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Abstract 

The Late Cretaceous–early Paleogene interval is globally associated with transient to 

long-term changes in the stable carbon isotopic composition of marine carbonates 

(δ13Ccarb). Based on biostratigraphic reconstruction, this critical period of Earth’s history 

is thought to coincide with the deposition of world heritage Paleocene phosphate 

deposits (phosphorites) in northwestern Morocco. However, the detailed stratigraphy 

of the Gantour basin, one of the most important Moroccan phosphate deposits, has 

not yet been constrained. For instance, the former “Montian” Stage has been used to 

tentatively approximate the Danian, whereas the succeeding Selandian Stage remains 

to be identified. Here, we develop a detailed organic carbon isotopic (δ13Corg) curve 

from phosphorus-rich horizons of the western Gantour sedimentary sequence in an 

attempt to constrain their stratigraphic placement and depositional age model. 

Upsection, these strata host long-term negative and positive δ13Corg trends that tend 

to correlate with global δ13Ccarb records of the Cretaceous–Paleogene and mid-

Thanetian transitional boundaries. The data support the presence of Danian and 

Selandian rocks in the Gantour basin, which are succeeded by strata containing 

characteristic signatures of the well-known Cenozoic δ13C maximum at 58–57.5 Ma 

(the Paleocene Carbon Isotope Maximum). Our results shift the previously proposed 

Cretaceous–Paleogene transition in the Gantour basin further down into the older 

sediment CM layer without interfering with recorded massive biological turnover in 

faunal diversity and abundance. Moreover, the refined stratigraphy suggests that the 

deposition of the Gantour phosphorites spanned ~8.5 Myr. Our results confirm the 

utility of δ13Corg chemostratigraphy for dating and correlating phosphate-bearing 

deposits of the Tethyan province. They have important implications for deciphering 

Paleocene phosphogenesis, the co-evolution of associated vertebrate groups, and for 

prospecting phosphorus-rich mineral deposits. 

 

Keywords: δ13Corg chemostratigraphy, western Gantour basin, phosphorites, 
Paleocene, vertebrates.  
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1. Introduction 

The Earth has undergone repeated climatic upheavals throughout its history. In 

particular, the dynamism of the climate during the early part of the Late Cretaceous 

was characterized by transient global temperature changes spanning tens of 

thousands of years, pCO2 variability, and several millions of years of long-term deep-

sea cooling and warming events (Barnet et al., 2018; Westerhold et al., 2020; Zachos 

et al., 2001, 2008). 

For instance, the late Maastrichtian climate record reveals the rapid 2–3 °C 

warming of marine and terrestrial environments (Li and Keller, 1998a) ~150–300 kyr 

before the Cretaceous–Paleogene (K–Pg) boundary, which coincides with the onset 

of main pulse of Deccan volcanism covering most of western India (Barnet et al., 2018). 

The association of only a weak negative carbon isotope excursion (CIE) of ~0.5‰ with 

the emplacement of the Deccan Traps suggests that volcanic CO2 emissions did not 

significantly perturb the global carbon cycle (Barnet et al., 2018). In contrast, the early 

Paleogene carbon isotope record of marine carbonates (δ13Ccarb) is characterized by 

abrupt worldwide CIEs of ~1–3‰ (Kennett and Stott, 1991; Koch et al., 1992; Stap et 

al., 2010; Thomas and Zachos, 2000) that are thought to have resulted from the 

explosive release of metamorphic thermogenic methane into the ocean-atmosphere 

system (Dickens et al., 1997; Svensen et al., 2004). Such massive methane injections 

were likely inherited from the intrusion of voluminous mantle-derived melts into carbon-

rich sedimentary deposits. These carbon additions triggered rapid (~10–20 kyr) 

hyperthermal global warming events such as the well-known Paleocene–Eocene 

Thermal Maximum (PETM), in which deep-sea temperatures rose dramatically to up 

to 5 °C (Westerhold et al., 2020; Zachos et al., 2001). Moreover, early Paleocene rocks 

contain evidence of similar events of smaller magnitude, including the Dan-C2 event 

and the Latest Danian Event (LDE) near the tops of Chron C29r and Chron C27n, 

respectively (Coccioni et al., 2010; Westerhold et al., 2011), although the former may 

not have impacted into the deep Pacific (Westerhold et al., 2011). Regardless of the 

spatial extents of the CIEs, the perturbations of the global carbon cycle resulting from 

these brief warming intervals are estimated to have lasted ~100–200 kyr (e.g., Coccioni 

et al., 2010; Kennett and Stott, 1991; Storme et al., 2012). 

These transient climate and carbon cycle disturbances are superimposed on 

long-term benthic δ13Ccarb swings on the order of ±2.5‰ in the early Paleogene 

(Westerhold et al., 2020). Notably, a long-term decreasing trend in the benthic δ13Ccarb 
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record is recognized from the latest Paleocene (∼58 Ma) to the early Eocene, reaching 

its nadir during the Early Eocene Climatic Optimum (∼51 Ma) (Zachos et al., 2001). 

This trend, coupled with a long-term decrease of δ18O values in marine carbonates by 

~1‰, is associated with some of the highest global temperatures and pCO2 

concentrations recorded during the Cenozoic (Westerhold et al., 2020; Zachos et al., 

2001). Prior to the onset of this drastic warming episode, the mid to late Paleocene 

benthic δ13Ccarb record shows the most positive values of the Cenozoic; commonly 

referred to as the Paleocene Carbon Isotope Maximum (PCIM), it appears as a broad 

peak centered at ∼58-57.5 Ma (Littler et al., 2014). Such positive δ13Ccarb values have 

been interpreted to result from a ~4 Myr global cooling event (Littler et al., 2014; 

Westerhold et al., 2020). Importantly, because of their ubiquity, the afore-mentioned 

negative CIEs and long-term rise and fall in δ13Ccarb compositions spanning the Late 

Cretaceous to early Paleogene have been used to correlate rock sequences worldwide 

(e.g., Aubry et al., 2007; Westerhold et al., 2020, 2011). 

The global covariation of δ13Ccarb and sedimentary organic carbon isotopic 

(δ13Corg) values is assumed to reflect the common origin of both carbonate and organic 

matter from a contemporaneous dissolved inorganic carbon (DIC) reservoir with a 

consistent C isotopic composition (Bartley and Kah, 2004; Knoll et al., 1986; Korte and 

Kozur, 2010; Meyer et al., 2013; Storme et al., 2012), although meteoric alteration 

could simultaneously shift both δ13Ccarb and δ13Corg values in a similar direction and 

magnitude (Oehlert and Swart, 2014). Classically, decoupled δ13Ccarb and δ13Corg 

values may have been influenced by numerous factors, such as the mixing of two 

organic carbon pools, heterogeneous biological origins of total organic carbon (TOC), 

enhanced remineralization of marine organic carbon (Rothman et al., 2003), changes 

in atmospheric pCO2 (Cramer and Saltzman, 2007; Young et al., 2008), and diagenetic 

alteration (Jiang et al., 2012). These considerations suggest that using δ13Corg values 

alone may complicate global and regional stratigraphic correlations. Nevertheless, 

early Paleogene δ13Corg trends from NW Morocco and other countries display features 

very similar to those of the calibrated reference δ13Ccarb curves (Noiret et al., 2016; 

Solé et al., 2019; Storme et al., 2012; Vandenberghe et al., 2012; Yans et al., 2014), 

highlighting their primary depositional synchroneity. 

Here, we explored the organic carbon isotope ratios of phosphorites from the 

western Gantour basin (mining well 6258, Aubineau et al., 2022a) of NW Morocco 

(Figs. 1, 2) to reconstruct the δ13Corg trend spanning the Late Cretaceous and early 
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Paleogene. Because phosphate sequences in NW Morocco may contain calcite, 

dolomite, and carbonate fluorapatite (CFA, [Ca10−x−yNaxMgy(PO4)6−z(CO3)z(F)0.4zF2]; 

McClellan, 1980) in the same horizons (Aubineau et al., 2022a; Mouflih, 2015), we 

focused on the δ13Corg record to avoid mixing inorganic carbon sources. Independent 

of lithofacies, we aimed to refine the poorly resolved stratigraphy of the western 

Gantour phosphate basin by focusing on organic carbon isotope chemostratigraphy 

because this approach has been successfully applied in the adjacent Ouled Abdoun 

phosphate basin (Yans et al., 2014). Our results provide a new stratigraphical 

framework for interbasin correlations of phosphorite horizons in NW Morocco, as well 

as highly resolved local biostratigraphic zones. Ultimately, our findings provide new 

age constraints on the world’s largest phosphate accumulation. 

 

2. Geological background 

2.1. General information 

Phosphorus-bearing rocks of NW Morocco span the K–Pg boundary and extend into 

the Eocene (Hollard et al., 1985; Lucas and Prévôt-Lucas, 1995; OCP, 1989). Notably, 

the Ouled Abdoun and Gantour basins (western Meseta) are two of the four most 

important sedimentary phosphorus-rich basins in Morocco (Fig. 1; El Bamiki et al., 

2021). Structurally, this part of NW Morocco formed from thermal subsidence during 

the opening of the central Atlantic Ocean during the Late Triassic to Early Jurassic 

(Michard et al., 2008), which enabled the accumulation of Mesozoic marine 

sedimentary successions along the eastern passive margin of the central Atlantic 

Ocean. Thereafter, eustacy mainly controlled the sedimentation dynamics during the 

Late Cretaceous to early Paleogene. Then, because of rising sea levels, flooding of 

large parts of western Morocco resulted in the landward migration of the phosphogenic 

window and the subsequent deposition of sedimentary phosphates and shallow marine 

carbonates (El Bamiki et al., 2020; Michard et al., 2008). In addition to the biological 

liberation of organic-bound phosphorus into porewaters, localized storm and bottom 

water currents have repeatedly winnowed the primary phosphate layers (<10 wt.% 

P2O5), contributing to the formation of phosphorites (>18 wt.% P2O5) (El Bamiki et al., 

2020; Glenn et al., 1994; Pufahl and Groat, 2017; Ruttenberg, 2003). 

The Gantour basin is extensively exploited in large industrial quarries by the 

“Office Chérifien des Phosphates” (OCP). Phosphorus-rich horizons were excavated 

in successive bearings, from top to bottom, which promoted Arambourg’s (1935, 1952) 
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pioneering biostratigraphic studies. The Upper Cretaceous pre-phosphate series of the 

Gantour basal sediments is mainly characterized by dolomitized marls and sandstones 

(Boujo, 1976). The overlying phosphate series comprises Maastrichtian marls, 

limestones, and phosphatic sands interbedded with thin phosphorite layers (Fig. 2), in 

turn overlain by yellowish clays that probably constitute a marker layer within the 

Gantour basin (Cappetta et al., 2014; Noubhani and Cappetta, 1997; OCP, 1989). 

Thick phosphorite layers overlying the yellow clays span the late Maastrichtian to 

Ypresian and were deposited in a marl-dominated environment. Following the mining 

terminology (in French), the “C2S”, “C2M”, and “C2I” levels (Fig. 2) are “Couche 2 

supérieure”, “Couche 2 médiane”, “Couche 2 inférieure”, respectively, or “Level 2 

upper”, “Level 2 middle”, and “Level 2 lower”, respectively (Cappetta et al., 2014). For 

clarity, we abbreviate all phosphorite levels. Furthermore, the “Sillon X” or “SX” level 

might correspond to the uppermost Maastrichtian phosphorites of the Gantour 

sequence, based on the mining nomenclature (Fig. 2; Bardet et al., 2017; Boujo, 1976; 

Noubhani and Cappetta, 1997; OCP, 1989). Considering the low abundances of clay 

materials associated with many coated phosphate grains and broken bone fragments 

in the Gantour phosphorites, a high-energy hydrodynamic regime controlled by 

repeated hydrodynamic winnowing and reworking must have prevailed in the 

depositional sites (Aubineau et al., 2022a). Finally, Lutetian Thersitea dolomitic 

limestones regionally cap the NW Moroccan phosphate series, although they are 

locally eroded in the Gantour basin (Boujo, 1976; El Bamiki et al., 2021; Salvan, 1955). 

 

2.2. The Moroccan phosphate fauna 

The biostratigraphy of the NW Moroccan phosphate series primarily relies on 

fossiliferous selachians (sharks and rays) and marine reptiles (Fig. 2) (Arambourg, 

1952, 1935; Cappetta et al., 2014; Lebrun, 2020; Noubhani and Cappetta, 1997, and 

references therein). More than 50% of Maastrichtian vertebrate species in Morocco 

also occur in many well-calibrated sections worldwide (Cappetta et al., 2014; Noubhani 

and Cappetta, 1997). However, the Paleocene faunal content is sparse in the 

Moroccan phosphate series, and many marine species are geographically restricted, 

hindering biostratigraphic correlations with other provinces. Nonetheless, seven shark 

species in the “C0–C1” Gantour level (Palaeogaleus brivesi, Squatina prima, 

Ginglymostoma subafricanum, Carcharias tingitana, Odontaspis speyeri, Striatolamia 

whitei, and Prosopodon assafai) are correlated with Danian rocks in Europe, Africa, 
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and North America, although the base of the Danian Stage has yet to be constrained 

(Fig. 2; Noubhani and Cappetta, 1997). The discovery of selachian fossils of Ypresian 

age in Morocco is supported by faunal similarities with fossiliferous deposits in Europe 

and the USA (Fig. 2; Noubhani and Cappetta, 1997). 

More specifically, the vertebrate faunas of Gantour are essentially Maastrichtian 

in age, whereas the Ouled Abdoun fossils are typical of the early Paleogene 

(Arambourg, 1952, 1935; Bardet et al., 2017; Cappetta et al., 2014; Noubhani and 

Cappetta, 1997). Indeed, the Ouled Abdoun basin has yielded the richest faunas and 

best-preserved tetrapod fossils (Bardet et al., 2017). Notably, those sediments appear 

more attractive for paleontological investigations because they have yielded the most 

primitive elephants (Gheerbrant, 2009; Gheerbrant et al., 1998). In contrast, remains 

of terrestrial mammals have never been described in the Gantour basin (Bardet et al., 

2017). A comprehensive review of vertebrate faunas in the NW Moroccan phosphate 

basins reveals the preservation of more than 330 species of selachians, bony fishes 

(i.e., actinopterygians), reptiles (including birds), and mammals (Bardet et al., 2017). 

Other biostratigraphic data derive from studies of pollens in extremely low abundance 

(Ollivier-Pierre, 1982), dinoflagellates (Rauscher and Doubinger, 1982), and 

foraminifers and mollusks (Salvan, 1955). Nonetheless, these have proven less useful 

than selachian assemblages for biostratigraphic correlations. 

 

2.3. Stratigraphy of the Gantour phosphate basin 

The NW Moroccan phosphate series hosts abundant vertebrate species spanning a 

period of nearly 25 Myr from the Maastrichtian to the Lutetian (Bardet et al., 2017; 

Lebrun, 2020; Noubhani and Cappetta, 1997). Biostratigraphic correlations with well-

dated faunal assemblages from other African, North American, and European 

provinces emerged across the Maastrichtian, Ypresian, and Lutetian (Arambourg, 

1952; Noubhani and Cappetta, 1997). However, the Paleocene stratigraphy specific to 

the Gantour phosphate rocks needs to be better resolved (Fig. 2; OCP, 1989). The 

current Paleocene stratigraphy presented in Figure 2 and established by the OCP 

group in the 1980s is highly questionable due to the absence of robust evidence 

constraining their assignments of stage boundaries. To our knowledge, however, their 

work remains the only English reference locating the western Gantour phosphate 

horizons. This stratigraphy likely integrated Selachian biozonations described by 

Arambourg1952, 1935). Arambourg was suspicious about the presence of the Danian 
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Stage in the NW Moroccan phosphate basins, and thus used the terms “Montian” or 

“Dano-Montian” to describe Lower Paleocene rocks (Arambourg, 1952, 1935; 

Cappetta, 1987). Dewalque (1868) introduced the “Montian” Stage at the base of the 

Paleogene (named after Mons, Belgium) in the nineteenth century, a stage supposedly 

younger than the Danian (Vandenberghe et al., 2012). Nonetheless, the “Montian” 

Stage lost its significance because it is related only to a local facies and is based on a 

compromising stratotype that is not suitable for stratigraphic correlations 

(Vandenberghe et al., 2012). Later, the term “Danian” was used to define the early 

Paleocene portion of the NW Moroccan phosphate series, though without ascertaining 

its synchronism with well-calibrated Danian rocks in other areas (Noubhani and 

Cappetta, 1997). Furthermore, despite the absence of a sedimentary hiatus in the 

Maastrichtian–Lutetian phosphate interval (Arambourg, 1952; Boujo, 1976; Noubhani, 

2010), the Selandian Stage has never been paleontologically reported in the Gantour 

basin (Noubhani, 2010). In fact, the threefold subdivision of the Paleocene was not 

officially recognized until 1989 (Vandenberghe et al., 2012), well after Arambourg 

established his biostratigraphy between 1935 and 1952. Thus, the former early 

Thanetian Stage is implied to include the current Selandian Stage. Collectively, the 

Paleocene stratigraphy of the Gantour phosphate basin remains unexplored and 

unconstrained, making it considerably difficult to unravel the impact of lateral facies 

changes on biostratigraphy. 

Refining the stratigraphy of the Moroccan phosphate series is therefore crucial 

because previous biostratigraphic age determinations have now come into question, 

as recently demonstrated by new age constraints (El Bamiki et al., 2020; Yans et al., 

2014). Notably, calcareous nannofossils in the Moroccan High Atlas (MHA) phosphate 

series have yielded ages several million years older than previously established (El 

Bamiki et al., 2020). In the Ouled Abdoun area, δ13Corg chemostratigraphy revealed a 

possible hiatus in the upper Thanetian and did not support the Lutetian Stage in the 

phosphate series (Yans et al., 2014). Such age disparities are likely caused by 

reworking (Gheerbrant et al., 2003), the diachronous nature of facies in the Moroccan 

phosphate-bearing deposits (Boujo, 1976; El Bamiki et al., 2020), and personal 

research interests focusing on species’ evolutionary aspects rather than the 

stratigraphic framework (Lebrun, 2020). Kocsis et al. (2014) performed 

chemostratigraphic studies based on δ18OPO4 and δ13CCO3 values of biogenic apatite 

from the eastern Gantour phosphate series. However, their trends were of relatively 
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low resolution and had significant uncertainties. Moreover, stratigraphic correlations 

have been proposed between the Gantour and Ouled Abdoun basins likely solely 

based on biostratigraphy (Bardet et al., 2017), and no details were provided to explain 

how these correlations were constructed. Notably, Noubhani and Cappetta (1997) 

were not convinced of the correlations for the bases of the Maastrichtian, Danian, 

Thanetian, and Ypresian stages between Morocco and Europe. In light of these 

considerations, new approaches independent of lithological investigations are needed 

to further characterize the Late Cretaceous to early Paleogene interval in NW 

Moroccan phosphate-bearing rocks. 

 

3. Methodology 

OCP geologists collected 23 samples corresponding to different phosphorus-rich 

horizons from 0.15–0.80-m-thick intervals in mining well 6258, in the western Gantour 

basin (Fig. 1b, Table 1). In addition, although biostratigraphic studies were never 

performed in this specific section, OCP geologists performed step-by-step stratigraphic 

correlations of P-rich horizons thanks to hundreds of mining exploration wells (Mouflih, 

2015). However, the thickness of the sampled intervals and the lenticular appearances 

of some phosphate-bearing levels may have generated uncertainties in their data 

interpretation. 

Petrographic, bulk mineral, and in-situ geochemical examinations of selected 

Gantour samples were recently performed (Aubineau et al., 2022a). We now provide 

the mineralogical compositions of all Gantour bulk-powder samples as obtained by X-

ray diffraction (XRD). Detailed XRD analytical and data treatment procedures are 

provided in Aubineau et al. (2022a). Semi-quantitative bulk mineral proportions were 

determined by Rietveld refinement of acquired XRD patterns using the Profex 4.3.1 

interface within the program BGMN (Döebelin and Kleeberg, 2015). 

Whole-rock major element concentrations were measured by inductively 

coupled plasma optical emission spectrometry at Service d’Analyse des Roches et 

Minéraux (SARM) of the Centre de Recherches Pétrographiques et Géochimiques, 

Nancy, France. Samples were prepared according to the protocol of Carignan et al. 

(2001), which is summarized here. Whole-rock powders were dissolved with nitric acid 

and fused with 900 mg ultra-pure lithium metaborate at 980 °C to form a glass substrate 

used for analysis. Sulfur contents were determined using a C/S elemental analyzer, 

whereas F and Cl were measured by wet precipitation ferrithiocyanate 
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spectrophotometry on a Varian Cary 50 218 spectrophotometer at SARM. 

Geochemical data, uncertainties, and detection limits are presented in Table S1. 

For organic C isotopic analysis and determination of TOC contents, more than 

200 mg of whole-rock powders were initially treated with 6 N HCl for one hour at 70 °C 

to remove carbonates and carbonate fluorapatite. Residues were then rinsed 

repeatedly in deionized water and subsequently dried in a clean hood. Aliquots of 

decarbonated samples were weighed into tin cups, and their δ13Corg values and TOC 

contents measured with an elemental analyzer (EA, Isolink - Thermo Scientific, 

Bremen, Germany) coupled to a Delta V isotope ratio mass spectrometer (Thermo 

Scientific) at the PISTE Platform (OSUR, Rennes, France). Sample combustion was 

conducted at 1020 °C in the presence of ~10 mL O2. Isotopic measurements were 

calibrated against the international reference USGS-24, with internal standards 

including glutamic acid, urea, and humic acid supplied by Aldrich. Analytical 

uncertainty was estimated to be lower than 0.1‰. Carbon isotopic data are reported in 

δ-notation relative to Vienna Peedee belemnite, and TOC contents extrapolated from 

the volume of evolved CO2. 

 
4. Results 

Inferred mineralogical assemblages mainly included calcite, dolomite, CFA, and 

quartz throughout the section (Fig. 3a, Table S2), with lesser amounts of clay minerals 

and titanium oxides. Smectite is the dominant phyllosilicate in the Gantour basin 

(Aubineau et al., 2022a). Binary plots between TOC/Si and selected major elements 

were used to decipher whether the delivery of organic matter to the western Gantour 

basin was controlled mainly by the detrital flux or marine productivity. TOC has been 

normalized to Si to remove the sediment dilution effect (Fig. 3b). Using Al and Ti as 

reliable detrital tracers (Tribovillard et al., 2006), TOC/Si was found to show moderate 

negative correlations with Al2O3 (R2 = 0.37, p < 0.001) and TiO2 (R2 = 0.32, p < 0.003). 

However, P2O5 displayed a moderate positive correlation with TOC/Si (R2 = 0.33, p < 

0.002), but no correlation with Al2O3 (R2 = 0.04, p < 0.34). 

The 23 phosphorite samples studied along this stratigraphic interval of the 

western Gantour basin had δ13Corg values in the range −26.7‰ to −28.5‰, similar to 

phosphorites from Ouled Abdoun (Yans et al., 2014), and contained 0.3–1.5 wt.% TOC 

(Fig. 4; Table 1). δ13Corg values showed a weak negative correlation with TOC (Fig. 4; 

R2 = 0.27, p < 0.008). Moving upsection from the base of the lowest phosphorite level, 
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δ13Corg values first show a brief and slight increase by 0.14‰ within the “C2M” level 

(35.43–34.38 m depth, Fig. 4). This is then followed by a progressive upward decrease 

from −27.0‰ at 33.93 m depth (“C2M” level) to −28.5‰ at 27.13 m depth (DSP1 level) 

before increasing again to −26.7‰ at 16.15 m depth (SFA1S level). The section is 

capped by mostly invariant δ13Corg values to 12.7 m depth (NAB level); these relatively 

constant δ13Corg values are distinct from the dramatic fluctuations observed in the 

underlying lithologies. 

 

5. Discussion 

5.1. Origin of organic matter 

A central issue of δ13Corg chemostratigraphy is the mixing of organic matter from 

terrestrial and marine sources with potentially variable carbon isotopic compositions 

(Bodin et al., 2023; Bomou et al., 2021; Sluijs and Dickens, 2012). For instance, the 

δ13C values of terrestrial C3 plants were a few per mil higher than those of 

contemporaneous marine organic carbon during the Paleocene and Eocene (Domingo 

et al., 2009). If the organic matter in question is of continental origin, TOC tends to 

covary in part with Al- and Ti-containing detrital materials (Bodin et al., 2023; Bomou 

et al., 2021). Although preserved in low abundances, smectites, being Al-bearing 

swelling phyllosilicates, are the only Al-rich mineral phase in the western Gantour 

phosphorites. Because Al substitution in apatite group minerals is unlikely (Nathan, 

1984; Pan and Fleet, 2002) and smectite initially derives from continental weathering 

(Meunier, 2005), it is appropriate that we use Al as a tracer of detrital sources. 

The absence of any meaningful positive covariation between TOC/Si and Al2O3 

or TiO2 contents in our phosphorites implies that it is unlikely that the organic matter 

supply to the basin was linked to riverine sources. In contrast, organic carbon was 

closely tied to marine productivity, as demonstrated by the moderate correlation 

between TOC/Si and P2O5 concentrations. Moroccan CFA minerals formed 

immediately below the water-sediment interface, under the influence of coastal 

upwelling (Pufahl and Groat, 2017). In such environments, large fluxes of sinking 

organic-bound phosphorus fuel the precipitation of sedimentary CFA and microbially 

mediated organic matter remineralization promotes the supersaturation of dissolved 

inorganic P in sediment porewaters (Ruttenberg, 2003). Moreover, the lack of 

correlation between Al2O3 and P2O5 in the studied phosphorites suggests that the 

delivery of phosphate and associated smectite particles from the land to the oceans 
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was limited. Hence, it is reasonable to assume that the western Gantour basin hosts 

marine organic carbon, and that organic matter was the main source of P enrichment 

in the sediments during phosphogenesis. 

 Although the Ouled Abdoun phosphogenic basin extended landwards relative 

to western Gantour and is characterized by the occurrence of continental mammal 

fossils (Bardet et al., 2017), the contribution of terrestrial organic carbon there is 

considered negligible (Kocsis et al., 2014; Yans et al., 2014). This observation provides 

further support for the predominantly marine origin of organic matter in the western 

Gantour basin. 

 

5.2. Diagenetic and weathering considerations 

The mobilization of cations and anions and the decarbonation of CFA during post-

depositional alteration may strongly affect CFA composition and, eventually, the 

formation of fluorapatite (McClellan and Van Kauwenbergh, 1991). For example, these 

alternative processes result in a systematic loss of sedimentary CO3
2−. In contrast, the 

western Gantour CFA grains contain 7.4  0.7 wt.% CO3
2− on average (1, n = 5) in 

their crystal lattices (Aubineau et al., 2022a), comparable to the 5–8 wt.% CO3
2− in 

unaltered CFA in equilibrium with seawater (Nathan, 1984). This evidence suggests 

that the Gantour CFA minerals experienced little to no post-depositional alteration. 

Indeed, the presence of smectite and the absence of illite/smectite mixed-layer 

minerals in the studied samples (Aubineau et al., 2022a) indicate limited mineralogical 

diagenetic transformations by heating (Środoń and Eberl, 1984; Velde et al., 1986). 

This can be easily explained by the overall low burial rates of the Gantour sediments. 

For example, in the western Meseta, Charton et al. (2021) calculated a maximum burial 

rate of 50 m/Myr. Sediment deposition continued for 25 Myr after the formation of the 

first phosphorite horizon (the phosphate series was capped by Lutetian Thersitea 

dolomitic limestones), implying that the Gantour rocks were not buried to depths 

exceeding 1,300 m. In the Paleocene, the western Meseta corresponded to the High 

Atlas rift flanks (Michard et al., 2008). The flanks of modern rift systems display 

geothermal gradients of 25–30 °C/km (Van der Beek et al., 1998). Based on these 

considerations, thermal alteration in the Gantour phosphate series was probably 

limited because the maximum temperature experienced during burial was <40 °C. 

Thermal diagenesis can affect the primary carbon isotopic composition of 

organic carbon. For instance, the diagenetic transformation of organic matter during 
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microbial respiration and thermal breakdown decreases sedimentary TOC content, 

while the loss of isotopically light 12C enriches the residual organic matter in isotopically 

heavy 13C (Hayes et al.,1983). Diagenetic transformations therefore generate a strong 

correlation between δ13Corg and TOC that is not observed in our samples. Considering 

this alongside the absence of metamorphism in these sediments, we conclude that 

thermal alteration and weathering did not exert a significant impact on the primary 

δ13Corg signature. Therefore, because the studied sediments were not subjected to 

episodes of destructive alteration, coupled primary variations of δ13Ccarb and δ13Corg 

should be preserved. 

 

5.3. δ13Corg chemostratigraphy: a new age calibration for the Gantour basin 

Sedimentation rates <20 m/Myr usually characterize upwelling phosphogenic zones 

along modern continental shelves (Filippelli, 1997), resulting in the formation of 

condensed phosphate sequences. Indeed, phosphorites accumulated on the North 

African shelf during the Late Cretaceous and Paleogene formed from active coastal 

upwellings (Pufahl and Groat, 2017), e.g., with extremely low sedimentation rates of 

~2 m/Myr inferred in the Ouled Abdoun basin (Yans et al., 2014). In addition, 

depositional hiatuses during the upper Thanetian may have contributed to the highly 

condensed character of the section (Gheerbrant et al., 2003; Yans et al., 2014). 

Moreover, the phosphate-bearing series of the western Gantour and Ouled Abdoun 

basins were deposited contemporaneously in the same paleogeographic province (El 

Bamiki et al., 2021). It is thus rational to assume that an extremely low sedimentation 

rate also controlled deposition of the ~25-m-thick phosphorite interval in the western 

Gantour basin. 

The specific Maastrichtian, Danian, and Ypresian vertebrate faunas present in 

the western Gantour phosphate series (Fig. 2; Arambourg, 1952; Cappetta et al., 2014; 

Noubhani and Cappetta, 1997) enabled the initial stratigraphic placement of our δ13Corg 

curve with respect to the global δ13Ccarb curve. In this context, long-term isotopic trends 

can be elucidated more confidently than short-term abrupt trends or transient CIEs. 

Indeed, synchronous δ13C records in carbonates and organic-bearing strata during the 

Paleogene have promoted global correlations (Noiret et al., 2016; Solé et al., 2019; 

Storme et al., 2012; Yans et al., 2014). Therefore, in this subsection, we compare the 

δ13Corg trend in western Gantour phosphorites to the Cenozoic global reference benthic 

carbon isotope dataset (Westerhold et al., 2020) and the established δ13Corg curve for 
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the Ouled Abdoun phosphate basin (Yans et al., 2014) with the aim of better refining 

the Paleocene stratigraphy of the western Gantour phosphate series. A striking feature 

of the global δ13Ccarb trend during the Paleogene is that the heaviest carbon isotopic 

composition is recorded in the mid-Thanetian (Westerhold et al., 2020), whereas 

sediments deposited during the late Maastrichtian do not tend to show such high 

δ13Ccarb values (Li and Keller, 1998a, 1998b). Considering these temporal and 

depositional constraints, our δ13Corg pattern mimics the long-term Paleocene δ13Ccarb 

trends (Fig. 5). However, based on the presence of Danian fossils in the “C0–C1” level 

(Fig. 2), most of the δ13Corg profiles at Gantour cannot be correlated with the Ouled 

Abdoun isotopic curve (Fig. 5). The highest δ13Corg values observed in the mid-

Thanetian are followed by a long-term negative δ13Corg excursion down to the lowest 

δ13Corg values measured in the Eocene, then by sediments with a unique long-term 

positive δ13Corg trend (Yans et al., 2014). Importantly, the δ13Corg values of the Ypresian 

are not as high as those of the Paleocene Carbon Isotope Maximum. This discrepancy 

provides further information guiding the placement of the significant δ13Corg variations 

observed at Gantour within the Paleocene δ13Corg record. 

 

5.3.1. Latest Danian to mid-Thanetian 

We have organized our discussion backward through time because of a best constraint 

for younger rocks. The positive δ13Corg trend, increasing by 1.8‰, upward from the 

“DSP1” level to the “SFA1S” level in the western Gantour basin is quite similar to the 

~1.4‰ increase in the 1-Myr smoothed benthic δ13Ccarb record from middle to late 

Paleocene marine sedimentary facies (Fig. 5). The reference isotopic record for this 

interval is characterized by a gradual long-term shift toward the highest δ13C values 

ever observed during the PCIM. Specifically, the inflection point of the δ13Ccarb trend 

prior to the maximum δ13Ccarb composition occurs very close to the boundary between 

Chrons C27n and C26r in the latest Danian (Westerhold et al., 2020). This inflection 

point is suggested to occur in the “DSP1” level associated with the lowest δ13Corg value 

observed in the studied interval (Fig. 4). Alternatively, the “DSP1” level might be 

correlated with sediments between the upper part of Chron C29n and C27n/C26r 

boundary because of the monotonic upward decrease in δ13Ccarb values within this 

interval. An extremely low sedimentation rate or depositional hiatus in the NP2, NP3, 

and NP4 Zones, although never identified (Arambourg, 1952; Boujo, 1976; Noubhani, 
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2010), would support such a correlation. Because this latter proposition is less 

parsimonious, we prefer the former. 

The base of the Selandian Stage appears at the top of the lower third of Chron 

C26r (Vandenberghe et al., 2012). In addition, basal Selandian sediments are 

generally correlated with the radiation of important calcareous nannofossil species 

affiliated with NP5 biozones (Schmitz et al., 2011). In the western Gantour phosphate 

series, the Danian–Selandian boundary is most likely between the “DSP1” and “DSP2” 

levels, although its exact stratigraphic position remains uncertain because no 

additional data are available. However, benthic δ13Ccarb records progressively increase 

from the Selandian to the early Thanetian (Westerhold et al., 2020, 2011), in 

agreement with our observed δ13Corg trend. Although there is no δ13Ccarb anomaly 

associated with the base of the Thanetian in the deep-sea marine record (Schmitz et 

al., 2011; Vandenberghe et al., 2012; Westerhold et al., 2011, 2020), the highest 

δ13Ccarb values of the PCIM are recognized in the upper part of Chron C25r (Westerhold 

et al., 2020), at ~58-57.5 Ma in the mid-Thanetian. The “SFA1” level in the western 

Gantour basin hosts the most positive δ13Corg values, although the overlying “NAB” 

level displays comparable carbon isotopic ratios (Fig. 4). In the Ouled Abdoun 

phosphate series, “Bed IIa” or the “C2a” level—distinct from the “C2” level at Gantour—

record increasing δ13Corg values reaching as high as −25.9‰, which was previously 

dated as early Thanetian and belonging to Chron C25r (Fig. 5; Yans et al., 2014). Our 

recognition of a long-term positive δ13C trend until these highest δ13C values, here 

related to the PCIM, implies that the uppermost phosphorite horizons of the western 

Gantour basin are precisely associated with the early to middle Thanetian and to Chron 

C25r (Fig. 5). The interval between the Chron C27n/C26r boundary and the upper part 

of Chron C25r thus accounts for a total duration of up to ~4.5 Myr, and thus an overall 

low sedimentation rate of 2–3 m/Myr in the western Gantour phosphorites. Finally, we 

speculate that the marls and phosphatic calcareous sands overlying the phosphorite-

rich interval belong to the upper Thanetian and Ypresian, but this remains poorly 

constrained. 

 

5.3.2. K–Pg transition to latest Danian 

The Danian Stage is marked by a long-term decrease of deep-sea δ13C values by 

>0.8‰ over ~4 Myr from the lower part of Chron C29r to Chrons C27n–C26r 

(Westerhold et al., 2020), as well as negative CIE of 0.6‰ near the top of Chron C27n. 

ACCEPTED MANUSCRIPT / CLEAN COPY



 

The western Gantour δ13Corg values recorded between the upper part of the “C2M” 

level and the “DSP1” level show a similar long-term upward decrease by 1.5‰ (Fig. 

5). This δ13Corg drift would have started at the K–Pg transition at ~66 Ma and extended 

upwards into the minimum values of the latest Danian, at ~62 Ma (Fig. 5). Abrupt 

spikes of the deep-sea δ13C values at ~66 and ~62 Ma may explain the larger 

magnitude of the carbon isotopic fluctuations observed in the western Gantour 

phosphorites (1.5‰) compared to the gradual long-term δ13Ccarb shift (0.8‰). Despite 

the presence of a ~1.5-Myr decrease of benthic δ13Ccarb values across Chron C30n in 

the late Maastrichtian (Li and Keller, 1998a, 1998b), the absence of any apparent 

geological hiatus in the Gantour basin near the K–Pg transition (Arambourg, 1952; 

Boujo, 1976; Noubhani, 2010) hints that phosphorites from the lower part of the studied 

section do not belong to the Maastrichtian. With this in mind, our data imply that the 

base of the Cenozoic Era is deeper in the section, as demonstrated by the sharp 

inflection in our δ13Corg curve (Fig. 4), which we correlate to that in the established 

benthic δ13Ccarb reference (Fig. 5). Overall, this suggests that the western Gantour 

phosphorites between the upper part of the “C2M” level and the “DSP1” level were 

deposited within ~4 Myr under low sedimentation rates of perhaps <2 m/Myr. 

Consequently, we propose that the “SX” level no longer be used as a marker of the K–

Pg boundary at Gantour because our data show it to be a few million years younger. 

 

5.3.3. Latest Maastrichtian 

The lowermost phosphorus-rich level, represented by the lower part of the “C2M” level, 

likely coincides with the latest Maastrichtian (Fig. 4). The increasing δ13Corg trend at 

that level may correspond to the global cooling event recorded in the uppermost 

Maastrichtian rocks, as supported by the concomitant increase and decrease of 

δ13Ccarb and δ18Ocarb values, respectively (Thibault et al., 2016; Zachos et al., 1989). 

Nonetheless, further examination of the δ13Corg records of the lower phosphate series 

in the western Gantour basin is required to confidently establish this latter proposition. 

In light of these and above considerations, our data reveal that the western Gantour 

basin encompasses a ~8.5 Myr window spanning the K–Pg transition to the mid-

Thanetian, including the lower and upper parts of Chrons C29r and 25r, respectively. 

 

5.4. Insights for stratigraphic correlations of Moroccan phosphate deposits 
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Our new age constraints suggest that the upper phosphate series of the western 

Gantour basin is slightly older than the upper phosphate successions of the Ouled 

Abdoun basin (whose age constraints rely on chemostratigraphy and vertebrate 

faunas; Gheerbrant, 2009; Gheerbrant et al., 2003; Yans et al., 2014). However, in 

both basins, upwards positive δ13Corg trends from the Selandian to mid-Thanetian 

allows for interbasinal stratigraphic correlations of phosphorite horizons, and for the 

identification of a homogenous basin-scale δ13Corg distribution. Considering the highest 

δ13Corg values related to the PCIM at ~58-57.5 Ma, the western Gantour “SFA1S” level 

correlates with the top of the “C2a” level in the Ouled Abdoun basin (Fig. 6a). The latter 

also connects with phosphorite intervals containing the “SFA3I”, “SFA3S”, “SFA2M”, 

“SFA2S”, and “SFA1S” lithologies. However, additional δ13Corg data are required to 

unambiguously validate this correlation. As previously demonstrated in the MHA 

phosphate series, complexities of U-Pb CFA dating indicate discrepancies between 

sediment depositional ages and the time of lithification, compromising stratigraphic 

correlations using this method (Aubineau et al., 2022b). In contrast, biostratigraphic 

data from calcareous nannofossils seem more robust (El Bamiki et al., 2020) and have 

facilitated the stratigraphic resolution of the exploited phosphate facies. Indeed, we 

correlate the western Gantour “SFA1S” and Ouled Abdoun “C2a” phosphorite levels 

of mid-Thanetian age with the MHA marly interval that underlies the carbonates of late 

Thanetian age (Fig. 6a). 

Our new δ13Corg dataset, together with the prior δ13Corg curve of Yans et al. 

(2014), enable the extraction of new important information regarding the stratigraphical 

framework of as-yet uncalibrated sections. Assuming that intrabasinal connections of 

mining levels are unambiguous between the western and eastern Gantour basins, we 

here propose correlations between the well-calibrated Bouchane section and the 

poorly constrained eastern Gantour sections to allocate to them their appropriate 

stratigraphic ages (Fig. 6b). In this regard, we correlate the K–Pg boundary to 

somewhere within the eastern Gantour “C2” level, although, to our knowledge, the lack 

of subdivisions in this level does not allow us to be more specific. Moreover, 

correlations of phosphorite levels between calibrated phosphate series and other 

studied Ouled Abdoun phosphate sections are not straightforward (Fig. 6b). While the 

Ouled Abdoun “C2a” level is a correlative horizon as mentioned above, further δ13Corg 

correlations for these strata remain to be determined. Nevertheless, the coupling of the 

unique δ13Corg trends of the NW Moroccan phosphorite facies to well-established 
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global reference δ13Ccarb records hint that δ13Corg chemostratigraphy is an appropriate 

correlation tool for these phosphate-bearing sequences. 

 

5.5. Implications for dating the Gantour vertebrate faunas 

Improving our knowledge of the biostratigraphy of the Moroccan phosphorites is of 

paramount importance due to their faunal renewal capacity during the Maastrichtian–

Lutetian interval (Bardet et al., 2017). Although several attempts have been made to 

establish correlations between the NW Moroccan phosphorite horizons (Arambourg, 

1952; Bardet et al., 2017; Kocsis et al., 2014), we prefer not to consider them here 

because of the obvious lack of sequence stratigraphic framework and clear allocation 

approaches (see Section 2.3). Our new stratigraphic correlations with respect to the 

calibrated δ13C curves indicate that the K–Pg transition is most likely in the upper part 

of the Gantour “C2M” level. 

Based on data acquired from thousands of isolated fossil teeth collected over 

many decades, Cappetta et al. (2014) provided a complete faunal list of Maastrichtian 

marine vertebrates in the eastern Gantour basin. Marine reptiles, including 

elasmosaurid plesiosaurs, mosasaurid species, and pachyvaranid squamates, and 

several selachian families such as Anacoracidae, Hypsobatidae, Pseudocoracidae, 

Sclerorhynchidae, and Rhombodontidae, abruptly disappeared during the K–Pg 

extinction event (Bardet, 2012; Cappetta, 1987; Cappetta et al., 2014; Lebrun, 2020). 

However, the fossilized remains of these marine reptiles and selachians in the eastern 

Gantour basin have been found to be abundant in the “C2” level, although their 

stratigraphic subdivisions and sampling positions have never been properly reported 

(Cappetta et al., 2014; Noubhani and Cappetta, 1997). In addition, Cappetta et al. 

(2014) observed that mosasaurid and pachyvaranid squamates were preserved 

throughout the Maastrichtian succession, except in two horizons, one of which being 

the “SX” level. This latter phosphorite horizon is sometimes characterized by a mixture 

of Maastrichtian and Danian vertebrate faunas (Cappetta et al., 2014), suggesting 

either its diachronous nature or a sampling bias possibly caused by mining exploitation. 

Regardless of these faunal uncertainties, the pervasive absence of some key marine 

reptiles and selachians that went extinct during the K–Pg event is best explained if the 

“SX” level is considered to be Danian rather than late Maastrichtian in age. Although 

the above vertebrate groups were abundant and diverse during the latest Cretaceous 

(Cappetta et al., 2014), their last occurrences probably coincided with the deposition 
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of the “C2M” phosphorite. Future exhaustive and integrated litho-biostratigraphic 

studies will provide fruitful information on the diversity of marine reptiles and selachians 

within the Gantour “C2” level. 

In addition, the Gantour selachian fauna may provide unknown insights into the 

evolution of Squaliform lineages across the Mediterranean Tethys. For example, the 

first appearance of Squalus aff. huntensis in the “SX” level has traditionally been 

interpreted as late Maastrichtian (Bardet et al., 2017). However, our refined 

stratigraphy implies that species in this genus likely underwent further radiation after 

the K–Pg transition. In addition, bony fishes, represented by Enchodus, have allowed 

paleogeographic correlations between the upper and lower Maastrichtian phosphate 

deposits of the Tethyan marginal ocean domain using biostratigraphy (Bardet et al., 

2017; Cappetta et al., 2014). Consequently, the presence of Enchodus species in the 

“SX” level (Cappetta et al., 2014), here dated to the Danian instead of the late 

Maastrichtian, indicates that caution should be taken when using these specimens as 

correlative biostratigraphic tools. According to our data, Enchodus specimens, like 

many other actinopterygians, successfully crossed the K–Pg boundary in the Gantour 

basin. Importantly, our new stratigraphy does not generate a paleontological paradox 

in which extinct Cretaceous species like mosasaurids are found in Paleogene 

sediments. Moreover, our δ13Corg chemostratigraphic results constrain the evolution of 

shark species preserved in the Gantour “C0” level to the late Danian. 

Selachian taxa are known to document their evolution at the K–Pg transition 

(e.g., Noubhani and Cappetta, 1997). Many of the selachian lineages that began to 

diversify during the Paleogene have contributed towards clarifying the global 

evolutionary patterns of vertebrates (Lebrun, 2020). In particular, Paleogene rocks of 

the NW Moroccan phosphate basins are defined on the basis of their diverse selachian 

faunas (Bardet et al., 2017; Noubhani and Cappetta, 1997). Thus, recognition of the 

Selandian Stage in the Gantour basin provides helpful correlative and biostratigraphic 

tools for comparative studies of western central African fossiliferous localities where 

selachians, among other vertebrates, have been reported (Solé et al., 2019). In this 

regard, our δ13Corg chemostratigraphic results for the western Gantour phosphate 

sequence should promote important discussions on the paleoecological and 

paleobiogeographic implications of vertebrate faunal biodiversity and evolution during 

the Paleocene. This, in turn, will greatly expand our ability to reconstruct and 
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appreciate the factors that enabled the distribution and exchange of faunal 

assemblages between the Tethyan Sea and central Africa. 

 

Conclusions and perspectives 

δ13Corg chemostratigraphy provides convincing evidence for phosphate deposition in 

the upper phosphate series of the western Gantour basin over ~8.5 Myr. Particularly, 

our results confirm the potential of δ13Corg chemostratigraphy as a powerful tool for 

refining the stratigraphy of the NW Moroccan phosphate basins. Long-term negative 

and positive δ13Corg trends are recorded from the K–Pg transition to the mid-Thanetian. 

Based on our comparison of the absolute δ13C variations between the global δ13Ccarb 

and Gantour δ13Corg values, the phosphate-bearing rocks may preserve transient CIEs 

related to the meteorite impact at the K–Pg transition or the LDE, though this latter 

proposition requires further investigation at higher sampling resolution. Nonetheless, 

for the first time, our results reliably locate the base of the Danian Stage and constrain 

the potential presence of Selandian Stage rocks and the PCIM in the western Gantour 

basin. Importantly, these conclusions are consistent with previous worldwide 

biostratigraphic determinations of some Maastrichtian vertebrate groups that were 

wiped out during the K–Pg extinction event. For instance, the Paleocene evolution of 

primitive placental mammals can be reasonably associated with the Gantour basin on 

the basis of our proposed δ13Corg model. If this stratigraphic placement is correct, then 

the Gantour vertebrate taxa may reveal new marine connections between north Africa, 

the Tethyan paleogeographic domain, and central Africa during the Paleocene, 

enhancing our knowledge of the paleobiogeographic distribution of biodiversity and 

their connectivity during this important geological window. For example, the well-

calibrated NW Moroccan phosphate sections from the western Gantour and Ouled 

Abdoun basins may prove useful to better constraining their basinal stratigraphic 

correlation and interpretation. Furthermore, such results will aid attempts to decipher 

the allocyclic processes and controls that might have been crucial in shaping 

phosphate sedimentation in NW Morocco. Finally, the well-documented sequence 

stratigraphic framework in the MHA may now allow the identification of a major 

maximum flooding zone across this basin, previously dated to the Selandian-Thanetian 

transition (El Bamiki et al., 2020). 
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Figure and Table captions 

 

Figure 1. Study locality, lithology, and stratigraphy. (a) Spatial distribution of the Upper 

Cretaceous–Paleogene phosphate basins (orange) in northwestern Morocco. (b) 

Simplified geological map of the Gantour and Ouled Abdoun phosphorus-rich basins 

(adopted from Hollard et al., 1985). The yellow star indicates the studied 6258 mining 

well (Bouchane section), and the yellow circles display other studied sections: 1, Bout 

El Mezoud (Noubhani and Cappetta, 1997); 2, well 88 (Jeanmaire, 1985); 3, El Borouj 

(Boujo, 1976); 4, Recette IV (Gheerbrant et al., 2003; Noubhani and Cappetta, 1997); 

5, P7 (Kocsis et al., 2014); 6, RP 13-2 (Gheerbrant et al., 2003); 7, SDA-06-02 (Yans 

et al., 2014). These sections are presented in Figure 6. 

 

Figure 2. Lithology and stratigraphy. Synthetic lithostratigraphic column of the 6258 

mining well in the western Gantour phosphate series. Interbasinal stratigraphic 

correlations between the Bouchane P-bearing rocks and those from other published 

sections (Youssoufia and Benguerir zones; OCP, 1989) were performed by OCP 

geologists. Consequently, the studied interval presumably covers the upper 

Maastrichtian–Thanetian (OCP, 1989). The OCP group currently exploits the crumbly 

phosphorite beds. †1: Numerous Ypresian Orectolobiformes, Carcharhiniformes, and 

Myliobatiformes (selachians) overlying the “SFA” level are described and correlated 

with European strata (Noubhani and Cappetta, 1997). †2: Palaeogaleus brivesi and 

other Selachian species (<10) are preserved in the Gantour “C0–C1” level and 

correlated with European Danian rocks (Noubhani and Cappetta, 1997). †3: Last 

occurrence of many Cretaceous marine reptiles and selachian families in the Gantour 

C2 level. Stratigraphic subdivisions and sampling positions within the Gantour “C2” 

level are not reported (Cappetta et al., 2014). See discussion for further details. 

 

Figure 3. Deciphering the origin of organic matter. (a) Mineral composition and relative 

abundance of the bulk fraction (measured by XRD) through the studied phosphate-

bearing section. (b) Relationships between TOC/Si and Al2O3, TiO2, and P2O5, as well 

as between Al2O3 and P2O5. 

 

Figure 4. δ13Corg and TOC curves of the studied section (6258 well, western Gantour 

basin). The unrefined stratigraphy is based on OCP (1989) data, whereas the refined 
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stratigraphy (this work) is based on correlations with calibrated reference sections (see 

Fig. 5). The presented mining levels exclusively correlate within the Gantour basin. 

Red arrows indicate the position of each sample. The inset plot shows the weak 

correlation between δ13Corg and TOC. Maast, Maastrichtian; VPDB, Vienna Peedee 

belemnite. 

 

Figure 5. Correlation scheme of the Paleocene interval in the western Gantour area 

using δ13C chemostratigraphy. The Bouchane section (this work) is correlated to 

reference sections calibrated to the geomagnetic polarity and biostratigraphic scales 

(Li and Keller, 1998a, 1998b; Westerhold et al., 2020; Yans et al., 2014). The “C0–C1” 

level hosts Danian sharks (see Section 2.2), which enabled the initial stratigraphic 

placement of our δ13Corg curve with respect to the global δ13Ccarb curve. This approach 

aims to supersede the poorly resolved stratigraphy published by OCP (1989) and 

shown in Figure 4. Light gray shading indicates the upward negative trend from the K–

Pg transition to the minimum isotopic value, whereas dark shading indicates the 

upward positive trend until the PCIM. Geomagnetic polarity state is indicated as normal 

in black and reverse in white. Paleogene Zonations (NP Zones) are replotted from 

Vandenberghe et al. (2012). Lut, Lutetian; LME, Late Maastrichtian Event; MI K–Pg, 

Meteorite Impact Cretaceous-Paleogene; LDE, Latest Danian Event; PCIM, 

Paleocene Carbon Isotope Maximum; PETM, Paleocene-Eocene Thermal Maximum; 

EECO, Early Eocene Climate Optimum; ETM, Eocene Thermal Maximum; VPDB, 

Vienna Peedee belemnite. The Cenozoic global reference benthic foraminifer carbon 

isotope dataset, the most recent astronomically tuned, high-definition stratigraphic 

reference, is redrafted from Westerhold et al. (2020), whereas the δ13Ccarb trend from 

72.1 to 67 Ma is modified from Thibault et al. (2016). Westerhold et al. (2020) reported 

both short-term (black) and long-term (red) trends that were smoothed over 20 kyr and 

1 Myr increments, respectively using a locally weighted function. 

 

Figure 6. Stratigraphic correlations of the NW Moroccan phosphate sequence 

between the Gantour, Ouled Abdoun, and Marrakesh High Atlas basins based on 

δ13Corg data from the Bouchane and Sidi Daoui sections and existing biostratigraphic 

data from calcareous nannofossils. Phosphate-bearing sequences are grouped based 

on whether (a) age constraints are available or (b) no age constraints are available. 

The PCIM, preserved within the western Gantour “SFA1S” and Ouled Abdoun “C2a” 
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levels, is the reference datum for horizontalization. The K–Pg transition is preserved 

within the Gantour “C2M” level, but stratigraphic subdivisions of the “C2” level are 

lacking in the eastern Gantour basin. Mining names of phosphorite horizons following 

the nomenclature of the mine workers are not equivalent between basins, but are likely 

identical within the same basin. Synthetic lithostratigraphic columns are modified from 

El Bamiki et al. (2021, 2020); Gheerbrant et al. (2003); Jeanmaire (1985); Kocsis et al. 

(2014); and Yans et al. (2014). The yellowish marls are a marker level within the 

Gantour basin (Noubhani and Cappetta, 1997; OCP, 1989). Note different vertical 

scales for the Amizmiz, RP13-2, and P7 sections. U.T., Upper Thanetian; Maast, 

Maastrichtian. 

 

Table 1. Organic carbon isotope compositions (δ13Corg) and total organic carbon (TOC) 

contents for all samples in this study. VPDB, Vienna Peedee belemnite. 

Mining 
name Sample Depth (m) 

Interval 
thickness 

Depth 
(m) δ13Corg TOC 

    
upper 

interval 
lower 

interval (m) 
mean 
value 

(‰, 
VPDB) 

(wt.
%) 

        
NAB R620bis 12.50 12.90 0.40 12.70 -26.76 0.30 

NAB R620 12.90 13.30 0.40 13.10 -26.79 0.67 

SFA1S R6-18 15.80 16.50 0.70 16.15 -26.71 0.71 

SFA2S R6-17 16.50 17.20 0.70 16.85 -27.31 0.96 

SFA2M R6-16bis 17.20 17.60 0.40 17.40 -27.47 0.81 

SFA2M R6-16 17.60 18.00 0.40 17.80 -27.57 1.04 

SFA2M R6-15bis 18.00 18.40 0.40 18.20 -27.97 1.09 

SFA2M R6-15 18.40 18.80 0.40 18.60 -27.95 1.07 

SA3S R6-13 19.10 19.50 0.40 19.30 -28.05 0.71 

SA3S R6-12 19.50 20.30 0.80 19.90 -28.08 0.99 

SFA3I R611 20.30 21.00 0.70 20.65 -28.09 1.07 

DSP2 R6-8 22.70 23.40 0.70 23.05 -28.38 0.35 

DSP2 R6-78987 23.40 23.80 0.40 23.60 -28.44 1.09 

DSP1 R6-30 26.95 27.30 0.35 27.13 -28.50 1.50 

DSP1 R6-29 27.30 27.75 0.45 27.53 -28.27 1.03 

C0-C1 R6-28 27.75 27.90 0.15 27.83 -27.93 1.25 

SX R6-79187 30.10 30.55 0.45 30.33 -27.90 1.37 

C2S R6-27 31.60 32.00 0.40 31.80 -27.58 0.31 

C2S R6-26 32.00 32.30 0.30 32.15 -27.50 1.16 

C2S R6-25 32.30 32.70 0.40 32.50 -27.26 1.11 

C2S R6-24 32.70 33.30 0.60 33.00 -27.30 1.06 

C2M 
R6-79184 

bis 33.70 34.15 0.45 33.93 -27.01 0.64 

C2M R6-79184 34.15 34.60 0.45 34.38 -26.99 0.61 

C2M 
R6-79183 

bis 34.60 35.15 0.55 34.88 -27.05 0.38 

C2M R6-79183 35.15 35.70 0.55 35.43 -27.13 0.31 
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Highlights 

 Datation of phosphate-bearing sequences from the Moroccan western Gantour 
basin 

 ∂13Corg chemostratigraphy is an appropriate correlation tool 

 The refined stratigraphy implies at least the presence of Danian, Selandian, and 
mid-Thanetian rocks 

 Phosphate deposition over a ~8.5 Myr long time period 
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