID5) had lime con-
tents of 72.68% and 95.47% respectively. In comparison,
mortars from trench V had lime contents of 90.18% and
60.06% respectively. On average trench V has lower lime
content than the samples from trench P. Compared to
trench S(ID1) which had a lime content of 93.65%, these
were on average lower. Trenches O(ID2) and X(ID3) had
lime contents of 70.88% and 80.95% respectively, indi-
cating values lower than trench S and comparable to
trenches P and V. The XRD (Fig. 12) and FTIR (Fig. 13)
results indicate that the samples from P and V have
similar composition to the mortars from all the other
trenches (S, O and X) suggesting that the basic charac-
teristics remained relatively homogenous throughout the
life of the quarter. It is noteworthy that higher intensity
quartz peaks were observed in XRD and FTIR from ID7,
ID4, ID3b, ID2 and ID1b. Like the other samples, there
are slight differences in the aggregate with quartz sand
grains, natural fibres and carbonised wood visible under
magnification. The mortar structure and the aggregate
contributed to the larger pore sizes and their higher num-
ber (Fig. 7). It seems quite likely that the mortars in both
trenches P and V were prepared intentionally in this way
according to the installation context as part of an upper
floor. Even though the characterization shows similarities
going back to the early Roman period, therefore, there
are identifiable adjustments being made according to the
location in which they were to be used. Furthermore, the
appearance of wood in the mortar makes another con-
nection to the process used to produce lime, as observed
in trench X (ID3).

Conclusions
The following conclusions can be drawn from the inves-
tigations of the Roman, Late Roman and Byzantine, and
Early Islamic mortars excavated from the Jerash North-
west Quarter.

The composition and characteristics of the bedding
mortars remained similar over the approximate 600-year
life of the site, with the XRD, TGA, FTIR and Raman
spectroscopy providing evidence indicating the pres-
ence of carbonate phases (calcite). None of the tech-
niques used to analyse the mortars suggest the presence
of hydraulic phases, and it is therefore proposed that the
mortars are non-hydraulic. Optical microscopy investiga-
tions indicated the presence of black charcoal fragments
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in the late Roman and Byzantine mortars, and Islamic
mortars suggesting that wood was used as a fuel when
preparing the lime (trenches X and P). In addition, ele-
mental analysis of three different coloured tesserae from
the surface decoration of the samples shows that different
stone sources were used for lime and tesserae.

It was possible to separate samples of mortar and adhe-
sive of the Roman-period mortar (trench S). MIP analy-
sis revealed that the adhesive had a much lower porosity
(30.90%) when compared to the other samples of mor-
tar which have porosities ranging from 41.59 to 56.63%.
EDX elemental analysis carried out on adhesive and mor-
tar from trenches X and S both showed higher intensity
signals for calcium in the adhesive (setting bed) when
compared to the mortar. This is consistent with the lower
porosity, and lower aggregate contents of the adhesives
that were determined by acid dissolution, and higher
lime contents determined by TGA. This attests to the
differentiation between the bedding layers as well as the
higher quality of the mortars prepared for this particular
floor during the early Roman period.

Electron microscopy, and optical microscopy of
Roman, late Roman/Byzantine and Umayyad mortars
showed evidence of natural fibres, most likely flax, hemp
or straw in the mortars. The aggregates in the mortars
were characterised using optical microscopy of thin sec-
tions and elemental EDX analysis. The elemental compo-
sition of the aggregates indicated that most aggregates
were calcite based with a small proportion containing
significant proportions of silica. The presence of other
elements in smaller concentrations such as Al, Mg, Fe,
K and Na suggested that other mineral phases were pre-
sent. XRD of the aggregate particles remaining after acid
dissolution indicated quartz with small traces of illite.
Aggregate particles visible in the polished thin sections,
and viewed under polarised light, strongly suggested that
basalt, amphibole may be present in Roman mortars and
olivine in Late Roman and Byzantine mortars.

The various analyses demonstrate a long tradition of
mortar production which was adjusted specifically for
use in mosaics with further adaption to the specific layer
of the bedding within the foundations. The approach
remained similar over the course of the six centuries
which these samples attest to but with some modifica-
tions, again depending on the location or function of the
floors. The local landscape was exploited for the materi-
als, including separate stone sources for the surface and
lime as well as for the bast fibres. The latter were used to
modify the mechanical properties, improving flexural and
tensile strength while also reducing cost. The results offer
further information about the lime production through the
charcoal which attests to the burning of the limestone. This
was found in nearly all the samples except for the earliest
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Roman phase, which might suggest the use of a different,
noticeably, higher quality batches of mortar. This fits well to
the overall high quality of the house's interior decoration
and inventory found associated with the mosaic fragments
in the cistern. In addition to the significant new data on the
historic production and use of mortars at Jerash, this paper
also offers a clear methodology for the analysis and charac-
terisation of mortars that will be of value to the wider sci-
entific community.
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