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ONSOZ

Dogal sistemlerin anlagilmasi, miihendislik yapilarinin
giivenli bigimde tasarlanmasi ve yer alt1 kaynaklarinin siirdiiriilebilir
yonetimi, giinlimiiz yer bilimlerinin en temel odak noktalarini
olusturmaktadir. Yer kabugunun dinamik yapisi; karmasik geoteknik
gerilme  alanlari, su—kaya¢  etkilesimleriyle  sekillenen
hidrojeokimyasal siirecler ve yiiksek teknoloji ¢aginin omurgasini
olusturan stratejik hammadde birikimleri ile i¢ ice gecmis
disiplinlerarasi bir yaklasimi zorunlu kilmaktadir.

Bu kitap; kaya mekaniginden hidrojeokimya ve cevre
jeolojisine, geoteknik tehlike analizlerinden kritik hammadde
potansiyeline kadar yer bilimlerinin farkli ve birbirini tamamlayan
alanlarindaki nitelikli ¢aligmalar1 tek bir cati altinda bir araya
getirmek amaciyla hazirlanmistir.

Kitap kapsamindaki calismalar 1ii¢ temel eksende
sekillenmektedir:

Geoteknik ve Kaya Mekanigi: Bu kapsamda yeralt1 gerilme
durumlari, 3 boyutlu deformasyonlar ve obruk olusum
mekanizmalari ele alinmaktadir. Konya—Karapinar bdlgesi ve Obruk
platosu 6rnegi iizerinden "Cubical Rock Unit (CRU)" yaklagimiyla
yer alt1 ve yiizey yapilarinin dinamik gerilme alanlariyla etkilesimi
derinlemesine incelenmistir.

Hidrojeokimya ve Su—Kaya¢ Etkilesimi ile iligkili olarak
dogal sulardaki major iyon bilesimleri, iyon dengesi hesaplamalari
ve su—kaya¢ etkilesimlerinin hidrojeokimyasal evrimi ele
alimmaktadir. Su analizlerinin analitik giivenilirligi ve su tiplerinin
siiflandirilmasinda kritik rol oynayan Piper ve Schoeller diyagrami
uygulamalar1 detaylandirilmistir.



Stratejik Dogal Kaynaklar ve Kritik Mineraller kapsaminda
ise modern teknolojinin, yesil enerji donilisiimiiniin ve savunma
sanayisinin temeli kabul edilen Nadir Toprak Elementlerinin (NTE)
jeolojik kokenleri, mineralojik dagilimlari, kiiresel tedarik zinciri
dinamikleri ile Tiirkiye'nin (6zellikle Eskisehir-Beylikova ve
Malatya-Kuluncak sahalar) stratejik potansiyeli degerlendirilmistir.

Bu eserin; jeoloji, maden, insaat, cevre ve geoteknik
mihendisligi alanlarinda calisan akademisyenlere, arastirmacilara
ve saha uygulayicilarina degerli bir bagvuru kaynagi olmasmi
temenni ederim. Kitabin hazirlanmasinda emegi gecen tiim bolim
yazarlarina titiz ¢alismalarindan dolay1 tesekkiirlerimi sunarim.

Doc. Dr. MUZAFFER OZBURAN
KUTAHYA DUMLUPINAR UNIVERSITESI
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BOLUM 1

NADIR TOPRAK ELEMENTLERININ GENEL
OZELLIKLERI ve KULLANIM ALANLARI

HUSEYIN SENDIR!
Giris

Nadir toprak elementleri (NTE), modern teknolojinin temel yap1
taglarindan biri olarak kabul edilen ve ekonomik, teknolojik ve
jeopolitik acidan stratejik 6neme sahip kritik hammaddelerdir.
Periyodik tabloda lantanit serisindeki on bes element ile skandiyum
ve itriyumdan olusan toplam on yedi elementi kapsayan bu grup,
elektrikli araglar, riizgar tlirbinleri, yiiksek performansli miknatislar,
savunma sistemleri, uzay teknolojileri, elektronik cihazlar ve
yenilenebilir enerji teknolojileri gibi ¢ok sayida ileri teknoloji
uygulamasinda kullanilmaktadir. Son yillarda enerji doniisiimiiniin
hizlanmasi, dijitallesmenin artmasi ve savunma teknolojilerindeki
gelismeler, NTE'lere olan talebi 6nemli 6l¢iide artirmistir (Sanayi ve
Teknoloji Bakanligi, 2020).

NTE'ler yerkabugunda goreceli olarak yaygin bulunmalarina
ragmen ekonomik olarak isletilebilir konsantrasyonlarda nadiren bir
araya geldikleri i¢in "nadir" olarak tanimlanmaktadir. Karbonatitler,
alkalen magmatik kayaclar, iyon adsorpsiyon tipi killer, plaser
yataklari, lateritik olusumlar ve fosforitler baslica NTE kaynaklarini

'Dr. Ogr. Uyesi, Eskisehir Osmangazi Universitesi, Jeoloji Miihendisligi Boliimi,
Orcid: 0000-0001-7252-7117
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olusturmaktadir. Diinya genelinde Cin hem rezerv biiyiikliigii hem
de madencilik, zenginlestirme ve ayristirma teknolojilerindeki
istiinliigli sayesinde kiiresel NTE sektoriinde baskin konumdadir.
Bununla birlikte ABD, Avrupa Birligi, Avustralya ve Kanada gibi
iilkeler tedarik zincirlerini ¢esitlendirmek amaciyla yeni yatirimlar
gerceklestirmektedir (Kanazawa ve Kamitani, 2006) (Sekil 1).

Sekil 1 Nadir Toprak Elementleri

Lu

Lutetium

Kaynak: (https.//serhansuzer.com/tr/nadir-toprak-elementleri/)

Tiirkiye, 6zellikle Eskisehir-Beylikova (Kizilcadren) ve Malatya-
Kuluncak sahalar1 basta olmak {izere onemli NTE potansiyeline
sahiptir. Son yillarda gergeklestirilen c¢alismalar, Tirkiye'nin
yalnizca cevher iireticisi degil ayni zamanda ayristirma teknolojileri
ve ileri teknoloji malzeme iiretimi alanlarinda da 6nemli bir aktor
olabilecegini gdstermektedir (Oztiirk vd., 2019; Demir vd., 2026;
Cimen ve Dénmez, 2026).
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Jeolojik ve Mineralojik Ozellikler

Nadir toprak elementleri (NTE), [IUPAC standartlarina uygun olarak,
periyodik tablonun lantanit serisinde yer alan atom numarasi 57
(Lantan) ile 71 (Lutesyum) arasindaki elementlerin yani sira, benzer
kimyasal davraniglar sergileyen skandiyum (Sc) ve itriyum (Y') dahil
olmak iizere toplam 17 elementten olusan stratejik bir grubu
kapsamaktadir. Literatiirde bu elementler i¢in kullanilan "nadir"
sifat1, yerkabugundaki mutlak bolluk derecelerini yansitmamaktadir.
Nitekim seryum (Ce) elementinin yerkabugundaki ortalama
konsantrasyonu bakirdan daha yiiksek diizeyde seyrederken; tulyum
(Tm) ve lutesyum (Lu) gibi elementlerin bulunma oranlar1 altin ile
benzer mertebededir. Kavramsal karmasaya yol agan bu
isimlendirmenin temel gerekcesi, s6z konusu elementlerin
madencilik faaliyetleri agisindan ekonomik olarak isletilebilir,
yiiksek tenorlii cevher konsantrasyonlar1 ve yataklar1 olusturma

sitkliginin son derece diisiik olmasidir (Kanazawa ve Kamitani,
2006) (Sekil 2).

Sekil 2 Nadir Toprak Elementleri

H' | NADIR TOPRAK ELEMENTLER |I-tot
Li® |e’ HiAFIF NADIR TOPRAK ELEMENTLER B fc® [n? Jo® JF? Ine®
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Kaynak: (https://serhansuzer.com/tr/nadir-toprak-elementleri/)

NTE’lerin karakteristik 6zellikleri, benzer dis elektron dizilimlerine
ve buna bagl olarak birbirine oldukca yakin kimyasal reaktivite ve
davranig kaliplarina sahip olmalanidir. Bu yiiksek kimyasal
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benzerlik, fraksiyonlagma siireclerinde elementlerin dogada
ekseriyetle ayni1 mineral fazlari igerisinde ko-jenetik (birlikte) olarak
zenginlesmesine sebebiyet vermektedir. Ancak bu durum, metaliirjik
zenginlestirme ve endiistriyel iiretim asamalarinda en kritik
teknolojik darbogazi meydana getirmektedir. Elementlerin kimyasal
ve fiziksel parametrelerinin birbirine yakinligi, secici ayristirma
(selektif solvent ekstraksiyonu veya iyon degisimi vb.)
operasyonlarini zorlagtirmakta, proses verimliligini diistirmekte ve
dolayisiyla nihai iiretim maliyetlerini kayda deger oranda
artirmaktadir (Tung, 2025).

NTE grubu, atom numaralari, iyonik yaricaplar1 ve jeokimyasal
davranig kaliplar1 dikkate alinarak literatiirde iki ana alt grupta
siniflandirilmaktadir:

Hafif Nadir Toprak Elementleri (LREE): Lantan (La), Seryum (Ce),
Praseodimyum (Pr), Neodimyum (Nd), Prometyum (Pm),
Samaryum (Sm) ve Europiyum (Eu).

Agir Nadir Toprak Elementleri (HREE): Gadolinyum (Gd),
Terbiyum (Tb), Disprosyum (Dy), Holmiyum (Ho), Erbiyum (Er),
Tulyum (Tm), Iterbiyum (Yb), Liitesyum (Lu) ve Itriyum (Y).

Skandiyum (Sc), 0zgiin elektronik konfiglirasyonu ve iyonik
karakteristikleri sebebiyle pek c¢ok jeokimyasal simiflandirma
semasinda bu iki grubun disinda, bagimsiz olarak tanimlanmaktadir
(Oztiirk ve dig., 2019).

Piyasa dinamikleri ve endiistriyel talep projeksiyonlari agisindan
agir NTE'ler (HREE), hafif nadir toprak elementlerine kiyasla ¢ok
daha yiiksek ekonomik ve stratejik degere sahiptir. Bu ekonomik
asimetrinin temel nedenleri, HREE igeren jeolojik rezervlerin global
Olgekte smurli dagilim gostermesi ve modern teknolojinin
omurgasini olusturan yiiksek performansh kalici miknatis (NdFeB
alagimlar1 vb.) tiretiminde disprosyum (Dy) ve terbiyum (Tb) gibi
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elementlerin ikame edilemez termal kararlilik fonksiyonlaridir. Cin
Halk Cumbhuriyeti'nin giiney kusaginda yer alan regolit tipi iyon
adsorpsiyon killeri, kiiresel HREE arz giivenliginin en birincil ve
kritik kaynagimi teskil etmektedir (Oztiirk ve dig., 2019).

Dogal sistemlerde agirlikli olarak +3 oksidasyon basamaginda
kararli olan bu elementler, biiyiik iyon yarigaplar1 ve nispeten diisiik
yiik yogunluklart ile karakterize edilmektedir. Uyumsuz ve litofil
element karakteristikleri neticesinde, magmatik diferansiyasyon
stireclerinde ergiyikte kalma egilimindedirler. Oksijen ve flor
anyonlarina kars1 gosterdikleri yiiksek kimyasal afinite nedeniyle,
ozellikle karbonat, fosfat, silikat ve floriir mineral fazlarinin kristal
kafes yapilarma dahil olurlar. Ekonomik oOlgekte NTE
mineralizasyonlarmin gelisimi, ana hatlartyla su metalojenik ve
jeolojik mekanizmalarin kontroliinde gerceklesmektedir (Maden
Tetkik Arama Genel Miidiirliigi, 2020):

Magmatik Siiregler: Asir1 alkalen magmatik sistemler ile karbonatit
intriizyonlari, fraksiyonlu kristallenme yoluyla NTE
zenginlesmesinin en yliksek evrelere ulastigi birincil petrojenetik
sistemlerdir.

Hidrotermal Siiregler: Uyumsuz elementlerce zengin, ugucu faz
bakimindan yogun sicak hidrotermal akigskanlarin tektonik hatlar
(fay ve kirik sistemleri) boyunca tagsinmasi ve uygun fiziko-kimyasal
bariyerlerde cevherlesmesi esasina dayanir.

Ayrisma  (Siiperjen) Siiregleri: Tropikal ve subtropikal iklim
kosullarinda gelisen siddetli kimyasal hava kosullandirmasi
(lateritlesme) neticesinde, ana kayacin ¢oziinmesi ve serbest kalan
iyonlarin kil mineralleri lizerine fiziksel olarak tutunmasiyla olusan
iyon adsorpsiyon yataklaridir.

Sedimanter Stire¢ler: Yogunluklar1 ve kimyasal direngleri yiiksek
olan monazit, ksenotim ve zirkon gibi agir minerallerin
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hidrodinamik etkenlerle akarsu veya kiy1 seritlerinde mekanik olarak
konsantre olmasi sonucu gelisen sekonder (ikincil) plaser
yataklaridir Maden Tetkik Arama Genel Midiirligi, 2020).

Ekonomik ac¢idan onemli NTE’lerin olusturdugu mineraller;
Bastnazit [(Ce,La)(COs)F], Monazit [(Ce,La,Nd,Th)PO4], Ksenotim
(YPOs)’dir. Kritik elementler ise; Neodimyum (Nd), Praseodimyum
(Pr), Disprosyum (Dy), Terbiyum (Tb), Samaryum (Sm) ve Itriyum
(Y) mineralleridir. Bu elementlerin olusturdugu mineraller, miknatis
imalinden, seramik ve optik sistemlere kadar birgok alanda
kullanilmaktadir (Kanazawa ve Kamitani, 2006).

NTE’lerin jeolojik ortamlar1 oldukca ¢esitlidir. Belli baglh yataklar;
karbonatitlerle iligkili olanlar, alkalen magmatik kayaclarla iliskili
olanlar, iyon adsorpsiyon tipi kil yataklar1 ve plaser yataklar, lateritik
yataklar, fosforitlerle iliskili yataklar ve IOCG (Demir Oksit-Bakir-
Altin) yataklaridir (Cimen ve Donmez, 2026).

Tiirkiye'deki Bashca Jeolojik NTE Ortamlar

Tiirkiye'de bugiine kadar tanimlanan baslica NTE olusumlari
sunlardir:

Karbonatit ve Alkalen Sistemler: Eskisehir-Kizilcadren (Beylikova),
Malatya-Kuluncak

Boksit ve Seyl Iliskili Sistemler: Bolkardag1
Florit Iliskili Sistemler: Keban, Divrigi.
Plaser Tip Olusumlar: Canakli (Burdur)

Tiirkiye'deki NTE kaynaklar1 dort temel jeolojik grupta
degerlendirmistir. Ozellikle Beylikova ve Kuluncak sahalari
ekonomik agidan en 6nemli potansiyeli olusturmaktadir (Oztiirk vd.,
2019; Cimen ve Dénmez, 2026) (Tablo 1).



Tablo 1 Tiirkiye'deki Baslica NTE Olusumlart

Saha Jeolojik Tip Baskin NTE
Beylikova [[Karbonatit-alkalen La, Ce, Nd, Pr
Kuluncak [|[Karbonatit iligkili La, Ce

Bolkardag:|Boksit/iyon adsorpsiyon benzeri|[HREE

Keban Florit iligkili LREE

Divrigi Florit iliskili LREE

Kaynak: (https: Oztiirk vd., 2019, Cimen ve Dénmez, 2026).

Diinyadaki Bashca Nadir Toprak Elementi Yataklar ve
Rezervleri

Nadir toprak elementleri (NTE), giiniimiizde enerji doniisimii,
dijitallesme ve savunma teknolojilerinin temel hammaddeleri
arasinda yer almaktadir. Bu nedenle NTE rezervlerinin cografi
dagilimi yalnizca ekonomik degil, ayn1 zamanda jeopolitik acidan da
biiylik 6nem tagimaktadir. Kiiresel NTE rezervleri birkag iilke ve
belirli jeolojik bolgelerde yogunlasmis olup, iiretim ve isleme
kapasitesi rezerv dagilimindan daha da yiliksek bir yogunlagma
gostermektedir. Ozellikle Cin hem rezervleri hem de madencilik,
zenginlestirme ve ayristirma teknolojilerindeki {istlinliigii sayesinde
kiiresel NTE sektoriinde lider konumdadir Demir vd. (2026), Cimen
ve Donmez (2026).

Diinya genelinde ekonomik oneme sahip NTE yataklar1 biiyiik
Olciide karbonatitler, alkalen kompleksler ve iyon adsorpsiyon tipi
killer ile iligkilidir. Bununla birlikte son yillarda Gronland, Kanada,
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Avustralya ve Afrika'da yeni kaynaklarin gelistirilmesi amactyla
onemli yatirimlar yapilmaktadir.

Kiiresel rezervlerin énemli bir boliimii Cin, Brezilya, Hindistan,
Avustralya, Rusya ve Vietnam gibi iilkelerde bulunmaktadir. Son
yillarda yapilan ¢aligmalar, Gronland ve Kanada'nin da gelecekte
onemli {ireticiler arasina girebilecegini gostermektedir (Tablo 2).

Tablo 2 Diinya NTE Rezervierinin Baslica Ulkelere Gére Dagilimi

Ulke Yaklasik Rezerv Durumu Onemli Yataklar
Cin Cok yiiksek Bayan Obo, Giiney Cin Killeri
Brezilya |Cok yiiksek Araxa, Cataldo
Vietnam ||Yiiksek Dong Pao

Rusya Yiiksek Lovozero

Hindistan ||Yiiksek Kiyisal Monazitler
Avustralya|Yiiksek Mount Weld

ABD Orta-Yiiksek Mountain Pass
Kanada |Orta Strange Lake
Gronland ||Orta-Yiiksek Kvanefjeld

Tirkiye |Gelisen Potansiyel Beylikova, Kuluncak

Kaynak: (https: Demir vd., 2026, Cimen ve Donmez, 2026).

NTE rezervlerinin cografi dagilimi ile iiretim kapasitesi arasinda
onemli farkliliklar bulunmaktadir. Ornegin Cin, rezervlerde lider,
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ayristirma teknolojilerinde baskin bir konumdayken, ABD yiiksek
teknoloji iiretiminde giiclidiir. Avrupa Birligi tedarik giivenligi
arayisindadir. Bu durum NTE'leri yalnizca bir maden kaynagi
olmaktan ¢ikararak uluslararasi iliskilerin 6nemli bir bileseni haline
getirmistir (Glindogdu, 2022).

NTE’lerin Kullanim Alanlar

Nadir toprak elementlerinin (NTE) ekonomik ve stratejik 6neminin
temelinde sahip olduklar1 benzersiz fiziksel ve kimyasal 6zellikler
yatmaktadir. Yiiksek manyetik momentleri, optik Ozellikleri,
katalitik davraniglar1 ve yliksek sicakliklarda kararlilik gdstermeleri
nedeniyle NTE'ler giiniimiiziin ileri teknoloji uygulamalarinin
vazgecilmez bilesenleri haline gelmistir. Kullanim alanlar1 ve
ozellikleri su sekilde gruplanabilir:

Kalict Miknatis Teknolojileri: NTE kullanimmin en 6nemli alani
kalic1 miknatis iiretimidir.

Bugiin kiiresel NTE tiiketiminin yaklasik %30-401 miknatis
endistrisinde ger¢ceklesmektedir (Aydin, (2020).

NdFeB bilesimli miknatislar, giiniimiizde bilinen en giiglii ticari
miknatislardir. Neodimyum (Nd), Praseodimyum (Pr), Disprosyum
(Dy) ve Terbiyum (Tb) temel bilesenlerdir. Bu miknatislar; elektrikli
ara¢ motorlari, riizgar tiirbinleri, robotik sistemler, endiistriyel
motorlar gibi alanlarda kullanilmaktadar.

Sm-Co miknatislari, yliksek sicaklikta calisabilme ozelliklerinden
dolay1, uzay teknolojileri, fiize sistemleri gibi alanlarda tercih
edilmektedir.

Elektrikli  Araglar ve Enerji Doéniigiimii:  Elektrikli  arag
teknolojilerinin yayginlasmast NTE talebindeki en biiyiik artisin
temel nedenlerinden biridir (Tablo 3).



Tablo 3 Bir elektrikli aracta kullanilan baslica NTE'ler

Element| Kullanim Alam

Nd Motor miknatislari

Pr Motor miknatislart

Dy Yiiksek sicaklik kararliligi
Tb Performans artirict

La Bataryalar

Ce Katalizorler

Kaynak: (https: T.C. Enerji ve Tabii Kaynaklar Bakanhgi, 2022).

Bir elektrikli ara¢ motorunda kullanilan NdFeB miknatislari, i¢ten
yanmali motorlara gore daha yilksek enerji verimliligi
saglamaktadir.

Uluslararas1 Enerji Ajansi verilerine gore elektrikli arag¢ tiretiminin
artmastyla Nd ve Pr talebinin 6niimiizdeki yillarda birkag kat artmasi
beklenmektedir (Aydin, (2020).

Riizgar Tiirbinleri: Dogrudan tahrikli (direct-drive) riizgar tiirbinleri
biiylik miktarda NdFeB miknatis1 kullanmaktadir.

Ozellikle agik deniz (offshore) riizgar santrallerinde; Neodimyum,
Praseodimyum ve Disprosyum kritik éneme sahiptir. Bir biiyiik
offshore tiirbininde yiizlerce kilogram NTE kullanilabilmektedir. Bu
nedenle yenilenebilir enerji yatirimlarmin artmasit NTE talebini
dogrudan etkilemektedir (Aydin, (2020).

Elektronik ve Haberlesme Teknolojileri: NTE'ler modern elektronik

cihazlarin  neredeyse tamaminda  kullanilmaktadir.  Akilh
--10--



telefonlarda, Nd, Pr, Eu, Tb, Y, La gibi ¢ok sayida NTE
bulunmaktadir T.C. Enerji ve Tabii Kaynaklar Bakanligi. (2022).

MTA raporlarina gore tek bir cep telefonunda kullanilan NTE
miktar1 diisiik olmasina ragmen milyarlarca cihaz iiretildigi i¢in
toplam talep oldukea yiiksektir.

Fiber Optik Sistemler: Erbiyum (Er) ve itriyum (Y), fiber optik
iletisim sistemlerinde yaygimn olarak kullanilmaktadir. Ozellikle;
internet altyapilari, veri merkezleri bu elementlere bagimlhidir T.C.
Enerji ve Tabii Kaynaklar Bakanligi. (2022).

Yapay Zeka ve Veri Merkezleri: Son yillarda yapay zeka
uygulamalarindaki hizli bliyime NTE talebine yeni bir boyut
kazandirmistir. Bu merkezlerde, sogutma sistemleri, hassas motorlar
gibi sistemlerde NTE kullanilmaktadir. Bu durum NTE'lerin
yalnizca enerji doniistimiiniin degil ayn1 zamanda dijital doniistimiin
de temel girdilerinden biri oldugunu gostermektedir T.C. Enerji ve
Tabii Kaynaklar Bakanligi. (2022).

Savunma Sanayi ve Askeri Teknolojiler: NTE'lerin stratejik
oneminin en belirgin oldugu alanlardan biri savunma sanayidir.
Hassas giidiimlii mithimmatlar, radar sistemleri, sonar sistemleri,
gece goriis cihazlari, lazer sistemleri ve uydu sistemlerinde NTE’ ler
kritik 6nemdedir. Nd, Sm, Dy, Tb, Gd savunma sistemleri i¢in ¢ok
onemlidir (Tablo 4).

Uzay ve Havacilik Teknolojileri: Uzay teknolojileri NTE'lerin en
yogun kullanildig1 alanlardan biridir. Uydu sistemleri, roket
motorlar1 gibi sistemler baslica kullanim alanlaridir.

T ve Saghk Teknolojileri: NTE'lerin kullanim alanlart yalnizca
enerji ve savunma sektorleriyle sinirli degildir. Gadolinyum (Gd),
Manyetik Rezonans Goriintiileme (MRG) sistemlerinde kontrast
madde olarak kullanilmaktadir. Lantan (La), Bazi bobrek

hastaliklarinin tedavisinde kullanilan ilaglarda yer almaktadir.
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Itriyum (Y), kanser tedavisinde kullamilan radyoterapi
uygulamalarinda kullanilmaktadir (Tablo 4).

Tablo 4 Savunma Sanayinde Kullanilan Baslica NTE'ler

Element||Kullanim

Nd Radar ve motor sistemleri

Sm Fiize sistemleri

Dy Yiiksek sicaklik miknatislari
Tb Hassas elektronikler

Gd Sonar ve niikleer uygulamalar

Kaynak: (https: T.C. Enerji ve Tabii Kaynaklar Bakanligi, 2022).

Katalizorler ve Kimya Endiistrisi: Seryum (Ce) ve lantan (La), petrol
rafinerileri ve otomotiv sektoriinde kullanilan katalizérlerin temel
bilesenleri arasindadir. Egzoz gazi aritimi, kimyasal {iretim siirecleri
icin NTE’ ler 6nemlidir T.C. Enerji ve Tabii Kaynaklar Bakanlig.
(2022).

Katalitik 6zellikleri nedeniyle Ce giiniimiizde en fazla kullanilan
NTE'lerden biridir.

Tiirkiye’nin Nadir Toprak Element Potansiyeli

Tiirkiye'de NTE arastirmalari 1970'li yillarda Maden Tetkik ve
Arama Genel Miidiirliigii (MTA) tarafindan baslatilmistir. i1k
caligmalar daha ¢ok uranyum, toryum ve florit aramalar1 kapsaminda
yliriitiilmiis, zamanla bu olusumlarla iligkili NTE zenginlesmeleri
dikkat cekmeye baslamistir. 1980'li ve 1990'1 yillarda:

e Kizilcadren (Eskisehir)
-12--



e Kuluncak (Malatya)
o Keban (Elaz1g)
e Divrigi (Sivas)
gibi sahalarda ayrintili ¢alismalar gerceklestirilmistir.

2010 sonrasinda ise enerji doniisimi ve kritik mineraller
konusundaki kiiresel gelismeler nedeniyle NTE aramalar1 yeniden
hiz kazanmustir. Ozellikle Eti Maden ve MTA tarafindan yiiriitiilen
caligmalar Beylikova sahasinin stratejik 6nemini ortaya koymustur
(Cimen ve Dénmez, 2026).

Kritik mineraller ve nadir toprak elementleri (NTE) alaninda son
yillarda yasanan gelismeler, Tiirkiye'nin sahip oldugu jeolojik
potansiyelin yeniden degerlendirilmesini gerekli kilmistir. Tiirkiye,
Alp-Himalaya metalojenik kusagi iizerinde yer almasi nedeniyle
oldukca karmagik ve zengin bir jeolojik yapiya sahiptir. Bu jeolojik
cesitlilik, farkli tipte NTE yataklarinin olugsmasma olanak
saglamistir (Cimen ve Dénmez, 2026).

Uzun yillar boyunca Tiirkiye'nin NTE potansiyeli sinirli diizeyde
bilinmekteyken, son yillarda gerceklestirilen ayrintili jeolojik,
jeokimyasal ve mineralojik ¢alismalar sonucunda ozellikle
Eskigehir-Beylikova (Kizilcadren) sahasmin diinya 06lgeginde
onemli bir kaynak oldugu ortaya konulmustur. Bunun yaninda
Malatya-Kuluncak, Bolkardagi, Keban, Divrigi ve Burdur-Canakli
gibi sahalar da farkli jeolojik oOzelliklere sahip Onemli NTE
olusumlar1 olarak degerlendirilmektedir (Oztiirk vd., 2019; Cimen
ve Donmez, 2026).

Sonuglar

Nadir toprak  elementleri (NTE), modern teknolojinin
strdiiriilebilirliginde ve kiiresel iklim degisikligiyle miicadele

stratejilerinde merkezi bir rol dstlenen kritik hammaddelerdir.
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Elektrikli araglar ve riizgar tiirbinleri gibi yenilenebilir enerji
teknolojilerinin hizla yayginlagmasi, siirdiiriilebilir dogal kaynak
kullanimin1 hedefleyen kiiresel enerji doniisiimiiniin temelini
olusturmakta ve bu elementlere olan talebi her gecen giin
ivmelendirmektedir.

Jeolojik ve mineralojik acidan incelendiginde, NTE'lerin dogada
genellikle ko-jenetik olarak bulunmalart ve birbirlerine ¢ok
benzeyen kimyasal karakteristikleri, madencilik operasyonlarinda
ve Ozellikle metaliirjik ayristirma asamalarinda ileri miithendislik
yaklasimlarini zorunlu kilmaktadir. Bu zorlu siireclerde, dogal
kaynaklarin isletilmesinin yarattigi cevresel etkilerin minimize
edilmesi ve tim madencilik faaliyetlerinin giincel ¢evre ve maden
hukuku mevzuatlarina titizlikle entegre edilmesi, sektdriin uzun
vadeli gelisimi i¢in bir gerekliliktir.

Kiiresel oOlgekte Cin'in hem rezerv miktarinda hem de isleme
teknolojilerinde kurdugu tekel, NTE tedarik zincirini yalnizca
ekonomik bir mesele olmaktan c¢ikarip, stratejik ve jeopolitik bir
rekabet alanina dontistlirmiistiir. Bu asimetrik gii¢ dagilimi, teknoloji
tireten diger {iilkelerin arz giivenligini saglamak amaciyla alternatif
rezervlere yonelmesini ve tedarik zincirlerini g¢esitlendirmesini
zorunlu kilmgtir.

Tiirkiye, lizerinde bulundugu Alp-Himalaya metalojenik kusaginin
sundugu jeolojik cesitlilik sayesinde, basta Eskisehir-Beylikova ve
Malatya-Kuluncak sahalari olmak iizere diinya olceginde dikkate
deger bir NTE potansiyeli barindirmaktadir. Sonug¢ olarak,
Tiirkiye'nin sahip oldugu bu jeolojik zenginligin katma degere
doniistiirilebilmesi  i¢in yalnizca cevher c¢ikarimi diizeyinde
kalinmamalidir. Cevreyle uyumlu, siirdiiriilebilir politikalar ve
saglam yasal altyapilar 1s18inda, ayristirma ve saflastirma
teknolojilerine yonelik Ar-Ge yatirimlar: artirilmalidir. Ulkenin bir
hammadde tedarik¢isi olmanin 6tesine gegerek, savunma sanayi,
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havacilik ve yesil enerji sektorlerine yonelik ileri teknoloji
bilesenleri iireten tam entegre bir aktdr konumuna yiikselmesi,
teknolojik bagimsizlik ve ulusal kalkinma acisindan hayati 6nem
tasimaktadir.

Kaynak¢a

Aydin, M. (2020). Nadir Toprak Elementleri ve Enerji
Doniistimiindeki  Stratejik Rolleri. Ankara: Enerji Politikalar1
Aragtirma Merkezi Yayinlari.

Cimen, A., & Donmez, M. (2026). Tiirkiye'de nadir toprak
elementleri potansiyeli ve yeni arama calismalari. Kritik Mineraller
ve Stratejik Hammaddeler Kitabi, 145-178.

Demir, H., Kaya, S., & Yilmaz, A. (2026). Diinya nadir toprak
elementleri rezervleri ve kiiresel tedarik zinciri dinamikleri.
Madencilik ve Stratejik Kaynaklar Dergisi, 12(1), 25-48.

Gilindogdu, E. (2022). Nadir toprak elementlerinin jeopolitigi ve
kiiresel rekabet. Uluslararasit Enerji ve Strateji Arastirmalart
Dergisi, 7(2), 89—108.

Kanazawa, Y., & Kamitani, M. (2006). Rare earth minerals and
resources in the world. Journal of Alloys and Compounds, 408—412,
1339-1343 https://doi.org/10.1016/j.jallcom.2005.04.033

Maden Tetkik ve Arama Genel Midurligi (MTA). (2020). Kritik
Mineraller ve Nadir Toprak Elementleri Raporu. Ankara: MTA
Yayinlart.

Oztiirk, H., Altun, Y., & Karakas, Z. (2019). Tirkiye'deki nadir
toprak elementleri yataklar1 ve ekonomik potansiyelleri. Maden
Tetkik ve Arama Dergisi, 159, 1-25.

--15--


https://doi.org/10.1016/j.jallcom.2005.04.033

Sanayi ve Teknoloji Bakanligi. (2020). Tiirkiye Sanayi ve Teknoloji
Stratejisi 2023. Ankara: T.C. Sanayi ve Teknoloji Bakanlig:
Yayinlari.

T.C. Enerji ve Tabii Kaynaklar Bakanligi. (2022). Kritik Mineraller
ve Nadir Toprak Elementleri Degerlendirme Raporu. Ankara: ETKB
Yayinlart.

Tung, A. (2025). Nadir toprak elementlerinin ayristirilmasi ve
zenginlestirilmesinde gilincel teknolojiler. Madencilik Teknolojileri
Dergisi, 18(3), 55-74.

https://serhansuzer.com/tr/nadir-toprak-elementleri/.

--16--


https://serhansuzer.com/tr/nadir-toprak-elementleri/

BOLUM 2

DOGAL SULARDAKI TEMEL iYONLAR VE
HIiDROJEOKIMYASAL ONEMI

DIDEM YASIN?!, DURU CESUR? OZLEM TOYGAR
SAGIN®

Giris
Su, dogal sistemlerin isleyisinde ve canli yasaminin
stirdiiriilebilirliginde temel Oneme sahiptir. Sularin fiziksel ve
kimyasal ozellikleri; yagis, beslenme kosullari, su—kayag etkilesimi
ve cesitli hidrojeokimyasal siire¢lerin etkisi altinda sekillenmektedir.
Bu nedenle dogal sularda bulunan ¢éziinmiis iyonlarin belirlenmesi
ve degerlendirilmesi, suyun hidrojeokimyasal ozelliklerinin

anlasilmasinin yani sira farkli kullanim amaglarina uygunlugunun
ortaya konulmasi agisindan da 6nem tagimaktadir.

Dogal sularin kimyasal bilesimi; suyun kokeni, beslenme
kosullari, temas ettigi jeolojik birimler ve gegirdigi hidrojeokimyasal
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stirecler hakkinda 6nemli bilgiler saglamaktadir. Yagis sulari, toprak
ve kayaclarla etkilesimleri sirasinda minerallerin ¢oziinmesi,
cokelmesi, iyon degisimi, yiikseltgenme—indirgenme, karisim ve
buharlagsma gibi siireclere bagl olarak cesitli iyonlar1 biinyelerine
almaktadir. Bu nedenle major iyonlarin tiirleri, konsantrasyonlari ve
birbirleri ile iliskileri; akifer litolojisinin, su—kayag etkilesiminin ve
hidrojeokimyasal evrimin degerlendirilmesinde onemli
gostergelerdir.  Ayrica dogal sularin  kimyasal 6zelliklerinin
belirlenmesi, sularin igcme, sulama ve diger kullanim amaglarina
uygunlugunun degerlendirilmesi ile dogal ve antropojenik etkilerin
arastirilmasi agisindan da 6nem tasimaktadir (Freeze & Cherry,
1979; Appelo & Postma, 2005).

Bu béliimde, dogal sularin kimyasal bilesiminin temelini
olusturan Ca*2, Mg*2, Na*, K*, HCOs~, COs2, CI- ve SO42 iyonlari
hidrojeokimyasal a¢idan ele alinmistir. Bu iyonlarin dogal sulardaki
baslica kaynaklarinin yami sira hidrojeokimyasal caligmalarda
kullanilan derisim birimleri ve birimler arasindaki doniisiimler
aciklanmistir. Ayrica major iyon analizlerinin giivenilirliginin
degerlendirilmesinde kullanilan iyon dengesi agiklanmis ve su
tiplerinin belirlenmesinde kullanilan Piper ve Schoeller diyagramlari
ele alinmistir.

Sudaki Temel fyonlar

Dogal sularin kimyasal bilesiminin temelini olusturan Ca*?,
Mg, Na*, K, HCOs~, COs2, CI- ve SO4 2 iyonlar1 hidrojeokimyasal
acgidan ele alinmustur.

Kalsiyum (Ca*?), dogal sularda yaygin olarak bulunan basglica
katyonlardan biridir. Yeralti suyundaki kalsiyumun en Onemli
kaynagi, kalsit ve dolomit gibi karbonat minerallerinin
¢oziinmesidir. Bununla birlikte jips ve anhidrit gibi silfat
minerallerinin ¢cOziinmesi de Ca* konsantrasyonunu
artirabilmektedir. Ayrica plajiyoklaz, piroksen ve amfibol gibi
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minerallerin ayrigsmas1 kalsiyumun suya ge¢mesine katkida
bulunmaktadir. Bu nedenle yiiksek Ca*> konsantrasyonlar1 6zellikle
karbonatli kayaclarin egemen oldugu akiferlerde yaygin olarak
gozlenmektedir (Hem, 1985; Drever, 1997; Appelo & Postma,
2005).

Magnezyum (Mg*?) baslica dolomit ve diger magnezyum
iceren karbonat minerallerinin ¢éziinmesi sonucunda yeralt1 suyuna
gecmektedir. Bununla birlikte olivin, piroksen, amfibol ve bazi kil
mineralleri gibi Mg iceren silikat minerallerinin ayrigsmasi da 6nemli
bir magnezyum kaynagidir. Dolayisiyla Mg* konsantrasyonlari,
karbonath kayaglarin yani sira mafik ve ultramafik kayaclarla
etkilesimde bulunan sularda da artabilmektedir (Hem, 1985; Appelo
& Postma, 2005).

Sodyum (Na*) dogal sularda hem silikat hem de evaporit
minerallerinden kaynaklanabilmektedir. Albit gibi Na igeren
feldispatlarin kimyasal ayrismasi, halit ve mirabilit gibi evaporit
minerallerinin ¢oziinmesi sodyumun baslica dogal kaynaklari
arasindadir. Ayrica kil mineralleri iizerinde gerceklesen katyon
degisimi siiregleri yeralt1 suyundaki Na* konsantrasyonunu 6nemli
Olciide degistirebilmektedir. Sulama doniis sulari, endiistriyel atiklar
ve evsel atik sular da oOzellikle yerlesim ve tarim alanlarinda
antropojenik sodyum girdisine neden olabilmektedir (Hem, 1985;
Appelo & Postma, 2005).

Potasyum (K*) esas olarak K-feldispat, feldispatoidler,
mikalar ve baz1 kil minerallerinin ayrismasi sonucunda dogal sulara
katilmaktadir. Bununla birlikte baz1 evaporit mineralleri ve tarimsal
giibreler de potasyum kaynagidir. Potasyum, mineral ylizeyleri ve kil
mineralleri tarafindan tutulmaya egilimli oldugundan, benzer
jeolojik kaynaklara sahip olmasina ragmen dogal sulardaki
konsantrasyonu ¢ogunlukla sodyumdan daha diistiktiir (Hem, 1985;
Drever, 1997).
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Kloriir (CI"), hidrojeokimyasal ¢alismalarda 6nemli bir
izleyici iyon olarak kullanilmaktadir. Deniz suyu, halit gibi evaporit
minerallerinin ¢dziinmesi ve dogal tuzlu sular kloriiriin baslica
kaynaklaridir. Bununla birlikte yol tuzlamasi, evsel ve endiistriyel
atik sular, giibreler ve sulama doniis sular1 gibi antropojenik girdiler
de CI- konsantrasyonunun artmasina neden olabilmektedir (Hem,
1985; Appelo & Postma, 2005).

Stilfat (SO472) dogal sularda baslica jips ve anhidrit gibi siilfat
minerallerinin ¢oziinmesi ve pirit basta olmak {izere siilfitli
minerallerin oksidasyonu sonucunda olusur. Denizel girdiler ve
atmosferik ¢okelim de dogal sulardaki siilfatin kaynaklar
arasindadir. Tarimsal giibrelerin kullanimi ve cesitli endiistriyel
faaliyetler ise antropojenik siilfat girdilerine neden olabilir. Buna
karsilik, indirgen kosullarda gerceklesen bakteriyel siilfat
indirgenmesi, siilfatin indirgenmis siilfiir tiirlerine doniismesine ve
sudaki siilfat konsantrasyonunun azalmasina yol agabilir. Bu
nedenle, dogal sulardaki siilfat dagilimi, mineral ¢dzlinmesi ve
redoks siireclerinin degerlendirilmesinde onemli bir gostergedir
(Drever, 1997; Appelo & Postma, 2005).

Bikarbonat (HCOs") ve karbonat (COs?) dogal sularin
alkalinitesini olusturan baslica iyonlardir. CO2'nin suda ¢dziinmesi
ile olusan karbonik asit, 6zellikle kalsit ve dolomit gibi karbonat
minerallerinin ¢6zlinmesini kolaylastirmaktadir. Karbonat tiirlerinin
dagilimi pH tarafindan kontrol edilmekte; dogal yeralt1 sularinin
yaygin pH kosullarinda HCOs~ genellikle baskin tiirii olustururken,
daha yliksek pH degerlerinde COs*'nin dnemi artmaktadir (Hem,
1985; Stumm & Morgan, 1996; Appelo & Postma, 2005).

Hidrojeokimyada Kullanilan Derisim Birimleri

Sudaki  ¢Ozlinmiis maddelerin  miktarlarinin  ifade
edilmesinde farkli derisim birimleri kullanilmaktadir. En yaygin
kullanilan birimler mg/l, ppm, ppb, mmol/l ve mek/1 dir.
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mg/l, bir litre ¢ozeltide bulunan ¢6zliinmiis maddenin
miligram cinsinden miktarini ifade etmektedir.

ppm kiitle esasina gore, ¢ozeltinin bir milyon biriminde
bulunan ¢6ziinen madde miktarini belirtmektedir.

ppb kiitle esasina gore, ¢ozeltinin bir milyar biriminde
bulunan ¢6ziinen madde miktarini ifade eder.

mmol/l, bir litre ¢dzeltide bulunan maddenin milimol say1sini
gostermektedir.

mek/l, bir litre ¢ozeltide bulunan maddenin miliesdeger
miktaridir.

Derisim Birimleri Arasi1 Doniistiim

Hidrojeokimyasal caligmalarda su analiz sonuglar1 farkli
derisim  birimleriyle ifade edilebilmektedir.  Laboratuvar
analizlerinde iyon derisimleri ¢ogunlukla mg/l veya ppm olarak
raporlanirken, hidrojeokimyasal hesaplamalarda mmol/l ve mek/I
birimleri yaygin olarak kullanilmaktadir. Bu nedenle farkli birimler
arasinda dogru  donlisim  yapilmasi, oOzellikle iyonlarin
karsilastirilmasi, iyon dengesi hesaplamalart ve hidrojeokimyasal
diyagramlarin hazirlanmas1 acisindan Onemlidir (Hem, 1985;
Appelo & Postma, 2005). Major iyonlarin mol agirliklar1 ve yiik
degerleri Tablo 1°de verilmektedir.
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Tablo 1. Major iyonlarin mol agirliklar: ve yiik degerleri

fyon z':/lg?rlhgl Degerligi
Ca™ 40.08 2
Mg* 24.31 2
Na* 22.99 1
K* 39.10 1
HCOs~ 61.02 1
COs2 60.01 2
ol 35.45 1
SO42 96.06 2

mg/lI'den mmol/l'ye doniisiim: Bir iyonun kiitle derisiminin
molar derisime doniistiirilmesinde iyonun mol agirligr (formiil
agirligl) kullanilmaktadir.

mg/l

mmol/] = ————
Mol agirlig

Ornegin, bir su érneginde Ca*? derisiminin120 mg/1 oldugu
kabul edilirse, Ca’nin mol agirlig1 40.08 g/mol oldugundan

vy 1200
Ca™ = 7008 — 2.99 mmol/1

olarak hesaplanir.

mmol/l'den mek/l'ye doniisiim: Bir iyonun mmol/l cinsinden
derigsimi biliniyorsa mek/l degeri, iyonun elektriksel yiikiiniin
mutlak degeri kullanilarak hesaplanmaktadir.

mek/l = mmol/l X]| z |
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Burada z, iyon ytikiinii gostermektedir (Tablo 1).
Ornegin:
2.99 mmol/l Ca*? x 2 = 5.98 mek/I

120 mg/l Ca*? yaklasik 2.99 mmol/l veya 5.98 mek/l'ye
karsilik gelmektedir.

mg/I'den dogrudan mek/1’ye doniisiim ise asagidaki esitlikle
yapilmaktadir.

mg/l = mek/l X esdeger agirlik

deser agirlis = mol agirhig
esdeger agirhgl = —— yikil
Burada esdeger agirlik, mol agirligimin atom yiikiine

boliinmesi ile elde edilmektedir.

ppm ile mg/l arasindaki doniisiim: ppm ile mg/l arasindaki
dontisiim ¢ozeltinin yogunluguna baglidir.

mg/l = ppm X p

Burada p, ¢ozeltinin kg/l cinsinden yogunlugudur. Suyun
yogunlugu 1 oldugundan, diisiik tuzluluga sahip sularda 1ppm 1
mg/I’dir.

Ancak yiiksek tuzluluga sahip sularda, deniz suyunda ve
yogunlugu 1 kg/lI'den farkli sularda ppm ile mg/I'nin dogrudan esit
kabul edilmesi dogru degildir. Yogunluk etkisi dikkate alinmalidir.

Analiz Sonuclarinin Kontrolii

Major iyon analizlerinden vyararlanarak, analizlerin
dogrulugunu degerlendirmek amact ile hata pay1 (iyon dengesi,

elektronétralite)  degerleri  asagidaki  esitlik  yardimi  ile
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hesaplanmaktadir. Hata pay1 hesaplamalarinda katyonlardan Ca*,
Mg, Na" ve K* ile anyonlardan HCOs~, COs2, SO+ ve CI" iin
mek/I cinsinden degerleri kullanilmaktadir.

Hata pay1 (%) = [(Zkatyon — Xanyon) / (Zkatyon
+ Xanyon)] X 100

Literatiirde yaygin olarak hata pay1 degerlerinin <%35 olmasi,
katyon ve anyon analizleri arasindaki dengenin iyi oldugunu ve
analitik sonuglarin yiiksek giivenilirlik tasidigini gostermektedir.
Hata pay1 degerlerinin %6-%10 arasinda olmasi sonuglarin genel
olarak kabul edilebilir dogruluk diizeyinde oldugunu belirtirken,
%10 smirmin  asilmasi analizlerde olas1 Olgiim hatalarinin,
belirlenmemis iyonlarin veya 6rnekleme ve analiz siireclerinden
kaynaklanan belirsizliklerin bulunabilecegine isaret etmektedir. Bu
nedenle hata payr degeri hidrojeokimyasal calismalarda analiz
sonuglarinin kullanilabilirliginin degerlendirilmesinde 6nemli bir
olciit olarak kabul edilmektedir (Appelo & Postma, 2005).

Majér Iyonlarin Degerlendirilmesinde Kullanilan Bashca
Diyagramlar

Piper Diyagram

Piper  (1944)  tarafindan  gelistirilen  diyagram,
hidrojeokimyasal su tiplerinin belirlenmesinde yaygin olarak
kullanilan grafiksel yontemlerden biridir. Diyagram, katyon ve
anyon degerlerinin ayr1 ayr1 gosterildigi iki iicgen ile bir eskenar
dortgenden olusmaktadir. Katyon tiggeninde Ca*?, Mg*™ ve Na*+K*;
anyon ti¢cgeninde ise Cl-, SOs2 ve HCOs+CO;72, iyonlar1 ylizde
miliesdeger (% mek/l) olarak gosterilmektedir. Katyon ve anyon
iicgenlerinde belirlenen 6rnek noktalarinin eskenar dortgen iizerine
iz diistiriilmesi ile sularin genel hidrojeokimyasal karakteri ortaya
konulmaktadir (Sekil 1, Piper, 1944).
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Ornegin asagida analiz sonucu verilen 1 numarali drnek Piper

diyagraminda degerlendirilirse, Oncelikler her bir anyonun ve
katyonun toplam anyonlar ve toplam katyonlar igerisindeki yiizdesi
hesaplanir.

Tablo 2. I numaral 6rnege ait analiz sonucu.

Katyonlar (mek/l) Anyonlar (mek/I)
1| Na* K* Ca*2 | Mg*2 | CO; 2 HCOs. | CI" | SO4
2
0,82 0,07 22 (102 |0 3,21 0,22 | 0,68

1 numarali 6rnek i¢in Y katyonlar=0,82+0,07+2,2+1,02=

4.11 mek/I

mek/I

% Ca= ((2.2x100) /4.11))= % 53,52

% Mg= ((1.02x100) /4.11))= % 24.82

%Na= ((0.82x100) /4.11))= % 19,95

% K= ((0.07x100) /4.11))= % 1,70

%Na+% K =21,65

1 numarali 6rnek i¢in Y anyonlar=3,21+0,22+0,68= 4.11

% HCOs= ((3,21x100) /4.11))= % 78,04
% Cl= (0,22x100) /4.11))= % 5,36
9%S04= (0,68x100) /4.11))= % 16,58

% HCOs+% CO3 =% 78,04

Hesaplanan 9% degerleri anyon ve katyon iiggenlerine

isaretlenir ve isaretlenen degerlerden her bir iyonun %100 oldugu
kosenin karsisina paralel olacak sekilde dogru gizilir. Cizilen {i¢
dogru ayni noktada kesigmelidir. Anyonlar ve katyonlar
ticgenlerinde dogrularin kesisim noktalar1 diyagramda ortada
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bulunan eskenar dortgene tasinir. Eskenar dortgen igerisinde su
ornegini temsil eden noktanin bulundugu bélge, suyun baskin iyon
bilesimini gostermektedir. Tiim su 6rneklerinin diyagram iizerine
isaretlendiginde, benzer kimyasal bilesime ve hidrojeokimyasal
Ozelliklere sahip sularin genellikle ayni veya birbirine yakin
bolgelerde kiimelendigi goriilmektedir. Bu kiimelenme, sular
arasindaki hidrojeokimyasal benzerliklerin belirlenmesine ve farkli
su gruplarinin ayirt edilmesine olanak saglamaktadir.

Piper diyagramina goére merkezi eskenar dortgen alt1 farkl
bolgeye ayrilmistir:

1. Ca—HCO; tipi sular: Kalsiyum ve bikarbonat
iyonlarimin  baskin oldugu, genellikle karbonatli kayaglarin
cozlinmesiyle iliskili sulardir.

2. Na—Cl tipi sular: Sodyum ve kloriir iyonlarinin baskin
oldugu sulardir. Evaporit ¢oziinmesi, tuzlu sularla karisim ve diger
hidrojeokimyasal siireclerle iligkili olabilir.

3. Karisik Ca-Na-HCOs tipi sular: Kalsiyum ve
sodyum iyonlarinin birlikte 6nem kazandigi, bikarbonatin baskin
oldugu sulardir. Su—kayagc etkilesimi ve iyon degisimi siire¢lerinden
etkilenebilir.

4. Karigtk Ca—Mg-Cl tipi sular: Kalsiyum ve
magnezyum iyonlarinin Onemli oldugu, kloriirce zenginlesmis
sulardir. Farkl su kiitlelerinin karisimi veya mineral ¢ézlinmesiyle
iligkili olabilir.

5. Ca—Cl tipi sular: Kalsiyum ve kloriir iyonlarinin
baskin oldugu sulardir. Iyon degisimi, tuzlu su karisimi ve gesitli su—
kayag etkilesimleri sonucunda olusabilir.

6. Na—HCOs tipi sular: Sodyum ve bikarbonat
iyonlarmin baskin oldugu sulardir. Ozellikle katyon degisimi ve
silikat minerallerinin ayrismasiyla iliskili olabilir.
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Bu bilgiler 1s181nda 1 numarali su 6rnegi Piper diyagraminda
1. bolgede yani CaHCOs ‘1 sular grubunda yer almaktadir.

Sekil 1. Piper diyagrami (Piper, 1944).

100

1 Ca—HCO:s tipi sular

2 Na—Cl tipi sular

3 Karisik Ca—Na—HCO:s tipi sular
4 Karisik Ca—Mg—Cl tipi sular

5 Ca—Cl tipi sular

6 Na—HCO:s tipi sular

0

100 80 60 40 20 00 20 40 60 80 100
Ca Na+K CO,+HCO, cl

KATYONLAR ANYONLAR

Schoeller Diyagram

Schoeller diyagrami, major iyonlarin mek/l cinsinden
konsantrasyonlarinin yar1 logaritmik bir grafik iizerinde gosterildigi
bir diyagramdir. Ca™2, Mg*2, Na*+K", Cl-, SO.2 ve HCOs+ COs~
iyonlar1 yatay eksende yer alir. Diisey eksen logaritmik 6lceklidir.
Her iyonun mek/l degeri, kendine ait logaritmik eksende
isaretlenerek, elde edilen noktalar cizgilerle birlestirilir ve su
ornegine 6zgli iyonik dagilim profili olusturulur (Schoeller, 1962,
Sahinci, 1991). Schoeller diyagrami yardimi ile farkli su
orneklerinin iyon konsantrasyonlari dogrudan
karsilastirilabilmektedir. Benzer desene sahip egriler, sularin benzer
hidrojeokimyasal 0Ozelliklere sahip olabilecegini gostermektedir.
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Paralel egilim gosteren sulardan diyagramin daha iist boliimiinde yer
alan Ornek, daha yiliksek toplam iyon konsantrasyonuna, alt
boliimiinde yer alan 6rnek ise daha diisiik mineralizasyona sahiptir.
Alt boliimde yer alan orneklerin beslenme alanina yakin sular
olabilecegi yorumu yapilabilir ancak bu degerlendirme izotop ve
hidrojeolojik veriler ile desteklenmelidir. Schoeller diyagraminda
SO+ konsantrasyonunun diger major iyonlara kiyasla belirgin
bigimde diisiik olmasi, uygun hidrojeokimyasal kosullar altinda
siilfat indirgenmesi olasiligia isaret etmektedir. Indirgen ortam
kosullarinda siilfatin mikrobiyal veya jeokimyasal siireglerle
indirgenmesi sonucunda ¢éziinmiis SO+ 2 miktar1 azalabilmektedir.
Toplam tuz miktar1 yiliksek oldugu halde kloriir ile sodyum degerleri
belirgin sekilde farkli ise, bu durumda baz degisiminden soz
edilebilmektedir (Sahinci,1991). Ornegin Tablo 3’te verilen analiz
sonugclari Schoeller yarilogaritmik diyagraminda
degerlendirildiginde, (Sekil 2) 3 numarali 6rnek, iyon igerigi
acisindan 1 ve 2 numarali 6rneklerden daha zengindir. Ayrica 3
numarali 6rnegin, 1 ve 2 numarali 6rneklere ait egrilere paralellik
gostermemesinden dolayr farkli bir kimyasal kompozisyona sahip
oldugu anlagilmaktadir. 1 ve 2 numarali 6rneklerde egriler birbirine
paralel oldugundan iyonlarin dagilimi benzerdir. Bu da 1 ve 2
numarali orneklerin ayni tiirde litolojik birimlerden geldigini
gostermektedir. 1 ve 2 numarali 6rneklerin toplam iyon igerikleri
karsilastirildiginda, 1 numarali 6rnegin toplam iyon igeriginin daha
fazla oldugu goriilmektedir.

Tablo 3. 1, 2 ve 3 numarali érneklere ait analiz sonuclari

Ornek | Ca™ Mg | Na* | K* Cl- | SO+2 | COs2 | HCOs
No
(mek/1)
1 4,070 | 0,695 | 0,25 | 0,119 | 0,328 | 0,548 | 4,623 | 0,00
1,525 | 0,325 | 0,10 | 0,059 | 0,178 | 0,311 | 1,668 | 0,00
3 18,557 | 9,014 | 420 | 0,309 | 8,921 | 24,69 | 4,108 | 0,00
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Sekil 2. Schoeller diyagrami

1000,00 -+

100,00 |-

10,00 —

(mek/1)

1’00 I

0,01

HCO3+CO3 -

Schoeller diyagrami, suyun dolagimda bulundugu akifer
ortaminin litolojik 6zellikleri hakkinda ¢ikarim yapilmasma da

olanak saglamaktadir. Yeralt1 suyunun kimyasal bilesimi; beslenme

alanindan itibaren temas ettigi kayaglarin mineralojik yapisi, su—

kaya¢ etkilesiminin siiresi ve ger¢eklesen ¢oziinme—¢okelme
siirecleri tarafindan 6nemli 6l¢iide kontrol edilmektedir. Bu nedenle
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suda baskin olarak bulunan iyonlarin ve iyonlar arasindaki iligkilerin
incelenmesi, yeralti suyunun etkilesimde bulundugu kaya¢ ve
minerallerin belirlenmesinde 6nemli bilgiler saglayabilmektedir.

Ornegin, Ca*> ve HCOs~ iyonlarmin baskin oldugu yeralt:
sulari, ¢ogunlukla kalsit iceren karbonatli kayaclarla, ozellikle
kirectaslariyla  gergeklesen ¢oziinme  siireglerinin  etkisini
yansitmaktadir. Buna karsilik, Ca*? ile Mg*? iyonlarinin da belirgin
miktarlarda bulunmasi, dolomit gibi magnezyum igeren karbonat
minerallerinin su kimyasi tizerindeki etkisine isaret edebilir. Benzer
sekilde, Ca** ve SO42 bakimindan zengin sular jips veya anhidrit
¢cozlinmesiyle, Na* ve Cl~ bakimindan zengin sular ise halit
coziinmesi ile iligkilendirilebilir. Bununla birlikte, suyun kimyasal
bilesiminin yalnizca akifer litolojisine bagli olmadigi; iyon degigimi,
karisim, buharlagma ve antropojenik etkiler gibi  diger
hidrojeokimyasal  siireclerden de etkilenebilecegi  dikkate
alinmalidur.

Sonuglar

Hidrojeokimyasal degerlendirmelerin giivenilirligi, kimyasal
analiz sonuglarinin dogru birimlerle ifade edilmesi ve analiz
kalitesinin kontrol edilmesi ile dogrudan iligkilidir. Bu nedenle mg/1,
mmol/l ve mek/l gibi derisim birimleri arasindaki doniisiimlerin
dogru yapilmasi ve major katyonlar ile anyonlar arasindaki iyon
dengesinin kontrol edilmesi 6nem tasimaktadir. Iyon dengesi
sonucunda belirlenen hata pay1, analiz sonuglariin giivenilirliginin
ve sonraki hidrojeokimyasal degerlendirmelerde kullanilabilirliginin
ortaya konulmasinda Onemli bir Olciittiir. Major iyon verilerinin
grafiksel yontemlerle degerlendirilmesi ise sularin hidrojeokimyasal
ozelliklerinin daha kolay yorumlanmasina olanak saglamaktadir.
Piper diyagrami sularin baskin iyon bilesimlerinin ve
hidrojeokimyasal su tiplerinin belirlenmesini, benzer 06zellik
gosteren sularin gruplandirilmasini ve olast karisim egilimlerinin
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degerlendirilmesini saglarken; Schoeller diyagrami farkli su
orneklerinin iyon dagilimlarinin ve mineralizasyon diizeylerinin
karsilastirilmasina  katki  saglamaktadir. Bu  diyagramlarin
hidrojeolojik, jeolojik ve gerektiginde izotopik verilerle birlikte
degerlendirilmesi, dogal sularda etkili olan siireglerin daha giivenilir
bicimde yorumlanmasini miimkiin kilmaktadir.

Sonug olarak, dogal sulardaki major iyonlarin belirlenmesi,
yalnizca suyun kimyasal bilesiminin = tanimlanmasi  ve
hidrojeokimyasal su tiplerinin siniflandirilmasi agisindan degil;
suyun kokeninin, su—kaya¢ etkilesiminin, hidrojeokimyasal
evriminin ve farkli  kullanom amaglarma uygunlugunun
degerlendirilmesi acisindan da temel Oneme sahiptir. Major iyon
analizlerinin uygun derisim birimleri, iyon dengesi kontrolleri,
iyonlar arasi iliskiler ve hidrojeokimyasal diyagramlar araciligryla
degerlendirilmesi ve elde edilen bulgularin jeolojik verilerle
desteklenmesi Onem tasimaktadir. Bu biitlinlesik yaklasim, dogal
sularin kimyasal bilesimini kontrol eden siireclerin daha kapsamli
bicimde anlasilmasina ve hidrojeokimyasal degerlendirmelerin
bilimsel giivenilirliginin artirilmasina katki saglamaktadir.
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BOLUM 3

CUBICAL ROCK UNIT CONSIDERATION FOR
OBRUK PLATEAU SINKHOLES

Mehmet Kemal GOKAY *

Introduction

Understanding strength behaviours of rock masses as parts of
Earth’s crust include numerous parameters to be considered.
Researches in rock mechanics in different applications have supplied
their results for underground space stabilities under 3-Dimensional,
3D, stress-states as well. Actually all the research studies in rock
engineering to understand behaviours of rock materials & rock
masses can be accepted as inductive works to define behaviours of
rock masses at the crust. Since the concept including this field is
wide enough which will take long-time to deduct, (impossible to
reach full coverage), this methodology sometimes is not practical
besides its many advantages in scientific and engineering
circumstances. Deduction and inductive concept understanding in
engineering systems had also been then evaluated for the rock
engineering subjects by Hudson (1992) through his “interaction
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matrix” perception. Similarly, sinkhole development and collapse
cases under analysis for different purposes can be considered
likewise through the deduction evaluation system. Essentially,
engineers can consider a hypothetical representative cubic volume
of the earth's crust, for example, in the Konya-Karapinar region,
(Turkey), including the Obruk plateau.

This hypothetical volume can also be called a "cubical rock
unit”, CRU, (Gokay, 2025). This style of thinking is fundamentally
based on the “black box" approach, which has been defined and
applied in various studies (Cauer, 1941; Ashby, 1956; Bunge, 1963;
Haskel-Ittah, 2023). Machine learning / optimisation, mathematics /
geometry, physics / engineering, economics / operations, software /
simulation fields of studies have their explanations for a system
called as a block box, which have been analysed it’s unclear,
(uncertain), internal functions through the relations among its input
& output signals, (data). This is not like the representative
elementary volume, (REV), described in the theory of composite
materials, or statistical (stochastic) volume element, (SVE), in finite
element analysis. The cubical rock unit, CRU, consideration handled
in this study covers the evaluations of rock mass behaviours; 1) by
describing basic volumetric characteristics of rock mass itself which
is defined for a hypothetical cubical rock volume, [rock formation
progress and differentiations, physical properties mainly in rock mechanics
context, rock material/mass behaviour differentiations, included planes
(discontinuities, fissures, joints, fractures etc.) and volumes (voids, pores,
caves, etc.), chemical reactions cause alterations in the rock mass, etc.],
i1) by defining the influences of the external energy sources (mainly
in the form of 3D stresses).

Due to the numerous uncertain characteristics and undefined
rock behaviours (3D stress-strain relations) yet, hypothetical CRU
has been assumed to have only the provided “internal facts and
external influences” for its behaviours, means that other factors are
not concerning in the defined analysis to avoid complexities of real-
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world conditions. Dimensions of the assumed CRU can be big
enough to cover the deepest sinkholes and their bottom layers of
rocks for the Konya-Karapinar region. According to the planned
analyses, different sizes of hypothetical CRU and their numbers can
be selected at different locations and depths of the Earth's crust for
further evaluation (Fig. 1). These volumes include basically Earth’s
matter in solid, liquid and gas forms, and they are dynamically
interactive through the geological time scale under their internal
interactions, (chemical, physical, radioactivity, etc. inter-relations),
and the external influences, (3D stresses-strains, heat sources, lights,
sounds, effects of magnetism, electrons, gravitational forces from
Earth and other extraterrestrial sources, earthquake waves, etc.).
Evaluation of the selected volumes of CRU content differentiations
at Konya-Karapinar region due to the external mass (solid, liquids
and gasses) addition and internal mass (solid, liquid, and gasses) lost
in geological time-scale lead to understand current morphology

Figure 1. Hypothetical “cubical rock unit, CRU” that might be
considered in different locations (high elevated Taurus region to low level
Tuzgolu salt lake through the Konya & Karapinar basins and the Obruk

plateau) in different sizes.
--35--



conditions and origin of the rock masses at the region. Thus,
main considerations under the analyses in this study here was then
selected to include for the sinkhole occurrence areas at Konya-
Karapinar region, (especially at the Obruk plateau). This region has
mainly Konya basin, Karapinar basin and Obruk plateau, and its
tectonic evaluation is interconnected to the displacement rates of
Anatolia and its location at Central Anatolia. Magmatic,
metamorphic and sedimentary rock mass formations in this region,
(especially the formation of horizontally layered lacustrine
sedimentary rock masses), have directly been influenced by climatic
& tectonic conditions through geological times, and they shape the
recent morphological conditions in the region. In this lacustrine
region, as expected, the groundwater flow directions will be from
high to low levels. Figure la presents an example of this flow and
the 3D positional, (vertical height and horizontal positional changes
due to tectonic movement, sedimentation, subsidence, etc.),
differentiations for the Konya-Karapinar region. Stratigraphic
graphics (logs), presented by Tork, et al. (2009 & 2013) and Ulu
(2009a & 2009b), reported the rock mass formations (with names &
geological eras-periods) located in the region. The existing data on
solids (all rock masses), liquids (groundwater and saline waters with
varying chemical compositions), and gases (CO2 and other inorganic
& organic gases) in the region, combined with specific factors such
as; rock layers at different locations, groundwater levels, natural
gases circulating in rock masses (especially dissolved ones in
groundwater), and climatic-socio economic environmental changes
over time, have created a general knowledge base to initiate
statistical assessments for predicting types of natural disasters, (i.e.
sinkhole formation, floods, etc.), and their risk factors. Thus,
sinkhole locations, tectonic basic features of Central Anatolia and
directions of in-situ 3D stresses were evaluated in this study together
for possible indications which could be referred to sinkhole collapses

in addition to the available earlier statistical studies.
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Displacements at Konya-Karapinar region

Tectonic features of the Konya-Karapinar region could be
acquired through uplift and downward displacement features of
Anatolia in geological time. Bartol & Govers, (2014) wrote that the
elevation of the Central Anatolian Plateau has been increasing since
approximately 8 Ma (since the Tortonian stage in the late Miocene
epoch ); this increase is greater than 1 km. According to the authors,
no significant shortening of the Earth's crust occurred during this
uplift. The authors also state that widespread volcanic activity began
before this uplift process (~14-9 Ma). Elevation differences
presented by these authors show the cross-section curves in a graph
which is extended from the Mediterranean sea bottom point near
East of Cyprus to the Black sea bottom point at North of Inobolu
(Kastamonu, Turkey). The curves here representing; “model
predicted present-day elevation™ for Bartol & Govers’s “the thin
crust model” and “the thick crust model”, (determined through “a
coupled thermal-flexural model of the lithosphere”), together with
“observed present-day elevation”. The cross-section curve presented
specially for the observed present-day elevations has 3 elevated
regions namely; Taurides, Central Anatolia and Pontides. When the
uplift elevations of these 3 regions are considered, the complexity of
the induced 3D stress-states and consequences of them as tectonic
fault zones, earthquakes, etc. might only be presumed logically in
limited levels. It is also normal to expect displacements in lateral
directions while progressing this uplift movement.

Moreover, Andersen, et al. (2024), wrote that, according to
measurements made using GNSS/INSAR methods, the Konya basin
in Central Anatolia is undergoing rapid subsidence within a rising
orogenic plateau, (GNSS: Global Navigation Satellite System, InSAR:
Interferometric Synthetic Aperture Radar). These authors also showed
“the active formation of the Konya basin may be accounted for by
the descent of a mantle lithospheric drip causing local circular-
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shaped surface subsidence”. The main mantle characteristics of
uplift and downward displacements and resulting tectonic processes
actually guides the influences on the main in-situ 3D stress
conditions at Konya-Karapinar region besides the other vertical and
horizontal stress effects originated on the basis of other continental-
plate and tectonic features influencing Anatolia.

Kutoglu, et al. (2026), presented displacements determined
through satellite based remote measuring systems (GNSS & InSAR)
revealing the horizontal displacements in Anatolia and they defined
the Central Anatolian Transition Zone. Similarly, ascending &
descending (vertical movement) velocities determined for Anatolia
were presented by Weiss, et al. (2020) as well. These authors
provided GNSS velocity vectors acquired for Anatolia, presented by
England, et al. (2016) and Nocquet (2012). Then Weiss, et al. (2020)
provided vertical subsidence rate distributions for Konya closed
basin, (Bayari, et al. 2009a). Weiss, et al. (2020) pointed some areas
which had subsidence rates >50 mm/year through Sentinel-1,
INSAR and GNSS data, (Sentinel-1: The first of the Copernicus
Programme satellite constellations for Earth observation operated by
the European Space Agency, ESA). These displacement features are
combined influences of all natural forces in the Konya-Karapinar
region. Actually, there is no place on/in Earth’s crust where there is
no displacement, static. Thus, in-situ 3D vertical & horizontal stress
distributions at Konya-Karapinar region located at the Central
Anatolia, have produced “integrated relative motion” which was
presented by Nocquet, (2012).

Tectonic documentation of these activities have been studied
by different researchers to explain their relations and earthquake
activities for Anatolia. Earth’s ground surface displacements
determined through the GNSS indicates continuous dynamic
positioning of the continental plates movements. It seems to be slow
in motion but when the time is considered in geological time scale,

displacements have been added to reach several kilometers, km. For
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instance; 24 mm/yr displacement level, (Nocquet, 2012), measured
from the North Anatolian Fault, (NAF) can produce total
displacements, (if the rate of deformation at NAF is assumed stable
& continuous in geological times), as follows: 24 m in 1000 yr; 240
m in 10 Ka (from the beginning of the Holocene Epoch); 4.8 km in 200
Ka; 62.40 km in 2.6 Ma (firom the beginning of the Quaternary Period).
It is also natural to think that this displacement rate most probably
alternates in geological times along the fault zone. In fact, according
to the study by Sengor et al. (2005), the origin of the North Anatolian
Fault, (NAF), is reported to be approximately 13-11 Ma ago in
Eastern Anatolia and it has propagated Westward. The authors also
stated that the NAF reached the Sea of Marmara as early as 200 Ka
ago. While some of the deformation differences measured from the
surface of the Earth's crust are due to local rock mechanics
conditions like; local faults, fracture zones, slope failures,
subsidence, etc. Actually, the main displacements are generally
related to gravity, mantle and tectonics effects. These displacements
show that the Earth's crust is under influences of varying 3D stresses
from the surface to the depths of the crust due to; Earth’s gravity,
gravitational forces from different galactic masses, continental-drift
related forces (mantle source characteristics), centrifugal forces
caused by the Earth's rotation, etc. That means, rock masses at
different locations and depths of the Earth's crust could have moved
with different displacement rates. Moreover, considering the
positions of the rock masses which have been in continuous change
at the Earth's crust, have further been influenced by new rock mass
formations (magmatic, metamorphic, sedimentary) in geological
eras. Thus, the forces affecting the rock masses at the Earth’s crust
change over time together with these rocks’ strength values. Because
the rock masses strength have tendency to differentiate in time due
to stable and/or variable 3D stress-states influences, and alterations
occurred in their structural features. Thus, interpreting the in-situ 3D

stresses and the strengths of the rocks at any given Earth's crust
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location (for example, the Konya-Karapinar region) is a much more
complex engineering process than it appears. Through the literature;
when an engineer is considering the dynamic processes for the
Konya closed basin; the effects causing the deformation rates were
indicated by researchers, (supplying displacement rates in different
horizontal & vertical directions), along or across through the main
fault zones in Anatolia. In addition, the rotational movement of
Anatolia as it moves westward will help us better understand the
situation of the Konya-Karapinar region, which is located in the
central inner part of this rotational movement.

When this explanation is combined with; the uplift information
which was processes of the Earth's crust at the beginning of the
Neogene period, followed by the subduction processes of the Earth's
crust starting from the Miocene epoch (in the Neogene period); the
increase and decrease in paleolake depth in Central Anatolia (Konya-
Karaman region); lacustrine conditions and the sedimentations of
rock layers including the products of volcanic activities; the current
complexity of the rock masses at Konya, Karaman and Karapinar
regions might be visualised. Considering a cross-sectional graph
from the Taurus Mountains to Tuzgolu salt lake along the Konya
closed basin, (oriented in S-N direction), the Konya-Karapinar
region (Central Anatolia) can be generally considered as shown in
Fig. la with its groundwater flowing direction. It shows (in
illustrative form) that the elevations & horizontal positions of the
entire region change over time according to mentioned uplift
movement, and the Central Anatolia (including Konya-Karapinar
region) related local mantle source subsidence effects. Additionally,
the lacustrine closed lake climate conditions of the Konya closed
basin have changed over geological time and that, depending on
these differentiations, the boundaries and thicknesses of sedimentary
rock formations deposited in the basin can logically differ in
different locations of this paleolake. In fact, rock fracturing, faulting,

rock weakness zones, dissolution of certain rock types in water,
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precipitation of dissolved solid materials (rocks) in water to form
new form & type of rock masses, cavities, voids that arise during
these formations, accumulation and compaction of sediments, etc.
have affected the Konya-Karapinar region with local
differentiations. It is undeniable that the properties (chemical,
physical, rock mechanics behaviour) of the solidified rock masses
formed during this process differ; this is a natural consequence. In
addition, it is also an expected physico-chemical consequence that
the effects of surface water and groundwater, gases formed within
the rocks due to chemical interactions, and gases developing and
seeping into the rocks due to volcanic interactions affect the rock
masses and groundwater properties. Therefore, the rock mass layers
at Konya-Karapinar region which include Konya basin, Karapinar
basin and Obruk Plateau mainly have their dynamic rock forming
and tectonic movement influences which definitely direct their rock
mechanics related behaviours of these rock masses (in their sinkhole
development) in the region.

Sinkholes at Konya-Karapinar region

Sinkholes known through recorded history of the Konya-
Karapinar region and the new ones developed in the last 2-3 decades
force the engineers to define the available data and evaluate the main
reasons for their occurrence rate increase. Information related to
paleolake of Konya closed basin’s and current Konya-Karapinar
region’s rock masses comprises field reports and analysis supplied
through; a) geological studies (karstic characterisation of the region
specially the Obruk plateau; behaviours of soluble rock masses
including limestone layers; interacting groundwater holding
different chemical contents with changing dissolved gasses related
to magmatism, volcanism and organic basis), b) statistical analysis
to supply sinkhole susceptibility and their risk of occurrences
through the data sets include; (sinkhole numbers, karst processes,
hydrogeology, groundwater discharge rate increase due to irrigation
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related wells, sinkhole dimensions, local faults’ locations, etc.).
Then, rock mechanics related in-situ 3D stress-state measurements
and obtaining the rock masses’ strength values in the sinkhole areas
eventually became important for the Konya-Karapinar region as
well.

Subsidence occurred due to the overburden rock mass failures
of underground cavities could be in two types. Gradually slow
caving of the overburden rocks is one type and the overburden rock
masses caving properties direct the downward sagging. The angle of
concave volume is even dependent on the overburden rock types.
The second type of the sinkhole happens by collapsing the
overburden rock layers into the open spaces of cavities one by one
after they have lost their resistance to the applied induced 3D
stresses. The caving related ground surface disturbances (associated
hazards) could only be estimated through rock engineering based 3D
induced stress analyses.

Combined effects of these stresses surrounding the sinkholes
and strength characteristics of the rock mass layers have been used
to define the sagging/collapsing actions occurring at particular
sinkholes. In this consideration several studies, (i.e. Van Den
Eeckhaut, et al. 2007; Edmonds, 2008; Gokay 2010 & 2011; Hanna,
et al. 2011; Parise, 2012; Zimbardo, et al. 2018; etc. ), supplied
information about the underground space collapses and subsidence
effects through underground spaces and mining galleries which have
direct similarities with the roof collapse of chimney-type sinkholes.
Influences of in-situ 3D stresses on chimney-type sinkhole
development, (a hypothetical sinkhole case), like the sinkhole
development circumstances in layered sedimentary rock masses of
Konya-Karapinar region, for instance, were evaluated with
numerical analysis through proposed considerations, (Gokay &
Mesutoglu, 2025). In addition, the study performed by Karadeniz,
(2019) at Kazan (Ankara, Turkey) included “Formation Micro

Imager, (FMI), logs”, and “Leak-off tests” results to define test
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location related in-situ horizontal stress values (Ghmax, Ohmin) and
directions. The test results (near the Konya-Karapinar region)
detected for Kazan are significant because it demonstrates a specific
measurement result of Ghmax & ohmin Which are accessible through a
web-based literature search. Furthermore, the fact that studies
determining field stress levels are found far from the Obruk Plateau,
that similar tests should now be considered for the Konya-Karapinar
region. The absence of these test results for the Obruk Plateau,
prevents numerical studies which could be conducted according to
measured in-situ 3D stresses.

The rock masses additionally show their dissolution abilities
through the available groundwater circulation regions that are most
purposely targeted to explain cavity & cave networks, etc. To
understand the causes and development processes of micro-macro
cavities in underground rock masses at the Konya-Karapinar region,
the concept of CRU has been considered in order to comprehend the
karst rock layers and their surroundings, (through stratigraphic
records, logs), and the groundwater circulation (through
charging/discharging features), (Fig. 1). Since the Konya closed
basin is one of the plain agricultural regions in Turkey, its
groundwater levels in different parts of it recorded and the available
data were supplied groundwater circulation towards the Tuzgolu salt
lake by different researchers (like; Senturk, 1969; Gocmez, et al.
2000; Bozyigit & Tapur, 2009; Bayari, at al. 2009b; Yavuz, 2010)
and DSI (State Hydraulic Works, Turkey) reports.

Spatial analyses of these data provided in different evaluations
by several researchers, (Ozdemir, 2015 & 2016; Sari, et al. 2021;
Dursun, 2022; Akinci, 2023, Orhan, et al. 2023; Gokkaya, et al.
2026; etc.) were presented if there are any statistical variations which
could widen the considerations in the risk analysis of sinkholes for
Konya-Karapinar region. The next step in sinkhole development
analysis for the Konya-Karapinar region should include coverage of

the information for the regional in-situ 3D stress-state conditions
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which have also been started to be handled through the studies
conducted by different researchers. Then, numerical analyses used
these data for their main inputs to provide induced 3D stress-strain
states that can be performed through available rock strength
behaviour approaches in rock mechanics content. These results are
expected to open new research fields for Konya-Karapinar region
include; 1) supplying different outputs through the performed 3D
stress-strain analyses, ii) in-situ measurement projects to validate
these outputs for the selected sinkhole locations in the region. The
last phases of the sinkhole related considerations include generally,
how to remediate the formed sinkhole volume to secure its
volumetric masses and surface areas for further requirements of local
socio-economic conditions in different manners.

In-situ stress-state influences on underground spaces

Different studies & projects have included in-situ 3D stress-
state measurements at different depth levels, (Fig. 2), to capture
information, [about: tectonic features of the rock masses; main fault
zone displacements, petroleum industry related deep drillhole based
oil reservoir conditions; large scale engineering structure (like;
dams, bridges, skyscrapers, underground storage caverns, etc.)
stability conditions, etc.], and relate them in engineering decision
works. There is, disappointingly, no such activity documents for the
Konya-Karapinar region which could openly be accessed. However,
3D stress direction analyses performed by researchers for the main
faults in the Central Anatolia, (mainly at the Konya-Karapinar
region) can be used to understand the stress conditions around those
faults and nearby rock masses. Actually, the importance of the in-situ
3D stress-state has already been mentioned for rock mechanics based
stability analyses for underground spaces including cavities, caves
and sinkholes. Additionally, in order to comprehend underground
circulations of liquids & gasses, in-situ 3D stress-states should also
be estimated to combine their collective influences on the available
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natural underground spaces, (i.e. cavities, voids, caves,
passageways, etc.) and man-made spaces, (mine openings, galleries,
tunnels, etc.). Lin, (2019), for instance, stated that for underground
conditions in-situ 3D stress-state plays a crucial role in planning,
design, ground support, well drilling, and well stability control.
Related subjects in rock mechanics and recommended test methods
have been supplied through “International Society of Rock
Mechanics, ISRM, suggested test methods”, (Hudson, et al. 2003;
Sjoberg, et al. 2003; Haimson, et al. 2003; Christiansson & Hudson,
2003; Stephansson & Zang, 2014). Like the authors, Amadei &
Stephansson, (1997), and Lin, (2019), pointed out 3D stress-states
are also under consideration in underground mining projects. Lin
also noted the wide range of important impacts of in-situ 3D stress-
state determination on mining and petroleum engineering includes;
1) Mining engineering activities: (Stability analysis and failure
prevention of underground opening, Design of opening shape and
geometry, Determination of excavation methods sequence and orientation,
Design of mine layouts, Prediction and prevention of rock burst, Selection
of support system); 1) Petroleum engineering activities: (Forecasting
and control of wellbore stability, Well planning, Improvement of well
drilling safety, Selection of casing, Management of reservoir production).

c) to+i2)

b) to+in)

a) o d) to+in)

Figure 2. In-situ 3D stresses at underground rock masses could logically
be differentiating in depth and time.



When the 3D stress-state around the existing faults near the
Obruk plateau are considered, then the study starts with the
understanding general movements / deformations of the Central
Anatolia, due to the influences of tectonic activities on a larger scale
affecting Anatolia, Mediterranean Sea, Africa, Middle East etc.,
(McClusky, et al. 2000; Heidbach, et al. 2010; Nocquet, 2012; Weiss,
et al. 2020; Elliott, et al. 2026). The next step is estimation of the
local results of these continental-drifts and mantle uplift &
subsidence based 3D stress transitions results which are; volcanic
activities, Central Anatolia upwarding & descending types of
tectonic behaviours, faultings, (normal, reverse, trust, and strike-slip
etc.), through the geological eras. Since there is no in-situ 3D stress-
state measurement reported in open-access literatures for the Obruk
plateau, researchers and engineers have prefered to follow the
methodologies to estimate 3D stress directions through the fault
planes unless there were studies to measure them in ISRM
procedures.

In their study Eren, et al. (2025) wrote about Central Anatolia’s
Neogene-Quaternary horst-graben structures. They defined; first
basin filled with Miocene-Pliocene sediments shaped mainly by
WNW-ESE trending horst-graben structures (which is younger); and
the second basin filled with Pliocene-Quaternary sediments shaped
with NE-SW trending graben-horst structure, (which is older than
the first structure mentioned). The other faults observed at the
surface rock outcrops are the normal faults. Due to the multi
directional characteristics of the faults the authors mentioned
“multidirectional crustal extension” at the area, their kinematic data
based evaluation also supplied that in-situ 3D stress components
around faults are; oi=ov (almost vertical), and o2, o3 are the
horizontal stresses, (Ghmax, Ghmin). As already defined by different
researchers, the types of faults and their main 3D stress related
relations causing them to form were supplied on CRU.
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Figure 3. Sketched illustration of rock mass fault types, differentiating
with the amounts of vertical, (6,) and horizontal (Gmax and Gpmin) Stresses.

This information was then used for the information handovers
visualized in Fig. 3. The normal faults and strike-slip faults around
the Obruk plateau and their kinematic evaluation were supplied by
Eren, et al. (2025). Their results included the regional 3D stress
directions around the faults. Information was provided also about the
displacement values, (vertical & horizontal), for Central Anatolia
detected through the satellite based remote sensing methodologies,
(GPS, GNSS, InSAR, and Sentinel-1). These values indicated
Westward displacements and changes differentiating the direction of
this movement (turning from NW to SW) along Central Anatolia,
(Heidbach, etal. 2010; Elliott, et al. 2026). At this point the
directions & quantities determined to describe in-situ 3D stresses
and extensions at the major fault systems around the Obruk plateau
are required to be mentioned. Eren, et al. (2025) provided some of
these information through their field results including strike-rose
diagrams of the fracture measurements. Selected results of their
kinematic analyses can then briefly be abridged through the
following format; [Name of the faults, Fault trending, (Fault
extension), Dip/dip direction of a1, Dip/dip direction of 62 (=0hmasx),
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Dip/dip direction of 63 (=onmin)] for the faults. For instance, at the
North of the Obruk plateau there is Sekizli fault and the related data
are then; [Sekizli fault, NW-SE trending, (NE-SW; NW-SE
extensions), o1 : 77/265, o2: 11/123, o3 : 08/031]. Similar results
for Seyithaci fault at the East of the Obruk plateau were; [Seyithaci
fault, NNE trending, (WNW-ESE extensions), o1 : 85/286, o2:
00/193, o3 : 05/102]; These are the examples among the given 12
faults’ data by the authors. They also presented their kinematic
analyses’ results for the “all faults in general” with the following
information; [All the faults in general, younger faults NE-SW
trending, older faults WNW-ESE trending, (firstly NNE-SSW then
NW-SE extensions), o1 : vertical, o2: 04/126, o3 : 00/126].

When vertically deepening natural underground spaces are
considered for their stability evaluation, shapes of underground
spaces in cylindrical or similar geometries have been taken into
analyses. These volumetric shapes could be similar to vertical
(almost vertical) rise or rinse (shaft) in mines. The volumes
associated with these underground mine spaces can also be
developed as deformed cylindrical shaped excavations (like
chimney-type cave geometries). Additionally, caving of immediate
weak & fractured overburden rock zones have possibly caused
further cylindrical weakrock zones in original overburden rock
masses, [if the base layer related underground spaces, (cavities,
mine stope etc.) is removed away due to mining excavations or water
dissolution activities], (i.e. Sahu & Lokhande, 2015). Chimney-type
sinkhole development can also be considered in similar underground
space categories. When the cylindrical underground natural spaces
can react to the ground surface by collapsing their top cap layers,
they look like cylindrical large diameter holes (sinkholes) in the
ground. Stability of these spaces; chimney-type sinkholes, mine
shafts, drill holes in the petroleum industry, should then be evaluated
in the similar manners applied to the underground spaces in mining

& petroleum engineering through rock mechanics approaches. In
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general, drill hole, well, stabilities for deep oil extraction, the
breakout begins and fracture initiation and propagation directions
play an important role for the stabilities of wells. In-situ 3D stress
environments may cause similar rock breakages around the
chimney-type sinkholes. For the cases at the Obruk plateau,
considered depth from the ground surface are around 60-150 m,
(deepest sinkhole depth was reported as 134 m, while the values
given for long-axis of the observed sinkholes were ranging in 1 to
588 m at Konya-Karapinar region, Eren, et al. 2024). Sinkhole
development in Central Anatolia seems to have a long history
through the geological periods. It is clear that the sinkholes observed
around the Obruk plateau, their local 3D stress conditions, their
geometric 3D dimensions, the thickness and depth of the rock layers
containing the sinkholes, the rock mechanics properties of these rock
layers, etc., should then be researched by considering them all
together. In fact, 3D-volumetric shapes & dimensions of caves or
sinkholes have become a subject of interest for research in recent
years. These parameters can also be obtained using remote sensing
based surveying systems (i.e. Fabbri, et al. 2017). However,
accessing the cavities of sinkholes that are still forming and do not
yet have an entrance, or the voids of underground cave systems that
have not yet been discovered, makes the use of some surveying
techniques impossible. However, the use of geophysical remote
sensing measurement methods, (seismic, Earth-resistivity, magnetic
susceptibility, microgravity, etc.), to determine the 3D extensions
(boundaries) of inaccessible underground cavities and the evaluation
of measurement results according to different engineering objectives
have constituted the subject of some research, (Cardarelli, et al.
2006; Panek, et al. 2010; Putiska, et al. 2012; Kaufmann, 2014;
Gokay & Dogan, 2017; KH, 2021; Yesilmaden, et al. 2021; Liu, et
al. 2023; Funk, et al. 2024; Sancar, et al. 2025).
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Geometries of sinkholes and their elongations & alignments

Underground openings and their stability and collapse
conditions have long been studied for mining and civil engineering
projects through research in rock mechanics. Underground mining
methods based on caving mining methods, (i.e. sublevel caving
method and block caving method), actually lead to the same results
as sinkholes on the ground surface. Rock fracturing and roof collapse
in mine galleries and similar underground spaces can also cause
serious subsidence effects on the ground surface (depending on the
depth of these underground cavities). Subsidence is an important
area of research in mining and tunnelling operations due to its effects
on natural habitats and environments. Because subsidence can have
serious consequences for societies, it has become a specialized
research topic for different rock formations. Subsidence has been
among the dangerous and difficult-to-solve issues for mining
engineers for years, as it causes the collapse of houses, roads,
apartments, and infrastructures in areas above mines. The aim in
researching this issue is to find ways to reduce its effects through the
parameters affecting subsidence and, if possible, to minimize the
damage caused.

For instance; in coal mining operations, conducted under
horizontally layered rock masses, the destructive effect of the mine
on the surface is possibly reduced (in certain limits) by adjusting the
direction and speed of excavation in the excavation of the coal
production panels. Interestingly, Bell (1986) presented gallery
collapse images relating to an abandoned shallow coal mine; these
images were revealed during open-pit mining operations carried out
in later years to extract the remaining coal in the abandoned mine.
Those collapsed gallery images are also illustrating caving
progresses of the chimney-type failure zones of roof layers.
Considering that this collapse effect, occurring at a very shallow
depth, develops gradually at greater depths, the resulting chimney-
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type sinkhole collapses can be better understood. The image of the
collapsed underground coal mine spaces given by Bell (1986) clearly
presents that collapsing of the abandoned mine openings, galleries,
could have formed cylindrical chimney-type caving forms and
continued to move upward in different caving variations according
to the overburden rock mass properties. There are numerous
examples supplying field measurements & evaluation, numerical
analyses [in 2 Dimensional, (2D), and 3D models], for the stable and
unstable underground spaces including mine galleries, road & train
tunnels, metro tunnels and underground metro stations. Underground
space failures have different reasoning for their instability cases and
they are analysed and evaluated in different circumstances. For
instance, one of the studies of them is performed by Bandis through
UDEC, (the software for Distinct-Element Modelling of Jointed and
Blocky Materials in 2D, Itasca, 2026a), and 3DEC, (Distinct-Element
Modelling of Jointed and Blocky Materials in 3D, Itasca, 2026b),
“including inappropriate—design—in—the—circumstances”, (Barton,
2016). This example given by Barton presents the surface
destruction of roof collapse at a certain part of the shallow
transportation tunnel. When the tunnels cause problems by
supplying large surface disturbance along its route under urban
areas, the casualties may possibly be expected as well. Thus,
working on the stability of underground areas and conducting
retrospective analysis, backanalysis, of collapsed structures are
crucial steps for responsible engineers and municipal offices in urban
areas to develop preventative measures in case such events occur.
Underground mine space roof collapses might sometimes have
progressed uncontrollable cases like happened at the collapse of
potash mine openings at 3™ Berezniki potash mine, (Verkhnekamsky
potash deposit, Ural, Russia), in 1986. This mine accident included,
flooding of the karstic caves over the mine, dissolutions of country
rocks, explosion of the compressed gas & groundwater mixtures,

formation of surface hole (sinkhole) caused due to collapse of
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mainly; some potash mine openings and karstik rock mass cavities.
This mine accident resulting in a sinkhole on the ground surface here
was a combination of occurrences of processions, (Andrejchuk,
2002).

Circular, elliptical, or any other types of contact cross-section
shapes of sinkholes actually have their evidence related to their
volumetric shapes, elongations and alignments, (i.e. aerial photo of
sinkholes at the Obruk plateau; Gunay, et al. 2011). When the
disturbed 3D geometric features of sinkholes are under
consideration, their overall cylindrical (or inverted truncated cone)
shapes and irregularities at their inner peripheries have rock
engineering hints for further analyses. Induced 3D stress-states
around sinkholes, (sinkhole peripheries), resulted in fracture
initiation and propagation, creating damage zones around them.
Therefore, recording the geometric dimensions of sinkholes in
predetermined time-periods has possibly provided the directions of
these 3D stresses as well. At this point, importances of the recorded
long-axis and short-axis values of sinkholes at different times in the
Konya-Karapinar region become obvious. These axes can be
recorded at any 3D peripheral positions of the sinkholes. But without
proper instruments, (like the surveying systems using drones),
records have supplied only for the ground surface contact
dimensions (as the length of axes and their depths), (Bayari, et al.
2009b; Dogan & Yilmaz, 2011; Eren, et al. 2024; Parlar, 2025;
Gokkaya, et al. 2026; etc.). Sinkhole records attained to the date have
their time-base information if the records include; geometric features
of the sinkholes, (depths, long & short axis length, etc.), groundwater
level, chemical analysis results for the collected groundwater
samples from the sinkholes, etc.).

In particular, with regard to sinkholes, data providing their
long-axis lengths and the orientation of these axes are important
because they are used by researchers to assess the in-situ 3D stress

directions around the sinkholes. In addition, when the alignment of
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the deformed ground surface zones is examined from the perspective
of rock engineering principles, it has been presented that alignment
of the sinkholes (or weakness zones) yield important results
regarding the in-situ 3D stress directions. At this point the studies
performed to determine alignment of surface morphological features
are also required to be mentioned here (i.e. Buyuksarac, 2007;
McCoy, et al. 2008). For instance, the study performed by Upchurch
& Littlefield, (1988), summarised the sinkhole developments at
Hillsborough County in Florida, US. They wrote that their study area
included 179 sinkholes formed between 1964-1985. They noted
these sinkhole locations, (mostly reported in urban or suburban
areas), “coincide with the lineament-controlled areas of ancient
karst”. Similarly, sinkholes at Breckenridge, Grayson, and Hardin
Counties, (Kentucky, US), had been studied by Florea, (2005),
through GIS-based data to predict coincidence between sinkholes
and geological structure. The author reported that there is correlation
between alignments of the sinkholes and portions of the Rough River
Fault Zone. Another statement supplied in the same paper related to
the sinkhole locations is interesting as well. Florea noted that some
sinkholes are aligned with previously identified faults, but some
faults do not have sinkholes on them. According to the author the
alignments of sinkholes ‘suggest currently unknown faults or
fracture traces".

Likewise Huang, (2007), performed GIS, (Geographic
information system), assisted study for Island of Barbados, presented
that; 1) sinkhole long-axis, ii) cluster elongation direction, iii)
sinkhole alignment, iv) karst lineament. The author wrote “all have
a tendency to a Northeast alignment” which coincided and supported
the idea that “underlying coral rock fracture and conduits have a
Northeast orientation”. In other work, Brinkmann, et al. (2008),
studied the sinkholes in Tampa Bay area in Florida, US, and stated
that they performed morphometric analysis by using the data

included sinkhole related; shape, circularity index, perimeter, area,
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length, width, and orientation of long axes. In their paper they
evaluated orientation of sinkholes’ long axes through their azimuth
angles. They divided the collected sinkhole orientation values into
two groups which have Groupl: 1°-89° and Group 2: 90°-180° of
orientations. According to these “bimodal distribution”, bimodal
peaks for each group were determined approximately as 30° and
140°. They pointed out that these two peak orientation values
indicated “distinct joint control in the orientation of the long-axis of
the sinkholes”.

In this content, Closson & Karaki, (2009) also pointed out that
“the Jordan Dead Sea transform fault zones is NNE trending at a
continental level. The direction N24E of the sinkholes lineament is
compatible with one of the main structural directions in the Southern
Dead Sea area”. Another study performed by Ozturk, et al. (2018),
presented structural controls on distribution of dolins detected on
Mount Anamas, at Taurus mountains region, (Turkey). They
determined doline related data (elevation and geometric values)
through topographic maps. They supplied the rose-diagrams
obtained from the azimuth values of these dolines’ elongations. They
wrote that the main elongation direction for them was NW-SE. The
authors stated that “the alignment of doline long-axis orientations
under the influence of lateral strike-slip and normal faults is clear”.
Correspondingly, Lipar, et al. (2019), studied on the Stockyard Gully
Cave System, at 250 km North of Perth, Australia. They wrote that
“the possible causes of linearity in the Stockyard Gully Cave System
to be mainly fissure control” and “mostly oriented NNW-SSE”.

At this point, a study performed by Menezes, et al. (2020)
should be referred to fracture patterns around sinkholes in carbonate
platforms influencing petrophysical properties of collapse structures
at the studied sinkhole area of Potiguar basin (Brazil). The authors
mentioned the influences of existing discontinuities, (originated on
the basis of regional tectonic activities), on the locations

(alignments) of the sinkholes in some areas. Menezes, et al. (2020)
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focused on collapsed sinkholes structures in carbonate rocks and
their relation to the “preexisting and syn-collapse fractures”. They
also pointed out the importance of the sinkhole effects in carbonate
rock masses by referring to the word of Mazzullo, (2004); “more
than 50 % of all oil and gas production in the World comes from
carbonate rocks”.

The study performed by Coskuner, et al. (2021), included the
results reported through automatic lineation maps of the Konya-
Karapinar region. This map-based evaluation was performed
according to the existing lineaments, faults and sinkholes. They
noted that “the lineations” were in “wide variety in orientation”, but
they were detected most dominantly in the orientations of; NNW-
SSE and WNW-ESE. They pointed out that “most of the obtained
lineations are parallel to the faults, but some of them are
perpendicular to them”. In more recently, Coskuner & Eren, (2025)
provided the lineaments especially at the Belkuyu sinkhole area
(South of Konya city, Turkey). They extracted lineaments
automatically through the hillshade images. The information
provided by them presented a “regional scale density map” including
automatically detected “lineaments and a rose-diagram” to present
their orientations. The authors concluded that; the noticed
“lineaments predominantly trend in a NE-SW direction”, and the
observed long-axis orientation of the Belkuyu sinkhole similarly in
NE-SW direction “indicate that there is a connection between the
long-axis of the sinkhole and the regional scale lineations”. Similar
work was supplied by Parlar, et al. (2021) for the area around Meyil,
Yirce, Akkuyu sinkholes at the Obruk plateau. This study included
appraisals related to the directions of the sinkholes’ long axes. They
wrote that “most of the sinkholes are concentrated in NE-SW
direction parallel to the general trend of the Sekizli fault zone”.
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Strain conditions surrounding sinkholes

When assessing the risks of sinkhole formation in engineering
projects, engineers responsible for these projects are asked to
determine the probability of sinkhole formation that could affect the
planned projects, in other words, the risk of sudden or gradual
collapse on the project site. The assessments and decisions made in
this regard will have a significant impact not only on the stability of
underground/surface structures, constructions, but also on the lives
of many people in these structures. The main theme of this study is
to emphasize that in-situ 3D stress distributions acting on rock
masses are among the important parameters that should also be
examined for similar decision-making environments. Assessments
obtained from recorded data on previous sinkhole formations and
disasters are used to determine the development conditions of
sinkholes. Statistical relationships between relevant parameters will
provide insight into the importance of these parameters in sinkhole
formation. Because of the large size of the rock masses to be studied
and the high number of uncertain factors, collecting all the possible
parameters which can be determined regarding sinkholes is the first
step in sinkhole studies. At this stage, the geometric parameters
obtained from sinkhole sites; /distances between sinkholes; their
grouped locations on the ground surface; generalized directions in the
selected series of sinkhole formation (determined according to the grouped
location of sinkholes), the arrangement of these groups, rock mass layers
where possible cavities and voids are expected to form underground, the
depths and extent of these layers; the expansion, growth, and directions of
small cavities and voids formed underground; groundwater flow
directions, etc.] are generally the common parameters examined. In
addition, the observed types of collapse in sinkholes (sagging and/or
collapse), the presence/absence of groundwater in sinkholes, and the
chemical and gaseous content of this groundwater are analyzed to
understand sinkhole formation conditions in a particular region in
the world like the Konya-Karapinar region. In addition to these

--56--



parametric studies, the thicknesses and rock mechanics properties of
the rock mass layers surrounding the sinkholes should also be
sampled in order to make rock mechanics assessments related to
sinkholes. Subsidence (slow sagging) and/or gradual fracture
collapse occurring at the roofs and sidewalls of underground cavities
create an upward subsidence movement. Therefore, knowing the in-
situ 3D stress properties acting on the rock mass layers in the Obruk
plateau, (Konya-Karapinar region), which are expected to change
over time, and learning the rock mechanics strength properties of
these rock masses through laboratory and field testing procedures,
will assist engineers in their decision-making processes regarding
the actions to be taken to prevent further sinkhole formation in the
Konya-Karapinar region. General continental horizontal and vertical
displacement rates observed at Central Anatolia have been the
subject of recent research using satellite-based measurement data.
The displacement directions observed by researchers, are occurring
in Westward, and the shift of these displacement directions from
Northwest to Southwest across Anatolia (from East to West
Anatolia), affect the rock masses in Anatolia and, naturally, the
engineering structures and natural features within and on them.
Central Anatolia, located at the center of this rotation, also possesses
unique structural geological differences due to the uplift and
subsequent local downward movement of the entire Earth's crust. For
these reasons, Konya closed basin has become a lacustrine
sedimentary accumulation area during certain geological periods.
The horizontal rock mass layers observed in the stratigraphic records
of the Konya-Karapinar region include sandstone, siltstone,
conglomerate, mudstone, organic layers, limestone, etc. The
successive changes in these layers also reflect climatic changes
throughout the geological periods of the region. Weakness zones,
voids, caves, cave networks, and sinkholes formed in the rock
masses here, especially in karstic rock mass environments, are

generally shaped by groundwater flow directions and interactions. In
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fact, it is assumed that porosity, changes in in-situ 3D stress ratios,
and changes in groundwater levels over time, etc., will cause the
gradual expansion of underground voids in the rock mass layers of
the Konya-Karapinar region containing fractured rock masses and/or
micro-scale voids. Thus, small cavities within the rock masses will
form large underground voids with volume sizes varying according
to the structural properties of the rock masses. In such environments,
it is possible for vertical cylindrical underground cavities resembling
chimney-type sinkholes to form, and it should be noted that these
sinkholes tend to expand over time.

In the field of rock mechanics research, there are studies that
describe the influences of induced stress-strain distributions over the
laboratory-scale CRU samples tested under uniaxial and biaxial
loading conditions. An important step in these laboratory
experiments is the use of image processing methods that capture and
measure micro-scale displacements occurring at samples during the
tests. Primarily, after the introduction of Digital Image Correlation,
DIC, techniques (Sutton, et al. 1983 & 1986), strain recognition for
tested solid materials including rock material has been improved.
Studies conducted in the last 10 years, including the studies of
displacements surrounding the circular voids by using the DIC
method provide insights into displacements and crack directions
caused by induced stress around these voids. One of the studies in
this context was conducted by He, et al. (2023). These researchers
simulated rock masses containing circular voids by drilling circular
holes in the center of square prism-shaped test samples taken from
granite and sandstone. The testing of these specimens under uniaxial
loading conditions and the state of displacements occurring around
circular holes were evaluated in detail through DIC images. Another
research group, (Ji, et al. 2024), tested how rectangular prism-shaped
test specimens prepared from rock-like cement mortar, (concrete),
material behaved under biaxial loading conditions by drilling

circular holes in their midpoints.
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Figure 4. a&f) Stress around CRU including vertical hole like
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h) 2D stress loading conditions (uniaxial / biaxial) for a circular hole,
d&i) Possible strain distribution example at a square plate which have
circular hole under uniaxial compressive loading, and e&j) biaxial
compressive loading conditions.

The differences created by biaxial loading conditions were
evaluated by examining the displacements developed around the
circular holes. The studies presented by both research groups can
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also be considered as providing a general understanding of the
orientation of fractures formed around circular cavities under
uniaxial and biaxial loading conditions. Therefore, the 3D sinkhole
formation conditions given in Figure 4 and the biaxial loading
conditions affecting horizontal sections taken from different depths
of the sinkholes led to the evaluation of approaches related to
fractures formed around these sinkhole cavities. Considering the in-
situ 3D stress direction determination studies for the faults observed
at the Obruk plateau mentioned in previous sections, the in-situ 3D
stress directions around the developing chimney-type buried
sinkholes on this plateau may exhibit similar characteristics to the
stress conditions created by the 2D stress (biaxial) conditions applied
to this buried openings’ horizontal sections like in Fig. 4.

The fracture directions shown in these diagrams are
hypothetical, taking into account general results in the relevant
literature. In reality, the time required for fracture initiation and
propagation due to in-situ 3D stresses applied to rock masses around
underground cavities (mine galleries, mine shafts, sinkhole
formations, etc.) generally depends on the applied field stress values,
the stress values induced around the underground cavities, and the
strength values of the rock masses in these locations. In-situ 3D
stress-state (amounts, loading rates, loading directions, etc.) in
geological eras over a particular Earth area like the Konya-Karapinar
region have possibly been differentiated. Sinkholes, faults, folds, etc.
that occurred in different geological periods have their natural
records of rock structural features within the neighbouring rock
masses as well. Thus, only after conducting tests that provide the
current 3D stress-states (quantities and directions) at different
locations (and depths) of the Konya-Karapinar region, engineers
might be ready to focus on the risk of sinkhole and any other further
fault formations in the area through appropriate 3D stress-strain
based rock failure models. Such a study procedure based on rock

mass behaviour can provide more realistic approaches in further
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studies. However, due to the uncertainties concerning the rock mass
properties which influence all the laboratory and in-situ tests, and
uncertainties in the strength behaviour of the rock materials and rock
masses, it is not yet to fulfill the actual stress-strength behaviour of
the natural substances like rocks. Therefore, engineers have to
supply their logical decisions through their considerations and
experiences provided in rock mechanics research contents. In this
concern, considering a CRU including vertical underground space,
(Fig. 4a & 4f), which have their 3D external loading conditions could
possibly be analysed for the induced rock fracturing conditions.
Cross-sectional 2D test samples might then be considered to be
prepared with a centered circular hole (Fig, 4b, 4c, 4g, and 4h;
representing the underground space under the analysis) and they can
be supposed to be tested under uniaxial and biaxial compressive
loading conditions. Laboratory tests involving the observation of
micro-scale fractures [on the surface of test specimens (DIC
analysis) and inside test specimens (Acoustic Emission analysis),
etc.] can be supplemented with additional applications of specialized
numerical analyses that address different computational
methodologies and rock fracture criteria. In this context, two recent
examples of research in the field of rock mechanics are the studies
presented by He, et al. (2023) and Ji, et al. (2024).

Strain concentration positions in the tested samples have their
hints about the directions of the expected fracturing, (fracture
propagation), in uniaxially or biaxially loaded (compression) test
samples. Fracture initiation at the periphery of circular holes in the
samples and then their propagation direction according to external
loading conditions might have their clues, (Fig. 4d, 4e, 41, and 4j),
for the developing buried sinkholes, sinkholes already occurred,
mine shafts, etc. Like the case in uniaxial compressive tests, induced
rock fractures’ elongations are expecting then in the directions of
uniaxial loading. Similar facts are also meaningful to consider for

biaxial compressive loading conditions, (applied directions of Ghmax
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are particularly important). In this case, value differences between
ohmax and onmin play an important role. It is expected that rock
fracture elongation direction around the tested circular hole might
produce angular directions according to applied Ghmax and Ghmin
values. After informed about rock displacement conditions around
circular underground openings, (like; metro tunnels, mine shafts,
natural caves, and chimney-type sinkholes), through related
researches, (including rock fracture mechanics, rock toughness
properties, fracture initiation and propagation conditions, etc.),
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Figure 5. a) In uniaxial tests, induced rock fractures’ elongations are
expected in the directions of uniaxial loading. b) Similar facts are also
meaningful to consider for biaxial compressive loading conditions (Gumax
applied directions are particularly important). c) Biaxial loading
conditions can also be differentiated as only their stress values change in
the opposite manner instead of gradual changes of their directions.
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engineers might provide more meaningful, decisive, conclusions for
the risk of sinkholes. As Fig. 5 illustrates changing the directions, (or
values, amounts), of uniaxial and biaxial compressive stresses
applied to vertical mine openings & sinkholes are expected to cause
differentiations in fracture patterns around them. Tectonic activities
at certain positions of Earth’s crust possibly cause different in-situ
3D stresses in different directions. Changes in how tectonic forces
affect specific regions of the Earth's crust are expected to show a
slow but continuous natural progression through events such as
earthquakes, continental drifts and volcanic activities, etc. Changes
in the direction of in-situ 3D stresses lead to specific consequences
for mine shaft & sinkhole types underground openings, as shown in
Fig. 5a & 5b. The fracture conditions under biaxial stress conditions
shown in Fig. 5a & 5b could also have occurred under the loading
condition shown differently in Fig. 5c. In this case, the applied ohmax
and onmmin directions stay the same while their values might gradually
be changed due to external influences. This value differentiation
progression may have time-dependent characteristics. The mutual
change of 2D loading values (amounts) can lead to a displacement
of ohmax and ohmin (i.€., the direction of onmax becomes the direction
of onmin and vice versa). This may be a consequence arising from the
value difference between horizontal stresses, which is not the same
as the case where the biaxial loading conditions gradually differ by
angular shift (i.e. Fig. 5a & 5b). As shown in Fig. 5, by considering
changes in the directions of biaxial stress conditions and/or changes
in the magnitude of biaxial stress values in these directions (in the
case of reversed changes in values), engineers can analyze the
consequences of these interactions by visualizing them more
comprehensively.

However, considering geological time periods and chimney-
type sinkhole formation stages, the combined situations of these
stages with differentiation in the ohmax and onmin directions include

cases that need to be addressed separately. Hypothetical
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considerations regarding 3 different time periods that can be selected
from the general sinkhole formation stages can also be shown as
presented in Fig. 6. In this figure possible examples of induced
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Figure 6. Possible examples of fracture traces surrounding a developing
chimney-type sinkhole through geological periods. a)Vertical volume of
the developing sinkhole had been loaded and fractured under the given
biaxial stress direction in to-i1) time period, b) Upward extension of the

developing sinkhole had been loaded in different stress direction in tq+iz)
time period, c) Upward further extension of the developing sinkhole had

been loaded in different stress direction in tq-3) time period.



fracture traces surrounding a developing sinkhole through geological
periods are illustrated according to the considerations on the basis of
2D stress-strain conditions. Here, in Fig. 6a presents the vertical void
(dome type) volume of a developing sinkhole, along with possible
fracture propagation directions under biaxial compressive stress
directions for the time interval called t(0+il). In the second of these
conceptually considered sinkhole formation stages, it is assumed that
the upward extension of this buried & developing conceptual
sinkhole continues in the time interval called t(0+i2) due to the
gradual collapse of the sinkhole roof layers into the sinkhole.
According to this hypothetical example, biaxial compression loading
directions are considered along the entire length of the developing
sinkhole in the relevant time interval (Fig. 6b). This means that the
second phase of the buried & developing sinkhole will require
consideration of two different parts of the sinkhole due to different
biaxial loading influences. The part of the sinkhole that progresses
towards the ground surface in the second phase (L2) will only have
fracture extensions resulting from the biaxial loading condition
related to the time interval t(0+i2), while the earlier, deeper part of
the same sinkhole (L1 phase) will carry both fractures from the
earlier t(0+il) phase and fracture traces from the t(0+i2) phase
together. As shown in Fig. 6c¢, it would not be wrong to expect that,
within the time interval t(0+13), which includes the third stage of this
hypothetical example, the three different parts of the sample sinkhole
length progressing further towards the surface will contain the traces
of biaxial stress direction differences that occurred during the
development of the sinkhole in combination.

The three stages of the buried and developing sinkhole
illustration discussed here are represented progressively to visualize
the effects of biaxial stress-state variations; however, the 2D loading
variations that occur here may have developed gradually over
geological time periods. In this case, it can be predicted that the

fracture formations around the developing sinkholes, whose fracture
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extension directions change according to the loading directions, will
become even more intertwined. This may imply that the fractures
around the sinkhole become more complex (natural).

The complexities in the structure of collapse sinkholes, in
terms of fracture formation and separations, are actually natural
conditions that occur in all geological eras of the Earth's crust. The
condition of induced stresses related rock fracture extensions
(fracture traces) around sinkholes; for example, the long and short
axis lengths that appear in the horizontal sections of elliptical
sinkholes, (these values could possibly be differentiate according to
different geological time periods depending on the sinkhole depth
examined), (biaxial loading conditions might have been different in
those time periods), are subjects worth researching. Therefore, while
new technological developments, new analysis methods, new
approaches, new mathematical modeling methods, new additional
data opportunities, etc., provide engineers with new possibilities
regarding the formation and development of sinkholes, the necessity
of examining in-situ 3D stress-states in these studies is also an
undeniable factor.

Conclusions

In the Konya-Karapinar region, including the Obruk plateau,
an increase in sinkhole formations has been observed over the last
20 years. Increased groundwater use for irrigation is cited as one of
the main reasons for this. Research on sinkholes in this region
examines the geological infrastructure and geometric variables of all
observable (historical and daily) sinkholes to reveal their different
and/or common formation characteristics. Risk assessments related
to sinkhole formation are also being investigated to predict the
location of new sinkholes in the region. While the long and short axis
directions and lengths of some elliptical sinkholes in the Konya-
Karapinar region have been evaluated in some publications, their

variations over time could not be considered due to insufficient data
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on their historical continuity. In recent years, satellite imagery and
geometric data of sinkholes have been used to correlate individual or
group characteristics of sinkholes. Research on sinkholes in the
Konya-Karapinar region and related literature will be further
enhanced by combining information and data obtained from
stratigraphic logging studies to determine the subsurface location
(depth and thickness) of rock mass layers containing karst or other
types of voids. The value of in-situ 3D stress-states which will be
obtained from field tests conducted near the sinkholes in the Konya-
Karapinar region will be truly significant. The absence of such
experimental data in open-access online literature sites currently
prevents the subject from being examined by different researchers
using in their different research approaches. Furthermore, in light of
the available data and relevant information, responsible engineers
need to create a decision-making environment where they can make
informed decisions regarding sinkholes. However, any decisions
made on this subject will be the responsibility of the engineers and
managers making those decisions. This situation highlights the need
for more detailed studies and research involving the collection of
more data on sinkholes in the Konya-Karapinar region, and
emphasizes that these studies should include in-situ 3D stress
measurements and analyses.
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