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Abstract 

Variations in the biotic composition of marine shallow water carbonates document 

global climatic changes. However, a discontinuous stratigraphic record and 

uncertainties regarding the ages limit the significance of shallow water carbonates 

as palaeoclimatic archives on geological time-scales. Notwithstanding these deficits, 

the environmental information stored in the skeleton of reef biota is a unique 

source of information that resolves seasonal to interannual climate variability in 

geological time. Application of the method to corals from carbonate rocks is 

usually restricted to the past 130,000 years, because the aragonite skeleton 

undergoes rapid diagenetic alteration. Consequently, reconstructions resolving 

seasonal to interannual climate variability of the more distant geological time are 

rare. We describe exceptionally well preserved corals (Porites) as old as Late 

Miocene (10 million years) from the island of Crete (eastern Mediterranean, 

Greece). Stable isotope records (δδδδ18O, δδδδ13C) reflect seasonal changes in sea surface 

temperature and symbiont autotrophy. Spectral analysis of a 67 years coral δδδδ18O

record reveals significant variance at interannual time-scales (2 - 5 years) that 

show similarities to Late Quaternary eastern Mediterranean climate variability. 

Supported by simulations with a complex atmospheric general circulation model 

coupled to a mixed-layer ocean model, we suggest that climate dynamics in the 

eastern Mediterranean may reflect atmospheric variability related to the Icelandic 

Low 10 million years ago. 

 

Keywords: Coral record, stable isotopes, interannual climate variation, climate model, 

Late Miocene, Crete, Greece 
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1 Introduction 

Our present understanding of the global climate evolution during the Cenozoic era was 

unlocked principally from deep sea sedimentary archives using environmental proxy 

data reflecting global ice build-up [1, 2], water temperature [3], weathering history [4], 

and carbonate patterns [5]. For the Neogene period, this record allows to tackle 

insolation changes as pacemakers of palaeoenvironmental changes [6] and to establish a 

quantitative chronostratigraphic framework on orbital time-scales [7]. In shallow water 

environments carbonate secreting biota are highly sensible to sea surface temperature 

(SST), salinity and nutrient concentrations [8] and, therefore, have potential to 

document climate changes in the geological record [9, 10]. However, systematic 

application of the method in palaeclimatology is limited, because upon crossing certain 

critical environmental thresholds, the shallow water systems tend to switch from one 

stable condition into an other, and the nature of the palaeoclimatic record of shallow 

water carbonates remains largely qualitative [11, 12]. In addition, Cenozoic carbonate 

platform data suffer from a discontinuous sedimentary record and a limited precision in 

age models [13, 14]. Notwithstanding these limitations, the environmental information 

stored in the skeleton of huge scleractinian corals may add a new dimension to our 

understanding of the Cenozoic climate system, because the massive skeletons of 

colonial corals represent archives of past SST, salinity (SSS) and productivity that 

resolve interannual to subannual time-scales. In historic and prehistoric time, the coral 

record has therefore proven to be an important source of information to study 

seasonality and climatic variations on interannual to interdecadal time-scales [15-18]. 

However, the aragonite coral skeletons are susceptible to various types of mineralogical 

and geochemical alteration, and corals older than the Pleistocene are generally 

recrystallized and transformed from original aragonite into secondary calcite [19, 20]. 
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In this paper, we present seasonally-resolved environmental proxy records using fossil 

Porites corals found in sediments of early Late Miocene age (10 Ma, Tortonian) on the 

island of Crete (eastern Mediterranean Sea; Fig. 1). The massive coral skeletons have 

retained their original aragonite mineralogy, microstructure and skeletal porosity [21]. 

In cross sections and x-ray photographs, conspicuous growth increments represent 

annual density bands known from modern Porites. Growth rates were ~4 mm/year and 

similar to massive Porites from modern high-latitude reefs [22], which reflects the 

position of Crete at the northern margin of the Late Miocene reef belt [23], and the 

warmer than present Late Miocene greenhouse climate [2]. Although the Late Miocene 

palaeoceanography and palaeoclimatic evolution of the Mediterranean is well known on 

geological time-scales [7, 24, 25], little information exists with regard to the subannual 

and interannual climate variability. For the eastern Mediterranean and Middle East, the 

Arctic Oscillation/North Atlantic Oscillation (AO/NAO), the Northern Hemisphere’s 

dominant mode of atmospheric variability [26, 27], exerts not only a major impact on 

the present-day interannual climate variability, but has also played a critical role during 

the Holocene and Last interglacial [28-31]. We have analysed a marine coral stable 

isotope record (δ18O) from the Miocene of Crete that covers a time-span of 67 years. 

Our combined approach based on the coral proxy data and model simulations for the 

Tortonian using the ECHAM4/ML climate model for a world without Greenland ice 

shield [32, 33] provides unique insights into atmospheric variability at interannual time-

scales in the European/Mediterranean region 10 Ma ago. 

 

1.1 Geological context 
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Following the greenhouse climate of the Middle Miocene, stepwise cooling and 

incipient glaciation of the northern hemisphere took place during the Late Miocene [2]. 

During the Late Miocene, 10-5 million years ago, the global palaeogeography and plate 

mosaic arrived at the main traits of the present-day situation. Although at a somewhat 

more southward position (1-3° latitude [45]), the general palaeogeography of the 

Mediterranean Sea was similar to the present-day: it formed a marginal sea of the 

Atlantic Ocean framed by uplifting mountain ranges. An ephemeral sea strait 

intermittently linked the eastern Mediterranean via the Aegean with the Paratethys to 

the north of the alpine orogen system [46]. Coral reef growth over most shallow water 

zones of the ancient Mediterranean Sea and a subtropical vegetation [47], is the obvious 

local expression of a globally warm climate [2]. During the earliest Tortonian, in the 

central Mediterranean province, almost no true reefs but isolated non-framework 

communities of Porites and Tarbellastrea occurred, and no zooxanthellate corals nor 

reefs existed to the west of the Betic-Rifan chain in the Atlantic, nor in the northernmost 

Mediterranean Sea and the Paratethys, whereas coral reef growth has been documented 

only in the western and eastern Mediterranean area. This biogeographic pattern and the 

remarkably low diversity of reef corals (domination by Porites and Tarbellastrea) are 

generally believed to reflect a position of the Mediterranean at the northern limit of the 

global coral reef belt [11, 23].  

On astronomical time-scales, the eastern Mediterranean oceanography was repeatedly 

affected by monsoon [25, 48]. However, with regard to the overall similarity of the 

palaeogeography with the present-day, there might have been a marked influence of the 

Atlantic domain on eastern Mediterranean climate via atmospheric teleconnections and 

ocean circulation patterns [28-31, 44, 49]. 
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1.2 Late Miocene coral environments 

The Tortonian rock section of central Crete starts with clastics of the Ambelouzos 

Formation [50]. Depositional environments were brackish lagoons and marginal marine 

environments. Coarse clastic sediments formed along the coastline, which were 

intermittently colonized by corals forming isolated reef patches and laterally extensive 

carpets. The coral constructions can be taken as an indicator of winter SST not colder 

than 18°C [22]. Consistently, terrestrial floras document a warmer, but also a more 

humid climate than in present-day Crete with a maximum of precipitation during the 

winter [47]. Stratiform lignite concentrations within some segments of the formation 

strikingly document moist climatic conditions, however, a bed with pedogenic lenticular 

gypsum implies a shift from moist to dry climatic conditions over geological time-scales 

during the Tortonian. The Ambelouzos Formation is covered by the more calcareous 

Varvara Formation of early Messinian age (latest Miocene). The early Messinian 

palaeobotanical record documents successive climatic drying [51, 52] but temperatures 

remained sufficiently warm as to sustain reef growth [21, 53]. Finally, a thick gypsum 

unit at the top of Varvara Formation implies environmental restriction in a very dry 

environment for the late early Messinian [50]. 

 

The patterns of early Tortonian coral growth have been studied near the towns of 

Ambelouzos and Agia Varvara, Rouvas municipality (Fig. 1). Laterally extensive beds 

formed by branching or massive corals (Porites and Tarbellastrea) intercalate and 

interfinger with conglomerate and sandstone or siltstone of the Ambelouzos Formation 

formed in coastal environments [50]. Near the small town of Psalidha, the corals form 

sheet-like bodies of metre thickness with no distinct ecological zonation (carpets or 

biostromes) (Fig. 2). The biostromes are stacked vertically to form a carbonate build-up 
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with a simple layer-cake stratigraphy [21], which has been assigned a Sr-isotope age of 

10 Ma [54]. The density, fabric and topography of the last coral biostrome are well 

preserved by a drape of a poorly classified sandstone and conglomerate with a high 

amount of silt. Whereas most of the corals of the build-up have been transformed into 

calcite, some corals of the uppermost biostrome situated along the contact with the 

hangingwall sandstone/conglomerate have fully retained their original aragonite 

mineralogy, microstructure and skeletal porosity (Fig. 2) [21]. From the large size 

(1x1x2 m) and massive growth forms of Porites and Tarbellastrea within this carpet we 

infer a water-depth of less than 20 m [55, 56]. 

 

1.3 Methods 

Two sites with aragonite corals have been found in central Crete near the ancient town 

of Psalidha (Fig. 1). Site 1 is located in a grove with olive-trees, where recently 

ploughing has brought to surface abundant centimetric fragments of corals (Porites,

minor Tarbellastrea). Site 2 is an outcrop at the top of the Psalidha coral build-up with 

decimetric corals preserved in growth position. There, a geological section was 

measured and lithologies were classified according to biofacies and primary 

sedimentary textures. According to fine-scale geological mapping, both coral sites are in 

the same stratigraphic position at the top of Psalidha build-up (Fig. 1). 

 

The fragile aragonite coral skeletons from site 2 were embedded in polyurethane foam 

to prevent disintegration during sampling, transportation and splitting. Slabs and thin-

sections of corals were stained with Feigl´s solution to reveal the distribution of 

aragonite and calcite [34]. Aragonite and calcite concentrations were measured by x-ray 
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diffraction using a Seifert XRD 3000 diffractometer (Mainz University, H.-D. Werner). 

Samples were scanned from 2θ of 20° to 60°. In small specimens, one sample was taken 

for x-ray diffraction (P1, P3, P4), and in a large coral (P2) 5 samples were taken at 

random distances. Under the SEM, broken and polished surfaces of the corals were 

analysed for ultrastructures. X-ray photographs were taken from slabs cut to an equal 

thickness of 6 mm at the Research Center for Ocean Margins, University of Bremen, to 

reveal annual density bands and potential recrystallization effects or cements.  

From a total of 32 coral specimens three samples were selected for a detailed stable 

isotope study according to visibility and thickness of the growth bands (P 2, P 3, P 4). 

Sampling for stable isotope analysis was performed along transects following the most 

rapidly extending primary growth axes in order to minimize variation through potential 

kinetic isotope effects [35]. Small (<10 cm) coral specimens were mounted on a scaled 

movable table below a micro miller to allow for accurate, continuous equidistant 

sampling (depth and distance 1.0 mm, diameter of drill bit 1.0 mm). One large coral 

fragment (P 2, size 30 x 45 cm) was selected to produce a multidecadal isotope record. 

Abundant open, uncemented fractures let this specimen appear too fragile to be sliced 

for x-ray photography and to be mounted on the movable table of the micromiller. 

Therefore, a composite transect of 24.5 cm length was selected according to visual 

inspection of the growth bands in reflected light and preservation state of the skeleton. 

Sampling distance was estimated visually for “continuous point sampling” using a 

micromiller attached to a movable stand and equipped with a 0.6 mm drill bit. Due to 

hole breakouts final borehole diameter was ~0.9 mm producing the minimum amount of 

carbonate powder required for stable isotope analysis (δ18O, δ13C) in a quarterly 

resolution. As compared to modern Porites, the skeleton of our Miocene specimens is 

gracile and very porous. Acquisition of sufficient amounts of carbonate powder was 

therefore the main limitation to high sample resolutions. Stable isotope analysis was 

performed by M.M. Joachimski (Erlangen University, Germany). Carbonate powders 
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were reacted with 100% phosphoric acid at 75°C using a Kiel III online carbonate 

preparation line connected to a ThermoFinnigan 252 masspectrometer. All values are 

reported in per mil relative to V-PDB by assigning a δ13C value of +1.95‰ and a δ18O

value of -2.20‰ to NBS19. Reproducibility was checked by replicate analysis of 

laboratory standards and is better than ± 0.03‰ (1σ). SST and SSS variations were 

calculated according to published equations [31, 36, 37].  

Age models were based on banding couplets and were calibrated against the most 

positive oxygen isotope values measured per annual cycle. A multidecadal coral record 

(P2) was constructed from a total of 5 isolated transects by visual correlation of growth 

bands and overlapping isotope patterns. The multidecadal master chronology was 

selected for spectral analysis to detect potential interannual cyclicity. Prior to spectral 

analyses [38] the original data set was transformed into an equally spaced time-series of 

four samples per year [39] (quarterly resolution), detrended and normalized. 

 

To investigate the physical mechanisms behind the documented interannual climate 

variability in our coral proxy records from Crete and to put it into a large-scale climatic 

context, we analyzed a simulation with a complex atmospheric general circulation 

model coupled to a mixed-layer ocean model (ECHAM4/ML) for Tortonian conditions 

[32, 33]. The spatial resolution of the ECHAM model was T30 (3.75°×3.75°) with 19 

levels for the vertical domain. The set of surface boundary conditions of the Tortonian 

simulation included a generally lower orography and a reconstructed vegetation which 

was characterized by a generally larger forest cover than today [32, 33]. Moreover, 

continental ice was removed on the northern hemisphere (e.g. no Greenland ice shield), 

the land-sea distribution referred to modern conditions, and the atmospheric CO2 was 

set to the present-day value of 353 ppm [32, 33, 40, 41]. To account for a generally 

weaker palaeoceanic heat transport such as represented in Miocene ocean model studies 
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[42, 43], the flux correction of the constant depth 50m-slab ocean model was adjusted 

for the Tortonian simulation [33]. Miocene surface ocean circulation was not affected 

by the shape of the Mediterranean basin [44]. 

 

2 Results 

2.1 Preservation of coral skeletons selected for stable isotope study 

At two locations of the Psalidha build-up, the corals were sampled for detailed 

petrographic and geochemical investigation (Sites 1 & 2; Fig. 1, 2). At Site 2 of 

Psalidha locality, a massive in situ Porites has been found, which measures 1x1x2 m in 

size and which has fully retained its original aragonite mineralogy and skeletal 

microstructures in our samples. The massive skeleton is formed of smaller, 5-10 cm 

wide, laterally fused columns with convex-upward hemispheric growth surfaces (Fig. 

3). The skeleton exhibits fractures, which preferentially formed parallel to the contacts 

of the individual columns. Some of the fractures are filled with light grey, 

cryptocrystalline carbonate, whereas a second generation of fractures has remained 

open. Precipitates and detrital materials, however, are confined to the fractures and do 

not extend into the adjacent skeleton (Fig. 4). 

 

In reflected light, conspicuous “light” and “dark” bands with a wavy form reflect the 

fused-columnar to protuberant growth form of the massive Porites colonies. According 

to x-ray photographs, the couplets of “light” and “dark” bands correspond with 

alternating zones of high and low skeletal density (Fig. 4, 5A, B). The banding couplets 

seen in reflected light and x-radiographs, therefore, have been assigned to the annual 



12 

 12

growth increments well documented from modern Porites corals [57]. Correspondingly, 

the various pieces of coral recovered span periods of 4 years to a maximum of 67 years. 

Growth rates remained at ~4 mm/year and compare well with Porites from modern 

high-latitude reefs [22, 58, 59]. 

 

In thin-section, the skeleton shows a pristine type of preservation, with radially arranged 

bundles of aragonite fibres emerging from centres of calcification. Thin basal 

diaphragms (dissepiments) forming meniscate bridges within the skeleton are clearly 

visible. Diagenetic overgrowths and recrystallizations are not visible at this 

magnification and are therefore volumetrically not significant (Fig. 5A, B). SEM 

micrographs reveal the surface of the skeleton to be either smooth or ragged, the latter 

due to low crystal overgrowths (Fig. 5C, D, F). On the smooth surfaces of the skeleton 

boundaries of fasciculi bundles are clearly visible (Fig. 5E), however, distal faces of 

acicular crystals are smooth and edged showing no sign of dissolution [cf. 60] (Fig. 5E). 

An exception might be the blunt pitted terminations of the crystals themselves (Fig. 5E). 

Due to the complex curved morphology and smooth overall character, these skeletal 

surfaces are interpreted to have formed in immediate contact with the calcioblastic 

tissue of the coral [19], and to have no later overgrowth of cements. Similarly, the tiny 

aragonite crystals (1-2 µm) of the dissepiments do not exhibit any evidence for 

significant dissolution nor significant overgrowth (Fig. 5F). Tips of syntaxial aragonite 

cements (1-2 µm) forming thin crusts are interpreted to represent marine cement formed 

deeper in the coral, after withdrawal of the calcioblastic tissue from the skeleton during 

growth [61], however, volumetrically insignificant (Fig. 5F). In SEM view, fracture 

surfaces of the skeleton reveal a pristine aragonite texture with radial arrangement of 

aragonite fibres. However, centres of calcification and boundaries of fasciculi bundles 

appear to be more or less enlarged (Fig. 5C, D), which both indicates that the skeleton 



13 

 13

has been affected by some dissolution that typically started along the centres of 

calcification [21, 62]. Microborings have no infill with cement (Fig. 5D). Calcite 

cements are not visible within the skeleton, apart from cryptocrystalline carbonate 

infilling fractures (Fig. 4B), and skeletal stable isotope compositions (δ18O, δ13C) are 

reset only immediately adjacent to the fractures [21]. Consequently, calcite 

concentrations are below the detection limits of the x-ray diffraction method in all 

samples (<1%), which reflects a very pristine stage of preservation, despite the age of 

these corals is 10 Ma. Therefore, although some dissolution has occurred, original stable 

isotope signatures have been expected to be preserved (cf. [63, 64]. 

2.2 Coral stable isotope records 

From both coral sites a total of three corals was selected and sampled for stable oxygen 

(δ18O) and carbon (δ13C) isotope analysis (P 2, P 3, P 4; Fig. 1). The small coral 

fragments P3 and P4 were chosen, because they document high annual growth rates. 

Sampling at even 1 mm increments allowed for a quarterly (P 4) and bimonthly (P 3) 

resolution, and time series of 12 and 4 years length, respectively. In all records, the 

stable isotope patterns are within the same spectrum of variation: The mean δ18O

composition found within the short records of corals P3 (-2.59 ‰) and P4 (-2.96 ‰) are 

within the variation present in the 67 years record of coral P2 (-2.69 ‰; Fig. 6, 7). Coral 

P2 was selected because of its large size and 67 years of record, even though its slow 

rate of growth as compared to corals P3 and P4. Continuous point sampling, resulted in 

an average resolution of ~3.7 samples/year, providing a near-quarterly resolution time 

series. 
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The coral δ18O signatures exhibit a cyclic signal which consistently reflects the couplets 

of annual growth bands: maxima coincide with light bands in reflected light or high-

density bands in x-ray photographs, minima with corresponding low-density bands. In 

the high-resolution record (coral P3, P4), the δ18O signal is commonly a series of U-

shaped arcs and is not necessarily a sinusoidal curve, because maxima are forming 

narrow peaks (Fig. 6A, B). Coral δ13C shows a correlation with the density couplets as 

well, but is usually phase-shifted relative to δ18O by about a half isotope cycle. The 

minima in δ13C consistently precede the maxima in δ18O by one data point, i.e. ~2 

months (Fig. 6A). Two parallel records at 3 cm distance analysed with a quarterly 

resolution (P4) reproduce the isotope patterns, and perfectly fit with the density bands 

(Fig. 6B, C). Thus, a quarterly resolution of the isotope records is fully sufficient as to 

document Tortonian seasonality (Fig. 6). 

 

A large coral (P 2; Fig. 3) provides a near-quarterly resolution δ18O time series for a 

time window of 67 years. Apart from an overall δ18O decrease in the order of -0.5 ‰ 

over the 67 years, the interannual coral δ18O variations are in the order of 0.3 to 0.5 ‰ 

(Fig. 7). As documented in the short parallel transects, a quarterly resolution was found 

to give sufficiently similar isotope records (Fig. 6) and, therefore, to properly document 

late Miocene seasonal and interannual variability. This observation is consistent with 

interpretations of interannual variability documented at a quarterly resolution in modern 

coral records [70].  

 

3 Discussion 

3.1 Environmental interpretation of the coral stable isotope records 
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The couplets of light and dark bands so conspicuous in reflected light are consistent 

with the density banding detected in x-ray photographs (Fig. 4, 5) and the stable isotope 

patterns (Fig. 6): Light bands in reflected light are equal the with zones of high skeletal 

density and correspond to the more positive δ18O values of an annual cycle. They 

therefore reflect the suboptimal growth season, i.e. the winter, whereas the thick dark 

bands (reflected light) of low skeletal density correspond to the more negative δ18O

values and therefore represent the summer. The asymmetric, series of arc-type oxygen 

isotope patterns implies, that the cold season is underrepresented due to slow growth 

([65]; Fig. 6A, B). The relationships between coral δ18O, δ13C and the density banding 

pattern are identical to those of modern, shallow-water Porites from the nearby 

northernmost Red Sea [29, 66, 67]. This arid region is the nearest modern analogue and 

is assumed to represent similar climatic/oceanographic conditions (high-latitude reefs, 

maximum sunshine in summer, and clouds and rain in winter). Although 

palaeobotanical records and lithological information from the Ambelouzos Formation 

document extreme hydrological variation over geological time-scales, pure carbonate 

sediments preferentially formed in a rather dry climatic context [53]. Therefore, and 

because mean coral δ18O seasonality in the Crete record (1.14 ‰; Fig. 6) is in the same 

order of magnitude as in last interglacial Porites from the northernmost Red Sea 

(1.27‰/8.4°C; [31]), we assume that the δ18O seasonality in the Crete corals is largely 

controlled by temperature, which would suggest an average SST seasonality of 7.5°C 

[31] for the eastern Mediterranean during the Tortonian (Fig. 6). According to 

Hofrichter [68], the present-day eastern Mediterranean undergoes minor seasonal 

salinity changes as well (<0.5 ‰, equivalent with ~0.14‰ δ18OVPDB seawater change 

[37]), but has a more pronounced SST seasonality (~9°C equivalent with ~1.4 ‰ 

δ18OVPDB change in Porites [31]), which we explain in terms of a slightly more 

southward position of the Mediterranean and globally warmer climate during the 

Tortonian [2, 45]. 
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The seasonal range of variation in coral δ13C and phase shift relative to δ18O is 

interpreted to reflect changes in autotrophy of the coral [69], i.e. less photosynthesis due 

to less sunshine in the suboptimal season and, second, a shallow water setting [67]. The 

latter reconstruction fits the general concepts of Miocene Mediterranean coral zonations 

[55, 56]. Although on an annual scale, light intensity and SST are positively correlated, 

minimum winter temperatures lagged behind the minimum in light intensity by about 

two months (one sample increment). An analogous pattern has been described from the 

northernmost Red Sea, where annual light minima exist in winter (December – 

February), whereas the lowest SST have been encountered during March [66]. All in all, 

these findings rule out the possibility of significant diagenetic modifications of the 

skeleton with respect to stable isotope ratios, because diagenesis tends to homogenize 

isotope signatures [62].  

 

The δ18O long-term trend and interannual variability may reflect not solely variations in 

SST but also in δ18Oseawater as a result of variations in the hydrologic balance and related 

discharge in the marginally marine environment where the corals were growing. In 

addition, the 67 years record in δ18O (P2) fully explains the deviating mean and absolute 

ranges of δ18O within the two short time series (P3, P4; Fig. 6, 7). The presence of such 

a consistent spectrum of variation in δ18O records from both coral sites suggests forcing 

by a specific climatic system variation during growth of the Psalidha build-up in the 

eastern Mediterranean area. Interannual δ18O changes of the same order of magnitude 

were documented in Quaternary Porites from the northernmost Red Sea and the western 

tropical Pacific [31, 71]. 
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3.2 Spectral analysis 

Multitaper method spectral analysis of the coral δ18O time series (P2) reveals significant 

variance at periods of 2.2 and 4.7 years reflecting interannual variations in SST and/or 

hydrologic balance in the eastern Mediterranean during growth of the Psalidha build-up 

(Fig. 8). From the Neogene of the Mediterranean area, this is the only record of seasonal 

and interannual climate variability so far. Interestingly, proxy records (Porites, tree 

rings) of eastern Mediterranean/Middle East climate for the last interglacial, the late 

Holocene and the past centuries consistently show significant variance at periods of 2.1-

2.4, 3.2-3.4 and 5-6 years [28, 29, 31]. The coral-based results from Crete therefore 

suggest that time-scales of interannual climate variability in the eastern Mediterranean 

during growth of the Psalidha build-up may have similarities to the present. 

 

3.3 Modelling Tortonian climate 

The modelled surface air temperature anomalies indicate warmer winters during the 

Tortonian relative to the present in northern Europe and in the western and eastern parts 

of the Mediterranean basin, but cooler winters over the Atlantic. This result is consistent 

with the spatial distribution of earliest Tortonian coral reefs, non-framework colonial 

coral communities and cool water carbonates (Fig. 9A) [53, 59, 72-75]. Interestingly, 

the interannual variability of modelled eastern Mediterranean winter SST during the 

Tortonian is linked to a spatial pattern in the modelled sea level pressure field that 

resembles the present-day Icelandic Low (Fig. 9B), one of the centres of action of the 

AO/NAO. As compared to today, the Icelandic Low in the model is displaced 

southwards and more pronounced relative to the Azores High. The model suggests that 
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the interannual SST variability documented in our Tortonian coral record from Crete 

was linked to the variability of the Icelandic Low, which controlled the intensity of the 

westerlies bringing relatively warm oceanic air from the Atlantic to the Mediterranean 

(Fig. 9B). 

 

The interannual variability in the Tortonian coral δ18O record does not solely reflect 

variations in SST but also in the hydrologic balance. Consistent with the modelled 

winter SST results, the interannual variability of modelled eastern Mediterranean winter 

evaporation is linked to the variability of the Icelandic Low (Fig. 9C). The model 

suggests that the physical mechanism is provided by a high-pressure anomaly over 

southern Eurasia that in turn is related to variations of the Icelandic Low. The high-

pressure anomaly controls the advection of relatively dry continental air from northern 

Arabia towards the eastern Mediterranean. 

 

4 Conclusions and implications 

Corals recovered from the top of the Psalidha build-up (early Tortonian, 10 Ma, central 

Crete) have fully retained their original microstructure, aragonite mineralogy and stable 

isotope composition. Growth bands visible in polished slabs and density bands observed 

in x-ray photographs are in phase with variations in δ18O and δ13C.  The banding, 

therefore, is interpreted to reflect seasonal environmental variability. Seasonal δ18O and 

δ13C variation, however, is phase shifted and reflects seasonality in SST, seawater 

composition and symbiont autotrophy known from modern shallow water corals. 

Beyond seasonal environmental variability, a 67 years coral δ18O record documents for 

the first time Miocene interannual SST fluctuations and/or changes of the hydrologic 
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balance, with significant variance at time-scales of 2.2 and 4.7 years. A simulation with 

a climate model showed that interannual variability of SST and hydrologic balance in 

the eastern Mediterranian during the Tortonian were controlled by atmospheric 

variability associated with the Icelandic Low and a high pressure area over southern 

Eurasia. Our combined coral- and model-based study may therefore suggest 

atmospheric variability with similarities to the present over the Northern Hemisphere 10 

million years ago, in a period when the Greenland ice sheet did not exist. The possible 

future retreat of the Greenland ice sheet [76, 77] along with an expected global 

temperature increase of 1-2 K within the next centuries [78] might provide a possible 

analogous situation to the Tortonian, for which a similar temperature difference from 

today has been estimated [79].  

Clearly, more proxy records that resolve seasonal to interannual climate variability and 

that allow to separate temperature from seawater effects on coral δ18O are needed in the 

future to establish Late Miocene climate patterns. However, our study highlights the 

important contribution that the analysis of shallow water carbonate systems can make to 

Neogene palaeoclimatology and palaeoceanography, and our findings support the idea 

of the Tortonian as a period for cross-validation of palaeoclimate reconstructions and 

climate models to successfully predict future climate. 
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Figures:

Fig. 1. Location of Psalidha fossil reef sites, Rouvas Municipality, Central Crete 

(Greece). (A) Geological overview map; inset shows location of geological map shown 

in (B). Modified from [50]. (C) Detailed geological map of the Psalidha coral build-up 

with locations of coral sites 1 (specimens P1, P3, P4) and 2 (specimen P2). GPS 

coordinates for Coral Site 1: N 35.08446°/E 024.96668°; Coral Site 2: N 35.08424°/E 

024.96094°. 

 

Fig. 2 Weathering profile of Psalidha coral build-up at Coral Site 2. A poorly classified 

sandstone and conglomerate drapes over the surface of the biostrome thus preserving 

the original growth topography. Corals preserved in original aragonite occur along the 

contact of the build-up and coarse clastics. Retention of original aragonite is believed to 

correspond with a tight seal formed by silty sandstone on top of the buildup.  

 

Fig. 3. Cross-section of large fragment of massive Porites (P2) and location of 67 years 

isotope transect. Convex upward “light” and “dark” bands represent annual growth 

bands. Notice abundant fractures orientated preferentially parallel to the original growth 

axes. Squares numbered D1 – 5 show x-ray diffraction samples. Photograph taken from 

wet slab. Psalidha Coral Reef Site 2, early Tortonian. 
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Fig. 4. X-ray photographs (positive print) from two slabs of Coral P2. Alternating bands 

of high (dark colour) and low skeletal density (light colour) are visible. One year is 

represented by one density couplet. Irregular white lines crossing the growth fabrics 

represent fractures. White arrows mark fractures filled with cryptocrystalline carbonate 

(dark shade).  

 

Fig. 5. Microscopic aspects of the coral skeleton. (A) and (B): Thin section 

photomicrograph of the skeleton in reflected (A) and transmitted (B) light showing 

conspicuous couplets of dark and light bands. A: The light material in this photograph is 

the coral skeleton. The skeleton is compact and thick in the light bands (HD) and 

comparatively more delicate and thinner in the dark bands (LD). Dark reflection 

between skeleton is from impregnation with epoxy resin. B: In transmitted plane light, 

the growth banding is hardly visible. Diagenetic overgrowths and recrystallizations are 

not visible at this magnification and are therefore volumetrically not significant. Both 

photographs show same segment of coral P 2. (C) to (F): SEM micrographs from 

fracture surfaces of the skeleton of coral P 2. (C): Overview of pristine aragonite 

textures with radial arrangement of aragonite fibres and dissepiments (DI) showing little 

signs of dissolution nor recrystallization. Centres of calcification have undergone some 

partial dissolution. (D): Close-up from C showing radial arrangement of aragonite 

fibres. The skeleton is affected by abundant microborings, which have not been filled by 

subsequent cementation (BO). The tiny crystallites of the dissepiments (DI) form 

meniscate diaphragms in continuity with fans of aragonite fibres (arrows) and therefore 

represent an original growth fabric. Dissepiments (DI) composed of tiny aragonite 

crystals (1-2 µm) do exhibit little evidence for dissolution. E: Planned-smooth surface 

of the skeleton, formed in contact with the calcioblastic tissue of the coral (MC), not 
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overgrown by cements. F: Thin crusts of syntaxial in vitro aragonite cements (1-2 µm) 

formed deeper in the coral (MC), after withdrawal of the calcioblastic tissue from the 

skeleton during growth. Smooth surfaces (CT) remained, where tissue remained in 

prolonged contact with the skeleton. Note smooth and edged distal ends of aragonite 

fibres at fasciculi boundaries.  

 

Fig. 6. High-resolution Porites-coral stable oxygen and carbon isotopic records (δ18O

and δ13C ‰ vs. V-PDB) from Psalidha coral Site 1. Black horizontal line and gray 

shade show mean and maximum variation in δ18O composition documented in coral P2 

(Fig. 7). A: Four year record with a bimonthly resolution, coral P 3. B: 12 years of total 

record within two parallel transects with a quarterly resolution, coral P 4. C: X-ray 

photograph (positive) showing density bands and location of isotope records shown in 

Fig. 6B. 

 

Fig. 7. Multidecadal (67 years) record of coral δ18O with a near quarterly resolution. 

Porites P 2, Coral Site 2. Black horizontal lines show mean δ18O of corals P3 and P4 

(Fig. 6). 

 

Fig. 8. Spectral properties of the 67-year Late Miocene coral δ18O time series from coral 

P 2. Multitaper method spectral analysis with red noise null hypothesis [38] (number of 

tapers: 3, bandwidth parameter: 2; 95% significance level is indicated) of the quarterly 

interpolated, detrended and normalized coral δ18O time series. 
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Fig. 9. (A) Near-surface air temperature anomaly showing the difference between 

Tortonian (Late Miocene) and modern winter climate (December, January, February), 

based on simulations with the ECHAM4/ML atmospheric circulation model coupled to 

mixed layer ocean model [32, 33]. Earliest Tortonian reefs (red dots) indicate winter 

SST >18 °C and single coral colonies in non-reefal carbonates (orange dots) are 

assumed to reflect winter SST of ~18 °C. (B, C) Relationship between modelled 

interannual eastern Mediterranean climate variability and modelled North Atlantic-

European sea level pressure (SLP) during the Tortonian, based on the ECHAM4/ML 

model [32, 33]. (B) Composite map for modelled Tortonian sea surface temperature in 

the eastern Mediterranean (20°-30° E; 35°-40° N) and modelled SLP for winter 

(December, January, February; DJF). (C) Same as in B, but for modelled Tortonian 

evaporation in the eastern Mediterranean (DJF). Near surface wind anomaly is 

schematically represented as white arrows. White cross marks Crete. 
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Fig. 3 (Brachert et al.)
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Fig. 5
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Figure 6
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Figure 7
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