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1. Introduction

This supplementary material comprises information of the principles of Sr isotope dating. 

Additional information on the Sr dating is given below, extracted in edited form from McCay (2010).

2. Principles of Sr dating
87Sr/86Sr isotope analysis is based on the principle that the 87Sr/86Sr ratio in oceanic water is uniform at any given time due to the residence time of strontium (~3 Ma) being much longer than oceanic mixing times (<1000 years) (Brass, 1976; Broecker & Peng, 1982; Miller et al., 1991; McArther, 1994; Flecker et al., 1998). Even water masses with relatively restricted marine circulation, for example, the Mediterranean today, or subject to high fluvial input exhibit this global oceanic Sr isotope signature (DePaolo & Ingram, 1985; Müller & Mueller, 1991).

    The variation of the 87Sr/86Sr ratio in ocean water though time is controlled by three processes: 1) River runoff (87Sr/86Sr = 0.711) (Brass, 1976); 2) Hydrothermal input (87Sr/86Sr = 0.703) (Brass, 1976) and 3) Carbonate dissolution (87Sr/86Sr = 0.07-0.709) (Palmer & Elderfield, 1985). Continental weathering and river runoff, with their high detrital flux, act to raise the 87Sr/86Sr of seawater, whereas hydrothermal inputs act to lower it. The dissolution of marine carbonate on the seafloor generally tends to act as a buffer by adding an 87Sr/86Sr ratio similar to that of seawater (Palmer & Elderfield, 1985; Hodell & Woodruff, 1994).

   Originally, the 87Sr/86Sr ratio of the oceans was predicted to increase monotonically through time due to the decay of 87Rb to 87Sr (Wickman, 1948). Radiogenic 87Sr derived from the decay of 87Rb can be disregarded because biogenic carbonate generally contains low concentrations of Rb relative to Sr (providing diagenetic alteration has not occurred) (Elderfield, 1986). For example, uncleaned planktic foraminifera contain 6±2ppm of Rb, whereas their Sr concentration is in the order of 1150±50ppm, resulting in a Rb/Sr ratio of <0.01 (Beets, 1992).

   Recent work has focused on trying to determine and refine the shape of the 87Sr/86Sr curve through time (e.g. Miller et al., 1991; Hodell & Woodruff, 1994; Oslick, Miller, & Feigenson, 1994; Gleason et al., 2002). This is important because the highest temporal resolution is obtained for parts of the ocean water curve that have the highest rate of change of 87Sr/86Sr ratio as a function of time.

   The 87Sr/86Sr ratio of ocean water has been increasing since the Jurassic (Brass, 1976). However, a more rapid rise is observed during the Cenozoic. Two schools of thought exist regarding the controls of the 87Sr/86Sr seawater curve during the Miocene (Fig. 1). One group emphasize the role of tectonics (Richter, Rowley, & DePaolo, 1992), while the other points to the importance of glacial erosion as controlling the flux of radiogenic 87Sr to the oceans (Miller et al., 1991; Hodell & Woodruff, 1994; Oslick, Miller, & Feigenson, 1994). Richter, Rowley, & DePaolo (1992) argued that continental collision between India and Asia was largely responsible for the steep rise in observed 87Sr/86Sr over the past 40 Ma.

   During the Cenozoic the steepest increase in the 87Sr/86Sr ratio was during the Early Miocene. As a result the temporal resolution during this period is ~±0.5 Ma (Hodell, Mueller, & Garrido, 1991; Miller et al., 1991). This is equivalent to, or better than, most biostratigraphic techniques for this time period (Hodell & Woodruff 1994). The slope of the graph continued to increase, although at a shallower gradient, until the Late Miocene (McArthur, Howarth, & Bailey, 2001). During the Late Miocene, the Mediterranean became isolated from the world ocean (Hsü et al., 1973). In isolated basins, sea water 87Sr/86Sr diverged from coeval oceanic values, resulting in anomalous (in this case reduced) 87Sr/86Sr ratios (Flecker & Ellam, 1999; Flecker, de Villiers, & Ellam, 2002, 2002). Thus, Sr dating is not possible for the Messinian of the Mediterranean owing to isolation. Dating is also problematic for the Pliocene because the reference curve shows little observable change during this time period (a time of to rapid glacio-eustatic oscillations) resulting in limited resolution for this time.

   Sr for analysis is readily obtained from biogenic carbonate because this is the main sink of Sr isotopes in the ocean (Brass, 1976). Marine organisms secrete carbonate shells or tests and incorporate Sr dissolved in seawater, but without discriminating between the various isotopes of Sr (Elderfield, 1986). It can, therefore, be assumed that the 87Sr/86Sr ratio in biogenic carbonate accurately reflects the composition of ocean water at its time of formation.

     It has been shown that there is no significant difference in the Sr isotope ratios of benthic and planktic foraminifera, as these both incorporate strontium into their tests in a similar manner (Beets, 1992). Mixed samples of benthic and planktic foraminifera where used. Bulk rock analysis was not considered appropriate because there was a risk of including unknown or reworked components within the sample, especially for samples composed of a mix of marl and terrigenous sediment. Furthermore, there would be an increased risk of including material of post-depositional, diagenetic origin (Hess, Bender, & Schilling, 1986; Richter & DePaolo, 1988).

    Other marine organisms that construct a carbonate shell (e.g. coral, echinoids, oysters) can be used for 87Sr/86Sr analysis. However, these organisms are known to be more affected by diagenesis and so have larger errors than for measurements of foraminifera (Flecker, 1995; Gleason et al., 2002). In this work, only foraminifera were available in large enough numbers for Sr analysis.

3. Methodology
To extract foraminiferal tests from the marls, the whole rock was first soaked in water for 48 hours, then washed through a 63µm sieve until the water ran clear and all of the clay minerals were removed from the sample. If the rock was still too well lithified and still not yielding foraminifera, it was left in water for a further 48 hours, or until the sample had disintegrated sufficiently, followed by repeating sieving. The sample was then placed in an oven at 45˚C, until dry. Samples were then dry sieved through mesh sizes of 325µm, 250µm and 200µm to further remove any large terrigenous fragments or smaller clay particles.

   The terrigenous nature of much of the sediment collected meant that there was a high proportion of silt and fine sand present in the samples, which was problematic for several reasons. First, this sediment was not ideal for the preservation of foraminifera, resulting in low yields of material suitable for Sr isotope analysis. Secondly, removal of terrigenous material was difficult to achieve because of the quantity and small size of the grains present.

   Planktic and benthic foraminifera specimens were carefully selected, with those that appeared to be abraded or with encrustations of material, dark infills of pyrite or clay minerals, being excluded from the analysis.

  Samples were next weighed and placed in Teflon beakers. Clays were removed from the samples by adding 1 ml of 1-molar ammonium acetate to the beakers, and then allowed to stand for two hours. This process allowed clays and associated Sr which had adhered to the foraminiferal tests to be leached and removed. The liquid and dispersed clay material was then pipetted off. The remaining solids were then rinsed twice with 1ml of milli-q water to remove any residual ammonium acetate. They were then dried on a hot plate.

   Various cleaning methods can be employed to remove surfical clay material (Flecker, 1995; Boulton, 2006). Because of the relative rarity of suitable foraminifera yielded from the sediment samples selected for dating, the method of cleaning used during this study was designed to be gentle and not cause disintegration or damage to the foraminifera. Only initial chemical cleaning was carried out, with the use of an ultrasonic bath being deemed too vigorous a cleaning method to use on limited and delicate samples.

   Specimens of cleaned and uncleaned foraminifera were observed under a scanning electron microscope (SEM) to examine the result of the cleaning process. This showed that the cleaning had removed a large amount of superficial contaminants including coccolith material. However, some adherents may have been partially lithified so it is unlikely that all possible contaminant material was removed.

Chemistry

   The method of extraction of Sr is a modification of that reported by Henderson et al (1994). After drying the clean foraminifera were then digested. One ml of 2.5 molar HCl was added to each sample and left to stand for at least 2 hours to ensure complete dissolution. The resulting solution was decanted into centrifuge tubes and centrifuged for three to five minutes to settle out any undigested particulates. The Teflon beakers were then cleaned by rinsing with milli-q water. The resulting solution was then pipetted from the centrifuge tubes and returned to the cleaned Teflon beakers, making sure that the particulate matter on the side and base of the tubes was not disturbed during this process. Milli-q water was then added to the centrifuge tubes and the process was repeated to ensure the collection of as much of the dissolved sample as possible. The samples were then dried on a hot plate. Once the samples were dry, 1ml of 8 molar HNO3, was added and allowed to stand for 30 minutes.

   Sr isotopes were extracted using a strontium-specific resin. This was first prepared by being allowed to stand in 0.01 molar HNO3 to remove any Sr residue for at least 24 hours. The solution was then be pipetted into the cation exchange columns and the resin was conditioned by adding 1ml of 8 molar HNO3. The sample was then loaded into the column and eluted with 1ml of 8 molar HNO3 to make sure the sample was washed into the resin.

  Removal of Ca and Ba was next achieved by eluting a further 5ml of 8 molar HNO3 into the sample. This was followed by adding 10ml of 3 molar HNO3 to ensure that all of the Ca was flushed from the sample. Once this was complete Sr was collected from the column by eluting 5ml 0.01 molar HNO3. This allowed Sr isotopes that have adhered to the resin to be freed and collected in a 5ml Teflon beaker. The sample was then dried on the hot plate.

  The samples were then loaded onto tantalum filaments and loaded into a 20 sample turret head. The isotope ratios were measured at SUERC on a VG Sector 54-30 mass spectrometer in the Dynamic Multicollection mode with mass fractionation normalized to a 87Sr/86Sr ratio of 0.1194.

4. Calculation of errors
Calculating errors for 87Sr/86Sr analysis involves combining both the analytical error from the chemistry and instrumental methods, and the empirical error, using the LOWESS “look-up table” (Howarth & McArthur 1997). The minimum analytical error that can be applied to the samples is ±0.000020. This is calculated from the 2 standard deviations error on the standard used, NIST SRM987. Individual samples may have instrumental errors that are higher or lower than ±0.000020, but because of the error introduced by the standard used, numbers lower than this are not used. If an individual sample’s instrumental error is higher than ±0.000020 this number should be used to calculate the most reliable error bar.

  The LOWESS “look-up table” has its own empirical errors which need to be considered. These were included in the calculation of error bars by calculating the upper and lower limits, using 2 standard deviations of the analytical error. These numbers can then be read off the LOWESS “look-up table” and the largest range found.

5. Summary of biozones

The chronostratigraphy, used through out this study is derived from to Cande & Kent (1995) and Berggren et al. (1995). The definition of the Global Boundary Stratotype Sections and Points (GSSP) for some of the Stage boundaries of the Lower and Middle Miocene is uncertain. For the Oligo - Miocene boundary (Aquitanian GSSP) we use the Cande & Kent (1995) and Berggren et al. (1995) age of 23.8. The Miocene GSSP indicates that there is no formally definition for the division of the Burdigalian/Langhian boundary; here we refer to the stage boundaries as reported by Wade et al. (2011). The Burdigalian GSSP (Aquitanian/Burdigalian boundary) is close to the Top of Chron C6An (in the middle of Zone M2 of Wade et al., 2011; and Zone M2 of Berggren et al., 1995). The Langhian GSSP (Burdigalian/Langhian boundary) is placed close to the Top of Chron C5Cn (at the base of Zone M5b of Wade et al., 2011, and Zone M5 of Berggren et al., 1995). The Serravallian GSSP (Langhian/Serravallian boundary) is placed within Chron C5ACn (within Zone M7 of Wade et al., 2011; lower Zone M7 of Berggren et al., 1995).The Serravallian/Tortonian boundary should be close to Tc Discoaster kugleri (~11.5). For the uncertain/undefined GSSPs drawing dashed lines have been used. 

6. Summary of previous stratigraphical classifications 

The two figures summarise the Mid-Late Miocene in the northern part of Cyprus, as referred to in the text of the paper.
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Figure S1. Alternative published stratigraphic schemes for the Late Oligocene-Late Miocene sediments of the Kyrenia Range, including the revised stratigraphy based on this work.

[image: image2.jpg]Period|Epoch

Baroz (1979)

Hakyemez et al., (2000)

This Study

Late Miocene

Messinian

c
Rt
(=
[e]
=
<
e

Lapatza
Gypsum

Mermertepe Jipsi

Yazilitepe
Formation

Mermertepe (Lapataza)
Gypsum Formation

Middle Miocene

Serravallian

Trapeza

Davlos
Formation

Trapeza

Mia Milia

Formation 2k ation< Formation

Yilmazkdy
Formation

Dagyolu

Formation
Esentepe

Formation

Yazilitepe Formation

Yilmazkoy Formation

Kaplica
(Davlos)
Formation

Dagyolu
(Mia Milia)
Esentepe Formation
(Trapeza)
Formation





Figure S2. Previous stratigraphies of the Late Miocene. a, Baroz (1979); Hakyemez et al. (2000). Compared to that of Baroz (1979), the stratigraphy of Hakyemez et al. (2000) usefully subdivides the distinctive succession beneath the Messinian gypsum deposits. Hakyemez et al. (2000) believed that the relatively fine-grained Kozan (Trapeza) Formation extended upwards to the Messinian in the western part of the Kyrenia Range. However, during this work equivalents of the distinctive Davlos Formation were observed in this area, prompting the modified stratigraphy shown Fig. S1 and discussed in the text.

During this work we compiled the previous biostratigraphic studies for the Late Oligocene-Late Miocene sediments of the Kyrenia Range mainly using planktic foraminifera, as shown below.
Table S1. Stratigraphy of the Değirmelik (Kythrea) Group according to Baroz (1979) with a listing of the key taxa reported by Baroz and Bizon (1974) and by Hakyemez et al. (2000). Baroz (1979) also used benthic foraminifera especially for the Flamoudi Formation (e.g. Lepidocyclina sp., Miogypisina sp., Miogypsinoides sp., Amphistegina sp., Elphidium sp. and Victoriellidae) to help establish an Aquitanian age.
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The biostratigraphy during this work is based mainly on planktic foraminifera. Planktic foraminifera are sparse and poorly preserved especially in the more terrigenous dominated sequences. However, the main planktic foraminifera that were identified are listed below.

Table S2. Planktic foraminifera that were separated and identified during this work.

Carbonate thrust slice in the Balalan (Platanisso) area

	Location
	Balalan (Platanisso)

	Sample
	GAM 251

	Expected formation
	Tirmen (Flamoudi) Formation

	Species
	Rugoglobigerina scotti

Rugoglobigerina rugosa

Globotruncana arca

Globotruncana ventricosa

Heterohelix sp.

	Derived age
	Campanian-Maastrichtian

	Confirmed formation
	Campanian-Maastrichtian
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