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additional age estimates were needed. Radiocarbon dating had previously been undertaken on 126 

bulk organic and carbonate samples known to be ~500 years old (dated by varve counting), 127 

but these gave apparent radiocarbon ages of 14,320 and 23,450 years BP respectively, 128 

indicating a substantial old carbon reservoir linked to volcanic out-gassing (Jones, 2004). 129 

Pollen and charcoal could not be extracted in sufficient quantities for radiocarbon dating of 130 

these components, and there were no terrestrial macrofossils found in the cores.  131 

Uranium-thorium (U-Th) dating was carried out on two aragonite and four calcite 132 

dominated horizons (Dean, 2014). The use of the U-Th system in lacustrine environments is 133 

predicated on the assumption that carbonates incorporate soluble U from the water column, 134 

but little Th, as the latter is insoluble and found in lower quantities in lake water (Edwards et 135 

al., 2003). However, Th can be incorporated into carbonates at the time of deposition from 136 

detrital material (detrital Th) and from the water column (hydrogenous Th), meaning initial 137 

[230Th/234U] is often not zero, and corrections to single-sample ages and multi-sample 138 

isochrons are required for accurate age determination (e.g. Hasse-Schram et al., 2004). 139 

Samples were processed using a total dissolution approach following Bischoff and Fitzpatrick 140 

(1991) and Luo and Ku (1991). Our analytical protocol was based on Edwards et al. (1987) 141 

with modifications as described in Douarin et al. (2013). This protocol was further 142 

augmented here to ensure complete silicate component dissolution. After initial dissolution of 143 

the carbonate fraction from each sample using HNO3 and isolation from the detritus by 144 

centrifugation, the remaining insoluble silicate component was dissolved in a mixture of 145 

HNO3, HF and HClO4 (all triple-distilled ultra-pure reagents) in an Evapoclean device to 146 

ensure complete dissolution under clean lab conditions. The dissolved carbonate and detritus 147 

fractions were then recombined and U and Th were separated and purified through anion 148 

exchange chemistry. Samples were analysed on a Neptune Plus ICP-MS operating at c. 500-149 

���������9���S�S�P���D�W���D�Q���X�S�W�D�N�H���U�D�W�H���R�I�����������O���P�L�Q���W�K�U�R�X�J�K���D�Q���$�U�L�Gus II desolvating nebuliser. Data 150 



U-Th dating is consistent with them being annual in origin (see below) we have assumed for 225 

the chronology presented here that these are varves as well. From 1038 to 1141 cm the 226 

laminations were often heavily deformed, making counting impossible. Mainly non-227 

laminated sections are found at core depth intervals 598-754 cm, 1965-2053 cm and from 228 

2133 cm to the base of the core.   229 

 230 

Figure 2 231 

 232 

The chronology is summarised in Figure 2 and U-Th data are given in Table A.1 and 233 

Figures A.2 and A.3.  234 

Previous lake sediment studies (e.g. Hasse-Schramm et al., 2004) have shown that U-235 

Th analysis of carbonates that have had their age constrained by other means, for example 236 

radiocarbon dating, provide critical constraints on the impact of potential hydrogenous Th.  237 

When present and unaccounted for, the hydrogenous Th component will result in U-Th ages 238 

that are older than the true age. Testing for the presence of hydrogenous Th was attempted by 239 

analysing the U-Th isotope compositions of carbonate-rich layers at 0ka and 1ka, as 240 

constrained by varve counting. The resulting U-Th data showed that the 0ka and 1ka 241 

carbonate layers unfortunately have high detritial Th content in addition to insufficient 242 

radiogenic ingrowth of 230Th.  No difference between the samples and typical continental 243 

detritus compositions could be determined (Figure A.2). As a result, the magnitude of any 244 

potential hydrogenous Th component at Nar Gölü remains indeterminate and therefore all of 245 

the isochron ages presented here best represent maximum ages for the dated horizons. Figure 246 

A.2 also shows that the turbidite samples from a layer ~6,500 years BP, considered here to be 247 

the most representative samples of end member detritus available and composed of silt- to 248 



�/13Ccarbonate values and varved, calcite and aragonite sediments in the early Holocene (1957-324 

1312 cm; average �±�������Å �D�Q�G�������������Å). �/18Ocarbonate values are fairly stable until increases to 325 

peaks (�±�������Å�����±�������Å���D�Q�G���������Å����centred on ~1600, 1520 and 1450 cm respectively, all 326 

associated with shifts from calcite to aragonite. After ~1300 cm (�/18Ocarbonate �±�������Å��, there is 327 

a sustained rise in �/18Ocarbonate. The rise ends ~800 cm �����������Å����but high values are 328 

maintained, albeit with centennial-scale periods of lower �/18Ocarbonate, until ~350 cm. 329 

�/13Ccarbonate values �U�L�V�H���I�U�R�P�������������Å���D�W��~1300 cm �W�R���!�������Å���a800 cm. Dolomite is present 330 

from ~490-1050 cm, with the periods between ~920-1000,  600-680 and 540-580 cm having 331 

>20% dolomite, precluding �/18Ocarbonate analysis for the reasons outlined in section 3.3. At 332 

~350 cm, there is a large transition to lower �/18Ocarbonate and �/13Ccarbonate and a shift from 333 

aragonite to calcite.  334 

 335 

Figure 3 336 

 337 

5 Discussion 338 

 339 

5.1 Drivers of �/18Ocarbonate at Nar Gölü 340 

  341 

A comparison of meteorological records to �/18Olakewater and �/18Ocarbonate data since 1999 (Dean 342 

et al., 2013; in press), and calibration with meteorological data (Jones et al., 2005), has shown 343 

�/18Ocarbonate from Nar Gölü is a strong proxy for regional water balance (with lower 344 

�/18Ocarbonate values when water balance was more positive, and vice versa). Several factors 345 

support the contention that water balance was the driver of �/18Ocarbonate throughout the 346 

NAR10 record. 347 



seasonality of precipitation (Stevens et al., 2001; 2006), since changes in carbonate 422 

mineralogy, lithology and �/13Ccarbonate can be influenced by changes in water balance but not 423 

directly by the other two factors (Leng and Marshall, 2004). 424 

 425 

Figure 5 426 

 427 

5.2.3 Centennial-�V�F�D�O�H���µ�H�Y�H�Q�W�V�¶���L�Q���W�K�H���H�D�U�O�\���+�R�O�R�F�H�Q�H 428 

 429 

Two main periods of centennial-scale climate change in the early Holocene have been 430 

identified from North Atlantic region palaeoclimate records: the so-called 9.3ka and 8.2ka 431 

�µ�H�Y�H�Q�Ws�¶��(Rasmussen et al., 2006). Climate changes �D�W���W�K�H���W�L�P�H���R�I���W�K�H���������N�D���µ�H�Y�H�Q�W�¶���K�D�Y�H���E�H�H�Q��432 

identified in some Eastern Mediterranean records (Bar-Matthews et al., 2003; Landmann and 433 

Kempe, 2005; Turner et al., 2008), however a lack of high-resolution records means 434 

investigation of other centennial-scale changes in the early Holocene has been limited. The 435 

uncertainties on the U-Th date at 1949 cm mean it is not possible to investigate fully whether 436 

the early Holocene events occurred synchronously in Nar Gölü and NGRIP. However, it is 437 

possible to count through the varved sediments from the start of the Holocene to establish 438 

whether there were any changes in Nar Gölü that occurred the same amount of time from the 439 

start of the Holocene in central Turkey as equivalent changes after the onset of the Holocene 440 

in Greenland. We define the durations of the events simply by eye, following the logic of  441 

Daley et al. (2011) that statistical approaches may not be suitable when comparing such 442 

diverse data sets. 443 

There is a shift to increasing dryness in Nar Gölü ~2,340 varve years after the start of 444 

the Holocene, very similar to the number of years after the start of the Holocene the 9.3ka 445 

cooling trend starts in NGRIP (Figure 6). However, whereas the cooling in NGRIP and other 446 



China (Wang et al., 2001; Ma et al., 2012; Orland et al., in press) (see Figure 1 for locations). 522 

The transition is more gradual in Dongge; differences between the Chinese speleothem 523 

records could be related to differences in the relative influences of the Indian Monsoon and 524 

the East Asian Monsoon, and westerlies, at different sites (Huang et al., 2015). 525 

On the whole, central Turkey was drier when the North Atlantic was cooler: at the 526 

time of the Younger Dryas, at ~9,300 years BP, ~8,200 years BP, ~4,200 years BP and 527 

~3,100 years BP. Slowdowns of North Atlantic thermohaline circulation due to glacial 528 

outburst floods have been suggested as the causes of the Younger Dryas (Teller, 2012), 9.3ka 529 

(Fleitmann et al., 2008; Yu et al., 2010) and 8.2ka (Thomas et al., 2007; Hoogakker et al., 530 

2011; Hoffman et al., 2012) cooling episodes. Although there is no clear climate signal in the 531 

NGRIP ice core ~4,200 and 3,100 years BP, increases in ice-rafted debris in the North 532 

Atlantic known as Bond events 3 and 2 (Bond et al., 1997) occur around these times. A 533 

significant amount of the precipitation that falls in central Turkey has North Atlantic origins 534 

���+�D�U�G�L�Q�J���H�W���D�O�������������������7�•�U�N�H�ú���H�W���D�O������������������so a reduction in cyclogenesis at these cooler times 535 

is likely to have reduced the frequency, and potentially changed the path, of storm tracks 536 

from the Atlantic. A resulting reduction in Mediterranean cyclogenesis is also likely. 537 

Together, this would have led to less precipitation in the Eastern Mediterranean (Bartov et al., 538 

2003; Prasad et al., 2004; Rowe et al., 2012).  539 

The influence of the North Atlantic through ocean and/or atmospheric circulation 540 

could explain peaks in dryness at Nar Gölü at these times, but does not explain why the 541 

excursions ~9,300 and 8,200 years BP last longer in Nar Gölü and other records outside of 542 

the North Atlantic region ���5�R�K�O�L�Q�J���D�Q�G���3�l�O�L�N�H�����������������W�K�D�Q���W�K�H���F�R�R�O�L�Q�J���µ�H�Y�H�Q�W�V�¶���L�Q���W�K�H���1�R�U�W�K��543 

Atlantic. Whilst changes in the North Atlantic are seen as a key driver of Eastern 544 

Mediterranean hydroclimate in the present and past, it has been demonstrated that other 545 

teleconnections are also important, such as Indian Summer Monsoon dynamics (Jones et al., 546 
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Figure captions (all figures black and white only) 1038 

 1039 

Figure 1 Location of Nar Gölü in central Turkey, and the lake, ice and cave sites from which 1040 

key isotope records referred to in this study have been produced. 1041 

 1042 

Figure 2 Age-depth plot for the NAR01/02 and NAR10 master  sequences. The NAR01/02 1043 

chronology was constructed using varve counts (Jones et al., 2005), and the NAR10 1044 

chronology using a mixture of varve counts and two U-Th dates. We use linear interpolation 1045 

for the non-varved sections 598-754 and 1965-2053 cm, and this is signified on the plot by 1046 

the dashed lines. Depths for the NAR01/02 sequence are approximate, as they were taken by 1047 

varve year, not against depth. The sections where there were gaps due to coring are shown by 1048 

the white boxes. 1049 

 1050 

Figure 3 �/18Ocarbonate and �/13Ccarbonate data plotted against depth, with the locations of varved 1051 

and non-varved sediments and carbonate mineralogy also shown. Relatively few samples are 1052 

a mixture of aragonite and calcite, such that >50% calcite is defined as calcite and >50% 1053 

aragonite as aragonite. Where dolomite is present, samples are shown as containing >20% 1054 

dolomite (those samples not run for isotopes) and <20% dolomite (those samples run using 1055 

the selective reaction method). Depths for the NAR01/02 sequence are approximate, as they 1056 

were taken by varve year, not against depth. 1057 

 1058 

Figure 4 �/18Ocarbonate record for the late glacial to Holocene transition at Nar Gölü, with the 1059 

varved section up to the second youngest sample analysed at 3-year resolution. Shifts 1060 

between aragonite and calcite are also shown. 1061 

 1062 














