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ABSTRACT

Greywacke is a very important ornamental stone that was widely used in ancient Egypt for various
purposes such as statues and sarcophaguses in addition to the rock-cut panels which suffered from the
aggressive damage as the result of the physical-chemical and anthropogenic deterioration factors. The
present study used the techniques of X Ray diffraction (XRD), scanning electron microscope -energy
dispersive X rays (SEM-EDX) and polarised microscope (PM) to identify the deterioration phenomena of
weathered greywacke. Several chemical consolidates have been used for treatment of the greywacke rock art
at Wadi-Hammamat site. The aim of this paper is evaluation the effectiveness of those consolidates after the
cycles of artificial aging using the examination by scanning electron microscope. SEM technique reveals the
assessment of the treated greywacke samples after artificial thermal aging and artificial salt weathering
using sodium sulfate Na;SO4. From obtained results, it is found that the treatment with Wacker OH 100 is
more appropriate one.
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1. INTRODUCTION
1.1 Uses of Greywacke in Ancient Egypt

Greywacke is one of the most famous ornamental
stones that were widely used in ancient Egypt after
limestone, sandstone and granite for various and
splendid archaeological objects such as; internal wall
veneer, pavement, and columns for temples, small
statue shrines (naoi), obelisks, offering tables, small
vessels and figurines, sarcophagi, small to colossal
statues and other sculptures, scarab and shabti
figures, stelae, cosmetic and ceremonial palettes
(Harrell, and Storemyr, 2009). In addition to a great
quantity of scattered unfinished and broken objects
(sarcophagi) still at the quarry site as a result of
carving and polishing processes (Klemm and
Klemm, 2001). Furthermore, hundreds of rock art
panels were carved on the greywacke stone in Wadi
Hammamat site.

1.2 Geographical location of Wadi Hammamat

The famous and the main quarry for the
greywacke or bekhen-stone as called by the Egyptians
in ancient Egypt was the Wadi Hammamat site in
the eastern desert of Egypt (Shiah, 1942). The site is
located about 83 km east of Qift district in Upper
Egypt, between (25°58.97- 26°0.0” N) and (33° 33.8"-
33° 34.6" E) (Harrell et al., 1996). Furthermore, the
quarry contains other similar varieties rocks such as
siltstone and conglomerate (Aston et al., 2000).

1.3 Geologically and petrographically
greywacke at Wadi Hammamat

of

The name of greywacke or graywacke derived
from the Dutch word (Grauewacke) which means
the sandstones from Palaeozoic in Harz (Helmbold,
1952). The origin of greywacke at Hammamat
sediments argued by several studies as follows:
Akaad, 1958 reported that it represents the clastic
sediments formed by the erosion of moderately high
relief volcanic rocks and pyroclastics. Samuel, 1978
stated that the rocks were deposited in local fresh
water basins filling the low relief area after
transportation by water. The other studies reported
the rocks that originated from geosynclinal
sediments or turbidity currents (Dott, 1964; Sakran,
1989). On the other hand the previous studies
reported that, the greywacke at Wadi Hammamat
was subjected to a very low grade regional
metamorphism so, it's better to call it meta-
greywacke (Aston, et al., 2000). Greywacke rocks are
grayish green in color, and are composed mainly of
clastic sediments; sharply-angular grains of quartz,
feldspars (plagioclase) of sand-grains and lithic

fragments (Andre, G.,1939), cemented by chlorite,
mica, epidote, magnetite and calcite, and embedded
in a clay matrix. The grains of greywacke range from
fine to very fine-grained sediments between 0.06 -
0.2 mm in diameter (Dunham, 1962). The greywacke
rocks are hard and dense due to compaction and
characterized by folding, fracturing and foliation
(Blatt, 1979; Sakran, 1989) as a result of the parallel
alignment of the lithic fragments, quartz,
plagioclase, muscovite and chlorite.

1.4 Rock art at Wadi Hammamat

Wadi Hammamat site contains about 600 rock art
(inscriptions) carved in the greywacke bedrock
documenting different and various themes of ancient
Egyptian history (Hikade, 2006), and vary in their
formulas, length and elaborateness such as themes of
the quarrying and mining activities to the area from
the fourth dynasty to the third year of the Roman
Emperor Maximus which divide to the inscriptions
of the royal expeditions and personal inscriptions
which record the aim of the expedition and the
number of the participants, sometimes the texts were
accompanied by scenes such as the offerings of the
kings to the gods (Sweeney, 2014) and the
worshiping to the Cartouches of the kings (Fig. 1(a
and b)).

The natural cleavage of bekhen-stone facilitated
work using layers to separate the blocks by means of
stone hammers (Hikade, 2006).Some of the rock
inscriptions representing some birds and animals
dating back to the prehistoric times, while the other
rock inscriptions recording Coptic and Islamic
graffiti.

2. CONSERVATION STATE OF ROCK ART
AT WADI HAMMAMAT

The rock art at Wadi Hammamat have been
subjected to a complex series of weathering and
degradation factors (Meiklejohn, 1995) (MacLeod,
2000) (MacLeod, et al, 1995) such as natural
environment, natural disasters and anthropogenic
deterioration factors in addition to structural and
geological aspects as the following;

The natural environmental deterioration factors
such as violent wind, extreme temperatures,
intensive solar radiation predominant at the site
which lead to the drastic thermal fluctuations.

The studied area was subjected to heavy rains in
1925, 1960, 1979, 1987, 1991, 1994 and 1996 and the
average amount of rainfall over the area was about
40-300x10¢ (Ismaiel,1996) which caused several
aggressive flash floods and led to severe damage
and destruction of rock art at the site. The
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anthropogenic deterioration factors at the site
represented in utilizing the Portland cement mortars
for filling the fractures and joints in greywacke
bedrock this result in crystallization of soluble salts
(especially gypsum and anhydrite), the detachment

and separation parts of the bedrock which called the
bossing phenomenon (Kmally, 2011). The other
factor of anthropogenic deterioration represented in
using un-appropriate treatment which caused the
disfigurement of the rock art (El-Badry, 2018).

Figure 1. Themes of rock art at Wadi Hammamat ; (a) The king Seti II (19" Dynasty) present offerings to the gods; Min,
Horus and Isis (b) The Vizier Paraemheb worship to the Cartouche of Seti II.

Greywacke displays several vertical and
horizontal joints that range from tens of centimetre
of a number of meters that helped to obtain suitable
blocks for work pieces in ancient Egypt. And also
caused the breaking off and falling away several
parts of rock art on the bedrock (Klemm and Klemm,
2008). Also, the bedrock at the site is characterized
with structural and geological aspects such as;
lamination, bedding planes, oval and spherical
nodules sets which consider weakness zones, caused
sliding movements, cracking, collapse of the bedrock
in addition to weathering and separation of rock art
panels from the bedrock (El-Badry, 2014).

The type and the rate of decay largely depend on
both the intrinsic properties and extrinsic factors
(Rodrigues, 2001). The intrinsic properties such as
chemical composition, physical and mechanical
properties particularly the porosity and pore size
distribution. While the extrinsic factors include the
previously  mentioned  deterioration  factors

predominant in the area which caused a severe
deterioration phenomena of rock art (Fig.2 (a-d))
such as; cracks, granular disintegration, fissures,
fractures, exfoliation, scaling, collapse and rock
sliding in addition to the change of the physical
properties and the chemical alteration of the rock
components and the crystallization of the salts.
These deterioration phenomena required (need) to
the treatment of the stone by consolidation products
to improve the cohesion of deteriorated stones (Pinto
and Rodrigues, 2008).

The consolidant products must also have the
ability to penetrate inside the stone at enough depth
and consolidate the weathered stones, give a good
adhesion to the stone, coating the walls pores, be
permeable to water vapor, as well as not change the
color of the stone surface (Botteghi et al., 1992).

The consolidation of stone can be a risky action
due to its irreversibility and it can cause undesired
effects of some stones (Al-Bawab et al., 2017).
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Figure 2. Deterioration phenomena of rock art at Wadi Hammamat ; (a) nodules (b) exfoliation (c) fractures and fissures
(d) disfigurement due to un-appropriate treatment.

The effectiveness of the stone treatment depends
on several parameters such as; the properties of
treated stones, the microenvironment, the type of
product used, product concentration, solvent type,
application technique, and contact time (Pinto and
Rodrigues, 2012). Although the variety of the
products of stone conservation in the markets, some
specific consolidants have been used practically and
frequently as stone consolidation of greywacke rock
art in Wadi Hammamat because of their easily
obtainable, they are plentiful in the commercial
markets and the easily of their application . These
chemical consolidants are Silo 111, Wacker W-290,
Wacker OH 100 (SILRES® BS OH 100), Paraloid B 82
and Paraloid B 66. The previous studies stated that,
the treatment of greywacke stones resulted in very
thin layer (few millimetres) of coating with all the
treatments because of very low porosity and a very
fine size of the stone pores (Rosario, et al.,2000). It's
worth to mentioning that a low viscosity and a low
contact angle are sought and required for the
previous mentioned consolidant products, and also
must be stiffish in their place after the application;
for this reason that consolidants pre-diluted (De
Buergo et al.,2004). There are several experimental
methods and techniques for determining the above
properties required, one of them is scanning electron
microscope (SEM) which be considered a very useful
tool to assess the efficiency of the treatments applied
to weathered stones for conservation purposes (De

Buergo et al., 2004).The technique offers the
possibility of determining the porous system of the
untreated stones.

The surface morphology and the penetration
depth of the products in the stone (Al-Dosari et al.,
2016), defining the products’ filming capacity,
observing the distribution and behavior of the
treatment products on both the treated and treated
aged samples (Darwish, 2013) and their conservation
degree through time.

The aim of this paper is evaluating the
effectiveness of the consolidants used in the present
study after the accelerated aging tests through the
examination by scanning electron microscope (SEM)
to find the best ones for the treatment of the
greywacke rock art at Wadi Hammamat particularly
there is no any practical study carried out to evaluate
their effects on the greywacke stone after treatment,
after artificial aging tests and/or after natural aging
at the site. For this purpose the previous mentioned
consolidation products were subjected to tests as
follows: they take code numbers a,b,c,d and e in the
current study to facilitate reporting them (Table 1).
Several greywacke samples were prepared for the
treatment process, after that the treated samples
were submitted to the accelerated thermal and salt
aging tests to evaluate their behavior through their
examination by scanning electron microscope as the
following methodology.
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Table 1. Selected conservative treatments.

Code
Products N ber Manufacturer
Silo 111 a CTS (Italy)
Wacker b Wacker Chemie
W-290 (C any)
Wacker
OH 100 c Wacker Chemie
SILEESE {Germany)
ES OH 100
Paraloid
B.82 d CTS (Italy)
Paraloid
B.66 e CTS (Italy)

3. MATERIALS AND METHODS
3.1 Sample preparation for treatment

Several greywacke blocks were collected from the
Wadi Hammamat site, then those blocks were cut as
regular cubic of 5% 5x5 cm, before the treatment the
samples were washed with deionized water and
brushed clean of any soil and salt deposits with
tooth brushes, after that the samples were dried in
an oven at 105 °C for 24 hours when the samples
achieved a constant weight or mass (mass difference
between two successive weightings did not exceed
0.1g). Then the samples were left at room
temperature for 2 hours and then were brushing by
acetone to open the porous of the stone and were
weight again for achieving a constant weight.

The consolidation products tested in this work
were applied by brushing at room temperature and
pressure (Doehne and Price, 2010). The procedure
was repeated three times with interval 48 hours
between each application. At the end the treated
samples were left at room temperature for about a
month (28 days) to allow for the polymerization
process to take place. The treated samples were
divided into three groups; treated, and the other
samples were divided into two groups which were
submitted to both artificial thermal aging and salt
weathering.

3.2 Laboratory tests
3.2.1 Artificial Aging Tests

The accelerated artificial aging tests such as;
artificial thermal aging and artificial salt weathering
(soundness) were carried out to assess the durability,
stability and behavior of the treated samples and the
consolidants against the artificial aging tests and
find the best consolidant of greywacke at the site.

Solwvent .lcal Composition
Family
Organo
ready to Siloxane Oligosiloxanes
use -
Oligomers
5% in
White Siloxane ethyl =ilicate
spirit
5% in
White Silane silicons esters
spirit
2% In Acrylic co-polymer
Toluene
2% in Acrylic co-polymer
Toluene

3.2.2 Artificial thermal aging

The samples were subjected to 30 cycles as the
following; 2 hours of immersion in water at room
temperature, 2 hours of drying at ambient
temperature, 18 hours of drying in an oven at 105°C
and 2 hours of cooling in ambient temperature
(Franzoni et al., 2013; Shashaua, 1993) in this test the
samples are weighed after each cycle and at the end
the samples were left to cool in the air temperature
for 48 hours.

3.2.3 Artificial salt weathering

The samples were subjected to 15 cycles of
soundness test according to ASTM Designation: C88-
05, using sodium sulfate NaxSOs (ASTM, 1997;
(Sheftick, 1989; Marschner, 1978) formed by; 16
hours total immersion in 10% sodium sulfate
solution (it's necessary to cover the samples in the
solution with polyethylene sheets for forbidden
evaporation of the saline solution), 2 hours of drying
in air temperature, 4 hours of drying in drying oven
at 105°C, 2 hours of cooling in room temperature.

4. RESULTS AND DISCUSSION
4.1 Petrographic Examination (PM)

Polarizing microscope (PM) has revealed that
(Fig.3 (a-c)) , the rock consists of quartz, plagioclase
in addition to potash feldspars and perthite as main
components of the rock, while the secondary
minerals represented in chlorite, calcite, epidote,
muscovite, zircon and iron oxides which also form
the groundmass or fine grained matrix that
cemented the rock, in addition there are rock
fragments of various kinds. The deterioration
products represented in the alteration of plagioclase
to epidote, muscovite and sericite. Also, both kinds
of feldspars transformed partially or completely to
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kaolinite, sericite and calcite. Furthermore the
change of iron oxides to hydrated iron, which caused
the staining and dark-brownish pigmentation of the
mineral grains in the rock, in the same manner the
green pigmentation is due to the chlorite. The
petrographic investigation showed also that, the
rock was sub]ected to mecharucal deformatlon of the

grains resulting from the physical weathering, which
represented in micro fissures, cracks inside and
among the grains in addition to the veins which
were filled by calcite and carbonates and also,
disintegration, eroded the boundaries of the quartz
grains due to the strong stresses.

Figure 3. PM micrographs of greywacke samples: (a) Angular grains of quartz and plagioclase, (b) Fine grained matrix of
clay and chlorite and veinlet, (c) Strongly altered feldspar to sericite.

4.2. Scanning Electron Microscope (SEM)

The weathered samples were cut at 50mm with
flat surfaces, coated with a thin gold and were
investigated using SEM that was performed using a
Fei device (version Quanta 200), with following
specifications: 24.98 kV, 0.00 tilt, 36.47 take-off, 35.0
ampt, SUTW-sapphire detector type, 129.87
resolution, according to the processing instructions.
SEM have revealed that (Fig.4 (a-c)), destruction, the

.
| INGNKD | O
M2sw 2:;1 1")‘7V’ilﬂ Ni

collapse of the internal structure of the stone, the
deformation of quartz grains, the evolution of the
fissures, cracks and de-cohesion among the grains in
addition to the residual pores in the secondary
minerals due to the effect of saline solutions. The
SEM investigation has also shown that, the presence
of clay minerals and crystallization the salt of
sodium chloride among the grains of the stone.

Figure 4. SEM micrographs of untreated greywacke samples.

4.3. X-Ray Diffraction Analysis (XRD)

The greywacke samples were studied by X-ray
diffraction (XRD) to find their mineralogical and
natural aging products, so that the samples were

ground to a fine powder in an agate mortar and
pressed into the specimen holder. XRD analysis of
the samples was performed with a Philips X'Pert
PW3710 Diffractometer, using Cu Ka radiation
(40kV, 30mA), high-resolution graphite
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monochromator, rotating sample holder and
proportional detector. Measurements were carried
out in the range 5° < 2e < 90° with a step of 0.02°; the
ICDD data bank of standard X-ray powder spectra
was used for phase identification (Uda et al., 2005).
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Figure 5. XRD patterns of weathered greywacke samples from Wadi- El-Hammamat site.

4.4. Energy Dispersive X-ray analysis (EDX)

Five deteriorated greywacke samples were
studied by energy dispersive X-ray analysis (EDX)
attached with scanning electron microscope (SEM) to
determine the major mineral constituents and
identifying unknown phases of the studied
weathered greywacke samples. The scanning
electron microscope used was a Quantom 3D 200 I)
(FEI Philips - Holland) coupled with EDX. Column
pressure 60PA, low vacuum, in back scattered mode
(BSED) with a feature to obtain images and showing
the distribution of the elements. The results in table
(2) have shown that, the loss of silica (Si) content in
the greywacke samples is due to the alteration
process, the high iron (Fe) content may from

ferromagnisum minerals and / or from the alteration
process of iron oxides; convert ferrous-irons to ferric
irons. On the other hand the presence of chlorine
(Cl) and sodium (Na) ions in the samples suggested
that the deterioration of greywacke was also due to
the crystallization of sodium chloride (NaCl) salt.
EDX analysis reveals significant quantities of silica
with accessory aluminum (Al) calcium (Ca)
magnesium (Mg), potassium (K),and sodium (Na)
attributed to the quartz, clay minerals and
plagioclase  feldspars the main constituents
predominate in the greywacke stone, while the loss
ignition of calcium is due to the leaching of calcite.

Table.2.EDX analysis of weathered greywacke from Wadi Hammamat site.

Ti0; ALO; FeO MgO

i 69.00  0.52 1333 530 206

B BEO00: 068 i 138000 L 6iBR i 5AS

c 5250 114 1348 B9l  L.16
D o Ve i W (ol s ey e

E 4920 031 1230 1134 1237
Total 57.188 087 13346 8416 6.014

Ca0 N30 K0

517 350 0.0 - 004 017
A0 ek 095 L 004 013
10.04 366 015 470 016  0.09
EILAL ) A A T 0 2 S e 2 e e D
10.04 188 022 210 017 006
8572 2734 0462 2158 0124 0.106
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4.5. Assessment of the effectiveness of testing
stone consolidants by SEM

4.5.1 Samples treated with Silo111

The treatment with Silo 111 covered the mineral
grains in a dense and total form and also formed
incomplete links or bonds between the grains due to
partial filling in the spaces between the grains which
caused the cracks in the consolidation film (Fig.6
(al)). After the artificial thermal aging the
consolidated material appeared a kind of partial
stability and resistance against the effect of thermal
aging, some cracks developed in polymer film due to
the expansion and shrinkage of this material under
the influence of high temperature (Fig.6 (a2)). After
the artificial salt weathering the treatment with Silo
111 showed a partial cracking and fragmentation in
the polymer film and several gaps developed
between the mineral grains as a result of the growth

and crystallization the salts of sodium sulfate (Fig.6
(a3)).
4.5.2 Samples treated with Wacker W-290

The treated samples with Wacker W-290 showed
that; a heterogeneous in the polymer coat and
although the consolidant gave fairly good coverage
of some of the grains, while the other grains, the
pores and the spaces between the mineral grains
appeared free of consolidated polymer (Fig.7 (bl)).
After the artificial thermal aging the consolidant
appeared in dense and shrinkage concentrations
which caused several clear cracks and gaps between
the mineral grains (Fig.7 (b2)). After the artificial salt
weathering the treatment with Wacker W-290
revealed many cracks in the spaces between the
mineral grains in addition to clear detachments and
separations between the rock grains as a result of the
damage and fragmentation of the consolidation film
due to the salt aging and crystalized sodium sulfate
salt (Fig.7 (b3)).

Figure 6. SEM micrographs of the samples treated with (al) Silo 111, (a2) after thermal and (a3) salt ageing.

4.5.3 Samples treated with Wacker OH 100
(SILRES® BS OH 100)

The treatment with Wacker OH 100 forms a fairly
uniform film and heavy coating on the boundaries of
stone particles, more than that thick and dense
polymer film deposited and relative filling the
spaces and interfaces between the mineral grains
(Fig.8 (c1)). After the artificial thermal aging that
treatment revealed a high stability against the effects

of heat also, a very good coverage, -clear
encapsulation of the mineral grains of the rock, as
well as the relative filling and good penetration of
the consolidant inside the cracks still appears (Fig.8
(c2)). After the artificial salt weathering the
consolidant showed a good stability against the
effects of the salt through the good coverage and
bonds between of rock grains (Fig.8 (c3)).
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Figure 7. SEM of greywacke samples treated with Wacker W-290 (b1), after thermal (b2) and salt ageing (b3).

2N
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Figure 8.SEM of greywacke samples treated with Wacker OH 100 (c1), after thermal (c2) and salt ageing (c3).
4.5.4 Samples treated with Paraloid B 82

The treatment with Paraloid B 82 showed that; a
good coverage and encapsulation of mineral grains
by depositing the polymer in the form of thick film
layer with full filling and form thick net of bonds in
the spaces between the mineral grains (Fig.9 (d1)).
After the artificial thermal aging SEM has revealed a
great contrast in the consolidation polymer which
was strongly affected by heat ,the consolidant
showed a lack of good coverage of the grains as well
as the non-filling of the spaces between the grains,

therefore, the samples showed a clear separation
among the grains due to the shrinkage of this
consolidant , its damage by heat and turned it into a
fragile material that loses the ability to bind the
mineral grains in the rock (Fig.9 (d2)). After the
artificial salt artificial salt weathering the treatment
appeared weak strength of the effect of salt aging,
several gaps and cracks were developed due to the
fragmentation in the polymer film in addition to the
detachment and crystallization the salts between the
mineral grains (Fig.9(d3)).

50 Oy
HiRes Gold on Carbon

Figure 9. SEM of greywacke samples treated with Paraloid B 82 (d1), after thermal (d2) and salt ageing (d3).
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4.5.5 Samples treated with Paraloid B 66

The treatment with Paraloid B 66; the consolidant
covers the mineral grains with incomplete form
(partial coverage) and heterogeneous distribution of
the consolidation film between the grains; so several
gaps and vugs were developed as a result of non-
filling of polymer film and may be due to the
properties of the consolidant and tensile strength
between its molecules (Fig.10(el)). After the artificial

thermal aging various cracks, fissures were
developed due to damage and fragmentation of
consolidation polymer which cause the appearance
several gaps and vugs in addition to erosion and
etching the consolidation film (Fig.10(e2)). Many
gaps and fissures were formed in the consolidation
polymer causing the etching of the polymer and
crystallization heavy salts after the artificial
weathering (Fig.10 (e3)).

Figure 10. SEM of greywacke samples treated with Paraloid B 66 (el), after thermal (e2) and salt ageing (e3).

5. CONCLUSION

The weathering and the deterioration of the
greywacke rock art were studied utilizing PM, SEM-
EDX and XRD as the following;

Petrographical studies showed that, the rock
composes essentially from quartz, plagioclase and
potash  feldspars. Chlorite, calcite, epidote,
muscovite, zircon and iron oxides represented as the
secondary  minerals.PM also revealed the
transformation of the feldspars to clay minerals
(kaolinite, sericite) and alteration of iron oxides. SEM
revealed that, the rock suffered from the
deterioration features such as the destruction and
the collapse of the internal structure of the stone, the
deformation of quartz grains, the evolution of the
fissures, cracks and de-cohesion among the grains.
The presence of clay minerals and crystallization of
sodium chloride were also detected. XRD showed
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