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1. Introduction 
During the Late Cenozoic, there were 2 relatively abrupt 
climate transitions. These are the onset of major northern 
hemisphere glaciation approximately 2.7 Myr ago and the 
mid-Pleistocene transition (MPT) or mid-Pleistocene 
revolution (MPR) (Pisias & Moore 1981; Ruddiman et 
al. 1989; Imbrie et al. 1993; Candy et al. 2010) when the 
dominant periodicity of glacial response changed from 
41 to 100 kyr (Lisiecki & Raymo 2007). The MPT had a 
great effect on the temperature and precipitation patterns 
over the European continent, from interglacial to glacial 
periods (Ermolli & Cheddadi 1997). Following the 
periodicity changes, starting from the Middle Pleistocene 
(780–450 ka) to the Holocene, a warming period called the 
Mid-Brunhes Event (MBE) occurred (Candy et al. 2010). 
Currently, the MBE has not been proved either as a global 
phenomenon or as being effective only in specific regions. 
However, Quaternary calcretes are good proxies to define 
the impact of the MBE across the Mediterranean. Calcretes 
are defined as the near-surface carbonate accumulations in 

continental environments. They are considered as possible 
products of a warm mid-Pleistocene period (Kapur et al. 
1987, 2000). 

Recently, numerous studies relating to the Quaternary 
palaeoclimate of Turkey were conducted, especially 
concerning pollen assemblages in lakes, as well as 
sediment contents in caves as potential proxy sources 
(Bottema et al. 1993, 1994; Eastwood et al. 1999; Fontugne 
et al. 1999; Kuzucuoğlu et al. 1999; Wick et al. 2003; Litt et 
al. 2009; Göktürk et al. 2011; Roberts et al. 2011). Among 
the major climate-dependent parameters, palaeosols make 
an important contribution for such scientific evaluations 
(Bradley 1999). Although palaeosols have been recognised 
widely in Turkey and studied in terms of their soil 
properties (Cangir & Kapur 1984; Kapur et al. 2000), 
most have not been directly evaluated for the Quaternary 
palaeoclimates.  

The purpose of this study was to employ the clay proxy 
data and the geochemical characteristics of the palaeosols 
and carbonates in a calcrete section to reconstruct 

Abstract: Palaeosols are very important in reconstructing palaeoclimate studies, since they are accepted as useful climate markers 
and as potential providers of proxy data. The study of the palaeosols of the Plio-Pleistocene rock sequences around Ankara revealed 
evidence for a reconstruction of the Quaternary palaeoclimate of the region. The study area is located in Bala, south-east of Ankara, 
which contains Middle Pleistocene red palaeosols with powdery to nodular calcrete developments, alternating with channel deposits. 
During this warm and arid period in the Pleistocene, the limited water available in the soil led to the accumulation of low magnesian 
carbonates, forming calcretes. The clay fractions of the samples were X-rayed using air-drying, ethylene-glycol solvation and heating 
treatments. The clay mineral contents were determined as smectite, kaolinite, illite and chlorite. Palygorskite was also identified. In the 
relative abundances of clay minerals, smectite, the most abundant clay mineral, is depleted towards the upper part of the section while 
the amount of palygorskite increases. Since palygorskite is the only pedogenic mineral formed during the Pleistocene, its presence can 
be accepted as evidence of the dominant arid climatic conditions. The isotopic composition of carbonates in the Bala section exhibits a 
slightly wider range in δ13C composition from –5.98‰ to –9.22‰ and a narrower range in δ18O composition from –7.19‰ to –8.66‰. 
The carbon isotope values clearly imply that arid to semiarid flora C4 is dominant, with C3:C4 mixed vegetation. This study suggests that 
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of calcretes in Bala, Ankara, as with all Quaternary Mediterranean-type calcretes.
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Quaternary palaeoclimates in Ankara (Central Anatolia, 
Turkey). An additional attempt was made to test whether 
the MBE affected the study area in forming calcretes. 

2. Geological setting and description of the calcrete 
section 
The study area is located in Ankara, to the southeast of 
Bala, near Çavuşlu village (Figure 1A). The most recent 
studies in the region (Akyürek et al. 1997; Akçay et al. 2008; 
Dönmez et al. 2008) have defined the geology of the study 
area. This section summarises both the studies mentioned 
above and the field findings. The Late Cretaceous Artova 
ophiolitic melange is the oldest unit in the study area 
(Figure 1B). It contains serpentinite, radiolarite, gabbro, 
diabase, spilitic basalt and limestone blocks of Triassic age. 
It is overlain unconformably by the Middle Eocene Baraklı 
formation. It is formed by alluvial fan deposits of red 
conglomerate, sandstone and mudstones (Figure 1B). The 
Baraklı Formation has a lateral and vertical transition into 
the overlying Çayraz formation, which is a transgressive 
unit containing sandstones, claystones and limestones of 
Middle Eocene age. The Çavuşlu volcanics are composed 
of spilitic basalts, basic lavas and pyroclastics shown 
by their stratigraphic position to be of Early-Middle 
Eocene age. They are overlain unconformably by the 
Late Eocene-Oligocene İncik formation, formed of 
regressive-type evaporites, cross- and parallel-laminated 
continental conglomerates and sandstones. Among the 
younger units in the region, the Middle-Late Eocene 
Kumartaş formation, composed of fluvial and lacustrine 
sediments, unconformably overlies all the older units in 
the region. Above is the Hançılı formation, composed of 
conglomerate, sandstone, siltstone, marl, clayey limestone 
and tuff alternations and, locally, gypsum with shale. It is 
unconformably overlain by the Middle Miocene-Pliocene 
undifferentiated continental sedimentary rocks of the 
Central Anatolian group, which interfingers with basaltic, 
evaporitic and lacustrine rocks. The youngest unit in the 
study area is Quaternary alluvium (Figure 1B).  

The studied section is in undifferentiated continental 
rocks (Central Anatolian Group) consisting of red alluvial 
deposits alternating with channel deposits (Figure 2). The 
presence of soil features (soil horizons with structure and 
biological activity) in the reddish brown mudrocks can 
be attributed to the presence of palaeosols with overlying 
calcretes. Küçükuysal (2011) stated that the presence 
of pedofeatures, such as clay cutans, floating grains, 
circumgranular cracks, MnO linings, secondary carbonate 
rims, indicators of past bioturbation and remnants of root 
fragments, all document that the studied reddish alluvial 
deposits are palaeosols and the carbonate concretions 
represent the calcretes. The palaeosol layers have sharp 
upper contacts with the overlying channel deposits (Figure 

2). The calcretes are nodular, tubular and powdery in form 
and show downward transitional gradations (Figure 2). 

A 40.5-m section was studied, using continuous core 
drill samples and collected field samples along a measured 
section, for its clay mineralogy and isotope geochemistry 
(Figure 3). At the bottom of the sampled section, channel 
deposits were found, composed of well-sorted gravels with 
subangular to subrounded grains. Basalt and andesitic 
basalt fragments are common at these levels. At the bottom 
layer, the mudstones are browner and have Munsell colours 
of 7.5YR 6/6. Up section, the brown mudstone layers 
intergrade with blocky to subangular blocky ped structures 
with a Munsell colour of 2.5YR 4/4 and 5YR 7/2 (Figure 
3). These were all developed in the Late Pleistocene, since 
the Middle Pleistocene was the period of formation of C1 
and C2 calcrete layers dated by the electron spin resonance 
(ESR) technique (Küçükuysal et al. 2011). Soil structural 
peds were subangular blocky to prismatic in structure, 
implying the occurrence of drier conditions. The colour 
of the mudstones (palaeosols) becomes more reddish and 
the frequency of the calcrete layers increases towards the 
upper part of the section (Figure 3). 

3. Materials and Methods 
Palaeosol carbonates, generally calcretes, are of the utmost 
significance in interpreting semiarid to arid climatic 
conditions (James 1972; Goudie 1973, 1983; Tucker 1991). 
Calcrete is defined as a terrestrial product within the zone 
of weathering, in which calcium carbonate (CaCO3) has 
accumulated and/or has replaced a preexisting soil, rock, 
sediment or weathered material to give a substance that 
may ultimately develop into an indurated mass (Goudie 
1973; Salomons et al. 1978; Wright & Tucker 1991; Eren 
2011). Our study is based on the definition given by 
Wright and Tucker (1991), which stated that the calcrete is 
a near-surface, terrestrial accumulation of predominantly 
calcium carbonate, which occurs in a variety of forms from 
powdery to nodular to highly indurated, resulting from 
the cementation and displacive/replacive introduction of 
calcium carbonate into soil profiles, bedrock and sediments 
in areas where vadose and shallow phreatic groundwaters 
become saturated in calcium carbonate. 

The mineralogical and chemical composition of 
pedogenic phyllosilicates, i.e. the proxies of palaeoclimatic 
reconstruction, form in a soil through the alteration 
of detrital clays and by primary precipitation, and are 
strongly controlled by the chemical activity of the soil 
solution, which in turn is influenced by the amount and 
seasonality of rainfall (Buol et al. 1997; Tabor 2002). Two 
calcrete samples, 7 m apart from each other, in the Bala 
section have ESR ages of 761 ± 120 ka (C1, the bottom 
unit) and 419 ± 64 ka (C2, the upper unit) (Küçükuysal 
et al. 2011). This means that the ages of the calcretes 
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are Middle Pleistocene, which is consistent with their 
stratigraphic positions. 

During this study, the combined methods of Thorez 
(1976), Jackson (1979), Brindley (1980) and Moore and 
Reynolds (1989) were applied to separate the clay fraction 
from the bulk palaeosols and to prepare them for X-ray 
powder diffraction analysis on glycol-solvated randomly 
oriented clay fractions. Eighteen levels were sampled from 
the Bala succession and 10 of them were X-rayed to define 
their bulk mineral compositions and the clay fractions. 
From top to bottom, samples are numbered from B–1 
to B–17 and Bc, respectively. The relative abundances of 

clay minerals were determined by the method of Biscaye 
(1965). Clay samples were scanned from 2° to 30° 2θ in 
order to determine the first-order clay mineral peaks. The 
mineral abundances in the bulk fraction (size fraction 
of less than 63 µm) were determined according to the 
method of Gündoğdu (1982). Samples were selected for 
scanning electron microscopic (SEM) investigation with 
the QUANTA 400F field emission scanning electron 
microscope with 1.2 nm resolution. An energy dispersive 
X-ray spectrometer (EDX) was also employed on selected 
samples to obtain the element contents of the specific 
locations. Additionally, stable isotope compositions of 

Figure 1. A) Map of Turkey showing the location of Ankara and Bala; B) Geological map of the study area showing the 
positions and the ages of the lithological units and the location of the Bala section (from Dönmez et al. 2008).
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the carbonate-bearing palaeosols were determined at the 
Laboratory for Stable Isotope Science in the Department 
of Earth Sciences at the University of Western Ontario, 
Canada. A multiprep device coupled to a VG Optima dual 
inlet stable isotope ratio mass spectrometer was used for 
this procedure. 

4. Implications of the results on a local scale 
4.1. Clay Mineralogy 
Almost all of the samples have the same clay and nonclay 
minerals through the Bala succession. Nonclay minerals 
(quartz, feldspar and calcite) were identified within 
a size fraction of less than 63 µm (Table 1). Quartz was 
determined by the presence of 2 prominent peaks at 4.27 
Å and 3.34 Å. Feldspars, however, were determined by the 
most intense peak at 3.2 Å. Calcite was determined with a 
sharp and intense peak at 3.03 Å (Figure 4A). 

The major clay minerals were smectite, kaolinite, illite 
and chlorite, with lesser amounts of palygorskite (Figure 
4B). Smectite, the dominant clay mineral found in the 
Bala section, was identified by the shift from 14.6 Å to 
17.7 Å on ethylene glycol solvation. Smectite collapses to 
10.1–10.2 Å after heat treatment at 550 °C (Figure 4B). The 
ratio of v to p was determined to be less than 0.4, implying 
poor crystallinity of the smectite (Biscaye 1965) (Figure 
4B). Illite, kaolinite and chlorite were all present in small 
quantities in the samples. Illite was detected by the 10.1 
Å peak, but is recognised with difficulty on the diagrams 
because of its weak reflections. It is not affected by 
ethylene glycol solvation and heat treatments (Figure 4B). 
It also overlaps with smectite and partly with palygorskite 
when the basal reflections of these 2 minerals collapse to 
10.1 Å on heating (Figure 4B). Kaolinite was identified 
with its basal reflection at 7.13 Å, which disappeared 

after heating at 550 °C. The relatively small amount of 
chlorite in the samples was somewhat difficult to identify. 
The crystallinity of chlorite was moderate, with basal 
reflections at d(001) 14 Å, d(002) 7.30 Å and d(003) 4.7 
Å (Figure 4B). Palygorskite was determined by its peaks at 
10.4 Å and 6.4 Å (Figure 4B). Palygorskite was not affected 
by glycerol solvation, but its 10.4 Å peak collapsed to 10 Å 
on heating to 550 °C (Figure 4B). Palygorskite is present 
in almost all samples except B–10 and B–14, where it may 
also be present in small amounts and weakly crystalline. 

Consistent amounts of quartz were present throughout 
the section, with a slight increase at the top. Its abundance 
varies in a narrow range between 4.7% and 8.6%. Feldspar 
shows a slight increase in the upper part of the sequence. 
Its abundance varies from 8.9% to 24.1%. Calcite, on the 
other hand, starts with a consistent amount at the bottom, 
then shows an increase in the middle of the section. 
Towards the top, calcite increases, as expected, and varies 
from 4.5% to 16.7%. 

The clay mineral abundance usually exceeds 60% 
throughout the section (Table 2). Smectite, the most 
abundant clay mineral, shows both enrichment and 
depletion through the section, varying from 21.4% to 
95.2%. It is relatively more abundant at the bottom of the 
section and becomes scarcer towards the top. Chlorite 
(3.6% to 16.7%), kaolinite (3.6% to 21.2%) and illite (5.9% 
to 28.6%) are present throughout the section. The amount 
of palygorskite, however, increases towards the top of the 
section from 2.9% to 14.3%. 

Smectite is the dominant clay mineral in the clay 
fraction. It shows an alternation of enrichment and 
depletion patterns, with a general decreasing trend 
towards the top of the section. Palygorskite, on the other 
hand, increases towards the top of the section, indicating 
the presence of arid conditions in the past. The abundances 
of smectite and palygorskite show opposite variations in 
the palaeosols of the Bala section. This relationship may 
also indicate that smectite was a possible source of Mg 
for the formation of palygorskite. This is also confirmed 
by the SEM images of the Bala samples, showing calcite 
rhombohedra covered with palygorskite fibres, which also 
form bridge-like structures indicating in situ formation 
from the soil solution. Calcite shows a similar pattern to 
palygorskite, documenting the possibility of precipitation 
from the soil solution as a secondary mineral bearing a 
pedogenic history of the Bala section palaeosols. 
4.2. Scanning electron microscope investigations 
Calcretes from the Bala section, as subaerial exposure 
surfaces, are mostly recognised within horizons very 
close to the surface and contain calcite (Figure 5A). 
Clay minerals form the matrix on which detrital grains 
float and pedogenic palygorskite forms a thin sheet. The 
formation of authigenic smectites was also observed with 

Figure 2. A picture of the studied section in which red alluvial 

deposits are seen together with calcrete formations alternating 

with channel conglomerates (shovel length is 110 cm).
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a nodular crystalline form (Figure 5B). Palygorskite fibres 
form bridge-like structures across calcite grains (Figure 
5C). A different habit of chlorite recognised was a chlorite 
rosette in the Bala palaeosols (Figure 5D). Palygorskite 
fibres are randomly distributed over the clayey matrix and 
overlie the feldspar grains (Figure 5E). Quartz is euhedral 
to subhedral and cemented by a clayey matrix. Its fresh 

surface is very clear and shows well-developed conchoidal 
fractures (Figure 5F). 
4.3. Geochemistry 
The mineralogical and chemical compositions of the 
palaeosols are strongly controlled by the geochemistry of 
the soil solution. Therefore, the geochemical characteristics 
of the palaeosols and their carbonates are clearly important 
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proxies revealing the climatic history of the soil. Like 
many studies on palaeosol geochemistry (Retallack 1997, 
2001), more recently Sheldon and Tabor (2009) stated that 
different proxies based on geochemical analyses can be 
used to infer the pedogenic processes revealing the effect 
of chemical weathering in palaeosols (Table 3). The ratios 
revealing the degree of hydrolysis, oxidation, acidification, 
salinisation and leaching are all related to the pedogenic 
processes.  

The molecular weathering ratios of the typical major 
oxides and carbonates of the palaeosols were calculated 
along with salinisation, which is the indicator for the past 
prevalently arid conditions, reflecting the relative leaching 
of sodium to potassium in surficial horizons. The salinity 
ratio ranges from 0.3 to 2.7 for the Bala palaeosols and 
calcretes (Figure 6), documenting an enrichment close 
to the upper limit as evidence of evaporation during 
palaeosol pedogenesis. However, salinity for arid climatic 
conditions should exceed 1, as in this study, which is 
2, with positive enrichments in the B11, B12 and B14 
carbonate-rich horizons (Figure 6). Calcification is very 
high at the top due to the presence of carbonate nodules, 
with enrichment at the B11 and B12 horizons. Calcification 
is positively correlated with salinity, indicating that the 
saline conditions favoured the accumulation of carbonates 
(Figure 6). Moderate clayeyness varies from 0.15 to 0.3. 
Leaching shows an increasing trend towards the top of 
the section, which is consistent with the other results. 
Leaching ranges from 1 to 3 in the Bala section, implying 
2 major shifts greater than the leaching value of 2 in the B6 

and B11 horizons, which can be accepted as the surficial 
horizons of the palaeosols (Figure 6). 

The chemical index of alteration (CIA) of the Bala 
section has also been calculated using the formula of 
Nesbitt and Young (1982), using molecular proportions 
of some elements. The higher the value, the more intense 
the weathering has been. Maximum CIA values of 
calcretes are 15, whereas the palaeosol CIA levels generally 
exceed 50. The other measure for the chemical index of 
alteration, CIA-K, is also very similar to the CIA values: 
low for calcretes and high for palaeosols. The CIA and 
CIA-K versus depth diagrams plot parallel to each other. 
Both indices show that the section experienced moderate 
weathering conditions in the geological past (Figure 6). 

Molecular weathering ratios of the palaeosols and 
the calcretes of the Bala section display a parallel trend 
between calcification and salinisation, which increase 
towards the upper section. This implies increasing aridity 
with increasing temperature (Figure 6). The chemical 
index of alteration values of CIA-K show major shifts at 
the B1 and B11 levels, with very high values indicating 
a high degree of chemical alteration (Figure 6). The 
values of CIA-K generally exceed 50, which indicates a 
medium degree of weathering. The lower values fall in the 
carbonate-rich levels of the Bala section (Figure 6). All 
of these values suggest the occurrence of a wet powdery 
calcrete formation environment. The wet conditions, on 
the other hand, progress via the pluvials and favour the 
formation of eluviation zones, where leaching values are 
high. 

Table 1. Semiquantitative analysis of bulk composition of samples. 
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4.4. Stable isotope geochemistry
Stable isotope data are widely preferred in palaeoclimatology 
studies, since they are accepted as good proxies reflecting 
changes in environmental conditions. The stable isotopic 
ratios of carbon and oxygen from authigenic soil carbonate 
can record changes in climatic conditions and plant cover. 
Using these ratios from carbonate nodules that formed 
in stacked palaeosols within ancient fluvial deposits can 
provide a proxy for changing climatic conditions (White 
2005). The carbon isotopic composition of authigenic soil 
carbonate is controlled by the type of plant cover (Cerling 
1984).

The formation of authigenic soil carbonate has been 
described and its fractionation pathways under various 
types of plant cover have been documented by Cerling 
(1984), Quade et al. (1989) and Cerling et al. (1991). 
Since C4 plants were not a significant part of the flora 
until the Miocene (Quade & Cerling 1995) and the 
δ13C values of a C3 cover are between –14‰ and –8‰, 
changes in the atmospheric 13C-to-12C ratio should be 
recorded in pedogenic carbonate (Cerling 1984; Quade 
et al. 1989; Cerling et al. 1991; Koch 1998). Evaporation 

causes covariation in C and O in soil carbonate, both 
becoming enriched in the heavier isotope higher in the 
profile. Pedogenic carbonate forms in isotopic equilibrium 
with soil CO2, which in turn is determined by the relative 
proportions of C3 and C4 plants where soil respiration 
rates are high enough to exclude isotopic inputs from 
atmospheric CO2 (Cerling 1984, 1991; Cerling & Hay 1986; 
Cerling et al. 1989; Quade et al. 1989; Cerling & Quade 
1993). Terrestrial plants employ 3 distinct photosynthetic 
pathways reflecting different carbon isotopic fractionation. 
The bulk of continental plants (i.e. basically all trees, 
most shrubs and herbs, and cool-season and montane 
grasses) follow a C3 photosynthetic pathway (Calvin 
cycle). These display a range in δ13C values between –33‰ 
and –21‰ and average about –27‰ (Cerling & Quade 
1993). The C4 (Hatch-Slack) photosynthetic pathway is 
less discriminating against 13CO2 and therefore C4 plants 
(warm season grasses, sedges and a few halophytic shrubs) 
are higher in δ13C than C3 plants. They have δ13C values 
between –6‰ and –19‰ (Deines 1980) with an average 
of –13‰. The soil carbonates formed in the presence of 
pure C3 vegetation are between –14‰ and –8‰, whereas 
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values above –8‰ indicate a mixture of C3 and C4 plants 
(Cerling 1984; Cerling et al. 1991; Quade & Cerling 1995). 

The stable isotope compositions of the Bala samples 
were measured relative to a standard, Vienna Standard 
Mean Ocean Water (VSMOW) or Vienna Pee Dee 
Belemnite (VPDB). They are expressed with delta notation 
(δ) in parts per thousand (‰ or per mil) (Table 4). The 
isotopic composition of carbonates in the Bala section 
exhibit a slightly wider range in δ13C composition 
from –5.98‰ to –9.22‰ and a narrower range in δ18O 
composition from –7.19‰ to –8.66‰. The relative 
changes of the stable isotopes with respect to depth are 
plotted in Figure 6. The trends of stable isotopes start 
with a depletion at the bottom levels of B16, and then 
in the middle an enrichment is observed at B7. Next, a 
major depletion at B4 is recorded, finally ending with an 
enrichment at the top at the B2 level (Figure 6). 

Comparing the δ13C values with δ18O values in the Bala 
section, almost parallel trends may be observed, except at 
the BC level where δ13C is higher with respect to the δ18O 
composition (Figure 6). A good covariance can be observed 
between the δ13C and δ18O values of carbonates in the Bala 
section. The ranges of stable isotope values are typical of a 
meteoric vadose environment (James & Choquette 1990). 
The high values of both δ13C and δ18O at the surficial 
horizons indicate the effect of water evaporation. When 
compared with the Sr composition of the same levels in 
the Bala section, increasing and decreasing trends in δ13C 
and δ18O diagrams correlate well with Sr enrichments 
and depletions, respectively. As might be expected to be 

dominant in Mediterranean arid to semiarid climates, 
C3:C4 mixed flora is favoured in the palaeosols of the Bala 
section. 

 Fluid δ18O values are calculated using the calcite-water 
fractionation curve given by Friedman and O’Neil (1977) 
(Table 5). Assuming that the carbonates of the Bala section 
formed at 0 °C, then the calculated δ18O values for the 
formation water range from –11‰ to –13.1‰. If the soil 
temperatures vary between 20 °C and 30 °C and average 25 
°C, then the δ18O isotopic composition of the soil water in 
equilibrium with calcretes ranges from –4.9‰ to –6.7‰. 
It has been observed for both temperature conditions that 
δ18O for waters has a range of roughly 2‰. Additionally, 
δ18O enrichment in the water equilibrated with calcretes 
is recorded in stratigraphic height, which means that the 
fluids were isotopically lighter at the beginning of calcrete 
formation and then became enriched with time as the 
maturity of the carbonates increased. During the early 
stages of carbonate accumulation within the Bala section, 
the soil water had a δ18O composition of less than –4.5‰. 
As Mack et al. (1991) stated, the waters with compositions 
exceeding –4‰ imply high soil temperatures, in excess 
of 30 °C. It was also mentioned in the same study that if 
the soil temperature were as cold as 0 °C, the fluid δ18O 
values would become as light as –14‰ to –12‰. If the 
formation temperature is assumed to be 30 °C, then soil 
waters would have δ18O values ranging between –1‰ and 
3‰. With the 25 °C calculation, δ18O values of –4.9‰ 
to –6.7‰ were observed for Bala calcretes (Table 5). 
Therefore, neither temperatures of 0 °C nor over 25 °C are 

Table 2. Semiquantitative analysis of clay fraction of samples. 
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Figure 5. SEM images of: A) fresh surface of quartz grain showing conchoidal fracture; B) Palygorskite fibres forming bridge-
like structure with authigenic formation of smectite nodules; C) Rhombohedral calcites coated with palygorskite fibres; D) 
Chlorite rosette; E) Subhedral feldspar grain, smectite and palygorskite formations; F) Rhombohedral calcite. 
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likely from the soil water temperatures for the carbonates 
of the Bala section. Based on the theoretical consideration, 
this study suggests that the surface water responsible for 
carbonate accumulation had δ18O values of probably less 
than –4‰, and possibly as low as –8‰, which assumes an 
approximately 25 °C soil depositional temperature.

5. Pleistocene climate archives from Ankara, Central 
Anatolia
The proxies in this study clearly show that semiarid and/or 
seasonally dry climatic conditions occurred in the region 
during the Quaternary. All of the data are compared in 
Figure 6. Dry periods, which are marked with grey areas, 
favour the formation of palygorskite and calcite while 
smectite decreases in amount (Figure 6). CIA-K values 
are low in dry periods while salinity and calcification are 
high, leading to high values of δ13C and δ18O. Towards the 
top of the section, the aridity is increasing, leading to the 
formation of calcretes, while in the lower levels, transient 
arid conditions do not show well-developed nodular 
calcretes but have powdery calcrete formations. The wet 
conditions, on the other hand, progress the pluvials and 
favour the formation of eluviation zones where leaching 
values are high. With age data on calcretes from the Bala 
section, the results can be compared with the global data. 

The ages obtained in this section are highly significant, 
since the periodicity of glacial response changes from 41 
ka to 100 ka in the Middle Pleistocene (Lisiecki & Raymo 
2007), which was the beginning of the warmer periods 
lasting until the Holocene. Between 450 kyr and 780 kyr 

ago, the interglacial periods favoured arid conditions over 
this region. Kapur et al. (1987) stated that the calcretes 
in southern Turkey were formed during the Middle 
Pleistocene interglacial periods. The calcretes dated in 
the Bala section are the lowest levels of the semimature 
nodular calcretes, where the lower ones are not calcretes 
but calcified soils. Therefore, the formation of calcretes in 
the Bala section at 761 ± 120 ka coincides with the time of 
the climatic periodicity change. This time was also the time 
of the warming Mid-Brunhes Event (Kitaba et al. 2011). 

6. A brief comparison of data with coeval archives from 
Turkey, the eastern Mediterranean and southern Europe
There are several published studies addressing the 
Quaternary palaeoclimates in Turkey, but most deal with 
the Holocene. The most recent work ( Eren et al. 2008; 
Eren 2011) described the stable isotopic compositions of 
Quaternary calcretes from Mersin in southern Turkey. 18O 
and 13C compositions of the Quaternary Mersin calcretes 
range from –4.31‰ to –6.82‰ and –6.03‰ to –9.65‰ 
PDB, respectively. These values are almost consistent 
with the stable isotope values of the studied calcretes. The 
calculated soil depositional temperature for the calcretes 
in the Mersin area ranges from 25 °C to 32 °C. It is also 
consistent with the soil depositional temperature of the 
studied calcretes, at approximately 25 °C. The strong 
covariance between the isotopic values of the Mersin 
calcretes was also recognised in the studied calcretes. This 
property was also identified in the carbonates of southern 
Europe (Sorbas Basin, Karlich Rhine Valley, Elsterian Loess, 

Table 3. Molecular weathering and pedogenesis ratios (from Retallack 2001 and Sheldon & Tabor 2009). 

Ratio Formula Pedogenic Process

Al/ΣBases Al2O3/(CaO+MgO+K2O+Na2O) Hydrolysis

Clayeyness Al2O3/SiO2 Hydrolysis

Base Loss Ba/Sr Leaching-Hydrolysis

Gleisation FeO/Fe2O3 Oxidation

Gleisation ΣFe/Al Oxidation

Gleisation ΣFe+Mn/Al Oxidation

Silica/Sesquioxides SiO2/(Fe2O3+Al2O3) Hydration

Base Loss Base/Ti Leaching

Provenance Ti/Al Acidification (~pH)

Alkalis to Alumina (K2O+Na2O)/Al2O3 Salinisation

Soda to Potash Na2O/K2O Salinisation

Parent Material La/Ce, Sm/Nd, U/Th Acidification (~pH)
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Holsteinian Palaeosol, Carbonates from Crete) (Candy et 
al. 2012). Like the isotopic covariance in southern Europe 
and the western and eastern Mediterranean carbonates, 
the studied calcretes have stable isotopic compositions, 
implying that their formation was controlled by the same 
environmental factors. However, the carbonates in western 
Europe, such as in England, for example, differ in that 
the isotopic values plot as scattered diagrams, indicating 
that their compositions have been controlled by different 
factors. Like in the study area, most of the carbonates 
in the Mediterranean region are soil carbonates. The 
stable isotope compositions of the studied carbonates are 
consistent with those of pedogenic soil carbonates from 
southern Europe and the Mediterranean. As Candy et 
al. (2012) suggested for the Mediterranean carbonates, 
aridity appears to be the major control on both δ18O and 
δ13C values in the studied soil carbonates with evaporation 
and CO2 degassing. This is confirmed by the low leaching 

values during the dry seasons, favouring the formation of 
carbonate rich soil and/or calcretes.

7. Overall proxy evaluations and conclusions
This study reveals that there is consistency between the 
mineralogical compositions and molecular weathering 
ratios of the palaeosols and calcretes of the Bala section. 
The chemical index of alteration values show that the 
palaeosols were subjected to medium and high degrees 
of weathering, whereas low values were determined 
for the calcretes. Calcretes are pedogenic in origin, but 
semimature calcretes formed in the vadose zone of the 
depositional environment. The studied calcretes are 
powdery to nodular in form, whereas the palaeosols show 
prismatic to subangular-angular blocky and granular 
structures developed with horizons. 

Palygorskite in the calcrete section is most probably 
pedogenic, where the Mg needed for palygorskite was 

Table 4. δ13C and δ18O isotope compositions of the samples.

δ13C δ18O δ18O

Sample VPDB VSMOW VPDB

B–2 –5.96 23.50 –7.19

B–4 –9.22 22.79 –7.88

B–5 –8.57 22.23 –8.42

BC –8.32 23.11 –7.57

B–15 –6.99 23.02 –7.65

B–16 –7.15 22.08 –8.56

B–17 –6.50 21.98 –8.66

Table 5. The calculated δ18O values of the fluids responsible for the formation of the carbonates in Bala palaeosols.

Bala Section Calculated Fluid δ18O (SMOW)

 Sample
δ13C δ18O δ18O 0 °C 25 °C

VPDB VSMOW VPDB VSMOW VSMOW

B–2 –5.96 23.5 –7.19 –11 –4.9
B–4 –9.22 22.79 –7.88 –11.8 –5.8
B–5 –8.57 22.23 –8.42 –12.4 –6.4
BC –8.32 23.11 –7.57 –11.6 –5.5
B–15 –6.99 23.02 –7.65 –11.5 –5.6
B–16 –7.15 22.08 –8.56 –13 –6.6
B–17 –6.5 21.98 –8.66 –13.1 –6.7
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provided from smectite through the soil solution. The 
increase in palygorskite with calcite in the Bala section 
with decreasing smectite contents manifests the increasing 
aridity and the prevalence of the dry season. Chlorite, 
kaolinite and illite are the detrital clay minerals found in 
the studied samples. 

The reddish soils reveal that the main soil-forming 
process in the region was calcification, whereas the 
brown soils reveal a less vigorous leaching/reddening and 
calcification-decalcification trend. The evolution history 
of the calcretes in the Çukurova Basin proposed by Kapur 
et al. (1990) is also valid for the calcretes in the Ankara 
region.  

The stable isotope values of the studied samples 
are consistent with each other, indicating formation 
from percolating soil solutions under predominantly 
C4 to C3:C4 association-type vegetation. Temperature 
calculations show that the palaeoclimatic conditions 
favouring the formation of calcretes in the region are 
semiarid and seasonally dry with pluvial alternations. The 
estimated maximum soil depositional temperature for the 
formation of calcretes is calculated as approximately 25 °C.  

ESR ages of the 2 calcrete levels fall within the Middle 
Pleistocene, when the MBE occurred and the climatic 
periodicity changed, affecting the climatic control over 
the European continent. This period is the time dated on 

the Bala calcretes, documenting that the calcretes in the 
study area started to develop with the MBE, which led to 
high temperatures and probably the formation of almost 
all Mediterranean-type calcretes. 

The studied calcretes present many similarities in 
mineralogical and isotope compositions with the calcretes 
in Mersin, southern Turkey. The latter are also Mid-Late 
Pleistocene in age. The stable isotope values of the studied 
calcretes in Bala are consistent with those of the Mersin 
calcretes from Turkey and many other coeval calcretes 
from southern Europe and the Mediterranean. This study 
suggests that smectite and palygorskite contents of the 
soils with the carbon and oxygen isotope compositions of 
the carbonates/carbonate-rich soils indicate aridity and/
or seasonally dry conditions in the Mediterranean during 
the Middle Pleistocene, triggering the formation of soil 
carbonates and/or calcretes.
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