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Abstract 

 

The climatic response to astronomical forcing in sedimentary archives provides insights into 

the effect of tidal dissipation (Td) and dynamical ellipticity (dE) on the astronomical 

solutions. The astronomical solutions are used to compute insolation and orbital target curves 

for paleoclimatic research. It is therefore most fundamental to understand their role as phase 

relations between astronomical forcing and climate response can only be accurately calculated 

when the Td and dE parameters are known. In this thesis, I determine the average values of 

tidal dissipation for the Messinian using an XRF record from the sapropel-bearing Metochia 

section (Gavdos, Greece), using the assumption of a direct response of sapropel formation to 

insolation. An exceptional palaeoclimate proxy (Fe/Ti) that records humid as well as arid 

conditions related to the African monsoon is compared with the insolation record of an 

astronomical solution (La2001) with varying values for the tidal dissipation. It is found that 

the optimum fit between the proxy data and astronomical model is obtained for the 

La2001(1,1.1) solution. This value is, however, statically indistinguishable to that of the 

La2001(1,1.2) and La2001(1,1) solutions. The use of the La2001(1,1.1) solution implies a -2.12 ± 

0.03 kyr phase lag for precession and a -2.04 ± for 0.07 kyr for obliquity compared to the 

commonly used La2004 solution. An additional ~3.5 kyr lag to precession minima is 

quantified for the diatomites of the Metochia section, which should be taken into account 

when applying astronomical tuning to other Mediterranean diatomites.   
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1. Introduction 

Our understanding of the phase relation between solar insolation and Earth’s climate has 

always been of major interest in paleoclimatology. In particular, the Earth’s climatic response 

in paleoclimate archives allows for the discrimination between cause and effect in unravelling 

fundamental processes controlling Earth's history as well as the rates of change in the 

geological past. Essential to the determination of such phase relations are accurate and precise 

knowledge of geological time. For the Pleistocene and Pliocene, the geological time scales 

have an unprecedented accuracy, precision, and resolution, as portrayed by the 

Astronomically Tuned Neogene Time Scales 2004 and 2012 (ATNTS; Gradstein et al., 2004, 

2012; Hilgen et al., 2012; Lourens et al., 2004). In contrast, high-resolution time scales for the 

Neogene often rely on inter-calibrations of orbital tuning with magneto- and biostratigraphy, 
40

Ar/
39

Ar and/or 
238

U/
206

Pb dating, while uncertainties in radioisotopic dating, and, in the 

computations of Earth’s orbital parameters have obstructed the construction of a reliable time 

scale beyond 40 Ma (Westerhold et al., 2012). An inter-calibration of astronomically dated 

tephra layers and intercalated 
40

Ar/
39

Ar-dated sanidine crystals from the Messinian Melilla 

Basin in Morocco was used to improve the age of Fish Canyon sanidine; the most widely used 

standard in 
40

Ar/
39

Ar geochronology (Kuiper et al., 2008). Uncertainties in the astronomical 

ages of the radio-isotopically dated tephra horizons, and therefore in the age of the Fish 

Canyon sanidine, could originate from the assumption that the lag between the orbital forcing 

and sedimentary expression is zero. Although the phase relation of diatomites to orbital 

forcing is known, it has not yet been directly quantified (Hilgen and Krijgsman, 1999).    

To improve our understanding of Earth’s climatic response to orbital forcing as well as to 

obtain a tuned time scale with the highest accuracy and precision, it is imperative to constrain 

the effect of changing values of tidal dissipation (Td) and dynamical ellipticity (dE) in the 

astronomical solution on precession and obliquity. Td and dE are both considered in the 

calculation of the precession constant and therefore have a direct effect on precession and 

obliquity frequencies. In the astronomical solution, the present rate of change in the motion of 

the Moon is used to calculate Td and the associated change in precession and obliquity 

frequencies (Laskar et al., 1993). However, if the observed present-day tidal dissipation rates 

are representative of the past, the moon must be younger than 1500 Ma (Hansen, 1982; Sonett 

et al., 1996), whereas it is known that the Moon formed in the early Solar System (~4500 Ma; 

e.g.: Lee et al., 1997; Barboni et al., 2017). A lower recession rate of the moon must be tied to 

a weaker tidal dissipation; hence, it can be stated that periods of weak tidal dissipation must 

have existed in the geological past (Williams, 2000).  

Astronomical solutions such as La90, La93, La2001, La2004, and La2010a-d are analytical 

solutions that numerically integrate information of all eight planets of the solar system 

(Laskar, 1990; Laskar et al., 1993; Laskar, 2001; Laskar et al., 2004, 2011). The La2004 

solution uses a direct integration of the gravitational equations for the orbital motion and 

improves the dissipative contributions compared to previous solutions, in particular in the 

evolution of the Earth-Moon System. Furthermore, the La2004 solution uses more precise 

initial conditions, while the La2010a-d solutions focus more on the orbital solution of the Earth 

and more specifically on the long period terms in the eccentricity (Laskar et al., 2004; 2011). 

The precessional motion and obliquity evolution of the spin axis of the Earth thus remain 

identical for the La2004 and La2010a-d solutions, and by doing so, leave the uncertainties 
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regarding the evolution of tidal dissipation in the Earth-Moon system yet unresolved. 

Although changing values of Td and dE in the astronomical solution cannot be directly 

verified by astronomical theory, a detailed comparison with paleoclimate data can put 

constraints on values for Td and dE (Pälike and Shackleton, 2000; Lourens et al., 2001; 

Hüsing et al., 2007; Zeeden et al., 2014).  

For the late Pleistocene, the effect of Td and dE on precession and obliquity is almost 

negligible, but numerical models have shown that the value for Td indeed changes nonlinearly 

further back in time and results in uncertainties in the precession and obliquity frequencies 

(Green and Huber, 2013; Green et al., 2017). However, Pälike and Shackleton (2000) 

demonstrated that the present-day values of Td and dE in the La93 solution (Laskar et al., 

1993) between 0 and 11.5 Ma, and between 17.5 and 24 Ma resulted in a good match with the 

precession-obliquity interference patterns in the high-resolution proxy records from Ocean 

Drilling Program (ODP) Site 926 (Ceara Rise, western equatorial Atlantic). This is in 

agreement with the findings of Lourens et al. (2001), who used the Ti/Al elemental ratio as a 

proxy for relative aridity from ODP Site 967. Lourens et al. (2001) concluded that the present-

day values for Td and dE in the La90 solution (Laskar, 1990) resulted in a good fit with the 

paleoclimatic record between 2.4 and 2.9 Ma. Despite that the La90 solution with a Td 

parameter of 0.5 provided even more consistent results with the geological record, a Td of ~1 

was suggested as these options were considered statistically indistinguishable (Lourens et al., 

2001).  

More recently, Zeeden et al. (2014) demonstrated using quantitative colour records from 

the Monte dei Corvi section (northern Italy) that the tidal dissipation rate between 11.5–12.3 

Ma was either at least within 10%, or, 40% of the present-day value, with the lower estimate 

obtained by shifting the precession a whole cycle. Hüsing et al. (2007) even concluded that a 

tidal dissipation rate of 20% higher than the present-day value is preferred for time intervals 

older than 10.2 Ma. Furthermore, the Td value of 40% from Zeeden et al. (2014) is supported 

by a numerical tidal model, which suggested that the tidal dissipation rates during the 

Cenozoic were weaker than at present, except for the glacial states over the last 2 Ma (Green 

et al., 2017). Consequently, it remains important to obtain more high-resolution records that 

allow for a precise quantification of Td and/or dE values, which is fundamental for 

determining phase relations between insolation forcing, climate response, and the registration 

in the paleoclimate archives. 

In this thesis, I will present an X-Ray Fluorescence (XRF) record of cyclic patterns related 

to precession-obliquity interference in the sapropel-bearing succession of the Metochia 

section (Gavdos) to investigate the effect of Td in the Messinian (dE will be kept fixed at the 

present-day value). The effect of Td has previously been investigated for the Serravallian and 

Tortonian (Hüsing et al., 2007; Zeeden et al., 2014), but a quantitative study has not yet been 

undertaken for (part of) the Messinian. Results of this study will be compared with the nearby 

Ayos Miron section (Crete), and, will be used to determine the phase relation of the 

diatomites that overly the sapropelic layers of the Metochia section. The phase relation 

between insolation forcing and diatomite formation could have implications for the 

astronomical tuning of diatomites in the Mediterranean area and, therefore, for the calibration 

of 
40

Ar/
39

Ar dating techniques (Kuiper et al., 2008). A reliable inter-calibration is crucial for 
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the consistency and incorporation in the standard Geological Time Scale (Kuiper et al., 2008; 

Rivera et al., 2011). 

2. Geological setting and section 

The pre-evaporitic Metochia D section is located on the island of Gavdos in the eastern 

Mediterranean Sea (Greece; Fig. 1; cover photo). The section provides a unique Messinian 

succession as safety regulations do not allow drilling through the Messinian abyssal 

evaporites and can, therefore, only be studied on land. Benthic foraminiferal assemblages in 

the Metochia section are characteristic of an outer shelf to slope environment in a restricted 

basin (Drinia et al., 2007). The tectonically uplifted deep marine sediments were deposited at 

a water depth of 1000–1200 m during the late Miocene (van Hinsbergen and Meulenkamp, 

2006), and consist of cyclic tripartite alternations that are composed of a sapropel at the base, 

followed by a prominent diatomite, and a homogeneous marl layer on top (Fig. 1; Krijgsman 

et al., 1995, 1999).  

Drinia et al. (2007) consider that the Metochia section does not contain true sapropels and 

consists of alternating clayey diatomites, white diatomites and diatomaceous laminated marls. 

However, in this thesis these layers are considered as homogenous marls, diatomites, and 

sapropels. Sapropels are organic-rich layers that occur widespread throughout the 

Mediterranean Neogene. The formation of Mediterranean sapropels has been attributed to 

enhanced runoff at precession minima and has been associated with enhanced summer 

monsoonal rainfall of North African origin, flowing into the Mediterranean Sea via the Nile 

river (Rossignol-Strick, 1985), the Chad-Eosahabi catchment area (Griffin, 2002, 2006), and 

short-lived wadi systems and other extinct rivers during the late Miocene (Coulthard et al., 

Fig. 1. Simplified geological map of the Gavdos Island indicating the location of the pre-evaporitic sequence of 
the Metochia section and its lithological log with Metochia cycle numbers (modified from: Drinia et al., 2007). 
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2013; Ghoneim et al., 2012; Paillou et al., 2009, 2012). It also has been demonstrated that 

three well-developed 10 Ma old sapropels from the Metochia section are the result of 

precession induced dry–wet oscillations in the Mediterranean climate (Schenau et al., 1999). 

An in-phase relation between insolation forcing and the climatic response in sapropels is 

essential for this study but can be assumed for both the precession and the obliquity signals, as 

both have been shown to relate to monsoon-induced variations in runoff into the 

Mediterranean Sea (Tuenter et al., 2003; Bosmans et al., 2015; Marzocchi et al., 2019; De 

Boer et al., 2021).  

Furthermore, the characteristic sedimentary cycle patterns allowed for the calibration to the 

65°N summer insolation record of Laskar (1990), and hence, provided the Messinian age for 

the Metochia D section (Hilgen et al., 1995). For this study, however, revised sapropel ages 

following the improved orbital solution of Laskar et al. (2004) are initially used (see section 

3.4), resulting in an age of 6.71 – 6.39 Ma for the studied section. These updates in the 

La2004 solution result on average in a 2.5 ka shift to younger ages. The contiguous cyclicity 

of the Metochia sediments moreover has resulted in the extension of the astronomical polarity 

timescale from 5 to 10 Ma, forming a fundamental component of the stratigraphic framework 

for the Mediterranean Upper Miocene (Hilgen et al., 1995).  

3. Material and methods 

For this study, a 7.46 meter section (89.92 m - 97.38 m; Fig. 1) was sampled on average 

every 4.8 centimetres on average, resulting in an average temporal resolution of 2.08 kyr. The 

154 sediment samples from the Metochia D section had previously been collected during 

fieldwork and were stored at the Utrecht University. Sandstones and turbiditic layers were 

excluded from further analyses. 

3.1 Sample preparation  

The samples were prepared for further analyses using the Herzog HP-MA: automatic 

pulverizing mill. A tungsten carbide grinding vessel was used for the grinding of sample 

material. After pulverizing the grinding vessel was automatically emptied and the ground 

material was made available at the discharge point. The use of different cleaning functions, 

namely compressed air and wet cleaning, allowed sufficient material removal, and cross-

contamination was reduced to a low ppm-level. After homogenization, the samples were 

transferred to 60 ml polypropylene (PP) containers. 

3.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was used to remove all residual moisture, oxidize 

organic matter and carbonates, and to determine the loss on ignition (LOI). This was 

achieved by heating the samples to elevated temperatures (105 °C, 450 °C, 550 °C, 800 °C, 

and 1000 °C) until the weight of the sample stabilized. The LECO TGA 701 can accept 19 

samples and one calibration standard. Crucibles were weighed in a carousel, after which at 

least 3.0 grams of sample were added. The mass of each sample was then measured 

automatically. The accuracy of the measurement is determined by the scale in the TGA (± 

0.0001 grams). Expressed as a percentage of up to 3 grams of dry weight at 105 °C, it 
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results in a reporting limit of 0.01% weight loss at 105 °C, 450 °C, 550 °C, 800 °C and 

1000 °C in the sediment samples.  

3.3 X-Ray Fluorescence analysis 

Bulk concentrations of major elements were determined by X-Ray Fluorescence (XRF). 

After the TGA, 600 mg of the roasted sample was carefully weighed, placed in platinum 

crucibles, and mixed with 6000 mg of pre-fused flux: ICPH, Fluomix 6516 LiI; 66% 

Lithium Tetraborate (Li2B4O7), 34% Lithium Metaborate (LiBO2), with an addition of 

0.5% Lithium Iodide (LiI) to prevent sticking of the molten sample to the crucibles. The 

mixture was then fused into glass pearls (∅ 39 mm) at 1200 °C using the Herzog HAG-S 

fusion system. The resulting glass pearls were then analysed for the elements Al, Ba, Ca, 

Cr, Fe, K, Mg, Mn, Ni, P, Si, Sr, Ti and, Zr, by an ARL Perfom’X Sequential X-Ray 

Fluorescence (XRF) Spectrometer. Analytical precision was determined by parallel 

analysis of an international standard (ISE 921) to be better than <1% for Al, Fe, Si, and, Ti.  

3.4 Estimates for the calcium carbonate and organic matter content 

The calcium carbonate (CaCO3) content was estimated in two different semi-

quantitative ways; based on the assumption that no other CaO-rich phases are present in 

the sediments, and CaO is thus only present as calcite, using the formula: CaCO3 = CaO x 

1.7848 (Wehausen and Brumsack, 2002), and, by using a calculation based on the weight 

loss obtained after samples were heated from 550 °C to 800 °C multiplied with 100/44 

(TGA regulation from Utrecht University and TNO-NITG, unpublished). The organic 

carbon content (Corg) was estimated in a similar semi-quantitative way as the weight loss 

obtained after heating the sediment material to 450 °C and 550 °C can be regarded as an 

estimate of the organic carbon content. 

3.5 Cross spectral analysis 

For the computation of average Td values (dE is kept constant in this study) for the 6.71 

– 6.39 Ma time interval, it was first needed to determine the midpoints of maxima and 

minima in the proxy record. Preferably, a proxy record that provides a direct and linear 

relation to precession/monsoon-induced variations was used (e.g., Ti/Al: Lourens et al., 

2001; Fe/Ti: this study). Hence, midpoints of maxima/minima in the 1-kyr interpolated 

Fe/Ti record were correlated to consequent midpoints of extremes in the 65°N insolation 

record of the La2001 solutions, which contain different values for Td in steps of 0.1 

(relative to the present-day value of 1). This assignment of astronomical ages implied small 

modifications of the Fe/Ti time series for each solution. Similar to the approach of Zeeden 

et al. (2014), values for Td were modified in the La2001 solution (J. Laskar, unpublished 

data, 2001), which allows adjustment of these parameters similar to the Laskar et al. (1993) 

routine. Despite a small offset in absolute insolation values due to the adopted value for the 

solar constant, the La2001 and La2004 solutions are nearly identical over the last 15 Ma 

for present-day values of Td and dE; they are therefore interchangeable and can be directly 

compared for the time interval used in this study (Fig. 2). Moreover, it must be noted that 

the choice for the 65°N summer insolation record instead of the 23°N-23°S Summer Inter 

Tropical Insolation Gradient (SITIG), or, the P - 1/2t (precession minus a half tilt) target 

curves provide almost identical target curves and therefore do not influence the outcome of 
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this study (Reichart, 1997; Bosmans et al., 2015; Lourens et al., 1996; Lourens et al., 

2001).  For the calculation of the precession and obliquity-related time lags between the 

65°N insolation curve and the proxy data time series cross-spectral analyses was applied 

using the Blackman-Tukey method as implemented in the Analyseries software (Paillard et 

al., 1996). Average frequency bands that correspond to periods of 18–25 and 38–45 kyr 

were investigated for the phase of precession and obliquity. It has been proposed that the 

obliquity phase is a reliable indicator of the consistency between the astronomical solution 

and proxy data as the obliquity phase is more sensitive to Td variations than the coherence 

(Lourens et al., 2001; Morrow et al., 2012; Zeeden et al., 2014). For the cross-spectral 

analyses, a Parzen smoothing-window with 150 lags (~50 % of the series) was used, which 

resulted in a bandwidth of 0.012362. The lower and upper confidence limits at the 97.5% 

level are given by: 0.399262< ΔP (97.5%)/P < 4.937814 (Figs. 6, 7, and 8). To evaluate the 

fit of an astronomical solution (using specific Td values) with proxy data, the Pearson 

correlation coefficient was calculated between the tuned proxy data set and the 

astronomical target curves. Given that the Fe/Ti record shows a near-linear response to the 

target curves the Pearson correlation coefficient (Pearson, 1895) was preferred over the 

Spearman rank correlation, the latter being used by Zeeden et al. (2014) because of the 

non-linear proxy data. 

At last, as is common in the literature, values for Td and dE are here denoted between 

Fig. 2. A) The Laskar2001 (black) and Laskar2004 (red) astronomical solutions with present-day values 

for Td and dE (Laskar, 2001; 2004). B) Coherency spectrum between the time series of the astronomical 

solutions, and C) phase spectrum (degrees) between the time series of the astronomical solutions. 
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brackets in subscript and as suffix behind the astronomical solution (Fig. 2). In this 

manner, present-day values are presented as (1,1) and higher or lower values, therefore, 

represent increased or decreased average values of Td over the considered time interval 

(e.g., La2001(1,Td), with dE = 1 and varying values for Td).   

4. Results 

4.1 Bulk sediment geochemistry 

The geochemical results of the investigated sediments are shown in figure 3, in which 

the trends throughout the section are illustrated as element ratios of elemental percentages 

(%) and parts per million (ppm). To compensate for carbonate dilution the chemical 

composition of the sediments is presented here on the basis of element/Al ratios. 

Sedimentary cycles in the lithological log are annotated as M-cycles, with a sapropel at the 

base, overlain by a diatomite, and a marl layer at the top. Diatomites are also annotated as 

D-cycles at the right side of the lithological log. 

The CaCO3 content, estimated from the CaO-based calculation, is present at markedly 

low values in most sapropels and especially in the diatomites (Fig. 3a). It displays values 

of < 30% in diatomite cycles D3, D7, D8, D13, D14, and D15. However, it also reaches 

Fig. 3. Elemental ratios, estimated carbonate contents, and estimated organic carbon contents for the Metochia D 

section plotted on a timescale (6.72 – 6.4 Ma). The lithological log is plotted on the right, with numbered 

Metochia cycles (M94-M112) plotted on the left (bold) and numbered diatomite cycles (D1 – D18b) on the right. 

The lithological log is also plotted on the background, where the grey bars represent sapropels, light orange bars 

represent diatomites, and white bars represent homogenous marls. 
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over 60% in diatomite cycles D2, D6, D10, as well as in the sapropel of M97. In general, 

no clear correlation between the different sedimentary layers can be observed. Although 

almost identical trends occur in the CaCO3 content of the TGA-based estimate, this pattern 

seems to display less extreme low values. Moreover, this pattern presents a baseline near 

40%, whereas maxima in general show relatively lower values. The Corg content variations 

are more closely related to the lithology of the Metochia section when compared to the 

CaCO3 record (Fig. 3a). The maximum Corg content is observed in the diatomites, which 

show values of 4 - 8%, except for diatomite cycles D2, D4, D9, and D10 that show values 

lower than 4%. The most extreme values of Corg (> 8%) correspond well with the observed 

low CaCO3 content in diatomites D3, D7, D8, D13, D14, and D15. Although the lowest 

values for Corg are observed in the homogenous marls its Corg content often exceeds 2%, 

which is commonly considered as the limit for classification as sapropels (Ten Haven et 

al., 1987).      

The barium (Ba) content is significantly enriched (>300 ppm; Thomson et al., 1993) 

within the diatomites and correlates well with the Corg pattern, except for cycles M106 and 

M107 (Fig. 3a). It is likely that the Ba content would have provided a better fit with 

vanadium (V) for the sapropels as V precipitates under reducing conditions (Thomson et 

al., 1995; De Lange et al., 2008); however, concentrations of this redox-sensitive element 

were not measured in this study. Organic matter degradation results in progressive Ba 

uptake into barite and Ba can therefore serve as an indicator of primary productivity in the 

surface layers (Dymond, 1992; Thomson et al., 1993). Relative enrichment in Ba in 

sapropels is well documented for the Pliocene and Pleistocene (Wehausen and Brumsack, 

1999; Calvert and Fontugne, 2001), but here the diatomites also show large enrichments, 

despite that the average Ba/Al ratio is significantly higher in the results of this study 

(Wehausen and Brumsack, 2000). It should also be noted that Ba can be remobilised 

diagenetically (Thomson et al., 1993). Such mobilisation can occur during deposition, soon 

after deposition and/or during a later stage of diagenesis. Ba enrichments cannot be 

observed in the homogenous marls of this section, except just below the sapropel of cycle 

M100 (Fig. 3a). This could be interpreted as the result of the mobilisation of Ba from the 

sapropel above and its reprecipitation in the marl directly beneath, resulting in a “ghost” 

sapropel. The enrichments in Ba, or productivity, are here clearly related to oceanic opaline 

production by diatom blooms. This is also clearly reflected in the Si/Al pattern, which 

shows enrichments in almost all diatomite layers (Fig. 3a). Although the Si/Al ratio is 

commonly used as proxy for detrital sediment input in sapropels the signal is overprinted 

by the enhanced input of diatomaceous detritus. The cyclic alternations in the Si/Al record 

moreover present an alternating thin-thick pattern, which can be most clearly observed at 

cycles M102 to M108 (Fig. 3a). These patterns are the result of an additional effect of 

obliquity on insolation, which results in interference patterns that correspond to thin-thick 

alternations in the Mediterranean sedimentary cycles (Hilgen and Krijgsman, 1999), in 

which the thicker sapropels and diatomites correspond to the more prominent insolation 

maxima. 

Titanium (Ti) and Zircon (Zr) are known to be enriched in aeolian dust from the Sahara 

(Guieu and Thomas, 1996; Wehausen and Brumsack, 2000), and both ratios can be used as 

a dust proxy in the Mediterranean area (Lourens et al., 2001; Jimenez-Espejo et al., 2008; 
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Rodrigo-Gámiz et al., 2011). Although both the Ti/Al and Zr/Al patterns show relatively 

low values in the sapropels and diatomites, the Ti/Al pattern reflects the variability in the 

different sediments most well (Fig. 3a). The Zr/Al record may present a more distorted 

signal, with high values also occurring at times of sapropel and diatomite deposition. 

However, it must be noted that high Zr/Al ratios have also been interpreted as indicators of 

enhanced wind speeds and eolian transport (Calvert and Fontugne, 2001). On the other 

hand, the Ti/Al record provides a more straightforward pattern. The minimum value for 

Ti/Al is 0.05 at cycle M99, while maxima do not exceed 0.07. The average Ti/Al value of 

0.06 is similar to the averages observed in Pliocene sediments at ODP sites 964 and 969 

(Wehausen and Brumsack, 2000). Maxima in Ti/Al values can be interpreted as enhanced 

dust input during marl deposition, whereas at times of sapropel and diatomite deposition 

the Ti/Al pattern shows generally low values, indicating an increased fluvial supply of Al-

rich elements and a decreased input of Ti-rich aeolian material (Wehausen and Brumsack, 

2000; Lourens et al., 2001). This pattern holds for almost all cycles, except it is less 

evident for cycle M98.  

Geochemical alternations related to changes in lithology are best reflected in the Fe/Al 

record (Fig. 3a). Each sapropel-diatomite succession is marked by high Fe/Al values, 

whereas each marl layer is marked by low Fe/Al values (0.4-0.55). The Messinian 

Metochia sediments contain (almost) identical average Fe/Al ratios (0.7) as the Pliocene 

sediments from ODP sites 966, 967, and 969 (Fe/Al: 0.67 - 0.71; Wehausen and Brumsack, 

2000). The maximum value of Fe/Al reaches 1.0 at cycle M96, whereas two minima reach 

Figure 3 (continued) 
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below 0.4 in the homogenous marls at cycles M98 and M99 (Fig. 3a). Furthermore, two 

large-scale clusters of cycles are observed that encompass cycles M95, M96, and M97, as 

well as cycles M101, M102, and M103, which are most likely related to eccentricity 

maxima. Similar to the Si/Al record, the Fe/Al record shows moreover an alternating thin-

thick pattern related to the precession-obliquity interference (Hilgen and Krijgsman, 1999). 

Enrichments in the Fe/Al ratio could originate from the detrital input and/or the formation 

of iron sulphide minerals, especially pyrite (FeS2), that are formed under sulphate-reducing 

conditions and during the degradation of organic matter (Nijenhuis et al., 1996; Wehausen 

and Brumsack, 2000; Calvert and Fontugne, 2001). These conditions appear to be well 

reflected in the Fe/Al pattern and support the idea that sapropels are formed under anoxic 

conditions (Rossignol-Strick, 1985). Fe/Al peaks even extend into the diatomites, or even 

when a sapropel is missing, high Fe/Al ratios are observed in the diatomites (diatomite 

cycles D9, D10, and D14). It can moreover be observed that the transition between 

sapropels and diatomites is often marked by a decrease in Fe/Al values at cycles M97, 

M98, M100, M101, M104, and M106.  

The P/Al ratio has previously been used as a proxy to assess paleoproductivity in the 

Pleistocene (Latimer and Filippelli, 2001; Calvert and Pedersen, 2007) and the Early 

Cenozoic (Latimer and Filippelli, 2002). Although Latimer and Filippelli (2001, 2002) use the 

P/Ti ratio, the P/Al ratio used here does not result in significant differences for the results of 

this study. The correspondence between the P/Al, Si/Al, and Ba/Al ratios is strong (Fig. 3b) 

and supports the suggestion that enrichments in these proxies are related to enhanced 

productivity by diatom blooms. For the Metochia sediments, the average P/Al ratio (~0.025) 

Figure 3 (continued) 
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is significantly higher than those for Pliocene sediments, which range from 0.011 to 0.016 

(Wehausen and Brumsack, 2000). In most of the diatomites the P/Al ratio even exceeds 0.04, 

with a maximum of 0.09 at D6 (Fig. 3b).  

The K/Al, Mg/Al, and Na/Al ratios display less clear patterns when compared to 

changes in lithology (Fig. 3b). However, similar to the Si/Al and Fe/Al ratios the K/Al 

ratio does present a clear alternating thin-thick cyclicity, related to the precession-obliquity 

interference pattern (Hilgen and Krijgsman, 1999). The K/Al ratio is moreover associated 

with the abundance of K-feldspar and illite (Wehausen and Brumsack, 2000; Calvert and 

Fontugne, 2001). The K/Al record also shows a decreasing trend from bottom to top (Fig. 

3B). Sapropels appear to be characterized by high Na/Al values, but extremes seem to lack 

when a sapropel is missing and only a diatomite is present in the lithological record. High 

values of Mg/Al seem to correspond to sapropels and diatomites, whereas low values seem 

to correspond to homogenous marls. Elevated Mg/Al ratios can be explained by river-

derived material from the north-western Aegean Sea originating from mafic/ultramafic 

rocks (Wehausen and Brumsack, 2000).  

The ratios of redox-sensitive elements such as Sr/Al, Mn/Al, Cr/Al, Ni/Al, and Fe/Al 

display systematic enrichments within the sapropels compared to the background marls 

(Fig. 3c). Despite minor differences, the Sr/Al, Mn/Al, and Ni/Al records show a strong 

correlation and display relative depletions in the homogenous marls. Moreover, the Sr/Al 

pattern looks almost identical to the Ca/Al pattern, which could be due to the potential for 

geochemical substitution of these elements (e.g.: Lucas et al., 1990). Mn/Al ratios, 

conversely, have been used as an indicator for change in oxygenation levels (Wehausen 

and Brumsack, 2000; Calvert and Fontugne, 2001; Spofforth et al., 2008). In the Metochia 

section, sapropels are marked by relatively depleted Mn/Al values, while high Mn/Al 

values in the diatomites and homogenous marls could be the result of oxidation of Mn
2+ 

in 

the sediment pore waters (or seawater) to MnOx by increased bottom water O2 levels, 

which becomes available at the end of sapropel formation (Thomson et al., 1993; Van 

Santvoort et al., 1996; Calvert and Pedersen, 2007). Similar to that of Mg, sources for Cr 

and Ni enriched material are the Greek rivers, which drain catchment areas with 

occurrences of ultramafic rocks. These rivers all discharge into the northwestern Aegean 

Sea and, by following per under with modern-day circulation patterns in the eastern 

Mediterranean, material from this region can reach the location of Gavdos (Wehausen and 

Brumsack, 2000).  

4.2 Fe/Ti as a tracer of orbital forcing  

Initially, this thesis aimed to use the Ti/Al ratio to investigate the tidal dissipation values 

of the late Messinian, as this ratio has been used successfully as an African monsoon proxy 

because of its more linear relationship (Lourens et al., 2001). However, based on the 

geochemical results of this study it was decided to use the Fe/Ti ratio rather than the Ti/Al 

ratio. Variations in Corg, Ba/Al and redox-sensitive elements may reflect a higher degree of 

non-linear response to the monsoonal forcing as they are sensitive to oceanic processes. Fe 

is also considered a redox-sensitive element, yet the Fe/Al pattern displays a more linear 

relation to insolation forcing compared to the other proxies (Figs. 3a, 4a). Yet, both the 

Fe/Al and Ti/Al records show a relative depression in values around 6.6 Ma. Alternative 
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for the use of Al as the element for detrital aluminosilicate normalization the Fe content 

can also be normalized to Ti to correct for variations in density and dust input. This results 

in a much better fit with the 65° N insolation curve of the La2004 solution compared to the 

Fe/Al and Ti/Al records (R
2
 = 0.6351; Laskar et al., 2004). As described in the previous 

section, enrichments of the Fe content in sapropels could be attributed to detrital input 

and/or the formation of pyrite (FeS2), which cause the increase in the Fe/Ti ratio over the 

assumed constant Fe/Ti detrital value (Thomson et al., 2008). The use of this Fe/Ti ratio 

eliminates the depression observed at 6.6 Ma. 

The strong positive correlation (R2 = 0.9438) of Ti and Al furthermore suggests that 

these elements react in a geochemically similar way and both are thus associated with 

terrigenous material (Fig. 4b). On the contrary, the poor correlation of Fe and Al (R2 = 

0.5822) could therefore exhibit a different depositional mechanism (i.e.: pyrite formation). 

Figure 4b presents moreover several clusters that represent the three different lithological 

units of the Metochia section. As can be expected, the highest Fe contents (2 – 4%) are 

associated with the sapropels, whereas the homogenous marls are specifically more 

associated with a higher Al content (up to 4.75 %). Although the diatomites contain a 

similar Fe content compared to the homogenous marls (1 – 2.5 %) they are marked by a 

relatively lower Al content. The highest Ti content is naturally observed in the 

homogenous marls (0.15 – 0.28 %), related to the enhanced dust input into the 

Fig. 4. A) The Fe/Al (blue), Ti/Al (green), and Fe/Ti (yellow) records plotted on top of the 65N summer 
insolation curve of the La2001(1,1)  (red dotted line). B) Cross-plots showing the correlations of Fe vs. Al and 

Ti vs. Al. Pearson correlation coefficients (R2) are also given (bold). 
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Mediterranean (Lourens et al., 2001). The 

distribution patterns of the Ti content of the 

sapropels and diatomites are less 

straightforward, despite that the sapropels 

appear to have a slightly higher Al content 

compared to the diatomites. The diatomites 

appear to exhibit overall relatively lower Al 

and Ti contents, which can be the 

consequence of dilution caused by the 

diatom blooms.  

4.3 Astronomical tuning 

A correct tuning between the proxy data 

and the astronomical solution is crucial for 

investigating changing values of Td and dE. 

Figure 5 shows the Fe/Ti proxy data and its 

filtered orbital frequencies as well as the 

filtered orbital frequencies of the 65°N 

insolation record of the La2001(1,1) 

astronomical solution. Despite some minor 

differences in amplitude the precession 

filters provide an excellent fit; no significant 

phase lags or mismatches can be observed 

(Fig. 5). The combined effect of the 

precession and obliquity frequencies 

provides a good correlation with the 

insolation curve of the La2001 solution with 

present-day values of Td and dE. Especially 

in the older part of the record (6.7 – 6.55 

Ma) the two prominent peaks at 6.675 and 

6.58 Ma, as well as the peaks surrounding 

these maxima, suggest that the tuning used 

for this study is correct. The broad peak at 

6.625 Ma, resulting from the precession and 

obliquity interference, suggest a correct 

tuning. A different tuning would shift each 

cycle (at least) to one cycle older or younger. 

Consequently, those prominent peaks would 

correlate to less expressed cycles, which 

would result in a poor fit between proxy data 

and the astronomical solution.   

Fig. 5. Comparison between the filtered orbital 

frequencies of the time series for Fe/Ti and 65°N 

summer insolation derived from solution La2001(1,1). 

From top to bottom: the Fe/Ti record (yellow), the 

precession filters for the Fe/Ti record (dark blue) and the 

65°N summer insolation record (red), the obliquity filters 

for the Fe/Ti record (dark blue) and the 65°N summer 

insolation record (red), the amplitude modulations of the 

precession filters for the Fe/Ti record (dark blue) and the 

65°N summer insolation record (red), the merged 
precession and obliquity filters for the Fe/Ti record (dark 

blue) and the 65°N summer insolation record (red), and, 

the 65°N summer insolation derived from solution 

La2001(1,1) (black). 
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4.4 Late Messinian tidal dissipation values 

The Fe/Ti proxy data traces the precession-obliquity interference pattern in the target 

curves well and displays a sinusoidal pattern (Figs. 4; 6). Figure 6a shows the Fe/Ti data 

plotted on top of the insolation curves of the La2001 astronomical solutions with varying 

values for Td. Although the insolation look similar for varying Td values, small differences in 

the amplitude of precession, as well as, changes in the precession-obliquity interference 

pattern already show minor inconsistencies between the Fe/Ti proxy data and the solutions. In 

particular, the La2001(1,0.1) solution displays inconstancies in amplitude variations compared 

to the Fe/Ti data at 6.66 and 6.53 Ma relative to the other solutions (Fig. 5a). By just visual 

comparison, the La2001(1,0.9) and La2001(1,1.1) solutions provide a relatively better fit 

compared to the La2001(1,0.1) and La2001(1,0.5) solutions. This is supported by figure 5b that 

shows (almost) identical phase lags in the precession band for the La2001(1,0.1) and 

La2001(1,1.1) solutions, especially for the 21-kyr band, which should be a logical result because 

the proxy data was tuned to the precession cycles. On the contrary, an offset of almost ~60° 

(~6.8 kyr) exists between both solutions in the obliquity band (Fig. 6b). Moreover, the 

Fig. 6. Examples of cross-spectra between the Fe/Ti record and the La2001(1,1) 65°N summer insolation record. 

A) Comparison between the 1-kyr interpolated Fe/Ti timeseries (yellow) and the 65°N summer insolation 
timeseries (red dashed line) derived from the La2001 solution, with dE kept constant at 1 and Td values of 0.1, 

0.5, 0.9, and 1.1 as indicated at the top of the plots (bold). B) Top panel: phase spectrum (degrees) between the 

time series for Fe/Ti and 65°N summer insolation derived from solutions La2001(1,0.1) (black) and La2001(1,1.1) 

(red). Dashed lines indicate lower and upper confidence limits at the 97.5% level that are given by: 0.399262 < 

ΔP (97.5%)/P  <  4.937814. Lower panel: coherency spectrum between the time series for Fe/Ti and 65°N 

summer insolation derived from solution La2001(1,1.1). 
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coherency between the Fe/Ti proxy data and the La2001(1,1.1) solution is high (> 0.9) for both 

the precession and obliquity bands. Because of the tuning the geological data is, similar to the 

orbital target curves, dominated by the frequencies of precession. As a consequence, the 

obliquity component is able to keep its original phase relative to the different tuning targets 

(Lourens et al., 2001; Zeeden et al., 2014).  

The tuned Fe/Ti record is compared with the 65°N insolation curve for the La2001 

solutions with Td values varying between 0.0 and 1.2 (using steps of 0.1). The relationship 

between the regression coefficients and the obliquity-related phase lags can be described by a 

third-order polynomial curve (Fig. 7). This comparison shows that the optimum fit between 

Fe/Ti and the 65°N insolation curve is accomplished for the La2001(1,1.1) solution (Td = 1.1; 

Fig. 7). The obliquity-related time lag is -0.06 kyr ± 0.71 kyr, which approximates the phase 

lag related to precession (0.183 kyr ± 0.2 kyr). However, within the 97.5% confidence 

intervals, values of 1.2 and 1.0 also provide an in-phase relationship with obliquity and, 

therefore, cannot be statistically distinguished. Despite the larger obliquity lag, the solution 

with a Td value of 0.9 exhibits a good correlation coefficient (>0.64). The La2001 solutions 

with Td values deviating from these values resulted in relatively large obliquity phase lags. 

An out of phase relation with obliquity is inconstant with the assumption of direct climate 

response to insolation forcing for sapropels and are, therefore, not used for the determination 

of phase lags in section 4.6.  

4.5 Phase relations between the elemental ratios and precession and obliquity 

The La2001(1,1.1) solution provided an excellent fit with the Fe/Ti data and, therefore, this 

solution was used to investigate phase lag relations relative to precession and obliquity for the 

other elemental ratios (Fig. 8). An in-phase relation between the Fe/Ti data and insolation 

forcing was used for the tuning to the target curves, which naturally results in a very high 

Fig. 7. Plot of the squared Pearson correlation coefficient (R2) vs. the 

obliquity phase (degrees) of all investigated tunings. Error bars indicate 

the lower and upper confidence limits at the 97.5% level for the averaged 

obliquity phase lags (38-45 kyr). The Td value used for every data point is 

included. 
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coherency (>98%), as well as, (almost) no phase lag for the Fe/Ti record (Fig. 8a). In 

addition, a near 0° phase lag to obliquity was already observed for the Fe/Ti record in the 

previous section (Figs. 7, 8b).  

Most striking is the similar ~60° (~3.5 kyr) phase lag relative to precession minima of the 

Ba/Al, Si/Al, and Corg records (fig. 8a), which may be related to the diatomite formation. 

Moreover, the Ba/Al and Si/Al records display a high coherency (>80%) with precession, 

while Corg shows a relatively poor coherency (60%) with the 65°N insolation record. This 

could therefore indicate deficiencies in the determination of the Corg content based on the 

TGA. A 195° phase lag (~11.3 kyr) and strong coherency was obtained for the Ti/Al record, 

which was expected as Ti/Al maxima occurred in the homogenous marls that were assumed to 

form during precession maxima (Figs. 3, 8a). An out-of-phase relation with precession is 

likewise obtained for the CaCO3 and Zr/Al records, despite the phase lag being shorter 

compared to that of Ti/Al (150 and 160°, or, 8.75 and 9.3 kyr; Fig. 8a) It must also be noted 

that the obtained coherency of the CaCO3 record with the insolation curve is poor compared 

to that of the Ti/Al and Zr/Al records. Furthermore, the Mn/Al, Ni/Al, P/Al, and Sr/Al records 

appear to be clustered and show a 90 to 110° phase lag to precession minima (5.3 to 6.4 kyr), 

while for the P/Al record the highest coherency (>90%) was established. The Cr/Al record 

also exhibits a high coherency (~90%) and displays a similar phase lag to Na/Al (~35 - 40°). 

The lowest value for coherency (~20%) with the 65°N insolation record was obtained for the 

Mg/Al record, while it also has an indistinct 270° phase lag, or 90° phase lead, relative to 

Fig. 8. Phase wheel diagrams for all elemental ratios showing A) the precession-related phase lags and B) 

obliquity-related phase lags from 0 to 360°. Note that a 0° phase lag represents an in-phase relation with 

insolation maxima; thus with precession minima and/or obliquity maxima. The length of the black arrow 
indicates the associated coherency between the elemental ratio and the 65°N insolation record of the La2001(1,1.1)  

astronomical solution as is indicated by the blue dashed circles (20 – 90%). The outer circle (black) represents 

here a 100% coherency. Coherencies are multiplied by 100 to be illustrated as percentages (%). Red dashed lines 

represent the lower and upper confidence limits at the 97.5% level for the averaged precession (18-25 kyr) and 

obliquity (38-45 kyr) phase lags. 
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precession. A 350° phase lag, or 10° phase lead, was established for the K/Al record, but this 

ratio also provides a poor coherency (~60%) with the insolation record.  

Similar to Fe/Ti, the Sr/Al, Cr/Al, Ba/Al, Corg, and CaCO3 records reveal a (almost) in-

phase relation with obliquity (fig. 8b). However, large differences in the coherencies exist for 

these elemental ratios. The highest coherencies are obtained by the Fe/Ti, Corg, and Cr/Al 

records, in which the coherencies of the Fe/Ti and Cr/Al records have decreased slightly as 

compared to the coherencies with precession. On contrast, the coherency between obliquity 

and the Corg record has increased almost 20% compared to the coherency with precession 

(Fig. 8). Although the Ba/Al and Sr/Al records are in phase with obliquity they display a 

relatively poor coherency. A non-linear response of the Ba/Al record to obliquity could 

account for this poor coherency (Fig. 3b). It is remarkable that while Ba/Al, Si/Al, and Corg 

show a similar phase lag to precession, Si/Al shows a significant different phase lag to 

obliquity compared to Ba/Al and Corg (Fig. 8). The Si/Al record shows a phase lag of 

approximately 20° (~2.37 kyr) which is over 1 kyr longer than the phase lag observed to 

precession. Furthermore, of all elemental ratios besides Na/Al, the Si/Al record has the 

highest coherence with obliquity (Fig. 8b). As mentioned in section 4.1, the Si/Al record 

displays an alternating thin-thick pattern that is attributed to the precession-obliquity 

interference. Hence, a high coherency with obliquity could have been expected. The P/Al 

record shows a 35° (4.15 kyr) phase lag, whereas the Mn/Al and Ni/Al records show a -117° 

(28.8 kyr) and -121° (28.3 kyr) phase lag to obliquity respectively. The Ti/Al and Zr/Al 

records again show an almost anti-phase relation with insolation maxima (154° and 161°, or, 

18.25 kyr and 19.08 kyr respectively), while these records show moreover a similar coherency 

with the insolation record when compared to precession (~85 %). A poor coherency (~45%) 

with the 65°N insolation record is again obtained for the Mg/Al record.  

5. Discussion 

5.1 Results of this study 

The sediment samples from the Metochia section do differ in composition (high % Ca and 

low % Si) from the samples that are normally used and on which the XRF measuring method 

is based and calibrated. After XRF measurements, the sum of all measured elements was 

calculated. This resulted in sums just above 100% for samples with relatively high Ca content 

(mostly marls) after the XRF measurements, whereas other samples provided sums between 

98 and 100%. Consequently, all XRF results were normalized to 100% to circumvent this 

problem. Normalization of the XRF data did not result in significant differences as all samples 

provided sums near 100%.    

Furthermore, it must be noted that lithium borate fluxes volatize when heated at 

temperatures above 1050 °C, which could lead to inaccuracies of approximately 2-5% for the 

pre-fused flux used in this study (Loubser et al., 2004). The use of pre-used fluxes with 

different compositions would not have prevented this problem as all different compositions 

show a weight loss of more than 2% above 1020 °C. It is uncertain whether the calibration 

standard used for XRF measurements of this study accounted for lithium borate flux 

volatilization. Nonetheless, the XRF results do not appear to have been significantly affected 

by such volatilization and, therefore, it is not expected to affect the outcome of this study.  
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5.2 Arid/pluvial cycles in the deep marine Metochia sediments 

The monsoonal variability is best displayed in the Fe/Al, Ti/Al, and Si/Al records. These 

proxies are moreover most related to changes in lithology. The behaviour of Fe in sapropels 

can be attributed to detrital input and/or redox state (Nijenhuis et al., 1996; Wehausen and 

Brumsack, 2000). The high Fe/Al ratios (> 0.6) in the sapropels are typical for euxinic 

conditions in deep basins (Canfield et al., 1996; Raiswell and Canfield, 1998; Lyons and 

Severmann, 2006; Scheiderich et al., 2010) and reflect transport of Fe
2+

 from adjacent suboxic 

parts of the basin to sulfidic basin regions (Lyons and Severmann, 2006). The anoxic/euxinic 

conditions that occur at times of sapropel formation are moreover indicated by depleted 

Mn/Al ratios (Fig. 3c). Due to reducing conditions and the Fe transport described above 

dissolution of Mn minerals occurs, which results in transportation of released Mn to the 

(sub)oxic surface waters and, therefore, in the deposition of Mn oxides at the shelves (Force 

and Cannon, 1988). The low Fe/Al ratios (~0.4 - 0.55) in the majority of the homogenous 

marls illustrate that Fe remobilization seems unlikely to have occurred. This is supported by 

the phase lag between the response of Fe/Al and Mn/Al to precession (Fig. 8a). The Mn/Al 

record displays a phase lag of almost 110° (~6.4 kyr) relative to that of Fe/Al. However, in 

some homogenous marl layers, Fe/Al peaks correspond with peaks in Mn/Al, indicating the 

possibility of remobilized Fe and Mn as the result of early diagenesis (Figs. 3a, 3c; Van 

Santvoort et al., 1996). These intervals coincide moreover with enrichments in Ni/Al ratios 

(Fig. 3c), and could therefore indicate that diagenetic processes are most likely to dominate 

the signal in these marls (e.g. in the marls overlying diatomites D6, D10, D13, and D14; 

Köhler et al., 2008).  

Dissolved Fe is believed to be connected to primary productivity, since Fe is a limiting 

nutrient and stimulates cyanobacterial N2-fixation (Sañudo-Wilhelmy et al., 2001; Mills et al., 

2004; Saltzman, 2005). Additionally, at times of sapropel formation, the release of P from Fe-

oxides beneath suboxic stratified waters can result in a high biotic response when upwelling is 

initiated (Stratford et al., 2000). This could furthermore stimulate productivity as P is also 

considered a key nutrient (Van Cappellen and Ingall, 1994).When the stored excess 

phosphorus is exhausted it results in the deposition of homogenous marls that are marked by 

decreased productivity (Filippelli et al., 2003). Enrichments in the P/Al ratio are, however, 

predominantly observed in the diatomaceous layers (Fig. 3b).  

Wehausen and Brumsack (1998) showed that enriched Ba concentrations in the sapropels 

are related to higher rates of primary production. The Ba/Al, P/Al, and Corg records show a 

similar phase lag to precession, indicating that these proxies are related to the same 

mechanism; productivity (Fig. 8a).  However, enrichments in Ba/Al, P/Al, and Corg occur 

predominantly in the diatomites of the Metochia section, rather than in the sapropels (Fig. 3a). 

It is therefore expected that the enriched Fe/Al ratios are most likely related to anoxic/euxinic 

conditions, whereas the diatomites resemble periods of increased productivity. Results from 

this study do show Corg content above 2%, but so do most of the homogenous marls (Fig. 3a). 

It must thus be noted that no direct measurements of Corg have been implemented in this study 

and Corg contents are solely based on estimates from the TGA, which introduces some 

uncertainties in the interpretation of the Corg record. Nonetheless, sapropels are commonly 

associated with increased Corg export from the surface waters and consequent O2 consumption 

and the dark colour suggests relatively high contents of organic matter. Hence, more direct 



   22 
 

measurements of the Corg content, quantification of the V content (Thomson et al., 1995), or 

the use of Br/Al as Total Organic Carbon (TOC) proxy (Ziegler et al., 2008) could further 

improve the results of this study.  

The source of Fe in the sapropels and diatomites comes from the enhanced detrital input of 

Fe-bearing smectite minerals (Foucault and Méliéres, 2000; Wehausen and Brumsack, 2000). 

The African summer monsoon drives the hydrologic budget in the Eastern Mediterranean 

during precession minima/insolation (Marzocchi et al., 2019). Maximum precipitation 

reached the eastern Mediterranean via the Nile, as well as Miocene paleochannels, which 

flowed through present-day Libya to the Gulf of Sirte draining a more humid Sahara (Griffin, 

2002, 2006; Paillou et al., 2009; 2012; Ghoneim et al., 2012). During these humid periods, an 

increase in fluvial erosion provided an increased terrigenous supply to marine sedimentation 

(Foucault and Méliéres, 2000). High smectite contents have been recorded in Messinian 

sediments in the Lake Chad and Lake Cyrenaica areas, as well as, in the Nile delta (Moussa et 

al., 2016; Leila, 2019). The Fe content could, therefore, trace the variability of the 

ferromagnesian minerals that should reflect the pyroxene and smectite contents in the Blue 

Nile sediments (Foucault and Stanley, 1989), which are derived from the weathering of 

Ethiopian basalts (El-Anwar and Samy, 2013). Additionally, increased smectite mineral 

contents entered the Mediterranean Sea via northern African river systems at times of 

insolation maxima (Griffin 2002, 2006). The role of these (paleo-)drainage areas in 

contributing to the enhanced run-off into the Mediterranean are consistent with climate 

models that suggest that the combined monsoonal run-off contributions of the Sahel and 

Sahara regions are needed to obtain an in-phase relation with climatic precession (Simon et 

al., 2017;  De Boer et al., 2021). Enhanced runoff during precession minima is moreover 

consistent with spikes in productivity, water column stratification, and sapropel formation 

(Rohling, 1994; Matthiesen and Haines, 2003). Water column stratification is furthermore 

supported by the high Zr/Al ratios in the homogenous marls of the Metochia section (Fig. 3a). 

These enrichments point to particle sorting and therefore may indicate stronger water currents 

(Bahr et al., 2014; Kaboth et al., 2015), whereas depleted Zr/Al ratios in the sapropels may 

indicate more stagnant conditions, or, the presence of more angular grains associated with 

aeolian sediments (Konijnendijk et al., 2014). The Zr/Al record has a precessional phase lag 

of 150° (~8.75 kyr) and is thus (almost) in anti-phase with precession (Fig. 8), similar to the 

Ti/Al ratio, which suggests that the Zr/Al ratio is most likely affected by aeolian dust input 

rather than by water currents. 

The combined effect of the fluvial Fe-input and anoxic/euxinic bottom water conditions is 

most likely the source for Fe-enrichments in the sapropels and diatomites. During insolation 

maxima, monsoonal run-off delivered high amounts of Fe to the Mediterranean where the 

oxygen-depleted bottom waters provided the ideal circumstances for the precipitation of Fe in 

the form of pyrite. The presence and distribution of pyrite in the sediments could have been 

demonstrated by the means of sulphur distribution patterns (Calvert and Fontugne, 2001), 

however, sulphur compositions were not determined for this study as that required another set 

of measurements and calibration methods. Furthermore, anoxic bottom water conditions 

during sapropel formation could have been indicated by the sulphur isotopic composition of 

pyrite in the sapropels (Passier et al., 1999; Scheiderich et al., 2010), yet those measurements 

were beyond the scope of this thesis. 
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Fig. 9. Selected elemental ratios for the Metochia section (left) and the Ayos Miron section (right) plotted on a 

timescale (6.72 – 6.4 Ma). The lithological logs of both sections are also plotted, with numbered Metochia cylces 

(M94-M112) and numberd Ayos Miron cycles (AM16 – AM24). Diatomitee cycles of the Metochia section are 

also plotted on the right side of the log (D1-D18b). The lithological log is also plotted on the background, where 
the grey bars represent sapropels, light orange bars represent diatomites, and white bars represent homogenous 

marls. Note that the x-axes for Ba/Al and Mn/Al for the Ayos Miron section are plotted on a log scale in order to 

visualize elemental variability while still using identical axes values as for the Metochia section. 

Aridity in northern Africa can best be described by the Ti/Al proxy (Lourens et al., 2001; 

Larrasoana et al., 2003). Lourens et al. (2001) showed that the Ti/Al ratio in the Pliocene 

sediments from ODP Site 967 in the eastern Mediterranean provided an excellent fit with the 

P-1/2t curve and it was suggested to reflect humid/arid climate variability. High Ti/Al values 

in the homogenous marls indicate a more arid climate during deposition, while low Ti/Al 

values in the sapropels and diatomites indicate a more humid climate during deposition. 

Although the average Ti/Al ratios in the Metochia sediments are in the same range as for 

Pliocene sapropels (Wehausen and Brumsack, 2000; Lourens et al., 2001), a clear linear 

relationship between the proxy and insolation record, as seen in Lourens et al. (2001), is 

lacking. Reduced aeolian dust input could result in the observation of decreased Ti content in 

the homogenous marls from the Metochia section. Alternatively, increased Al input from the 

Aegean region could also lower the ratio (see fig. 14: Wehausen and Brumsack, 2000). When 

the Aegean input into the Mediterranean dominates the terrigenous input, the higher 

contribution of Al will lower the Ti/Al ratio so that it is no longer a suitable proxy for aeolian 

dust input. Yet, the Ti/Al ratio can be associated with aeolian dust derived from North Africa 

when the Aegean terrigenous contribution is limited. However, Köhler et al. (2008) showed 

that the Aegean terrigenous contribution in the Metochia section decreased rapidly at ~8.2 

Ma, while at the same time North Africa was predominantly controlled by a relatively humid 
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climate. The presence of humid conditions in the Late Miocene is also recorded in several 

offshore sediment cores as they record low dust fluxes from North Africa (e.g.: Colin et al., 

2014). These conditions could also explain the relatively lower values for Ti/Al maxima 

(<0.07) compared to those from the Pliocene at ODP Site 967 (0.8; Lourens et al., 2001). 

 Furthermore, the Ti/Al ratio in the Metochia sediments is in anti-phase with precession 

minima/insolation maxima, whereas phase lags of other elements related to Aegean run-off 

(e.g.: Cr, K, Mg, Ni; Wehausen and Brumsack, 2000) differ significantly (Fig. 8a). It is here, 

therefore, suggested that Ti is primarily of aeolian origin and can be used as proxy for aridity. 

Although the record of Köhler et al. (2008) is limited to 7.2 Ma, it is expected that for the 

time interval of this study (6.7 – 6.4 Ma) the terrigenous input remains also limited. However, 

one clear exception could be observed in the Fe/Al and Ti/Al proxy records at 6.6 Ma (Fig 4). 

This interval displays low Fe/Al values (indicative for relatively arid conditions) as well as 

relatively low Ti/Al values (indicative for relatively humid conditions), which cannot be 

explained other than that those signals are the result of an increased input of Al. This 

depression is significantly decreased when the Fe content is divided by the Ti content, which 

moreover justifies the use of Fe/Ti as a reliable proxy for humid versus arid conditions in 

North Africa to investigate Messinian values for Td in this study (Fig. 4).  

 

5.3 Comparison with the Ayos Miron section (Crete) 

Selected elemental ratios have been compared to those of the Ayos Miron section (Crete; 

Fig. 9). The Ayos Miron section is located at approximately 50 km from the Metochia section, 

yet significant differences in the elemental ratio patterns can be observed. The Ayos Miron 

section was located at a depth of 400 – 700 m during the Messinian, while the Metochia 

section was located in deep waters around 1200 m (van Hinsbergen and Meulenkamp, 2006). 

The phase relation between Ti/Al to insolation maxima is similar for both sites, since both 

sections display high Ti/Al ratios during marl depositon and decreased Ti/Al ratios during 

sapropel formation. However, the observed anomaly around 6.6 Ma due to enhanced Aegean 

Al-input is less evident for the Ayos Miron section. On the contrary, the record from the Ayos 

Miron shows high Ti/Al ratios and thus relatively arid conditions at 6.62 Ma (Fig. 9a). This 

could possibly the result of different water sources reaching the sites, although this seems 

unlikely as the Ayos Miron section is located closer to the Aegean main land compared to the 

Gavdos section. While the Fe/Al ratio is enriched in the Metochia sapropels (and diatomites), 

the  Fe/Al ratio in the Ayos Miron section shows a less strong signal, which could be due to 

increased oxygen levels at the site of the shallower Ayos Miron section. The Mn/Al ratio in 

the Ayos Miron section does, however, indicate anoxic conditons at times of sapropel 

formation (Fig. 9b). Absolute Mn/Al values are significantly lower in the sediments of the 

Ayos Miron section compared to those in the Metochia sediments. Yet, it must be noted that 

elemental concentrations for the Ayos Miron sediments were determined using LA-ICP while 

elemental concentrations in this study were determined using XRF. If both locations had 

similar anoxic conditions the difference in Fe/Al patterns could be explained by the transport 

of Fe into the Mediterranean. It could be that Fe-bearing smectite minerals originating from 

northern Africa could reach the deep waters at the Metochia section, but could not reach the 

shallower site of the Ayos Miron section. This reasoning can moreover explain the difference 
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in average Fe/Al ratios observed for these locations; ~0.7 for Metochia and ~0.6 for Ayios 

Miron.  

The CaCO3 content differs significantly between these locations, although it must be noted 

that CaCO3 in this study is, like the Corg content measured indirectly. The calcium carbonate 

content in the Ayos Miron section shows a nice cyclicity related to its lithology, whereas the 

Metochia record displays a more distorted signal. Increased terrigenous input is likely to have 

resulted in high productivity at this location, as indicated by the Ba/Al and P/Al proxies. Such 

conditions, (e.g. high fresh-water runoff) could have favoured siliceous productivity over 

carbonate productivity, whereas the Ayos Miron section was more dominated by carbonate 

productivity (Taylforth et al., 2014). Considerable differences exist between the P/Al records 

of both locations. In general, both records show P/Al enrichments just after sapropel 

formation, or, insolation maxima. Considerable differences thus exist between the two sites, 

despite their close distance, and it is, therefore, suggested that elemental concentrations in the 

deep marine sediments of the Metochia section was primarily controlled by influences from 

the south, whereas the shallower marine sediments from the Ayos Miron section were 

predominantly controlled by carbonate production and, possibly, by northern river systems 

from the Aegean mainland.  

5.4 Comparison of past tidal dissipation values 

The La2001(1,1.1) solution gives the best and most significant fit with the Fe/Ti proxy 

record, although this result may be statistically indistinguishable from the La2001(1.1) and 

La2001(1,1.2) solutions (Fig. 6); it is therefore suggested to use a maximum range from 1.05 to 

Figure 10 (continued) 
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1.15 for Td. This result is consistent with the Td value of ~1 established for the Miocene at 

the 9–9.6, 11.5–12.1, and 12.1 – 12.5 Ma time intervals in the Monte dei Corvi section 

(Hüsing et al., 2007; Zeeden et al., 2014). Zeeden et al. (2014) also obtained high correlation 

coefficients and relatively consistent obliquity phases for Td values of 0.3–0.5 that originated 

from a tuning that was shifted one precession cycle to achieve a good fit between their proxy 

data and the orbital solution. For the younger interval (6.7 Ma – 6.4 Ma) of this study, it was 

not necessary to implement a shift of one precession cycle to obtain a good fit between proxy 

data and the astronomical solutions (Fig. 5). For example, a one precession cycle shift in the 

Fe/Ti proxy data would by contrast result in major inconsistencies in precession-obliquity 

interference patterns as well as in precessional amplitude patterns between the proxy data and 

65°N insolation record of the La2001(1,0.5) astronomical solution (Fig. 5). Moreover, Hüsing et 

al. (2007) found, based on visual comparison of the cycle patterns, that a present-day Td value 

(1,1) provided no convincing match, whereas a Td value of 1.2 obtained the best fit with the 

cycle patterns. This implied that a Td value larger than the present-day value is needed to  

obtain the best fit between proxy data and the astronomical solution for the Miocene, which is 

in agreement with the 1.05 – 1.15 Td obtained in this study.  

Results from this study are also consistent with Td values obtained for the last 3 million 

years (Lourens et al., 2001). However, despite that Lourens et al. (2001) concluded that the 

present-day values for Td and dE in the La90 solution (Laskar, 1990) resulted in a good 

match, an optimum fit between their proxy data and the La90 solution was actually obtained 

using a Td value of 0.5. As mentioned in Zeeden et al. (2014), the obtained 0.5 Td value could 

be associated to changes in dE associated with the Northern Hemisphere glaciations, since 

only the combined effect of Td and dE can be investigated (Laskar et al., 1993; Mitrovica et 

al., 1994; Morrow et al., 2012). No further conclusions can be made regarding this statement 

as only varying Td values have been investigated in this study. Pälike and Shackleton (2000) 

did investigate the change both Td and dE values in their study, which complicates the 

comparison with our study. They argued, however, that these parameters have remained close 

to the present-day values over the last 25 million years and it does, therefore, not contradict 

the outcome of this study. 

On the contrary, Green et al. (2017) argued that past values for Td must have been much 

lower than present-day values, much like the 0.5 Td obtained by Lourens et al. (2001) as well 

as the 0.4 Td obtained by Zeeden et al. (2014) by shifting the tuning one precession cycle. 

They found that the total globally integrated dissipation rate for the Miocene was 50% of the 

degraded model present rate, which was mainly explained by a narrower Atlantic ocean 

during the Miocene relative to present-day. However, it was also shown that the tidal 

dissipation rates in the abyssal ocean were enhanced due to more energy being lost in the deep 

ocean in the Miocene case than at present (Fig. 4 in Green et al., 2017).  

Furthermore, a Td value of 1.05 – 1.15 implies a constant and direct response of African 

climate changes to insolation, which is consistent with transient climate modelling 

experiments that imply no precession- and obliquity-related time lags for the African 

monsoon and Miocene sapropels (Ziegler et al., 2010; Weber and Tuenter, 2011; Simon et al., 

2017; De Boer et al., 2021). For late Pleistocene a ~3 kyr phase lag is often assumed, 

however, Ziegler et al. (2010) demonstrated that such a phase lag could be the result of a 
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delay of the African monsoon to insolation forcing due to the occurrence of cold events in the 

North Atlantic, which are not known to occur during warmer Miocene.  

At last, compared to the La2001(1,1.1) solution, the phase lags for the La2004(1,1) solution are -

2.12 ± 0.03 kyr for precession and -2.04 ± for 0.07 kyr for obliquity, which should be taken 

into account when investigating phase relations between proxy data and astronomical forcing 

in the Messinian when using the La2004 solution. This (un)certainty limits the precision of 

determining phase relations but moreover improves the understanding of the limitations of 

tuned time scales and determining phase relations that have been performed for the 

Messinian. 

 

5.5 Implications of the precession-related phase lag on the Mediterranean diatomites 

The proxies for productivity (e.g: Ba/Al, Corg, and P/Al; Figs. 3a, 3b, 8) in the results of 

this study are related to the deposition of the diatomaceous layers. The diatomites display a 

precession-related time lag of ~60°, or ~3.5 kyr, to the 65°N insolation record of the 

La2001(1,1.1) solution (Fig. 8). This phase lag is similar to the phase lag of 3.3 kyr ± 2.6 kyr 

obtained for the Messinian gypsum deposits based on a simple box model, in which the lag is 

attributed to salinity changes and vertical mixing in the Mediterranean (Topper and Meijer, 

2015). Similar phase lags have been observed between Sr-isotope anomalies and vertical 

mixing of the water column and the hydrological budget in the Sorbas basin (Modestou et al., 

2017). 

Traditionally, the diatomites are interpreted as evidence of the gradually restricted 

conditions that characterized the Mediterranean just before the Messinian salinity crisis. 

However, their coeval occurrence with a global intensification of the opaline production in the 

world oceans (late Miocene-early Pliocene biogenic bloom) suggests a causal relationship 

between sapropel and diatomite deposition in the Mediterranean, considering the possible 

interplay between stratification-adapted diatoms and anaerobic bacteria (Pellegrino et al., 

2018). During precession minima, a strong run-off provided huge amounts of dissolved Si to 

the Mediterranean derived by the leaching of grassland soils and promoted water column 

stratification, which favoured the proliferation of oligospecific, highly silicified subsurface 

diatom assemblages (Pellegrino et al., 2018). Upon reaching the seafloor, the diatom frustules 

were dissolved due to the activity of sulphate-reducing bacteria (SRB) which increased 

alkalinity of the pore waters. By contrast, during more arid phases, the reduction of 

monsoonal runoff and the mixing of the water column favoured the re-injection of recycled 

dissolved Si in the photic layer that was previously trapped below the pycnocline. Phytolith-

rich dust further contributed to the silica saturation of the water column. Diversified diatom 

assemblages, adapted to exploit the silica-rich surface waters, proliferated and their frustules 

were further deposited on the oxygenated sea bottom. The suppression of sulphate-reducing 

bacteria favoured the preservation of diatom frustules. 

 This model of diatomite deposition, as proposed by Pellegrino et al. (2018), is consistent 

with the idea of precession-related phase of salinity changes and vertical mixing. If the 

diatomite deposition is thus initiated by changes in vertical mixing during more arid periods, 

after insolation maxima and sapropel formation, it could be argued that the phase lag obtained 

in this study is also the result of such changes. Although diatomite deposition is more 

accentuated in the western domain than in the central and eastern domains (Hilgen and 
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Krijgsman, 1999; Pérez-Folgado et al., 2003), they could be (in part) isochronous in both 

basins (Filippelli et al., 2003). If so, the precession-related phase lags for the diatomites of the 

Metochia section could be identical for the diatomites found in the western Mediterranean, 

despite that the western Mediterranean and the Atlantic margin are also influenced by 

enhanced winter precipitation from the Atlantic storm tracks (Marzocchi et al., 2019). 

The determination of precession-related phase lags for the diatomites in the western 

Mediterranean could be of importance to the astronomical tuning of the Sorbas basin (Spain; 

Sierro et al., 2001). The astronomical tuning of the Abad section was transferred to an open 

marine succession from the Messinian Melilla section in Morocco, using planktonic 

foraminiferal events (van Assen et al., 2006), since the Melilla section lacked the sedimentary 

cycles that contain the expression of characteristic details related to precession amplitude and 

precession-obliquity interference that are common in Mediterranean sapropel sequences 

(Krijgsman et al., 1999). Astronomical ages were then assigned to intercalated tephra layers, 

which allowed for the intercalibration of astronomical ages and 
40

Ar/
39

Ar dated sanidine 

phenocrysts, and this resulted in an unprecedentedly precise age for the Fish Canyon sanidine 

(28.201 ± 0.023 Ma; Kuiper et al., 2008). However, consensus about the age of 28.201 ± 

0.023 Ma from Kuiper et al. (2008) is still lacking in the literature (Channell et al. 2010; 

Renne et al. 2010; Rivera et al. 2011).  

Absolutely crucial for the proposed intercalibration of the 
40

Ar/
39

Ar dating method and the 

astronomical method is an absolutely perfect analysis of cyclicity, or, a correct astronomical 

tuning. Phase lags between climate and climate proxies have implications for the appropriate 

location of astronomical tuning tie points within each orbital cycle. It has been argued that 

tuning of the Abad marls by tying precession minima to the midpoint of sapropelic layers is 

incorrect as sapropelic layers were deposited during the transition to precession minima, 

rather than being centred symmetrically around it (Pérez-Folgado et al., 2003). Modestou et 

al. (2017) proposed that the tuning for the Abad section could be evaluated, or possibly 

improved, by tuning the diatomites to precession maxima. However, based on the results here 

it is suggested to tune the diatomites to precession minima using the precession-related phase 

lag observed in this study (~3.5 kyr). While this is beyond the scope of this study it could be 

part of future research. This could have implications for the intercalibration between the 

astronomical ages and 
40

Ar/
39

Ar ages used for the age determination of the Fish Canyon 

sanidine. It remains, however, uncertain if the maximum change in the astronomical age 

would result in a significant different age that was not yet incorporated in the uncertainties of 

ash layer ages by Kuiper et al. (2008) and Rivera et al. (2011). Moreover, the discrepancies of 

reported ages for 
40

Ar/
39

Ar dating standards relative to the ones intercalibrated (Channell et 

al., 2010; Renne et al., 2010) with astronomical time scales (Kuiper et al., 2008; Rivera et al., 

2011) can probably not be attributed to the effect of Td and dE, since these discrepancies 

encompass one or multiple precession cycles (Zeeden et al., 2014). 

6. Conclusions 

The Messinian Metochia section (6.72 – 6.4 Ma) contains intricate cycle patterns in the 

XRF proxy data related to orbitally induced climate change. The sapropels of the Metochia 

section were deposited during periods of enhanced precipitation over North Africa, which 
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resulted in the increased input of Fe-bearing smectite minerals into the Mediterranean via 

Miocene paleochannels and the river Nile. Deposition of Fe then occurred in the anoxic 

bottom waters of the eastern Mediterranean. Conversely, the homogenous marls of the 

Metochia section were deposited during relatively arid periods, resulting in a relative increase 

of aeolian Ti input. Together this allowed for the use of Fe/Ti as proxy for humid versus arid 

conditions in northern Africa and this ratio was used to investigate Messinian tidal dissipation 

values. The Fe/Ti data provided an optimum fit with the 65° insolation record of the La2001 

solution with a Td value of ~1.1, indicating that this value is the most accurate from a 

geological point of view. This value is, however, statically indistinguishable to that of the 

La2001(1,1.2) and La2001(1,1) solutions. The data presented here contributes moreover to the 

determination of the accuracy of phase relations between insolation forcing and climate 

response during the late Miocene. Astronomical tunings and determinations of phase relations 

that have previously been determined for Messinian climate data should implement a -2.12 ± 

0.03 kyr phase lag for precession and a -2.04 ± for 0.07 kyr for obliquity, since the La2004(1,1) 

solution lags the La2001(1,1.1). An additional precession-related phase lag of ~3.5 kyr was 

established for the diatomites of the Metochia section, which could have implications for the 

tuning of other Mediterranean diatomites. 
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