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ANOTACIJA

Promocijas darbs ir veltits geologisko zinasanu apguves un pieauguma
novérté$anai Egipté Senas valsts laika, kad tiek veidotas pirmas akmens sakralas
baves, taja skaita Dzosera pakapju piramida. Pétijuma ir nodaliti vairaki
piramidas btvniecibas posmi, kuros butiski atskiras izmantota bavakmens un
saistvielu kvalitate. Tie raksturo zinasanu pieaugumu par dabiskajam izejvielam,
ka ari daudziem tehnologiskiem jauninajumiem.

Pétijuma secinats, ka tie$i $aja vésturiskaja posma salidzino$i isa laika
atsevisku amatnieku iepriekséjas pakapeniski uzkratas zinaganas tiek apkopotas
savulaik lielakas sakralas baves izveidei. Ta atspogulo Senas valsts parvaldes
augsto centralizacijas pakapi, daudzlimenu darba organizaciju un vadibu lielajas
baves, taja skaita bavniecibai nepiecieSamo materialu meklé$anu, to ieguvi un
sagatavo$anu izmanto$anai konkrétam buvniecibas vajadzibam. Seno buvju
sistematiska analize un pétijumu augsta detalitate lauj secinat, ka Senaja Egipté
mainijas un pieauga geologiskas zinasanas.

Atslegvardi: Egiptes geologija, Sena valsts, bavmateriali, dédésanas
novértésana, 3D modeli, geologiskas zinasanas.



Pétijuma témas aktualitate

Promocijas darba un ta nosaukuma ir akcentétas geologiskas zinasanas
un to attistiba Egiptes Senas valsts laika. Sads uzsvars ir izdarits, lai pieraditu,
ka atskiriba no tradicionalas seno buavju pétijumu pieejas misu pétijuma
priekSmeta un Egiptes fiziogeografiskajos apstaklos ir janem véra daudzas
likumsakaribas, kuru izzinasanai ir vajadzigi speciali pétijumi. Senaja valsti
izmantota bavakmens ieguves avoti un kvalitate ir intensivs zinatnisko pétijumu
priek$mets visa pasaulé, un tas nosaka pétjjuma aktualitati un masdienigumu.

Ir visparzinams, ka akmens btvniecibas materialu sakotnéja kvalitate
un pasreizéjais stavoklis ir cie$i saistiti ar to veidojoSo iezu ipasibam,
fizikalkimiskajiem raditajiem un vairakiem citiem faktoriem. So faktoru
mijiedarbiba nosaka izmantoto bavmaterialu un saistvielu saglabatibas un
izmainu likumsakaribas (Kukela, Seglins, 2012a; Klemm, Klemm, 2010), kas
batiski atSkiras no iezu ipasibam dabiskaja saguluma, ka ari to eksponétas
ieguves vietas Sakaras plato nogazu atsegumos. Bavnieciba izmantoto akmens
materialu kvalitates novértésanas parametru iegi$anas metode, kas izstradata
un parbaudita promocijas darba, ir nepiecie$ama pamatotu seno kultarvéstures
piemineklu novértésanas un saglabasanas projektu izstradei un realizacijai.

Pétijuma merkis un uzdevumi

Uzsakot pétijumu, tika izvirzitas vairakas hipotézes. Saskana ar tam Egipté
Senas valsts laika Joti Isa vésturiska perioda bija atskirigas iespéjas apgit
pietiekamas geologiskas zinasanas, kas lautu sakt Joti lielu akmens bloku sakralo
bavju izveidi. Pirma izvirzita hipotéze (,,zinasanu importa” hipotéze) pielava, ka
jaunas zinasanas un to ievieSana ir saistita ar to parnemsanu no citam augsti
attistitam kultdram, ka arl atseviSku personu izgkiro$o lomu akmens bavju
izveides uzsaksana. Ka alternativa hipotéze tika noteikta vietéjo zinasanu
pakapeniska uzkrasana un attistiba. Minéto hipotézu parbaudei tika izvirziti
atbilstosi promocijas darba uzdevumi.

Pétijuma meérkis bija izvértét un parbaudit abas pamata hipotézes par
geologisko zinasanu attistibu Egipté Senas valsts laika.

Lai sasniegtu mérki, tika izvértétas visas pieejamas jaunako teorétisko
metozu izstradnes, analizéta publicéta zinatniska literatdra, pétijumu tehniskie
zinojumi un interneta pieejama informacija, ka ari pétiti un analizéti dazadu
profesionalo organizaciju rikoto konferencu, seminaru un kursu materiali.

Pamatuzdevums pétijuma mérka sasniegSanai bija savakt, apkopot un
izanalizét apjomigo faktu materialu, izslédzot no ta kladainos un $aubigos
mérijjumu datus, kas varétu negativi iespaidot pétijjuma gala rezultatu. Tapat



svarigi bija atrast metodiski pareizo risinajumu, kas lautu ierobeZotas pieejamibas
objektos iegut verificjamus un atkartojamus datus.

Iepriek§ minéto uzdevumu izpilde ietver Senas valsts vésturiska konteksta
apzinasanu, ka ari atsevi$ku kultarvéstures piemineklu detalizétu izpéti, dodot
iespéju analizét un noveértét geologiskas zinasanas par bavnieciba izmantotajiem
materialiem, to kvalitati, ka arl izstradato metodiku piemérojamibu lidzigos
pétijumos $aja regiona.

Darba novitate

Promocijas darba autores pétijuma pirmo reizi realizéta netiesi iegito
datu sistematiska analize un to parbaude ar lauku eksperimentu rezultatiem:
noteiktas likumsakaribas, noveértéti apstakli un faktori, kas ietekmé rezultatus.
Veiktais pétijums ir orientéts tiesi uz Egiptes geologiskiem un fiziogeografiskiem
apstakliem, kas lauj pilnigak apzinat bavnieciba izmantoto izejvielu ipatnibas
vértigu pieminek]u lokalizacijas vietas.

Autores pétijjuma rezultatu analizei izmantota daudzpusiga un kompleksa
datu apstrades pieeja. Autores veiktais pétijums, plasi lietojot augstas izskirtspéjas
objekta fotodokumentésanu, ir pirmais $ada veida eksperiments, kur piramidas
fasazu eksponétas virsmas saglabatibas aspekti ir pamatoti ar lauku novérojumu
datubazi.

Pétjjuma iegiito datu verificéSanai pirmo reizi lietota inovativa bavbloku
virsmas bojajumu novértésanas metode, kas balstas uz instrumentali noteiktiem
mérijumiem un ir pilnveidota izmanto$anai kultarvéstures objektos ar iero-
bezotu pieejamibu.

Latvija sadas ievirzes pétijums ir pirmais, un tapéc iegutie rezultati ir tikai
neliela dala no tas informacijas, kas vél apgtistama loti aktualaja Senas valsts
véstures izzinasanas joma. Tas norada uz to, ka $aja virziena pétijumi ir jaturpina
ari nakotné.

Rezultatu aprobacija

Balstoties uz pétjjuma rezultatiem, lidz 2012. gadam sagatavotas 12 zinat-
niskas publikacijas par atseviskam pétjjuma sadalam un darbu kopuma. No tam
6 raksti publicéti starptautiskos izdevumos un kolektivajas monografijas, 8 pub-
likacijas satur starptautisko konferen¢u un seminaru tézes, 5 — Latvija nolasito
referatu publicétas tézes. Starptautiskos zinatniskos kongresos, konferencés un
seminaros ir nolasiti 10 referati, ka ari 6 zinojumi sniegti zinatniskas konferencés
un seminaros Latvija. Kopuma publicétie materiali pilniba atspogulo disertacijas
rezultatus un izriet no promocijas darbam izvirzitajiem uzdevumiem.



Papildus ieprieks minétajam atseviski disertacija apskatitie metodiskie jau-
tajumi par akmens materiala bojajumu diagnostiku un rezultatu interpreta-
ciju un prezentaciju ir aprobéti un parbauditi ari dazados geoarheologiskos
pétijumos, kas veikti gan Latvija gan ari citas Eiropas valstis.



1. LIDZSINEJI VEIKTO GEOLOGISKO
PETIJUMU APSKATS

Egiptes teritoriju lidz 19. gadsimta nogalei galvenokart izzinaja un pétija
dazadi celotaji, senlietu meklétaji, vésturnieki, arhitekti, arl militarpersonas un
valsts ierédni un administratori. Napoleona vaditas fran¢u militaras ekspedicijas
laika tika veikti pirmie Ziemelégiptes sistematiskie geologiskie un mineralogiskie
pétijumi, pirmo reizi tiek minéti iezi, no kuriem buvétas lielakas vésturiskas
bives Senaja Egipté - piramidas un templi.

Musdienas sistematiski Egiptes Arabu Republikas geologiskie pétijumi
iesakas 1896. gada ar Egiptes geologiska dienesta izveidi. 1912. gada tiek publi-
cétas pirmas M 1: 1 000 000 geologiskas kartes ar loti vienkar$otu geologisko in-
formaciju par galvenajiem pamatiezu litotipiem, un tikai 1981. gada tiek izdotas
lidz musu dienam pasas precizakas Egiptes geologiskas kartes M 1 : 2 000 000,
kas pamata balstas uz lauku apstaklos veiktiem novérojumiem un laboratorijas
apstaklos analizétiem paraugiem.

Lidz $im Egiptes teritorijas geologiska izpéte nav bijusi detalizéta pat
salidzindjuma ar citam Afrikas valstim, tadé] arheologiskos un geoarheologiskos
pétijumos tiek lietotas anglu koloniala laika geologiskas kartes un savulaik
izveidotie geologiskie apraksti, it ipasi Nilas ieleja attieciba uz vésturisko posmu
lidz Jaunas valsts periodam.

1.1. Ieskats par Egiptes geologisko uzbiuvi

Egiptes teritorija ir piederiga Afrikas kontinentalai platnei, tas ziemel-
austrumu dalai, kur to kel vairaki dzillazumi un ir izveidojusas vairakas atskiri-
gas tektoniskas struktiiras. Tas nodala Egiptes Arabu Republikas divas galvenas
dalas - Nuabijas un Sinajas tektonisko platni. Vairakas paralélas dzillazumu
zonas Sarkanas jiras teritorija nodala Egipti no Arabijas pussalas (Arabijas
tektoniska platne), un paraléli tam ir izvietoti mazak aktivi dzillazumi, kurus
uzskatami iezimé musdienu Nilas tecéjums un ta meandré$anas zonas. Kopuma
ta ir seismiski aktiva teritorija, kura zemestrices ar magnitadu virs 5 ballém nav
retums.

Egiptes geologiskaja griezuma virs 35-40 km dziluma eso$as Moho robezas
pamatklintaju veido magmatiski plutoniski un efuzivi, ka ari metamorfi ieZi.
Pamatklintaja virsma nav lidzena, un to daudzos atseviskos blokos sadala
lizumi. So virsmu ar visai ievérojamu geologisko diskordanci parsedz paleozoja
kontinentalas izcelsmes klastiskie iezi. Tie daudzviet vélak tiek erodéti, un So
raksturigo erozijas virsmu visa Egiptes teritorija parsedz juras perioda un krita
perioda sakuma nesadalita, lidz 570 m bieza faciali mainiga slankopa. Véla krita



epoha gandriz visu Egiptes teritoriju sedz jura, tas attistiba tiek izskirtas vairakas
transgresijas un regresijas, un geologiskaja griezuma to iezi secigi parsedz juras
un krita stratigrafiski nesadalitos veidojumus.

Geologisko griezumu turpina lidz 450 m biezi oligocéna veidojumi. Tie
ir faciali atskirigi un veido visai viendabigus vulkanisko pelnu klastiskas sedi-
mentacijas veidotu atskirigu iezu slanus (Taibas slani) vai ari tiek raksturoti ka
argilitu un aleirolitu slani ar nelielu smalkas smilts piejaukumu (Abu Zenimas
svita). Griezumu noslédz iss intensivas erozijas posms, ko visbiezak saista ar
senas Nilas attistibas sakuma fazém.

Sekojos$a miocéna laika veidojas gandriz puse no visas zinamas nogulumiezu
segas Egiptes ziemeldala un tas biezums reti ir mazaks par 3-3,5 km. Saja
griezuma dala tiek nodalita 16 dazadu svitu nogulumiezu visai mainiga sastava
slanmija, kas atspogulo sedimentacijas apstaklu dazadas facialas izmainas.
Kopuma griezuma apakséjai dalai raksturigi smilSakmeni un kalkakmeni ar
nelielu argilitu piejaukumu, griezuma vidusdala izteikti dominé kalkakmeni ar
nebutisku mergelu klatbatni, bet griezuma auggéja dala dominé loti kontrastains
geologiskais griezums ar biezu iezu sastava mainibu - no argilitiem lidz Joti
tiriem kalkakmeniem, tomér visai nozimiga ir sals, gip$a un anhidrita lécu un
slanu klatbatne.

Geologisko griezumu noslédz pliocéna un kvartara veidojumi, kas Vidus-
jaras piekrastes teritorija var sasniegt pat 4 km biezumu. Pliocéna geologiskais
griezums $eit ir analogs miocéna vidéjas dalas geologiskam griezumam,
kur dominé kalkakmeni un paklauta nozime ir vaji cementéta smil$akmens
un aleirolita slaniem. Vietam ir sastopami ari dolomiti. Raksturigi kvartara
nogulumi tuksnesu teritorijas ir smiltis, Nilas ieleja tie ir daudzveidigi aluvialie
nogulumi, bet Vidusjiras un Sarkanas jaras piekrasté dominé smil$aini
nogulumi, zinami arl masdienu korallu rifi (Schlumberger, 1984; Said, 1990).

1.2. Lidzsingjie prieksstati par geologiskajam zinasanam un
resursiem Senaja Egipté

Kop$ senatnes Egipté apdzivota ir gandriz tikai Nilas ieleja (apméram 0,5%
valsts teritorijas), kura koncentréjas vairak neka 95% valsts iedzivotaju. Romas
impérijas laika Egiptes iedzivotaju skaits jau sasniedza apméram 18 miljonus un
vienmeér ir pastavéjusi atkariba no dabas resursu pieejamibas arpus $auras Nilas
ielejas. Dabas resursu dabiskais ierobezojums un loti lielais iedzivotaju skaits
noteica to, ka Egiptes dabas resursu apzina$ana, izpéte un novértédana bija loti
augsti attistita jau kop$ pasiem senakajiem laikiem.

Ties$i udens Senaja Egipté ir kritiskais resurss un idens pieejamiba nosaka
apdzivotibu. Jau Senas Egiptes valstiskuma sakuma posma ir izstradats ne
tikai Joti precizs pladu prognozu kalendars, bet ari tdens limenu monitoringa
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sisttma un komplicéta Nilas adens patérina uzskaites un norékinu kartiba par
idens izmantosanu. Sada uzskaite tiek ieviesta ari oazés.

Ka otrs nozimigakais resurss, kas ir tie$i saistits ar Nilu, ir palu nestas dinas,
kas kops véla akmens laikmeta $eit tiek izmantotas lauku méslosanai. Pali Nila
ir divas reizes gada, un tie ir atskirigi, tadé] $o Nilas danu apsaimniekosana,
jauk$ana ar kompostu, pelniem un kalki, ka ari zinasanas par $adu maksligo
maisjjumu veido$anas tehnologijam un izejvielu proporcijam noteikti ir
uzskatamas par loti augsti attistitam tehnologijam. Nilas danas tiek izmantotas ari
kleka bivmaterialu izgatavo$anai. Saja laika tiek ieviesta izejmateriala skalogana,
kas lauj iegiit malaini aleiritisku masu, kura ir pietiekami tira no nevélamiem
piemaisijumiem, un atseviski ari skalotu aluvialo smilti talakai izmanto$anai par
liesinataju un apmetumiem. Tiek izstradatas tehnologijas izejvielu atskalo$anai,
arl dazadi sieti, aprikojums izejvielu sajauk$anai un vidéjosanai; tiek ieviestas
piedevas, noteiktas to proporcijas; tiek izstradati vairaki standarti kleka kiegelu
izmeériem, prasibas zavé$anas ilgumam un apstakliem, ari gatavas produkcijas
uzglabasanai un transportésanai.

Egipte loti agri tiek apgita keramikas izgatavosana, apdedzina$ana
un podnieka ripa. Apméram 3 takst. g. p. m. &. Seit jau ir visai attistitas tra-
dicijas keramikas trauku un mala rotallietu izgatavo$ana. Ipasi atziméjama
porcelanveidigu mala keramikas izstradajumu izgatavo$anas apgtsana, kuras
vajadzibam tiek meklétas un ari atrastas balto malu (kaolinita) iegulas, un $is
mals tiek lietots Nilas danu illita mala bagatinasanai, lidz tiek iegiita noteiktas
kvalitates porcelanveidiga keramika.

Lidzigi tiek meklétas un ari sekmigi atrastas dabisko krasvielu iegulas, sals
un sodas, pusdargakmenu un dargakmenu kliedni un dzislas, zelta un vara
riidas. Sadi jau Senas valsts laika tiek mekléti un saimnieciskaja dzivé ieklauti
aptuveni 85-90 minerali un to paveidi.

Iepriek$ aprakstitais vésturiskd seciba uzskatami parada, ka mainas
geologiskas zinasanas par zemes dzilém un to kvalitati, ka arl lauj izsekot
bavniecibai nepiecieSama btivakmens lieto$anas izmainam. Iespéjams, ka $aja
nozimé DZosera piramida ir viens no pasiem veiksmigakajiem piemériem, jo tas
dazadas bavniecibas stadijas lauj izsekot gan akmens materiala, gan ari saistvielu
lietojuma prasmju attistibai (Kukela, Seglins, 2012b).
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2. PETIJUMA TERITORIJAS RAKSTUROJUMS

Senas valsts geologisko zinasanu izmainas uzskatamak un zinatniski
pamatotak batu atpazistamas tiesi Sakaras plato izvietota nekropolé. Vienlaikus
par salidzinajumu pétijumu teritorijam tika noteikta Senas valsts nekropole
Gizas plato un Dasara, ka ari senakas mos$eju buves Kaira.

Vides monitoringa sistémas mérjjumu dati norada, ka gaisa temperatiira,
akmens virsmas temperatara, relativais gaisa mitrums un mitruma konden-
séSanas temperatira butiski svarstas gan diennakts, gan ari gada laika. Mérijumu
dati norada uz pastavosiem nelabvéligiem klimatiskiem apstakliem akmens
piemineklu saglabasanai, tie sekmé akmens materiala sabruk$anu un saistvielas
sadalisanos. So sabrukuma procesu pastiprina véja un smil$u erozijas abraziva
ietekme.

2.1. Sakaras plato geologiska uzbiuive

Sakaras plato atrodas apméram 40 km uz dienvidaustrumiem no Kairas
Nilas kreisaja krasta un ir par 17-25 m piepacelts virs upes misdienu virspalu
terases. Tas kontrastaini izcelas apkartéja ainava, un Seit kop$ pirmas dinastijas
laikiem ir ierikota viena no sendkajam nekropolém, kas ir tikusi izmantota
aptuveni 3 tikstosus gadu. Kapenes $eit ir izveidotas gan ka pazemes buves, gan
ka virszemes mastabas, piramidas un vienkarsas koptu kapsétas. Miasdienas ta ir
tuksnesa nomale.

Pétijumu objekts izvietojas plakana bijusas Nilas palu un pladu veidotu
aizséréjusu vecupju un laginas lidzenuma dienvidu dala. Zemes virsma darbu
teritorija ir 20-44 m augstak par pasreizéjo jiras limeni. Seit gar Nilas kreiso
krastu izvietojas Nilas vaji izteiktu un daudzviet parveidotu virspalu un palu
terasu josla, daléji ietverot arl pétijumu objektam piegulo$o teritoriju.

Sakaras plato kopuma veido vidéja un véla miocéna Mokatamas slankopas
(Madi svitas apakséja dala) seklas jaras ritmiski kartoti, slanoti kalkiezi. Tie
slankopas apakséja dala sastav no smil$aina un masiva kalkakmens 30-50 cm
bieza slana, kuru parsedz 10-15 cm biezi mergeli, bet ritmu noslédz lidz 10 cm
biezs argilitu un aleirolitu slanis. Nakamais ritms sakas ar smil$ainu kalkakmens
vai pat smil$akmens ar karbonatu cementu starpkartu, kura ne vienmér ir izteikta,
un to turpina mazak smil$ains un masivs kalkakmens. Griezuma uz augsu ritma
ietvaros proporcijas starp slaniem mainas un pieaug malaino iezu nozime,
lidz zemes virsmas tuvuma kalkakmens un mergelu / argilitu slanu biezuma
proporcijas var sasniegt 1 : 1. Ritmu biezums nav vienads un izturéts un mainas
no 0,7-1,2 m lidz 4-5 m. Nereti ir sastopami vietéji muldveida padzilinajumi,
kuros malaino iezu slana biezums var sasniegt pat vairakus metrus. Malaino
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slanu biezumam ir tendence palielinaties virziena uz dienvidiem, bet ziemelu
pusé $ajos iezos ir visai ievérojams gipSa daudzums. Iepriek§ minétie pelékie un
iedzelteni pelékie smil$aina kalkakmens slani ir galvenais vietéjais bavmaterials
nekropoles btivnieciba, un geologiska griezuma augg$éja dala vietam atsedzas
plato stavajas nogazés (2.1. attéls).

2.1. attéls. Sakaras plato geologiska griezuma eksponéta dala

Teritorija kopuma ir seismiski aktiva, un katru gadu Seit tiek registrétas
vairakas zemestrices. Rezultata masivie kalkakmens slani ir saplaisajusi, veidojot
savdabigu bloku struktiiru ar izmériem aptuveni 0,30-0,40 m, daudz retak
sastopami lielaki neplaisajusi kalkakmens dabiskie bloki.

2.2. Pétijumu objekta raksturojums

Par pétijjuma objektu tika izvéléta valdnieka DZzosera pakapju piramida
Sakara. Ta ir sarezgita buve, kas savu pasreizéjo izskatu ir ieguvusi pakapenisku
parbuvju rezultata. Sena un loti liela solveida virszemes kapene (mastaba)
parbuves procesa tika paplasinata divos posmos, kurus noslédz cetrpakapju
piramidas izbuve virs paplasinatas mastabas. Savukart virs ¢etrpakapju pira-
midas tika izbuvéta veél lielaka un plasaka se$pakapju piramida. Kopuma ir
atpazistamas se$as piramidas bavniecibas stadijas (2.2. attéls).

Pagreizéja veidola piramidas pamatne ir 121 x 109 metri un augstums
sasniedz 63 metrus (Baud, 2002). Musdienas noteiktais piramidas tilpums ir
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aptuveni 330 400 kubikmetru, tomér janem véra, ka piramidas ieksiené un zem
tas ir vairakas visai ievérojamu izméru $ahtas un pazemé ir izveidots vairak neka
6 km gar$ tunelu un dazadu telpu tikls, ka ari 28 metrus augsta apbedijuma
$ahta (Lehner, 2004).

Valdnieka DzZosera piramida nav viendabiga, un tas izbavé ir izmantoti
dazadi, taja skaitad nepieméroti, materiali. Tas bija zinams jau senatné, un tadé]
Seit vairakkartigi tika veikti iespaidigi rekonstrukcijas un parbives darbi.

Sakaras plato, kur izvietots pakapju piramidas komplekss, atrodas seismiski
aktiva zona. Seit zemestrices tiek fiksétas vairakas reizes gada, un ir zinams,
ka 1992. gada zemestrices rezultata aizbruka ne tikai atseviski pazemes tuneli,
bet ievérojami cieta arl piramidas fasades dalas. Lielaka bojajumu dala tika
mehaniski nostiprinata ar cementa masu un lietu betonu, kas atskirigo ipasibu
deé] vietam turpina negativi ietekmét kopéjo buves stabilitati.

2.2. attels. Shematisks pakapju piramidas buvniecibas stadiju modelis
(péc Verner, 2004)

Apziméjumi:

M1, M2, M3 - sakotnéjas mastabas parbuaves posmi;

P1, P2 - piramidas parbaves posmi.

Pedéjo gadu laika ir veikti vairaki pétijumi, lai novértétu kompleksa
bojajumu pakapi un ietekmes riskus. Tapat tika izstradats piramidas kompleksa
nostiprinasanas un kompleksas rekonstrukcijas plans. Diemzél $ie darbi
ne vienmer ir veikti kvalitativi un ari izstradatais rekonstrukcijas plans ir
nepamatoti vienkarSots un nepilnigs.
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3. MATERIALI UN METODES

3.1. Pétijuma objekta fotodokumentésana un piramidas geotelpiska
modela izveide

Piramidas fasazu fotodokumentésana tika veikta ar SONY DSC-RI 10,3
Mpix digitalo fotokameru. Visas pétjjuma vajadzibam pieejamas DzZosera
piramidas fasazu fotografijas (uznemtas 2005.-2011. gada, kopa apméram
2300 fotoattéli) sakotnéji tika klasificétas péc uznémuma iegtsanas laika (gads,
meénesis), péc tam - piesaistot uznémumus konkrétam piramidas fasadém un
stariem (Skautném). Papildus tika atziméti dati par attéla lielumu, kameras
specifikacija, ka ari noraditas papildu zinas par fotografésanas apstakliem.
Datubazeé apkopotas digitalas krasainas fotografijas veido datu pamatmasivu.

Piramidas geotelpiskais modelis tika izstradats Bentley MicroStation
datorprogrammu vidé. Modela tehniskai izveido$anai tika izmantoti Latvijas
zinatniskas ekspedicijas laika iegttie 3D lazerskenera dati par DZosera piramidas
pirmajam divam pakapém. Piramidas tresas, ceturtas, piektas un sestas pakapes
izveidei par pamatu tika izmantots modelis, kas veidots ar Google SketChup
programmu un korigéts, pamatojoties uz DZosera piramidas arhiva dokumentos
pieejamiem datiem. Geotelpiska modela nosléguma versija veidota, izmantojot
datorprogramma MicroStation V8i iestradato virsmas veido$anas algoritmu
smartsurface.

Piramidas atsevi$ku fasazu foto mozaikas (foto montazas) izveidei un tas
talakai integracijai izstradataja 3D modeli no raditas datubazes tika atlasiti
atbilstosi fasazu fragmentu fotoattéli. Attélu mozaikas novieto$ana, ka ari
dédésanas veidu un to intensitates attélosana uz piramidas geotelpiska modela
tika istenota ar datorprogrammas MicroStation V8i moduli Descartes. Si
datorprogramma paredz ari iespé&ju aprékinat izziméto laukumu platibas. Ta ka
Dzosera pakapju piramidas geotelpiskais modelis ir izveidots méroga, ievérojot
piramidas realos izmérus un dimensijas, izzimétos dazadas dédésanas un
intensitates laukumus ir iespéjams izteikt skaitliski (kvadratmetros).

3.2. Buvakmens virsmas dédéSanas novértéSana

Jebkura akmens buve neatkarigi no izmantota akmens materiala veida un
ta kvalitates ir paklauta aréjo apstaklu ietekmei — bavakmens un ar laiku zaudé
savas Ipasibas un dédé. Pétijumiem kultarvéstures piemineklos ir izstradatas
vairakas nedestruktivas dédé$anas intensitates novértésanas metodes (Svahn,
2006; Sass, Viles, 2010), tomeér to lieto$anai ir nepiecieSams tie$s kontakts ar
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pétamo objektu (objekta fragmentu vai fasadi). Starp daudzam $adam pétniecibas
metodém izcelama B. Ficnera izstradata dédésanas veidu un to intensitates
novértésanas (Fitzner, Heinrichs, 2002) metode. Lietojot minéto metodi, ir
veikti akmens materiala dédésanas novértésanas pétijjumi vairakos nozimigos
Egiptes kultirvestures akmens piemineklos, tostarp Karnakas templi Luksora,
Hufu piramida Giza, El-Merdani moseja Kaira. So pétijumu rezultata tika
identificéti atbilstosas grupas dédésanas veidi un noteikta to dazada intensitate.
Misu pétijuma vajadzibam un metodikas attistibai sakuma posma tika izvéléta
tiesi B. Ficnera izstradata dédésanas veidu un to intensitates klasifikacija, jo tas
pamata ir ne tikai pétama objekta vizuals novértéjums, bet ari akmens materiala
ipasibu daudzpusigi instrumentali mérijumi.

Sakotnéji sagatavotas klasifikacijas aprobacijas un adaptacijas, bet vélak
arl metodikas pilnveides mérkiem tika izvéléts B. Ficnera veiktais pétijums
El-Merdani moseja Kairas vésturiskaja centra (Egipté) (Fitzner et al., 2002).
El-Merdani mosejas fasades fragmenta dédésanas formu un to intensitates di-
agnostika un kartografésana tika veikta péc autores uzpemtam fotografijam,
analizéjot mosejas dienvidaustrumu fasades fragmenta katra akmens bloka
virsmu. Konstatétie dédésanas veidi un to intensitate tika novértéta péc ieprieks
izstradatas vienkarSotas dédésanas tipu klasifikacijas shémas, un iegiitas dede-
$anas un tas intensitates kartes savstarpéji tika korelétas atsevisku akmens blo-
ku limeni. Veiktais pétijjums norada, ka pirms 10 gadiem veikto novérojumu
vieta ir atpazistama daba un ieprieks$éjo pétijjumu dati ir salidzinami ar jauna-
jiem, vienkars$ojot dédésanas veidu un intensitates klasifikaciju. To apstiprina
fotodokumentacijas analizé iegiito datu un B. Ficnera originalo instrumentalo
pétijumu augsta datu korelacijas vértiba (R*= 0,8984), kas lava $o metodi turp-
mak aprobét un attistit.

3.3. Pétijumu komplekss DZosera piramidas fasadés

Turpmakie akmens materiadla dédé$anas pétijumi tika veikti valdnieka
Dzosera pakapju piramida. Sakotnéji katras DZosera pakapju piramidas fasades
fragments tika novérteéts, lietojot B. Ficnera izstradato metodiku (Fitzner et al.,
2002) un pétijjumam izstradato dédésanas pazimju klasifikaciju, kas lava konstatét
visus $aja klasifikacija nodalitos dédésanas veidus ar1 Sakara, valdnieka DZosera
piramida. Pétijums norada, ka piramidas fasadés daba un fotodokumentacija
ir atpazistami vél ari citi raksturigi dédésanas veidi, kas péc savas izpausmes
katrs ir vértéjams vairakas grupas. Kopuma tas ir pazimju grupas, kas var
tikt secigi sakartotas kada noteikta sistéma, kas adaptéta konkréta objekta
pétijuma vajadzibam. Vienotas sistémas izveidei tika veikti detalizéti pétijumi
parauglaukumos visas piramidas fasadés. Tas kopuma lava sakotnéji ieguit vairak
neka 30 dazadas pazimju grupas jeb kategorijas. Vélak tas tika apvienotas,
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izveidojot vienotu kategoriju sistému, kas tika papildinata ar tipiskiem piemériem
jeb kategoriju katalogu un noteicéju (Kukela, Segling, 2012c). Autores pieredze
liecina, ka $ada konkrétam objektam adaptéta kataloga izveide pétijjuma gaita ir
loti svariga, jo lauj butiski samazinat subjektivo vértéjumu un atvieglo dazadas
fasadeés iegtito rezultatu savstarpéju salidzinasanu.

Atsevigka pétijjuma dala tika veltita tadu saistvielu izpétei, kas izmantotas
Dzosera piramidas btivnieciba. Pakapju piramida par saistvielu ir izmantoti
dazadi maksligi veidoti maisijumi, un, neveicot laboratoriskas parbaudes, Seit
ir iespéjams novertét tikai izmantotas saistvielas saglabasanas pakapi, vértéjot
to ka dédeésanu. Veiktais pétijums lauj vizuali diagnosticét bavbloku saistiSanai
lietoto saistvielu (cementu) 5-6 veidus. Buvnieciba izmantotas saistvielas
saglabasanas pakape vairak neka cetru tikstosu gadu laika ir loti atskiriga, un
tas ir konstatéjams ne tikai dazados saistvielu tipos, bet ari viena cementa tipa.

Analiz&jot kultarveéstures pieminekla dimensijas un formas detalas
geotelpiska modela izstradei, tika konstatétas vairakas butiskas novirzes
no geometriski pareiza un proporcionala modela. Turpmaka pétjjuma tika
izvértétas §is neatbilstibas un konstatéts, ka nozimiga to dala ir saistita ar
baves deformacijam. Tas tika konstatétas gan piramidas fotodokumentacija,
gan ari parbaudés daba. Plaisu un lazumu diagnostika tika veikta atseviskos
fotodokumentos, lietojot tradicionalo metodiku, kadu izmanto linearo strukttru
noteiksana talizpété (Gupta, 2003).

Pétijuma gaita tika iegatas dazadas datu kopas, kuras bija nepiecieSams
sistematizét un apstradat. Sis datu kopas veido fotogrifiju datubaze, apkopotie
un izstradatie dédéSanas katalogi, valdnieka DzZosera pakapju piramidas
geotelpiskais modelis, ka ari citi dati, kas nepiecie$ami pétijuma vajadzibam, —
literatiiras pétijumu rezultati, dati par saistvielam, kas izmantotas DZosera
piramidas bavnieciba, ka ari dati par baves plaisainibu un tas stabilitati.
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4. REZULTATI

Promocijas darba pétijumu gaita tikai iegti daudzi jauni faktiskie materiali
un dati, sekmigi tika izstradati metodiskas ievirzes risinajumi, iegtitas novitates,
un ievérojamai to dalai ir lietiSka nozime. Visi tie ir uzskatami par darba
rezultatiem, un zemak tie ir grupéti nevis péc to tehniskas realizacijas seciguma,
bet izcelot to savstarpéjo saistibu un logisko virknéjumu, kas péc to apspriesanas
lauj nonakt pie pamatotiem secinajumiem.

4.1. Geotelpiska modela izveide

Piramidas geotelpiskais modelis tika veidots péc iespéjas precizs,
pamatojoties uz datiem, kurus bija iespéjams iegiit par objektu ar ierobezotu
pieejamibu pétijumiem un dokumenticijai. Papildu apgritinajums ir butiska
pakapju piramidas parbave, kuras rezultata tiek pilniba liegta iespéja iegit
atjaunotus vai papildinatus datus. Izveidotaja piramidas geotelpiskaja modeli
tika jestradata izveidota piramidas fasazu mozaika (4.1. attéls), tadéjadi veidojot
pamata bazi specifiskas informacijas slanu integracijai.

4.1. attels. Piramidas geotelpiskais modelis ar integréto piramidas fasazu
fotomozaiku

Turpmak pétijuma izstradataja piramidas 3D modeli tika integréti speci-
fiskas informacijas slani — dédésanas veidi un to intensitate, ka ari bavé konsta-
tétas plaisas un parravumi.
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4.2. Pakapju piramidas stabilitate

Sakaras plato teritorija ir sen zinama ka seismiski aktiva zona, kur katru
gadu tiek fiksétas zemestrices vidéji ar 4 ballu magnitadu. Diemzél sistematiski
seismiskas aktivitates novérojumi S$eit netiek veikti, bet seismisko staciju
dati neatbilstosas kvalitates dé] nav ieklauti neviena starptautiska seismisko
novérojumu tikla.

Zemestri¢u ietekme un postijumi ir visai nozimigi, un ipasi uzskatami tie ir
ne tikai pazemé, bet ari DZosera piramidas arsienas. Veiktais Dzosera piramidas
plaisu un parravumu pétijums balstdas uz 2006.-2011. gada vairakkartigi
veiktiem piramidas fasades augstas izskirtspéjas fotodokumenésanas darbiem
un iegato attélu detalizétu analizi. Pétijuma plaisas un parravumi ir konstatéti
visas piramidas fasadeés, tie ir atpazistami visas fotodokumentacijas pétijjumu
sérijas vairaku gadu laika.

Pétijuma izmantotais 3D modelis ir batisks ieguvums un rada prieksroci-
bas ka datu piesaistei, ta arl $o datu un rezultatu interpretacijai (Seglins,
Kukela, 2012). Pasu nozimigako plaisu un lizumu analizes rezultats ir paradits
4.2. attéla.

Apzinatas plaisas un lizumi piramidas fasadés ir konstatéjamas, sakot ar
plaisam atseviskos bavakmens blokos un to grupas. Vairaki ldzumi ir konstatéti
un parbauditi daba un aptver visu piramidas pakapienu. Ir konstatéti tadi lazumi,
kas $kérso piramidas fasades lielako dalu. Blakus apskatitajiem lazumiem ipasi
analizéjami ir diagonali vérsti lazumi, kas konstatéti visas piramidas fasadés.
Daudzi no tiem ir izsekojami ne tikai vairakas pakapés, bet arl vairak neka
tresdala no fasades platuma un norada uz baves viendabiguma zudumu, un tas
ir uzskatams par oti nopietnu apdraudéjumu objekta saglabasanai nakotné.

20 40m

4.2. attels. Noteikto lizumu un plaisu izvietojums uz piramidas fasadém
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3D modelis uzskatami parada galvenos plaisu orientacijas virzienus un
lauj prognozét visas baves deformacijas nakotné. Buves atrasanas seismiski sa-
lidzinosi aktiva zona tikai paaugstina riskus, ka ari norada uz plasaku instru-
mentalu pétijumu nepiecieSamibu visa bave.

4.3. Izmantoto akmens biivmaterialu kvalitates pazimes

Dzosera piramidas buvnieciba izmantoto akmens bloku izgatavosanas
kvalitates un bloku dédésanas novértéjums lava nodalit jau iepriekséji zinamos
(Lauer, 1962) piramidas izveides posmus (2.2. attéls). Sie valdnieka DZosera
piramidas bavniecibas posmi turpmak tika raksturoti péc $adiem akmens bloku
kvalitates novértéSanas kritérijiem: bloku izméri (izméru dazadiba, variacijas),
izvéléta materiala vienveidigums, bloku virsmas apstrade un bloku iepriekséja
apstrade.

Veiktais piramidas akmens bloku raksturojums péc iepriek§ minétajiem
kritérijiem norada, ka piramidas baivniecibas laika ir sperti divi Joti nozimigi soli
bavmaterialu ieguvé un izmanto$ana. Vispirms ta ir pareja no gadijjuma akmenu,
kas tiek saistiti ar loti lielu cementa masas daudzumu, savaksanas apkartné
bavniecibas vajadzibam (M1) uz piemérota buvakmens mekléjumiem tuvéja
klingaina plato nogazé (M2). So pareju visdrizak ierosina praktiski apsvérumi,
jo apkartéja tuksnesi Sakaras plato $o akmenu daudzums ir visai neliels. Lidz
ar to logisks ir tuvaka cita avota mekléjums plato nogazé. Pienémums, ka $im
vajadzibam kapenu kompleksa apkartné tika ierikots ipass karjers, nav pamatots
ar konstatéjamo akmens bloku sastavu (nav izmantots viena vai lidziga sastava
akmens materials, un dala akmens materiala pirms iestrades bavé ir dédéjusi,
tas ir, bijusi ilgstosi paklauta dédésanas procesiem).

Otrs butisks solis ir pareja no ieprieks$éjas raksturotas akmens materiala
kvalitates (M2/M3) uz viena tipa akmens bloku iestradi bavé (P1). To kvalitate
nav augsta, bloku izméri atskiras, bet iegits ir lidziga sastava un lidzigu ipasibu
akmens. Pastarpinati tas norada uz ieguves centralizaciju un kalnraipniecibas
attistibu, bet iegita materiala lidziga kvalitate — uz atbilstosu geologisko péti-
jumu realizaciju pirms ieguves (Kukela, Seglins, 2012d).

Kopuma, novértéjot piramidas celtnieciba izmantoto buvmaterialu, var
skaidri izgkirt dazados bivniecibas un materialu atlases posmus. So dazado
posmu vizualizacijai vislabak noder izstradatais piramidas geotelpiskais modelis,
kurs ir piemérots dazadu specifiskas informacijas slanu attéloanai.
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4.4. Izmantoto saistvielu novertéjums

Valdnieka DzZosera piramida par saistvielu ir izmantoti dazadi maksligi vei-
doti maisijumi un $o saistvielu izmantojums dazadas piramidas dalas nav vien-
meérigs un vizuali gandriz neatSkirams. Tadé] pasreiz ir iespéjams noveértét tikai
saistvielas dédésanas pakapi, kas ir pretéja tas saglabatibas pakapei. Detalizéti
pétijumi norada, ka piramidas btivniecibas gaita vienlaikus ir tikusas izmantotas
dazada sastava javas, tomeér nav zinami $adas izvéles iemesli, jo ir apzinata tikai
fasades aréja karta neliela dziluma. Tapat objekta nav iespéjams veikt tiesus ins-
trumentalus mérjjumus un nemt paraugus analitiskiem pétijumiem.

Visu piramidas fasazu fotodokumentacijas analize lava noteikt plasak
izplatitos un piramidas buvnieciba izmantotos saistvielu veidus. Visplagak
izplatitas ir divu veidu saistvielas, kuru pamatmasu viena gadijuma veido
tradicionals kleka materials no Nilas nogulam, bet otra - kompozitu masa no
smiltim un gipsa ar kalka un mala piemaisijumu. Atkariba no komponentu
proporcijam ir iespé&jams vizuali diagnosticét un ari parbaudit daba vairakus So
domingjo$o cementu tipu paveidus, ka arl izmantotas saistvielas daudzumu.

Kapenes pirma mastaba tika veidota no apkartné savaktiem plakaniem
akmeniem, kas ir izturigaki par kleka kiegeliem. Tomér to dro$iba nav par-
baudita, noteikta nozime ir ari buvei nepiecieSamo akmenu ierobezotam dau-
dzumam apkartné. Iespéjams, tie$i tadé] piramidas pamatné eso$as mastabas
bavé ir izmantots ievérojams cementa daudzums, kas vietam parsniedz iestra-
dato akmenu daudzumu. Turpmakas buvniecibas stadijas tiek apgiti jauni
akmens materiala ieguves un apstrades panémieni, kas lauj batiski samazinat
nepiecieS$ama cementa daudzumu. Vienlaikus tiek pilnveidota saistvielas kom-
pozicija, jo mainijies ir arl saistamo bavbloku sastavs un ipasibas.

Saistvielu novértéjums ir indikators, kuru efektivi var izmantot, pétot ne
tikai baves dro$ibu un stabilitati, bet nosakot ari neatliekami nepieciesamos
remontus. Saistvielas raksturo ari bavniecibas dazados posmus un palidz no-
vértét zinaSanu pieauguma izmainas piramidas buivniecibas gaita.

4.5. DZosera piramidas akmens materiala dedésanas novértéjums

Dzosera piramida nav pieejama tieSiem pétijumiem, un tas ierobezoja
metozu izvéli un iespé&jas instrumentali un analitiski novértét daudzus rakstur-
lielumus. Tadé] ar1 $im pétijjumam par pamata informacijas avotu tika izmantota
vairakkartigi veikta piramidas fasazu fotodokumentésana un iegito datu frag-
mentara parbaude daba, neizmantojot destruktivas pétniecibas metodes.

Dédésanas veidu detalizéta identifikacija tika veikta daba parbauditos
parauglaukumos un turpmak manuali interpretéjot augstas izskirtspéjas foto-
dokumentaciju. Minéta darba veiksanai tika novértéta katra piramidas fasadé
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eksponéta bloka virsmas saglabatiba jeb bojajumi, kurus izraisijusi dédésana.
Papildus tika novértéti arl bavblokus saisto$a cementa veidi un to saglabatiba
(Kukela, Seglins, 2012a).

Pétijuma vajadzibam tika izstradats Dzosera piramidas bloku virsmas dé-
désanas pieméru katalogs, kur$ aptver vairakus dédésanas veidus (noapalosana,
virsmas noslano$anas un akmens materiala zudums), un katram no tiem ir
noteiktas 5 dédésanas izpausmes intensitates (Kukela, Seglins, 2012c).

Atspogulojot konstatétos dédésanas veidus un intensitates 3D geotelpiskaja
modeli, secinams, ka $o kategoriju izvietojums piramidas fasadés veido sarezgitu
attélu un nepastav kads dédésanas veids vai ta intensitate, kas butu raksturiga
tikai vienai atseviskai fasadei vai kadai tas noteiktai dalai (4.3. attéls). Turpreti
loti izteiktas ir maksimalas dédésanas intensitates piramidas fasazu malas, stiros,
ka ari ieprieks aprakstito lizumu un plaisu zonu tuvuma ar maksimumiem $adu
lazumu krusto$anas gadijumos.

Dédésanas veidi | Intensitate 0 | Intensitate 1 | Intensitate 2 | Intensitate 3 | Intensitate 4 ]
Noapalosanas (N) I | S | E—

Virsmas noslanosanas (V) I | | S | E—
Akmens materiala zudums (Z) e | —— | —

4.3. attels. Dzosera piramidas fasadés konstatéto dedésanas veidu un
intensitates atspogulojums piramidas 3D modeli.
Balta krasa atspogulots nobiru slanis un neinterpretéjamie laukumi.
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leguto datu vienkarSota statistiska analize lauj atpazit ari vairakas citas
likumsakaribas. Kopéja dédésanas skarta fasazu platiba ir visai atskiriga. Ta,
pieméram, dienvidu fasadé tadi dédésanas veidi ka bavakmens eksponétas
virsmas noslanosanas un materiala zudums ir skarusi 49,78% (1709,7 m?)
virsmas, bet blakus eso$a austrumu fasadé - 50,36% (1213,30 m?), rietumu
fasadé - 39,96% (1145,74 m?) un ziemelu fasadé - 58,69% (1893,77 m?) virsmas.
Savukart visai izplatita bloku noapalos$anas ir salidzinosi konstants lielums, kas
visa piramidas fasazu virsmas laukuma mainas 25-33% robezas un ka atsevisks
dédésanas veids nav nozimigs turpmakai analizei.

Pétijuma iegutie dati norada, ka kopuma dominé dédésanas 2. un 3. in-
tensitate, un tas raksturo seno buvnieku augstas zinasanas materialu izvélé.
Iznémums ir austrumu fasade, kur dédésanas 4. intensitate ir sasniegusi 27%
no visas fasades virsmas. Ta ir fasade, kura atspogulojas piramidas bavniecibas
senakie posmi.

Konstatétais dédésanas intensitates sadalijums norada uz sarezgitam
likumsakaribam, kas galvenokart izriet no buavnieciba izmantota akmens
materiala kvalitates. Analizétie dédésanas veidu un intensitates sadalijuma
dati skaidri norada uz piramidas fasadés eksponétiem dazadiem bivniecibas
posmiem, ko apstiprina ari izmantota cementa kvalitates atskiribas.
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5. DISKUSIJA

Lidz$ingji zinamie novérojumi, dokumenti, arheologiskie atradumi un
vésturiskas liecibas, ka arl autores veiktie pétljumu rezultati nesniedz kadus
apstiprinajumus tam, ka geologiskas zinasanas tika parpemtas no citam
civilizacijam. Senakas akmens btives Senaja Egipté ir saistitas ar mirugo kultu un
valdnieku kapeném (Shafer, 1997). Sadu sakralo bavju izveide balstas uz daudzu
gadu simtu senam tradicijam, ka ari loti savdabigo religisko kultu praksi Senas
valsts laika Egipté, kad jaunievedumi tiek ieviesti loti pakapeniski un nav zinami
gadijumi par sve$u kultiru ietekmi uz tiem (Kamil, 1998, Arnold, 1999).

Konkrétu analitisku pétijumu datu par valdnieka DZosera piramidas
bavnieciba izmantoto akmens materialu nav daudz. Pirmo plasako ieskatu
sniedz D. un R. Klemmu pétijums (publicéts 2010. gada) par buvakmeni, kas
izmantots Senas Egiptes piramidu bavnieciba (Klemm, Klemm, 2010). Saja
pétljuma ir sniegts piramida izmantoto 67 kalkakmens paraugu petrografiskais
apraksts un realizéta $o paraugu plazmas spektroskopiska analize. Diemzél nav
zinamas $o paraugu nonemsanas vietas un iegtto analizu konkrétie rezultati,
bet ir interpretétas tikai proporcijas Mg/Fe, Mg/Sr, Fe/Mn, kas lauj autoriem
secinat, ka bavnieciba izmantots vietéjas izcelsmes materials no Sakaras plato.

Autores veiktais pétijums apstiprina iepriekséjo pétnieku minétos piramidas
bavniecibas posmus un skaidri norada arl uz izmantota bavakmens atkirigo
kvalitati (Kukela, Seglins, 2012d). Piramidas bavniecibas veids neparprotami
norada uz bavakmens vietéjo izcelsmi, ko apstiprina D. un R. Klemmu (2010)
pétijums, un izce] materiala kvalitates atskiribas. Tatad seno btivnieku zinasanas
par materialiem un geologiskiem apstakliem bija mainijusas, un tas lava
bavniecibas gaita batiski paaugstinat prasibas, izvéloties akmens materialu.

Ieprieks noraditas nepilnibas un ierobezojumi batiski veicinaja autora origi-
nalos pétijjumus par piramidas fasadés eksponéto bavbloku virsmu bojajumu un
dédéjumu novértésanu. Lidzigas metodes savulaik tika lietotas Gizas plato vald-
nieka Hufu piramidas dienvidu fasades neliela fragmenta dédésanas veidu un to
intensitates novértésana, ieskaitot instrumentalus mehaniskas izturibas mériju-
mus, kas tika papildinati ar izmantoto bavakmens paraugu petrografiskam un
kimiskam analizém (Fitzner et al.,, 2002). Sis izvérstais pétijums veido nozimigu
dalu B. Ficnera un lidzautoru (2002) izstradata dédésanas pazimju klasifikato-
ra, kas paredzéts izmantos$anai kultarvéstures piemineklu izpété. Diemzél ieguta
klasifikacija ir izmantojama tikai ar izvérstiem instrumentaliem un laboratoris-
kiem pétijumiem un tapéc ir arkartigi darbietilpiga un darga, ka ari nerealizéja-
ma objektos ar ierobeZotu pieejamibu.

Promocijas darba veiktie pétijumi liecina (Kukela, Seglins, 2011a), ka
attieciba uz pétitajiem Senas valsts pieminekliem, kas atrodas Sakaras un Gizas
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plato, pastav iespéja $o pieeju butiski uzlabot, logiska seciba sakartojot dédésanas
pazimes un intensitati, ka ari ierobezojot pazimju un kategoriju skaitu tiktal,
ciktal to diagnostikai nav nepiecieSams destruktivu metozu lietojums. Svarigi
atzimét, ka lauku pétijumu un datu apstrades posma tika panakta izstradato
dédésanas kategoriju un pazimju augsta korelacija ar B. Ficnera instrumentalo
pétijumu rezultatiem divos detalizéti pétitajos parauglaukumos. Tas lava pie-
radit saistibu starp divu pétamo parametru kopu vértibam, kas noteiktas ar
divam dazadam metodém - empirisko (uz fotodokumentacijas analizi balstito)
un instrumentalo metodi (B. Ficnera pétijumi). Tas nozimé, ka B. Ficnera
eksperimenta mérjjumu rezultati un detalizétu fotodokumentacijas analitisko
novértéjumu dati adekvati raksturo nosakama parametra skaitlisko vértibu un §i
parametra variésanu, kas $adus datus lauyj ar statistiski noteiktu ticamibas pakapi
izmantot dazadiem akmens pieminek]u saglabasanas un restauracijas projektu
aprékiniem Egipté un teritorijas ar lidzigiem fiziogeografiskiem apstakliem.
Savukart promocijas darba iepriek§ apskatita metodika sniedza loti svarigu
informaciju par valdnieka DZosera piramidas pédéja izbaves posma izmantota
bavakmens kvalitati un batiskam $is kvalitates izmainam pat vienas bavniecibas
stadijas laika.

Nemot véra valdnieka DZosera piramidas un kapenu kompleksa statusu,
ka ari Egiptes valdibas noteiktos ierobezojumus, misu pétijuma laika nebija
iespéjams ne ievakt bavakmens un dabisko atsegumu paraugus, ne ari izvest tos
no valsts detalizéto geologisko pétijumu vietam. Tadé] pétijums tika veidots un
organizéts, balstoties uz nedestruktivam metodém un to attistibu pétijuma gaita.

Veiktais pétijums norada, ka, attistot detalizétu piemineklu augstas
izskirtspéjas fotodokumentésanu, $o dokumentu piesaisti geotelpiska modeli un
btavakmens eksponétas virsmas bojajumu un dédésanas novértésanas metodiku,
ir iespéjams iegut loti augstvértigus materialus, kas lauj izdarit secinajumus par
izmantota akmens materiala kvalitati. Sada pieeja lava detalizétak raksturot jau
iepriek$ nodalitos piramidas bavniecibas posmus un izvérsti vértét jaunakaja
bavniecibas posma izmantota akmens materiala kvalitati. Tas ir loti veértigs
faktiskais materials baves saglabasanas un rekonstrukcijas projektu izstradei.

Valdnieka DzZosera piramidas buvniecibas gaita izmantotas saistvielas
lidz $§im ir raksturotas loti vienkarSoti, vien atziméjot, ka tas ir lietotas, tam
ir sulfatcementa sastavs, bet detalizéti pétijumu rezultati lidz $im nav bijusi
publicéti. Vairums pétnieku norada uz saistvielu lidzibu visam piramidam,
kas buvétas Senas valsts laika, bet kimiska sastava analizes ir veiktas tikai
daziem paraugiem (Lucas, 1948; Salmoni, 1933). Promocijas darba autores
pétijums liecina, ka piramidas bavniecibas gaita ir izmantotas dazada sastava
saistvielas (Kukela, Seglins, 2012a), tas ir pilnveidotas, tas atskiras sava starpa
un secigi raksturo piramidas izveides galvenos posmus. Pieradits, ka saistvielu
sastava (kompozicijas) atskiribas ir tie$i korelativas ar fotodokumentacija
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diagnosticéjamam cementa dédésanas un zuduma pazimém. Lidz ar to varéja
izstradat cementa materiala dédésanas pazimju klasifikatoru konkrétam piemi-
neklim (Kukela, Seglins, 2012a) un iegttie rezultati lauj cerét, ka, to pilnveidojot,
var tik attistita pietiekami jutiga un augsti efektiva piemineklu saglabatibas no-
vértésanas metodika.

Ieprieks teiktais attiecas galvenokart tikai uz pétijuma galvena objekta —
valdnieka D7osera piramidas — detalizétu izpéti. Saja gadijuma izvélétais objekts
ir bijis loti piemérots, jo lava detalizéti izsekot piramidas bavétaju prasmju un
zina$anu izmainam. Vélak izbavéto Senas valsts piramidu veido$anai izmantota
bavmaterialu kvalitate un saistvielas mainas ievérojami mazak un kopuma at-
spogulo to zinasanu kopumu, kas tika ieglits jau DZosera piramidas izveides
gaita.

Kopuma pétijjuma rezultati lauj izsekot, ka Senas valsts laika notika
geologisko zinaganu uzkrasana un ka paplasinajas izmantosanas loks. Tomér
joprojam nezinamu iemeslu dé] Senas valsts laika ]oti vaji tiek apzinati eksogénie
geologiskie, taja skaita erozijas un sedimentacijas, procesi. Atziméjamas ari vajas
zina$anas par gruntim un to ipasibam, jo bavlaukumu iepriekséja sagatavosana
un atbrivoSana no aug$éja mainigd sastava grunts slana Sakaras un Gizas
nekropoles buveés tiek ieviesta tikai Senas valsts nosléguma posma (Kukela,
Seglins, 2011b).

Veiktais pétijums norada, ka geologiskas zinasanas Senas valsts laika ir
nozimigi palielinajusas, tomér nav pamata tas parspilét. Kopuma tas drizak batu
saucamas par augstam profesionalam prasmeém, pieredzi un zinasanam, kas tika
nodotas no paaudzes uz paaudzi. Tas ir tradicionals zinasanu parneses veids, kas
zinams ne tikai Senaja Egipté, bet loti daudzos pasaules regionos ari misdienas
(Nicholson, Shaw, 2009). Savukart DZosera piramidas izveides posmu analize
norada, ka pieaugos$as geologiskas zinasanas un iespéjas izvéléties noteiktas
kvalitates bavakmeni ir veicinajusas baves vairakkartigu parbavi, lidz ta ieguvusi
misdienas zinamo izskatu.
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SECINAJUMI

Dzosera piramidas bavnieciba izmantotie materiali un to kvalitate norada
uz geologisko zinasanu par buavmaterialu dabiskam izejvielam pakapenisku
pieaugumu buvniecibas gaita. Tas ir ieprieks$éjos vésturiskos periodos uzkratas
zina$anas un prasmes, kas Senas valsts laika tiek pielagotas un attistitas akmens
materiala piegadém lielako sakralo bavju vajadzibam.

Noveértéjot piramidas geotelpiskaja modeli attéloto dédésanu péc maksimalas
tas izpausmes intensitates, tika konstatéts, ka 1., 2., 5. un 6. piramidas pakapes ir
veidotas no lidzigas kvalitates materiala. Dominéjo$s dédésanas veids ir akmens
bloku noapalo$ana un akmens materiala zudums. Piramidas 3. un 4. pakapes
celtnieciba izmantotais materials ir at$kirigs - Seit dédésanas veidi un to inten-
sitates ir loti dazadas un skar nelielus fasades laukumus.

Lielaka dédésanas intensitate ir plaisu blivuma zonas. To analize norada,
ka piramidas pakapju centralaja dala ir izmantots zemakas kvalitates akmens
materials, bet pakapju sanu malas — augstakas kvalitates materials.

Butiska nozime ir akmens bavbloku cementéjosai vielai. Veiktais pétijjums
norada, ka saistvielas sastava kvalitativi un daudzskaitliski analitiskie pétijumi ir
uzskatami par vienu no prioritatém piramidas turpmakaja izpéte.

Veiktais pétijjums pirmo reizi piedava Dzosera piramidas misdienigu geo-
telpisko modeli, kas lauj atsevisko akmens materialu pétijumu rezultatus atspo-
gulot telpiski. Sadi sagatavotie informacijas slani lauj izdarit bitiskus secinaju-
mus par izmantota bavakmens kvalitati un apzinat piramidas fasazu bojajumus.

Daudzus gadus ilgusa pétijuma iegitie rezultati ir tikai neliela dala no
tas informacijas, kas vél apgastama loti aktualaja seno piemineklu bojajumu
veido$anas mehanisma izzinasanas un $o procesu prognozu joma, ka ari citu
nedestruktivu seno piemineklu pasreizéja stavokla novértésanas metozu at-
tistiba. Tas neparprotami liecina par to, ka $aja virziena pétijumi ir jaturpina ari
nakotné.



27

PATEICIBAS

Promocijas darbs izstradats ar ESF projekta , Atbalsts doktora studijam
Latvijas Universitate”, Nr. 2009/0138/1DP/1.1.2.1.2/09/IPIA/VIAA/004, LU
registracijas Nr. ESS2009/77, finansialu atbalstu. Lielu ieguldijumu darba
tap$ana, ka arl metodiskas konsultacijas un rekomendacijas sniedza $i pétijuma
zinatniskais vaditajs geologijas doktors un Latvijas Universitates profesors Valdis
Seglins.

Metodiskas konsultacijas un atbalstu lauku darbu planos$ana, ka ari ekspe-
rimentu veik$ana sniedza Latvijas zinatniskas ekspedicijas (Egipté) vaditajs
Dr. arh. Bruno Delans, Dr. sc. ing. Janis Klétnieks, Dr. sc. ing. Maris Kalinka,
Francijas arheologiskas misijas Bubasteona (Egipté) vaditajs Dr. Alans Zivi, ka
ari Latvijas Nacionala makslas muzeja Arzemju makslas departamenta vaditaja
Daiga Upeniece un kolekcijas glabataja Baiba Uburge. Tapat autore pateicas SIA
»Mikrokods” darbiniekiem Baibai Ziemelei un Oto Luksam.



28

PUBLIKACIJU SARAKSTS

Raksti starptautiskajos izdevumos un kolektivajas monografijas

Kukela, A., Seglins, V., 2012. DZosera piramidas akmens materiala dédéSanas nedestruktiva
novérté$ana. No: Latvijas Universitates Raksti, 789 s¢j. Riga: LU Akadémiskais apgads,
105.-116. Ipp.

Kukela A., Seglins V., 2012. Application of Building Stone in the Old Kingdom of Ancient
Egypt as an Indicator of Changes in Knowledge. Scientific Journal of Riga Technical
University. 1. series, Material Science and Applied Chemistry, Vol. 25 (2012), p. 31-36.

Seglins, V., Kukela, A., 2012. Damage assessment and 3D visualization: an example of the
Step Pyramid, Egypt. In: Proceedings of the International Multidisciplinary Scientific Geo-
Conference Surveying Geology ¢ mining Ecology Management. SGEM2012, Bulgaria,
p. 1005-1011.

Kukela, A., Seglins, V., 2012. Assessment of weathering of construction blocks and mortar
in historical monuments. Journal of Earth Sciences and Engineering, Vol. 2, Number 4
(2012). David Pubishing, USA, p. 235-240.

Kukela, A., Seglins, V., 2012. Cultural heritage between environmental conditions and human
impact, example of Egypt. In: Proceedings of the Liepaja University 14th International
Scientific conference “Society and Culture: frontiers and new horizons”. Liepaja, p. 112-121.

Kukela, A., Seglins, V., 2011. Znanija o nedrah i ih kachestve v rechnom basseine reki Nil
na primere Drevnego Egipta. In: Proceedings of the International scientific and applied
conference ,,Resources and ecologic problems of Volga basin”. Vladimir, Russia, p. 72-75.

Kukela, A., Seglins, V., 2011. Stone material deterioration studies in world heritage sites for
evaluation of conservation strategy. In: Proceedings of the 7th International conference
“Geology at School and University: GEOLOGY and CIVILIZATION”, Vol. 1. Saint-
Petersburg, Russia, p. 142-149.

Kukela, A., Seglins, V., 2011. Simplified Method of Assessment of Weathering on Historical
Stone Monuments: An Example of El-Merdani Mosque, Cairo, Egypt. Journal of Earth
Sciences and Engineering, Vol. 1, Number 2 (2011). David Publishing, USA, p. 82-90.

Kukela, A., Seglins, V., 2011. Study of the historical monuments: from the photography to
the digital spatial model. In: Proceedings of the 53rd International Scientific conference of
Daugavpils University, [CD-ROM].

Seglins, V., Kukela, A., Kalinka, M., 2011. Geovizualization of stone material weathering
data for geoarchaeological studies. In: Proceedings of the International Multidisciplinary
Scientific Geo-Conference Surveying Geology & mining Ecology Management. Vol. II.
SGEM2011, Bulgaria, p. 401-407.

Kukela, A., Seglins, V., 2011. The development and planning of settlements in Ancient Egypt.
In: Proceedings of the 52" International Scientific conference of Daugavpils University.
Reports on Research. Saule, p. 66-73.

Kukela, A., Seglins, V., 2010. Artefacts and geo-environmental data inventory in the Step
Pyramid and its management through Geographical Information System (GIS). In: The
International conference “Achievements and Problems of Modern Egyptology” Conference
proceedings. Moscow, Russia, p. 185-195.



29

Starptautisko konferencu un seminaru referatu tézes

Kukela, A., Seglins, V., 2011. Application of building stone in the Old Kingdom in Ancient
Egypt as an indicator of changes in knowledge. In: Book of abstracts of the 52nd
International Scientific conference of Riga Technical University, October 13-15, 2011, RTU.
Riga, Latvia, p. 79.

Kukela, A., Seglins, V., 2011. Assessment of weathering of construction blocks and mortar
in historical monuments. In: Book of abstracts of the 5" Baltic Conference on Silicate
Materials “Baltsilica 20117, May 23-25, 2011. Riga, Latvia, p. 44-45.

Kukela, A., Seglins, V., 2011. From photography to geospatial model in geoarchaeological
studies. In: Abstracts of the 2" Students’ International Geological Conference, April 28 -
May 01, 2011. Ratnieki, Latvia, p. 14.

Kukela, A., Seglins, V., 2011. Study of the historical monuments: from the photography to
the digital spatial model. In: Abstracts of the 53rd International Scientific conference of
Daugavpils University, April 13-15, 2011. Daugavpils, Latvia, p. 170-171.

Kukela, A., Seglins, V., 2010. The development and planning of settlements in Ancient Egypt.
In: Abstracts of the 52" International Scientific conference of Daugavpils University, April
14-16, 2010. Daugavpils, Latvia, p. 211.

Kukela, A., Seglins, V., 2009. Artefacts and geo-environmental data inventory in the Step
Pyramid and its management through Geographical Information System (GIS).
In: Abstracts of the International conference “Achievements and Problems of Modern
Egyptology”, September 29 — October 4, 2009. Moscow, Russia, p. 18-19.

Kukela, A., Seglins, V., 2009. Ceramic artefacts and geo-environmental data inventory in the
Step Pyramid and its management through Geographical Information System (GIS). In:
Abstracts of the International conference “Clays, Clay minerals and layered materials -
CMLM2009”, September 21-25, 2009. Zvenigorod, Russia, p. 285-286.

Kukela, A., 2008. Archaeological inventory in the Step Pyramid and its management through
Geographical Information System (GIS). In: Abstracts and programme of the 23"
International Baltic Conference on the History of Science, October 9-10, 2008. Riga,
Latvia, p. 39.

Konferenc¢u un seminaru referatu tézes Latvija

Kukela, A., Seglins, V., 2012. Unis piramidas fasazu akmens materiala dédésanas netiesa
novérté$ana. No: Geografija. Geologija. Vides zinatne. LU 70. zinatniskas konferences
referatu tézes. Riga: LU Akadémiskais apgads, 187.-189. Ipp.

Kukela, A., Seglins, V., 2011. Hufu un Unis piramidu akmens materiala dédésanas veidu
salidzino$s novértéjums. No: Geografija. Geologija. Vides zindatne. LU 69. zinatniskas
konferences referatu tézes. Riga: LU Akadémiskais apgads, 320.-323. Ipp.

Kukela, A., Seglins, V., 2010. Sabiedriskas telpas planosana Egipté Senas valsts sakuma posma.
No: Geografija. Geologija. Vides zinatne. LU 68. zinatniskas konferences referatu tezes.
Riga: LU Akadémiskais apgads, 145.-146. Ipp.

Kukela, A., Seglins, V., 2010. Bavakmens Senas valsts sakralas baves Egipté. No: Geografija.
Geologija. Vides zindtne. LU 68. zinatniskas konferences referatu tézes. Riga: LU
Akadémiskais apgads, 317.-318. Ipp.

Kukela, A., Seglins, V., 2009. Dzosera piramidas dazados biaivniecibas posmos izmantota
akmens materiala novérté$ana. No: Geografija. Geologija. Vides zinatne. LU 67. zinat-
niskas konferences referatu tézes. Riga: LU Akadémiskais apgads, 209. Ipp.






UNIVERSITY OF LATVIA
DEPARTMENT OF GEOGRAPHY AND EARTH SCIENCES

Agnese Kukela

THE DEVELOPMENT OF GEOLOGICAL
KNOWLEDGE IN THE OLD KINGDOM OF
ANCIENT EGYPT

Summary of Doctoral Thesis

In partial Fulfilment of the Requirements
of the Doctoral Degree in Geology
Subdiscipline of Applied Geology

Riga, 2012



The doctoral thesis was carried out at the Chair of Applied geology, department of Geography and
Earth sciences, University of Latvia from 2008 to 2012.

*rx LATVIJAS
Ex ESF | & Ve
o R / UNIVERSITATE
EIROP;:%Z%EIALAIS ** * ** ANNO 1919

Eiropas Savieniba

IEGULDIJUMS TAVA NAKOTNE

The Promotion thesis has been supported by the European Social Fund within the project «Support for
Doctoral Studies at the University of Latvia» (Nr. 2009/0138/1DP/1.1.2.1.2/09/IPIA/VIAA/004) of the
University of Latvia.

The thesis contains the introduction, 6 chapters, and reference list.
Form of the thesis: dissertation in geology, sub discipline of applied geology

Supervisor: Dr. geol., Professor, Valdis Seglins

Reviewers:
Girts Stinkulis, Assoc. Professor, Dr. geol., University of Latvia
Juris Soms, doc., Dr. geol., University of Daugavpils
Ojars Sparitis, Professor, Dr. habil. art., Art Academy of Latvia

Doctoral Committee:
Vitalijs Zel¢s, Professor, Dr. geol. — council chairman
Ervins Luksevics, Professor, Dr. geol. — deputy chairman
Aija Délina, Docent, Dr. geol.
Laimdota Kalnina, Assoc. Professor, Dr. geogr.
Valdis Seglins, Profesor, Dr. geol.
Ivars Zupins, Dr. geol.

Secretary: Girts Stinkulis, Assoc. Professor, Dr.geol.

The thesis will be defended at the public session of the Doctoral Committee of Geology, University of
Latvia, at 10:00am on December 14, 2012, Alberta street 10, Riga.

The thesis is available at the Library of the University of Latvia at Kalpaka blvd. 4.

This thesis is accepted for the commencement of the degree of Doctor of geology on October 4, 2012,
Protocol No.01/2012, by the Doctoral Committee of Geology, University of Latvia.

Address for submission of comments:
Dr. Girts Stinkulis, Department of Geology, University of Latvia, Raina Blvd. 19, LV-1586, Riga. Fax:
+371 67332704, e-mail: Girts.Stinkulis@lu.lv

© University of Latvia, 2012
© Agnese Kukela, 2012

ISBN 978-9984-45-604-1



CONTENTS

ADSEIACT oo 34
Topicality of the StUAY .....ccocvueieeerererce e neenes 35
The aim and main objectives of the study ..o, 35
Scientific novelty of the study ... 36
Approbation of the study results ........ccooceivineineininineceseeeieenes 36
1. The Review of previous geological studies of egypt .......cccoveuveueerrerrceerneunes 37
1.1. Geological structure of EGYPL ....cccevuereerererucrierirerinemeieeiesiensenseneenens 37
1.2. Previous concept about resources and geological
knowledge in Ancient EGYPt ....ccouvevcivineinciinineeirireieceniseieneneeene 38
2. The territory of the StUAY ......c.cccvereeereriireiceerrinceeeseeeeesei e sseseeseeene
2.1. Saqqara plateau geological structure
2.2. Characteristics of the study 0bject ...,
3. Materials and methods ... 43
3.1. The photo documentation of the pyramid and
creation of geo-spatial model ........cccocuviviineininineieiniee s 43
3.2. The assessment of stone block surface weathering ...........cccoeevevvevunece. 43
3.3. Studies of the facades of the Step Pyramid ........ccoccoevimucrernerncrcrnenne 45
4. RESULLS oottt a e 46
4.1. Development of geospatial model ...,
4.2. The stability of the Step Pyramid .......cccooveueereneneeneenenenecceneineneneeans
4.3. Characteristic features of the stone material .....

4.4. The assessment of mortar used in the pyramid

4.5. Assessment of weathering of the stone material

at the Pyramid of DJOSEr .......ocveveeiuiueeecieniireicineieeeiseseeseesiseseneenanees 49
5. DISCUSSION .ouiuiiiiiiiiiiicii s 52
CONCIUSIONS ..vvveiverriiicri sttt 55
ACKNOWIEAZMENLS .....ouieeeriiriiiiieiiei s sassaas 56
List Of PUDLICAtIONS ...uvvueuirerecrmeiieiieicieeeciseieeeeniseise e nisease e ssese et sessasessessenseens 57

REFEIEIICES .vuvvvvereteteteeeeeeeeee ettt bttt bbb ss s st eseseseseseseasasasanes 59



ABSTRACT

The doctoral thesis is dedicated to the analysis of development of geological
knowledge in the Old Kingdom of Ancient Egypt, at the period when first stone
cult buildings are being built, including the Step Pyramid of Djoser. This pyramid
was built in several construction stages that differ significantly in the quality of
stone material and mortar used. These differences characterize the development
of knowledge regarding the extraction of natural raw materials and numerous
technological innovations.

The results of the study allow to conclude that during this historical period
in comparatively short time skills and knowledge of individual craftsmen
were gradually accumulated and resulted in construction of the greatest stone
monument of that time. This building indicates a high level of state administration’s
centralization, multilevel organization and management of work in a large scale
project, including research and extraction of all necessary raw materials and
their processing for particular construction needs. Systematic analysis of ancient
monuments and high degree of detailed elaboration allow us to apply this evidence
as an indicator to evaluate changes and development of geological knowledge in
Ancient Egypt.

Keywords: geology of Egypt, Old Kingdom, construction materials, assessment
of weathering, 3D models, geological knowledge.
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Topicality of the study

The geological knowledge and its development during the Old Kingdom of
Ancient Egypt are emphasized not only in the title of the thesis, but also in the
work itself, aiming to prove the necessity of customised approach to the studies
of ancient monuments in the specific physiogeographical conditions in Egypt,
requiring assiduous research. The provenance and quality of the stone materials
used in the Old Kingdom is a subject for intensive studies of many scholars and
this fact defines the topicality and modernity of this research.

It is a well-known fact that initial conditions and present state of preservation
of the stone material is linked to the properties of natural rocks, their physical
and chemical properties, as well as several other factors. The interaction of these
factors defines changes and preservation of the building materials and mortar
(Kukela, Seglins, 2012a; Klemm, Klemm, 2010). These changes differ from
the properties of rock in natural bedding and on the exposed outcrops of the
Saqqara plateau. The method of acquiring parameters to evaluate the quality of
building materials elaborated in this study is necessary for the development of
restoration and preservation plans for historical stone monuments.

The aim and main objectives of the study

At the beginning of the study several hypothesis have been proposed.
According to these hypotheses during the Old Kingdom of Ancient Egypt there
have been different possibilities of attaining geological knowledge enabling
the inception of large stone monument construction. The first hypothesis
proposed that the knowledge was imported from other highly developed
cultures. The alternative hypothesis proposed the idea of gradual accumulation
and development of local knowledge. The objectives of this study were set,
accordingly, for verification of these two hypotheses.

The aim of the study is to appraise and verify both formulated hypotheses
regarding the development of geological knowledge during the Old Kingdom of
Ancient Egypt.

In order to achieve the aim, all available elaborations of theoretical methods,
scientific literature, technical reports, proceedings of conferences and seminars
were evaluated and analysed.

The main objective of the study is to aggregate and analyse information and
extensive factual material, identifying and excluding erroneous data potentially
affecting credibility of the final results of the study. Additionally, it has been
necessary to find a correct methodological solution that would allow us to
obtain verifiable and repetitive data at the objects of limited accessibility.
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The implementation of aforementioned objectives encompasses the study
of historical context and detailed exploration of several monuments of cultural
heritage thus enabling us to analyse and evaluate geological knowledge regarding
construction materials and their quality, as well as appraise an option of applying
the methodology developed in similar studies in this region.

Scientific novelty of the study

In this doctoral thesis for the first time systematic analysis of the data
obtained in a remote manner was analysed and verified in situ, identifying the
regularities, appraising conditions and factors affecting the results.

This research focused, especially, on the geological and physiogeographical
conditions of Egypt, allowing to assess the particularities of raw materials used
in the construction of the monuments.

For analysing the results a versatile and complex approach was applied.
The photo documentation in high definition was used to analyse the state of
preservation of the exposed surfaces of the stone blocks, verifying the results
obtained in situ thus demonstrating the novelty of this approach.

To verify the results obtained the innovative method of assessment of
construction block damages was applied. This method was based on instrumental
measurements and adjusted for application in the objects of limited accessibility.

This study is the first of its kind in Latvia, and the results obtained are only a
minor part of the whole scope of information necessary to analyse in the field of
the history of the Old Kingdom. Thus it denotes the necessity to continue such
studies in the future.

Approbation of the study results

The results of this thesis are published in 12 scientific papers, 6 of which
have been published in per reviewed journals and monographs, 8 publications
contain international conference and seminar theses and 5 reports were
published in scientific conferences and seminars in Latvia. At the international
congresses and conferences 10 papers were presented and 6 papers presented at
the conferences and seminars in Latvia. The materials published fully cover the
results obtained in this study and emerge from the objectives of this doctoral
thesis.

As an additional aspect the issues regarding the diagnostics of the
stone material damage and interpretation of the results were analysed. The
interpretation and presentation of the results were approbated in various
geoarchaeological studies in Latvia, as well as in other European countries.
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1. THE REVIEW OF PREVIOUS GEOLOGICAL
STUDIES OF EGYPT

Up to the end of the 19" century the research of the territory of Egypt was
mainly conducted by individual naturalists and travellers, and by commissioned
scientists. During Napoleon’s expedition first systematic geological and
mineralogical studies of Northern Egypt were undertaken. The rocks used in the
construction of the pyramids and temples of Ancient Egypt were recognised and
identified for the first time.

Systematic geological studies of the Arab Republic of Egypt begun in 1896,
when the Geological Survey of Egypt was established. In 1912 the first geological
maps M 1 : 1 000 000 were published. These maps contained general geological
information on the main rock lithotypes. In 1981 geological maps of Egypt
M 1:2 000 000 were published and up to date these maps are the most accurate
ones and are based on the field observations and laboratory analysis of samples.

In comparison to other countries of Africa, the geology of Egypt’s territory is
not so particularly explored. Therefore in archaeological and geoarchaeological
studies the maps from English Colonial period are used. Especially it concerns
the areas of the Nile Valley up to the period of New Kingdom of Ancient Egypt.

1.1. Geological structure of Egypt

The Arab Republic of Egypt is situated in the north-eastern corner of the
African continent and extends beyond the Gulf of Suez and the Suez Canal into
the Asian Near East. Egypt is a part of North African Shield which during its
geological history underwent periodic transgressions. There are three plates for
the northernmost area of Africa — the Nubian plate, the Arabian plate and the
Sinai plate. The relative motion of these plates led to the opening of the Read Sea,
the Gulf of Aqaba and, in part, of the Gulf of Suez. Overall this is a seismically
active area where earthquakes with magnitude above 5.0 happen regularly.

The sedimentary cover overlying Precambrian basement accounts for about
90% of Egypts surface. The sequence embraces almost all stratigraphic stages
and ranges from Early Palaeozoic to Quaternary. Palacozoic era is characterized
by a prevalence of continental clastic deposits. This period ends with the Upper
Carboniferous — Lower Permian marine deposition that followed the Hercynian
orogenic phase and subsequent erosional period.

The Mesozoic begins with continental deposition predominantly. Jurassic
deposits, mainly continental, cover parts of the western side of the Gulf of
Suez, northern Sinai and large areas of the Western Desert. The Cretaceous
sedimentary section is represented by the Nubian sandstone of continental and
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marine origin. The Late Cretaceous series are represented by a variety of marine
facies with a pronounced phosphatic development along the rims of the local
depocentres and basinal facies, as well as dolomitic sandstones and biomicrites
along the rims of the basins in the northern Egypt.

Palaeocene — Eocene formations were deposited over large areas of Egypt
up to the border of Sudan. Oligocene time is characterised by general uplift
that affected most of the area of Egypt with concurrent deposition of coarse
continental clastics over eroded surfaces and structural lows, that prevailed
mostly in southern Egypt.

Late Miocene and Pliocene represent the final phase of Egypt’s depositional
history. Crustal movements continued from Late Miocene into Early Pliocene
and then were substituted by renewed and short lived transgressional period
which affected the relatively narrow coastal area of northern Egypt, Gulf of Suez
and the Red Sea. The Nile River finally followed its present course and built up
its huge delta, protruding over the step-faulted hinge line into the Mediterranean
(Schlumberger, 1984; Said, 1990).

1.2. Previous concept about resources and geological knowledge in
Ancient Egypt

Since antiquity times most of the population of Egypt inhabited the Nile
Valley only (about 0.5% of the whole territory of the country). On this territory
more than 95% of inhabitants were concentrated.

During the Roman Empire the number of inhabitants of Egypt reached
approximately 18 million. The dependence on accessibility of natural resources
outside the borders of the Nile Valley was always a pending matter. Limitation
of natural resources and the large number of inhabitants have been the factors
accelerating the development of exploration and investigation of natural
resources since the most ancient times.

In Ancient Egypt water was always a critical resource and its availability
defined density of population. Already at the birth of Ancient Egyptian state
the nilometers — special tools to measure the Nile waters during the annual
flood season were introduced. Such water monitoring system not only helped to
prognosticate the volume of crop, but also calculate taxes to be paid.

The second important resource coming from the Nile River is alluvial
deposits - mud used to fertilize the fields. This material was also used in making
mud-bricks applied in construction. At this period raw material washing was
introduced. This technique facilitated the obtention of pure, admixture free
clayey - aleirite paste and washed out alluvial sand that later could be used as a
lean material.
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The pottery making was highly developed in Ancient Egypt. Ancient
Egyptian craftsmen produced large quantity of pottery, including porcelain
like ware, whose production required extraction of white clay (kaolinite). The
knowledge obtained for the provision of these raw materials was accumulated
and later used for extraction of stones necessary to construct large scale
buildings such as pyramids (Kukela, Seglins, 2012b).
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2. THE TERRITORY OF THE STUDY

The ancient Necropolis of Saqqara plateau was chosen as the most
appropriate territory to study the development of geological knowledge
during the Old Kingdom. Additionally the Old Kingdom necropolises at Giza
and Dashur, as well as ancient Mosques in Cairo were studied to perform
comparative studies.

The data of the environmental monitoring system demonstrate that the
average air temperature and temperature of the stone surface, as well as relative
moisture and dew point temperature vary significantly during the day and the
whole year period. This denotes the existence of constant untoward conditions
for preservation of the stone monuments. Such conditions provoke the decay of
stone material and deterioration of mortar. These processes are accelerated by
abrasive effect of wind and sand erosion.

2.1. Saqqara plateau geological structure

The Saqqgara plateau is situated about 40 km southeast of Cairo on the left
bank of the river Nile and rises for 17-25 m above the present flood terrace
of the river. Starting from the Early Dynastic times this plateau was used as a
necropolis which had served as such for about 3 thousand years. The tombs
were built as underground structures, as well as mastabas and pyramids, their
combination and as simple Coptic cemeteries. Nowadays, these are outskirts of
the desert with active movement of sand.

The Saqqara plateau is formed by middle and late Miocene Mokkatam For-
mation (separate lower part of Maadi group) as layered and rhythmic lime rocks
at shallow sea conditions. The lower part of the rhythm consists of 30-50 cm
thick massive sandy limestone layer, covered by 10-15 cm thick lime marl. These
layers are overlaid by up to 10 cm thick layer of marl and argillite. The next
rhythm basement layer is sandy limestone or sandstone with carbonate cement,
which is not always marked clearly and is followed by less sandy and massive
limestone. At the upper section the proportions of layers change and clayey
rocks prevail. At the top of rhythm the proportion of the limestone and marl/
argillite reaches almost 1:1. The thickness of rhythms is not constant and vari-
ations are observed from 0.7-1.2 m up to 4-5 m. Sometimes local depressions
are visible, where the thickness of clayey rock layer reaches several meters. The
general tendency marks an increase of clayey layers thickness towards the south,
but to the north these rocks have considerable amount of gypsum. Aforemen-
tioned grey and yellowish grey layers of sandy limestone are the main building
materials in this area used in construction of the necropolis and the upper part
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of the geological section at some parts are exposed on the stem escarpments of
the plateau (Fig. 2.1.).

Figure 2.1. Exposed part of the geological outcrop of the Saqqara plateau

The Saqqara plateau is located in the seismically active area where
earthquakes with magnitude of about 4.0 happen yearly. As a result, massive
limestone layers are cracked forming peculiar structure of blocks measuring
approximately 0.30-0.40 m.

2.2. Characteristics of the study object

The Step Pyramid of Djoser was chosen as the object of our study. This
pyramid was built in six stages, gradually progressing from initial square
mastaba and then forming the final six-step pyramid (Fig.2.2.). During almost
20 years long construction period the initial square mastaba (M1) had two
phases of enlargement (M2 and M3) and later, this step-shaped mastaba was
also rebuilt—first forming a four-step pyramid (P1) and later a six-step pyramid
(P2) of rectangular base.

At its present form the base of the pyramid measures 121 x 109 meters,
the height of the pyramid is 63 meters (Baud, 2002). According to the recent
calculations, the volume of the pyramid is 330 400 cu. metres. The substructure
of the pyramid consists of numerous tunnels, underground passages and
magazines of about 6 km and the Central Shaft, 28 meters deep, was dug for the
burial chamber (Lehner, 2004).

The Step Pyramid of Djoser is not a congeneric structure. Materials of
various kinds were used in its construction although not all these materials were
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applicable. It was known already in the antiquity; therefore the pyramid was
substantially rebuilt and reconstructed several times. The Pyramid is located
on Saqqara plateau which is seismically active area where earthquakes with
magnitude of about 4.0 happen yearly. Some of these earthquakes are very
heavy and cause severe damage to the stability of the structure of the pyramid.
It is known that the earthquake of the 1992 caused not only collapse of some
underground tunnels but also damaged the fagade of the pyramid. Most of the
damaged parts were fixed with cement and concrete. These materials due to
differences in their properties in some parts still cause threat to stability of the
whole structure.

Figure 2.2. The Step Pyramid of Djoser and its main construction stages
(after Verner, 2004). M1, M2, M3 - initial mastaba rebuilding stages;
P1, P2 - pyramid rebuilding stages.

In recent years, a number of studies to assess the degree of damage and
potential risks for pyramid complex have been performed. An extensive
pyramid’s reconstruction plan was developed. However, it is important that such
work is carried out taking into consideration various stages of the pyramid’s
construction and diverse quality of the construction material and mortar used
for this building.
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3. MATERIALS AND METHODS

3.1. The photo documentation of the pyramid and
creation of geo-spatial model

The photographic documentation was carried out using digital camera
SONY DSC-RI 10.3 Mpix. The images of the pyramid were taken in several
shifts during the period from the year 2005 till the year 2011 acquiring images
of all four facades repeatedly (approximately 2300 images). These images were
classified according to the date of acquisition and facades of the pyramid
depicted. Additionally, the data about the size of the image, specification of the
camera and information about special conditions when the photograph was
taken are noted. All the digital images included in the data base form the main
data array.

To organize and manage the data necessary for our study, the geospatial
model of the Step Pyramid was used. This 3D model was elaborated using the
data collected in the framework of the Latvian Scientific Mission working in
Egypt from the year 2005 till the year 2007 and performing 3D laser scanning
of the pyramid, obtaining the data on the 1% and 2™ steps of the pyramid
(ca. 5 million points). The final stage of elaboration of the 3D model was
performed using Google SketChup program and SmartSurface algorithm of the
MicroStation V8i software. This model was further developed and adjusted to
suit the needs of our study.

The 3D model of the pyramid was supplemented with the photo mosaic
created for each facade of the pyramid using MicroStation V8i software
Descartes module. This photo mosaic, merged with the accuracy of centimetre
points, was later integrated into the 3D model as a texture covering all four sides
of the pyramid (area of approximately 12000 m?) and forming a background for
other specific information layers. Another advantage is an option to integrate
and maintain the data, as well as photo documentation archive in Geographic
Information System (GIS) environment. Since the 3D model of the pyramid was
created in scale, taking into account the real size and dimensions of the pyramid,
various stone material weathering types and their intensities depicted as a
specific information layer could be expressed numerically (in square metres).

3.2. The assessment of stone block surface weathering

Stone damage and deterioration of historical monuments due to weathering
is a growing concern. Therefore, precise determination of weathering damages
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is vital for remedy and sustainable monument preservation. The studies of
stone monument preservation are carried out in many countries world-wide.
However, most of these methods of deterioration diagnostics are expensive and
labour-consuming, therefore rarely used in practice. Several non-destructive
weathering intensity assessment methods have been developed (Svahn, 2006;
Sass, Viles, 2010), yet their application in many cases requires direct contact
with an object of the study.

One of the most noteworthy methods of stone material deterioration
diagnosis was developed by Bernd Fitzner (Fitzner, Heinrich, 2002). This method
was applied in many stone material weathering studies in numerous cultural
heritage sites, such as Giza, Karnak and Old Cairo. Comprising laboratory
analysis and in situ investigations, the analysis of the fragment of particular
monument’s facade included survey and evaluation of weathering forms by
means of monument mapping and in situ measurements. Mineral composition
and classification of limestone used for the construction of the monument was
produced based on microscopic studies. Therefore, the methodology elaborated
by B. Fitzner was chosen as the most appropriate for further adjustment and
development at the initial stage of our study.

One of the objects of detailed investigation performed by B. Fitzner was
El-Merdani Mosque in the Islamic centre of Cairo, Egypt (Fitzner et al., 2002).

The diagnostics and mapping of weathering forms and intensity of El-
Merdani mosque’s southern facade fragment was carried out basing on the
photographs taken by the author, analyzing the surface of each stone block of
the fragment. Identified weathering forms and their intensities were evaluated
and mapped using a previously elaborated simplified weathering classification
scheme and correlated block by block.

This study, including several verifications, provides a justification for analysis
of weathering of stone materials applying simplified classification scheme. Such
analysis allows us to evaluate the current situation with high precision and to
compare the data of previous investigations at the same area. These results have
high credibility and they are supported by a very high correlation (R* = 0.8984)
between the data of the initial study of B. Fitzner published in 2002, and re-
interpretation of these data applying simplified classification of weathering forms
and their intensities, basing on examination of weathering forms and visual
evaluation of their intensity carried out in situ. It makes this method widely
applicable in numerous historical monuments where such a non-destructive and
remote access method could be the only option.
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3.3. Studies of the facades of the Step Pyramid

Further stone material weathering studies were conducted at the Step
Pyramid of Djoser. Initially, each of the pyramid’s facades was assessed applying
methodology developed by B. Fitzner (Fitzner et al., 2002) and a classification
developed for this particular study. It was established that all weathering
types included in the classification are recognisable also in Saqgara and in
the Step Pyramid. The study revealed the existence of other weathering types
recognizable in photo documentation and in situ. To facilitate the development
of weathering catalogue inherent to the particular monument, sample areas of
each of the pyramid’s facades were analysed. This analysis revealed more than
30 different weathering categories, which later were combined to form a unified
classification scheme (catalogue) including typical weathering type and intensity
samples (Kukela, Seglins, 2012c).

The author’s experience indicates that such a catalogue developed for
the particular monument is very important as it can significantly reduce the
subjective assessment of different facades and facilitate comparisons between
the results obtained.

A part of this thesis is focusing on the study of binding material used in
the construction of the Step Pyramid of Djoser. In this pyramid mixtures of
varjous compositions were used as a mortar and currently it is only possible
to appraise the state of preservation of this mortar as a result of weathering
process. The study allows identifying up to six mortar (cement) types used to
bond the building blocks of the pyramid. The majority of these binder types are
directly related to various types of cementing matter used during different stages
of construction of the pyramid. This typology was developed on several sample
areas verifying its validity in situ.

Detailed analysis of the pyramid’s form and dimensions for the needs of
elaboration of spatial model revealed deflexions in the geometry of the pyramid.
Further analysis of these deflexions demonstrated that most of them appeared
due to deformations of the structure identified in the photo documentation
and on site. The diagnostics of faults and cracks was performed analyzing
photographic documentation using traditional methodology applied in remote
sensing to determine linear structures and features (Gupta, 2003).

During the research various sets of data were obtained. These data sets
consist of imagery, analysed and developed catalogues of weathering, geospatial
model of the Step Pyramid, as well as other data necessary for research purposes,
such as literature studies, data on the mortar used in the building of Djoser’s
pyramid and data on the stability of the pyramid’s structure.



46

4. RESULTS

New factual material and data were obtained as a result of this study.
Additionally, new methodology was developed and the innovations introduced
can be applied in practice. The analysis of correlation and discussion of the
results obtained allows us to draw conclusions regarding the objectives of this
thesis.

4.1. Development of geospatial model

The 3D model of the Step Pyramid of Djoser was developed relying on
the measurements taken in situ and aerial photographs. This model serves as
a reliable geometrical frame for georeferencing various observations, including
photographic documentation. The 3D model elaborated is possibly the best
solution, taking into account the limited data available, with no option to
acquire this data once again due to the extensive reconstruction works currently
carried out on the site of the Step Pyramid (Fig. 4.1).

Figure 4.1. Geospatial model of the pyramid with integrated photo mosaic of the
facades (south-east corner)

The data identified the weathering types and their intensities, as well as
results of the analysis of faults and cracks visible on the facades of the pyramid
were specific information layers integrated into the 3D model of the pyramid.



47

4.2. The stability of the Step Pyramid

The Saqqara plateau is known as a seismically active area where earthquakes
with magnitude of about 4.0 happen yearly. Unfortunately, the quality of the
data of the seismic stations in Egypt forming united national observation net
is insufficient and, therefore, these seismic stations are not included in any of
international seismic observation nets.

The study of the damage at the Step Pyramid caused by earthquakes was
based on several high resolution photo-documentation series and further
analysis carried out on site during the years 2007 - 2011. The results of this study
demonstrate substantial deformations on all four facades of the Step Pyramid.

The elaborated geospatial model of the pyramid allows us to display and
analyse various data, as well as to perform a complex interpretation of the study
results. The location of the main faults and cracks identified on the facades of
the Step Pyramid are shown in the figure 4.2. The results of this analysis revealed
comparatively large number of fissures on individual construction blocks. Most
of the faults affect the areas of block groups within the limits of each step of
the pyramid. Some of these faults can be traced through several steps of the
pyramid, and some of them affect almost 1/3 of the facade’s area. Some faults
can be identified on three or even all four facades of the pyramid, thus forming
a plane that in case of a considerable earthquake could become a surface for
sliding motion resulting in irreversible damage of the pyramid.

P 20 40m
e

Figure 4.2. Location of faults and cracks identified on the facades of the Step
Pyramid (south-west corner)

The 3D model of the pyramid indicates main directions and the orientation
of faults allowing prognosticating future deformations of the structure. The
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fact the pyramid is located in the seismically active area is only increasing the
risk and denotes the necessity of extensive studies of the whole structure of the
pyramid.

4.3. Characteristic features of the stone material

The appraisal of the quality of stone production and assessment of weathering
of stone blocks allowed to distinguish previously identified construction stages
of the Step Pyramid (Lauer, 1962) (Fig.2.2.) and characterise them applying
following criteria: sizes of the blocks, frontal part, variations and diversity in size
of the blocks, uniformity of the material chosen, treatment of the surface of the
blocks and pre-processing of the blocks.

The results of analysis of these criteria denotes that during the construction
of the Step Pyramid two major steps in extraction and application of the building
material have been made.

At first, during the initial stages of the construction there was a transition
from the coincidental gathering of stones in the vicinity (M1) using large
volume of mortar to bind the stones, towards intentional search for appropriate
construction blocks (M2) at the nearest plateau escarpment. Most likely, such a
transition was initiated by practical considerations, since the desert, surrounding
the Saqqara plateau has a limited volume of scattered stones. Therefore, the
search for an alternative source of building material on the escarpments of the
plateau is very logical. The presumption that for the needs of the construction a
quarry was laid out in the vicinity of the construction site is not reasoned. The
evaluation of the building blocks utilised in the construction of the pyramid
reveals that almost none of these blocks have the same or similar composition.
Moreover, part of the building material before laying in the masonry, was
already affected by continuous weathering processes.

The other essential step is the transition from the material of diverse quality
(M2/M3) to the application of blocks of one particular type (P1). The quality of
such blocks still is not high, the sizes of the blocks differ, but the stone material
has similar composition and properties. It implies the existence of centralization
of extraction and development of mining; yet, similarities in quality of
the material extracted imply the implementation of appropriate geological
investigation prior to extraction (Kukela, Seglins, 2012d).

The assessment of the stone building material used in the construction of
the pyramid helps to identify different pyramid construction stages and phases
of material selection. The elaborated geospatial model of the pyramid is the
most suitable tool to visualize these construction stages and different specific
information layers.
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4.4. The assessment of mortar used in the pyramid

In the Step Pyramid different artificial compositions are used as binder
and their application in different areas of the pyramid is uneven and almost
undistinguishable. Currently, it is only possible to appraise the state of
preservation of the mortar as a result of weathering process.

Taking into account the restriction to carry out direct instrumental
measurements or take any samples on site for analytical studies, the study of
mortar at this pyramid is just empirical and not suitable for all potential large-
scale monuments. Nevertheless, the method developed yields some important
information for elaboration of conservation projects for the monuments of
cultural heritage.

The analysis of photographic documentation of all four facades of the Step
Pyramid enabled us to identify the most common types of mortar used in the
construction. Two types of cement were used more often: the composition
of one type includes traditional Nile silt adobe; the other type is formed of
composite paste of sand and gypsum with lime and clay admixture. Depending
on the proportion of the components it is possible to evaluate visually and verify
in situ the predominant varieties of cement types.

As mentioned above, the Step Pyramid of Djoser was built in six stages. The
first mastaba of king Djoser’s tomb was built of flat stones found in the vicinity,
which were more durable than adobe mud bricks. However, the strength of
these stones was not verified and the quantity of stones available in the locality
was limited. This could be the reason why the amount of cement used in the
construction of the mastaba at the base of the Step Pyramid is so significant, and
at some parts it even exceeds the quantity of building stones. In the subsequent
construction stages, new stone material extraction and processing techniques
were developed, allowing to reduce the amount of cement necessary for the
construction. At the same time, the composition of mortar was also improved,
as well as the quality and properties of the building blocks.

The assessment of binding material is an effective indicator to study the
stability of the structure and to identify most urgent preservation measures
necessary to undertake. The mortar characterizes different construction stages
of the pyramid and helps to evaluate the development of geological knowledge
during the construction of the pyramid.

4.5. Assessment of weathering of the stone material
at the Pyramid of Djoser

The Step Pyramid of Djoser is currently under vast reconstruction, and its
facades are almost completely covered by scaffoldings making any studies of the
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pyramid practically impossible. Moreover, no direct measurement or analysis is
permitted on site. Therefore, for the needs of the study photo documentation
carried out by the author during the years 2007-2011 has been used. Further
study focused on verification of the data obtained on site and the application of
non-invasive methodology only.

Detailed identification of the weathering types was carried out on sample
areas on site, and then performing manual interpretation of high resolution
photographic documentation. During this stage of the study the surface of
each pyramid’s construction block was evaluated and its state of preservation
resulting from impact of weathering was appraised. Additionally, the state of
preservation of the mortar binding construction blocks of the pyramid was
assessed (Kukela, Seglins, 2012a).

For the needs of this study the weathering type classification scheme was
developed, allowing us to identify most common weathering types visible on the
facades of the pyramid and to evaluate their intensity. These weathering types
are: loss of stone material, rounding and surface detachment of construction
blocks. Each of these weathering types was evaluated applying a 5-category
intensity system (Kukela, Seglins, 2012c).

The integration of the identified weathering types and their intensities into
a 3D model of the pyramid enabled us to establish that location of these features
on the facades of the pyramid form a diverse and complex structure. Various
weathering types of different intensity are spread all over the pyramid and can
not be attributed to any particular facade or pyramid’s step (Fig. 4.3.). However,
the edges and corners, as well as aforementioned crack zones of the pyramid’s
steps are affected by weathering more severely and even to a greater extent in
the crossing areas of the faults and cracks identified.

Simplified statistical analysis of the data obtained provides possibility to
determine several other correlations. Regardless of the complicated distribution
of different weathering types on the pyramid’s facades, the total area affected
by weathering varies. On the southern facade of the pyramid surface the
detachment and loss of stone material of the exposed stone blocks have affected
49.78% (1709.70 m2) of the surface. On the proximal eastern facade these
weathering types affected 50.36% (1213.30 m2); on the western facade — 39.96%
(1145.74 m2) and on the northern facade — 58.69% (1893.77 m2). On the other
hand, a rather common weathering type - rounding is spread quite evenly and
the areas affected by this type of weathering vary between 25-33%; therefore, as
a specific weathering type rounding is not very substantial for further analysis.

The results of this study demonstrate that predominant weathering
intensities are “2” and “3”. Overall, it is an indication of quite a high degree of
knowledge of ancient builders regarding the choice of construction material. Yet,
the eastern facade, where weathering intensity “4” forms 27.07% of the whole
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area of the facade, is an exception. This is the facade where on the first two steps
the initial stages of the pyramid’s construction are exposed and the construction
blocks are elaborated less accurately. This also is fortified by a significant loss of
cement mass and its comparatively low quality in that area.

The surface of the stone material exposed on the facades of the pyramid
has disintegrated. It was possible to evaluate not only predominant weathering
types and their intensities, but also their spatial distribution and correlation
with other evaluation parameters.

Weathering forms | Intensity 0] Intensity 1| Intensity 2| Intensity 3 | Intensity 4 |
Rounding (N) I | S | S

Surface detachment (V) I | E— | —
Loss of stone material (Z) | | —— |

|

Figure 4.3. Visualization of weathering types and their intensities on the facades

of the Step Pyramid’s 3D model.
The scree layers and non-interpreted areas are indicated in white; reconstructed

parts of the pyramid - in dark grey.

The study results demonstrate a direct connection of the material weathering
to the construction stages of the pyramid. Such studies along with the evaluation
of the cement properties are essential before attempting any reconstruction and
conservation work on the pyramid site.
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5. DISCUSSION

Current observations, documents, archaeological findings and historical
evidence, as well as the study results obtained by the author do not provide any
proof of the fact that geological knowledge was adopted from other civilizations.
The most ancient stone buildings in Ancient Egypt are related to the funerary
cult and royal tombs (Shafer, 1997). The construction of such structures is based
on ancient traditions and a very specific religious practice in the Old Kingdom.
At this historical period any innovations are introduced very cautiously, and no
evidence suggests an impact of other cultures (Kamil, 1998, Arnold, 1999).

There are not many studies regarding the stone material used in the
construction of the Step Pyramid. One of the first most explicit studies was
published by D. and R. Klemm in 2010 and it focuses on the provenance of
the building stones of the Old Kingdom pyramids (Klemm, Klemm, 2010). This
study offers a petrographic and plasma spectroscopic analysis of 67 samples
of the pyramid’s limestone blocks. Unfortunately, in this study, there are no
indications on the provenance of particular sample results of the analysis. Only
the proportions Mg/Fe, Mg/Sr and Fe/Mn are interpreted, that allow us to come
to the conclusion regarding the local provenance of the construction material,
i.e., from Saqqara plateau.

The study carried out by the author confirms the pyramid construction
stages identified by other scholars and clearly denotes the diverse quality of
the construction blocks (Kukela, Seglins, 2012d). The pyramid’s construction
manner denotes local provenance of the construction material, and it is also
approved by the study of D. and R. Klemm (2010). It highlights the diversity
in the quality of the construction material as an indicator of changes in ancient
knowledge about raw materials and geological conditions, which were gradually
improved during pyramid construction process.

Aforementioned incompleteness and limitations accelerated original studies
of the author regarding the assessment of stone material surface weathering.
Similar methodology was applied in the studies in Giza plateau at the pyramid
of king Hufu. The fragment of the southern facade of this pyramid was analysed,
carrying out mechanical durability instrumental measurements, petrographic
and chemical analysis to determine stone material weathering types and their
intensities (Fitzner et al., 2002). This study was an important part of creation of
weathering trait classification scheme developed by B. Fitzner and his colleagues
(2002) for the monuments of cultural heritage. Unfortunately, this classification
can be applied only by using instrumental and laboratory analysis and turns out
to be extremely cost and labour consuming and can not be performed at the
objects of limited accessibility. The studies presented in this thesis demonstrate
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the possibility to improve the application of such methodology in historical
monuments of the Old Kingdom of Ancient Egypt in Saqqara and Giza plateau
by classifying the weathering types and their intensities and limiting the
number of characteristic features and categories, so the application of such a
simplified methodology does not require destructive diagnosis (Kukela, Seglins,
2011a). It is noteworthy to mention that during field investigations and after
processing the data of two sample areas, a high correlation was reached with
instrumental studies performed by B. Fitzner. This enabled us to prove the
link between values of the two groups of parameters — empirical (based on
analysis of photo documentation) and instrumental (studies by B. Fitzner). This
means that the results of B. Fitzner experimental measurements and the data
of detailed photographic documentation assessment adequately characterize the
test parameters and their numerical value, as well as differentiation. Such data
can be used for development of stone monument conservation and restoration
projects in Egypt and the areas with similar physiographic conditions.

The methodology developed in this thesis has provided some important
information about the quality of the stone material used in the construction of
the Step Pyramid and how this quality has changed during the whole pyramid
construction process.

Taking into consideration the status of the Step Pyramid complex and the
restrictions of the local authorities, during our study there were no possibility
to take any samples from the pyramid construction blocks or escarpments of
the Saqqara plateau. Therefore, this study was developed only basing on non-
destructive and remote methods.

This study indicates that by developing high resolution photographic
documentation of the monument, its integration into geospatial model and
elaboration of weathering assessment methodology allow us to draw conclusions
regarding the quality of the stone material used. Such an approach helps to
characterize the identified pyramid construction stages and to evaluate the
progress in the quality of stone material. This factual material is important for
elaboration and development of preservation and reconstruction plans for this
monument.

The mortar used in the construction of the Step Pyramid was characterised
very generally, simply mentioning its sulphate cement composition and giving
no detailed results of analysis. Currently, there are few analytic studies regarding
the composition of the mortar used in the construction of the Djoser pyramid.
Most extensive parts of these studies focus just on the analysis of samples of
cement already affected by weathering, therefore, the results of such an analysis
are just approximate. Many scholars accentuate the similarity of mortar used in
most of the Old Kingdom pyramids, yet chemical analysis was carried out only
for a few samples (Lucas, 1948; Salmoni, 1933).
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The results of this study indicate that during the numerous stages of
the construction of the Step Pyramid mortar of different composition was
used. These various types differ not only in their composition and method
of production, but also in their resistance to deterioration. The quality of the
mortar applied was also gradually increased. The photographic documentation
of the pyramid was appraised manually, verifying the quality of the data obtained
and possibilities to use the images for the development of cement weathering
classification. The classification elaborated further was simplified, so it could
be applied also for the studies of images of the upper steps of the pyramid
(Kukela, Seglins, 2012a). The method developed yields important information
for elaboration of conservation projects for the monuments of cultural heritage.

All aforementioned is mainly related to the Step Pyramid of Djoser - the
main object of our study. To such an extent this monument had been the most
suitable for study purposes, since its study allowed us to trace the changes in
development of craftsmen knowledge and skills. The quality of construction
blocks and mortar of later Old Kingdom pyramids is less variable and generally
demonstrates the level of knowledge obtained already during the construction
process of the Step Pyramid of Djoser.

The results of the study allow us to trace the accumulation of geological
knowledge and expansion of their application. However, due to unknown reasons
the exogenic processes, including erosion and sedimentation processes, are
studied to a less extent. The knowledge on soil and preparation of construction
bedding is rather low. Such practice in Saqqara and Giza necropolises has been
introduced only at the end of the Old Kingdom (Kukela, Seglins, 2011b).

Overall, the geological knowledge during the Old Kingdom should be
considered as high professional skills, which have been accumulated for
generations. This is one of the traditional ways of transmission of experience,
and such a way is known not only in Ancient Egypt but also in other regions
(Nicholson, Shaw, 2009). The analysis of the construction stages of the Step
Pyramid indicates a constant development of geological knowledge and
understanding of building material choice. All this has facilitated numerous
reconstructions and rebuilds of this monument until it has acquired its present
state.
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CONCLUSIONS

The materials used in the construction of the Step Pyramid and their quality
denote a gradual development of geological knowledge during the pyramid’s
construction process. This knowledge and skills have been accumulated during
previous historical periods, and in the Old Kingdom they were adjusted and
evolved for the construction of large scale monuments.

The assessment of weathering intensity depicted on the geospatial model of
the pyramid has revealed that 1*, 2", 5% and 6" steps of the pyramid were built
from a similar stone material. The predominant weathering types are rounding
and loss of stone material. The stone material of the 3" and 4 steps differs - the
weathering types and their intensities are diverse and affect smaller areas of the
facade.

Weathering intensity is higher in the areas mostly affected by faults and
cracks. The results of the analysis demonstrate that in the central part of the
pyramid lower quality material was used, whereas the sides of the steps are more
resistant to weathering.

A significant role is played by the binding material used in the construction
of the pyramid. The results of the research demonstrate that analytic studies of
mortar composition are one of the priorities in the future investigations.

In this research a geospatial model of the Step Pyramid has been created
for the first time, allowing to display different stone material studies in 3D.
Such information layers provide a possibility to make conclusions regarding the
quality of the stone material used and to identify most severe damages of the
pyramid’s structure.

The research results are only a small part of the information, yet to be
learnt about the very topical exploration area of development of non-destructive
research methods and understanding on the mechanisms and prognostication
of decay processes in historical monuments. This clearly indicates that this
direction should be investigated in the future.
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