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The sil ica diagenesis of lime stones de pends on the en vi ron men tal con di tions and the pres ence of a sil ica source.
Microstructural fea tures, crack ing, po ros ity, crys tal/grain size and the chem i cal com po si tion of the lime stones and chert nod -
ules and lay ers in the Okçular For ma tion are pa ram e ters con trol ling sil ica diagenesis. Cherts are ob served in three forms (1)
chert nod ules with/with out a rim, (2) frac tured cherts, and (3) lay ered cherts. Authigenic quartz crys tals, chertified
foraminifers, microlaminations in the lime stones and the chert-lime stone grain size re la tion in di cate diagenetic re place ment.
There is a pos i tive cor re la tion be tween the size of the microquartz crys tals and the col our of the cherts, ac cord ing to fluid cir -
cu la tion, the trace el e ment con tent, and the de gree of sili ci fi ca tion. As the size of microquartz crys tals in creases due to all
these fac tors, the col our changes from brown to grey-black. Crack wid en ing due to nod ule growth, the gen er ally par al lel ar -
range ment of chert nod ules in car bon ates to cracks, and the pres ence of diagenetic sty lo lites in di cate that both tec tonic and
diagenetic frac tures played a role in sili ci fi ca tion. The pres ence of Cl, P, Ti, Mn and Mo in the chertified zones in lime stones
in di cates in or ganic sili ci fi ca tion in a ma rine en vi ron ment.
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INTRODUCTION 

The term chert is used to de scribe a chem i cally de pos ited
sed i men tary rock com posed mostly of microcrystalline quartz,
chalcedonic quartz, and sub or di nate macrocrystalline quartz.
Flint, a sub va ri ety of chert, is de scribed as “a very com pact,
dark grey, si li ceous rock” (Glock, 1920). “Flint” is usu ally ap -
plied by ar chae ol o gists and re fers mostly to sil ica con cre -
tions/nod ules. Ar chae ol o gists em ploy dif fer ent cut ting-edge an -
a lyt i cal meth ods as mark ers of flint ar ti fact prov e nance (e.g.,
Kochman et al., 2020b; Migaszewski et al., 2022). Ac cord ing to
some re search ers, the dis tinc tion be tween chert and flint is
based on the min er al og i cal com po si tion in terms of sil ica poly -
morphs, but it is also com mon to use the term flint for black sil -
ica for ma tions (Jurkowska and Œwierczewska-G³adysz, 2020).

The or i gin of cherts is still de bated. For ma tion mod els of
chert nod ules in clude: or ganic mat ter ox i da tion (Siever, 1962;
Heath, 1974; Kastner, 1981; Hein and Koski, 1987); for ma tion
due to in creased sil ica from vol ca nism (Yool and Tyrell, 2005);

hy dro gen sulphide ox i da tion (Clay ton, 1986; Maliva and Siever, 
1988); sil ica re leased dur ing smectite-illite trans for ma tion
(Metwally and Chesnokov, 2012); and for ma tion in the mix ing
zone (Abdel-Wahab and El-Younsy, 1999; Hussein and Abd
El-Rahman, 2020). The or i gin of cherts re mains a poorly un der -
stood prob lem of re cent ge ol ogy. The de liv ery of sil i con to the
ba sin is a fun da men tal pro cess that leads to the for ma tion of
flint on a large scale. This pro cess in volves the fol low ing ba sic
mech a nisms:

1 – riverine in puts of sil ica into a sed i men tary ba sin (Tréguer 
et al., 1995);

2 – a mix ing sea wa ter-fresh wa ter model pro posed by
Knauth and Ep stein (1976) and de scribed also by Hussein and
Abd El-Rahman (2020);

3 – upwelling, i.e., trans port of silicic acid and col loi dal sil ica
from deeper to shal lower parts of a sed i men tary ba sin (Hein
and Parrish, 1987);

4 – vol ca nic ac tiv ity as a prin ci pal source of a sol u ble form of 
orthosilicic acid for chert for ma tion (Yool and Tyr rell, 2005), and
ad di tion ally as a source of nu tri ents for the growth of si li ceous
biota, which has been in ferred in dif fer ent Pa leo zoic bas ins
world wide (Racki and Cordey, 2000);

5 – a hy dro ther mal sea-floor source of sil ica that led not only 
to for ma tion of cherts, but also pro vided es sen tial nu tri ents for
sponge and radiolarian biota that oc cu pied hy dro ther mal vent
fields (Sharp et al., 2002; Migaszewski et al., 2006, 2022;
Holzer et al., 2014; Kochman et al., 2020a, b);
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6 – other pro cesses, for ex am ple a re lease of sil ica as a re -
sult of clay min eral trans for ma tions (e.g., Metwally and Chesno -
kov, 2012). 

Dur ing the Eocene, there was an abun dance of sil ica in sed -
i ments, in creased ma rine bi o log i cal pro duc tiv ity, and wide -
spread sili ci fi ca tion in some re gions of the Earth (e.g., Surdam
et al., 1972; Hein et al., 1990; Shaaban, 2004; Pen man et al.,
2019). Muttoni and Kent (2007) pro posed an ex cess of sil ica to
ex plain the pre dom i nance of chert in the Eocene and ob served
that the high est num ber of chert nod ules in stud ies through out
the Ce no zoic were found in the warm est part of the Eocene.
The chert lay ers of the Okçular For ma tion in Tur key and chert
nod ules were also formed dur ing the Eocene (Yeºilot Kaplan,
2023). 

This study de ter mines the sili ci fi ca tion of lime stones in the
Okçular For ma tion, the microstructural prop er ties of chert
forms, and the sili ci fi ca tion stages of the re gion. The min er al og -
i cal changes of nod u lar and lay ered cherts with diagenetic,
chem i cal and phys i cal ef fects were in ves ti gated in de tail.

GEOLOGICAL SETTING

The study area is lo cated in a re gion that forms the bound -
ary be tween the Af ri can, Eur asian and Ara bian plates and is an
area of ac tive de for ma tion be tween the Dead Sea Fault Zone,
the East Ana to lian Fault Zone and the Cy prus Arc. The Ara bian
and Af ri can plates moved north wards from the Cre ta ceous and
came into col li sion with the Eur asian Plate. Mio cene sed i ments
as so ci ated with tec tonic events from the Late Cre ta ceous to the 
pres ent were de pos ited within the fore land ba sin. The Belen
Fault, in con tact with the Eocene and Up per Mio cene de pos its,
de vel oped in this area where ophiolitic rocks are ob served as
allochthons (Fig. 1A; Boulton and Rob ert son, 2007).

Ce no zoic units are de pos ited on the allochthonous KÏzÏldaÈ
ophiolite base ment rock of the Up per Cre ta ceous in the Belen
(Hatay) re gion in Tur key (Fig. 1A). The mid dle-up per Eocene
Okçular For ma tion, con sist ing of cherty lime stone, lime stone

and clastic lime stone with mod er ately thick cherts was de pos -
ited in a shal low ma rine shelf en vi ron ment on the KÏzÏldaÈ
ophiolites. 

The Okçular For ma tion con sists of lime stones rich in fos sils, 
cherty lime stones and clastic lime stones. It con sists of me dium- 
to thick-bed ded, lo cally mas sive, jointed, sharp-an gled and
frac tured, hard lime stones (Ateº et al., 2004). Car bon ate beds
reach 1 metre in thick ness and are usu ally as so ci ated with chert 
lay ers. Sili ci fi ca tion of car bon ates is grad ual and tran si tional to
cherts, and microlaminations known as re place ment mark ers
are also dis tin guished.

MATERIAL AND METHODS

FIELDWORK AND SAMPLING

Layer thick nesses and nod ule sizes of chert nod ules and
lay ers in the Okçular For ma tion were mea sured in the field, and
sam ples were taken from chert nod ules with and with out rims,
chert lay ers, and nod ules as so ci ated with frac tures. A to tal of 25 
hand sam ples, in clud ing 10 lay ered chert, 10 chert nod ules and
5 clay sam ples, were col lected from the field for ex am i na tion. 

The geo log i cal Rock-Col our Chart pre pared by the Geo log i -
cal So ci ety of Amer ica (GSA) was used to de ter mine the col our
changes ob served in the rims, nod ules and lime stones formed
by sili ci fi ca tion. Ta ble 1 sum ma rizes the chert and lime stone
zones, col our codes and lithological fea tures re corded.

SAMPLE PREPARATION AND ANALYSIS

Scan ning elec tron mi cros copy-en ergy-dispersive spec tro -
m e try (SEM-EDS) de vice was used for im ag ing, mea sure ment
and anal y sis of sili ci fi ca tion and changes in microstructure of
lime stones com mon in the Okçular For ma tion. En ergy -disper -
sive spec trom e try (EDS) mea sure ment pa ram e ters on the
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Fig. 1.Geo log i cal map of the Belen re gion (Özºahin, 2013) and a strati graphic col umn 
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Thermo Fisher Sci en tific Apreo S Scan ning elec tron mi cros -
copy (SEM) de vice used were: volt age 15 kV un der 10.3 work -
ing dis tance and 5000x mag ni fi ca tion.

SEM anal y sis was per formed to de ter mine the ef fect of
microquartz crys tal size on chert col our and the po ros ity of the
in ner-outer rims in the nod ules by im age pro cess ing. Crack ge -
om e try, po ros ity, and grain/crys tal sizes in the chert nod ule lay -
ers and lime stones were ob tained from SEM im ages. En ergy
dispersive X-ray data were ac quired from 5000x mag ni fi ca tion
im ages of ar eas of chert and lime stone iden ti fied, and el e men -
tal changes were de ter mined by re place ment of car bon ates.

RESULTS 

DESCRIPTION OF CHERT OCCURRENCES

The cherts oc cur in three forms in the Okçular lime stones:
chert nod ules with rims, chert bed ding and frac tured nod ules.
Microfossil re mains pre served by sili ci fi ca tion are com mon, es -
pe cially of foraminifers a few centi metres across (i.e. small peb -
ble size) scat tered within the lime stones (Fig. 2A). The cherty
microfossils are grey, cir cu lar/oval in shape and their in ner tex -
tures can not be iden ti fied due to sili ci fi ca tion.

The cracks in the lime stone strata are both per pen dic u lar
and par al lel to the bed ding plane. It was found that there are
crack infills of diagenetic sil ica pres ent in those frac tures that
are ori ented par al lel to bed ding (Fig. 2B). Chert nu cle ation of
the nod ules started in the cracks and chert nod ules vary from
1–50 cm (Fig. 2C). The width of the cracks that have been filled
with sil ica is greater than the widths of un filled cracks (Fig. 2C,
D). Well-de vel oped chert nod ules are typ i cally ob served along -
side cracks that par al lel to the ear lier-formed bed ding plane.
(Fig. 2D–G).

Chert nod ules de vel oped in de pend ently of each other and
their de vel op ment di rec tions are also dif fer ent in well-de vel -
oped nod ules. Well-de vel oped nod ules show dif fer ences in po -

ros ity, rim de vel op ment and thick ness. Light brown and po rous
sil ica ac cu mu la tions are ob served in the cracks to gether with
the chert nod ules in the car bon ates (Fig. 2E).

There are chert nod ules with out rims, nod ules with cor ti cal
and dou ble rims, de vel oped by sili ci fi ca tion in the Belen car bon -
ates. The outer rim of the nod ules is light brown and has high
po ros ity, the chert col our changes from light grey to dark grey
as the de gree of sili ci fi ca tion in creases to wards the cen tre of the 
nod ules. The outer rim and the cen tre of the nod ule have a
sharp tran si tion, but grad ual col our tran si tions are ob served to -
wards the cen tre of the nod ule. The col our is dark grey in
well-de vel oped nod ules and the rims be comes thin ner as the
nod ules grow (Fig. 2D, E).

Folds due to tectonism are ob served that post-date the for -
ma tion of the nod ules (Fig. 2F). There are sty lo lites in the lime -
stones at the edges of the nod ules due to the growth of the nod -
ules (Fig. 2G). The lime stones and chert fea tures in the Okçular 
For ma tion are cut by cracks (Fig. 2H). The lay ered cherts and
cracks seen in the re gion are par al lel.

Changes oc cur in the form of the flint de pend ing on the fre -
quency of cracks. In thin or slightly frac tured thick-bed ded lime -
stones, chert ac cu mu la tions, small amor phous chert forms and
si lici fied microfossils oc cur (Fig. 2A). If there are many pre-ex -
ist ing cracks in the for ma tion, the growth size of chert nod ules
in creases in di rect pro por tion, and well-de vel oped chert nod -
ules can form. 

MINERAL AND MICROTEXTURAL CHARACTERIZATION
OF THE CHERTS

PETROGRAPHY

The microtextures of the cherts in the Okçular For ma tion
are re lated to the pre cur sor lime stones. The tex ture of lime -
stones as so ci ated with chert nod ules and lay ers is biomicritic. In 
lime stones where plank tonic and ben thic foraminifera are abun -
dant, micrite and cal cite shells are re placed by quartz crys tals
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Types of zone, sam ple and col our code in sam ples of nod u lar, frac tured and lay ered chert



due to sili ci fi ca tion. Microlaminations show ing suc ces sions of
cal cite and quartz crys tals are ob served both in petrographic
and field stud ies.

Scan ning elec tron mi cros copy (SEM) anal y ses were per -
formed on in ner and outer rims, black-grey cherts and lime -
stones to de ter mine the sili ci fi ca tion of the lime stones and
microtextural changes, cracks and po ros i ties due to sili ci fi ca tion 
and en ergy-dispersive spec trom e try (EDS) mea sure ments
were per formed on 5000X mag ni fied fields to ana lyse the gen -
eral chem i cal com po si tion of these ar eas. SEM-EDS mea sure -

ments were made on lay ered, rimmed and non-rimmed fracte -
red cherts and cream-col oured lime stone/cherty lime stone to
ex am ine the de gree of sili ci fi ca tion and crys tal mor phol ogy, and 
it was de ter mined that dif fer ent el e ments were added to the
rock in trace amounts dur ing sili ci fi ca tion.

SEM ANALYSIS

SEM anal y sis shows dif fer ences be tween the in ner and
outer rims and cen tres ob served in well-de vel oped chert nod -
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Fig. 2. Field ob ser va tions of lime stones and chert nod ules

A – chert microfossils (ar rowed) in the lime stones, B – chert and nod ules (ar rowed) formed in the cracks, C – mat-like
light brown chert in the cracks, D – size dif fer ences in the chert nod ules, E – dif fer ences in the growth di rec tions of the 
nod ules, F – fold ing of nod ules, G – sty lo lites as so ci ated with chert nod ules, H – cut ting of lime stones and cherts by
cracks



ules. Po ros ity and crack ing are pres ent in both the in ner and
outer rims and microquartz crys tals are seen along pores and
cracks (Fig. 3A, B).

Growth of the cor ners of the quartz crys tals to wards the
crack spaces was ob served. There is a mat-like tex ture in the
in ner and outer rim re sult ing from cir cu la tion pat terns of si li -
ceous flu ids through cracks and pores in the dis so lu tion- re -
crystallization pro cess.

Quartz crys tals are anhedral in lime stone sili ci fi ca tion zones 
in the Okçular For ma tion (Fig. 3C). The sili ci fi ca tion of lime -

stones re sulted in the wide spread oc cur rence of microquartz
crys tals, with a re duc tion in cal cite crys tals. Microcrystalline
quartz crys tals are pres ent in the black zones of the chert nod -
ules, to gether with bioclast re mains from the pre cur sor lime -
stones (Fig. 3D). Sil ica over growth to wards the crack cav i ties is
ob served on anhedral quartz crys tals (Fig. 3E). SEM im ages re -
veal pla nar microlaminations (Fig. 3F). 

The pres ence and ori en ta tion of cracks in the rim sec tion
(NX1–NX2) sur round ing the nod ules pro vides ev i dence that sil -
ica-rich fluid flow was di rected to wards the nod ule cores (Fig.
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Fig. 3. SEM im ages of the Okçular For ma tion cherts

A – cracks and pores ob served in the outer rim (NX1) from the dou ble rims ob served in the chert nod ules, B – SEM im age of the
in ner rim (NX2); C – anhedral authigenic microquartz ob served in the chert nod ules, D – si lici fied bioclast rem nants found in
chertified lime stone; E – microquartz and cracks in black cherts (NC1); F – microquartz crys tal li za tion in the di rec tion of
microlamination of the cherts



3A, B). In the chert nod ule por tions af fected by re place ment,
quartz oc curs in the form of an- to euhedral microcrystals grow -
ing to wards the cracks (Fig. 3C, D). The re duc tion in the size of
the microquartz to wards the rim of the nod ules sug gests that re -
place ment starts at the cen tre. This in di cates that micro la -
mination forms when microquartz crys tals, which are larger
than the cal cite crys tals they re place, align (Fig. 3F). The phys i -
cal char ac ter is tics ob served in the Okçular For ma tion, in clud ing 
crys tal growth, tex tural dif fer ences, crys tal bound aries, the pre -
s ence of microcracks, and the pres er va tion of fos sils, have
been iden ti fied as re place ment in di ca tors.

SEM-EDS ANALYSIS AND TRACE ELEMENTS 
CONTENTS IN CHERTS

En ergy-dispersive spec trom e try (EDS) mea sure ments
were made of three dif fer ent tex tural fea tures, of nod u lar, frac -
tured and lay ered cherts, and the el e men tal dif fer ences are
given in Ta ble 2. EDS spec tra of the most char ac ter is tic ar eas
of cherts and lime stones were ob tained at 5000X mag ni fi ca tion.

Si con tents dif fer in the rims gen er ally seen in the nod u lar
cherts, with more sili ci fi ca tion in the outer rim than in the in ner
rim (Fig. 4: NX1, NX2). Si val ues reach max ima in the black ar -
eas of the nod ules (Fig. 4: NC1).

Ac cord ing to SEM-EDS graphs, the el e ments added to the
cherts in the sili ci fi ca tion pro cess are Cl, P, Ti, Mn and Mo. In
frac tured cherts, sili ci fi ca tion ef fects are ob served in lime stones 
such that Si val ues are higher in chert re lated to bed ding-par al -
lel cracks than in nod ules (Fig. 4: NC2, NK2). Lime stones as so -
ci ated with bed ded cherts have high cal cium val ues and low Si
val ues due to co-pre cip i ta tion. Si lici fied ar eas are com monly
sharply de mar cated by bed ding planes. Di rect pre cip i ta tion of
sil ica grains is ob served in these ar eas (Fig. 4: NC3, NK3).

The el e ments Si, Ca, C, and O have been iden ti fied in both
chert and lime stone. In con trast, K, P, Ti, and Mn have been de -
tected in nod ule rims.

RIM MEASUREMENT

The rim is a diagenetic fea ture, an outer layer that sur -
rounds many cherts, formed as a tran si tion zone be tween the
chert and the pre cur sor rock ma trix, and it is vi su ally and min er -
al og i cally dif fer ent from both (Luedtke, 1992), this tran si tion
zone be tween the chert and the pre cur sor is ei ther sharp or
grad ual.

The po ros ity val ues mea sured by IMAGEJ in the scan ning
elec tron mi cros copy im ages ob tained from the Okçular For ma -
tion cherts ranged from 18–20%, the max i mum po ros ity be ing
in the rims. These val ues are equiv a lent to the val ues mea sured 
by im age pro cess ing of hand sam ples (Yeºilot Kaplan, 2023).
Rim po ros ity de pends on cracks. 

CRYSTAL/GRAIN SIZE AND COLOUR 

The clas si fi ca tion of quartz crys tals ac cord ing to their size is
microquartz (<20 µm), mesoquartz (>20 µm) and mega quartz
(>50 µm) crys tals (Folk and Weaver, 1952; Laschet, 1984).
Quartz in the cherts of the Belen lime stones com prises
microquartz crys tals (1–4 µm). The long axes of the quartz crys -
tals and lime stone grain sizes in the scan ning elec tron mi cros -
copy im ages were mea sured and the re sult ing grain size graph
is shown in Fig ure 5. The grain sizes of the lime stones and the
quartz crys tal sizes formed by sili ci fi ca tion are re lated, the
quartz crys tals be ing pro por tion ally larger than the lime stone
grains.

Both the mat-like tex ture and po ros ity played a role in crys tal 
de vel op ment in the rims, and the pores and cracks in the quartz
crys tals are mi cro-sized. The lon gest cal cite and quartz
grains/crys tals ob served in clear SEM im ages were mea sured
and their av er ages were taken. Ac cord ingly, 74, 94, 65, 44, 56,
96, 46 and 59 num bers of crys tal/grain lengths were mea sured,
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T a  b l e  2

SEM-EDS el e ment anal y sis data for nod u lar, frac tured and lay ered cherts

Sam ple NX1 NX2 NC1 NK1 NC2 NK2 NC3 NK3

El e ment wt.% At % wt.% At % wt.% At % wt.% At % wt.% At % wt.% At % wt.% At % wt.% At %

Si 14.7 9.5 33.9  22.5  19.4  12.4 8.2 5.6 35.7  24.1  14.4 10.2  38.9  27.2  3.0 2.2

Ca   4.7 2.1 0.7 0.3 3.4 1.5 27.6  13.3  6.7 3.3 24.2 12 4.2 2.1 34.3  17.1  

C 16.1 24.4 8.5 13.3 16.2 24.2  9.2 14.9  4.4 7.1 5.7 9.4 3.5 5.7 8.1 13.5  

O 49.6 56.2 52.9  61.8 49.5 55.6  54.2  65.7  52.7  64.4  54.0 67.3  52.9  64.8  53.2  66.4  

Mg   1.7 1.3 0.5 0.4 1.7 1.3 0.3 0.2 0.3 0.2 0.6 0.5 0.2 0.1 0.5 0.4

Al   5.9 4.0 1.3 0.9 4.5 3.0 0.2 0.2 0.3 0.2 0.5 0.4 0.3 0.2 0.4 0.3

Fe   4.3 1.4 1.9 0.7 3.5 1.1 0.3 0.1 0.0 0.0 0.6 0.2 0.0 0.0 0.4 0.1

Cl   0.4 0.2 0.1 0.0 0.4 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

K   1.1 0.5 0.2 0.1 0.8 0.4 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.1

P   0.2 0.1 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Ti   0.2 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Mn   0.4 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Mo   0.6 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

S   0.0 0.0 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1

https://doi.org/10.26471/cjees/2023/018/241
https://doi.org/10.1007/BF02536693
https://doi.org/10.2475/ajs.250.7.498


re spec tively from the NX1, NX2, NC1, NK1, NC2, NK2, NC3
and NK3 im ages. The av er age crys tal/grain sizes in the lime -
stones, cherts and rims are 1.17, 2.12 and 0.68 m, re spec tively,
and the pri mary grain sizes in the lime stones are also re lated to
sili ci fi ca tion. The quartz crys tals found in the cherts grew un der
the in flu ence of si li ceous flu ids and col our changes oc curred,
from brown to grey and fi nally to black. Growths in crys tal sizes
are pro por tional in lime stone and cherty lime stones and cherts.

STYLOLITES 

Two types of sili ci fi ca tion-re lated sty lo lites were ob served in
the Belen car bon ates:

– sty lo lites ob served par al lel to joints and bed ding, 
– diagenetic sty lo lites de vel oped by the for ma tion and growth

of nod ules.

The di men sions of the sty lo lites vary, rang ing from mi cro to
macro size. The sty lo lites in the Okçular For ma tion are par al -
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Fig. 4. El e men tal com po si tion changes in Okçular For ma tion cherts and lime stones by EDS microanalysis



lel/semi-par al lel to joints and bed ding (Fig. 3C). In ad di tion to
sty lo lites formed by tec tonic ef fects, sty lo lites are ob served
around the nod ules as a re sult of re place ment growth. Aase et
al. (1996) sug gested that sty lo lites in hibit the de vel op ment of
macrocrystalline quartz over growth. In the Okçular For ma tion,
sty lo lites were also ef fec tive pro mot ers of sili ci fi ca tion. These
sty lo lites are of low am pli tude due to pres sure dis so lu tion and
ex hibit crack-like be hav iour al low ing fluid move ment. Sty lo lites
found to gether with well-de vel oped nod ules, and ex tend ing into 
the chert, are also ob served. Field ob ser va tions sug gest that
sty lo lites have the func tion of en hanc ing si li ceous fluid trans port 
in all chert forms through joints (Fig. 2G).

INTERPRETATION AND DISCUSSION

INTERPRETATION

Sili ci fi ca tion in the Ok¸ular For ma tion is as so ci ated with
joints par al lel to the bed ding planes in the car bon ates, due to
the cir cu la tion of si li ceous wa ter along these cracks. As the cir -
cu lar/elon gated nod ules grew, the cracks also wid ened, and the 
growth di rec tion of the nod ules is usu ally par al lel to the di rec tion 
of the main crack (Fig. 2D–G). Ev i dence that tectonism is ef fec -
tive in the de po si tion, diagenesis and sili ci fi ca tion of the Okçular 
For ma tion is the fact that the car bon ates and cherts are cut by
joints (Fig. 2H). The chert de pos its have nu cle ated and grown
along the cracks, and the lay ered cherts are par al lel to the
cracks. Lay ered cherts have formed due to the abun dance of
cracks to gether with well-de vel oped nod ules (Fig. 2E). The oc -
cur rence of quartz crys tal microlamination is at trib ut able to sili -
ci fi ca tion be tween the cal cite crys tals of the lime stones (Fig.
3F). Sty lo lites re lated to the de posit and cracks formed by the
ef fect of the re gional tectonism played an ef fec tive role in this
re place ment pro cess (Fig. 6B). The pres ence of ex pan sion
cracks and sty lo lites in the chert nod ules and the ob ser va tion of
fab ric-pre served sili ci fi ca tion in di cate that re place ment growth
was ef fec tive in the Okçular For ma tion

The anhedrality of the quartz and the quartz over growth in
petrographic (thin-sec tion and SEM) im ages cor rob o rate micro -
quartz re place ment and authigenic quartz crys tal li za tion. Dif fer -

ences in quartz crys tal sizes in di cate that, dur ing the last stage,
quartz microcrystals were re placed by larger quartz crys tals.
The pres er va tion of both the tex ture of the host rock and the
mor phol ogy of the si lici fied microfossils is in dic a tive of re place -
ment. The pore wa ter oversaturation in sil ica in the ma rine en vi -
ron ment, thus, led to se lec tive re place ment of the lime stones.
Ev i dence of re place ment growth: 

– chem i cal com pound is sil ica in thin-sec tions where fora -
miniferal forms are in tact; 

– cracks and sty lo lites are ob served in chert nod ules due to
ex pan sion. 

There is an allochthonous ophiolite which was a source of Si 
on the sea floor and is over lain by Okçular For ma tion lime -
stones. Sea wa ter was sat u rated with Si dis solved from the
ophiolites and re place ment has oc curred within the Okçular
For ma tion. Over time, lay ered and nod u lar cherts were formed
in the lime stones due to the dis so lu tion of Si from the mafic units 
on the sea bed. 

Al though not found in the nod ule core, the mo bil ity-spe cific
el e ments K, P, Ti and Mn are thought to have been trans ported
from ar eas where re place ment is ef fec tive and con cen trated in
the rims. Si, Ca, C, and O are found in both chert and lime stone, 
and their amounts vary with the level of re place ment.

DISCUSSION

Re place ment: the oc cur rence of re place ment growth in
cherts is char ac ter ized by the pres ence of ir reg u lar shapes and
semi-fi brous in ter nal microtextures. By con trast, displacive
growth is dis tin guished by reg u lar shapes and microcrystalline
tex tures. Pri mary tex ture is not rec og nized in displacive growth
and ran dom crystallisation is com mon, whereas pri mary tex ture 
is pre served in replacive growth. Nod ules ex hibit ei ther a re -
placive or displacive growth mode, the ap pear ance of which is
largely de pend ent on the orig i nal host li thol ogy. Displacive nod -
ules ex hibit ir reg u lar shapes and semi-fi brous in ter nal struc -
tures, in con trast to the reg u lar shapes and microcrystalline tex -
tures ob served for replacive nod ules (Abu-Mahfouz et al.,
2023). In ter nal struc tures and host li thol ogy are pre served in
nod ules of the Okçular For ma tion.
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Dis solved sil ica-rich wa ter par tially re places the cal cite
grains in the me dium- to thick-bed ded lime stones of the Okçu -
lar For ma tion and chert was formed diagenetically (=post-
 depositionally) by sili ci fi ca tion. Re place ment and po ros ity in the
de vel op ment of the rim, which was most af fected by the si li -
ceous wa ters, are higher than in other forms of the nod ules.
Microlaminations oc curred in the Okçular For ma tion as a re sult
of sili ci fi ca tion in the lime stones, and these laminae show that
sili ci fi ca tion was ac tive in the diagenetic stage prior to com pac -
tion (Xiao et al., 2010; Wen et al., 2016). Lam i na tion and
microlamination are ob served in ar eas where large nod ules
could not de velop in cherty lime stones of the Okçular For ma -
tion (Fig. 3F). Microlaminations have formed with a se quence of 
si lici fied and lime stone zones due to size and min eral dif fer -
ences of microquartz grains (Ta ble 1, NK2). Replacive nod ules
are those that dis play reg u lar morphologies, ghosts of micro -
fossils and infilled po ros ity, and well-pre served pri mary sed i -
men tary struc tures and laminae within the nod ule body. These
char ac ter is tics in di cate a replacive growth mech a nism (Maliva
and Siever, 1988; Abu-Mahfouz et al., 2023).

Bioclasts known as car bon ate allochems (e.g., foraminifers
as microfossils and mol lucks and echinoderms as macro -
fossils) are com monly si lici fied by re place ment (Milliken et al.,
2016). The shape of the quartz must have been formed by the
dis place ment of skel e tal parts; fos sil forms are pre served but
can not be rec og nized be cause their in ter nal struc ture is un -
clear. Fos sil in ter nal tex tures in the Belen car bon ates are not
clear, but foraminiferal forms are pre served. The ini tial re place -
ment of fos sils in the lime stones is in dic a tive of se lec tive sili ci fi -
ca tion, which sug gests the pres ence of a ma rine en vi ron ment. 

There is a re la tion ship be tween the size of the microquartz
crys tals and the col our of the cherts, de pend ing on the fluid cir -
cu la tion, the amount of trace el e ments, and the de gree of sili ci -
fi ca tion. As the size of microquartz crys tals in creases due to all
these fac tors, the col our changes from brown to grey-black. 

Palaeoenvironment: SiO2 is rel a tively high in the chem i cal
com po si tion of cherts and Si peaks are seen in SEM-EDS anal -
y sis. Along with SiO2, cherts may con tain el e ments such as Al,
Fe, Mn, Ca, Na, Mg, Ti and a few other el e ments such as the
trace el e ments Ce, Eu and La (Boggs, 2012). El e ments such as 
Fe, Mn, Ni and Cu pre cip i tate from sea wa ter or pore wa ter in
the for ma tion of cherts. The pres ence of the el e ments Cl, P, Ti,
Mn and Mo in the si lici fied lime stones of the Okçular For ma tion

sug gests pre cip i ta tion of the cherts from sea wa ter. The pos i tive 
re la tion ship be tween Fe and Si in di cates the ef fect of sub ma -
rine hy dro ther mal flu ids (Murray, 1994). Fe de creases as sil i con 
in creases in the lime stones of the Okçular For ma tion, the neg a -
tive re la tion ship be tween the two el e ments in di cat ing a ma rine
rather than hy dro ther mal ef fect. The ab sence of Mn, Ni and Co,
which are in di ca tors of anoxic en vi ron ments, in di cates that the
Okçular For ma tion was de pos ited in an ox i diz ing en vi ron ment. 

There are many stud ies on the for ma tion of nod ules and/or
chert lay ers through diagenetic re place ment of car bon ates due
to the in crease in sil ica in the seas dur ing the Eocene (Mcbride
et al., 1999; Suzuki et al., 2004; Abruzzese et al., 2005). Fos sil
and iso tope data ob tained from geo log i cal and cli ma tic stud ies
dem on strate that cli ma tic tem per a tures in creased dur ing the
Early Eocene, with ocean bot tom wa ter tem per a tures reach ing
a max i mum of ~50°C (Muttoni and Kent, 2007). These con di -
tions al lowed for the dis so lu tion of sil ica, which en tered the
ocean as a re sult of this ex treme cli ma tic heat. It has been hy -
poth es ised that sil ica may have been de rived from con ti nen tal
weath er ing in the warmer and more hu mid cli mate that re sulted
from the ac cu mu la tion of green house gases in the at mo sphere
(Sloan and Rea, 1996; Pearson and Palmer, 2000). In the
Okçular For ma tion sili ci fi ca tion, it is thought that tem per a ture-
 de pend ent dis so lu tion was also in volved in en hanc ing the Si
source.

The ef fect of tectonism on sili ci fi ca tion: all field, petrographic 
and chem i cal data show that the chert for ma tion were early
diagenetic and tectonism also played a role in the sili ci fi ca tion.
There is a di rect re la tion ship be tween the den sity of joints and
the de gree of sili ci fi ca tion. In lime stones with few cracks, sili ci fi -
ca tion ef fects were small, whereas in lime stones with many
cracks, well-de vel oped nod ules can be seen. The de vel op ment
of sili ci fi ca tion along the cracks in di cates that the cracks formed
in the pre-diagenetic lime stones play a role in the trans port of si -
li ceous wa ters. The microlaminations are cut by the cracks, in -
di cat ing that tectonism con tin ued af ter sili ci fi ca tion.

The SEM-EDS val ues from the nod ules in di cate that the sili -
ci fi ca tion de creases from the out side to the in side, in di cat ing
that the ex tent of pen e tra tion of the sili ci fi ca tion flu ids de pended 
on the cracks and pores in the lime stones. Microquartz crys tals
fill the cracks, and nod ules en larged the cracks to form stress -
-based sty lo lites in the car bon ates. 
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Fig. 6. Sili ci fi ca tion model: A – Belen ge ol ogy in the Late Cre ta ceous-Eocene (Boulton and Rob ert son, 2007); 
B – for ma tion of chert nod ules in the Okçular For ma tion
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The ab sence of mi cro or gan isms such as radio lar ians and
sponges, which cause sili ci fi ca tion, in the Okçular For ma tion in -
di cates that cherts formed due to the in put of in or ganic sil ica.
The mech a nism of sili ci fi ca tion in the Belen car bon ates is the
oc cur rence of sili ci fi ca tion along the cracks fol low ing the for ma -
tion of lime stones as a first stage, the for ma tion of sil ica nod ules 
by ex pand ing the cracks as a sec ond stage, and the joints of
both nod ules and lime stones as a third stage.

CONCLUSIONS

The Okçular For ma tion is char ac ter ized by the pres ence of
cherts that were formed dur ing the Eocene Ep och, a time
marked by an in crease in sili ci fi ca tion on a global scale. The for -
ma tion was ex posed to the ef fects of ma rine sil ica wa ters due to 
the pres ence of cracks in the lime stones, the pre dom i nant li -

thol ogy of the for ma tion. Sili ci fi ca tion started dur ing sed i men ta -
tion in early diagenetic stages and lasted for a long time due to
the ef fect of re gional tectonism. The pres ence of sili ci fi ca tion
and re place ment dur ing sed i men ta tion is in di cated by micro -
laminations, grain size dif fer ences, pri mary tex ture pres er va -
tion, over growth in quartz crys tals, and chem i cal data. There
are nod u lar, lay ered and frac tured chert types in the for ma tion
due to the ef fect of silicic wa ters. The pres ence of the el e ments
Cl, P, Ti, Mn and Mo in the lime stones of the Okçular For ma tion
pro vides ev i dence for the pre cip i ta tion of cherts from sea wa ter. 
A di rect re la tion ship has been dem on strated be tween the den -
sity of joints and the de gree of sili ci fi ca tion. The micro lamina -
tions are cut by the cracks, in di cat ing that tecto nism per sisted
fol low ing sili ci fi ca tion.
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re view ers and the ed i tor for help ful com ments on an ear lier
draft.
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