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ABSTRACT

This work presents the analytical results of the mortars and plasters characterization from Qasr Azraq,
located in the city of Azraq (north-eastern Jordan). The castle has undergone several interventions and
modifications during its service life; the archaeological surveys have shown that the actual building is a
medieval reconstruction of a Roman fort, still reflecting the original structure. This research paper encom-
passes 64 samples from different historical periods and structures of the monument, aiming to reconstruct
the timeline of different phases and to highlight technological choices. Conclusions are drawn on the basis
of interpretation and integration of in situ observations, historical data and analytical data. The mortars
were characterized following a multidisciplinary approach, combining macroscopic observation with
petrographic examination, mineralogical analysis (XRD), microstructural and chemical analysis (SEM-
EDS) and quasi-quantitative chemical analysis (pXRF) of mortar samples. Moreover, microstructural and
mechanical properties of representative samples were studied. The results indicate the use of five differ-
ent types of mortars, grouped based on composition and characteristics of binder and aggregates, ranging
from pure lime mortars to hydraulic, gypsum-lime and earthen mortars. Overall, this paper contributes
to the better understanding of building techniques and mortar production technology in the Near East

during time.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

Qasr Azraq is aRoman castle found in the north-east of Jordan, in
the major oasis of the region (Figs. 1 and 2). The main archaeological
studies of the site are attributed to the extended archaeological
survey conducted by Kennedy in 1982 onwards and the excavations
carried out by the Department of Antiquities between 1977-2008,
the best documented being the excavation directed by Ahmad Lash
in 2008 [1-4]. From these previous studies, it is evident that the
actual building was a Roman fort that has undergone important
rebuilding and modifications.

The aim of this paper is to elucidate the technological properties
of different types of mortars and plasters historically used at Qasr
Azragq, to reconstruct the stratigraphy of the different phases and,
when possible, to understand the dating of the different phases or
interventions. Overall, the paper underlines the selective use of dif-
ferent raw materials for mortars production by different occupants
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of the castle and contributes to the wider repository of techno-
logical data on mortars and building technology of architectural
monuments in the Arabic area. Moreover, this paper presents a
methodological approach for grouping and studying the techno-
logical features of a large amount of mortar samples.

1.1. Historic introduction

Originally, the castle was part of the strong military presence
on the defended border which characterized the eastern provinces
during the Severian period and intensified under the Tetrarchy, dur-
ing the 3rd century [5]. The earliest certain date for the Roman
occupation of the oasis is related to Septimio Severus (193-211
AD); however, there is no evidence that directly relates the build-
ing to this period and the oldest certain date of the site is given
by inscriptions found in loco dedicated to Diocletian and Maximil-
ian (287-305 AD) [3]. Another inscription dedicated to Constantine
provides evidence of building refurbishment during the beginning
of the Byzantine period [1,6-8]. During the 5th century AD there
is no evidence of occupation at Azraq, this can be the result of
a period of relative peace with the Persian, as well as of a new
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Fig. 2. Photogrammetry of the external walls of Azraq castle: a: northern external elevation; b: western external elevation; c: southern external elevation; d: eastern external
elevation. Parts that it was not possible to process in grey. Photogrammetry: Marta Tenconi.
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Fig. 3. Map of the castle of Azraq (after Kennedy, 2004 ), with sampling locations.

defensive strategy of the empire borders, employing allied nomadic
Arab tribes (Tribal Foederati) [5,9-12]. During the early Islamic
period, the fort of Azraq did not have military importance as it
had in Roman and Byzantine times; its occupation is attested by
the report of the Arab historian Tabari, who recorded that the
Umayyad caliph Walid ibn Yazid or Walid II (709-744 AD) lived
there [2-4,8,13]. Azraq acquired again military importance with
the Ayyubids (1188-1263 AD), who built several new military
buildings in northern and southern Jordan to secure the regions
after the period of uncertainty caused by the Crusaders invasion
(1100-1187 AD), still strongly present on coastal Palestine [2,3,14].
The fort maintained its importance also during the following Mam-
luk period (1263-1516 AD) when security on the main roads of the
region was improved [14,15]. In 1516 AD, Jordan passed under the
rule of the Ottoman empire (1516-1918 AD), which was a time of
decline. During this time, the site was probably limited to serv-
ing as stop for the pilgrims on the road from Damascus to Mecca
and Madinah [2]. The fort was used again with military purpose in
1917-1918 AD, when it became the headquarter of the Arab Army
during the First War/Great Arab Revolt lead by Prince Ali bin al-
Hussein and T.E. Lawrence who inhabited the south-eastern tower
and the main gate tower [2,3]. Finally, between 1925 and 1930,
it was inhabited by a group of Druze refugees coming from Syria
since it was declared a cultural heritage site by the Department of
Antiquities of Jordan (DoA), in 1953 [2,3,16]. The castle remained
isolated until the end of the first half of the 20th century, when it
was surrounded by the modern town [16,17].

1.2. The castle

Kennedy’s surveys indicated that the castle still reflects the orig-
inal structure except for a rectangular wall of boulders of nearly 100
by 125 m that originally encircled it, of which no traces survived but
it is shown in a historical RAF aerial photograph dated 1922 [3,4].
The building, solely made with basalt blocks, has a square plan (79
by 72 m ca.) with large projecting square towers at the corners, and
projecting towers set on the external northern, eastern and south-
ern walls (Figs. 1-3). Internally, the rooms are located by the main
walls leaving a big open courtyard in the centre. In the middle of
the western wall, there is a three-story complex named praetorium
or administrative building, which exhibits many architectural sim-
ilarities with Roman forts at Qasr Bashir (Jordan), Khan Aneybeh
(Syria), Avdat I (Israel) and Bourada (Numidia) [3,4,18,19]. Roofing
systems used arches supporting linear corbel basalt stones on them,
common in the Roman architecture of the region [20], or they used
only linear corbel stones so as to support a lintelled roof. The main
entrance is through the door in the southern wall of the central
tower. The door is below a slightly pointed arch over which there
are a machicoulis, an arrow slit, and an Arabic inscription that dates
a reconstruction of the castle to the 1237 AD [2,3,14]. The actual
main gate may have been made at that time and find good parallels
with the coeval Ayyubid forts of Ajlun and Zarqa (Qasr Shabib) [14],
it seems likely that the original entrance was on the eastern wall,
between the two projecting towers, following the model of Qasr
Bashir, as had been suggested by Gregory [18]. The entire castle
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Fig. 4. a. Sampled mortars: a: mortar A1 (AZ33); b: mortars Al (AZ34b) and B (AZ34); c: mortar A2 (AZ22); d: mortars A2 (AZ14b), C (AZ14c), B (AZ14b); e: mortars A2
(AZ25b) and C(AZ25); f: mortar E1 (AZ44); g-h: mortar E2 (AZ45); b: sampled mortars: a: mortar B (AZ09); b: mortar B (AZ28); c: mortar C (AZ31); d: mortar C (AZ31 covered

by AZ311lw); e: mortar C (AZ26); f: mortar D1 (AZ02); g: mortar D2 (AZ03); h: mortar outlier (AZ10).
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Fig. 4. continued

presents architectural similarities with the near Roman fort of Deir
el-Kahf (Jordan) [3,4,18,19]. A small mosque of unknown date is in
the courtyard.

The internal walls were initially plastered with mortars, in order
to fill the gaps between basalt blocks and smooth the surface of
the walls. Different types and layers of mortars have been applied
during the different historical phases of the castle, which are rep-
resentative of the building and construction technologies applied
in different periods.

1.3. Geological background

Azraq lies in the centre of the Azraq Basin, an extensive drainage
system located on the border between the north-eastern part of
the Central Plateau province and the western area of the northern
Basalt Plateau [21-23]. In the southern Azraq Basin Pleistocene,
fluviatile-lacustrine sediments are found, primarily composed of
carbonates, sandstones, shale and a flint hamada deposited on
the surface, overlaying the Oligocene-Miocene sandstone and
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limestone outcrops. To the east, towards the modern Saudi Ara-
bian border, there are valleys that pass through the Cretaceous
and Tertiary limestone and marl formations and form more recent
deposits of a 55 m thick marly sequence of brackish to saline lacus-
trine deposits that contain gypsum and halite evaporites [21-23].
The Basalt Plateau that touches the northern rim of the Azraq
basin, is covered by volcanic rocks mainly consisting in alkali basalt,
tholeiitic basalt, basanites, hawaiites and tuffs emitted from stra-
tovolcanos and fissure eruptions (dykes), cracked and broken in
blocks by insolation weathering process and transported to the
south [22,24]. The region western of Azraq, located at the north-
western margin of the Basalt Plateau, is characterized by sediments
of monocrystalline quartz and calcite, less dolomite and detrital
minerals as plagioclase, olivine, orthopyroxene, nepheline [25].

2. Materials and methods

According to the macroscopically recognizable characteristics
of mortars, the available quantities, and their location, a sample
for each type of mortar identified in different parts of the struc-
ture (external/internal walls, towers) was selected, in order to
have as representative picture as possible of the site (64 samples)
(Figs. 3 and 4; Table 1).

The initial grouping of the mortar samples was based on macro-
scopic observation and examination of freshly cut cross sections
under stereomicroscope. Seventeen samples representative of all
initial groups were analyzed under a petrographic microscope
according to EN 12407 and UNI 11176 [26,27].

Both freshly fractured and polished cross sections of sev-
enteen specimens were examined under a FEI Quanta Inspect
D8334 scanning electron microscope (SEM) for microtextural and
microchemical characterization of their matrix. Quantitative con-
centration of major elements was determined under SEM by energy
dispersive X-ray spectrometry (EDAX PV 7760/68; standardized
analysis) (SEM-EDS).

Semiquantitative concentration of major and minor elements
was additionally determined on 51 mortars through X-ray flu-
orescence (handled Thermo Scientific Niton XL3t GOLDD+ XRF
Analyzer), aiming to provide a feasibility study for the potential
of portable X-ray fluorescence (pXRF) in providing an initial group-
ing of different types of archaeological mortars. The chemical data
obtained underwent statistical analysis using Statgraphics Centu-
rion 18 software: principal component analysis (PCA) implemented
on all the samples and scatter plots of Ca vs S performed selectively
on gypsum mortars.

The particle size distribution of representative mortars from
each group was measured by sieve analysis in 11 samples, after
mechanical separation of the binder. The mass of retained material
of each sieve was weighed, after oven dried at low temperature, and
the percentage of the cumulative passing material was calculated.
The material with grain-size lower than 0.063 mm (binder fraction)
was analyzed by X-ray powder diffraction (XRD) using a Siemens
Diffrac 5000 diffractometer (Cu K-alpha=1.541A, step=0.03°/3s)
[28-30].

At least one sample from each of the main groups was selected
for compressive strength determination, in an Instron 100 kN test-
ing machine, using cubic specimens outside standard dimensions
[31-33].

The hydraulicity of lime mortars was calculated through the
“hydraulicity index” (HI) and the “cementation index” (Cl), based on
the chemical composition of the binders determined by SEM-EDS
analysis:

CI=(2.80"SiO; +1.1*Al; 03 +0.7*Fe;03)/(Ca0 + 1.4*MgO).

HI=(SiO; + Al 03 +Fe,03)/(Ca0 + MgO).

The following ranges proposed by Boynton (1980) were used
as guideline for the classification of Azraq mortars: CI<0.3,
HI<0.2, non hydraulic; CI=0.3-0.5, HI=0.1-0.2, feebly hydraulic;
CI=0.5-0.7, HI=0.2-0.4, hydraulic; CI>0.7, HI>0.4, eminently
hydraulic [34-36].

Finally, qualitative and quasi-quantitative analyses of soluble
salts were carried out through colorimetric test strips (Merck
MQuant) for identifying the distribution of sulphates and chlorides.
For this analysis, twelve samples were collected on the four external
walls, at three different heights: 10 cm, 160 cm, 290 cm.

3. Results
3.1. Mortar description

Initially, all mortar samples were macroscopically grouped giv-
ing emphasis to the color of the binder, as well as to the size, shape,
type and amount of the aggregates (Figs. 4 and 5; Tables 1 and 2).
In this way, five groups plus five loners were macroscopically
recognized. The mineralogical and petrographic examination of
these mortars by XRD, optical microscopy and SEM examina-
tion confirmed the groups previously recognised (Figs. 6 and 7;
Tables 3 and 4). Mortar types A1, A2 and E1 are lime-based mortars:

e group Al (AZ19, AZ20, AZ33, AZ34b, AZ116, AZ117, AZ118) is a
heterogeneous group, however, the samples share similar mor-
phological characteristics. They all have homogeneous micritic
binder, composed by calcite (XRD), with few lumps (portions of
binder not well mixed and/or partially burned limestone resid-
ual from the firing process [37,38]). Samples are crossed by
big shrinkage cracks, also surrounding the aggregate (average
porosity =31%). The binder: aggregate ratio (b/a) is nearly 1/4.
The aggregate is moderately sorted, mainly composed by angu-
lar to subangular fragments of micrite, sometimes under burnt,
and chert (AZ19), and fewer subophitic intergranular holocrys-
talline basalt, very few basic porphyritic hypocrystalline volcanic
rock, ultrabasic highly vesicular volcanic scoria, very rare crys-
tals of related minerals and small quartz fragments. Both XRD
and SEM-EDS show very high content of halite and rare presence
of gypsum;

group A2 (AZ01, AZ06, AZ12, AZ14b, AZ22, AZ23b, AZ25b, AZ110,
AZ111, AZ112) has homogeneous, compact micritic lime binders
(XRD, SEM-EDS). It has few lumps and a medium porosity (on
average 34%, mainly vesicles and irregular shaped pores). The b/a
ratio is nearly 1.5/1. The aggregate is characterized by moder-
ately to well sorted, rounded fragments of volcanic scoria and
hypocrystalline volcanic rock, associated with micrite (some-
times partially burned) and rare mudstone, quartz, muscovite,
feldspar, olivine crystals and small basalt fragments; small char-
coals are also present. Soluble salts like halite and gypsum are
absent or very rare (XRD, SEM) and they were detected in higher
amounts only in those samples that are renders or plasters in
contact with gypsum or earthen mortars (AZ14b, AZ23b, AZ25b);
group E1 (AZ42, AZ43, AZ44) has homogeneous micritic binder,
with very small irregular shaped pores and channels (on aver-
age 40%). It differs from the other lime mortars because it has
practically no aggregate (b/a=5.5/1 ca., based on visual estima-
tion) and consists mainly of partially burned micritic and sparitic
limestone, and rare volcanic scoria, muscovite, altered mudstone,
basalt fragments and related minerals. Both halite and gypsum
are scarce (XRD, SEM);

group E2 contains the only hydraulic mortar (AZ45) found at
Azraq in contrast to all other lime mortars that are feebly
hydraulic to not hydraulic (Table 4). It is characterized by a homo-
geneous, highly compact micritic binder with very low porosity
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Table 1

Description of the samples with indication of mortar function, group, and color of the binder evaluated throuogh Munsell soil color chart [50].
Sample Mortar function Group Binder color
AZ01 Pointing A2 White
AZ02 Pointing D1 Light yellowish brown
AZ03 Plaster D2 White
AZ04 Plaster D2 White
AZ05 Pointing D1 Very pale brown
AZ06 Pointing A2 White
AZ07 Plaster covering earthen mortar C Very pale brown
AZ08 Paving mortar B Light grey
AZ09 Plaster B Light grey
AZ10 Plaster Outlier White
AZ11 Plaster B Light grey
AZ12 Pointing/plaster, smoothed surface A2 White
AZ13 (Too small) Outlier White
AZ14 Pointing?, Rough surface C Very pale brown
AZ14b Plaster, smooth surface A2 White
AZ14c Plaster, rough surface B Light grey
AZ15 Structural C Pale yellow
AZ16 Pointing Outlier Very pale brown
AZ16b Pointing Outlier Very pale brown
AZ17 Pointing Outlier Pale yellow
AZ18 Render? Covering the earth between the stones C Pale yellow
AZ19 Plaster covering the earth between the stones Al White
AZ20 Plaster covering the earth between the stones Al White
AZ21 Too small, pointing? C Pale yellow
AZ22 Pointing A2 White
AZ23 Pointing D2 Light grey
AZ23b Render A2 White
AZ24 Render B Very pale brown
AZ25 Pointing C Pale yellow
AZ25lw Lime wash Very pale brown
AZ25b Render, smooth A2 Very pale brown
AZ26 Pointing, vermiculated C Pale yellow
AZ27 Pointing, vermiculated C Pale yellow
AZ28 Pointing, vermiculated C Very pale brown
AZ29 Pointing, vermiculated B Light grey
AZ30 Pointing C Very pale brown
AZ31 Pointing C Very pale brown
AZ31lw Lime wash White
AZ32 Salt crystals Light brownish grey
AZ33 Pointing, smoothed Al White
AZ34 Pointing, vermiculated B Very pale brown
AZ34b Pointing Al White
AZ35 Salt concentration D1 Greyish brown
AZ36 Pointing, vermiculated B Light grey
AZ37 Pointing (vermiculated?) C Very pale brown
AZ38 Pointing, vermiculated B Light grey
AZ39 Pointing B Light grey
AZ40 Pointing B Light grey
AZ41 Pointing D2 White
AZ42 Plaster E1l Very pale brown
AZ43 Plaster E1 Very pale brown
AZ44 Plaster E1l Very pale brown
AZ45 Pointing E2 Very pale brown
AZ110 Pointing A2 White
AZ111 Pointing A2 White
AZ112 Pointing A2 White
AZ113 Pointing B Light grey
AZ114 Pointing B Light grey
AZ115 Pointing B Light grey
AZ116 Pointing Al White
AZ117 Pointing Al White
AZ118 Pointing Al White
AZ120 Pointing C Very pale brown
AZ121 Pointing C Very pale brown
AZ122 Pointing C Very pale brown

Mortar functions: plaster mortar coats the internal wall’ surfaces for decoration and protection; render mortar coats the external wall’ surfaces to protect the covering
structures of the building; pointing mortar lies between the stones acting as a bedding and varies from fine joints in the ashlar stonework to larger joints in the rubble
masonry walls, on the external walls sometimes it partially coated the basalt stones as a render, too.
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Fig. 5. Cumulative grain-size distribution curves of the aggregate fraction greater than 63 pm.

(vesicles and reaction pores surrounding the aggregate). SEM-
EDS data on the binder matrix indicate Ca as the main constituent
with low amounts of Si (12-26%), Al (3-7%) and K (1.8-2.6%),
while XRD analysis detected calcium aluminium hydroxide car-
bonate hydrate phases and quartz. The b/a ratio is nearly 1/2.4 by
volume. The aggregate is moderately sorted and almost exclu-
sively represented by angular fragments of partially burned
micritic and sparitic limestone, associated with few calcite crys-
tals, mudstone and very rare basalt fragments, altered plagioclase
and altered ferromagnesium minerals. Halite and gypsum are
present in very small amount (XRD, SEM). Based on SEM-EDS
results, the hydraulic character of AZ45 is attributed to the pres-
ence of active clay-based aluminosilicate phases (mainly due to
the high Si, Aland K concentrations) in the binder fraction, leading
to the reaction between lime and fine aluminosilicate particles.
The result was the formation of the hydraulic phases that have
been determined both on the microstructure of the binder matrix
during SEM examination of the fractured sections (Fig. 7g-h) and
by XRD.

Mortars of groups B and C were produced by mixing a sulphate
binder with lime in similar amount, as shown by SEM-EDS chemical
analysis:

e group B(AZ08,AZ09,AZ11,AZ14c, AZ24,AZ29, AZ34, AZ36,AZ38,
AZ39, AZ40) is a heterogeneous group, with micritic to micro-
sparitic binders, with areas in which sulphate and lime are in
similar proportion and others where one of these minerals is
predominant. Ca/S ratio (SEM-EDS) is comprised between 0.8
and 2. XRD data show also few anhydrite and rare clay min-
erals like smectites and kaolinite. The aggregate is abundant
(b/a ratio nearly 1/1) and very poorly sorted, it is composed by
rounded-subrounded fragments of micrite, sometimes partially
burned, and fibrous interlocking crystals of gypsum, associated
with less basalt, very rare mudstone, crystals of olivine, pyroxene,
feldspars and muscovite. Sample AZ14c contains also abundant
hypocrystalline volcanic rock and volcanic scoria fragments, and
rare polycrystalline quartz. Sample AZ24 is highly altered. Mor-

Table 2
Open porosity (%) and apparent density (pa) of the analyzed mortars, determined
by hydrostatic weighting [63].

Sample pa % porosity
AZ07 1576.8 24.2
AZ08 1519.9 24.0
AZ09 1411.8 303
AZ11 1567.1 244
AZ12 1524.7 34.0
AZ14b 1413.0 28.9
AZ15 1287.7 329
AZ18 1757.8 12.8
AZ19 1697.8 35.9
AZ20 1903.8 239
AZ21 1633.3 20.9
AZ22 1284.5 47.9
AZ24 1429.3 33.8
AZ25b 1419.3 24.0
AZ26 1425.3 25.5
AZ27 1621.7 17.0
AZ28 1321.6 28.5
AZ29 1467.8 26.6
AZ30 1335.4 319
AZ31 1375.9 26.0
AZ33 1647.1 33.5
AZ34b 1511.5 319
AZ36 1323.2 34.6
AZ37 14439 27.0
AZ38 1602.7 194
AZ39 1427.0 25.2
AZ40 1626.4 18.9
AZ40 1626.4 18.9
AZ43 1364.0 44.2
AZ44 1375.2 434

tars of type B have big vesicles and pores (average porosity = 26%).
Halite was always detected in moderate amount (XRD, SEM) and
it is abundant only in sample AZ34, which contains also small
amount of the evaporite georgeite (K;Cas(SO04)s-H20) [39];

group C (AZ07, AZ14, AZ15, AZ18, AZ21, AZ25, AZ26, AZ27,AZ28,
AZ30, AZ31, AZ37, AZ113, AZ114, AZ115, AZ120, AZ121, AZ122)
is very homogeneous, with b/a ratio of 2.4/1 and a low poros-
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Fig. 6. Thin section photomicrographs of selected mortars analyzed in this study: a: mortar A1 (AZ19); b: mortar A2 (AZ06); c: mortar E1 (AZ44); d: mortar E2 (AZ45); e:
mortar B (AZ14); f: mortar B (AZ34); g: mortar C (AZ18); h: mortar D2 (AZ23). Images a-c and e-h taken in crossed polars, image d taken in plane polars.

ity (25%, irregular shaped pores and vesicles). Gypsum is more
abundant than calcite (Ca/S ratio between 0.7 and 1.4, SEM-EDS).
The aggregate is predominantly composed by big fibrous inter-
locking crystals of gypsum, fewer limestone and calcite crystals;
rare fragments of basalt and related minerals are also present,
together with rare quartz and smectites. Anhydrite is always

present in small amount and halite is absent or present in very
small amount (XRD);

e group D is composed of earthen mortars. It is a heterogeneous
group that can be subgrouped based on the binder color: brown
in subgroup D1 (AZ02, AZ05, AZ35) and white to pale grey in
D2 (AZ03, AZ04, AZ23, AZA1). Pointing mortar AZ23 and plaster
AZ04 were chosen for the analysis: plaster AZ04 is characterized
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Table 3
Mineralogical associations detected in the studied mortars by XRD.
Samples Mortar type Gp Cal-McCal Dol Brc Qz HI Anh [It-Mnt Kin Syn Grg Pl AFm
AZ19 Al d? b d a c
AZ34b Al d b d a
AZ22 A2 a d d
AZ34 B b b d a c d c
AZ39 B a a d c c d d
AZ27 C a b c c d d
AZ31 C a b c d d
AZ23 D2 d b c c c dn d 7 d
AZ45 E2 d a d? d d d d
AZ10 Outlier d < a d? c c d d d
Az17 Outlier d d c c o d a

Gp: gypsum, Cal: calcite, Mcal: magnesian calcite, Dol: dolomite, Brc: brucite, Qz: quartz, Hl: halite, Anh: anhydrite, Ilt-Mnt: illite-montmonillonite, KIn: kaolinite, Syn:
syngenite, Grg: georgeite, Pl: plagioclase, AFm: calcium aluminum hydroxide carbonate hydrate.

2 Very abundant.
b Abundant.

¢ Common.

d Scarce.

Table 4
Hydraulicity index (HI) and cementation index (CI) of the lime mortars, calculated
on the SEM-EDS data.

Sample Mortar type MgO AI203 Si02 CaO Fe,0; HI Cl

AZ2201 A2 1.79 1.61 333 7549 044 0.07 0.15
AZ23b.01 A2 517 2.05 6.74 4431 0.53 019 042
AZ23b.02 A2 7.72 341 9.74 64.69 1.61 020 043
AZ25b.01 A2 191 1.92 344 7929 031 0.07 0.15
AZ25b.02 A2 134 223 278 83.15 0.00 0.06 0.12
AZ25b.03 A2 226 212 243 8053 1.10 0.07 0.12
AZ25lw A2 1.80 1.71 6.26 55.63 0.75 0.15 034
AZ34b.01 A1l 146 1.04 211 4413 0.78 0.09 0.16
AZ34b.02 Al 1.83 1.89 449 6285 1.18 012 024
AZ34b.03 Al 194 1.78 3.19 28.02 090 020 037
AZ44_.01 E1 1.64 1.28 3.11 7254 196 0.09 0.15
AZ44 02 E1 297 223 464 6764 1.87 0.12 023
AZ4403 E1l 0.70 1.16 251 5131 1.51 0.10 0.18
AZ4404 E1 237 435 12.61 62.19 3.17 031 0.65
AZ4501 E2 1.54 299 11.74 7265 0.62 021 049
AZ4502 E2 207 723 27.71 48.09 2.31 0.74 1.71
AZ45.03 E2 1.78 7.40 25.84 47.07 2.11 0.72 1.65
AZ4504 E2 3.15 442 1324 5920 1.76 031 0.68

Values indicative of hydraulic and eminently hydraulic mortars are bold.

by a micritic binder with very few aggregate and very low poros-
ity, irregular shaped voids and channels. The aggregate is very
poorly sorted, predominantly composed by big round limestone
and mudstone fragments, and less basalt, quartz, plagioclase
feldspars, and mica; plant fibres are also present in very small
amount. Sample AZ23 is characterized by a very high porosity
and few aggregate (b/a=2.4/1). The binder has a micritic texture
and it is mainly composed of magnesian calcite and dolomite,
mixed with few smectites and kaolinite (XRD). Halite is present
in moderate amount. The aggregate is very poorly sorted, mostly
represented by round micritic limestone, dolomite, plant fibres,
muscovite, basalt and related minerals.

Finally, samples AZ10, AZ13, AZ16, AZ16b, AZ17 and AZ32 were
classified as outliers since they differ from any other mortar found
at the site. Of these, only samples AZ10 and AZ17 were selected
for the analyses: sample AZ10 is characterized by a fine binder
with very few aggregate (b/a=7.4/1). XRD and SEM-EDS analyses of
the binder revealed a predominant presence of dolomite, together
with some calcite. The aggregate is represented by rare very small
quartz, smectites and kaolinite particles. Gypsum is present in small
amount, while halite is abundant (XRD). Sample AZ17 is character-
ized by a fine binder with few aggregate (b/a=1.8/1); both XRD and
SEM-EDS analysis revealed the predominant presence of syngen-
ite, together with gypsum. There are also halite and smaller amount

of quartz, calcite and kaolinite. Samples AZ10 and AZ17 were not
analyzed by optical microscopy.

The above groups were also confirmed by chemical analysis
(Fig. 8; Table 5). The score plot of the PCA shows a similar situation
(Fig. 8a): samples belonging to mortar type A1l are highly affected
by their high content of halite and are concentrated towards the
direction of Cl. Samples of groups A2, E1 and E2 (lime mortars)
are concentrated towards high value of Ca. Only a few samples are
concentrated towards lower principal component 2 (AZ01, AZ06,
AZ12), and principal components 1 and 2 (AZ43, AZ44), probably
because affected by small contents of halite and gypsum, respec-
tively. Samples of mortars B and C, prepared with a mixture of
gypsum and lime, are concentrated towards the direction of S, and
separated because of the common presence of Cl in mortar C. Mortar
D1 does not show any specific trend, and its samples are concen-
trated towards high values of principal component 1, where Al,
Si, Fe, Mn are strong. Mortars D2, except sample AZ04, are well
grouped and concentrated at low values of both principal compo-
nents 1 and 2, probably because of lower content of clay minerals,
due to the lime mixing, and to the presence of some halite. Finally,
outliers are spread in the graph from lower (AZ10, AZ17, AZ32)
to higher (AZ13, AZ16) content of S and Ca. The scatter plot of
Ca vs S content, performed selectively on mortars B and C (lime-
gypsum mortars) (Fig. 8c) shows that in group B the Ca:S ratio is
higher than in group C. Moreover, samples of group B have lower
amount of Ca and S, on the whole, in respect to samples of groups
C, maybe due to the presence of more aggregate and consequently
less binder.

The comparison of compressive strength test results (Table 6)
between representative samples of the different groups shows that
gypsum mortars of type C exhibit the higher values. The high
strength values of sample AZ19 must be related to the high con-
tent of halite that in the dry state (crystallized within the mortar
mass) acts as a fake cementing material.

3.2. Salt analysis

Most of samples display contamination of soluble salts
such as chlorides (halite) and sulphates (gypsum, anhydrite)
(Tables 3 and 7). Their presence and their continuous disso-
lution/crystallization process are associated with the gradual
weathering of the mortars.

Sodium chloride or halite (NaCl) is a highly soluble salt with
a maximum solubility of 357 g/L at a temperature of 25°C and
equilibrium relative humidity of 75% [40]. In the analyzed sam-
ples, smooth rounded surfaces covering the pores and fractures or
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Fig. 8. a-b: principal component analysis of chemical data implemented on the correlation matrix of the elements: a: score and loading plot of principal component 1 vs.
principal component 2 explaining 44 and 18% of the total variance, respectively. Together principal components 1 and 2 explain the 62% of the variance of the original data;
b: scree plot (eigenvalue profile plot) plotting the eigenvalues attributable to each component; c: scatterplots from Ca vs. S percentage contents, performed selectively on

groups B and C.

elongated columnar crystals of NaCl are observed (Fig. 9). Simi-
lar morphologies were described and related to moderate to low
humidity environments by Theoulakis and Moropoulou [41]. It is
likely that similar phenomena control the growth process in Azraq,
an environment characterized by very low humidity. At Azraq, the
concentration of NaCl depends on the type of mortar rather than
the original location of the samples: abundant in groups A1 and, in
lower amounts in B, while almost absent in the other types. There-
fore, it seems likely that NaCl was originally present in the water
added during the slaking process in mortars A1 and B. Very low
quantities of NaCl are usually detected in the other samples, prob-
ably because of salt spray supply due to the wind action, capillary
rise of humidity, or migration from other mortars already enriched
with it.

The origin of sulphates must be attributed to the building mate-
rials themselves, either to the presence of gypsum mortars or
gypsum fragments among the aggregate. Gypsum has very low sol-
ubility in dry environments like Azraq; however, the presence of the
more hygroscopic sodium chloride (NaCl) lowers its deliquescence
humidity with the consequent increase of the solubility [42,43]. In
the analyzed samples, recrystallized gypsum inside the pores has
columnar, needles like habit or it is in tabular platy crystals (Fig. 9),
as typically happens in semiarid environments with low amount of
water and humidity [43].

Two samples also show the presence of syngenite (detected
by XRD; Table 3): AZ17, as main component, and AZ19 where
it is present in small amount. Syngenite (K,Ca(S04)2-H20) is an
uncommon sulphate mineral that has been only rarely found in

evaporite deposits, in association with gypsum and halite, but
it seems to be unknown in natural deposits in Jordan [44-47].
However, its presence at the Azraq basin cannot be excluded as,
in presence of gypsum and potash (K,0), it can be formed at a
temperature of 100 °C, while under hydrothermal condition (high
water vapour pressure), this process can happen at 50°C [39].
Syngenite can also be an intermediate product of the fertilizers
production and it is a common constituent of black crusts on
buildings where potassium rich, gypsum-bearing building materi-
als are used [39,48,49]. However, the masonries of Azraq castle do
not have black crusts. Particularly, sample AZ17 has a light pink-
ish color (7.5YR 7/3 [50]) and syngenite is the main constituent
of the binder (XRD, SEM). At present, the origin of syngenite in
these samples cannot yet be attributed and further analyses are
required.

4. Discussion

During its long history, the Qasr Azraq has undergone several
modifications, which are reflected in different architectural inter-
ventions and in the use of diverse mortar typologies, indicative of
different traditions.

Mortars of groups B and C were produced by mixing a sulphate
binder with lime: group C seems to have undergone an accurate
preparation, as suggested by its high homogeneity, very few char-
coals, the nearly absence of aggregate, except for gypsum, and the
absence of halite; all samples have a light pinkish binder. In con-
trast, mortars of type B differentiate from group C mostly by their
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Table 5
Chemical composition of samples obtained by pXRF; data expressed as wt%.

Sample  Mortar  Ba Sr Zn Fe Mn Cr \% Ti Ca K Al P Si Cl S

AZ01 A2 0.022 0.021 0.003 0378 0022 0.007 0.001 0066 22774 7.718 0.001 0.088 1.255 7.316 1.363
AZ02 D1 0012 0.015 0.005 2255 0.030 0.013 0011 0273 6.517 6.822 1.643 0.134  8.609 3.417 3.212
AZ03 D2 0.020 0.049 0.001 0390 0001 0.010 0.001 0055 10.238 0.475 0.001 0.001 2.241 19.700  1.668
AZ04 D1 0.016 0.060 ©0.001 1301 0015 0.018 0.013 0.135 13.894 0.687 0.522  0.001 4.001 9.631 4.601
AZ05 D1 0.033 0.025 0.009 4174 0.066 0.023 0019 0442 9.723 1.766 2715 0208 13769  0.498 0.348
AZ06 A2 0.034 0.030 0.003 1803 0042 0.015 0.006 0.187 18.831 1.486 0.001 0.001 1332 15498  2.546
AZ07 C 0.010 0.111 0.002 0.131 0.001 0.009 0.001 0.031 16397  0.483 0.001 0.001 0381 16411  9.887
AZ08 B 0.015 0.136 ©0.001 0.177 0.001 0.010 0.001 0034 10.813 2.153 0.001 0.001 0.821 18939  6.549
AZ09 B 0.020 0.123 0.002 0.156 0.001 0.011 0.001 0022 4.646 10.735 0.001 0.001 0.373 21293  2.267
AZ10 Outlier 0.019 0.074 0.001 0710 0.018 0.014 0.007 0.072 14374 1.004 0.001 0.001 2.006 13.643 1.739
AZ11 B 0.015 0.122 0.001 0207 0.001 0.009 0.001 0040 13.863 5.503 0.001 0.001 0.724 12.241  8.220
AZ12 A2 0.027 0.022 0.004 0.883 0.028 0.012 0005 0.132 21.301 1.571 0.001 0.001 1.195 14.637  0.565
AZ13 Outlier 0.012 0.018 0.001 1961 0.001 0.013 0.009 0289 16.678 0.406 1195 0.001 5.523 0.359 19.019
AZ14a C 0.017 0.135 0.001 0481 0.001 0.007 0.001 0080 21412 0.594 0372 0.076  2.014 1.380 15.564
AZ14c B 0.021 0.117 0.002 0896 0.012 0014 0.001 0.086 11.742 0916 0.001 0.001 1.579 17409 6.518
AZ14b A2 0.027 0.048 0.005 1.655 0026 0.015 0.008 0314 32.693 1.044 0.540 0.206  2.788 0.501 6.214
AZ15 C 0.016 0.161 0.001 0217 0.001 0.009 0.001 0.053 23.098 0.458 0.001 0.001 1.211 3.574 18.365
AZ16 Outlier 0.013 0.093 0.001 0691 0017 0.001 0.001 009 12373 12.148 0.001 0.001 1.938 2.756 20.128
AZ16b Outlier 0.015 0.162 0.001 0469 0.001 0.009 0.001 0070 17.791 2.158 0.001 0.001 1.426 4.360 19.189
AZ17 Outlier 0.019 0.108 0.001 0325 0.001 0.001 0.001 0.040 7.070 11.017 0.001 0.001 0.933 13.748  15.948
AZ18 C 0.009 0.132 0.001 0452 0.001 0.006 0.001 0049 14.307 0.548 0.001 0.001 0.489 13459  12.999
AZ19 Al 0.103  0.022 0.001 0.508 0.019 0.008 0.001 0.058 9.449 1.135 0.001 0.001 3.373 21.580 0.671
AZ20 Al 0.151 0.022 0.001 0541 0016 0.009 0.001 0.079 6.201 2.788 0.001 0.001 5.704 18965 1.183
AZ21 C 0.015 0.059 0.001 0.167 0.001 0.001 0.001 0036 18.082 0.986 0.001 0.001 0.892 8.942 16.778
AZ22 A2 0.020 0.025 0.004 1.614 0.042 0.015 0011 0338 39455 0.203 0480 0.159 2.363 0.194 0.568
AZ23 D2 0.021 0.043 0.001 0459 0001 0.010 0.003 0.073 9.389 1.148 0.001 0.001 2478 15644  1.122
AZ23b A2 0.012 0.030 0.003 1340 0.019 0.011 0.008 0.230 33,510 0.310 0.619 0.116 2577 0317 3421
AZ24 B 0.014 0.143 0.001 0690 0.001 0.009 0.004 0.100 21353 0.288 0352  0.001 2.541 0214 20.070
AZ25 C 0.008 0.124 0.001 0379 0.001 0.001 0.001 0053 22,697 0.154 0.001 0.061 1.561 0.095 19.874
AZ25b A2 0.001 0.037 0.001 1345 0016 0.014 0.007 0289 36.385 0.242 0.544 0.112  2.036 0.264 5312
AZ26 C 0.014 0.133 0.001 0321 0.001 0.001 0.001 0065 24358 0.189 0428 0.068 1.371 0.259 19.153
AZ27 « 0.019 0.148 0.001 0287 0.001 0.001 0.001 0043 20.867 0.262 0.001 0.001 0.820 5.886 16.724
AZ28 C 0.014 0.127 0.001 0220 0.001 0.008 0.001 0055 23.615 0.191 0.001 0.001 1.393 0.189 19.774
AZ29 B 0.016 0.114 0.002 0.174 0.001 0.008 0.001 0.027 11.541 6.337 0.001 0.001 0.404 17.675 5.536
AZ30 « 0.001 0.140 0.001 0.264 0.001 0.008 0.001 0.060 27.348 0.160 0.001 0.001 1.256 0.142 20.107
AZ31 C 0.013 0.125 0.001 0208 0.001 0.008 0.001 0039 24120 0.127 0.001 0.001 0.892 4.432 18.791
AZ32 Outlier 0.009 0.016 0.002 0528 0.001 0.012 0.001 0030 1317 0.089 0.001 0.001 0423 34.096  0.682
AZ33 Al 0.075 0.030 0.001 1356 0.018 0.015 0.001 0.106 3.644 0.119 0.756  0.001  0.983 30.074 0.576
AZ34 B 0.014 0.124 0.001 0.172 0014 0.001 0.001 0029 8292 7.568 0.001 0.001 0.649 17.691  4.708
AZ34b Al 0.051 0.025 0.001 0200 0.001 0.007 0.001 0030 9376 6.395 0.001 0.001 0.728 19.131 0477
AZ35 D1 0.015 0.018 0.001 0898 0.024 0.008 0.006 0.138 5437 16937 0818 0.172  4.830 6.971 2.597
AZ36 B 0.016 0.142 0.001 0.195 0.001 0.007 0.001 0048 25390 0.289 0.001 0.001 1.137 1.709 20.784
AZ37 C 0.010 0.188 0.002 0210 0.001 0.001 0.001 0054 25810 0.339 0.001 0.091 1.259 2.153 19.998
AZ38 B 0.017 0.128 0.001 0.161 0.001 0.008 0.001 0034 11.731 5.168 0.001 0.001 0.761 14.657  7.277
AZ39 B 0.011 0.150 0.002 0.141 0.001 0011 0.001 0.026 19.104 0.466 0.001 0.001 0.578 9.556 14.823
AZ40 B 0.014 0.109 0.002 0.158 0.001 0.007 0.001 0.042 20492 0.676 0.001 0.075 0.816 7.856 15.332
AZ41 D2 0.024 0.045 0.001 0574 0020 0.010 0.001 0059 14.220 0.892 0.640 0.001 1.786 17443  1.262
AZ42 E1 0.023 0.035 0.006 0.539 0.042 0.001 0.001 0.133 27384 1.956 0.628 0.982  4.933 1.846 1.361
AZ43 E1l 0.016 0.028 0.003 0203 0.001 0.009 0.001 0039 16306 1.252 0.001 0.001 0.462 21.183  1.394
AZ44 E1l 0.023 0.024 0.004 0267 0013 0.008 0.001 0049 22.724 2.361 0.001 0.001 0.789 11.757  2.878
AZ45 E2 0.020 0.012 0.007 0437 0016 0.001 0.001 0087 39.736 0.467 0.541 0.045 2419 0.583 0.533
Mean 0.023 0.081 0.002 0.672 0.011 0.009 0003 0.098 17.644 2.533 0252 0.052  2.095 9.849 8.641
StDev 0.025 0.053 0.002 0733 0014 0.005 0.004 0.095 9.172 3.720 0.501 0.145 2331 8.681 7.749

The value 0.001 is given in case of non-detected elements due to very low concentration (bold). Mean and standard deviations (StDev) are calculated, too.

Table 6

heterogeneous, highly porous, grey binders, with different pro-
portions of sulphates and lime (with lime usually exceeding the
sulphates content). Charcoals, probably residue of the firing pro-
cess, are often present [37,38,51], and halite is always present in
small amounts. According to these differences, mortars of group B
seem to be produced following faster and less standardized meth-
ods. The cause of the different binder colors (greyish and pinkish)
between these two types is probably due to the difference in the
Ca/S ratio (higher in B), and in the presence in mortar B of rock
types among the aggregate and more abundant charcoals that can
act as pigment darkening the color [37,52,53]. The choice of mix-
ing a sulphate binder with lime suggests a good knowledge of
mortar technology since it has fast initial setting, due to the pres-
ence of calcium sulphate hemihydrate (CaSO4-1/2H,0), while the
lime guarantees good mechanical properties and water resistance
[54].

Compressive strength test data.

Sample Mortar Compressive strenght (MPa)
AZ19 Al 10.92

AZ12 A2 1.88

AZ36 B 3.29

AZ27 C 6.58

AZ31 C 5.26

AZ04 D1 1.73

AZ10 Outlier 3.68

Besides gypsum mortars, lime-based mortars (A1, A2, E1,
E2) were used: mortar Al is characterized by evident fissuring
developed during the shrinkage of the binder [37,38], and a poorly
sorted angular aggregate, suggesting intentional grinding. The very
high amount of halite may suggest that it was originally present in
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Table 7
Quasi-quantitative concentration of soluble salt ions carried out through colorimet-
ric test strips; 2 g of each sample was dissolved in 100 mL of distilled water.

Sample Height Mortar Sulphates Chlorides Nitrates
(cm) group (S047) (Cl7)
NO,~ NO3~
mg/L

AZ110 290 A2 >1600 500 500 250
AZ111 10 A2 >1600 500 250 250
AZ112 160 A2 >1600 500 250
AZ113 290 B >1600 500 500 250
AZ114 160 B >1600 500 250
AZ115 10 B >1600 500 250
AZ116 290 Al >1600 > 3000 500
AZ117 10 Al >1600 1000 250
AZ118 160 Al >1600 >3000 500
AZ120 290 C >1600 500 250
AZ121 160 C >1600 500 250 500
AZ122 10 C >1600 500 250

the water added during the slaking process [51]. However, mortar
group Al is not very homogeneous and its components may also
be referred to different construction phases of the site. Lime mor-
tar A2 differs from A1 mainly in the aggregate rock types, which
is well sorted and rounded, suggesting that it derives from a loose
sediment, collected and sieved. Mortar E1 has a compact binder and
almost no aggregate. Type E2 is the only hydraulic mortar found at
Azraq, the aggregate is almost exclusively represented by angular
fragments of partially burned limestone. A few samples of groups
A2 and E1 are feebly hydraulic, probably as a reaction to the pres-
ence of volcanic rocks among the aggregate or clayey impurities in
the original carbonatic rocks that can cause a limited hydraulicity
if fired at temperatures between 600-900°C [37,51]. It is possi-
ble that feeble lime-pozzolan reactions have not been detected by
XRD in most of the samples because the new hydrate phases are
present in small quantities, and their microstructure may have not
been stable and partially destroyed by the fast carbonation, due to
the warm environment [55,56]. It is not clear whether volcanic rock
fragments were added with the aim to provide hydraulicity to the
mortars or because they were abundant in the sediments near the
site.

Earthen mortars (D) were used, too; they are often made by ter-
rigenous materials mixed with lime to obtain a better performance
and increase their strength. Among the aggregate, there are also
unburned vegetable fibres, indicating that they did not undergo a
firing process.

Dolomitic plaster was identified only in one room (AZ10).
Dolomite may be a residue of the starting raw material, prob-
ably due to incomplete dissociation at temperatures lower than
750°C [57,58]. Minerals product of the carbonation process, such
as brucite and portlandite, are absent [57].

Finally, only sample AZ17 is mainly composed of syngenite and
gypsum. These last two mortar types (AZ10, AZ17) are outliers and
cannot be considered for a general reconstruction of the building
techniques applied at Azraq.

The presence in the region of lime mortar with pozzolanic
aggregate (mortars Al, A2, E1, E2) has Roman origin but it
was reproduced in later periods, too, as in the near Umayyad
mosques at Hallabat, and in different buildings at Amman Citadel
[59]. The technique of gypsum-lime mortars (types B, C) finds
its origin in the Sassanian tradition (224-651 AD). Sassanians
invaded Jordan between 610-629 AD, and this technique was
used in the near Umayyad sites of Qusayr Amra and Qasr Harane
[60]; however, probably due to the proximity of the Sassa-
nian empire, gypsum-lime mortar was already known in Jordan

before their occupation, as found at the Roman site of Jerash
[61].

In some cases, it was possible to define a relative chronology of
the mortars, thanks to superimpositions of different mortar types:
mortar A2 can probably be traced to the Ayyubid period, since it
is present on the structures involved in the Ayyubid reconstruc-
tion dated 1237 AD, and appears to be the most recent of the
studied mortars. It was used with pointing and plaster/rendering
functions, and it covers mortars of type B and C (cf. AZ25, AZ25b;
AZ14, AZ14c, AZ14b; Fig. 4a). On the external wall, it was also
used as a render to protect the wall and it covers the pointing
lime-earthen mortar D2 (samples AZ23b, AZ23), suggesting that
D2 was coeval or older. Gypsum-lime mortar B appears to be more
recent than lime mortar Al (cf. AZ34, AZ34b; Fig. 4a) and C (cf.
AZ14, AZ14c; Fig. 4a) and it may be referred to remedial interven-
tions as it seems produced following fast and non-standardized
processes. Finally, there are no direct connections between mor-
tars Al and types A2, and C. Mortars from the mosque (E1, E2)
do not have any relation with the other types present at the
site.

5. Conclusions

The multi-analytical approach adopted in this research allowed
to group and characterise the mortars used at Qasr Azraq (Jor-
dan) and to achieve a better understanding of the building
materials and techniques employed at the site during its life-
time.

The most important events involving the castle seem to be its
foundation dated to Diocletian and Maximilian time (287-305 AD)
or earlier, a refurbishment under Constantine (326-333 AD) and
an important reconstruction under the Ayyubids, dated 1237 AD.
During Ayyubid time, the castle was partially re-plastered with
a lime mortar mixed with well-sorted and round aggregate of
igneous volcanic origin (A2). It was not possible to precisely date
the use of other mortar types; however, hydraulic lime mortar
with pozzolanic aggregate has Roman origin, while gypsum-lime
mortar derives from the Sassanian tradition and it seems possible
that it was not highly used in Jordan when the castle was built.
The data suggest that lime mortar (A1), prepared with a poorly
sorted angular volcanic aggregate, is the oldest used at the site;
this would explain why we have only a few samples, generally
poorly preserved. Therefore, the pinkish gypsum-lime mortar (C)
may be referred to a more recent event, perhaps the refurbish-
ment made under Constantine. The grey lime-gypsum mortar (B)
seems to be referred to successive remedial interventions. How-
ever, these are speculations, and a more accurate stratigraphic
study must be done. The mortars in the mosque (E1, E2) are differ-
ent from all the other studied at the site; therefore it seems likely
that the mosque construction is not coeval with the main building
phases.
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