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Abstract:

Stone bleeding affecting the sandstone artifacts is considered one
of the most deterioration forms that dominated the Karnak temples
complex. This symptom is a serious deterioration form resulting
essentially due to losing the binding material of the stone as a
result of the synergistic deterioration factors and their related
mechanisms (witting/drying & heating/cooling) cycles. This form is
composed of an external hard crust with weak interior compone-
nts that can be loosed by scratching, causing the bleeding of quartz
grains. Some analytical techniques were used, such as SEM-
EDX, XRD, and AAS, to define the main essence of this symptom
and understand the chemical and mineralogical components. The
main results of this study showed that stone bleeding is formed
essentially by environmental deterioration factors, especially saline
groundwater that causes the weakening of the interior components of
the stone and dissolving the binding of its materials.

1. Introduction

In Egypt, many monumental sites and stone
buildings have several extrinsic and intrinsic
factors that negatively affect the deteriorat-
ion processes, including physicals, che-
micals, and biological. [1]. The bleeding of
stone is one of the severest deterioration
phenomena, resulting in the complete loss
of the monument over time. It is evident in
monuments made of sandstone, such as the
Nuba, Luxor, Edfu temples, and many
places in Karnak temples. It results from the
loss of a part of the hard crust resulting
from the interaction of the compounds that
bond the stone granules and the medium
[2]. These compounds moving from inside
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to the surface deposit with a percentage of
accumulating dust, creating a highly adhe-
sive and hard layer. In contrast, the back
parts are weak due to the continuing loss of
the binder. Thus, any scratch of the surface
crust makes the sub-layers prone to conti-
nuous bleeding of granules. This means
the loss of natural stone features due to
the weak internal structure resulting from
the poor bonding or disintegration of the
granules of the surface layer. This process
results from dissolving or rupturing the
granules' binder because of stress caused by
salt crystallization or ruffle of mud metals
in the natural composition of the stone.



Deterioration or weakness manifestations
also include crust that dislocates one layer
after another due to the bumps of florescent
salts or heat as a damage factor. Several
methods have been utilized to handle this
phenomenon [3].

2. Definition of the Phenomenon

A hard crust appears because of water
movement via the pores and interacts with
the binder, and the outcomes deposit on
the surface and may mix with dust, dirt,
and aerosols, forming the crust. Below the
crust is a weak layer resulting from the
continuous loss of the binder between the
granules. This phenomenon is called stone
bleeding [4], fig.(1).

a gat of Ameno?ép Temple
(middle), b. a block in the entrance of
the Obet Temple

2.1. Reasons for occurrence

Deterioration factors causing stone bleeding

to weaken the internal structure and separate

the binder of the stone, they include:

*) Incoherent construction materials and
different mineral structures of the stone
cause different expansion and shrinkage
ratios [5], weaken the bonding between
granules, and decay the stone compounds
with the help of deterioration factors [6],
fig.(2-a).

*) Salt crystallization causes the disintegra-
tion of granules, loss of the construction
materials, cracks, and rupture [7]. Salts
resulting from the use of black cement
in the reinforcement operations, salts in
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the wall of the monument, and the inter-
action with the surrounding environment
[8], including heat and humidity in the
case of rains rich in salt, cause stone
bleeding because of water evaporation
and the concentration of the salt solution
in the stone, causing salt crystals with incr-
eased size in the pores. Consequently, the
internal pressure affects the stone compo-
nents and the binding material. Droppings
of birds [9] and animals loaded with salt
motivate stone bleeding. Furthermore,
groundwater salts play a significant role
in stone deterioration, especially in the
Karnak Temple [10]. Deterioration resu-
Iting from salt crystallization depends
largely on the salt type, stone resistance,
and pores. Physical weathering, including
salt crystallization, mainly affects the
sandstone's degradation, causing differ-
ences in the texture and petrophysical
properties of the stone, which affect the
stone and result in stone bleeding in the
hard outer crust and the inner components
[11]. Moreover, compressive strength,
porosity weight loss, salt crystallization,
mineral structure, and type of the binding
material affect the sandstone [12]. Heat
variations and pressures on the stone
result, in addition to, the recrystallization
of fine salt layers may cause shear stress,
which can cause stone corrosion [13],
fig. (2-b).

*) Groundwater is an important factor in
affecting stone bleeding because it causes
size expansion and bristle of mud min-
erals [14], resulting in breaking the bonds
between the granules and the decay of the
stone components. It comes from many
sources, such as agriculture, rains, and
fluids [15], especially sewage rich in salts
with differences in the rates of heat and
humidity. Water rises due to the capillary
system, with salts, including C, NOs,
S04, Mg, Ca, K, and Na, fig.(2-c).



*) Relative humidity dissolves salts in the

stone and moves the salt solution to the
surface, causing water evaporation and
salt efflorescence, which, in turn, causes
pressures, decay of the stone, and forming
a hard crust because of the dissolution
of the binder. The pores are filled with
water, which is taken to the surface.
Frequent evaporation causes a tight layer
and the loss of the binder in the walls.
Scratching this layer causes the bleeding
of stone, fig. (2-d).

*) Temperature fluctuations cause changes

from dry to wet conditions, causing severe
damage, disintegrating granules [16], and
stone bleeding. Moreover, the color of
the mineral affects the deterioration ope-
rations because dark minerals absorb more
heat than the light minerals, causing
granular disintegration [17], fig. (2-e).

*) Improper restoration works [18], dete-

riorate the monument because of using
improper materials and black cement,
which have a harmful effect because of
being saturated with saline water and
reinforcement materials that have not
penetrated the pores, deposited on the
surface, and formed a layer. When this
layer separates, it takes the patina layer
and causes stone bleeding or completely
disintegrates when they exposed to in
witting followed by drying cycles [19],
fig. (2-f). Some stones have high porosity,
while others have low porosity. Sand-
stones with high porosity are affected
by deterioration because porosity is one
of the most important features affecting
sandstones' deterioration [20].

Figure (2) Shows some occurring reasons of stone bleeding affected the study areas a. depth of preparation
layer of incoherent construction materials, b. salt efflorescence in some doorsteps, ¢. groundwater
in the wall of the port below the entrance of Karnak temples, d. humidity and its effect on the
Taharqga temple, f. improper restoration using black cement in the southern part of Hall two of the
Holy of Holies, Temple of Ramesses 111, Karnak.

2.2. Mechanism of occurrence

The mechanism of this symptom is occurs
when the surface layers are exposed to
direct sunlight absorb and store high heat

energy because the stones cannot do
thermal conductivity [21]. Over hours a
large part of the stored heat slowly leaks to
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the inner layers. At night, with the lack of
a heat source, temperature drops, and the
outer layers become colder because they
lose heat quickly due to direct contact with
the cold air. In other words, the surfaces’
outer layer interaction with temperature
fluctuations differs from the inner layers
completely [22]. Successive and irregular
movements occur in the surface layer of
the walls exposed to the atmosphere and sun
rays due to differences in the expansion and
shrinkage coefficient of the mineral granules,
causing the deterioration and disintegration
of the binders. The walls’ surface layers
differ in thermal treatment, i.e., storage or
loss of heat [23], from the layers below.
They have successive movements, causing
the deterioration of the binder between the
granules and the following layers. As a
result, the surface layers separate in the
form of crusts, and the internal structure of
the disintegrated granules erodes. Exposing
the stone to frequent heating and cooling
eventually causes stone deterioration. Expan-
sion coefficients result from minerals in the
stone. Therefore, sandstone has high expa-
nsion values because of quartz [24]. Based
on diameter, the pores are affected as they
play a significant role in the decomposition
processes such as rock degradation [25].
When rain falls, it leaks into the stone
through cracks or pores, where it crystallizes
in the case of drought and disintegrates the
surface layers due to crystallization pressure.
Consequently, archaeological inscriptions and
signs are lost [26]. Figure (3) shows that
stone pores have different forms, which
affect deterioration and water behavior [27]
in the sandstone. Fragmentation of the sand-
stone into different sizes and the separation
into fine layers parallel to mortar are notable
deterioration patterns [28]. The hydrological
behavior of the most sandstone types’ was
studied in detail. It was found that several
stones contain clay, and a distinctive relatio-
nship can be established between the small
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pores and increased humidity. Many minerals
found in building stones are thermodyna-
mically unstable on the earth’s surface. So,
when having contact between the unsa-
turated minerals and natural water, e.g.,
rainwater, the building components dissolve,
associated acidic water interact, and ions
attack the mineral components, causing det-
erioration forms according to the following
formulas:

= 2KAISi3Og + 2H" + 9H,0 — 2K +
AleizO5(OH)4 + 4SI(OH)4

= MgsAl,Siz010(0H)g + 10H" — 5Mg? *+
A|28|205(OH)4 + 4S|(OH)4 + 5H,0

= Fe,Si04 +1/20, + 3H,0 — 2FeO0H +
Si(OH)a [24].

The atmosphere is an important source of
the disposition of salts in the building
materials. Based on field observations, El-
Gohary [29] demonstrated different forms
of weather factors and related manifestations
that affect the stone surface. A hard surface
layer due to the effect of iron oxides and a
hard crust (red, brown, and sometimes black)
are formed. The surface crust is hard outside,
covering crumbly and unsuitable layers known
as stone bleeding. Rocks containing a large
number of clay minerals that are more sus-
ceptible to decomposition, cracking, and
disintegration when exposed to weathering
cycles of hydration and drying [30].

spherical pore

cylindrical pore

flat surface pore

Figure (3) Shows the basic geometric shapes of the
pores, especially in sandstone, (After,
Bernabe, 1991) [31].



2.3. Forms

A hard crust is formed. Over time, a thick
layer is formed, which deteriorates and def-
orms the aesthetic shape of the monument,
making the stone below is very decayed,
fragile, then susceptlble to dlsmtegratlon

decomposition processes. When exposed to
scratching, continuous stone bleeding takes
place in the layer in the form of disintegrated
granules like sand powder, fig. (4).

stone bleeding.

2.4. Locations

Stone bleeding was observed in several
locations in the Karnak temples, mostly in
the lower parts of the walls, because they are
more prone to the effect of humidity or
groundwater and salts (the main causes of
stone bleeding). It also occurs near the
mapproprlate restoration works usmg very

Flgure (4) Shows the developmentstages of the stone bleeding; a. crust created b. granular disintegration, c.

hard black cement, which contains a high
percentage of salts, such as the gate of the
Ptah temple, Taharga temple, the columns of
compartment in the Khonsu temple, and
some parts of the Obet temple walls. In
addition to other many places in Karnak
area, fig. (5)

Figure (5) Shows some locations of the bleedrng in ‘the symptom in some parts of Karnak temples; a. the entrance
of Ptah temple, b., Taharga temple, c. eastern wall of the Obet temple, d. the cornices of Khonsu'’s
temple hall.

3. Investigation Methods
Different investigation types were used to
evaluate the main cause of stone bleeding,

and study the negative effects of the stone
body on the collected samples. Scanning



electron microscope (SEM) model JEOL
JSM-5400LV attached with EDAX ZAF
Quantification was used to examine the mo-
rphological features of the collected stone
samples. Furthermore, it helped identify the
chemical composition of the samples, espec-
ially the elements that resulted from weath-
ering processes. Analytical X, pert pro-PW
3040/60 X-ray diffraction (XRD) analysis
was adapted to identify the mineralogical
components of the affected stone due to
the bleeding process. Finally, Perkin Elmer
“AAS Analyst 400", Spectrophotometer
Unico-/200" technique was elevated for
analyzing water samples to evaluate TDS
and salts in water dominated in the study area.

4. Results
4.1. SEM investigation
SEM investigations of the samples showed
that their morphology contains quartz and
silica. It also illustrates the different forms
of deterioration such as kaolinite particles
as a main weathering products, in addition
to halite and thenardite as salts that led to
some cracks and micro-fissures that resulted
as a direct effect of stone bleeding, fig. (6).
— : T .

-

Figure (6) Shows SEM photomicrograph; a. deterio-
ration forms and kaolinite (3000x), b.
NaCl within the cracks (6000x), c. Na,SO,,
granule disintegration, d. some accumu-
lated particles of weathering products
(3000x).
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4.2. EDX analysis
EDX analytical results of Khonsu temple

sample showed a high percentage of O
(60.55%), followed by Si (17.15%), C
(6.68%), N (5.63%), Fe (1.82%), Na (1.30%),
Mg (1.11%), and Ca (1.04%). It also showed
secondary elements, such as K, fig. (7-a).
The sample related to the open courtyard
showed a high percentage of O (66.32%),
followed by S (10.37%), Ca (8.40%), Si
(V.4Y%), and Al (5.40%). It also showed
secondary elements, such as K and Mg.
Finally it illustrated that silicon is the main
component of sandstone, fig. (7-b).
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Figure (7) Shows EDX analysis of some affected
samples in the study area; a. Khonsu
temple, b. eastern wall of the Obet temple

4.3. XRD Analysis

XRD results of the sample of the wall of
Amenhotep Il temple of showed that quartz
is the main component, whereas aphthitalite
and thenardite are impurities, fig. (8-a).
Moreover, analytical results of the sample
behind the great hypostyle hall illustrated
that quartz as the main component, microlite
as a secondary component, and kaolinite
as an impurity, tab. (4) & fig. (8-b).
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Figure (8) Shows the XRD pattern of samples; a.
Amenhotep Il Temple, b. great hypostyle
hall.

4.4. AAS results

The results of analyzed samples taken from
different points in the temples; 1) open
courtyard eastern wall, 2) Amenhotep I
temple and 3) great hypostyle hall, all of
these results are listed in tab. (1)

Table (1) AAS analytical results of the samples
taken from some points in Karnak temples
Sum

Sample Cations Sum Anions o
No. o Fe K Na* Mg" Ca™ Cations CI SO,; HCOy Anions TDS
1 : JA5T 1M0 1970 31 1666 34108 2345 5100 334 3409 7170
2 S 0063 2274 1140 4520 181 34774 315 827 2347 3489 8830
3 0654 6551 224 1124 3401 7486 I8 28 34 80 167

5. Discussion

Groundwater affects sandstones, especially
those with high porosity. The water content
leaking into the stones is a dangerous factor
that causes several forms of deterioration.
This water moves to stones through the
capillary feature with a high percentage of
salts that form salt crusts rich in C, NOs,
S04, Na, Mg, Ca, and K on stones’ surface
or within the pores, causing internal stress,
which, in turn, cause stone bleeding [12].
By evaluating the results of AAS, tab (1), it
can be noted that the main components of
salt type (Na* & CI") were absent in XRD
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data due to the continuous leaching of salts
by the effects of ambient groundwater or the
partial evaporation of Na*, and CI~ emission
[32]. The wall of Amenhotep Il temple
contains the highest level of K*, Na* and
TDS values due to the precipitation of
aphthitalite and thenardite within the pores
of the sandstone. Great stone damage and
durability problems can occur especially
with alternative wetting/drying cycles that
caused the transformation from thenardite to
mirabilite, and vice versa especially below
32°C [33,34]. Furthermore, halite is reco-
gnized in the open courtyard eastern wall
which encountered the highest values of
Na® and CI in pore-water. Halite, gypsum
sylvite, barium sulfate, and sodium nitrate
are common desert salts that have a higher
expansion potential than rock minerals. The
volumetric expansions of sodium nitrate,
halite, and potassium chloride are more than
three times that of granite [35]. The crypto-
efflorescence of these salts within the pores
of the stone exposed surface can cause some
aggressive deterioration symptoms like spa-
Iling and powdering [36] will be occurred
after scratching the surface hard crusts.
These hard crusts are composed of salts,
dust, dirt and aerosols due to interactions
with the binder. Temperature fluctuations
expose the monument to wet and dry cycles
cause different expansion and shrinkage
ratios, which harm the stones and cause
granule disintegration symptom known by
“sanding disintegration” [37]. Moreover,
the high change of temperature and the
successive and irregular movements in the
surface crust of the walls exposed to the
atmosphere and sunrays cause differences
in the coefficient of expansion and shrinkage
of the mineral granules and collapsing of
the binder between the granules and the
following layers [27]. Within the same
context, salt crystallization, as a physical
weathering mechanism results mainly in
the deterioration of sandstone and cause



differences in its texture and petro-physical
properties, which, in turn, causes disinte-
gration of the stone due to pore sizes
increment and stone bleeding with a hard
crust from the outside and powder or
sanding from the inside [38]. Based on the
XRD analytical results, the non-affected
sandstone in the study area composed ess-

entially of pure Quartz (SiO;). Generally,
sandstone contained about 96% of quartz
belongs to quartz arenite [39]. The wall of
Amenhotep Il temple contains aphthitalite
and thenardite as the sandstone subflores-
cences impurities in the pore space of the
sandstone. The non-hydrated sulfate of
potassium and sodium were detected, where,
aphthitalite ((KNa),SO,), and thenardite (Na,
S0O,) showed variable compositions with the
potassium oxide to sodium oxide ratio of
three to one) [40]. Increase of the temp-
erature and a decrease of the humidity and
grades transform mirabilite Na,SO, 10H,0
into thenardite [41]. The minor K-bearing
and Na-bearing feldspars and clay minerals
of the sandstone are insufficient to explain
the variety of the salts determined. The
sample from the great hypostyle hall con-
tains microlite (Na,Ca),Ta,0g(O,0H,F) as
a secondary component and kaolinite (Al
SioH40y) as an impurity that represent traces
of clay minerals associated within the sand-
stone upon alteration [42]. Fine salt layers
recrystallization may cause shear stress, and
consequently stone corrosion [13]. The source
of these salts comes from the black cement
used in the reinforcement [8], salts in the
wall of the monument, and the groundwater.
When sandstone is exposed to weathering
especially through water-rock interaction
process, iron concentration increases, and
the concentrations of both silicon and alu-

minum decrease with the replacement of
kaolin inside the stone with iron due to the
hydrolysis process [12], causing corrosion
and stone bleeding due to etching of Qz
crystals and other minerals present [43].
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Furthermore, the pores are affected as they
play a significant role in the decomposition
processes, such as rock degradation. Addit-
ionally, incoherent construction materials
and different mineral structure of the stone
cause different expansion and shrinkage
ratios, weaken the bonding between granules
and decay the stone components with the
help of the dominated deterioration factors
[6]. Studying the deterioration factors in the
Karnak region proved that the deterioration
of sandstone results from the interaction
between the internal structure, the dominant
weathering factors and strength as attested
previously by Friolo, et al [44] in their case
study. The deterioration of the internal stru-
cture of stones results essentially from the
heterogeneous stone structure, salts and
clay minerals, and evaporation of the salt
solution and forming salt crystals that increase
within the pores and cause internal stress,
which may also cause bleeding process. Fur-
thermore, the decay of sandstone does not
happen in isolation, but it results from the
interaction among several factors include,
moisture [45], wind especially in very cold
weather. [46] and predominantly anthro-
pogenic environmental air pollutants, whose
concentrations have changed dramatically
during the last centuries [47] that cause
several deterioration phenomena, including
cracks, micro fissures, peeling, stress,
granule disintegration and separation, that
finally lead to stone bleeding process. This
process that was assured through all
analyses and investigations mentioned above
where, SEM investigation of the sandstone
surface illustrated severe corrosion features
in cement layer that attributed to the effect
of thenardite as a one of the more sever
salts dominated in the study area, which will
be transition to mirabilite as a hydrated film
on the crystal surface [48]. In addition,
erosion and disintegration of quartz grains,
especially in their edges (changed from
angular to rounded grains) due to the



migration and dissolving of the binder.
Finally, it can be claimed that “Stone
bleeding” defined as: “A symptom, which
is initially forming beneath the stone hard
crust through affecting synergistic deteri-
oration agents that alter the aesthetic shape
of the monument and etching the cement
material over time. Below the hard crust a
very fragile stone developed and susceptible
to be disintegrated and decomposed. If the
surface is scratched, uninterrupted stone
bleeding occurred in the disintegrated grains
like sand powder".

6. Conclusion

The experiments in this study indicate that
there are several deterioration factors affecting
the sandstones in the Karnak area, including
salts, moisture, temperature variation, ground-
water, wind, and rain that cause the phenomena
of damage, such as cracks, separations, peeling,
powdering, pressures and stresses of the pores
of the stone. All of these symptoms played a
synergistic role. They finally led to the occur-
rence of the phenomenon known as stone
bleeding due to the dissolving of the cement
material and disaggregated Qz grains beneath
the surface hard crust. It was also proven
through examinations and analyses using the
technigues mentioned above the presence of
quartz as the main component of the stone in
our cases. Furthermore, the presence of halite
and thenardite as sources of salts dominated
the study area, and kaolinite was a weathering
product.
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