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Abstract

:

The environment of the Marseille basin in the Early Pleistocene was reconstructed through a multiproxy study of fluvial tufa deposits. Palaeomagnetic measurements revealed the Jaramillo subchron and dated the tufa to within the 0.8–1.5 Ma interval, probably between 0.9 and1.2 Ma. Sedimentological studies show varied depositional environments comprising natural dams formed by accumulations of plants promoting the development of upstream water bodies. The very negative δ13C values indicate that the Marseille tufa is not travertine sensu stricto but tufa deposited by local cold-water rivers. Palynological analyses indicate a semi-forested, diverse, mosaic vegetation landscape dominated by a Mediterranean pine and oak forest. Along the streams, the riparian forest was diverse and included Juglans, Castanea, Platanus and Vitis. The potential diet reconstructed from pollen was varied. The most surprising discovery was the presence of proto-cereals, which could potentially enrich the diet with carbohydrates. The identification of spores of coprophilous fungi seems to indicate the presence in situ of large herbivore herds. It is possible that, as in Anatolia, the disturbance of ecosystems by large herbivores was responsible for the genetic mutation of Poaceae and the appearance of proto-cereals. Climatic reconstructions indicate a slightly cooler and wetter climate than the present.
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1. Introduction


Tufa and travertine are freshwater carbonates along streams and in pools whose banks are ideal breeding grounds for a wide variety of plants and animals, including hominins, e.g., [1,2]. This was particularly the case at about 1.2 Ma in the Denizli travertine complex in SW Anatolia, which is related to hot water springs e.g., [3,4,5]. The Marseille calcareous tufa, formed in cool water streams and pools [6], lies at the other end of the Mediterranean Basin, on the route that herds of large herbivores and hominins may have followed in their migratory dynamics towards the Iberian Peninsula, where hominin fossils are found at 1.5 Ma in the Guadix–Baza–Orce basin [7,8] and at 1.1–1.2 Ma in Sima de Elefante, Atapuerca [9,10]. On the French Mediterranean coast, earlier traces of hominins can be found at the Vallonnet [11] and Bois de Riquet [12] sites. Between these two sites lies the Marseille basin, which may have been frequented by hominins and herds of large herbivores during the Pleistocene. The study of Pleistocene tufa, which extensively outcrops within the Marseille basin, has been neglected since early research [13]. The diversity of floristic assemblages is underlined in the bibliography [14,15], but no new palaeontological data have been acquired since the end of the 19th century. The geological framework has been studied a little better [16,17]. In these studies, the Marseille tufa is considered to be a Pleistocene-age formation, with no further details. From an archaeological point of view, to our knowledge, there have been no discoveries of lithic material or other traces of hominin presence. However, the Marseille basin could have been a potential dwelling site during the westward migration of the first hominins.



Tufa and travertine are considered poor material for pollen preservation [18] due to the oxidising depositional conditions that preside over their emplacement. Post-depositional contamination by pollen may arise due to the porosity and permeability of these rock types. However, there exists indurated, non-porous facies where in situ pollen can be preserved, as is the case in the Denizli travertine and Marseille calcareous tufa. On the other hand, they can be rich in macrofossils, such as large mammal bones, vegetation remains (e.g., leaves, fruit, tree branches and trunks), or sometimes even plant imprints [4,19]. In the Marseille tufa, few animal macrofossils have been found—just a few fragments of a tusk and a tooth of the southern mammoth (Mammuthus meridionalis)—as well as several teeth of the straight-tusked elephant (Palaeoloxodon antiquus) [16], suggesting the latest Villafranchian period [20]. The revisit of the material still accessible in collections [16] (eight teeth among the twelve cited) confirmed and modernised the identification of two Pleistocene species: Mammuthus meridionalis and Palaeoxodon (previously Elephas) antiquus [21]. The first species is the most represented and the only one with a well-documented localisation within the travertine of La Viste. Both species correspond to the assemblage arriving around 0.8–1.2 Ma in Southern Europe [22]. Palaeoxodon antiquus points toward the younger part of this time window.



The study of plant macro-remains [13,23] yielded more abundant results, with the identification of 32 plant taxa, 10 of which are shared at the genus level with the pollen taxa published in this article and 15 of which are present only as macro-remains (Table 1). These taxa include plants found today in the laurel forests of the Macaronesian islands (e.g., Laurus canariensis, Phoebe barbusana) or in the thermo-Mediterranean zone (e.g., Pinus salzmannii, Chamaerops humilis, Magnolia vasseuri and Nerium oleander). The identification of Laurus canariensis [13] is questioned and attributed to Laurus nobilis [23]. The malacofauna of the tufa indicates an open, xerothermic Mediterranean environment, close to the current malacological associations of the Marseille coastline, with the presence of Cernuella virgata Da Costa, Trochoidea trochoides Poiret and Candidula unifasciata Poiret [24]. The advantage of plant and animal macro-remains is that they can be identified at a more precise taxonomic level than pollen. They also testify to their in situ origin or, in the case of transport by the watercourses that flowed over the tufa, to their local origin, based on the fact that the watershed of the tufa studied sites is of the order of less than 10 km and the poor preservation of macro-remains during transport. Pollen, on the other hand, reveal a greater taxonomic diversity of plants and enable us to reconstruct the biodiversity of ecosystems, plant landscapes and climate on a regional and local scale.



In this article, we present the results of (1) palaeomagnetic measurements, which provides age constraints for the tufa; (2) sedimentological analyses, which allow us to reconstruct the depositional environment of the tufa; (3) pollen analyses and related climatic reconstructions that enable us to reconstruct plant landscapes, the potential diet available to hominins and the climates that existed at the time the tufa was laid down.




2. The Studied Sites and Sampling


The Marseille tufa deposit was formed during the Quaternary period, in the Oligocene basin of Marseille. It forms a discontinuous plateau, 10–20 m thick, situated between 50 and 170 m above sea level. It was deposited in a varied (fluvial, lacustrine, encrusting waterfalls) continental depositional environment. The main outcrops are to the NW and SE of the basin (Figure 1). When it was deposited, the tufa occupied the lowest points of the basin. It was dominated by hills of Oligocene siliclastic fluvial and lacustrine deposits [6]. Rivers flowing over the tufa flowed into the Mediterranean, whose coastline was situated a few kilometres south of the present-day location. Tectonic movements, global climatic changes and subsequent erosive dynamics are responsible for the present-day inversion of the relief, which explains the plateau position of the tufa today.



Three areas were sampled for the present study, four to the NW of the Marseille basin—La Viste (two sections), St Exupéry High School and La Calade—and three in the SE of the basin: Les Amaryllis, Les Olives quarry materials and Les Olives Avenue (Figure 1). A total of 23 large samples of about one cubic decimetre were taken at these seven sites (Figure 1, Supplementary File S1) for the pollen and petrographic analyses and were cut to get rid of the potential pollution from present-day pollen rain (Figure 2). All samples were obtained from the calcareous tufa formation, except a clay sample (Les Olives Avenue, Figure 1) that corresponds to the first layers below the tufa. The sites sampled correspond to former quarry faces or trenches dug for urbanisation purposes.



To obtain palaeomagnetic dating constraints, oriented samples from three sites (La Viste, Saint-Exupéry High School and La Calade; Figure 1) that revealed significant pollen content were successively obtained using a portable drilling machine and orienting tools. Moreover, twenty-five years ago we independently sampled a nearby full section of the tufa with a circa 0.2 m interval at Plan d’Aou (La Viste) for palaeomagnetic purposes. This complete 9.5 m high fresh section was generated by excavation of the pre-existing cliff to stabilise the former clay quarry that was restored in the late 1990s. Unfortunately, the section is no longer accessible, and our unpublished results from that early sampling will be reported here.



A succinct present-day vegetation survey was carried out in the three areas studied. The current vegetation has been heavily modified by urbanisation (roads, buildings) and human occupation (organic pollution, trampling). The Aleppo pine forest and the Mediterranean oak grove (Quercus pubescens, Q. ilex), highly degraded and sometimes limited to scattered individuals, are the only remnants of the natural forest vegetation that existed before the urbanisation of the Marseille basin [25]. Other plants are characteristic of ruderal environments disturbed by man (numerous Cichorioidae, Plantago, Poaceae, etc.), cultivated (Ficus carica, Punica granatum) or invasive taxa (Ailanthus altissima), or have been planted for shade (Platanus orientalis, Celtis australis) or aesthetic appeal (Cercis siliquastrum).




3. Materials and Methods


3.1. Palaeomagnetism


Palaeomagnetic investigations were conducted in the palaeomagnetic laboratory of the CEREGE. Oriented samples were retrieved using a Pomeroy core drill. Remanent measurements were performed using the superconducting rock magnetometer SRM760R (2G Enterprises). Stepwise alternating field (AF) and thermal demagnetisations were undertaken with the online AF demagnetisation system attached to the SMR760R and the MMTD Furnace (Magnetic Measurements Liverpool Ltd., Aughton, Ormskirk, UK). The 32 samples retrieved from the St Exupéry High School (SX), La Viste (CAM) and Calade (CAL) sections were subjected to AF demagnetisations. For the Plan d’Aou section (TRM), 14 pilot samples were subjected to stepwise thermal demagnetisations with interpretable results up to 350 °C (unpublished results obtained in 2002). The 32 remaining samples were measured after a single heating at 150 °C. Statistics on demagnetisation patterns were calculated using PuffinPlot Software, version 1.4.1 [26]. Magnetostratigraphic interpretation is based on ages reported in [27].




3.2. Sedimentologic and Petrographic Analyses


A sedimentologic analysis of the calcareous tufa (petrography, sedimentary structure and depositional facies) from three localities has been performed: Saint-Exupéry High School (Figure 3), La Calade (Figure 4) and La Viste (Figure 5). The depositional facies of the calcareous tufa have been classified using a continental carbonates facies nomenclature [28], which is based on the depositional texture, grain size and the nature of dominant carbonate components, such as phytoclasts, skeletal bioclasts, concoids and peloids. Additionally, four thin sections have been prepared from the Saint-Exupéry High School section and two from the La Calade section to characterise diagenetic and microstructural features of the tufa. Morphological and sedimentological features evidenced on the studied section have been used to define a conceptual model of the depositional palaeoenvironment for the calcareous tufa of the Marseille basin.




3.3. Carbon and Oxygen Stable Isotope Composition of Carbonates


Bulk stable carbon and oxygen stable isotope compositions of carbonate powders were measured to characterise the palaeohydrological setting of tufa formation. Carbonate rocks were samples from Saint-Exupéry High School (4 samples), La Calade (2) and La Valentine (19) sections. Previously published measurements from Les Aygalades [29] were integrated into the database. The location of sampled sections is displayed in Figure 1.



Measurements were taken at the GeoZentrum Nordbayern department, Friedrich-Alexander-Universität Erlangen-Nürnberg (Germany) through reaction with phosphoric acid at 70 °C using a Gasbench II connected to a Thermo Fisher Scientific DELTA V Plus mass spectrometer. All measured isotopic values are normalised against the international reference NBS-19 and are expressed in ‰ relative to V-PDB for 18O/16O and 13C/12C. Mean external repeatability for δ13C and δ18O was better than 0.05‰ and 0.07‰, respectively.




3.4. Pollen and Non-Pollen Palynomorphs (NPP) Analyses


As travertine and tufa are known to be pollen-poor [18], we carried out pollen extraction on a sediment mass of between 50 and 250 g, using a technique that includes the use of a heavy liquor [30]. Carbonates were removed with concentrated hydrochloric acid, and organics were removed with 10% KOH and acetolysis (acetic anhydride and sulfuric acid). The separation of the pellet on heavy liquor composed of sodium heteropolytungstates (LST Fast Float diluted in water to a density of 2) removed residual mineral matter. The pellets were then passed through a 175 µm sieve, followed by a 10 µm filter.



Of the 23 samples taken, only 7 were polliniferous, corresponding to 6 different sites: La Viste, Saint-Exupéry High School, La Calade, Amaryllis, Les Olives quarry materials and Les Olives Avenue (Supplementary File S1). Observations were made with a light microscope (X 500 magnification), and identifications were made using photographic atlases [31,32,33,34,35,36,37], as well as a collection of pollen reference slides.



To identify the pollen of proto-cereals (with the exception of Secale, which is characteristic), we followed the following criteria: a longest diameter ≥40 µm, a large and protuberant annulus + pore and scabrate to verrucate surface sculpturing of the exine [5]. We are aware that some rare wild Poaceae may show a diameter ≥40 µm, such as Aegylops sp. and Glyceria sp., but the surface analyses carried out in Anatolia show that even in stations where these wild Poaceae are present, they are rarely or not represented in the pollen assemblages [5]. It therefore seems that their presence can be considered to be of little significance in a pollen assemblage. We have not attempted to identify cereal pollen down to the species level on the basis of morphometric criteria because we believe this is not possible due to their variable morphometry, which can depend on several factors, including the pollen mounting medium. Furthermore, in the determination tables, the sizes of pollen grains of different cereals may overlap [34].



The pollen of Pinus halepensis was identified in a single sample (Supplementary File S2) based on the presence of a marginal ridge on either side of the proximal thickness of the Pinus grain in equatorial view (cf. current P. halepensis pollen reference collection). In fossil pollen assemblages, this criterion is not always visible. It is therefore likely that P. halepensis pollen has been underestimated in the pollen counting. Mediterranean pine pollen includes Pinus grains > 63 mm long as Pinus maritima, P. pinaster or P. pinea. In pollen sample 5, Platanus is over-represented due to the presence of a piece of stamen; therefore, this taxon was excluded from the pollen sum for climatic reconstructions.




3.5. Pollen-Inferred Climate Reconstructions


To improve our knowledge concerning the evolution of the Mediterranean climate during a time interval and a region that has been poorly investigated to date, a multi-method approach has been tested to provide quantitative estimates of past climates [38,39,40]. Here, we propose to advance and compare five pollen-based climate reconstruction methods: (1) an assemblage approach, the modern analogue technique (MAT; [41]); (2) a transfer function, the weighted averaging partial least squares regression (WA-PLS; [42]); (3) and (4) the recent machine learning methods, including the boosted regression trees (BRT; [43,44]) and (5) the random forest (RF; [45,46]) and (4) the climatic amplitude method (CAM, [47]). These methods have been previously used for climate reconstruction focusing on different time periods in the Mediterranean region based on both terrestrial and marine pollen records [39,48,49,50,51,52,53,54].



The methods use the present-day environment to quantitatively reconstruct past climates derived from fossil assemblages. MAT functions by determining the degree of dissimilarity between past pollen assemblages and modern pollen data. By using squared-chord distance calculations, MAT selects a number of modern analogues for each fossil pollen assemblage to infer past climatic values [41]. In contrast to the MAT, which is an “assemblage approach”, the weighted averaging partial least squares regression (WA-PLS) method is a true transfer function, meaning that it requires statistical calibration between the climate parameters and modern pollen assemblages. It is a regression method which supposes the unimodal relationship between pollen percentages and climate parameters [42]. WA-PLS and MAT methods are applied with the R package Rioja [52]. In comparison to the other methods, BRT and RF are new machine learning methods only recently adopted for palaeoecology [55]. These methods are based on a large number of regression trees and use random binary splitting and cross-validation to predict the relationship between climatic variables and pollen assemblages [54]. The machine learning methods have never been tested on periods older than MIS 11. RF is applied with the R package randomForest [55] and BRT with the R package dismo [56]. These four methods are based on a set of modern pollen data, including 1776 sites extracted from the Eurasian Pollen Dataset [38] and located between 11 °W and 58 °E and between 51 °N and 29 °N in order to encompass environments as similar as possible to the fossil pollen assemblages. For each method and climate parameter, performance statistics, including the coefficient of determination (R2) and the root mean square error (RMSE), are presented in Supplementary File S3.



These methods have been developed mostly for recent time periods characterised by the absence of relict taxa. For older time periods, other methods can be more appropriate. In this frame, the outcome of these reconstructions will be compared to the results of the climatic amplitude method (CAM; Ref. [47]) that has been developed to quantify the climate of periods for which there are, currently, no modern analogues of the pollen spectra, such as the Pliocene and the Early Pleistocene. The CAM was developed to specifically quantify climatic parameters of the Mediterranean lowlands during the Late Cenozoic [47]. This method, which takes into account the modern bioclimatic requirements of taxa, is built on the statistical comparison between each past pollen assemblage and a database of more than 8000 modern pollen records from various latitudes and longitudes in the northern hemisphere, thus allowing the transposition of the relative abundances of each taxon into climatic values [47]. In the CAM, the most probable climate for a set of taxa corresponds to the climatic range suitable for the maximum number of taxa. The climatic estimate is obtained as a climatic range and a “most likely value”, which corresponds to a weighted mean, a statistical calculation tested on modern pollen data whose R2 and RMSE values are given in Supplementary File S3.



Details of the development of all these methods have already been published, e.g., [39,40,41,42,43,45,46,47,50,53,57,58].



Here, six climatic parameters were reconstructed: mean annual air temperature (MAAT), mean temperature of the warmest month (MTWA) and of the coldest month (MTCO), mean annual precipitation (PANN), mean winter precipitation (Pwinter = December, January and February) and mean summer precipitation (Psummer = June, July and August). The precipitation seasonality is not reconstructed in the Climatic Amplitude Method. The reconstructed climatic values are compared to the modern climate of Marseille obtained from WorldClim 2 [59].





4. Results


4.1. Magnetostratigraphy


The intensity of natural remanent magnetisation (NRM) is weak, varying between 0.8 and 65 × 10−5 A/m but usually more than ten times above the magnetometer noise level (a few 10−5 A/m). Alternating field (AF) demagnetisation was complex to apply because the drift of the sample holder correction under AF treatment may be of the same order of NRM intensity. Therefore, we preferred to apply thermal treatment. The characteristic primary remanence (ChRM) was identified in between 100 and 250 °C because the signal tends to be scattered above these temperatures. We sometimes used a single heating step of 150 °C to remove an eventual goethite signal suggested by the yellow-beige color of the material, followed by AF demagnetisation. The component remaining above 150 °C is carried by fine-grained magnetite, as suggested by hysteresis ratios on five samples with Brc/Bc in between 2.5 and 3 and Mrs/Ms in between 0.05 and 0.16. Satisfactory demagnetisation plots were obtained in most of the samples (Figure 6), allowing to define a polarity. The interpreted reverse polarity of ChRM was sometimes derived from the great circle behaviour during demagnetisation rather than the principal component analysis. Note that no tilting correction was applied. When visible, the irregular bedding is roughly horizontal.



The 46 samples of the 9.15 m high Plan d’Aou section revealed a majority of reversed polarity (26), in particular in the first 3.6 m of the section, 8 normal polarities were mostly concentrated in the 6.4–7.3 m interval, while the remaining 12 ‘intermediate’ (in fact, mostly undefined) directions mainly occur in the 3.75–5.6 m interval and above 7.3 m (Figure 7 and Supplementary File S4). The fact that the intermediate directions are intermingled with reverse directions in the upper 2 m leads to an interpretation of the whole section as belonging to the Matuyama period. A normal polarity seems robustly recorded over about one metre in the upper part of the section (6.3–7.35 m). Based on the chronological constraints from the reported Proboscidean remains, it is not possible that the observed normal polarity zone corresponds to the Olduvai subchron (1.77–1.93 Ma). Therefore, our preferred interpretation identifies the normal interval with the Jaramillo subchron (0.99–1.07 Ma). Assuming a constant deposition rate of 1.31 cm/ka, based on the apparent thickness of the Jaramillo subchron, the Plan d’Aou section would cover 0.7 Ma on the 0.85–1.55 Ma period. However, the assumptions made for this calculation (limits of Jaramillo, constant deposition rate) are quite poorly constrained, and we surmise that the actual period may be significantly shorter. Indeed, a cyclicity is clearly visible in the colour and porosity of the section, with at least four mega-cycles, visibly subdivided into smaller cycles (Figure 6). If these cycles correspond to the 100 ka glacial/interglacial cyclicity, it would point toward a circa 400 ka duration. However, we acknowledge that this cyclostratigraphic argument is debatable because that period is assumed to be dominated by a 40 ka cyclicity, and we offer it just as a potential narrowing of the palaeomagnetic estimated duration. Based on stratigraphic observations, the sites sampled for pollen analysis cannot be younger than the top of Plan d’Aou section. Accordingly, reverse polarity characterises all the samples of La Viste and a few samples of the La Calade site. The other samples with normal directions in Calade and all the Saint Exupéry samples would either belong to the Jaramillo subchron or correspond to a remagnetisation. Note that the stratigraphic heights of these new sections are quite limited, with irregular intervals; thus, correlation with the Plan d’Aou section is not feasible. Finally, it is worth noting that the base of the Calade site shows quite consistently declinations roughly heading south but with positive, sometimes very steep inclinations, with reasonable demagnetisation behaviour. This could be the result of the bulk rotation of a reverse polarity due to collapse toward the south of the whole hanging cliff in this zone that corresponds to a step descending southward to the sea (altitude difference between Calade and Saint Exupéry section bases is about 20 m). To summarise, these results, along with the mammal remains, indicate that all (but one; see discussion) obtained pollen-bearing samples are within the 0.85–1.55 Ma boundaries, likely to be narrowed around the Jaramillo subchron (e.g., 0.9–1.2 Ma).




4.2. Depositional Facies of Calcareous Tufa and Palaeoenvironmental Reconstructions


The analysis of outcrops and microfacies have allowed for the characterisation of the geomorphological landscape type that existed at the time of tufa formation. The sedimentary facies are diversified and show the alternation of carbonate and terrigenous facies, fluvial (tufa and conglomerate) and lacustrine-palustrine (compact, non-porous silt, encrusted reeds in live position). In total, the different sedimentary logs have allowed the observation of four groups of tufa facies: (1) phytoclastic rudstone (Lph), (2) bioclastic-peloidal calcarenite (Sb), (3) phytohermal tufa (boundstone of stems: Lst1) and (4) oncolitic rudstone/floatstone (Lo). Such a facies association has been reported in various temperate climate settings and has been shown to characterise distinct hydrodynamic settings within a fluvial environment [28,60]:




	-

	
Phytoclastic rudstones (Lph) consist of an accumulation of coated stems (centimetre- to decimetre-long) with a scarce peloidal micrite matrix. Phytoclastic rudstone form up to 4 m high domes, sometimes with subvertical walls (Figure 8B). They develop through calcite precipitation around plants. These plants may be transported before encrustation, thus forming a dam. Plant accumulations are believed to initiate dams around obstructions or slope breaks. Phytoclastic rudstones (Lph1) commonly pass laterally to calcarenites (Sb) (Figure 8B).




	-

	
Bioclastic-peloidal calcarenites (Sb) are fine-to-medium grained carbonate sands. Grains predominantly consist of peloids, intraclasts (broken calcitic crusts), micro-oncoids and bioclasts (dominantly ostracods, more occasionally molluscs). They are organised into centimetric to decimetric thick beds with horizontal laminations (Figure 8B,C). They are interpreted as forming in slow-flowing dammed areas.




	-

	
Photothermal tufa (Lst) are boundstones of in situ stems (mainly reeds) growing upward. Stems are commonly decimetre-long and exhibit thick (up to few centimetres) calcite coatings (Figure 8A). They form in palustrine settings on fluvial banks or lake shores.




	-

	
Oncolitic rudstone (Lo) are formed by an accumulation of oncoids (typically less than 1 cm in diameter). They are organised into decimetre-thick lenses displaying an erosive base (Figure 8C) and commonly exhibit cross-stratification. They are interpreted as representing fluvial channel fills.









The rivers in which these tufa formations develop originate from sources located within the Marseille basin itself at the foot of the Etoile, La Nerthe or Allauch massifs. The intercalations of terrigenous facies (e.g., polygenic conglomerates at Saint-Exupéry High School and La Calade sections: Figure 3 and Figure 4 show that rivers with larger catchment areas transport elements resulting from the erosion of neighbouring massifs, coexisting in the Marseille basin with rivers originating from more localised sources.



Based on palaeoenvironmental interpretations of facies, a conceptual depositional model for the Early Pleistocene continental sedimentation in the Marseille basin is proposed in Figure 9.



Finally, the very negative range of d13C values (Figure 10 and Supplementary File S5) measured in the Pleistocene tufa from the Marseille basin (from −2.9 ‰ to −9.8‰ PDB) is consistent with that of calcareous tufa, formed in cool water, and is clearly distinguished from that of travertine, formed from hot water of hydrothermal origin [60,61].



The very reduced range of both δ13C and δ18O values in Les Aygalades, Saint-Exupéry and the La Calade section (northern Marseille basin) suggest very short water residence times and limited evaporative 18O enrichment, which is consistent with flowing water [62]. In contrast, with regard to the wide range of δ13C and δ18O values in the La Valentine section (eastern Marseille basin), their overall covariant trend would indicate longer residence times and dominantly lacustrine conditions [63].




4.3. Pollen and NPP Data


The total number of taxa identified (this study and former macro-remains studies [13,23] is 122 (Table 1), of which 91 are pollen, spores, NPPs and algae, and 32 are plant macro-remains. A classic classification to name organisms was used [64].



Spores and NPPs have been excluded from the pollen sum (PS) for the calculation of relative frequencies. In this case, the mean PS is 117 grains per sample. When spores and NPPs are included, the mean PS per sample is 27,096. The average pollen concentration (weighting method, [29] is 244 pollen/g sediment (minimum: 2, maximum: 468). In total, 92 pollen taxa were identified, including 36 trees, 45 herbs and 11 NPPs (Supplementary File S2, Figure 11 and Figure 12). Despite their low average pollen concentration, we consider that the samples studied are ecologically valid because of their taxonomic diversity (e.g., [65]). Simplified pollen diagrams (Figure 13, Figure 14 and Figure 15) were drawn with C2 [66]. The ecological classification of pollen taxa used to draw the pollen diagram is summarised in Supplementary File S6.



The proportion of arboreal pollen varies between 50 and 85% of the pollen sum, indicating that the landscape was not entirely forested, with open areas which could be dry grasslands on Oligocene and Cretaceous limestone hills surrounding the tufa sites or wet grasslands in depressions crossed by watercourses (Figure 13, Figure 14 and Figure 15). Trees are dominated by pine woods, including Mediterranean pines and oak woods. Within the steppe, we find the classic associations with Artemisia sp., Chenopodiaceae, numerous Compositae species and Poaceae.



Aquatic and riverine plants indicate that a riparian forest had developed along the streams that flowed near the tufa. This riparian forest was diverse and different from the one which exists today on the French Mediterranean coast. It included Alnus glutinosa, Corylus, Fraxinus, Populus or Salix, as well as Juglans and Platanus, whose geographic distribution is now east Mediterranean. The extreme rarity of tertiary mega-thermophilous taxa in floristic assemblages is interesting because elsewhere in the western Mediterranean, such as in the Baza Basin (SE Spain), Carya, Pterocarya, Eucommia, Parrotia, Tsuga or Cataya are maintained in the 1.2–1.5 Ma period [67]. Their absence from Marseille may be either taphonomic or climatic in origin. Alternatively, it may point toward a younger age interval for the Marseille tufa samples, as already pointed to in the palaeomagnetic interpretation.



Coprophilous NPPs were mainly found in samples 1 and 7. These included Delitschia, Sordaria, Valsaria and Type 200, which can be abundant in grazed areas [68]. Cerealia pollen was found in these samples, with Cerealia counts in sample 1 being the highest of all the pollen spectra studied. Nitrophilous plants can reach significant values (32% of PS) as in sample 2 (Figure 13), where Cerealia is also noted. This is a further indication of the impact of herds of large herbivores on ecosystems.



The pollen data show strong variability, particularly between oak forest and steppe. This variability could indicate that several climatic phases are recorded, marked by alternating temperate and cooler phases. The stratigraphic position of sample 7 is just below the tufa with an unknown age control (although assumed to be Pleistocene). As the pollen assemblage of this sample is consistent with the six tufa pollen samples, we consider that sample 7 is contemporary with the deposition of the Marseille tufa.




4.4. Pollen-Inferred Climate Reconstructions


Pollen-inferred climate reconstructions of the Marseille basin were conducted using a multi-method approach (Figure 16). The model performance of the different methods shows the best values, with the higher R2 and lower RMSE for the BRT method for all climatic parameters (Supplementary File S3). The differences between the reconstructed climate values from each method can be important. For temperatures (MAAT, MTWA, MTCO), the mean difference between the different methods corresponds to 4.2 ± 1.2 °C. The MAT, WA-PLS and RF methods reconstruct close values, with a mean difference of 1.5 ± 0.8 °C between the three methods. BRT shows close values, except for samples 4 (La Calade) and 6 (Les Olives quarry materials), where this method reconstructs higher values compared to MAT, WA-PLS and RF. The climatic amplitude method also reconstructs higher temperatures compared to the other methods. For precipitation (PANN, Pwinter, Psummer), the mean difference between the different methods corresponds to 208 ± 84 mm, 67 ± 24 mm and 53 ± 24 mm, respectively. Reconstructed precipitation tends to be higher in summer for WA-PLS and in winter for BRT, compared to the other methods.



Reconstructed MAAT shows a mean of 11.8 °C and varies between 8.8 and 15.8 °C for the different samples and methods used. Reconstructed PANN shows a mean of 729 mm.year−1 and varies between 447 and 981 mm.year−1 for the different samples and methods used. Reconstructed temperatures generally indicate colder conditions compared to modern values, particularly during winter, and reconstructed precipitation indicates wetter conditions compared to modern values. Differences do seem to be present between some samples. In particular, sample 2 (La Viste 2021) appears to differ with lower precipitation and higher temperatures compared to the other samples. The reconstructed values for this sample are closer to modern values, except for winter temperatures.





5. Discussion


5.1. A Diversified Geomorphological and Hydrological Landscape


Palaeoenvironmental reconstructions (Figure 9), based on sedimentary facies analysis, suggest that the Marseille basin was traversed by streams with carbonate sedimentation, likely originating from the foothills of the Mesozoic limestone massifs that border the basin to the north and east. These streams were interrupted by natural dams formed by accumulations of plants, stabilised by carbonate precipitation, thereby promoting the development of upstream water bodies with low hydrodynamics and even marshy environments. Other streams with wider catchment areas occupied the Marseille basin, forming braided channel systems with coarse, conglomeratic, terrigenous sedimentation.



These various types of streams carved through the clay-dominated Oligocene formations of the Marseille basin, forming a hilly relief. Over the past million years, due to tectonic movements, fluvial erosion and eustatic changes, a reversal of relief has occurred [6]. The calcareous tufa plateau now stands prominently, rising 180 m above sea level, while the Oligocene clay hills, eroded by streams with carbonate sedimentation, are now visible beneath the tufa.




5.2. A mosaic of Mediterranean Vegetation


Biological data show that the vegetation landscape was dominated by a diverse Mediterranean vegetation, including mixed coniferous forest (Pinus, Abies, Picea, Cedrus), deciduous forest (mainly Quercus) and steppe with Poaceae, Artemisia and Chenopodiaceae.



In the pine forest, Pinus nigra subsp. salzmannii (Supplementary File S2) is present but is now only found in southern France from the Rhône valley to Roussillon [69], while other populations exist in Spain [70]. This tree was present in the Bouches-du-Rhône region until the end of the Middle Pleistocene [19], but its range shrank considerably during the Holocene as a result of competition from Quercus ilex and Pinus halepensis, favoured by human beings [71]. Palynologically, the pollen of Pinus nigra subsp. salzmannii is indistinguishable from that of Pinus sylvestris. It could therefore not be separated from the tufa samples by pollen count. Pinus halepensis was identified in pollen assemblages and plant macro-remains. Today, it is dominant in Provence on limestone soils frequently burnt by man. This tree, whose indigenous status has often been disputed and even attributed to the Romans, was also recorded in the Early Pleistocene in the Baza basin [67]. Other Mediterranean pines, whose pollen could only be identified to the genus level, may have been present in the Marseille basin, such as Pinus pinea, which could grow in the sandy, well-drained soils of the coast or the dolomitic outcrops of the Marseille basin, and Pinus pinaster, which could grow in acidic soils, such as those that may have formed on the Oligocene clay hills.



The oak forest was diverse, with many species typical of north Mediterranean Quercus forests, including Tilia sp., Acer sp., Ulmus sp., Prunus t., Ligustrum sp., Celtis sp. and Buxus sp. The presence of Vitis sp., a liana very often associated with oak in the Mediterranean region, is also noteworthy. According to the macrorests [23], this Vitis is the species V. vinifera subsp. sylvestris, the ancestor of the cultivated vine. On south-facing slopes, woody plants such as Olea sp. and Pistacia sp. could grow, as well as Ulex (probably U. parviflorus, which dominates the garrigue of Bouches-du-Rhône) and Juniperus (J. oxycedrus, J. phoenicea). This heliophilous community could also include heathers such as Erica multiflora, a flowering heather that thrives in carbonate soil and whose distribution is currently limited to the coast because it is frost-averse, and Erica arborea, an acidiphilous heather that is tolerant of calcareous soils. Erica arborea was also able to take advantage of the acidic soils that had developed on the Oligocene clays.



In the cooler, valley-bottom or north-facing areas, mesophilous forests could develop. These included taxa that have now practically all disappeared from the Marseille basin or have become very rare. These include Abies (Figure 12C), Cedrus (Figure 12E), Picea (Figure 12A), Castanea (Figure 11K), Fagus, Alnus viridis and Betula (Figure 12F). The presence of Castanea is singular for a calcifuge tree that disperses its pollen very little. Its presence is highest (6% of PS) in the sample from the Saint Exupéry High School section (sample 3), located just above the thick layer of Saint Henri Oligocene clays. These clays are decarbonated. One Ma ago, they were outcropping and dominant everywhere in the Marseille basin. Acidiphilous populations of Castanea therefore benefited from an extensive biotope suited to the growth of a chestnut forest. These populations have been considerably reduced in the Marseille basin due to urbanisation, but a few plants remain as refuges on sites with acid soils, including St Marcel, Vallon de la Barrasse and Aubagne [72]. The Cedrus record is interesting because the native populations of cedar (Cedrus atlantica) closest to Marseille are currently found in North Africa (Morocco, Algeria). In the Early and Middle Pleistocene, Cedrus was more widely distributed in the western Mediterranean [67,73,74,75,76], appearing alongside Pinus, Picea and Abies, as in the Marseille calcareous tufa samples, and disappeared from the northern Mediterranean region through increasingly severe glacial–interglacial cycles [77]. Picea is recorded in sample 7. Its presence is not unusual in the Mediterranean basin because it is found in other Early Pleistocene records from southern Italy [74] and Spain [67]. An increase in aridity could be the cause of its disappearance in the Early Pleistocene [78]. In southern France, this taxon is poorly represented in pollen records [25,79], but it is still found in the Upper Holocene in the Calanques de Cassis [79]. Abies, whose presence is only noted in sample 1, is a tree found throughout the Pleistocene at low altitudes in the French Mediterranean [25]. Because of the low dispersal capacity of its pollen by wind and the short drainage basin of the rivers, Abies is considered to have been present at low altitude in the Marseille region. The question is “which Abies?” Abies alba is the only Abies currently present in the French flora but whose distribution is essentially sub-alpine, or is it another Abies, such as Abies pinsapo, found in Andalusia, or some other Abies species found in the eastern Mediterranean. It should be noted that in Europe the greatest taxonomic diversity of the Abies genus is found around the Mediterranean basin [80]. Fagus is found in almost all of the tufa samples. Like Abies, Fagus does not disperse its pollen widely and has remained in low-altitude areas of Provence until recently [25]. This tree has practically disappeared from the low-altitude areas of the Marseille basin, but a few individuals remain along the Huveaune river and at higher altitudes in the Sainte Baume massif, 25 km east of Marseille [72]. The very sharp contraction in the range of these taxa, or their disappearance from low-altitude areas, is most likely due to the combined action of man (agriculture, pastoralism, fires) and climate. This dynamic occurred during the upper half of the Holocene when the climate became cooler and drier and agricultural activities increased along with the human population. It is also possible that the Mistral, the powerful northerly wind that cools Rhodanian Provence in winter and dries out the soils all year round, was less vigorous in the Early Pleistocene than it is today.



The riparian forest that was established along the watercourses included Juglans, Platanus, Alnus, Salix, Corylus, Fraxinus and Vitis. The presence of Platanus and Juglans is unusual because these trees are no longer present in the riverine forests of Western Europe. They are found, on the other hand, in the eastern Mediterranean, Greece and Turkey. Bibliographic data show that these taxa were present in the Early Pleistocene and, even before, in the Pliocene [23] in the western Mediterranean basin in Spain and Italy [67,73,74,81,82] as well as on the French Mediterranean coast at low altitude [80]. They appear to be persisting until the end of the Holocene [25,79,83,84,85,86], in which the intensification of agriculture, increased use of water and the development of waterways are making them disappear.



In wetlands, populations of phragmites represented by abundant encrusted fossils (Figure 8A) were established. Pollen data show that there was also Mentha and Iris. In the waterways, there was probably a varied diversity of aquatic plants, but we only found Myriophyllum spicatum, which is an aquatic plant of ponds and rivers that likes basic soils rich in organic matter. Freshwater algae have been identified, including Chrysophyceae and Botryococcus. The populations of these algae explode when the aquatic environment is disturbed, leading to eutrophication of the waters. The low representation of these algae in the assemblages shows that the trophic state of the aquatic environment was in equilibrium.



The herbaceous strata included steppe plants, adapted to dry and drained soil. Among these plants, Artemisia and Poaceae are dominant alongside Chenopodiaceae and many Compositae (Anthemis, Aster, Centaurea cyanus, C. nigra, Cichorioideae, Cirsium). Note that the Poaceae could include species linked to watercourses or bodies of stagnant water. The steppe could also contain proto-cereals and nitrophilous plants including Plantago lanceolata, P. coronopus, Rumex sp. and Urtica sp.




5.3. The Early Appearance of Proto-Cereals


The major finding of this study is the discovery of cereal pollen (Figure 11A–E). This discovery allows us to date the presence of proto-cereals on the northwestern shore of the Mediterranean back to ca. 1 Ma. In NE Spain, large (>40 μm) Poaceae pollen, which could be proto-cereals, were found in the Lower-Middle Pleistocene site of Cal Guardiola [80]. It is the only site in the western Mediterranean, together with the tufa layers of Marseille, which shows the occurrence of these taxa in such ancient times. In the eastern Mediterranean, proto-cereal pollen appeared in the Acıgöl lacustrine series at the beginning of the Lower Pleistocene from 2.3 Ma, making SW Turkey the earliest area for the presence of proto-cereals. In Marseille, these pollen types are accompanied by fairly high percentages of pollen from nitrophilous plants (Figure 13), such as Plantago (P. coronopus, P. lanceolata, P. major/minor), Cichorioideae, Chenopodiaceae, Urtica, Rumex and Malva. We observe spores of coprophilic fungi, such as Delitschia, Sordaria, Valsaria or Type 200 (Supplementary File S3; Figure 11F–H). These fungi have the particularity of completing their biological cycle in the excrement of large herbivores. It is possible that this nitrophilic and coprophilic assemblage was favoured by herds of large herbivores, which could be attracted by the freshwater resource of the tufa to drink and benefit from green pasture. This is often the case in regions of tropical tree savannahs frequented by herds of large herbivores.



In the Acıgöl series, where this biological configuration is also recorded [5], we proposed the same hypothesis to explain the early appearance of proto-cereals and propose that it is through trampling, grazing and the nitrogen enrichment of soils relating to herbivore droppings that genetic mutations may have occurred in the genome of wild Poaceae, leading to the appearance of cereal-type Poaceae with large pollen and seeds. The new discovery of proto-cereals in Marseille one million years before the start of the Neolithic confirms the hypothesis that we proposed in 2021 [5] and shows that it is well before the start of agriculture that proto-cereals were present in semi-wooded Mediterranean ecosystems and that it may be the disturbances generated by large herbivores that are at the origin of their emergence. Hominins, who became farmers, were therefore not responsible for the appearance of cereals. Cereals were already present in steppe ecosystems when agriculture became widespread in southwestern Asia in the Lower Pleistocene [87].




5.4. Potential Food Resources


A list of edible plants (Supplementary File S7) was established from the biological data presented in this article. In total, 82 edible taxa were identified (Supplementary File S7) based on our knowledge [5] and those found in the literature [88,89,90,91]. Among these plants, 49.3% are trees and 50.7% are herbs (Figure 17A,B). In the Acıgöl series (SE Turkey) where the steppe is dominant, edible plants are mainly herbs (Figure 17D). In Marseille and Acıgöl, the plant organs that could be consumed the most are the vegetative part of the plant (60 and 51%, respectively) and the fruits (19.2 and 12%, respectively). There were fewer edible underground organs in Marseille (4.8%) than in Acıgöl (10%). Proto-cereals including Secale sp. could also be consumed and represent an interesting carbohydrate resource for all omnivores, including hominins. They could also feed on Castanea, Corylus sp., Juglans sp., Prunus t., Cornus sanguinea sp., Malus acerba, Vitis sp., Carduus t., Urtica t., Malva sp. and many other plants listed in Supplementary File S7. Hardy [91] indicates that plant resources could constitute the bulk of the diet, even in regions where biodiversity was reduced. To this could be added marine animal resources because the tufa of Marseille were close to the Mediterranean Sea in the Lower Pleistocene or those coming from terrestrial animal hunting. No archaeological research has been carried out in the Marseille calcareous tufa, and few results have been obtained apart from the discovery of the remains of Mammuthus meridionalis and Palaeoloxodon antiquus. In contemporaneous western Mediterranean sites, we observe that hominins had access to a wide choice of edible animals, from fish to snails and insects to reptiles [92] and from small to large mammals [74,93]. The potential plant and animal food resources were therefore very diversified, as were the ecosystems at that time, before the global cooling of the climate and the deleterious action of human populations.



The salt resource in the Marseille area should have been abundant near the seashore due to the seasonally dry and hot climate. Did hominins have potential access to salt-preserved meat resources? This is a question that we can put forward despite the lack of evidence. Another legitimate question is whether the animal protein they ate was cooked or not. To date, archaeological evidence of significant fire use in Europe dates back 300,000 to 400,000 years [94]; however, it is possible that hominins may have consumed meat (and even roots) accidentally cooked by natural fires [95]. The numerous micro-charcoals present in the samples studied show the existence of fires which affected essentially the trees (square shape of the micro-charcoals). Whatever the origin of these fires, natural or anthropogenic, man, who is an opportunistic animal, was thus able to consume cooked food and realise the benefits he could derive from it since cooking food promotes its digestibility. The oldest traces of fires were found in eastern Africa and dated to 1.5–1.6 Ma [94,96,97]. The discovery of micro-charcoals in the ancient natural (and non-archaeological) site that we study within the framework of the ANR FOOD-RE indicates the existence of fires, natural or not, in the lake series of SW Turkey, Acıgöl and Burdur for more than 3 Ma. This means that man knew about fires and perhaps the advantages he could derive from them in terms of hunting strategy or consuming digestible food.




5.5. A Cooler and Wetter Climate


The reconstructed climate at Marseille shows a cooler climate, mainly during winter, and wetter conditions compared to modern values (Figure 16). The reconstructed temperatures based on pollen data are in agreement with the very negative δ13C values of the calcareous tufa, which is assumed to have formed in cool water.



Similar to today, the climate corresponds to a warm temperate climate with hot dry summers according to the Köppen–Geiger climate classification [98]. Pollen results sometimes show differences in vegetation records depending on the samples (Figure 13). Despite these differences, the reconstructed climate parameters from the various samples consistently indicate cooler and wetter conditions compared to modern values, except for sample 2. For sample 2 (La Viste 2021), the reconstructed climate values are closer to modern conditions for temperatures and precipitation, except for winter temperatures. This difference may be due to the presence of Artemisia up to 20%, whereas this taxon only represents 6% of the maximum signal in the other samples and the presence of Olea up to 6% (Figure 13). Artemisia is a steppe taxon and Olea a Mediterranean taxon that develop in warm and dry climatic conditions. In contrast to sample 2, sample 3 (Saint-Exupéry High School) does not show significant deviation despite a similar percentage for the steppic group (Figure 13). This could be related to the higher percentage of Poaceae, which is generally associated with cooler and wetter conditions compared to Artemisia.



The time period covered by our record extends from 1.2 to 0.9 Ma. This period includes the mid-Pleistocene transition (MPT), dated between 1.25 Ma and 0.75 Ma [99]. The MPT is marked by the transition from 41 kyr climatic cycles to 100 kyr cycles with longer and more intense glaciations. The 41 kyr cyclicity corresponded to the repeat time of the obliquity cycle, while the 100 kyr cyclicity is more complex and is related to the eccentricity (100 kyr), obliquity (41 kyr) and precession (23 kyr) cycles [100]. In terms of vegetation changes, the Early–Middle Pleistocene is characterised by a progressive decline in subtropical taxa and the diversification of Mediterranean vegetation [101]. The pollen data recorded at Marseille illustrate this trend with the absence of subtropical taxa and the presence of Mediterranean taxa, such as Olea and Quercus ilex.



In the Mediterranean region, climate reconstructions based on pollen from the Alboran Sea (ODP 976) and Italy show cooler conditions compared to modern values during the MPT, similar to the Marseille samples [49,101]. The ODP 976 sequence records colder conditions for winter temperatures during glacial and interglacial periods between 1.09 and 0.9 Ma [49]. For annual temperature, the ODP 976 sequence generally shows colder temperatures except for some interglacial periods where the temperatures are close to or higher than modern values [49]. In Italy, the climate records indicate colder temperatures in winter during glacial and interglacial periods between 1.4 and 0.9 Ma [101]. Regarding precipitation, the climate reconstructions from the Alboran Sea (ODP 976) show wetter or similar conditions compared to modern values during interglacial periods and drier conditions during glacial periods between 1.09 and 0.9 Ma [49]. In contrast, the precipitation reconstructions from Italy indicate generally similar or drier conditions compared to modern values during interglacial periods and similar conditions during glacial periods between 1.4 and 0.9 Ma [101]. The climate reconstructions from Marseille show slightly colder conditions (except for sample 2), making it difficult to assign samples to a glacial or interglacial period, especially as it is known that in the Mediterranean region ancient glacial phases are less pronounced than more recent glacial phases [101]. However, the climate results from Marseille show wetter conditions than the modern ones, suggesting that the samples are more closely related to the Alboran Sea climatic type [49] and correspond to an interglacial period. Concerning sample 2, which is characterised by temperatures close to modern values and thus warmer compared to the other Marseille samples, this suggests that the sample is associated with an interglacial period characterised by precipitation levels similar to modern values. Therefore, the Marseille samples originate from interglacial periods, and the climate of this region is more similar to that observed in the Alboran Sea [48] rather than in Italy [101].





6. Conclusions


The study of the tufa of Marseille is enabling us to improve our knowledge of the palaeoenvironments of the Early Pleistocene on the northwestern edge of the Mediterranean. Previous studies date back to the end of the 19th century and the beginning of the 20th century. Our multiproxy study shows that these tufa were formed ca. 1 Ma ago (Jaramillo subchron) in a diversified depositional environment and cold water. The vegetation consisted of a mosaic of Mediterranean vegetation dominated by oak forest and pine forest. Ecosystems and taxa that are now absent from the Marseille basin were identified, such as the chestnut grove that could grow on the Oligocene clays, Juglans and Platanus that were present in the riverine forest and Picea, Fagus and Abies, trees whose pollen is not widely dispersed by wind and which were at low altitude. The potential vegetal diet available to animals, including hominins, was diversified and included 60% of the vegetative part of plants and 19% of fruit. The record of proto-cereal pollen is unusual and shows that these plants, rich in carbohydrates, were able to contribute to the potential diet. The nitrophilous plants and spores of coprophilous fungi found in the pollen assemblages could indicate that large herbivores were present in the Marseille basin. It is possible that, as in Anatolia, grazing, trampling and the input of nitrogen modified the genome of wild Poaceae, leading to the appearance of cereals. Along with the Acıgöl series in southwestern Anatolia, the Marseille basin is a site where cereals were able to develop in open environments frequented by herbivores attracted by the presence of fresh water. Globally, the climate was a little cooler and wetter than it is today. Overall, we claim that, besides the lack of evidence for hominins presence, the Marseille basin was an ideal habitat for hominins when they arrived there about 1 Ma ago.
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Figure 1. Simplified geological map of the Marseille basin and location of the samples. 
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Figure 2. (A) Tufa cutting with a water-cooled circular saw; (B) sample of Saint Exupéry High School. 
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Figure 3. Sedimentary logs of various sections in the Saint Exupéry High School. 
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Figure 4. Sedimentary logs of La Calade section. 
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Figure 5. Sedimentary logs of La Viste section. 
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Figure 6. (A–F): Demagnetisation analyses for 6 representative samples. Full/open squares are upper/lower hemisphere for the equal-area plots’ horizontal/vertical component on the orthogonal plots. Points used for calculation of ChRM directions are in red. 
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Figure 7. Reversal angle versus depth of the Plan d’Aou section, with picture of the section. Solid diamonds correspond to directions determined using full demagnetisation data, while grey diamonds correspond to a blanket demagnetisation at 150 °C. 
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Figure 8. Pictures of tufa outcrops in the Marseille basin. (A) Saint-Exupéry High School: phytohermal tufa (Lst) with coated vertical stems of reeds (cf. Phragmites), interbedded with calcarenitic tufas (Sb). (B) Saint-Exupéry High School: high-relief barrage formed by the in situ calcite coating of accumulated plant fragments (Phytoclastic rudstone: Lph). This barrage is onlapped by cm- to dm-thick layers of calcarenitic tufas (Sb), some of them displaying a wavy bedding (w.) resulting from soft sediment deformation processes. A block of phytoclastic rudstone (fb.), likely fallen from the steep barrage wall, is encased within Sb tufas. Karstic cavities (k.) are common within phytoclastic tufas. (C) La Calade section: oncolitic rudstones (Lo) infilling channels (ch.), incising calcarenitic tufas (Sb). 






Figure 8. Pictures of tufa outcrops in the Marseille basin. (A) Saint-Exupéry High School: phytohermal tufa (Lst) with coated vertical stems of reeds (cf. Phragmites), interbedded with calcarenitic tufas (Sb). (B) Saint-Exupéry High School: high-relief barrage formed by the in situ calcite coating of accumulated plant fragments (Phytoclastic rudstone: Lph). This barrage is onlapped by cm- to dm-thick layers of calcarenitic tufas (Sb), some of them displaying a wavy bedding (w.) resulting from soft sediment deformation processes. A block of phytoclastic rudstone (fb.), likely fallen from the steep barrage wall, is encased within Sb tufas. Karstic cavities (k.) are common within phytoclastic tufas. (C) La Calade section: oncolitic rudstones (Lo) infilling channels (ch.), incising calcarenitic tufas (Sb).



[image: Geosciences 14 00211 g008]







[image: Geosciences 14 00211 g009] 





Figure 9. Conceptual depositional model for the lower Pleistocene continental sedimentation in the Marseille basin (adapted from [28]). Lph: phytoclastic rudstone (barrage); Lst: Phytohermal tufa (paludal environments with reeds); Sb: bioclastic-peloidal calcarenites (low-to-medium energy dammed environments); Lo: oncoidal rudstones (channel fills); cg.: conglomerates (braided channel fills or bars); sl.: silts (floodplain); fb.: fallen blocks. 
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Figure 10. δ13C vs. δ18O cross-plot of bulk carbonates from calcareous tufa from the Marseille basin (see Figure 1 for location of sampling localities). 
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Figure 11. (A) Cerealia L = 50.16 μm; (B) Cerealia L = 46.02 μm; (C) Cerealia L = 43.66 μm; (D) Cerealia L = 43.26 μm; (E) Secale sp. L = 61.15 μm; (F) Delitschia L = 20.3 μm; (G) Coniochaeta L = 14.63 μm; (H) Valsaria sp. L = 24.59 μm; (I) Olea sp. L = 22.39 μm; (J) Vitis sp. L = 23.75 μm; (K) Castanea sp. L = 18.63 μm; (L) Cichorioideae L = 33.07 μm; (M) Rumex sp. L = 33.8 μm; (N) Plantago lanceolata sp. L = 32.3 μm; (O) Poacaeae L = 31.62 μm; (P) Poacaeae L = 37.52 μm. 
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Figure 12. (A) Picea sp. L = 149.73 μm; (B) Pinus sylvestris sp. L = 61.15 μm; (C) Abies sp. L = 125.10 μm; (D) Mediterranean Pinus L = 98.37 μm; (E) Cedrus sp. L = 96.25 μm; (F) Betula sp. L = 22.72 μm; (G) Deciduous Quercus L = 32.63 μm; (H) Ostrya/Carpinus orientalis L = 27.36 μm; (I) Artemisia sp. L = 19.66 μm; (J) Chenopodiaceae L = 26.57 μm; (K) Juniperus sp. L = 50.74 μm; (L) Charcoal sp. L of the longest = 85.03 μm. 
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Figure 13. Synthetic pollen diagram of the Marseille tufa. 
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Figure 14. Synthetic pollen diagram of the Marseille tufa: trees 1. 






Figure 14. Synthetic pollen diagram of the Marseille tufa: trees 1.



[image: Geosciences 14 00211 g014]







[image: Geosciences 14 00211 g015] 





Figure 15. Synthetic pollen diagram of the Marseille tufa: trees 2. 
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Figure 16. Pollen-inferred climate reconstructions of tufa samples from Marseille are based on five methods: MAT (modern analogue technique), WA-PLS (weighted averaging partial least squares regression), RF (random forest), BRT (boosted regression trees) and CAM (climatic amplitude method). Six climatic parameters have been reconstructed: MAAT (mean annual air temperature), MTWA (mean temperature of the warmest month), MTCO (mean temperature of the coldest month), PANN (mean annual precipitation), Pwinter (mean winter precipitation) and Psummer (mean summer precipitation). The error bars indicate the root mean square error (RMSE). Dashed lines correspond to modern climate values of Marseille’s samples obtained from WorldClim 2 [59]. 
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Figure 17. The potential plant diet reconstructed from pollen data from the Marseille tufa (A,B) and Acıgöl (C,D), Turkey (redrawn [5]). 






Figure 17. The potential plant diet reconstructed from pollen data from the Marseille tufa (A,B) and Acıgöl (C,D), Turkey (redrawn [5]).



[image: Geosciences 14 00211 g017]







 





Table 1. List of plants (pollen and NPP•, macro-remains*#) and NPPs identified in the Marseille tufa (this article, * [13], # [23]).
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	•Abies sp.
	#Chamaerops humilis
	#Laurus nobilis
	•Potentilla sp.



	*Acer monspessulanum
	•Charcoal
	•Ligustrum sp.
	•Prunus t.



	•Acer sp.
	•Chenopodiaceae
	•Lycopodium selago
	•Quercus (deciduous)



	•Alnus glutinosa t.
	•Chrysophyceae
	*#Magniolia vasseuri
	#•Quercus ilex



	•Alnus viridis sp.
	•Cichorioideae
	•Malva sp.
	*Quercus pubescens



	•Ammi sp.
	•Cirsium t.
	*Malus acerba
	•Reseda sp.



	•Anthemis sp.
	*Cornus sanguinea
	•Mentha sp.
	#Ribes sp.



	•Apiaceae
	*#Corylus avellana
	•Micro-foraminifera
	*#Rubus idaeus



	•Artemisia sp.
	•Corylus sp.
	•Myriophyllum spicatum
	•Rumex sp.



	#Arundo sp.
	*Crataegus oxycantha
	#Nerium oleander
	•Salix sp.



	•Aster t.
	•Cyperaceae
	•Odontites sp.
	*Salix viminalis



	•Atriplex t.
	•Delitschia sp.
	•Olea sp.
	•Sambucus nigra



	•Betula sp.
	•Dipsacus sp.
	•Ostrya/Carpinus orientalis
	#Scolopendrium officinale



	•Blackstonia t.
	•Draba t.
	•Pedicularis t.
	•Secale cereale



	•Botryococcus sp.
	•Erica arborea/multiflora t.
	*Phoebe barbusana
	•Sinapis t.



	*•Buxus sp.
	•Euphorbia sp.
	*Phragmites sp.
	#Sorbus domestica



	•Carduus t.
	•Fagus sp.
	•Picea sp.
	•Sordaria sp.



	•Castanea sp.
	*#Ficus carica
	#•Pinus halepensis t.
	•Tilia sp.



	•Cedrus sp.
	•Fraxinus sp.
	•Pinus (Mediterranean)
	*#Tilia europaea



	*Celtis australis
	•Galium sp.
	*Pinus nigra subsp. salzmannii
	#Trachycarpus t.



	•Celtis sp.
	•Geranium sp.
	•Pinus sylvestris
	•Trifolium t.



	•Centaurea cyanus t.
	•Glomus sp.
	#Pirus acerba
	•Type 200



	•Centaurea nigra t.
	•Gymnosperm micro-remains
	•Pistacia sp.
	•Ulex t.



	*#Cercis siliquastrum
	•HdV20d
	•Plantago coronopus
	•Ulmus sp.



	•Cerealia 40 µm
	*Hedera helix
	•Plantago lanceolata t.
	•Urtica sp.



	•Cerealia 42.5 µm
	•Hypericum sp.
	•Plantago major-media t.
	•Valsaria sp.



	•Cerealia 45 µm
	•Iris sp.
	•Platanus sp.
	•Viburnum sp.



	•Cerealia 47.5 µm
	•Juglans sp.
	•Poaceae
	*Viburnum tinus



	•Cerealia 52.5
	•Juniperus sp.
	*Populus alba
	#Vitis vinifera subsp. sylvestris



	•Cerealia 55 µm
	•Lamiaceae
	#Populus nigra
	•Vitis sp.



	•Cerealia 60 µm
	*Laurus canariensis
	•Populus sp.
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