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Abstract

The water wells at Karnak temples made of red brick and belonging to different eras, (Graeco-
Roman and Byzantine periods). These water wells suffer from several deterioration aspects such
as exfoliation, hard crusts, disintegration, spalling, cracks, fractures, salts crystallization, micro-
organisms colonization's and vegetation. The aim of this paper is to study the deterioration
mechanisms affecting the brick units of these wells to prepare a conservation strategy. Different
scientific methods such as Light Optical Microscope (LOM), Polarizing Microscope (PM), Scanning
Electron Microscope coupled with an Energy Dispersive X-Ray Spectrometer (SEM-EDX) and
X-Ray Powder Diffraction (XRD) have been used to determine the mineralogical composition and
the deterioration products. The obtained results have proved that the water wells suffer from salts
crystallization of sodium chloride and sodium sulfate (thenardite) due to the severe effects of
deterioration factors particularly the dominated environmental conditions, water-soluble salts and
mineralogical composition of the brick.
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1. Introduction

The recent excavations carried out ctions of water wells in ancient Egypt
by the Supreme Council of Antiquities that; they can ameliorate the amount of
(SCA) in front of the first Pylon of water and the quality of available of the
Karnak temple, near to the tribune have drinking water, irrigation the plants, pro-
revealed group of water wells made of viding water for the animals, or the supply
red brick adjacent to the large harbor of workshops and settlements with water.
and in El-madrassa site (the southern Furthermore, the construction of wells in
part of the site). Also, there are many temples, is being architectonic scenery
water wells located inside Karnak for cultic events [3,4]. The function of
temples [1], which were results of the water wells at Karnak temples is that;
previous excavations such as; those in they supplied the houses and workshops
front of the main entrance (gate) of the attached to the temple with water, the
temple, open museum, and in the south- area located southwestward of the first
ern facade of ninth pylon, fig. (1-a,b,c). pylon was used in the late Ptolemaic &
The previous archaeological studies just Roman periods for residence, and there
dated these water wells back to the late were some industrial workshops and sett-
Ptolemaic, Roman or Byzantine periods lements [5]. The depths of these wells
without more detailed extensive study varying greatly from one to another,
for these wells [2]. There were many fun- because many of these wells still covered
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and buried under soil. There were several
methods for building in ancient Egypt and
from the field observation we conclude
that, the building method used in const-
ruction the water wells at Karnak temples
is the Egyptian bond (English bond), fig.
(1-d), the bonding on the faces of those
walls shows alternate layers of headers
and stretchers [6] different sizes of red
brick employed in construction of those
water wells and the almost brick's dime-
nsions are 28x14x6 cm. So that, the red
brick dimensions vary according to the
geographical area, the historical period [7]
and the construction type also. According
to [8] the mortar used in these wells was
lime mortar. That mortar was suitable for
use in damp places, since it is imperme-
able to water and is found in Ptolemaic
and Roman fired-brick structures, especi-
ally baths and conduits, where it was
necessary to make the joints waterproof.
During the Graeco-Roman and Byzantine
a
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Figure (1) Shows a. location of water wells inside Karnak teml

periods the builders and architects used
red brick in domestic architecture in loc-
ations exposed to humidity such as; und-
erground constructions as water wells,
cisterns, baths, thresholds, and conduits
[8]. The evidence for manufacturing bricks
in ancient Egypt comes from the themes
in the tomb of the prince Rekh-mi-Ré at
Thebes [9]. The materials used in making
bricks in ancient Egypt were various and
contained both inorganic and organic mate-
rials mainly Nile clay, sand, lime, different
aggregates and animals dung as well as
chopped straw (hay) as binding materials.
In addition to the existence of pottery and
stones fragments which were added during
making process to increase the mechanical
properties [10]. So the mechanical and che-
mical properties of resulting brick varied
greatly depending on the locality and the
time according to sedimentary proven-
ces, extension and by their chemical and
physical properties [11].

4
es complex (after Blyth, 2006 & CNRS

2019), b. well in the front of the first pylon of Karnak, c. well close to embankment at El-
madrassa site, d. building methods of water wells at Karnak temples
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2. Deterioration State

Field observation for water wells
at Karnak temples has proved that, the
bricks had been exposed to either burial
and aerial environments so the bricks
become very weak and losing cohesion
among their components because of its
exposition to many deterioration factors
such as; extreme temperature, solar rad-
iation, moisture variation, saline solutions,
atmospheric gases, and microorganisms
effects in addition to the intrinsic physical
properties, mineralogical composition of
the raw materials and firing temperature
of the bricks [12], in addition to other
parameters that include the composition
of the mortar, and the properties of the
masonry unit/mortar combination [13].
All these conditions play an important
role in the deterioration aspects such as;
changes in chemical and physical
compositions of the bricks especially
when buried in a salty ground. In addition
to exfoliation [14] and formation hard
crusts due to crystalllzatlon of salts under

sub-strata, disintegration, spalling, cracks
and fractures. Also, moisture penetration
along these cracks or pore passageways
causes the severe damage for the red
bricks and the mortar [15]. Other dete-
rioration aspects are represented such as
the action of biological colonies [16]
and vegetation. The damage and collaps-
ing of the architectural features or dest-
ruction some parts of the construction
were observed in some wells due to
deposits press before excavation. All
these deterioration phenomena caused
decohesion and weakness of the stru-
cture and texture of wells and brick
units also loss of the binding mortar
used in construction process as shown
in, fig. (2-a,b,c,d,e,f). The aim of this
article is to study the deterioration
mechanisms of the brick units used in
building of these wells and to prepare a
conservation plan.

Figure (2) Shows deterloratlon features of water wells at Karnak temple a. exfoliation, l b. crumblmg
c. efflorescence, d. algae colonies, e. filling up with debris, f. partial collapse of the structure.

3. Materials and Methods

Small weathered samples of brick
were studied utilizing the scientific tec-
hniques; light optical microscope (LOM)
(Olympus Sz61 with Olympus E-330
digital camera), polarizing microscope
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(PM Olympus BX 51 TF Japan) and
scanning electron microscope (SEM JEOL
JSM 6400) attached with an energy dis-
persive X-ray spectrometer (SEM-EDX).
In addition X-ray diffraction (XRD) was



used to identify the mineralogical com- owing parameters; diffractometer type
position and the deterioration products of Philips PW 1840, operated at 35 kV,
the brick. It was adapted according to using a Cu K“ radiation wavelength of
El-Midany & Mahmoud., 2015 [17] and 1.540598 A

Cultrone, et al., 2005 [18] using the foll-

4. Results
4.1. Visual examination of hand specimens

A scientific digital camera was and textures, that range from very fine
used for determining the visual features to very coarse, and that the bricks contain
of brick samples especially the texture and different materials such as; pottery shreds,
color; the images of red brick samples, red brick fragments, chert pebbles.

fig. (3-a,b) have illustrated different colors

Figure (3-a, b) Shows different colors and texture features of the red brick samples collected from
Karnak temple wells

4.2. Optical properties of the samples by LOM

Light Optical Microscope (LOM) pped straw and animals dung. LOM also
images of brick samples, fig. (4-a,b,c,d), has revealed that, the brick suffers from
have illustrated that, the brick contains several deterioration aspects such as; large
different components such as; pottery holes, voids, fissures and cracks, all the
shreds, limestone and red brick fragments, previous highly affected on the physical

moreover organic materials such as; cho-

status of the brick.

icrographs of investigated red brick samples y LOM (4-X) a. o
b. red brick fragment, c. different organic materials, d. animal dung.

Figure (4) Sho tery fragments,

4.3. Petrographical characteristics of the samples by PM

The Petrographical study by pola- chlorite and epidote are secondary cons-
rizing microscope (PM) was carried out tituents due to many alteration processes.
for the concerned red bricks, which Pottery fragments and chopped straw as
illustrates that, the brick samples from an additional constituent. Quartz grains
water wells at Karnak temples, fig. (5- or free crystalline silica, varied in size,
ab,c,de,f) illustrates that, the brick is shape, mainly angular to sub-angular in
mainly composed of quartz, feldspar, rich ground of iron oxides and clay min-
mica, allanite, zircon, iron oxide and rock erals mixture, fig. (5-a). Feldspars minerals
debris as original constituents. Sericite, also are represented as one of the main
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components in the brick samples. They as limestone fragments (calcite)as one

are as plagioclase (albite) and alkali feld- of the main components in the brick,
spars (microcline); plagioclase crystals while pottery fragments (Grog) occur as
occur as subhedral to anhedral, charact- sub-angular to sub-rounded shape and
erized with twin lamination, turbid, cracked calcite rim surrounded the pottery frag-
and commonly stained by iron oxides and ments. Furthermore, some burning fibers
enclosed with iron oxides granules, which such as chopped straw one of organic
gives it a brown pigmentation due to the matters which were added during brick
intensive alteration. Microcline crystals making is more abundant in the samples,
appeared as subhedral to anhedral, char- fig. (5-c). The deterioration features of the
acterized by cross hatch twinning. Some brick such as deformed and cracked allanite
samples of the brick contained a high crystal filling with calcite vein, fig. (5-
amount of accessory constituents such as d), as well as mica mineral (biotite) which
zircon, pyroxene, garnet and amphibole. is strongly altered to chlorite and epidote,
In addition to several lithic fragments of fig. (5-€). One of the main features in the
various igneous and siliceous rocks such studied samples is that, the iron oxides
as; chert and micro-granite, fig. (5-b). In stained most of the mineral grains in the
the all studied samples of bricks, abundant brick especially calcite grains with reddish

amounts of some none clay minerals such and chocolate brown colors, fig. (5-f).
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Figure (5) Shows petrographic micrographs of weathered redbrick from water wells at Karnak temple;
by PM (40-X) a. quartz grain in rich ground of iron oxides and clay minerals, b. micro-
granite fragment, c. chopped straw, d. deformed allanite crystal filling with calcite vein, e.

mica crystal altered to secondary chlorite and epidote, f. iron oxides stained calcite grains
with chocolate brown colors.

4.4. Morphological features of the samples by SEM

Some samples of weathered brick and rupture of internal structure of the
were studied by Scanning Electron Micro- brick, some of dilated fractures caused the
scope (SEM) and have proved that, the discontinuation and splitting the brick
brick is highly affected by deterioration texture and that promoted the penetration
mechanisms as follows;The formation of water and saline solutions inside the pores
network of cracks and fissures, fig. (6-a) of brick, and (by) that means contributes
which lead to increase the porosity, loss to dissolving and loss of the chemical com-
of strengh and durability of the brick, in ponents. Furthermore migration and wash
addtion to collapse, internal exfoliation up of clay nodes, disintegration, eroded
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quartz grains and formation the large voids different forms of crystallized salts such

and cavities in the brick. The SEM micr- as halite and thenardite, fig. (6-d) [accor-
ographs have cleared also that; some fibers ding to XRD analysis for the same sam-
and residual organic matters which were ples] both are very common salts in a
added during brick making process for wide range of locations and environments,
instance, chopped straw, fig. (6-b) res- and extremely destructive and represent
ulting from inappropriate firing temper- aggressive deterioration forms because of

ature, these organic materials aid (assist) to

its extreme hygroscopic, frequently dis-
the microbiological attack and growth the ¥ P f y

o . solution and crystallization, hydration and
algal and fungal colonizations which gen- crystallization pressures of that salts which
erated a severe damage and degradation lead to a high degree of volume changes
of brick originating from the growth of when hydrated, consequently these danger-
fungal hyphae or the fruiting bodies, fig. ous salts also cause weakness, destruction,
(6-c) either on or below the surface and breakdown the brick, disassembling and
caused dislodging of the various miner- dislocation of the mineralogical grains as

alogical grains of the brick and motivate well as dechosion and disintegration of
the salty weathering of brick.The SEM the brick.

investigation has revealed also that;

e
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Figure (6) Shows SEM Micrographs of weathered redbrick from water wells at Karnak temple; a.
cracks and rupture of internal structure, b. chopped straw, ¢. the growth of fungal hyphae, d. salts of
sodium sulfate (thenardite).

4.5. Analytical results of investigated samples by EDX

EDX results of brick samples, tab. (8.76%), K0 (5.91%), Al,0O3 (5.37%),
(1) & fig. (7) have indicated that the brick Na,0 (2.65%), TiO, (2.59%), MgO (1.29%),
is highly weathered by deterioration fac- Mn (0.345%) in addition to Cr, Ni, Cu,
tors, the elemental order can be put in a Zn, Sr, Y and Zr (0.045%). The obtained
decreasing grade according to their conc- results help to understand the deterioration
entration as follows: SiO, (33.90), Fe,O mechanisms affecting the brick used in
(18.20%), CI (10.56%), SO; (9.38%), Ca building water wells at Karnak temples.
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Table (1) EDX microanalysis of weathered red brick of water wells at Karnak temples

Analytical Results

Sample

Na,O MgO Aleg S|02 P,Os SO; Cl K,O Ca T|02 Mn Fe

A - - 3826 - 636 827 41 773 397 062 3042

B - 1.34 1092 4950 1.12 - - 283 6.89 330 049 23.33

C 430 208 316 2423 099 1293 2071 112 1144 122 013 7.33

D 602 141 464 2804 058 1951 1441 542 690 242 022 10.13
a 4.8 _ I h “
= i | &
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temples.

Figure (7) Shows some EDX microanalysis charts of weathered red brick of water wells at Karnak

4.6. Analytical results of investigated samples by XRD

The X-ray diffraction analysis (XRD)
for weathered samples of brick show that;
the bricks suffer from aggressive damage
by salts as shown in tab. (2) & fig (8).
The results of XRD have revealed that,
the brick consists of quartz SiO, and

plagioclase feldspar (albite Na Al Si3Og)
as main components in clay. In addition to
sodium chloride (halite NaCl) and sodium
sulfate or (thenardite Na,SO,) as deterior-
ation or weathering products.

Table (2) XRD of weathered red brick used in water wells at Karnak temples.

Sample Analytical Results
Components Sample A Sample B Sample C Sample D

Quartz 53.8 29.8 59.5 19.8
Albite 462 e e e
Halite @~ = ceeeee 70.2 25.6 39.5
Thenardite @~ ~ ceeeeem e 15.0 40.7
50 79
. Q100 Q: Quartz Si0z (38 %) 704 H/100
= AL Albite NaK AISi0g (46. %) 6501 H : Halite NaCl ({70.2%)
500 600 Q: Quartz 5102 (29.8 %)
500 Q13 500 W
- s o)
0 AV30 A1nm 001 @100
20 Q}\\ ,” oo 2504
£ ! | 6 Q7 2001 HIS HIL
::: \\\JJ’-‘V‘M% "MW"'\L..‘. y \\Jl// :ai: Q1 W3 on HS

w TR | TN S " N : 1 Qe |
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Flgure (8) Shows some XRD patterns of Weathered red bI’ICk of water wells at Karnak temples.

5. Discussion

Through analyzing the previous
data it could be noted that visual exami-
nation by scientific digital camera, fig.
(3) has cleared that, the brick samples of
water wells at Karnak temples contain
different textures range from fine grains
(silt) to very coarse (sand) due to the
variation of the materials of raw clay
used in making that brick which include
pottery shreds, red brick fragments, chert
pebbles, the color of brick is also varied
greatly between light, yellow, reddish,
to brown and black due to the variations
of firing temperature, and the placing of
the brick units in the kiln [19] in addition,
the color is an indicator of the type of soil
used. LOM investigation, fig. (4) has ill-
ustrated that, the brick contains some
components which were added during
manufacturing process such as; pottery
shreds, limestone and red brick fragments,
moreover organic materials such as; cho-
pped straw (hay) and animals dung, the
presence of these materials in the stru-
cture after firing the brick considers as
the manufacture defects and indicate that;
the red brick was fired in low temperature
[20]. The LOM investigation also has rev-
ealed that, the samples suffer from several
deterioration aspects such as; large holes,
deep voids, fissures, cracks and fractures,
all the previous highly affected on the
physical status of the brick. Furthermore,
the petrographic study, fig. (5) has reve-
aled that, the brick samples contain both
inorganic and organic materials as follows:
The inorganic materials represented mainly
in quartz, feldspar, mica, allanite, zircon,
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iron oxide and rock debris as original
constituents. Sericite, chlorite and epidote
are secondary constituents due to many
alteration processes. Pottery fragments and
chopped straw as additional components.
All the used materials are related to the
local Egyptian environment in-situ which
had been used from the long time both
in mud, red brick and pottery manufacture.
The existence of different rock debris in
the brick constituents due to the fact that,
the ancient Egyptian made the bricks
from the Nile clay deposited through the
millions of years of floods. The flood
carried these deposits through its jou-
rney from the heart continent of Africa
along the Nile River in Egypt, which is
carved in different rocks loaded with frag-
ments of these rocks and some metals
with high hardness and resistance to tran-
sport factors. The petrographical invest-
igation of studied samples has shown that,
the deterioration features are deformed and
cracked allanite crystal filling with calcite
vein, as well as the alteration of mica
minerals (biotite) to chlorite and epidote,
furthermore the iron oxides stained most
of the mineral grains in the brick with
reddish and chocolate brown colors. On
the other hand the presence of cracked
limestone fragments indicated that, the
brick was fired in a low temperature [21].
Within the same context, SEM studies
presented in fig. (6) have proved that, the
brick is highly affected by deterioration
mechanisms as follows; the brick contains
some plant fibers, residual organic matters
and chopped straw which were added



during brick making process, and the
brick fired in unsufficient firing tempe-
rature,the presence of these matters in
brick's structure play an influential role in
the deterioration process through assist-
ance the microbiological invasion [22]
and growth the algal and fungal coloniza-
tions, which depend on the organic matters
in the brick in their feeding, the growth
of such microorganisms on the brick
depends on environmental conditions and
the physicochemical properties of the mat-
erial (the intrinsic properties) [23,24]. These
microorganisms generated a severe damage
and caused degradation of the brick by
multiple mechanisms resulting in loss of
strength, durability such as; dislodging the
mineralogical grains, cracking and disi-
ntegrated the structure [25] and motivate
the salty weathering of the brick.The
penetration of saline solutions from grou-
ndwater through the cracks leading to
the salts crystalization [26,27] when the
environmental conditions are available
especially the extreme temperature, the
source of water (from ground water and
closeness to river Nile) and the salinity
of soil in the site. The crystallized salts
such as; halite and thenardite caused
aggressive deterioration forms such as;
destruction, crumbling of the brick, dis-
assembling and dislocation of the mine-
ralogical grains as well as dechosion
and disintegration of the brick due to
high degree of volume changes from thier
crystallization and hydration pressures
[28,29]. On the other hand the coeffi-
cient of volumetric expansion of halite is
three times higher than quartz [30]. In
addition it could be asserted that elemental
analytical results by EDX, tab. (1) &
fig. (7) have revealed that, the brick
contains quartz (SiO;) as major element
in clay. The high concentration of iron
oxides (Fe,Ogs) is natural colorants of
Nile clay used in manufacturing the
brick giving it a reddish coloring. The
high conc-entration of chlorine (CI) with

2NaCl

Halite Pollutants

+ H,SO,—»Na,SO,
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sodium (NayO) attributed to the crystal-
llization of sodium chloride (halite) salt.
On the other hand, the high percent of
sulfates (SO3) is the most common comp-
ounds of the soluble salts and/or due to
the deterioration of lime mortar with
sodium ions to form thenardite (Na,SO4
according to XRD analysis). More than
that, the high concentration of calcium
oxide (CaO) in all red brick samples
attribute to the limestone or carbonates
which were used in making red brick,
and it is indicate that, the brick was burnt
in low firing degrees, and/or may be due
to the contamination by lime mortar [31]
which was used in the construction of the
water wells at Karnak temples. In addition
to the presence of alumina (Al,O3) that
constitutes the base elements of clay. Also,
small quantities of the other oxides such
as; potassium (K,0), magnesium (MgO)
oxides respectively are correlated with the
content of alumina or alteration processes,
the potassium is most readily fixed in clay
mineral [32]. The amount of titanium oxide
(TiOy) is natural colorant of clay brick,
giving a characteristic yellowish coloring
for the bricks. Finally, XRD results, tab.
(2) & fig. (8) have revealed that, the
brick mainly consists of quartz SiO;
and plagioclase (albite, Na Al SizOg) as
the main components in clay. Most of the
samples contained sodium chloride NacCl,
may be attribute to the saline solutions
from groundwater, and sodium sulfate or
thenardite (Na,SO,4) which the most pro-
bably in the present study precipitated
directly from a saturated sodium sulfate
solutions (at room temperature 20°C),
with decreasing relative humidity, and
increasing evaporation rate [33]. On the
other hand in specific cases thenardite,
correlated with the formation of sulfuric
acid H,SO,4 which reacted with sodium
chloride to form thenardite (Na,SQO,) acc-
ording to [34] in accordance with the
following equation:

+ 2HCI
Thenardite



Thenardite may be transformed from
water free stage (Na,SO,) to the hydrated
phase mirabillite (Na,SO,4.10H,0) and
that may be cause increasing the volume
between 70-250% [34] and/or reach to
308% [35] this change in the volume
leads to the creation of severe damage such
as; fractures, crumbling, disintegration
in addition to salts crystallization, the salt

6. Recommendations

Field observations and lab analyses
have cleared that the brick used in water
wells at Karnak temples suffer from many
deterioration factors and their features.

Therefore, the wells need to different trea-

tments and conservation processes, such as:

* Performance archaeological studies on
that wells to determine their historical
periods.

* Mechanical cleaning and complete the
excavations to remove debris from inside
the wells.

* Cleaning and removal of vegetation,
weeds and grass from inside and outside
that wells.

* Periodically mechanical cleaning of
crystallized salts on the surfaces of
the brick, during the lack of water and/
or during the dryness periods.

* Restoration and completion of the mis-
sing parts from the wells using a
suitable brick blocks and mortar of
natural lime.

* Consolidation weak brick units using
appropriate water-repellent materials
or with Ethyl Silicate (TEOS) which
gave a significant improvement for the
physico-mechanical properties of the
red brick [37] and provide an efficient
protection against sodium sulfates [38].

* Decoding and re-installation of some
fragmented brick blocks using appro-

damage for brick depends on the type of
salt, the condition of the building, inclu-
ding its porous structure and the cohesive
strength of the material [36]. The conta-
mination of brick with these destructive
soluble salts bears a considerable risk for
the preservation.

priate materials (Araldite or Epoxy
resins).

* Mechanical removal of dry biological
colonies from the bricks and using
chemical pesticides for future resista-
nce and prevent their growth in the
future.

* Use nanotechnology and treatment with
Titanium oxide (TiO,) nano-coating to
prevent the growth of micro-algal and
microorganisms on the red brick [39]
and this treatment leads to improve the
preservation of the physical and mech-
anical properties and the maintenance
of aesthetic features of ancient brick
with low costs [40] and allows the self-
cleaning action of substrata.

* Periodical and continuous monitoring
the status of water wells to observe any
changes in their conditions.

* Removal of soluble salts by appropri-
ate techniques; mechanical cleaning with
brushing and scalpels or using a suitable
poultice; sepollite clay, or any other app-
ropriate poultices.

* Establishing interpretive signs and sig-
nboards on wells for the clarification of
their historical and archaeological imp-
ortance, also low fencing and barriers
around that wells as protective proc-
edures.

7. Conclusions

This paper concludes that red brick was the main material for construction water wells at Karnak temples.
Through field observation, lab examinations and chemical analyses have revealed that, the brick was
subjected to several deterioration factors (physical, chemical, biological and anthropogenic) in addition
to its chemical composition and physical properties, on the other hand the function (type of building use) of
these water wells also all play an important role in the deterioration process of the brick. In addition, the main
deterioration mechanisms were salts crystallization, hard crusts, crumbling disintegration, in addition to
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cracks, fractures, loss strength and aesthetic disfigurement. Furthermore, visual examination of brick
samples has revealed that, it has different textures and colours due to the mineralogical components and
the firing temperature. Moreover, LOM examination has proved that, the brick contained some organic
matters such as; chopped straw and animal dung which were added during brick making and the brick firing
in low temperature, which is considered the main intrinsic deterioration factor (manufacture defects). Within
the same context, XRF and XRD analyses have displayed that, the brick suffers from the severe damage
of the salts especially thenardite and halite. SEM investigation has revealed that, the brick contains
organic matters, network of cracks, fractures, cavities in addition to the growth of algal, fungal hyphae and
salt crystals which caused decrease the stiffness, durability and accelerated the weathering of the brick.
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