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Abstract
The Ballık area (SW Turkey) was studied as a mixed clastic–continental carbonate reservoir analogue, in which kilometre 
wide and up to 70-m-thick tufa and travertine lithologies are found in an envelope of detrital sediments, which locally strongly 
interfinger with these porous carbonates. Former studies focussed on the carbonate lithologies, since they are considered 
as pre-salt analogues. This study aims to describe the adjacent non-carbonate lithologies, unravel their depositional setting, 
and address their influence on the overall sedimentary architecture. This study relies on an extensive field campaign, dur-
ing which 142 samples of all different detrital lithologies were collected. Optical, fluorescence, cathodoluminescence, and 
Scanning Electron Microscopy (SEM) yielded important insights in the petrography of these lithologies, based on which 5 
main lithologies were differentiated: i.e., (1) laminated marls, (2) polygenetic conglomerates, (3) massive marls, (4) tabular 
sandstones, and (5) coquina accumulations. These were interpreted to represent three different sedimentary facies corre-
sponding to lacustrine, fluvial, and shoreline facies. The (clay) mineralogy of lacustrine sediments was extensively studied 
by bulk and clay-specific XRD. In this respect, special emphasis was laid on the depositional setting of the lacustrine facies, 
in which both authigenic palygorskite and poorly ordered dolomite were identified. Petrophysical properties of 16 plugs 
were determined by He porosimetry and N2-permeability, indicating that the detrital sediments are characterised by poor 
reservoir properties. The latter causes them to act, after assumed burial compaction, as potential barriers within a continental 
carbonate reservoir system.

Keywords Palygorskite · Varves · Clastic sediments · Conglomerate · Carbonate sediments · Mixed carbonate–clastic 
system

Introduction

The discovery of the Pre-Salt play in the South-Atlantic has 
sparked interest in reservoir properties of continental car-
bonate systems worldwide, which often are mixed with clas-
tic sediments. 5–8 Billion Barrels of Oil Equivalent (BBOE) 
have been estimated to be in place in the Pre-Salt reservoir 
located in the Tupi area, highlighting the economic impor-
tance and the need to acquire detailed knowledge about these 
new reservoir systems (Beltrão et al. 2009). The Pre-Salt 
reservoirs tend to develop in a wide range of depositional 
settings, ranging from continental to sub-aqueous environ-
ments, leading to complex reservoir architectures (Virgone 
et al. 2013). In the specific case of the Lula-field, which 
is dominantly made of (microbial) continental carbonates, 
siliciclastic beds and coquina layers have been encountered 
(Muniz and Bosence 2015).
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The mixed clastic–continental carbonates of the Ballık 
area, located east of Denizli, are a well-documented sub-
seismic sized, analogue system of sub-aqueous as well 
as domal travertines (e.g., Özkul et al. 2013; Claes et al. 
2015; Desouky et al. 2015; Soete et al. 2015; Van Noten 
et al. 2019). Two noteworthy complementary studies in the 
Ballık area, addressing the depositional setting and palaeo-
climatic evolution of an adjacent Middle-to-Late Pleistocene 
travertine body and the Pleistocene paleoenvironment, were 
presented by Toker et al. (2015) and Rausch et al. (2019), 
respectively. The former studies mainly focussed on the sedi-
mentological and petrophysical characteristics of the porous 
continental travertines. However, as already mentioned by 
Claes et al. (2015), clastic facies occur adjacent to and inter-
calated within the travertines. The mixed clastic–carbonate 
system of the Ballık travertine dome thus provides a great 
opportunity to assess the effects of clastic sediments on the 
architecture of a continental carbonate analogue. To under-
stand the effects these clastic sediments have on the reser-
voir analogue, petrographic and sedimentary observations 
on these sediments must be taken into account.

Claes et al. (2015) already concluded that the clastics, 
i.e., marls and conglomerates, represent a shallow lacustrine-
dominated depositional system combined with the presence 
of fluvial channels. The occurrence of clastic intervals, espe-
cially when containing clays and being interlayered with 
porous continental carbonate layers, might lead to compart-
mentalisation of the reservoir, with implications for reser-
voir modelling. Since these detrital sediments represent key 
features in the well-exposed Ballık analogue, their properties 
are essential to improve our understanding of the extent that 
detrital sediments might influence reservoir architecture. In 
addition, the transition from a carbonate towards a detri-
tal dominated system reflects an important change in the 
depositional setting. Therefore, this study aims to develop 
a facies classification for the clastics, which occur adjacent 
to and as intercalations within the continental carbonates. 
This classification will improve the understanding of their 
sedimentological characteristics and origin, and will help to 
acquire a better insight into their distribution throughout the 
reservoir analogue, whilst taking into account their reservoir 
characteristics.

Geological setting

The studied deposits in the Ballık area are located east of 
Denizli, in the south-western part of Turkey, at the junction 
of the Çürüksu and Baklan grabens (Van Noten et al. 2013). 
Since the emphasis of this paper lies with the detrital sedi-
ments surrounding the Ballık travertine dome, the overall 
geological setting will only be briefly discussed. For fur-
ther understanding of the regional geology in south-western 

Turkey and the graben configuration, the reader is referred 
to the studies by Bozkurt (2001, 2003) and ten Veen et al. 
(2009), while the studies of Alçiçek et al. (2013) and Van 
Noten et al. (2019) focus on the geological setting around 
and within the Ballık study area.

The Ballık area is situated on the northern flank of the 
Denizli Basin, which is bound by major escarpments that 
are interpreted as footwalls of a succession of normal faults, 
resulting from the N–S-oriented tectonic extension (Westa-
way et al. 2005; Alçiçek et al. 2019). The detrital sediments 
discussed in this paper are presented in different quarries 
(Fig. 1). All these quarries are located in the so-called lower 
domal area (Van Noten et al. 2013).

The potential provenance area of the detrital sediments, 
studied in this paper, corresponds to 4 different geological 
units, visualised in Fig. 2 (compiled after Capezzuoli et al. 
2018; Van Noten et al. 2019 and the Geological Survey of 
Turkey). The Menderes massif (1), composed of Pre-Cam-
brian-to-Early Paleozoic strata has undergone a Barrovian-
type metamorphism and crops out west of the study area. 
This massif is composed of a succession of augen-gneiss, 
metagranite, migmatite, gabbro, and medium- to high-grade 
metamorphic schists. The second unit, namely the Lycian 
Nappes (2), is Triassic–Jurassic in age and is exposed north 
and east of the study area. They consist of meta-siliciclastic 
sediments, limestone, and evaporitic dolomite (Alçiçek 
et al. 2019). The last units, including the dominantly Neo-
gene Denizli Group (3) and the Quaternary strata (4), are 
composed of a combination of alluvial fan, delta, shallow 
marine, and lacustrine sediments (Alçiçek et al. 2019).

The studied detrital sediments are spatially closely associ-
ated with the Ballık travertines, which formed by carbonate 
precipitation that started max. 1.78 Ma ago and ceased at 
least 1.1 Ma ago (Lebatard et al. 2014). The overall conti-
nental carbonate analogue was studied by Claes et al. (2015), 
who reported aggradational sub-horizontal travertine facies, 
deposited in a sub-aqueous setting, in the lower part of the 
carbonate succession. Within this succession, he noticed the 
presence of clastic intercalations and flanking strata. Verti-
cally, this sub-horizontal facies is succeeded by the so-called 
domal structure yielding irregular slope deposits. Claes et al. 
(2015) concluded that the succession of travertine facies is 
related to the changing flow path of down-flowing water, 
controlling where and how fast, calcite precipitation takes 
place. Rausch et al. (2019) studied the paleoenvironment in 
the Denizli basin, integrating micro- and macro-paleonto-
logical species, such as ostracods, molluscs, decapod crus-
tacean, vertebrate relics, leaf imprints, and relicts of Homo 
erectus.

More in detail, the reservoir analogue system consists of 
6 different major sedimentological units, either dominated 
by continental carbonates (C) or detrital (D) sediments 
(Fig. 3). The emphasis of this study lies in the description 
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of the detrital sediments and the way they are part of the 
architecture of the mixed clastic–carbonate succession. 
Claes et al. (2015) focussed more on the carbonates and 
described the basal sequence as aggradational sub-hori-
zontal travertines, deposited in a sub-aqueous environment 

(Fig. 3, C1; lower travertines of Rausch et al. 2019). The 
oldest clastic deposit is a rather local phenomenon and is 
encased within the sequence of sub-horizontal travertines 
(Fig. 3, D1). The second detrital sequence forms a wedge 
(Fig. 3, D2; lower conglomerates of Rausch et al. 2019) 

Fig. 1  Study area, with indica-
tion of the studied quarries in 
the so-called lower domal area 
(Alimoğlu-Tasarim, AT; Çak-
mak, CK; Cinkaye, CI; ECE, 
EC; Faber, FA; Faber West, 
FAW and Metamar, ME)

Fig. 2  Simplified geological 
map of the region surrounding 
the Ballık area, highlighting the 
five major geological units sur-
rounding the studied analogue 
(compiled after Capezzuoli 
et al. 2018; Van Noten et al. 
2019 and the Geological Survey 
of Turkey)
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near the boundary of the sub-horizontal and domal traver-
tine sediments, pinching out towards the South East. This 
sequence is initially characterised by fluvial deposits (con-
glomerates), while the centre of this sequence is character-
ised by lacustrine deposits (laminated marls). The deposits 
near the top of this sequence are again fluvial, consisting 
of a mixture of conglomerates and massive marls. These 
deposits are covered by domal travertine sediments that 
are initially characterised by sub-horizontal travertine lith-
ologies and evolve towards domal structures due to the 
stabilisation of the carbonate mounds by reeds (Fig. 3, 
C2; upper travertines of Rausch et al. 2019). The latter 
allows slopes to develop, leading to cascade and even-
tually waterfall travertine lithologies. Contemporaneous 
with this sequence of domal travertine, the deposition of 
carbonate-rich detrital lithologies is observed adjacent to 
the domal carbonate structure (Fig. 3, white equivalent of 
C2). The latter is topped by the third detrital sequence, 
which intertwines with the adjacent domal travertine lith-
ologies (Fig. 3, D3 upper conglomerates of Rausch et al. 
2019). It is in these domal travertines (C2) and conglom-
erates (D3) where Rausch et al. (2019) discovered most 
fossils. The latter authors concluded that there existed a 
mixed landscape (shrubby, arboreous, and near-water veg-
etation to a savannah-like landscape), which formed under 
temperate and humid climatic conditions. The fourth and 
final detrital sequence (Fig. 3, D4) occurs both adjacent 
to and on top of the domal travertine lithologies and was 

not reported by Rausch et al. (2019), since they are poorly 
preserved in their studied section of the Ballık travertine 
dome.

Materials and methods

Sampling and logging

Seventeen lithologs were made to create a log correlation 
of the different lithologies throughout the study area. The 
latter provides information regarding the distribution of dif-
ferent lithologies both laterally and vertically. 142 samples 
were acquired, spread throughout 7 different quarries of the 
Ballık area, representing all different detrital lithologies. 35 
of these samples were selected for detailed petrographical 
and petrophysical analysis, while the others were described 
as hand specimens. Well-cemented lithologies were sampled 
as horizontal plugs, with a diameter of 2. 54 cm and a length 
of 5 cm, while poorly cemented lithologies were sampled as 
hand-specimen.

Petrography and mineralogy

Thirty-five thin sections were prepared and impregnated 
with a fluorescent epoxy resin. Thin sections were described 
using optical light and fluorescence microscopy on an Olym-
pus BX41, connected to a fluorescent light source of Leica 

Fig. 3  Simplified architectural 
model of the Ballık reservoir 
analogue system, highlighting 
the presence of six sedimentary 
sequences. The top surface of 
sequence C2 is not horizontal, 
but exhibits a domal shape. The 
latter is a consequence of the 
development of subaerial traver-
tines, as well as the differential 
compaction of travertine and 
the surrounding and overlying 
siliciclastic lithologies
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(12 V/100 W-type). Cold cathodoluminescence analyses 
were performed to study the varying chemical composition 
of carbonate cements, using a modified Techosyn Model 
8200 Mark II.

Due to the macroscopic scale of certain sedimentary 
structures, thin-section scans taken both under parallel and 
crossed polars were acquired at a resolution of 1200 DPI 
with an EPSON transmitting light scanner. Image analysis 
was performed at several scales (cf. upscaling) of all thin 
sections with the software package of JMicrovision (V. 1. 3. 
2, Roduit 2007). 2D porosity was determined using either 
point-counting (user-controlled) or object extraction (colour-
threshold controlled).

Furthermore, 10 samples were studied by Scanning Elec-
tron Microscopy (SEM) to identify the authigenic minerals 
present in the sediments. Analyses were carried out by two 
different instruments, a JEOL JSM 6400 Scanning Micro-
scope (magnification from 1000 to 5000 times) and an EM 
XL30 FEG Field Emission Microscope (magnification from 
1000 to 20,000 times). Both devices were equipped with an 
Energy-Dispersive Spectrometer (EDS) and mineral iden-
tification was based on the SEM petrology atlas of Welton 
(1984).

The mineralogical composition of the marl lithologies 
was assessed trough both bulk (n = 8) and clay-specific 
(n = 6) X-Ray Diffraction (XRD). Bulk powder analy-
sis was used to quantify the overall mineralogical com-
position. These measurements were performed with a 
PW1050/37 goniometer in a Bragg–Brentano θ/2θ setup, 
which was connected to a PW1830 generator equipped with 
a Cu-Kα-radiation source and a proportional detector type 
PW3011/00. Bulk powders of each sample were measured 
with the following XRD settings: 1h40 measurement dura-
tion, 0. 02° 2θ step size, 2 s counting time per step over 
a 5°–65° 2θ range. To study the specific clay mineralogy, 
the samples underwent selective chemical treatment, which 
removed carbonate cements, organic matter, and Fe-(hydro)
oxides (modified after Jackson 1973). The < 2 µm fraction 
was extracted using timed centrifugation, resulting in a puri-
fied clay fraction that was used to prepare oriented clay prep-
aration by the sedimentation technique (Moore and Reynolds 
1997). The same device as for the bulk measurements was 
used, but with the following measurement settings: 0h38 
measurement duration, 0. 02° 2θ step size, 1 s counting time 
per step over a 2°–47° 2θ range. Samples were characterised, 
based on both ethylene–glycol saturated and air-dried clay 
slides, to distinguish different clay minerals.

Petrophysical characterisation

Helium porosity and Klinkenberg corrected horizon-
tal permeability of 16 plugs, with a diameter of 1 inch, 
were assessed by PanTerra Geoconsultants. Porosity was 

measured with a helium expansion porosimeter, allowing 
to determine the effective porosity of each plug. Horizon-
tal gas permeability was determined with a Vinci nitrogen 
permeameter, in which plugs where mounted in a Hassler 
core holder at a pressure of 400 psi (simulating reservoir 
conditions). Gas slippage was accounted for by correcting 
the measured permeabilities based on Klinkenberg’s empiri-
cal correlation.

Due to the unconsolidated state of certain lithologies 
(e.g., laminated marls), He-porosity or N2-permeability 
measurements could not be performed. Therefore, 2D poros-
ity was estimated in JMicroVision through image analysis 
at several scales, whilst following an upscaling methodol-
ogy and considering the required representative elementary 
volume as described by Bear (1972).

Results

Sedimentary architecture

The Quaternary deposits in the Ballık area are characterised 
by the presence of both continental carbonates and clastic 
lithologies and can thus be classified as a mixed travertine-
terrigenous system. Similar depositional systems were 
described by Croci et al. (2016) (Tuscany, Central Italy) 
and Mors et al. (2019) (Catmarca, Argentina). Previously, 
Claes et al. (2015) observed the presence of three different 
marl-to-marl–conglomeratic sequences in some of the most 
representative quarries of Ece and Faber (Fig. 1), located in 
the northwestern part of the Ballık area. During this study, 
a fourth detrital sequence was observed in the southeastern 
part of the Ballık area (exposed in the quarries of Alimoğlu-
Tasarim and Çakmak; Fig. 1). In the section below, first, 
the sedimentary sequence is addressed before the different 
observed lithologies will be described.

Detrital sequences

Detrital unit D1 has a max. thickness of 6 m and was solely 
observed in the Faber quarry, while the other three detrital 
sequences (D2, D3, and D4) were outcropping all over the 
Ballık area. D1 differs from the other three sequences in its 
lateral extent and depositional build-up. In contrast to the 
other sequences, this unit solely consists of an alternation of 
both travertines, enriched in detrital grains and polygenetic 
conglomeratic beds. The latter consist of well-rounded clasts 
with a diameter of 0. 5 up to 20 cm and their thickness varies 
between 0. 2 and 0. 6 m. Larger clasts have a more angular 
shape and are dominantly made of layered lithologies similar 
to the surrounding sub-horizontal travertine. In general, the 
conglomeratic beds are characterised by their erosive nature 
and are fining upwards. These beds are amalgamated and 
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their fabric is dominantly grain-supported, with the excep-
tion of the upper part which is mud-supported (Fig. 4a, b). 
In addition, imbricated structures were observed, indicating 
a paleo-current oriented towards the south (Fig. 4c).

Since all other detrital sequences were observed in two 
or more quarries, a simplified log correlation is presented in 
Fig. 5. In general, the western part of the Ballık area is better 
exposed than the eastern side, leading to fewer outcrops in 
the east. Therefore, the eastern section is under-represented 
in the reported observations. The second detrital sequence 
was observed in the quarries of Çakmak, Faber, and Faber 
West, and lies on top of so-called sub-horizontal travertines 
(Claes et al. 2015). The thickness of this sequence is esti-
mated at about 11 m in Faber West, decreasing continuously 
to 5 m in the eastern-most section of the Faber quarry, thus 
displaying a wedge-shaped geometry. Proximal to the Ballık 
travertine dome, in the quarries of Faber and Çakmak, this 
sequence is topped by an intercalation of cascade travertines. 
In the distally located quarry of Faber West, this interca-
lation is gradually replaced by carbonate-cemented marls, 
thickening westwards (Fig. 5). In general, the base of this 
sequence consists dominantly of fining upward conglom-
eratic beds with decreasing erosive nature at a greater dis-
tance from the Ballık travertine dome (west), as reflected by 
decreasing clast size. Root traces, highlighted by manganese 

oxides, were often observed at the top of these conglomer-
atic beds. Conglomeratic channels become less abundant 
towards the middle of this sequence, where fine-grained lith-
ologies more frequently occur. In the distal areas, away from 
the Ballık travertine dome, this leads to the deposition of 
massive marls, while laminated marls are abundantly present 
in more proximal areas. Grain-supported, multi-channel, and 
erosive conglomeratic beds are dominant in the upper part of 
this sequence. Proximal to the Ballık travertine dome, these 
conglomerates are observed to be floating in a travertine 
matrix with moulds of reed stems.

The third detrital sequence has a thickness of about 
8 m and covers most of the quarries in the western part of 
the Ballık area. In the quarries of Çakmak and Faber, this 
sequence is observed on top of cascade travertines, while it 
covers carbonate-rich marls in Faber West. The occurrence 
of these detritals along the flanks of the Ballık travertine 
dome indicates that the build-up of the travertine dome was 
already active prior to the deposition of this sequence. The 
third sequence consists of an alternation of laminated marls 
and conglomeratic beds, with significant heterogeneities 
between locations. Adjacent to the travertine dome, both 
in Çakmak and in Faber, thinning wedges of laminated 
marls were observed, restricted in geometry by the topog-
raphy of domal travertine deposits. The transition between 

Fig. 4  Macroscopic and microscopic observations of polygenetic con-
glomerates. a Outcrop of amalgamated conglomeratic beds, with fin-
ing upwards structures (black triangles) and erosive contacts (black 

lines). b Texture of conglomeratic beds evolves from grain-supported 
to mud-supported towards the top. c Imbrication structures indicating 
a paleo-current towards the south
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Fig. 5  Simplified log correlation of the detrital sequences in the Ballık area. The first detrital sequence (D1) is not presented in this figure due to 
its local development



1056 International Journal of Earth Sciences (2021) 110:1049–1071

1 3

laminated marls and domal travertine lithologies is charac-
terised by interfingering geometries (Fig. 6a), which have 
been accentuated by differential compaction. At a greater 
distance from the domal structure, two sub-successions 
were observed, both consisting of conglomeratic channels 
and tabular sandstones, which are covered by laminated 
marls. Each succession starts with the deposition of erosive 
conglomerates, intertwined with tabular sandstones, which 
are gradually replaced by laminated marls (Fig. 5). Between 
both successions, an erosive contact is observed, followed 
by the overlying sequence starting with erosive conglomer-
ates. In addition, root traces are present in laminated marls 
underneath this contact (Fig. 6b).

The fourth and youngest detrital sequence is only 
observed on top of the quarries of Alimoğlu-Tasarim, Çak-
mak, and Metamar abandoned (Fig. 3). The total thickness 
of this sequence, which consists of two different sub-suc-
cessions, varies between 4 and 10 m. The lower sub-suc-
cession consists of laminated marls, in which root traces 
and gastropods are abundant. An erosive contact separates 
the lower from the upper sub-succession, which is domi-
nantly made of grain-supported conglomeratic beds, tabu-
lar sandstones, and gastropod-rich carbonates. In addition, 
ball-and-pillow structures were observed throughout this 
sequence, within all mentioned quarries (Fig. 6c).

Fig. 6  Laminated marl deposits. a Wedge-shaped laminated marls 
interfingering with travertine in the Çakmak quarry with inset of 
a detailed zoom on varve-like features. b Root traces in laminated 

marls at the erosive contact with the overlying tabular sandstones. c 
Ball-and-pillow structures on the contact between laminated marls 
and tabular sandstones, highlighted in red
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Detrital lithologies

In total, five different detrital lithologies could be differ-
entiated, i.e., laminated marls, polygenetic conglomerates, 
massive marls, tabular sandstones, and coquina accumula-
tions. All sequences, except for the first detrital polygenetic 
conglomerate (D1), contain several of these lithologies.

Laminated marls

Up to 12-m-thick and laterally extensive outcrops (dimen-
sion up to > 200 m by 500 m) of laminated marls are exposed 
in the analogue system. The latter represent a minimum esti-
mated volumetric share of 65% of all detrital lithologies, 
based on the exposed detrital sediments. These marls are 
characterised by fine-grained particles, deposited as alternat-
ing brown or green laminae with a thickness between 0.5 and 
4 cm. In general, the carbonate content, and thus the degree 
of cementation, of this lithology increases with the proxim-
ity to travertine lithologies, where intertwining geometries 
can be observed (Fig. 6a). Throughout the laminated marls, 
root traces are abundant proximal to travertine lithologies, 
whilst they are scarce at larger distances from these litholo-
gies. Root traces were also often observed in the proximity 
of erosive surfaces, which are succeeded by other litholo-
gies such as tabular sandstones (Fig. 6b). Noteworthy is that 
bioturbations were absent throughout these laminated marls.

Microscopically, laminated marls consist of an alter-
nation of clay-bearing packstone-to-wackestone laminae. 
Packstone laminae have a white colour and dominantly con-
sist of a mixture of sub-angular quartz and calcite grains, 
ranging from 20 to 100 µm in size (Fig. 7a). In the dark 
green-coloured wackestone laminae, micrite, peloids and 
clay minerals are more abundant. Laminated marls, consist-
ing of pluri-centimetric alternations of pack- to wackestone 
laminae, are observed throughout the Ballık area. In addi-
tion, algal structures were frequently observed, with either 
branching or horizontally laminated geometries (Fig. 7b). 
Intact ostracods are present throughout these lithologies, 
but preferentially occur in the wackestone laminae (Fig. 7c). 
Beside these bioclasts and detritals, also some diagenetic 
phases could be identified such as zoned calcite phases under 
cathodoluminescence and authigenic clays. Cathodolumi-
nescence microscopy revealed the presence of calcite rims 
covering sub-angular detrital grains of quartz and calcite 
(Fig. 7d). These rims are made of alternating bright and 
non-luminescent calcite phases. Up to three (sometimes 
incomplete) successions were observed (Fig. 7d). These rims 
are circumgranular, or exhibit dissolution features, creating 
irregular shapes, recognisable by the abrupt interruption of 
discontinuous rims. These phases often have a preferential 
growth direction, which varies for different adjacent grains. 
Calcite rims were observed more abundantly and are more 

pronounced in laminated marls proximal to the travertine 
dome, where intertwining geometries between both litholo-
gies are observed and where the degree of cementation is 
higher (Fig. 6a). In general, a final cement phase, welding 
together several individual detrital grains was often observed 
in the thin sections. SEM observations confirmed the pres-
ence of this final cement phase, causing individual detrital 
grains to form aggregates (Fig. 7e).

In addition to the abundance of calcite, quartz and clay 
minerals, bulk XRD measurements also highlighted the pres-
ence of dolomite within these laminated marl lithologies. 
Based on the broad appearance of the 104-diffraction peak, 
the dolomite phases appear to consist of poorly ordered 
dolomite crystals (Nash et al. 2013 and Rodriguez-Blanco 
et al. 2015). However, dolomite grains are rarely observed 
by cathodoluminesence in thin sections, suggesting that the 
fraction of dolomite is rather fine-grained. The latter is in 
line with SEM observations in which dominantly clusters of 
small rhombohedrons (3 µm) were observed (Fig. 7f).

Diffraction patterns revealed the presence of six differ-
ent clay minerals. In the 7 Å region, chlorite, kaolinite, and 
serpentine could be differentiated based on their respective 
basal diffraction at 7.07 Å, 7.17 Å, and 7.31 Å, respec-
tively (Bayliss et al. 1986). The ethylene–glycol saturated 
slides revealed the presence of smectite and interstratified 
R0 illite–smectite based on their swelling behaviour. All of 
these clay minerals were already identified in bulk miner-
alogical measurements; however, oriented clay slides also 
revealed the presence of palygorskite, displaying a peak at 
10.5 Å. Palygorskite bridges in between detrital grains and/
or detrital grains encased by palygorskite fibres confirm the 
authigenic origin of these clays (Fig. 7e). In addition, quartz 
grains are characterised by dissolution features, covered by 
palygorskite fibres.

Polygenetic conglomerates

Polygenetic conglomerates possess erosive bases, above 
which in general a fining upward succession develops with 
pebbles displaying imbrication structures (Fig. 4c). The 
lateral width of these conglomeratic bodies varies from 
1 to 15 m and the vertically amalgamated channel-like 
structures can reach thicknesses of up to 6 m (Fig. 4a, b). 
Several adjacent and fining upward conglomeratic beds 
regularly occur, likely reflecting simultaneous deposition 
within a fluvial system (Fig. 8a). An additional charac-
teristic of these conglomerates is the varying orientation 
of the imbrication structures in amalgamating channels, 
indicating different flow directions present in the sys-
tem, which was generally dominated by a southerly flow 
direction (Fig. 4c). Clasts vary in size between 0.5 and 
30 cm. Smaller clasts are generally well rounded, while 
larger clasts often have an angular shape. In general, large 
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Fig. 7  Petrography of laminated marl deposits. a Microscopy image 
of alternating packstone (P) and wackestone (W) laminae (left—
transmitted light and right—fluorescence microscopy). b Algal struc-
tures observed in lacustrine sediments, both with build-up geometries 
(top) and elongated geometries (bottom). c Intact ostracod in wacke-
stone laminae. d Detailed image of zoned calcite rims (R1, R2, and 
R3), consisting of alternating bright luminescent (BL) and non-lumi-

nescent (NL) cements, with the preferential growth direction high-
lighted by a white arrow. e SEM petrography of lacustrine sediments, 
highlighting a dense palygorskite network (left). Quartz grains were 
characterised by dissolution features and with palygorskite bridges 
(right). f Cluster of dolomite rhombohedrons with a dimension of 
about 3 µm, present on the surface of detrital grains
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boulders are made of laminated travertine similar to the 
sub-horizontal travertine described by Claes et al. (2015). 
This is in contrast to finer clasts, which are made of a 
mixture of quartzite, limestone, dolomite, marble, gneiss, 
and serpentinite, in correspondence with the geology 
of the broader provenance area as described by Sözbilir 
(2002) and Khatib et al. (2014). The size and angularity 
of these clasts likely reflect the distance from the source 
area, where large and angular boulders of sub-horizontal 
travertine are eroded locally, as the fragile nature of the 
travertines would not survive such transport over large 
distances.

Two different types of conglomerates were recognised 
in the Ballık area, characterised by a different degree of 
cementation. At a greater distance from the Ballık traver-
tine dome, the conglomeratic matrix consists of a micropo-
rous micrite leading to mud-supported and poorly cemented 
conglomeratic beds (Fig. 8b). Proximal to the travertine 
dome, conglomerates are welded together by a crystalline 
calcite cement, yielding well-cemented and grain-supported 
conglomerates (Fig. 8c). Within the latter, mouldic pores 
are observed which are filled with meteoric drusy calcite 
cements (Fig. 8d). In addition, clay residues and iron (hydr)
oxides border the dissolution moulds.

Massive marls

Brown massive marls are characterised by the lack of 
any internal structure; this in contrast to laminated marls. 
Additionally, floating pebbles were often observed in a 
mud-supported matrix. These pebbles were dominantly 
composed of travertine, with sizes ranging from 0.2 to 
5 cm. As illustrated in Fig. 9a, massive marls were often 
observed in the vicinity of polygenetic conglomerates 
and always have a rather limited thickness (up to 1 m). 
In the proximity of these conglomeratic beds, reed-like 
structures were present in the massive marls. The top of 
this lithology is often characterised by an erosive surface 
marked by manganese oxide-stained root traces, implying 
a temporary subaerial depositional environment. In addi-
tion, it was observed that the degree of calcite cementation 
increased with closer proximity to the conglomeratic beds. 
The latter is an indication that these conglomerates acted 
as a preferential flow path for the fluids that cemented both 
the conglomerates and adjacent lithologies.

Fig. 8  Polygenetic conglomerates. a Outcrop showing different con-
glomeratic channels simultaneously deposited with erosive surfaces 
highlighted in black. b Thin section of mud-supported conglomerate 
lithotype, with clasts embedded in a calcareous matrix. c Thin section 

of cemented and grain-supported conglomerates. d Detailed image of 
dissolution molds in cemented conglomerates, with the presence of 
clay residues
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Tabular sandstones

Tabular sandstones are closely associated with polygen-
etic conglomerates and massive marls, indicating a simi-
lar depositional environment (Fig. 9a). The thickness of 
these tabular sandstones is generally limited to 20 cm, 
while they are laterally continuous for up to 500 m. They 
consist of medium-to-coarse sands and often display uni-
directional cross bedding (Fig. 9b). These tabular sand-
stones are generally characterised by a planar base, in 
contrast to the polygenetic conglomerates that are char-
acterised by incision channels. In general, broken shell 
fragments of gastropods were present throughout this 
lithology, which are more abundant at their base. Some 
of the tabular sandstones were characterised by a general 
vertical fining upwards trend. Furthermore, ball-and-pil-
low structures are present in tabular sandstones on top of 
the laminated marls (Fig. 6c). Due to the unconsolidated 
nature of these sandstones, sampling was virtually impos-
sible. Therefore, no additional petrographic observations 
were performed in this study.

Coquina accumulations

Coquina accumulations were observed in the proximity 
of laminated marls and at the base of some of the tabular 
sandstones. Their dimensions are limited to 50 cm in thick-
ness and 20 m in horizontal extension. Two different types 
of gastropod-bearing beds were observed, being either of a 
carbonate-rich and well cemented or of a poorly cemented 
lithotype. The first type (Type I) occurs in proximity of 
the travertine dome, and is dominantly made of moulds of 
(originally intact) gastropod shells, concentrated into cer-
tain horizontal layers, and embedded in a micrite matrix, in 
which coarse-to-very coarse detrital grains were observed 
(Fig. 10a, b). Dissolution of these gastropod shells after 
deposition resulted in mouldic porosity. The second type 
(Type II) is associated with the presence of tabular sand-
stones and is dominantly made of both intact and crushed 
gastropod shells, which can be up to 7 mm in size (Fig. 10c). 
In general, the second type consists of a sandy matrix rich 
in pebbles, often displaying cross-laminations. In contrast 
to the carbonate-rich and well-cemented type, the matrix 

Fig. 9  Fluvial lithologies. a Outcrop with different fluvial lithologies, occurring next to each other, interpreted as a floodplain. b Example of 
tabular sandstones with cross bedding and crushed gastropod shells, occurring in the vicinity of conglomeratic beds
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of these beds was unconsolidated, making it impossible to 
properly sample this lithology for petrographical analysis.

The gastropod shells were identified to belong to the 
Hydrobiidae family, which is known to be a large family 

of freshwater gastropods, characterised by a high diversity 
due to the occupation of fragile and restricted ecosystems 
(Delicado et al. 2013). Due to the poor conservation, it 

Fig. 10  Coquina accumulation. a Subhorizontal aligned coquina 
accumulations (Type I), bordering lacustrine and travertine deposits. 
b Subhorizontally aligned coquina accumulations with detrital frag-

ments (red). c Thick coquina accumulations (type II), displaying cross 
bedding surrounded by fluvial lithologies. D, e Macroscopic image of 
gastropods from the Hydrobiidae family, observed in the Ballık area
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was impossible to identify the specific genus or species of 
these gastropods (Fig. 10d, e).

Petrophysical properties

Petrophysical properties for two lithologies, i.e., polygenetic 
conglomerates and coquina beds, were assessed during this 
study. 2D porosity in laminated marls was estimated through 
image analysis.

In general, polygenetic conglomerates are characterised 
by a scattered, but positive correlation between porosity and 
horizontal permeability (Fig. 11). Polygenetic conglomerates 
are characterised by a wide range of porosities (5.5–15%) 
and permeabilities (0.02–3000 mD) and depending on the 
matrix a different trend can be observed. Crystalline car-
bonate cements in polygenetic conglomerates significantly 
reduce their pore volume, while their permeability can still 
be relatively high. Carbonate muds in the mud-supported 
conglomerates tend to lead to low permeability values, while 
the matrix itself contains a significant amount of micropo-
rosity. Therefore, calcite-cemented polygenetic conglomer-
ates are characterised by relatively low porosities and high 
permeability values, while mud-supported polygenetic 
conglomerates are characterised by elevated porosities and 
reduced permeabilities. Porosity values for coquina accu-
mulations are elevated (8.5–4%), while yielding low perme-
abilities (0.04–0.26 mD). 2D-porosities for laminated marl 

lithologies, based on 5 samples, range between 4. 1 and 19. 
3% (not plotted in Fig. 11).

Discussion

The detrital lithologies can be linked to a specific facies 
based on different characteristics reflecting different 
depositional settings. The lower part of the succession is 
dominated by a lacustrine setting, in which wedge-shaped 
laminated marls were deposited on top of sub-horizontal 
travertines. The latter were interpreted by Claes et al. (2015) 
to be deposited in depressions in a palustrine-to-lacustrine 
environment. Along the shorelines of these lakes gastro-
pods are accumulated, corresponding to the coquina beds 
of the shoreline facies. In addition, fluvial facies are also 
represented in the detrital lithologies, corresponding to the 
channel-shaped conglomerates, massive marls, tabular sand-
stones, and isolated coquina beds.

Quaternary sediments in the Ballık area either consist 
of detrital deposits or continental carbonates. Both types 
are either observed to dominate the sedimentary record 
entirely or can occur simultaneously next to one another 
(Fig. 3). Both climatological changes and tectonic activity 
are plausible mechanisms capable to explain changes in the 
depositional environment; however, this study focussed spe-
cifically on the sedimentary aspects of the different detrital 

Fig. 11  Measured He-porosity (%) and empirical Klinkenberg corrected horizontal gas permeability (mD) on a semi-logarithmic plot. The data 
show a scattered, but positive correlation
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lithotypes in the Ballık area. Therefore, no detailed analyses 
of climatological proxies or of specific relationships between 
tectonic activity and sedimentation were carried out in the 
frame of this study. Based strictly on our observations, and 
to explain the changes in the depositional environment, only 
hypothetical assumptions are thus presented in this section. 
As described by numerous authors, i.e., Gawthorpe et al. 
(1994), Gawthorpe and Leeder (2000) Serck and Braathen 
(2019), tectonic activity might create accommodation space 
by the creations of topographic lows due the activation of 
normal faults. However, observations made throughout the 
different recognised facies tend to support climatological 
changes in favour of tectonism (Table 1). Even though post-
depositional ball-and-pillow structures were observed in cer-
tain quarries of the Ballık area, they do not necessarily imply 
strong tectonic events capable of creating significant accom-
modation space (Fig. 6c). In addition, no synsedimentary 
deformational structures were observed during this study. 
Therefore, we conclude that most tectonic activity within 
the study area took place after sediment deposition, which 
is in line with the detailed tectonic study from Van Noten 
et al. (2013). However, activation of normal faults in the 
broader region surrounding the study area might have led 
to the formation of fault scarps. The latter are associated 
with the formation of alluvial fans, which might explain the 
influx of conglomerates in the study area (Carncicelli et al. 
2015; Walk et al. 2019). Although no direct evidence of 
tectonic interference was observed in the well-exposed 3 km 
by 2 km study area, an external tectonic control cannot be 
excluded, neither confirmed, considering the overall geo-
dynamic context.

Lacustrine facies

The lacustrine facies, corresponding to the laminated marls, 
was observed in all quarries. With an estimated volumet-
ric share of 65% of all detrital lithologies, it is thus the 
most abundant detrital facies of the Ballık area. This facies 
reflects paleo-lows, often occurring in close proximity of 

the Ballık travertine structure. Both the presence of lami-
nae, the thickness (up to 12 m) and the aerial extension of 
these laminated marls, are indicators for an extensive and 
continuous depositional setting. The latter is also supported 
by the widespread interfingering, under- and overlying sub-
horizontal travertine lithologies (Fig. 6a). Furthermore, 
laminae proximal to the travertine dome are characterised by 
an increasing degree of cementation with increasing prox-
imity to the travertines, implying that laminated marls are 
time-equivalents of the adjacent travertines. The local and 
temporary absence of these travertine lithologies, during the 
deposition of the lacustrine detrital sediments, reflect (1) 
an increased influx of detrital components such as quartz 
and clays and (2) a dilution of the travertine precipitating 
fluids (either due to lowered spring activity or due to mixing 
with meteoric waters). A possible explanation is a long-term 
increase in the amount of rainfall, possibly reflecting a cli-
matological shift towards a continually rainfall-dominated 
time period. Although tectonism might also lead to the crea-
tion of accommodation space, and thus lead to topographic 
depressions where lakes could form, no evidence for strong 
synsedimentary tectonics was observed, as mentioned above.

Varves

Next to the fragile algal structures and intact ostracods, 
preserved laminae are an indicator for a calm, shallow and 
restricted depositional environment. The rhythmically alter-
nating laminae have similar visual characteristics as varves, 
however, the latter generally have millimetres-scaled thick-
nesses (Boehrer and Schultze 2008; Zolitschka et al. 2015). 
This is in contrast to laminae observed in the Ballık area, 
which can have thicknesses of up to several centimetres. 
These rather thick laminae are an indicator for an elevated 
sedimentation rate, potentially linked to the associated pre-
cipitation of CaCO3 from supersaturated waters within these 
lakes (Ma et al. 2017). The latter indicate that travertine 
sources were still active in the area, but increased rainfall 
diluted runoff waters in these lakes, whilst increasing the 

Table 1  Arguments in favour of climate-driven changes in the depositional environment

Deposit type Characteristics Interpretation

Lacustrine –Widespread and thick deposits
–Continuous laminae
–No asymmetry within lacustrine basins

–No significant tectonic disruption for a longer time period
–No significant synsedimentary tectonism, otherwise these would be disrupted
–Absence of synsedimentary growth faults

Fluvial –Gradual transition between different lithologies
–Absence of mudflows and/or landslide deposits
–Absence of boulders
–Wadi-system

–No abrupt transitions, which would be expected by tectonism
–Would be expected in case or tectonic activation of nearby fault systems
–No significant differences in terrain
–Fault-controlled systems would lead to fan-type conglomerates

Travertine –Widespread and continuous deposits
–Feeder faults are rarely observed
–Gradual transition from sub-horizontal traver-

tines (palustrine) to lacustrine system

–No significant tectonic disruption for a longer time period
–Synsedimentary faults are rather local features
–Gradual on lap of lacustrine sediments would not occur if accommodation 

space would rapidly change due to tectonism
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input of detritals. Furthermore, the absence of bioturbations 
within laminated marls indicates that at least the deeper parts 
of these lakes were characterised by suboxic-to-anoxic con-
ditions, a setting which is further addressed below when 
discussing the formation conditions of zoned calcite rims.

The repetitive laminae are tentatively interpreted to 
reflect cyclic variation throughout the year. Two different 
conditions are required to explain the rhythmic alternation 
of packstone and wackestone laminae (Fig. 7a). There were 
likely periods with a high influx of meteoric water (wet sea-
sons), while during other periods, lake water was dominated 
by runoff waters from the travertine system, corresponding 
to fracture- and fault-derived hydrothermal water (dry sea-
sons). Packstone laminae require a high-energy hydrody-
namic depositional environment, in which detrital quartz and 
calcite grains are actively supplied to the lake system. These 
periods are likely to correspond to periods of increased 
rainfall and detrital runoff, while simultaneously calcite 
saturated waters were still being provided by the adjacent 
travertine seep system. During dry seasons, the freshwater 

supply will diminish, reducing input of both fresh water and 
coarse-grained detrital components in the lacustrine system. 
The latter, in combination with evaporation, will give rise to 
a more stagnant or shrinking water body of the lake. These 
calm conditions allow clay and fine-grained calcite fractions 
to settle down, forming wackestone laminae (Ma et al. 2017; 
Valero-Garcés et al. 2014). These systematic lake-level fluc-
tuations will thus lead to the formation of (1) varve-like 
alternations of wackestones and packstones and (2) zoned 
calcite rims, which are addressed below (Fig. 12).

Eogenetic processes

The calcite rims, encasing detrital grains, are characterised 
by an alternation of bright and non-luminescent calcite 
zones and often display a preferential growth direction. The 
latter is not always oriented in the same direction for all 
observed calcite zonations (Fig. 7d). The presence of a final 
calcite phase, welding together individual detrital grains into 
aggregates, is an indicator for in-situ aggregation of these 

Fig. 12  Illustration of the conditions of formation of zoned calcite 
rims. a Lake sediments with stagnant lake waters, decreasing oxygen 
supply in lacustrine sediments. Stagnation and concomitant decom-
position of organic matter results in suboxic conditions, favouring 
the formation of bright calcite cements (dry seasons). b Periods of 

renewed water supply leading to turbulence, causing oxygen levels 
in the lacustrine sediments to increase. The latter leads to more oxic 
conditions, in which non-luminescent calcite cements formed (wet 
season)
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calcite rims. Otherwise, aggregates would have disintegrated 
due to erosion during transport; however, limited reorienta-
tion of the grains could have occurred. Zoned calcite grains 
are observed throughout all lacustrine sediments in the study 
area, but preferentially occur near the margins of former lake 
bodies, proximal to the travertine dome. Since these zona-
tions are not isolated phenomena, they require a mechanism 
capable of generating favourable conditions of formation 
over a wide area, but preferentially in close proximity to the 
travertine lithologies (Fig. 6a).

A possible argument for this spatial relationship is the 
saturation state of the pore water near the lake margins. 
Due to the influx of Ca-rich runoff waters from the geo-
thermal springs, where travertine formation actively took 
place, calcite saturation would be high (Fig. 13). These 
saturated pore waters lead to suitable conditions for the for-
mation of these zoned calcite rims. In addition, these zona-
tions reflect changing crystallisation conditions; however, 
due to the scale of these small calcite rims, no geochemical 

constraining data are available. A likely hypothesis explain-
ing their formation, reflecting changing geochemical condi-
tions, relates to variations in lake water geochemistry. The 
proposed mechanism links the bright calcite cements to sub-
oxic conditions, as described by Boggs and Krinsley (2006), 
precipitating in stagnant lake bodies, with a limited influx 
of fresh water (Fig. 12a). The latter conditions will decrease 
oxygen availability in lacustrine sediments and allow fine-
grained sediments to settle, causing wackestone laminae to 
form (Ma et al. 2017; Valero-Garcés et al. 2014) (Fig. 7a). 
Oxygen consuming reactions, associated with decompos-
ing organic material, will further enhance suboxic condi-
tions within the sediments. The alternation between wet and 
dry seasons likely caused lake levels to fluctuate during the 
deposition of these sediments. At the start of the wet season, 
a renewed influx of fresh water in the lake system will sup-
ply oxygenated water and increase turbulence, resulting in 
conditions favourable for the formation of non-luminescent 
calcite rims (Fig. 12b). In addition, this turbulence will lead 

Fig. 13  Conceptual deposi-
tional model for the lacustrine, 
fluvial, and shorelines facies. a 
Depositional model (1 km by 
600 m) for the detrital sedimen-
tary system during perennial 
rainfall-dominated climate con-
ditions, leading to a lacustrine-
dominated system with limited 
pedogenesis. Seasonal cyclicity 
causes lake-level fluctuations, 
leading to the deposition of 
varves-like couplets. Coquina 
accumulations (type I) are 
deposited along the shoreline. 
b Depositional model for the 
lacustrine system for seasonal 
rainfall-dominated condi-
tions (semi-arid), significantly 
lowering lake levels leading 
to a fluvial-dominated system. 
Deposited lake sediments will 
be subaerially exposed, giving 
rise to widespread pedogen-
esis favouring the formation 
of palygorskite and dolomite. 
Isolated pools exist between dif-
ferent river channels, associated 
with local coquina accumula-
tions (Type II). Heavy rainfall 
might give rise to local deposits 
of tabular sandstones, corre-
sponding to crevasse splays
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to the deposition of packstone laminae, while fine particles 
will remain in suspension. During the dry season, the lake 
body would become stagnant, while carbonate saturation 
would increase. Repetition of these cycles, throughout suc-
cessive years are thus a plausible explanation for the for-
mation of these zoned calcite rims in laminated marls. In 
addition, a varying degree of calcite saturation explains the 
dissolution features that give rise to the observed irregularly 
shaped rims.

The presence of palygorskite and poorly ordered dolomite 
are important observations to constrain eogenetic processes 
that occurred after deposition of these lacustrine sediments. 
Rodas et al. (1994) and Xie et al. (2013) considered palygor-
skite as a tracer for arid conditions. Botha and Hughes 
(1992) suggested that palygorskite forms in subaerially 
exposed lacustrine sediments during semi-arid pedogenesis. 
Sedimentary features supporting these processes, such as 
glaebules, cracks, and calcrete formation, were not observed, 
potentially due to the rather short period during which pedo-
genesis took place. Associated with authigenic palygorskite 
is the precipitation of authigenic and poorly ordered dolo-
mite, directly out of soil solutions (Botha and Hughes 1992). 
Calcite precipitation (the so-called calcite rims) lead to pore 
water with an increased magnesium-to-calcium ratio. The 
latter possibly facilitated dolomite formation in the exposed 
lacustrine sediments. The wide 104-diffraction peak reflects 
the extremely small size of the dolomitic grains, which are 
interpreted to reflect a poorly ordered crystallographic nature 
(Nash et al. 2013). Observations supporting subaerial expo-
sure were observed in all quarries, ranging from manganese 
oxide-rich root traces (indicating that plants grew in these 
lacustrine sediments) to erosive surfaces (Fig. 6b). Pedo-
genesis is thus an indicator for subaerial exposure of the 
lacustrine sediments, interrupting the deposition of lacus-
trine sediments. In addition, the top of these lacustrine sedi-
ment packages is characterised by erosive surfaces, possibly 
indicating temporary shifts towards a more arid climate with 
short periods of heavy rainfall. The latter is also supported 
by the presence of river channel deposits, reflecting the tran-
sition from a lake-dominated depositional system towards an 
erosive and fluvial-dominated system. It is these longer term, 
arid conditions that are required for the pedogenic forma-
tion of authigenic palygorskite and poorly ordered dolomite 
(Botha and Hughes 1992; Rodat et al. 1994).

Depositional model

The depositional model of the lacustrine facies thus has to 
incorporate the widespread deposition of rhythmic lami-
nated lacustrine sediments, authigenic palygorskite, and 
dolomite (with corresponding evaporative conditions and 
temporary pedogenic processes) (Fig. 13). The widespread 
dominance of lacustrine systems is likely to correspond to 

a long-term period dominated by a wet climate, associated 
with the predominance of the input of detrital sediments 
(Fig. 13a) (Gierlowski-Kordesch et al. 2013; Renaut et al. 
2012) and/or favourable tectonics creating the accom-
modation space for the development of a shallow lake. 
Since no indications of synsedimentary tectonic activ-
ity were observed, in line with the study of Van Noten 
et al. (2013) who concluded that most tectonic activity 
postdates the formation of the Ballık travertine dome, 
the transition towards a wet climate is the most plausible 
mechanism capable to explain the widespread lacustrine 
sediments and the influx of detritals. Furthermore, varia-
tions in the hydrological regime are required to explain the 
rhythmic alternation of packstone and wackestone lami-
nae (Fig. 7a). These systematic lake-level fluctuations will 
thus lead to the formation of (1) varve-like alternations of 
wackestones and packstones and (2) zoned calcite rims 
(Fig. 12). Features such as the cyclic nature of the marls 
and the zoned calcite rims are difficult to explain by tec-
tonic interferences.

The top of lacustrine sequences is characterised by ero-
sive surfaces, indicating a major shift in depositional set-
tings between the successive sedimentary facies. This shift 
may be caused by tectonism affecting topographic mor-
phology as proposed by Martini and Capezzuoli (2014) for 
the mixed fluvial clastic deposits and calcareous tufa from 
the Pianizzoli area (Southern Toscany, Italy). However, in 
agreement with the conclusion of Van Noten et al. (2013), 
this study did not find any evidence for significant syn-
sedimentary tectonic activity. Therefore, it is argued that 
the transition between different facies reflects a shift of the 
hydrological regime, related to climatic change changes, 
whereby precipitation patterns changed, causing rainfall to 
decrease and lakes to dry up (Fig. 13b). The latter would 
lead to the subaerial exposure of the lake sediments, allow-
ing widespread pedogenesis to take place. The absence 
of sedimentary features, typically linked to pedogenesis, 
can be explained due to a fast transition from lacustrine to 
fluvial deposits, only leading to a limited time for suba-
erial exposure, which was insufficient for soil formation. 
Furthermore, it could also be that the pedogenetic features 
have been eroded. An argument in favour of a gradual 
change to more arid climatic conditions is the precipitation 
of palygorskite and authigenic dolomite, which according 
to Botha and Hughes (1992) reflect diagenesis in an arid 
regime. However, it is clear that for strengthening the lat-
ter argument, the use of other paleoenvironmental proxies 
(pollen, isotopes, fossils, etc.) should be integrated. Bursts 
of heavy rainfall may still occur in this overall dry climate, 
similar to Wadi systems (Matter et al. 2016; Spalletti and 
Piñol 2005), which would lead to the deposition of fluvial 
sediments as addressed below.
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Shoreline facies

A first coquina lithotype (Type I) is interpreted to reflect 
shoreline facies, in which mostly intact gastropods are 
observed, indicating limited transport. These beds were 
characterised by cross-laminations and were observed in 
close proximity of laminated marls. Deposition of these 
gastropod beds is typically linked to lake shorelines, where 
vast amounts of gastropods lived and were concentrated in 
thin beds due to wave shoaling (Chinelatto et al. 2018; Fick 
et al. 2018). These beds are thus interpreted to correspond 
to paleo-shorelines of the lake systems (Fig. 13).

In addition, the alignment of these shells in planar 
horizons is an indicator for a sub-horizontal depositional 
environment, in correspondence with the adjacent sub-
horizontal travertines (Fig. 10a, b). Moreover, the proxim-
ity of the lacustrine facies and travertine deposits point to 
a subaquatic setting, in which bioclastic accumulation of 
gastropods could take place. The gastropods belong to the 
Hydrobiidae family, supporting the freshwater setting. The 
proximity of the lacustrine system explains the occurrence 
of well-cemented gastropod beds along the boundary of the 
lacustrine and travertine system.

Fluvial facies

Polygenetic conglomerates, tabular sandstones, massive 
marls, and the second lithotype of coquina accumulations 
(Type II) are all spatially closely associated with each other 
and display characteristic features such as erosive channels, 
cross-lamination, and pebble imbrications. Therefore, these 
lithologies are grouped in the fluvial facies.

Two types of conglomerate-filled channels were observed, 
either being simultaneously deposited channels (I) or amal-
gamated channels (II). The presence of the first might indi-
cate the existence of braided river systems (Amireh et al. 
1994; Liébault et al. 2013), while the second indicates that 
the channel location persisted over a certain time period. 
In between these conglomeratic channels, massive and 
non-laminated marls are observed, which are interpreted as 
alluvial floodplain deposits—part of the river system. The 
local presence of pebbles within these marls, supporting 
temporary high-energy and dynamic environmental condi-
tions, indicates that they were deposited in a setting differ-
ent from that of the laminated marls. In addition, calcite-
encrusted reed stems are observed in these marls, especially 
in proximity of conglomeratic channels. The presence of 
these calcite encrustations implies that fluids, present in 
areas adjacent to these river channels, were supersaturated 
with  CaCO3. Therefore, at least a fraction of these waters is 
assumed to originate from the adjacent travertine system. 
Similar mechanisms of calcite precipitation on reed stems 
have been described by Janssen et al. (1999).

Imbrication structures and unidirectional cross-lamina-
tion, indicating a paleoflow direction from north to south, 
generally imply an elevated flow rate in these paleo-rivers. 
This flow direction is likely controlled by the graben shoul-
der, forming a topographic high in the north. The diversity 
of rock units in the provenance area translates into a hetero-
geneous clast composition, originating from the Menderes 
Massif (northwest) or the Ophiolite complexes (north). An 
exception regarding these exotic pebbles are the large and 
angular travertine boulders, dominantly composed of the 
sub-horizontal travertine facies. Their size and angularity are 
the indicators of a proximal provenance area, corresponding 
to erosion of adjacent travertines.

Tabular sandstones are generally rather thin, but areally 
extensive lithologies (Fig. 9b). Therefore, they are inter-
preted to reflect crevasse splays (Fig. 13b). The latter are 
likely to form during flash floods, caused by sudden and 
heavy rainfall, typically occurring in dry climates (Amireh 
et al. 1994; Matter et al. 2016). Ball-and-pillow structures 
are considered to be the indicators for soft-sediment defor-
mation, caused by tectonic activity after deposition (Fig. 6c). 
Associated with these tabular sandstones are the second 
coquina lithotype accumulations, characterised by the pres-
ence of cross-laminations and the predominance of crushed 
gastropod shells (Fig. 9b). The presence of gastropod shells 
in poorly cemented sediments, such as tabular sandstones, 
can be explained by gastropods originating from small, 
isolated pools located in between different river channels 
(Besacier-Monbertrand et al. 2010; Mtelela et al. 2017). 
Therefore, they thus imply a different depositional environ-
ment as the shoreline facies, which is closely associated with 
the lacustrine deposits, and dominantly formed in-situ.

The degree of cementation of the fluvial deposits var-
ies strongly in function of the distance from the travertine 
dome. Polygenetic conglomerates in proximity of the trav-
ertine dome are embedded in a strongly cemented matrix, 
while their distal equivalents are often still unconsolidated 
and embedded in a calcareous clay matrix. This implies 
that cementation of the matrix took place after deposition 
and is eogenetic in origin. It is related to the proximity of 
the travertine depocentre and percolating carbonate-rich 
waters. Moreover, the calcite cements of these conglomer-
ates are non-luminescent, similar to calcite cements within 
the adjacent travertines (Claes et al. 2015). It is thus likely 
that similar fluids, as the ones causing travertine precipita-
tion, welded together the fluvial lithologies after deposition. 
This could have happened when travertine vents were (re)
activated, allowing carbonate-saturated waters to percolate 
through proximal conglomerates. In addition, moulds of 
dissolved clasts are regularly observed in the polygenetic 
conglomerates, indicating that dissolution took place after 
cementation. The outlines of these moulds are marked by 
clay coatings. All of these moulds are partly filled by a later 
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generation of calcite cement (Fig. 6f). Whether or not these 
conglomerates are cemented will strongly affect the petro-
physical properties of these conglomerates, since these cal-
cite cements can destroy interclast porosity.

Detrital sequences

Since there is no clear evidence for synsedimentary tectonic 
activity, causing sediment accommodation space to change, 
the different detrital facies can best be explained by changes 
of the climate. Increased rainfall would be able to explain 
both an increased influx of detrital sediments (I) as well 
as the occurrence of fluvial and lacustrine sediments (II). 
Cyclic repetition of carbonate and detrital deposits can be 
attributed to both a decrease in thermal spring activity (I) 
and a dilution of carbonate-rich water by rainfall (II). It is 
likely that both mechanisms took place at the same time, 
however, since no climatological proxies are presented in 
this paper, it is impossible to differentiate between the two 
possible mechanisms. It is assumed that lacustrine depos-
its require a climate with a general abundance of rainfall 
(perennial rain-dominated system). This allows lake bodies 
to form, in which thick layers of laminated marls may be 
deposited. This is in contrast with the fluvial braided river 
deposits, requiring drier periods with temporary rainfall 
(seasonal rain-dominated system). The decreased influx 
of fresh water will cause lake bodies to disappear and suc-
ceeded by a braided river system. Temporary bursts of rain-
fall would in that scenario explain the presence of crevasse 
splays within the fluvial sediments (Fig. 13).

The first detrital sequence has a limited thickness and is 
solely characterised by fluvial deposits (Fig. 3). The shift 
from a carbonate-dominated system to a braided river sys-
tem requires both an influx of detrital matter, potentially 
in combination with decreased spring activity. This leads 
to the deposition of channel conglomerates, consisting of 
a mixture of fine-grained metamorphic rock fragments and 
boulder-sized travertine clasts.

The second detrital sequence is characterised by fluvial 
deposits at the bottom and top, while lacustrine deposits 
dominate the centre of this sequence (Fig. 5). The onset of 
this sequence is interpreted to be associated with a gradual 
increase in rainfall. The latter dilutes thermal spring waters, 
and thus limits travertine deposition, whilst increases detrital 
influx through braided river systems. A progressive transi-
tion towards a wet climate leads to the formation of lake 
systems, dilution of waters from the travertine system, and 
the deposition of lacustrine sediments at the centre of this 
sequence (Fig. 13). Hereafter, a general shift towards a sea-
sonal rain-dominated system leads again to the deposition of 
fluvial sediments. The latter are succeeded by new continen-
tal carbonate deposits without any influx of detritals, thus 
requiring a decrease in rainfall and/or an increase in thermal 

spring activity. The latter is supported by Van Noten et al. 
(2013) and Claes et al. (2015) who concluded that these car-
bonates are fed by deep-groundwater expulsion along faults.

The third detrital sequence is characterised by two differ-
ent subunits, both starting off with fluvial deposits that are 
gradually replaced by lacustrine sediments (Fig. 5). As a 
working hypothesis, the interruption of travertine deposition 
is again associated with the transition towards a rain-domi-
nated climatological setting, initially leading to the deposi-
tion of fluvial lithologies. Later on, these fluvial lithologies 
are gradually replaced by lacustrine sediments, likely imply-
ing a change of seasonal to perennial rainfall. The base of the 
second succession is again dominated by fluvial sediments, 
which is again hypothesised to reflect a drier climate with 
periods of heavy rainfall. Similar to the first sequence, these 
fluvial lithologies are again replaced by lacustrine litholo-
gies, associated with a shift towards a climate with a more 
continuous surface-water supply.

The fourth and final detrital sequence developed on top of 
the domal travertines and marks the end of travertine depo-
sition in the Ballık area. The base of this detrital sequence 
is made of lacustrine sediments, passing into fluvial depos-
its. The deposition of detrital sediments on travertine strata 
implies the (partial) submergence of the travertine system, 
leading to the widespread deposition of lacustrine sediments. 
The partial submergence is assumed to be associated with 
a wet climate, in which travertine precipitating fluids are so 
diluted that widespread travertine formation stops. It could 
also relate to a change in the hydrological setting whereby 
the travertine precipitating fluid flow stopped. The top of 
this sequence is dominated by fluvial lithologies, marking 
an important climatological shift with the predominance of 
braided river systems.

Reservoir characteristics

Based on the limited amount of petrophysical measurements, 
preliminary implications of detrital sediments on a continen-
tal carbonate reservoir analogue system can be made. Both 
fluvial and lacustrine facies are volumetrically most abun-
dant, representing a similar volume as the pure carbonate 
lithologies in the quarried Ballık study area, at least based 
on the exposed part of it. However, on a reservoir scale, it 
is likely that the lacustrine and fluvial facies are volumetri-
cally more abundant than the pure carbonate lithologies. 
The latter are likely to form domal structures in the vicinity 
of faults, while the accommodation space in between these 
domes would be filled with detrital sediments. 2D-porosity 
estimations for lacustrine sediments show a great variabil-
ity. Furthermore, framework stabilizing cements are absent 
in the lacustrine sediments, making the porosity within 
these sediments vulnerable to compaction. Fluvial con-
glomerates can initially form fair reservoir units (Leverson, 
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1954). However, in close proximity of the travertines, they 
are prone to cementation due to percolating carbonate-rich 
waters. The latter leads to pore-blocking cements that dimin-
ish porosity and permeability.

With emphasis on a reservoir analogue, marly lacustrine 
deposits are likely to develop in between travertine struc-
tures, lowering the interconnectivity between superimposed 
travertine successions. In case of complete flooding of trav-
ertine structures, marls can be deposited on top of travertine 
systems, lowering vertical connectivity between successive 
travertine sequences. Lacustrine sediments, covering traver-
tine structures, are thus likely to lead to the development of 
potential seals. The fluvial facies is more likely to intercon-
nect different parts of a reservoir, either by improving its 
lateral continuity or by vertical erosion and amalgamation. 
However, it has to be kept in mind that the fluvial facies is 
prone to the development of pore-blocking cements, decreas-
ing porosity and especially permeability.

The shoreline facies does not represent a significant vol-
ume (< 1%) in the reservoir analogue. Moreover, the dimen-
sions of these sediment bodies are often limited, reducing 
their possible influence on a reservoir scale.

Conclusion

Several detrital sequences are observed proximal to the trav-
ertine deposits of the Ballık area. They are made up of five 
detrital lithologies, which are described in this study both 
macroscopically and microscopically. Each of these litholo-
gies can be assigned to a specific sedimentary facies, mainly 
based on their sedimentary and depositional characteristics. 
Three different detrital facies are identified within a 500 m 
lateral reach of the quarried travertine system, namely the 
lacustrine, the shoreline, and the fluvial facies. Therefore, 
it has to be kept in mind that the true dimensions of these 
detrital facies might be significantly larger on a reservoir 
scale then what is reported in this study.

1. The Quaternary deposits in the Ballık area are generally 
characterised by either detrital or continental carbonate 
deposits, which can either dominate the sedimentary 
record or occur simultaneously next to one another. Both 
climate and tectonics can affect the abundance of either 
type of deposit. Even though major tectonic events may 
lead to the creation of topographic lows, allowing lake 
bodies to form, no arguments for major synsedimen-
tary deformation have been observed in the study area. 
In addition, most known tectonic activities in the Bal-
lik area postdate sediment deposition according to Van 
Noten et al. (2013). Therefore—though an external tec-
tonic control cannot be completely excluded—changes 
in climate and precipitation patterns are a more likely 

mechanisms to explain (I) cyclicities in the sedimentary 
record and (II) the increased influx of detrital sediments. 
Furthermore, a decrease in thermal spring activity might 
also affect travertine formation. A combination of both 
mechanisms can thus explain the dominance of either 
pure carbonate or detrital sediments on a given location 
(Fig. 13).

2. Lacustrine sediments correspond to periods domi-
nated by continuous rainfall, where seasonal variations 
lead to varve-like deposits. Furthermore, shorelines of 
these lake systems are characterised by coquina depos-
its (Fig. 13). The transition to non-continuous rainfall 
periods results in soil formation to take place in these 
lacustrine sediments, corresponding to the formation of 
authigenic palygorskite and dolomite. Associated with 
this transition, towards a non-continuous rainfall period, 
is the deposition of fluvial lithologies.

3. The mixed clastic–carbonate system of the Ballık area 
shows that clastic sediments can strongly affect reservoir 
architecture. Thick lacustrine sediments were observed 
in between and on top of carbonate lithologies and are 
likely to become impermeable due to compaction dur-
ing burial. On a reservoir scale, these lacustrine sedi-
ments might thus lead to the compartmentalization of 
individual carbonate build-up structures as such. Fluvial 
sediments might initially act as fluid pathways; however, 
in the Ballık area, they were observed to be completely 
cemented in proximity of the travertine system. The lat-
ter thus destroys both permeability and porosity of these 
conglomeratic beds, making it unlikely they will act as 
fluid pathways within a reservoir system.
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