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Abstract

Holocene environmental changes in the northern Fertile Crescent remain poorly understood because of the scarcity of local proxy records in
the region. In this study we investigated pedogenic (soil-formed) carbonate coatings on stones at the Pre-Pottery Neolithic site Göbekli Tepe as
an indicator of local early-mid Holocene environmental changes. The 14C ages and stable isotopic composition of carbon and oxygen in thin
(0.2–0.3 mm thick) pedogenic carbonate lamina indicate two main periods of coating formation: the early-Holocene (ca. 10000–6000 cal yr BP)
and the mid-Holocene (ca. 6000–4000 cal yr BP). During the first period, there was an inverse relationship between δ13C and δ18O curves: a
decrease in δ13C values coincide with an increase in δ18O values. For this period a trend towards higher temperatures is suggested. In the mid-
Holocene, the mean rate of coating growth was 2–3 times higher than in the early Holocene. Both δ13C and δ18O reached their maximum values
during this time and the direction of changes of the δ13C and δ18O curves became similar. The combination of data suggests that this period was
the most humid in the Holocene and on average warmer than the early Holocene. At ca. 4000 cal yr BP secondary accumulation of carbonate
ceased, presumably reflecting a shift to a more arid climate.
© 2007 University of Washington. All rights reserved.
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Introduction

As a region where the earliest farming economies in the
world are suggested to have evolved, the so-called “Fertile
Crescent” in the Near East has long been a focus of broad
research interest (Childe, 1952; Braidwood and Howe, 1960;
Van Zeist and Bottema, 1991; Goldberg, 1994; Zohary and
Hopf, 2000; Robinson et al., 2006 and references therein). Over
the last two decades, several lines of paleoenvironmental
evidence for the eastern Mediterranean and the Near East have
become available, which involve continuous, high-resolution
proxy records: palynological and geochemical data from
lacustrine (Bottema, 1995; Roberts et al., 1999, 2001; Yasuda
et al., 2000; Snyder et al., 2001; Stevens et al., 2001; Wick et al.,
2003) and marine (Rossignol-Strick, 1999) deposits, and stable
isotope composition of speleothems (Bar-Matthews et al., 1997;
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Bar-Matthews and Kaufman, 1998; Frumkin et al., 1999).
Despite these studies, however, there is a deficit of paleocli-
matic information for some regions of the Fertile Crescent, in
particular for its northern part, Upper Mesopotamia. The main
reason for this data shortage is probably the scarcity of
sediments potentially suitable for pollen analysis, such as lake
deposits. Interestingly, it is precisely this region that provided
carpological (Nesbitt, 2002 and references therein) and genetic
(Heun et al., 1997) evidence of the earliest cereal domestication,
which emphasizes its importance for our understanding of
agricultural origins.

In this study we investigate pedogenic carbonate laminations
on stones at the Pre-Pottery Neolithic site Göbekli Tepe in
Upper Mesopotamia (southeastern Turkey) to obtain indications
of environmental change in the Holocene. Accumulation of
pedogenic carbonate on stones is a relatively slow process,
mostly resulting in formation of a succession of laminae that
may differ in their properties (colour, transparency, admixtures,
etc.), reflecting changing conditions of coating growth over
ed.
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Figure 1. Map showing the location of Göbekli Tepe (arrow).
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time (Courty et al., 1994; Pustovoytov, 2002). Isotopic
composition of carbon and oxygen in pedogenic carbonate is
sensitive to the environment of soil formation (Cerling, 1984;
Amundson et al., 1989; Quade et al., 1989). This feature
provides a basis for a wide range of paleoclimatic reconstruc-
tions. Specifically, pedogenic carbonate rinds on gravels have
been used as indicators of late-Quaternary paleoecological
conditions in some areas of North America (Wang et al., 1996;
Monger et al., 1998; Buck and Monger, 1999; Deutz et al.,
2001).

The aims of this study were as follows: (1) to establish a 14C
chronological framework for the formation of pedogenic
carbonate coatings on stones of the site by dating their
individual thin laminae; (2) to provide a record of δ13C and
δ18O values of the carbonate fraction in a continuous sequence
of coating laminae; and (3) to interpret relative shifts in the
isotopic composition of pedogenic carbonate over time in terms
of environmental change and to compare the coating archive
with other proxy records available for the region. The approach
in the present work is novel in two respects. First, to our
knowledge it represents the first attempt to derive a continuous
proxy record from successions of laminae of pedogenic
carbonate on stones. We could not find published examples of
systematic, high-resolution sampling of pedogenic carbonate in
thin layers followed by isotopic measurements, although some
authors reported results of examining the inner and the outer
microlayer (hereafter the term “microlayer” is used as a
synonym for “laminae”) of a coating separately (Amundson et
al., 1989; Wang et al., 1996). Second, we had reliable
independent chronological control to compare with radiocarbon
ages of individual microlayers because we studied secondary
carbonate on stones from intact architectural structures of an
archaeological site of known age. In contrast, absolute-age
estimations based on the chronology of relief forms (river
terraces, dunes, etc.) used as references in previous works
involving 14C dating of pedogenic carbonate coatings have
relatively low resolution (e.g., Amundson et al., 1994 and
references therein; Wang et al., 1996; Monger et al., 1998; Buck
and Monger, 1999; Deutz et al., 2001).

Site description

Göbekli Tepe (37°13′N, 38°55′E) is located at the south
margin of the Taurus Mountains, northeast of Şanliurfa at ca.
800 m a.s.l. (Fig. 1), on the top of one of the Eocene limestone
ridges (Pamir and Erentöz, 1974) highly dissected by erosion.
The climate of Şanliurfa is typical Mediterranean: hot and dry
summers (mean July temperature and precipitation are 30.8 °C
and 0.3 mm, respectively) with mild and relatively humid
winters (mean January temperature 5.9 °C, mean January
precipitation 93.1 mm) (Alex, 1985). The vegetation around the
site is almost completely a grass steppe dominated by Hordeum
spontaneum, Avena sp., Bromus sp., Stipa sp. and Aegilops sp.
(Neef, 2003). In the soil cover of the region around Şanliurfa,
Calcic Xerosols associated with Chromic Luvisols prevail
(Straub, 1988) (after the WRB nomenclature (1998) these are
Aridic Calcisols and Lithic Leptosols, respectively).
oi.org/10.1016/j.yqres.2007.01.002 Published online by Cambridge University Press
Archaeologically, Göbekli Tepe is a Pre-Pottery Neolithic
(PPN) site. Within the PPN period there are two main phases,
PPNA and PPNB, that both have been identified at Göbekli
Tepe. The numerical age ranges for PPNA and PPNB are
considered here to be approximately 11,750–10,750 and
10,750–8350 cal yr BP, respectively (Aurenche et al., 2001).
Further differentiation among PPNB periods is as follows: the
Early PPNB (EPPNB) 10,750–10,250 cal yr BP, the Middle
PPNB (MPPNB) 10,350–9450 cal yr BP and the Late PPNB
(LPPNB) 9550–8350 cal yr BP (Aurenche et al., 2001).

The site consists of several artificial mounds of which the
highest one is about 15 m high. A total area occupied by the
mounds of Göbekli Tepe is ca. 9 ha. The most characteristic
feature of the site is represented by architectural complexes,
which are oval and rectangular stone buildings with megalithic
T-shaped limestone pillars (Schmidt, 2001, 2002, 2003; Peters
and Schmidt, 2004). No indication of a sedentary occupation
has been found hitherto at Göbekli Tepe; the site obviously
served exclusively as a ritual building complex (Schmidt,
2003). Immediately before the abandonment, all architectural
constructions were intentionally covered by fill (stones with
fine earth), which gave rise to soil development after a rela-
tively short time-span needed for stabilization of the site
surface. There were presumably at least two phases of such
burials—during the PPNA/EPPNB and during the MPPNB
periods (Schmidt, 2003). No archaeological evidence of a
systematic occupation of the site after PPNB has been found
(Schmidt, 2001, 2003). However, there is a post-PPNB arti-
ficial disturbance of problematic origin in the fill in form of a
pit seen at the western wall of trench L9-87 and a pottery shard
not older than Roman in age in the lower part of a 1- to 2-m
eluvial deposit at the toe-slope (Schmidt, 2003).

Materials and methods

General features of soils and pedosediments at Göbekli Tepe
have already been given in a previous report (Pustovoytov,
2006); therefore, we restrict our consideration here only to the
Bk horizon (soil horizon nomenclature according to Birkeland,
1999, and the Guidelines for Soil Profile Description, 1990). The
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Bk horizon at the site represents a continuous zone with distinct
indications of secondary carbonate accumulation, which runs
subparallel to the site surface. The visible part of Bk horizon
exposed by excavation is 1–1.5 m in thickness. Pedogenic
carbonate is present in form of coatings on the undersides of
large clasts in the fill (stones, large fragments of bones, lithic
tools) and wall stones in architectural structures and on the lower
surfaces of convex elements in relief representations at T-shaped
pillars. A uniform orientation of secondary carbonate accumula-
tions on all clasts within the Bk horizon provides a clear
indication that the carbonate accumulation took place in situ,
after the abandonment of the site, and is inherently pedogenic. In
the upper half of the Bk horizon there is a ca. 20- to 30-cm-thick
zone of maximum secondary carbonate accumulation where the
coatings are at their thickest (on the order of 5 mm).

Fragments of stones with secondary carbonate accumula-
tions were collected in the field after examination of the vertical
distribution of coatings. Coating samples studied in this work
were taken mostly from the upper half of the Bk horizon,
where their thickness was greatest. Four coating samples origi-
nated from PPNA-EPPNB contexts, two from MPPNB, one
from a post-MPPNB and one from a post-LPPNB context
(Fig. 3). There was also one sample of a pre-PPNA coating,
which was located at the same depth as the coating L9-801 and
less than 1 m from it. In contrast to all other secondary car-
bonate laminations, this coating covered the upper surface of a
stone in the wall in trench L9-80 (Fig. 5), clearly indicating its
formation before the construction of the wall. It differed from
the rest of the coatings by its reddish pigmentation. It thus
can serve as an indicator of diagenetic 14C contamination of the
coating L9-80.

In the laboratory, coatings together with stone fragments they
covered were first interposed in gypsum to further stabilize
samples prior to sawing. Samples were then cut with a diamond
saw in slices ca. 3–7 mm thick to obtain series of cross sections
of coatings. Five such slices were used for preparing thin
sections for micromorphological observations. The coatings'
micromorphology was studied with a petrographic microscope,
following the recommendations of Bullock et al. (1985) and
Courty et al. (1989). Scanning electron microscopy was
investigated with Zeiss DSM 940 (coating Au (80%) and Pd
(20%), working voltage 5000 V).

Material for isotopic measurements and 14C dating was
bored out with a goldsmith drill from the cross sections of
coatings on stones, under a stereoscopic microscope. In boring,
special effort was made to follow the extension of individual
laminae of pedogenic carbonate with the drill and, in case of the
innermost (oldest) laminae, to avoid contact of the drill with the
primary limestone. The thicknesses of the sampled laminae
were 0.2–0.3 mm. Two sequences of microlayers were obtained
for coating samples L9-66 and L9-80 from ca. 100 and 85 cm
below the soil surface, respectively. Coating L9-80 provided a
series of 16 samples and coating L9-66 yielded 32 samples from
an exceptionally thick fragment, although some of the latter
1 Hereafter coatings L9-66 and L9-80 are called according to the trench
nomenclature in the excavation map where the samples were collected (Fig. 3).
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samples contained too little material and produced no measure-
ment result (Fig. 5).

Samples of primary limestone were taken from fresh
outcrops exposed by road works in the immediate vicinity of
the site. Soil samples for estimations of δ13C of organic carbon
were collected from 5 profiles (Fig. 3i).

Stable isotope analysis was performed at the Institute of
Geosciences of the University of Tubingen, Germany, using a
Finnigan MAT 252 gas source mass spectrometer combined
with a ThermoFinnigan GasBench II/CTC Combi-Pal auto-
sampler (Spötl and Vennemann, 2003). Prior to measurements
for stable carbon isotope composition, samples were reacted
with 3% HCl to remove carbonate.

For both successions of laminae L9-66 and L9-80, the
carbonate fraction of the innermost (oldest), the middle and the
outermost (youngest) microlayers was dated by 14C. Addition-
ally, the carbonate fractions of the oldest microlayers in an
additional 6 coatings were dated by 14C. The 14C measurements
(AMS) on pedogenic carbonate were performed at the Leibniz-
Laboratory at the University of Kiel and at the Ångström
Laboratory at the University of Uppsala, Sweden. All 14C
results were normalized to δ13C=−25‰ and calibrated with the
OxCal v3.5 program (Ramsey, 2001).

Results and discussion

Morphology of pedogenic carbonate coatings

The pedogenic carbonate coatings are composed of calcite
associated with groundmass (Figs. 2b–e). Most of the calcite
consists of sparitic and microsparitic crystals that are parallel or
randomly arranged (Figs. 2d, e, g, h) and show a distinct
rhombohedral shape without obvious signs of dissolution
(Fig. 2h). Much of the groundmass is presumably impregnated
by micritic secondary calcite, which is evident from the dominant
pale grey colour of peds in plane polarized light and their scattered
high interference colours in crossed polarized light. Small bone
fragments less than 0.5 mm in length are sporadically
incorporated into the coatings (Figs. 2b, d). Although on the
basis of (sub)micromorphology alone it cannot be excluded that
secondary carbonate laminations at Göbekli Tepe may contain
some admixture of primary carbonate in the micritic fraction, no
explicit forms of limestone fragments were found.

An important feature of secondary carbonate laminations is
dark-coloured, elongated to isometric particles on the order of
0.05–0.1 mm in length (Figs. 2a, f, i–l), which can be found
occasionally within the inner zone of coatings and constitute
about 1/5–1/3 of the total coating thickness. These dark
particles are characterized by distinct biogenic structures (Figs.
2i–l) and most probably represent fragments of plant tissues
(presumably charred to some extent), occluded into precipitat-
ing carbonate at an early stage of formation.

14C age of pedogenic carbonate laminae

Pedogenic carbonate forms in isotopic equilibrium with
soil CO2 (Cerling, 1984) and therefore is expected to be
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Figure 2. Micromorphology and SEM of pedogenic carbonate accumulations: (a) Fragment of the thin section of a pedogenic carbonate coating from trench L9-66,
105 cm below the soil surface at low magnification; ls—primary limestone, pc—pedogenic carbonate coating. (b) Fragment marked by frame 1 in panel a, parallel
polarizers (PPL); several lamination layers are distinctly seen on the left. b—bone fragment, bb—bubbles (from thin-section preparation). (c) Same as in panel b
but with crossed polarizers (XPL). (d) Fragment marked in panel b by frame, PPL: s—a buildup of sparitic calcite crystals randomly arranged but in places with a
parallel motive, ms—microsparitic calcite, m—micritic calcite most probably associated with dispersed silty-clayey groundmass, dp—small dark-coloured
particles, b—bone fragment. (e) Same as in panel d but XPL. (f) Fragment marked by frame 2 in panel a; PPL: a relatively large dark-coloured particle in the
oldest generation of pedogenic carbonate laminations at the limestone-coating interface is distinctly seen in centre; ls—primary limestone, pc—pedogenic
carbonate coating, dotted line—limestone-pedogenic carbonate boundary. (g–l) SEM images: (g) randomly and radially oriented microsparitic and sparitic calcite
crystals; scale bar 50 μm. (h) Fragment marked in panel g. Microsparitic calcite crystals; scale bar 10 μm. (i) Dark particle (left-hand of the image centre) in a
matrix aggregate; scale bar 20 μm. (j) Fragment marked in panel i; structures resembling vessels of plant tissues are seen; scale bar 5 μm. (k and l) Two relatively
large dark-coloured particles separated from the coating; note the obvious tissue-vessel structure; Scale bars 20 μm.

318 K. Pustovoytov et al. / Quaternary Research 67 (2007) 315–327

https://d
suitable substrate for 14C dating (Amundson et al., 1994;
Wang et al., 1996; Monger et al., 1998; Buck and Monger,
1999; Deutz et al., 2001). However, several complicating
factors represent potential limitations of the applicability of
14C method to pedogenic carbonate. One is that radio-
oi.org/10.1016/j.yqres.2007.01.002 Published online by Cambridge University Press
metrically “dead” carbon can be introduced into crystallizing
secondary carbonate, either mechanically, as admixtures of
older calcareous fragments (Amundson et al., 1989; Monger
et al., 1998; Khokhlova et al., 2004), or chemically, through
utilization of carbon of old organic matter and its subsequent
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respiration in the form of CO2 by microorganisms (Wang et
al., 1994). A second factor is diagenetic recrystallization of
carbonate in soil in the course of pedogenesis (Pendall et al.,
1994; Pustovoytov and Leisten, 2002; Khokhlova et al.,
2004). Furthermore, if the whole material of pedogenic
carbonate is dated, interpretation of radiocarbon age can be
difficult because of varying rates of carbonate accumulation
during the time of soil formation (Amundson et al., 1994;
Wang et al., 1996). At Göbekli Tepe, three regularities
suggest that secondary carbonate laminations did form in
carbon isotopic equilibrium with soil CO2 without substantial
contribution of primary limestone carbonate or diagenetic
recrystallization of pedogenic carbonate (Table 1, Figs. 3 and 4).
First, all dates for the innermost lamina on stone construc-
tions are generally younger than the estimated age-con-
straints for their archaeological contexts, and they uniformly
decrease with decreasing context age. Second, except for
sample L9-76, there is a high degree of consistency between
the 14C ages obtained for the oldest coating laminae from
the same PPN contexts. Such a conformity is unlikely to
result from a coincidental equality of concentrations of
carbon from a variety of sources (such as soil carbon dioxide
and limestone) and can be best explained in terms of
formation of secondary carbonate in isotopic equilibrium
with soil CO2 at an early stage of pedogenesis. Because of
the limited number of dates, currently it appears difficult to
explain the variance in the measured ages of the oldest
microlayers of pedogenic carbonate, such as the compara-
tively young 14C age in sample L9-76. We hypothesize that
it may reflect differences in the time when carbonate
accumulation began, small variations in the thickness of
bored-out microlayers, discontinuities of individual laminae
of pedogenic carbonate or differences in their accumulation
Table 1
Radiocarbon ages of microlayers of pedogenic carbonate coatings

Trench Archaeological
context

Microlayer Laboratory
number

Age
(14C y

L9-66 PPNA-EPPNB Oldest Ua-19562 8960
L9-66 PPNA-EPPNB Middle KIA-23389 5450
L9-66 PPNA-EPPNB Youngest KIA-23388 4045

L9-80 MPPNB Oldest KIA-26168 8625
L9-80 MPPNB Middle KIA-26274 4640

L9-80 MPPNB Youngest KIA-26273 3735

L9-80 Pre-PPNA Youngest KIA-28405 10210
L9-65 PPNA-EPPNB Oldest KIA-26021 9020
L9-76 PPNA-EPPNB Oldest Ua-19561 8430

L9-79 PPNA-EPPNB Oldest KIA-25373 8895
L10-71 MPPNB Oldest KIA-26169 8440

L9-56 Post-MPPNB Oldest KIA-28033 7180

L9-87 Post-LPPNB Oldest Ua-21416 6405

*Calculated for 14C ages of microlayers from L9-66 and L9-80 to ease correlation (
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rates. An extended data set would be needed to answer this
question.

The third regularity is that two sequences, each including
three microlayers, demonstrate a distinct decrease in radio-
carbon ages from the inner to the outer secondary carbonate
laminations. There is also a reasonably good agreement in the
ages between the two middle coating microlayers and the two
outer (youngest) laminae.

Although we cannot exclude diagenetic alteration of
pedogenic carbonate that could lead to 14C contamination,
a relatively old age—10,210 14C yr BP—of the youngest
microlayer of the pre-PPNA coating suggests that such a
process is unlikely to have substantially affected the radio-
carbon ages of pedogenic carbonate accumulations. Further-
more, diagenetic radiocarbon contamination would be hard to
reconcile with the close agreement between the two 14C ages
for the youngest laminae of coatings L9-66 and L9-80 from
different trenches of the site. For the innermost microlayers ,
the probability of diagenetic alteration is even lower than for
the outermost ones because of the protective role of younger
laminae. It is thus not surprising that all dates for the
innermost lamina are concordant and that their 14C content is
relatively low and typical for early Holocene carbon-
containing materials. A consideration of the set of 14C
dates for secondary carbonate coatings therefore leads to the
conclusion that the measured radiocarbon ages approximate
the time of formation of individual microlayers of pedogenic
carbonate.

Two successions of microlayers in coatings L9-66 and L9-
80 suggest that the accumulation of pedogenic carbonate
occurred mostly in the early Holocene and ceased late in the
mid-Holocene. The radiocarbon ages of the innermost
carbonate microlayers strongly indicate an almost simulta-
r BP)
Calibrated age (cal yr BP)
(2σ-range)

Probability,
%

Mean
weighted*

±85 10,250–9750 95.4 10,000
±35 6310–6170 95.4 6240
±35 4790–4760

4620–4410
3.6
91.8

4525

±45 9730–9520 95.4 9625
±30 5470–5350

5340–5300
76.8
18.6

5234

±30 4230–4200
4160–3980

2.4
93.0

4074

±50 12,350–11,600 95.4 –
±30 10,240–10,150 95.4 –
±80 9550–9260

9170–9150
93.9
1.5

–

±55 10,210–9770 95.4 –
±40 9540–9400

9350–9320
90.5
4.9

–

±40 8120–8080
8050–7930
7900–7870

9.0
80.2
6.1

–

±70 7440–7180 95.4 –

Fig. 8).
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Figure 3. Pedogenic carbonate coatings on stones from archaeological contexts at Göbekli Tepe and their 14C ages. Arrows connect the photographs of cross sections
of pedogenic carbonate coatings (a–h) with their sampling locations on the map of the excavated area and relief of the mound (Kurapkat, 2004) (i). Isotypes are
shown by dark grey lines on the light-grey field around the excavation trenches; the height is given in meters above the sea level. Black bars show the positions of
profiles G-1-02, G-4-02, G-1-01, G-2-01 and G-3-01 tested for δ13C of soil organic matter (Fig. 6). All cross sections show the coatings in their natural orientation,
i.e. on the undersides of stones. Scale in coating photographs in mm. Note that most of the coatings are darker pigmented than the limestone (presumably through soil
organic matter). White lines in the coating photographs indicate the microlayers sampled and dated with 14C method. Radiocarbon ages are given uncalibrated in 14C
yr BP.

Figure 4. Comparison of the calibrated radiocarbon ages of the oldest laminae of
pedogenic carbonate coatings with expected age ranges of archaeological
contexts. 2σ intervals of radiocarbon ages on secondary carbonate presented as
black bars. The chronology of PPN periods is given after Aurenche et al. (2001).
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neous start of coating formation, which most probably
corresponds to the beginning of soil formation on the surface
of buried stone constructions. The 14C ages imply that the
coating thickening was non-linear in time: the second half of
the coating thickness grew over the order of 1000–1500 yr
with a mean rate of about 1.5–2 mm/ka (taking the coating
thickness to be 5 mm), whereas the first one accumulated
over a period of some 4000–5000 yr suggesting a mean
growth rate of approximately 0.6–0.7 mm/ka. We assume
that climatic changes in the early to mid-Holocene governed
the coating growth. Higher rates of pedogenic carbonate
formation during the mid-Holocene can be explained by a
change to more humid climatic conditions, which could have
caused an intensification of carbonate leaching from the
upper parts of soil profiles and, as a consequence, an
enhanced supply of bicarbonate solution to the Bk horizons.

https://doi.org/10.1016/j.yqres.2007.01.002


Figure 5. Stable isotopic composition of carbon and oxygen in two successions of pedogenic carbonate microlayers, L9-66 and L9-80, and their collection sites at
Göbekli Tepe. (a) Stone wall in trench L9-80; arrows show the sampling locations of coating L9-80 and of the pre-PPNA coating. Note that prior to excavation, the soil
surface was located some 30 cm above the uppermost stone row; scale length on top of wall 24 cm. (b) Cross section of a fragment of the coating L9-80: pc—
pedogenic carbonate laminations, ls—primary limestone, gp—gypsum (used for stabilizing the sample prior to sawing); scale in mm. (c) A pre-PPNA secondary
carbonate coating covering the upper side of a stone; the 14C age is for the outer microlayer of the coating; scale in cm. (d) The δ13C and δ18O values (‰) of pedogenic
carbonate microlayers in coating L9-80 with 14C ages of the oldest, middle and youngest microlayers; numbers indicate peaks discussed in text. (e) Stone wall in trench
L9-66; arrow indicates the sampling point of coating L9-66. Visible scale length 1 m. (f) As in panel b for coating L9-66. (g) As in panel d for coating L9-66. All ages
are given as uncalibrated 14C yr BP.
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Analogously, the termination of accumulation of pedogenic
carbonate is assumed to reflect an increased aridity of
climate.
Figure 6. δ13C values of soil organic matter in profiles shown in Figure 3i.

rg/10.1016/j.yqres.2007.01.002 Published online by Cambridge University Press
Stable isotope composition of carbon and oxygen in sequences
of pedogenic carbonate microlayers

δ13C values
The δ13C values for pedogenic carbonate in two succes-

sions of pedogenic carbonate microlayers (Fig. 5) support the
conclusion made above, based on the 14C ages, that pedogenic
carbonate forms in equilibrium with soil CO2 in terms of
carbon isotopes. The δ13C is of the order of −10‰, which is
distinctly more negative than that of the limestone and about
15‰ higher than the δ13C values of soil organic matter
(around −25‰) (Figs. 6 and 7). Such a difference between
Figure 7. Comparison of the stable carbon composition of pedogenic carbonate
(pc) with that of soil organic matter (som) and primary limestone (ls).

https://doi.org/10.1016/j.yqres.2007.01.002
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δ13C values of pedogenic carbonate and soil organic
substances strongly indicates that the principal source of the
inorganic carbon in secondary coatings is CO2 respired by
plant roots and soil microflora (Cerling, 1984; Cerling et al.,
1989).

Both studied successions of pedogenic carbonate laminae
display a general trend towards more positive δ13C values
from the first half of the Holocene to the mid-Holocene (Figs.
5 and 8). The similarity in tendencies between two coatings
suggests that pedogenic carbonate at the site is most likely to
have recorded paleoclimatic signals. A more detailed
consideration reveals that every curve has several pronounced
minima: 1 and 2 in curve L9-80 and 2, 4 and 5 in curve L9-
66. There are also some distinct positive peaks in curve L9-
66, which are 1, 6 and (less pronounced) 3. Positive peaks in
curve L9-80 (3 and 4) are less pronounced; curve L9-66 has
more abundant peaks than L9-80. At present it remains
unclear whether this difference reflects local conditions of
secondary carbonate formation, or is due to a more detailed
sampling of the coating from trench L9-66.

Since the carbon isotopic composition of pedogenic
carbonate at Göbekli Tepe is controlled by soil CO2, several
possibilities can explain positive shifts in δ13C values of
pedogenic carbonate laminations:
(1) Increase in C4 plant biomass (Nordt et al., 1996, and

references therein; Sage, 2001, and references therein). The
proportion of C4 plant biomass during the Holocene at Göbekli
Tepe was presumably low, as exemplified by the δ13C values of
Figure 8. Comparison of the isotopic signatures in pedogenic carbonate laminations o
Main phases of the coating growth rates. (b) δ13C and δ18O curves for microlayer su
numbers correspond to those in Figure 5d, g; radiocarbon chronology is presented as
between the curve forms here and those in Figure 5. (c) Summary of interpretation of t
in calendar years BP. (e) Slightly simplified representations of some other proxy reco
part of the sea; Rossignol-Strick, 1999), the Levant (stable isotopic composition of spe
Kaufman, 1998), the Dead Sea (fluctuations of the water level; Frumkin and Elitzur, 2
Goodfriend, 1999), central Anatolia (terrestrial sediment sequences on the Konya P
Acigöl; Roberts et al., 2001) and Lake Van (pollen and geochemical cores; Wick et
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soil organic matter (Ambrose and Sikes, 1991; Mora and Pratt,
2002) (Fig. 6). However, even if minor, an admixture of C4
plants might have caused an increase in δ13C of pedogenic
carbonate (characteristic carbon isotopic signatures in C3 and
C4 plants (Cerling and Quade, 1993) suggest that a δ13C
increase of pedogenic carbonate of about 2‰ corresponds to a
ca. 15% increase in the proportion of C4 biomass).
(2) Specific photosynthetic reactions of C3 vegetation. An

increase in δ13C values of tissues of C3 plants, for example, can
be due to environmental conditions such as water stress
(Williams and Ehleringer, 1996; Araus et al., 1997; Warren et
al., 2001; Ferrio et al., 2003), deterioration of low temperatures
(Körner et al., 1991) or a decrease in the canopy effect (Schleser
and Jajasekera, 1985; Tieszen, 1991).
(3) Decrease in soil respiration rates. Lower soil respiration

rates result in higher δ13C values of soil CO2 and pedogenic
carbonate (Cerling, 1984, 1991).
(4) Decrease in the density of the vegetation cover. It is

assumed that soil air can be enriched in CO2 of atmospheric
origin and thus increase δ13C values of pedogenic carbonate if
the density of vegetation over a soil is low (Wang et al., 1996;
Monger et al., 1998).

Some of these explanatory options (3 and 4) do not reconcile
the generally more positive composition of stable carbon
isotopes in pedogenic carbonate at Göbekli Tepe in the mid-
Holocene with the higher intensity of secondary carbonate
accumulation during that period. Furthermore, it would be also
difficult to attribute the higher δ13C values of coating laminae to
n stones at Göbekli Tepe with some other proxy records from the Near East. (a)
ccessions of pedogenic carbonate; dotted line—L9-80, solid line—L9-66; peak
weighted mean values of calibrated 2ó intervals BP (Table 1); note the difference
he properties of pedogenic carbonate coatings on stones. (d) Holocene time scale
rds from the region: the Mediterranean Sea (deep-sea pollen cores in the eastern
leothem calcite in the Soreq Cave; Bar-Matthews et al., 1997; Bar-Matthews and
002), the Negev Desert (stable isotopic composition of shell calcite in land snails;
lain; Fontugne et al., 1999 and pollen and geochemical cores from Lake Eski
al., 2003).
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a water stress (one of the options in (2)). As shown below, this
general trend is attributable to an increase in the proportion of
C4 flora but the short-term early Holocene δ13C fluctuations
probably need a more complex explanation.

δ18O values
δ18O of pedogenic carbonate is determined primarily by

the oxygen isotope composition of local meteoric water and
may involve evaporative effects (Cerling, 1984; Cerling and
Quade, 1993; Amundson et al., 1989, 1996 Quade et al.,
1989; Liu et al., 1996). The δ18O values of secondary
carbonate coatings at Göbekli Tepe vary between −11‰ and
−7.5‰, with most of them between −9‰ and −8‰ (Fig. 5).
There is a general increase in δ18O values from the oldest to
the youngest laminae. The values in curve L9-80 are mostly
less negative than in curve L9-66. The latter also displays
several distinct negative excursions (peaks 1, 2 and 4), of
which the last is especially pronounced and represents an
unconformity with the general tendency of increasing δ18O
values in the course of coating growth. In interpreting these
data, it is safe to assume that the 16O/18O ratio of pedogenic
carbonate was negligibly affected if at all by evaporative
isotopic phenomena in soil, which are mostly restricted to the
uppermost 20–30 cm of a soil profile (Liu et al., 1996; Hsieh
et al., 1998).

The generally higher δ18O values in the youngest pedogenic
carbonate laminations suggest a gradual enrichment of the local
meteoric water with 18O. For the eastern Mediterranean region,
two major factors are supposed to influence an increase in δ18O
of meteoric water: an increase in air temperatures or a decrease
in precipitation (Bar-Matthews et al., 1997; Goodfriend, 1999).
The contribution of each of these factors is difficult to estimate
because most precipitation falls as winter rains and an increase
in humidity is expected to produce a similar oxygen isotopic
signal as lower air temperatures (Bar-Matthews et al., 1997).
Theoretically, changes in original source of moisture in
atmospheric precipitation may also lead to shifts in δ18O values
of meteoric water (Amundson et al., 1996; Gat, 1996, and
references therein), but this is supposed to have been rather
unlikely for the region (Stevens et al., 2001).

If one assumes that atmospheric precipitation was the major
factor responsible for the oxygen isotopic composition of
pedogenic carbonate at Göbekli Tepe, it would remain unclear
why the rates of the coating growth rates were higher in the mid-
Holocene than in the early Holocene. Therefore, it seems
reasonable to suppose that the oxygen isotopic ratios in
atmospheric water and further in pedogenic carbonate were
controlled primarily by the air temperatures.

Quantitative temperature estimations for the time of
formation of pedogenic carbonate are difficult because of a
number of unknown parameters (Cerling and Quade, 1993).
However, model relationships between δ18O of pedogenic
carbonate, δ18O of precipitation and air temperature (Sie-
genthaler and Matter, 1983; Jiamao et al., 1997) suggest that the
coating formation in the mid-Holocene might have proceeded
under temperatures up to 5 °C higher than in the early
Holocene.
rg/10.1016/j.yqres.2007.01.002 Published online by Cambridge University Press
Comparative consideration of the δ13C and δ18O records and
their paleoecological interpretation

A high correlation between δ13C and δ18O in many soils is
attributed to the fact that the C4 photosynthetic pathway is
favoured by higher temperatures (Cerling and Quade, 1993).
This model notion provides a simple explanation for the general
increase in both δ13C and δ18O values of pedogenic carbonate
at Göbekli Tepe from the early Holocene to the mid-Holocene
laminae and for the fluctuations in the mid-Holocene δ13C and
δ18O values (Fig. 8). Given the higher coatings growth rates in
the mid-Holocene, these tendencies can be interpreted as
warmer and wetter climatic conditions around the mid-
Holocene as compared to the early Holocene.

However, this interpretation seems contrary to the isotopic
values of the early Holocene pedogenic carbonate microlayers.
For sample L9-66, the carbon and oxygen isotopic shifts are the
reverse of each other between roughly 10,000 and 6000 cal yr
BP, which is especially distinct if one compares peaks 1 and 3 of
the δ13C curve with peaks 1 and 2 of the δ18O curve,
respectively (Fig. 8). A similar tendency is observed in sample
L9-80, while much weaker pronounced and only within the first
2–3 kyr of secondary carbonate accumulation: peaks 1 of both
δ18O curves. This regularity is unlikely to originate from
changes in the proportion of C4 flora at the site because neither
decrease in air temperature nor increase in precipitation (which
could theoretically be responsible for more negative δ18O
values) are expected to result in an increase in C4 plant biomass.
Presumably some other factors, such as changes in soil
respiration rates or/and in the intensity of C3 photosynthetic
carbon isotope fractionation (see above), could have determined
the carbon isotopic composition of soil CO2 at Göbekli Tepe in
the early Holocene. We suggest that lower temperatures in some
periods could have led to reduction in soil respiration,
photosynthetic fractionation of carbon isotopes, or both.

In the following we summarize the evidence presented above
and propose its paleoenvironmental interpretation (Fig. 8). It
should be noted that since in each coating there were only three
microlayers with numerical ages, the dating of the periods is
based on the assumption of a steady coating growth between the
dated microlayers and thus is a provisional model. Further dates
will probably lead to a corrected chronology of the secondary
carbonate accumulation.

Early Holocene (about 10,000–6000 cal yr BP). This stage is
characterized by a relatively low accumulation rate of
pedogenic carbonate on stones and distinct opposite trends in
the carbon and oxygen isotopic curves—a decrease in δ13C and
an increase in δ18O values with several oppositely directed
peaks. The peaks are especially pronounced in the oldest part of
the microlayer sequence. The most probable paleoecological
scenario for the early Holocene is a general increase in air
temperatures and a gradual transition towards a more stable
climate. We do not see any reason to assume a contribution of
CO2 respired by C4 vegetation, which should have produced a
reverse direction of the δ13C peaks. After a phase of progressive
depletion in 13C over the first 1–2 kyr since the beginning of
accumulation of pedogenic carbonate, soil CO2 had reached a
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minimum in δ13C values, which may reflect either maximum
respiration rates, most intensive photosynthetic carbon fractio-
nation or both. Ecologically, this implies some favourable
combination of plant-growth conditions, although it is difficult
to differentiate between individual factors. Isotopic signals
reflect a persistence of this state of environment with some
fluctuations over a period of 2–2.5 kyr. Changes in humidity/
aridity during this period are difficult to assess.

Mid-Holocene (about 6000–4000 cal yr BP). The rate of
coating growth during most of this period was substantially
higher than in the early Holocene, presumably reflecting an
increase in humidity. In contrast to the preceding period, the
δ13C values of pedogenic carbonate are higher and correlate
well with the δ18O values. The carbonate material is generally
enriched in 18O in comparison to the first part of the microlayer
sequence, suggesting increased air temperatures. At one of the
final stages of the formation of coating L9-66, there was also
one dramatic negative δ18O excursion (peak 4), originating
from a very short cold or humid episode. The fundamental
change in the character of relationship between δ13C and δ18O
at the transition to the mid-Holocene can be best explained in
terms of an advent of C4 component in the local vegetation,
presumably stimulated by increased air temperatures. Currently,
we have no explanation for the change between the two periods,
but one can envision that climatic conditions might have
reached a certain temperature threshold near the end of the first
period of secondary carbonate formation and became a factor
favourable for C4 plants despite increased precipitation.

About 4000 cal yr BP the climate changed irreversibly to
more arid conditions. Since the coating growth ceased, no
further indications of temperature regime are available for the
last 4 kyr.

Comparison with other proxy records in the Near East and the
eastern Mediterranean

In general, comparing diverse paleoclimatic records from the
region is complicated by several factors: (1) the scarcity of
palynological sources, which in turn reflects the low amount of
sediments suitable for pollen analysis; (2) insufficient dating of
pollen diagrams where they exist and have been studied; and (3)
dissimilarity of different proxies (e.g., speleothems and pollen)
in their sensitivity to environmental changes. For comparison
with the coating record from Göbekli Tepe, we selected some
Holocene paleoclimatic records from the Mediterranean Sea,
the Levant, central Anatolia and south-eastern Turkey that are
well-supplied with numerical dates (Goodfriend, 1999; Ros-
signol-Strick, 1999; Bar-Matthews et al., 1997; Bar-Matthews
and Kaufman, 1998; Frumkin and Elitzur, 2002; Fontugne et al.,
1999; Roberts et al., 2001; Wick et al., 2003) (Fig. 8). There are
two common features in the character of environmental changes
at these sites in the course of the Holocene (Fig. 8). First, all
records suggest relatively humid climatic conditions in the early
and/or mid-Holocene, in contrast to a relatively arid climate in
the late Holocene. Second, the timing of the humid phases
(“optima”) at different sites probably differed.
oi.org/10.1016/j.yqres.2007.01.002 Published online by Cambridge University Press
As a paleoecological proxy, the secondary carbonate lamina-
tions on stones at Göbekli Tepe seem to be in good agreement
with the other records from the region. In addition, paleohy-
drological data by Wilkinson (1999) indicate a change from
moderate perennial flows in the early Holocene to stable flows as
well as higher water tables in the mid-Holocene at several sites in
southern Turkey and northwestern Syria. However, after ca.
4000 cal yr BP there was a decline in the flow stability with a
shift to a more erratic flow and accelerated channel aggradation.
Of special interest is the geoarchaeological evidence from
Kazane Höyük located in close proximity to Göbekli Tepe,
suggesting a mid-Holocene environment moister than at present,
which gave way to drier conditions at the transition from the
Early to Middle Bronze Age, at approximately 4000 cal yr BP
(Rosen, 1997). The dry period in the region largely appears to
have started with (or even triggered by) the so-called “4.2 ka BP
event” (Weiss et al., 1993; Cullen et al., 2000; Courty et al., 2005;
Riehl and Bryson, in press).

The record in coatings shows the most resemblance to the
lacustrine sediment sequence from Lake Van (Wick et al., 2003)
with respect to the Holocene climatic optimum (highest
moisture availability) between approximately 6000 and
4000 cal yr BP. The 10- to 8-ka-old layers in this lake are rich
in charred plant remains (mostly grass epidermis) bearing
witness to steppe fires which, in turn, could be indicative of
drought episodes of various intensity or frequency (Wick et al.,
2003). Charred plant tissues are characteristic of the oldest 1/5–
1/3 of the succession of secondary carbonate microlaminae at
Göbekli Tepe. Although the mechanisms of deposition and
preservation of charcoal particles in lake sediments and in a soil
are different (requiring in the latter case a vertical transport from
the soil surface to the Bk horizon), one cannot exclude that their
presence in the coatings reflects similar paleoecological events
in the region as the charred phytogenic material in Lake Van.

The similarity of the record from Göbekli Tepe to that at
Lake Van suggests that much of the northern Fertile Crescent in
the early through mid-Holocene might have represented an
essentially uniform area in its own right in terms of the
geography of environmental patterns, which in turn might have
had their consequences for the agricultural origins.

Potential of approach for Quaternary studies in the Near East

The resolution of isotopic record from secondary carbonate
microlayers is low when compared, for example, to the well-
dated lacustrine sediment sequences cited above. Numerical
chronology of each succession of laminae here is restricted by
only three 14C dates. Furthermore, radiocarbon dating of
pedogenic carbonate still remains a rare practice in Quaternary
studies and involves significant uncertainties. However,
pedogenic carbonate coatings on stones have a high potential
for Quaternary research in two respects. First is their role as
paleoecological indicator for regions lacking other proxies. At
Göbekli Tepe, two coatings provide a picture of environmental
history in situ which is consistent with independent paleocli-
matic evidence from the region. Moreover, in contrast to pollen
cores, pedogenic accumulations of carbonate on stones
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represent a proxy record in situ and thus can help explain
environmental paleopatterns of a territory. Another aspect of the
potential use of secondary carbonate laminations is that they can
contribute to age determination of soils, sediments and
archaeological contexts, in cases where other dating tools
cannot be used. Obviously, a careful pedological examination of
a context should be preformed prior to sampling and dating
procedures in order to minimize possible hazards (e.g.,
sampling coatings on re-deposited stones). In the Near East,
the perspectives of applications of secondary carbonate coatings
are especially promising for mountain and hilly landscapes like
Upper Mesopotamia, which are rich in stony soils with
pedogenic carbonate accumulations.

Conclusions

Pedogenic carbonate coatings on stones at the Pre-Pottery
Neolithic site Göbekli Tepe represent a new proxy record for the
early-mid Holocene in the northern Fertile Crescent. They
formed as a result of pedogenesis and cover the undersides of
stones in architectural structures, convex elements of relief
representations on megalithic pillars and clasts of the fill. A
combination of radiocarbon and the stable carbon and oxygen
isotope data from two sequences of coating laminae suggest
continuously increasing temperatures at Göbekli Tepe during
the early Holocene (ca. 10,000–6000 cal yr BP). In the mid-
Holocene (ca. 6000–4000 cal yr BP), the ecology of the site was
presumably characterized by its maximum humidity and
generally higher temperatures than in the early Holocene. At
around 4000 cal yr BP, the climate conditions became relatively
dry and never returned to their early to mid-Holocene state in
terms of humidity. This model of environmental development in
the surroundings of Göbekli Tepe is consistent in its main
features with a wide range of environmental proxy records from
the eastern Mediterranean and the Near East but appears to give
the best fit to the paleoclimatic scenario at Lake Van.
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