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Abstract

A strange phenomenon attracted our team to the studgpf the presence of saline fog on
pottery surfaces. Besides, the crystallization of salts during drying leads fttery damage

A significant step is examining the salts to recognize their kinds and identify the chemical
composition of the sherds. For thigurpose, a visual assessment, a digital microscope, and a
scanning electron microscope with EDX (SEMEDX) were used to detect surface
deterioration. In addition, X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR) analysis were caied out to identify the chemical composition of
potsherds and salts. The microscopic investigation revealed a dense distribution of salt on
the potsherd surface. Besides, the SEM micrograph shows clear cubic salt crystals of sodium
chloride, especially afer drying. Moreover, SEM-EDX analysis revealed high chloride salt
concentrations, in addition to silica and aluminum oxide, which are the primary ingredients
in pottery making. According to XRD analysis, the pottery samples primarily contain
diopside, hemaite, magnetite, albite, and muscovite, which are the primary components in
manufacturing. Furthermore, halite appears in large proportions due to the influence of the
burial soil. Besides, the pottery samples' quartz, clay minerals, hematite, and calctentents
were confirmed by FTIR. The results generally support the widely held belief that sodium

chloride significantly influences archaeological pottery.
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Introduction

Archaeological pottery is historically significant because information helps historians
understan@ncientcultures. Furthermorepotterycan be used to discover more information about

the locationthe people interrethere, and the significan¢ligious practices of their descendants

who came to the site in later centufi®everal potsherds from the New Kingdom period in Egypt
were discovered during the 2020 season at the Saqqgara excavation site of Cairo University's
Faculty of Archeology. Fothousands of years, Saqgara has held great historical and cultural
significance. Pottery is the most frequent artifact discovered during excavatiime New
Kingdom was a time olvidespread prosperitasreflected in the potterindustry. Moreover, the

pottery of this period is well matie

Water has an indirect effect by transporting soluble salts, one of the primary causes of
artifact deterioration Becausevater penetrates the pores, the pottery deterioratesodsats,
particularly soluble sdlt The most common cause of the salt attack is increased moisture in the
soil’. Therefore water penetration into archaeological objects is considered the primary cause of
degradation, especially in porous matefialghen salt is dissolved in water, it cam thansferred
through a porous substance. Salt is carried to the evaporation front during singiacg
crystallizingand accruésWhen it comes to the crystallization of soluble salts, temperature plays
a significant role. Salts crystallize more quickit higher temperatures, whether insidelibdy

or on an external surfate

Salt crystallization in porous materials is a common cause of archaeological object

damagé Porosity has a vital role in the deterioration processes of archaeological pottery because



the porenetwork permitghe penetration of watekyhich is accountable for the various chemical
and physical damage processes influencing the pottery"bd8iglt damatically affects the
durability of archaeological pottery. Therefore, their study is crittoacomprehendinghe
crystallization process irge the pottery body. This will hethscover astrategy to prevent or limit

their harmto porous materiatd Soluble salts severely decrease the porous materials' durability.

Consequently, preventing salt crystallization requires understanding the mechanisms that
cause it°. The penetration of salt solutions into the body's interior pores generates figdiles,
the crystallization of these salts on the exterior surface causes the surface decorations to be
distorted”. The most popular theory proposes that when water evaporates or the temperature rises,
a saline solution is spread inside body pores, whéireffarescence starts. The permeability and
pore size of the pottery, as well as the ambient temperature and relative huimipiégs the

evaporation rafé.

The types and satbncentrations found on pottery surfaces vary widely, depending on the
kind of pottery and the location in which it is fouidHowever, salt fog activities also include the
crystallization and deposit of salt fog on the surface of these obipetsherd pores become voids
becausef salt expansion after salt solution seeps into the pofid® pore structure and saturation
level influence the crystallization degree in porous materfdis. pressure of crystallization is
known to be lower in larger pordaurthermore, high saturah levels result in high crystallization
pressures.Furthermore, salt crystallization primarily occurs on porous pottery's surface
(efflorescencey. Several factors influence tigh saturation degre@cluding the initial solution

concentration, relate humidity, temperature, substrate roughness, and surfacé area

This study concesithe pottery sherds being affected by a salt solution that appears on its

surface within hours of its extraction and then dried and crystaliiz&@qgara excavation§o



understand why salt crystallization interacts with dissolving and how quickly evaporated water
causes microcrystallization, it was essential to explain how salt crystallizes and disSHobuegh

sodium chloride has been extargdy studied for various applications,the crystallization
mechanism is still not fully understodstudies on this phenomenon are rare, and this interaction's
physical and mechanical deterioration is poorly known. Excavated surroundings negatively affect
archaeological findings through physical or chemical processes based on material properties. The
research aims to study this strange phenomenon, which appears on the excavated pottery surface
and damages,iin addition to determining the influence sdls' precipitation on the pottery's

porous structurdJnderstanding how salt crystallization affects the deterioration of porous pottery

is critical for cultural heritage preservation.

Materials and Methods

Materials

Two potsherds were taken from the Fagwf Archeology, Cairo University's excavations at
Saqqgarato study the damage mechanism and define the role of the salts in the deterioration. The
excavated sherds varied in size fremall, and largeThe potsherds were coded to facilitate the
discussionas shown imable 1

Methods of Analysis

Visual Assessment

Using a camera of the SONY brand, the sample surfaces were exa®peedications for
cameras ar€l6 megapixels CMOS beam, 8ptical zoom, up to clear 16x picture zoom, 25mm
wide-angle lens (35mm forma@ndfull HD movie (1920 * 1080)).

Digital Microscope



Sensor CMOS HD with a digital zoom of 5x, higheed DSP (drive free offered),-Bt DSP,
USB 3.0 and USB 2.0 compatibilityigerresolution 640*480 to 1600*1200.

Scanning Electron Microscope with Elemental Analysis Unit (M)

This study connected an EDX utotSEM Model Quanta 250 FEG (Field Emission Gun) (Energy
Dispersive Xray Analyzes). Specifications: resolutions @un.1n), FEI Company, Netherlands;
30 KV accelerating voltage; magnification 14x to 1000000.

Analysis oiX-ray diffraction (XRD)

Curadiation(l =1.542A)was appliedvith a secondary monochromator on a PANanalytical X
Ray Diffraction equipment model XPePRO at 45 K/, 35 MA, and a scanning speed of 0.04
o/sec. The relative intensities P)/I corresponding spacings (d, A), and diffraction peaks were
measuretetween2q =2° and 60. Diffraction charts and relative intensities are collected and
comparedvith ICDD data

Fourier Transform Infrared SpectroscodyT(IR)

A Nicolet 380 FFIR Spectrometer (Madison, WI, USA) was used to analyze the pstergles
using the soliecsample potassium bromide technique with a resolution of 4ranging from 400

to 4000 cmt. The computer program Spectrum One was used to perform additional processing on
the obtained FTIR spectra (ver. 5.0.1)

Results and discussin

Visual Assessment

The chosen excavatgubtsherdsvere studiedby the naked eye, in addition to using magnifying
lenses with(10x-20x) to determinethe surface features, tlstrange transparewrops,a dried
crystal of sahe solutionon the excavated pottery sherds, in addition the appearance of its fabric.

Other aspects of deterioration may be discovered by observation and visual assessment. For
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example, morphologies of NaCl salts can be identified osutface of the potsherdsThe type

of material's surface and tiselution saturation level both impasdlts' crystallization behavior.
On the surface of the potsherds, salt crusts, singlesforatlled crystals, and bristly efflorescence
were found. In the case of bristly effloresce, crystals form inside the pores and grow upwards
to thesurface.The crystal stresses the surrounding material during this prasessng spalling

and material loss

Due to the quick evaporation of shkaring water, the salt crystallizes atigh pace on
the surface of the potshefdSalt decays generallyconsiderec temperature/humiditglependent
weathering process caused by salt crystals on the porous material's surface. Thaseaoeyst
typically very visible®. The precipitation ofalid particles from supersaturated liquid solutions is
a key step in the crystallization process. The main catalyst for crystallization from solutions is the
difference in chemical potential between the solution and the solid'fHassur case, there we
unclear water drops that had formed on the surface of the potsherds. The drops remain on the
surface of the excavated pottery for three to four hours after coming out of the excavations into
the exposure environment, then gradually drying out and disaipg, leaving behind small

distorted spots or solid protrusions on the surfaces and in the(paese 1.

Digital Microscope

One of the most important tools available to conservators is the digital microscope, whose images
help assess the state of @ject's deterioratich. Through the digital microscope examination,
Figure lashows the presence of salt on the pottery surface in the form of cohesive crusts
overlapping with the potteripody. Besides, Aclear dried salt crystal layer covers the sherds'
surfaces, penetrating inside and evolving the pdnesddition, the sakfflorescence on the entire

degraded surface is rought the same time-igure 1bshows salt crystals in the form of surface



condomerates spaced from each othehvatrelatively large thicknesshe salt crystal is obtained

when the supersaturation indicating the beginning of crystallisation is reached within th&sherds
On the other handiigure I, d shows a dense spread of salt on the potskeaaface and

an overlap between the layers of salt, dust, and sand scattered on the Refmeded salt

crystallization and dissolution cycles in the pores caused the pottery to crack and chunhigle

potsherd, efflorescence caused by salt deposits has been observed, resulting in detrimental

degradation such as exfoliation and fragmentatibrihe rate of evaporation is greater than the

rate of solution supply, crystallization forms on the surface of theemgotresulting in salt

efflorescenceThis explainswhy salt crystals aren the surfacef the pottery's exteriér. Salt

crystallization inside the pores of pottery can produce enough stress to create cracks in the

potsherd's body.

Scanning Electron Microscope with Elemental Analysis Unit ((HEMN)

The Examination witl Scanning Electron Microscope (SEM)

SEM is considered one of the most utilized techniques for studying the morphology of’pottery
SEM data shows halite precipitates on the pottery surface with an equal distribution in a sample
(P1).According to electronic microscopy, salts form at or close to the surémzrise the dense
crystalline structure inside the pottery prevents watevapdr transpott. If the evaporation rate

is higher than the supply rate of the solution, salts are deposited inside the body'Stpbries.

this case, heavy crystallization occurred on the pottery sherd's outer surface due to the rapid water
evaporéion rate due to the high temperature of the surrounding médiDue to salt irfilling

pores, porosity decreases nearby the surface. Granular disaggregation and salt crystallization have

been noticed at a depth of around 1 cm. The size of the intenies mletermines the saline



solution's capacity to permeate the potsherds. The greater the pore size, the more the saline solution
penetrates. On the other hand, the smaller the pore size, the less penetration of the solution into the
interior'® (Figure 3.

In contrast, SEM images of pottesigards in the sample (P2) revelglar cubic salt crystals
of sodium chloride, especially after drying, as obseonredample surfaces due to RH evaporation
and temperature ri§é The kind of salt crystal depends on various factors, including evaporation
average and substrate properties. Cubic crystals will grow if the evaporation rate is low. Any
remaining solution may then undergo a creeping mechanism and crystallize as @ystalding
efflorescenceCrystallization from solution can be divided into two stédpaming new crystals
is the first step; their growth is the second, and the solution must be completely sétukathd
end of the drying cycle, the hydrated crystaliss their water and transform into an anhydrous
shape with a different white coldrhis gives a clear view of the film spreading around the droplet
at thefinale of the evaporation proceds$ was observed that sodium chloride crystals form more
frequently when irteractingwith a nonpolararea(air or hydrophobic solidj. Whenthe body's
pores absorb salt solutigithey cause fissures to form, and when they crystallitsidethe body,
they distort surface decoratiof&apid evaporation causes th@wth of cubieshaped salt crystals

on the surface of the potsheft&-igure 9.

The strange phenomenon acted in the presence of sodium chloride saline fog on excavated pottery she
surfaces, followed by the crystallization of salts during drying. Waitethe form of RH consists of
molecules. The molecules in vapor form are dynamic, moving rapidly while spaced widely apart. The
molecules get slower, less energetic, and closer together as the vapor comes into contact with decreas
air temperatures.he vapor, which contains ion salts, transforms into liquid drops when its energy level

becomes low enough and stays in this state for over three or four hours. Then with the rise of temperatu



degrees, the salty drops turned to small and weak crydtahsahed efflorescence on the sherd surfaces;
they appear in different degrees of interi$it€ondensation begins to appear on the pottery's surface
when the pottery pores are saturated with much steam to the point where it can no longer be tolerate
Because water molecules are too small to adhere to one another on their own, they latch amtagysomet

else,sowater needs a surface or nucleation point to conderige on

It is clear that the amount of salt crystallization is proportional to its concentration inside the pottery bod:
and that there is a direct and linear relationship between thdysafitine solution, its conductivity, and

the degree of crystallizatiéh From the following equationghe conditions for the growth of salt crystals
undervariable humidity and temperature conditiammrespond to the observed elevation rates in the

atmosphere.

The welltknown rate equations are:

—=time rate of mass transport of water vapor to the dropléD{R ) [—] (1)

—=time rate of heat transport away from the droplét k(R)’[—] (2)

—=time rate of heat storage in the droplehg— — 3)

The typical equations for the temperature and vaeoisity gradients between r, the droplet radius,

and apoint infinitely far from r are obtained by integrating (1) and (2) over spaiditionally, it

is assumed that the accommodation coefficient is unity and that all of the vapor that diffuses to the
droplet condenses on Another presumption is that hestbragedoes not impaatroplet growth,
allowing for the approximation of dT/dr in €8) A common occurrence is capillary condensation
(CC), which is the production from the vapor of a stable phase when the saturation pressure is

below. It might happendiween particle surfaces or inside porous matéfials



The Analysis with Scanning Electron Microscope with EDX
The EDX results from the samples recorded @ble 2 and Figure Srevealed that the sampgle
contains @reatratio of chloride salts, reaching 53.42% in the sample (P1) and 32.8% in the sample
(P2). In addition, sulfate salts are a minor proportion in the sample (P1) of 0r@8%e findings
showed the presence of chloride and sulfate salts because of therdqsotbheal in a salty
environment, resulting in sevenalysiochemical damagaspects®. Furthermore, the aluminum
and silica oxide ratios in the clay used to make the potsherds differ betaraplesBesidesthe
calcium oxide found in the samplepresents one of the clay additives used to make the pasherd
Based on the pottery's calcium oxide contemincalcareous and calcareous clays can be
distinguished from one anotHer

Moreover, the presence of calcium oxide helps to improve its physical properties, which
results in a highguality product.CaO, SiQ, and AbOs react at temperatures above 8@0to
create calcium silicates, such as diopside, which reveals a high firmzetature for pottery
sherdé’. The presence of hematite in the samples suggests that the potsherds were made in an
oxidizing environment based on the availability of iron oxidéghe clay materials contain a rising
ratio of SiQ and a moderate amount Af2O3, CaO, and MgO. Additionally, a high Si@atio
suggests that quartz minerals predominate over clay minerals, while a@wako indicates a

low illite content”.

Analysis oiX-ray diffraction (XRD)
X-ray diffraction is the most commonly usadethod for analyzing the crystalline structural
characteristics of archaeological pottér)X-ray diffraction can determine the type of clay used,

the industry, the firing impact, and the influence of the burial envirorifodifte samplésXRD



results are displayed ifable 3and Figure 6 XRD analysisindicated that the potsherd (P1)
contained quartz, halite, diopside, hematite, and magn@uiartz is one of the most common
minerals in potsherddhe presence of quartz is also a m@mponent in the pottery mateix
Halite is present due to the strong effects of salt solution, crystals in the soil, and fast evaporation
of water after excavatio@ompared to materials with large pores, porous materials' crystallization
compression wilbe higher, and their interiors will primarily experience mineral precipitation
(forming subflorescences).hese two facts increase the likelihood that porous materials will
deteriorate, lowering their resistance to crystallization

Diopside indicates high firingtemperature, as this compound is present at a temperature
ranging from 850C to 90C0C. Furthermore, this indicates that the firing atmosphere is oxidizing.
Additionally, hematite is a mineral element used as a colorant in the matrix ofsvaotery
products and in the paint colors used to decorate the pottery's surface, giving the material a reddish
hue®. Furthermore, the XRD pattern shows that hematite makes up most of the -tedeish
pigment. Furthermore, hematite formation starts@irgd 800°C. In addition, that means fineg
atmosphere is oxidiziriy Magnetite is an iron oxide found in abundance in the body's.core
Besides, the XRBorm displaysthat the sample (P2) contains quartz, albite, halitescovite and
diopside The results show that these sherds have a medium proportion of silica as an additive
material considered a part of thieerd's mineral compositiéin

Albite and muscovite are considered the main clay components used in pottery making.
Excess salt (NaClhas been linked to several aspects of deterioration, as the local solution can
migrate from the burial soil into the body of the pottery sherd. The rapid water evaporation can
result in salt crystallizing on the outer surface, which distorts the optmpépies and hides the

archaeological pottery's featurésBesides, most samples exhibit a red cadpresentinghe outer



slip layer due to the presence of iron minefaldditionally, iron oxide ratios (Magnetifée;Os

and HematitdFeOs) in the samples reflect the atmospheric surroundings of fire during industrial.
The firing process was likely conducted in a reducing atmosphere if the sample contained
magnetitelf the sample contains much hematite, the process was likely conducted in an oxidizing

atmospheré.

Fourier Transform Infrared SpectroscodyT(R)

FTIR andysis was utilized to differentiate between various kinds of clay minerals. Additionally,
the FTIR method enables the quidentification of various clay mineralsand permits the
observation of structural changes brought about by chemical changesrinimdagl$®. The FTIR
analyses conducted on the two samples revealed similarities in the chemical composition of the
raw pottery clay, as shown ifeble4 andFigure 7 The rangeof 40003000 cm is attributed to
water The absorbed water from the samples was also detected through obvious peaks from 3756,
and 3436 cm' in sample P1 and 3435.56 ¢nin sample P2. This may result from the relative
humidity of saline solutions absorbed by hatitéhe unfired clay found ingdtery core’. Besides,
these sorbents' IR spectra reveal an absorption band of clay at about 34B&tarorresponds to
H>O vibrations, indicating these materials’ abilitto absorb water from the surrounding
environmertft’.

In addition, the broadbargpectrum of clay indicates the potential for water hydration in
the adsorbent at 3436 and 1635dmsample P1, and at 1638 ¢rim sample P2. Moreover, the
presence of feldspar is indicated by splitting bands in thet80@&m 1 regionincluding 778692,
and 458 crit and one band at 1041 chin samples P1 and P2. The absorption bands at 3435,

1045, 914, 778, 692, and 458 cm 1 indicated the presence of kaolinite in all $amples
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Furthermorethefired-clay (metaclay) is visible between 1032 and 1094. Furthermore, quartz
was found in sample P1 at 778, 692, and 458 and in sample P2 at 778, 692, and 458'cm
Besides, calcite was found in samples P1 and P2 at 1383 and 692espectively. Moreover,
the potsherds were in contact with soil @ning a high percentage of saMa, Cl, and Ca

concentrationgire greater in the red area than in the black incompletely fired“parts

Conclusions

This study concerns the phenomenon of salt fog on the surface of potsherds from the Saqqara
excavationSaggara has had great historical value and cultural importance for thousands of years.
Salts are strongly related to temperature, humidity, rainfall, wind, air pressure, etc. The
microscopic investigation showed a thick distribution of salt on the potshdeteandan overlap

among the salt and sand layers scattered on the surface. Cubic crystals formed in the middle of
low-concentration droplets. Furthermore, the salts sediment over the body's surface when the
evaporation rate exceeds the solution'piupate and the dried cubic salts appear clearly on it.

The findings indicate that the interfacial characteristics influence where and how crystals form.
SEM-EDX results of the samples showed a high ratio of chloride salts content reaching 53.42% in
sampé P1 and 32.8% in sample P2. In addition, sulfate salts are a minor proportion in the sample
P1 of 0.29%. Regarding XRD analysis, results show that both pottery samples contain salts,
especially sodium chloride, but the percentage of salts in the firplesésrmuch higher than that

of the second sample. In addition, XRD and FTIR analysis confirmed the results eEBENM

the presence of a large percentage of halite salt. These results helped us make a good diagnosis of
the crystallized salts on the aadgvological potsherds. These findings will determine the most

effective ways of extracting salts from archaeological pottery.
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APPENDIX

List of symbols
g= quantity of water vapor (Q)
Q=quantity of heat (cal)
dp/dR' = vapodensity gradient (g/cf
dT/dR' = temperature gradient (K/cm)
R'= radial distance (cm)
D= diffusion coefficient of water vapor in air (éfsec)
k= heatconduction coefficient of moist air (cal cnsec! deg?)
co= specific heat of water at constant pressure (¢alegy®)

T=temperé&ure of droplet (deg)

_{
I

radius of droplet (cm)

—
I

time (seconds)

m= mass of droplet (g)
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Table 1L Demonstrates the potsherds' description.

Code sample PotsherddDescription
P1 It is a reddiskbrown potsherd that is 1.1 cm thick and measures 22.4 cm
by 8.8 cm wide. It suffers from heaeyystallization of salts on the surface
P2 It is a dark brown potsherd that is 1.4 cm thick and measures 9.6 cm long
cm wide. It has a dry layer of salt droplets on the surface of the potsherd




Table 2.Reveals the potsherd samples' elemasaatentration (Wt. %)y SEMEDX.

Sample Elements
code O Na Mg Al Si S Cl K Ca Fe
P1 8.39 | 30.31| 043 | 082 | 1.71 | 0.29 | 53.42| 0.45 | 255 | 1.63
P2 19.18| 22.98| 0.8 | 3.74 | 8.63 -- 328 | 14 29 | 757




Table 3.X-Ray diffraction results for potsherd components (%5).

Sample Component

code | Quartz| Diopside| Albite | Halite | Hematite| Muscovite| Magnetite
P1 50 12.4 -- 28.9 5.3 - 3.4
P2 35.6 11 24.2 | 18.9 -- 10.3 --




Table 4. FTIR results for potsherd components (§m

Sample
code

Wavenumber cm

4

5

6

7

10

11

P1

3841

3756

3436

2919

2851

1635

1383

1041

778

692

458

P2

3435

2918

2850

1638

1383

1045

778

692

458




Figure 1. Shows the potsherds before and after drying of saline solution.
(a, c) sample P1, and (b, d) sample P2.



Figure 2. Shows the salt crystallization on the potsherds. (a, b) sample P1, and (c, d) sample P2.
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Figure 3. Demonstrates the findings of the SEM investigation of sample P1.



Figure 4. Shows the results of the SEM investigation of sample P2.



