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Abstract. The youngest time interval of the Cretaceous Period is known as the Maastrichtian, in reference to 
the shallow-marine strata outcropping in the area surrounding the city of Maastricht, in the Netherlands- 
Belgium border region. While the type-Maastrichtian strata have yielded a wealth of paleontological data, 
comparatively little geochemical work has so far been carried out on this succession. To date, age assessment 
of the type-Maastrichtian, and stratigraphic correlation with sections elsewhere, have largely been based on 
biostratigraphy and preliminary attempts at cyclostratigraphy. However, these techniques are hampered by 
bio-provincialism and the presence of stratigraphic gaps in the succession, respectively. In recent years, stable 
carbon isotope stratigraphy has proven to be a powerful tool for correlating Upper Cretaceous strata on a global 
scale. When integrated with biostratigraphy, carbon isotope stratigraphy can be used to test the synchroneity of 
biological and climatic events across the globe and to reconcile inter-regional biostratigraphic schemes. 
Therefore, we have generated the first high-resolution bulk stable carbon isotope stratigraphy for the type- 
Maastrichtian, using an extensive sample set acquired within the context of the Maastrichtian Geoheritage 
Project spanning approximately 100 meters of stratigraphy at the Hallembaye and former ENCI quarries. In 
combination with bulk major and trace element data generated using µXRF, this record presents the first high- 
resolution chemostratigraphic survey for the type-Maastrichtian. The µXRF-based element profiles through 
the type-Maastrichtian succession reveal variable fluxes of terrigenous input into this carbonate system over 
time, marking three distinct stratigraphic sequences, separated by sequence boundaries at the Froidmont, 
Lichtenberg and Vroenhoven horizons. In addition, the carbon isotope profile records the Campanian–Maas-
trichtian Boundary Event (CMBE) and the Mid-Maastrichtian Event (MME) in the Maastrichtian type area for 
the first time. Our refined age model allows for global correlation between the type-Maastrichtian sequence 
and Maastrichtian successions worldwide and places the abundant paleontological records from the type- 
Maastrichtian in a global context.  
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1. Introduction 

The youngest time interval of the Cretaceous Period is 
known as the Maastrichtian Stage, a reference to the 
marine strata exposed in the area surrounding the city 
of Maastricht, in the Netherlands-Belgium border 
region (Jagt 2001; Fig. 1). The stratigraphic succession 
at the original type-locality of the Maastrichtian (ad-
jacent to the former ENCI quarry, south of Maastricht; 
Jagt 2001) only covers the upper part of the Maas-
trichtian Stage as defined nowadays (Odin and La-
maurelle 2001). However, in combination with similar 
lithological sequences that are accessible at other 
quarries in the region (e. g., Hallembaye, Curfs; 
Fig. 1), a substantial part of the Maastrichtian Stage 
is represented (Jagt and Jagt-Yazykova 2012). The 
highly fossiliferous sedimentary carbonate rocks in 
this region have generally been interpreted to have 
been deposited in a shallow, subtropical epeiric sea that 
flooded large parts of western Europe during the latest 
Cretaceous (Fig. 1; Jagt and Jagt-Yazykova 2012). 
Over the past centuries, the type-Maastrichtian strata 
have provided a wealth of paleontological data (e. g., 
Conybeare 1822, Leriche 1929, Dortangs et al. 2002, 
Madzia 2020, Field et al. 2020, Bastiaans et al. 2020, 
Vellekoop et al. 2020), comprising a wide array of 
vertebrate and invertebrate finds (Jagt 2015, Jagt et al. 
2015; see Fig. 2). Numerous skeletal remains of e. g. 
mosasaurs, plesiosaurs, crocodiles, turtles and dino-
saurs (Mulder et al. 1998), often disarticulated yet 

excellently preserved, have made the Maastrichtian 
type area a classic site in the history of paleontology 
(Dortangs et al. 2002). Nevertheless, so far, the age 
assessment of, and stratigraphic correlation with, the 
type-Maastrichtian strata has been largely based on 
lithostratigraphy (Felder 1975, Felder 2001), biostrati-
graphy (Schiøler et al. 1997, Jagt and Jagt-Yazykova 
2012) and preliminary attempts at cyclostratigraphy 
(Zijlstra 1994, Keutgen 2018), techniques that are 
hampered by bio-provincialism (e. g. Robaszynski 
1987, Christensen et al. 2000) and the presence of 
stratigraphic gaps in the succession (Vandenberghe et 
al. 2004, Keutgen and Jagt 2009), respectively. Up to 
now, comparatively little geochemical work has been 
carried out on this succession (e. g. Felder et al. 2003). 
As a result, the precise ages of some of the most crucial 
paleontological finds in the type-Maastrichtian, e. g., 
the recently discovered oldest known crown bird to 
date (Field et al. 2020), remain uncertain.   

Stable carbon-isotope stratigraphy constitutes a 
powerful tool to better constrain the ages of the 
type-Maastrichtian strata, and thereby the paleontolo-
gical records retrieved from these strata. In recent 
years, carbon-isotope stratigraphy has been highly 
effective to correlate Upper Cretaceous strata on a 
global scale, based on a succession of carbon isotope 
events in the geological record (Voigt et al. 2012, 
Thibault et al. 2012a, Wendler 2013, Eldrett et al. 
2021). For the upper Campanian-Maastrichtian inter-
val, Voigt et al. (2012) established a detailed carbon- 

Fig. 1. A. Paleogeographic setting of western Europe during the Maastrichtian, after Vellekoop et al. (2019), with the 
Maastrichtian successions discussed in the text indicated. 1) Maastrichtian type area (Netherlands and Belgium); 2) Stevns-1 
core (Denmark); 3) Gubbio composite (Italy), 4) Kronsmoor-Hemmoor (Germany); 5) Shearwater A9 well (central North 
Sea). RM = Rhenish Massif. Deep seas are shown in dark blue, shelf seas in light blue and landmasses in green. B. Geographic 
location of the Maastrichtian type area, in the Belgium-Netherlands border region. C. The Maastrichtian type area, with the 
locations of the former ENCI (1) and Hallembaye (2) quarries indicated.  
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isotope stratigraphy, recognizing a series of late Cam-
panian (LCE), Campanian–Maastrichtian (CMBE-1 to 
CMBE-5), Mid-Maastrichtian (MME-1 to MME-3) 
and Cretaceous–Paleogene (KPgE-1 to KPgE-3) car-
bon-isotope events, which can be used to correlate 
Campanian–Maastrichtian record worldwide. Among 
the carbon-isotope events in the Maastrichtian age are 
three carbon-isotope shifts that together represent the 
elusive Mid-Maastrichtian Event (MME), an episode 
of widespread biotic and oceanographic changes, 
characterized by abrupt warming of surface and 
deep waters and the disappearance of the ‘true’ (i. e. 
non-tegulated) inoceramid bivalves (Frank et al. 2005, 
Dameron et al. 2017). The MME was presumably the 
result of a reorganization of oceanic circulation (Ma-
cleod 1994) and is possibly related to increased 
volcanic activity (Mateo et al. 2017). When calibrated 
with biostratigraphic events (Wendler 2013), carbon- 
isotope stratigraphy can be used to test the synchro-
neity of bio-events, reconcile inter-regional biostrati-
graphic schemes and provide improved age constrains 
on geochemical and paleontological data (Surlyk et al. 
2013), placing the biotic records from the type-Maas-
trichtian in a global context. In addition, carbon- 
isotope stratigraphy presents a way to improve regio-
nal and global correlation with the type-Maastrichtian 
successions. Thibault et al. (2012a) published a very 
detailed, high-resolution, astronomically calibrated 
carbon-isotope stratigraphy for the Boreal Realm, 
which is particularly effective in correlating Campa-
nian–Maastrichtian records from European sites 
(Fig. 1A), such as Stevns-1 (Denmark), Tercis-les- 
Bains (France), Gubbio (Italy), Norfolk (UK) and 
Kronsmoor and Hemmoor (Germany; Voigt et al. 
2012). Correlation with the astronomically calibrated 
isotope record from Stevns-1 allows for an absolute 
age assessment of Maastrichtian strata throughout 
Europe. 

Therefore, we have generated the first high-resolu-
tion (~30 cm) bulk carbonate stable carbon-isotope 
stratigraphy for the ~98 m thick composite succession 
of the type-Maastrichtian (Fig. 1B). For this, we 
employed the upper Campanian to lower/middle 
Maastrichtian Gulpen Formation strata exposed at 
the Hallembaye quarry (Haccourt, Belgium; Fig. 1C) 
and the strata of the middle to upper Maastrichtian 
Gulpen and Maastricht Formations exposed at the 
former ENCI quarry (Maastricht, the Netherlands; 
Fig. 1C), using an extensive sample set acquired within 
the context of the Maastrichtian Geoheritage Project 
(Vellekoop 2019). Over the past decades, extensive 

micro- and macropaleontological studies on these sites 
have resulted in a low-resolution nannofossil biostrati-
graphy (Čepek and Moorkens 1979, Robaszynski et al. 
1985), in addition to well-constrained dinoflagellate 
cyst (Schiøler et al. 1997, Slimani 2000) and belemnite 
(Robaszynski 1985, Keutgen et al. 2010, Keutgen et al. 
2019) biozonations for the type-Maastrichtian succes-
sion, which allow a calibration of the new stable carbon 
isotope record presented here. In addition, we have 
generated elemental data using micro-X-ray fluores-
cence (µXRF) analysis (e. g., Ca, Si, Al, Ti, Mn 
concentrations) on the same carbonate samples. Major 
and trace element compositions and ratios of carbonate 
rocks constitute powerful proxies for reconstructing 
regional paleoenvironmental, paleoceanographic and 
sequence stratigraphic changes, as illustrated by 
chemostratigraphic analysis of other Cretaceous car-
bonate successions (Jarvis et al. 2001). Our combined 
element and isotope record presents the first high- 
resolution chemostratigraphy for the type-Maastrich-
tian. This new chemostratigraphic framework refines 
the age-model and paleoenvironmental context for the 
studied strata and allows a better regional and global 
correlation with the type-Maastrichtian successions, 
placing the unique paleontological records from the 
type-Maastrichtian in a global context. 

2. Geological setting 

2.1. Hallembaye 

The Hallembaye quarry (Belgium, 50°44’54” N, 
5°38’54” E), formerly known as Ciment Portland Lié-
geois (CPL), currently Kreco, is situated on the left 
bank of the River Meuse (Maas), about 10 km south of 
Maastricht (Fig. 1). At present, approximately 50 me-
ters of stratigraphy is exposed, consisting of flint- 
bearing calcilutites of the Gulpen Formation (Fig. 2). 
Given that the successions in the type-Maastrichtian 
consist of limestones that are mainly composed of 
detrital carbonate grains with a range of grain sizes, 
ranging from clay size to larger than sand size, we apply 
the limestone classification system of Grabau (1904), 
and use the term ‘chalk’ for calcilutites and calcilutites 
composed of calcareous nannofossil debris. The lithos-
tratigraphy used here follows that of Felder (1975) and 
Felder and Bosch (2001). The base of the succession 
comprises ~12 meters of whitish, fine-grained chalk 
with rare black flint nodules (Zeven Wegen Member), 
capped by chalkstone and a prominent hardground, the 
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Fig. 2. Litho- and biostratigraphy of the type-Maastrichtian, with characteristic vertebrate finds. Dinocyst stratigraphy is 
based on Schiøler et al. (1997) and Slimani (2000), reconfigured by Keutgen (2018). Dashed lines indicate secondary 
lithological marker horizons. For completeness, the uppermost part of the succession, which was not targeted in this study, is 
also included in this figure, based on the stratigraphy of the former Curfs-Ankerpoort quarry (Vellekoop et al. 2020). 
Macrofossil stratigraphy is based on Voigt et al. (2008) and Jagt and Jagt-Yazykova (2018), nannofossil stratigraphy is based 
on Čepek and Moorkens (1979) and Robaszynski et al. (1985). Dinocyst (D), nannofossil (N), ammonite (A), belemnite (B), 
non-inoceramid bivalve (Bv) and inoceramid bivalve (I) bioevents are based on the above-mentioned publications, as well as 
on a compilation provided in Keutgen (2018). Characteristic turtle, mosasaur, bird, and mammal finds are based on Jagt and 
Jagt-Yazykova (2016) and Field et al. (2020) and references therein. Dinoc. = dinocysts, Macro. = macrofossil, Nanno = 
nannofossil stratigraphy. E? masu = Exochosphaeridium? masureae, A. coro. = Areoligera coronata, I. cook. = Isabellidinium 
cooksoniae, H. coni. = Hystrichostrogylon coninckii, P. gral. = Palynodinium grallator.  
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Froidmont Horizon. Overlying are ~16 meters of yel-
lowish grey, fine-grained chalks with small grey flint 
nodules and bands (Vijlen Mb.). The basal part of this 
member is glauconite-rich. The Vijlen Mb. gradually 
passes into the white to yellowish white chalks with 
narrow, black-grey small flint bands of the Lixhe 1 Mb., 
which attains a thickness of ~9.5 meters. Above this are 
~9.5 meters of white to yellowish white chalks with 
increasingly well-developed black flint bands (Lixhe 2 
Mb.), overlain by ~3 meters of yellowish white chalks 
with thick, well-developed black flint bands (Lixhe 3 
Mb.). The top 7 meters of the profile show discolora-
tion indicative of weathering and leaching down from 
the overlaying soils.  

Low-resolution nannofossil and belemnite biostrati-
graphy and detailed dinocyst biozonation document a 
middle to late Campanian age for the Zeven Wegen 
Member, while the Vijlen and Lixhe Members are 
Maastrichtian in age (Robaszynski et al. 1985, Keut-
gen and Jagt 1998, Slimani 2000). The Froidmont Hz. 
represents a stratigraphic hiatus of several million 
years, encompassing the Campanian–Maastrichtian 
boundary (Vandenberghe et al. 2004).  

2.2. Former ENCI 

The former ENCI quarry (the Netherlands, 50° 
49’16”N, 5°41’15”E) is situated on the left bank of 
the River Meuse, approximately 2 km south of Maas-
tricht (Fig. 1). The stratigraphic succession at this 
recently disused quarry comprises approximately 
40 meters of flint-bearing calcilutites and calcisiltites 
of the Gulpen Formation and about 30 meters of 
bioclastic calcisiltites, calcarenites and calcirudites 
of the Maastricht Formation (Fig. 2). The current 
base of the succession consists of ~6.5 meters of 
whitish grey, fine-grained chalks with abundant small 
grey to black flint nodules and bands (Lixhe 1 Mb.), 
overlain by ~10 meters of fine-grained whitish grey 
chalk with increasingly well-developed black flint 
nodules and bands (Lixhe 2 Mb.), in turn followed 
by about 11 meters of whitish grey, fine-grained chalk 
with prominent black flint bands (Lixhe 3 Mb.). The 
top 14 meters of the Gulpen Fm. consist of increas-
ingly silty, white to yellowish white chalks with 
abundant, very prominent, blue-grey to black flint 
bands and occasional small-scale trough cross bed-
ding, fossil-rich lenses and discontinuous levels (La-
naye Mb.). The increasing grain size is the result of an 
increase in biogenic components, rather than a function 
of siliciclastic grains. The base of the overlying 

Maastricht Fm. consists of a lag deposit rich in fish 
coprolites, shark teeth and other macrofossils, the 
Lichtenberg Hz., followed by approximately 30 meters 
of highly fossiliferous, yellow to light grey, bioclastic 
calcisiltites, calcarenites and calcirudites of the Valk-
enburg, Gronsveld, Schiepersberg, Emael and Nekum 
Members of the Maastricht Fm., which are separated 
from each other by horizons with shell hash layers. The 
uppermost member of the Maastricht Fm., the Meers-
sen Mb., is also exposed at the former ENCI quarry, but 
could not be reached for sampling (Vellekoop 2019). 
The Maastricht Fm. shows a general increase in 
grainsize upwards, with predominantly calcisiltites 
and calcarenites in the Valkenburg and Gronsveld 
Members, calcarenites in the Schiepersberg, Emael 
and Nekum Members and calcarenites and calcirudites 
in the Meerssen Member. For a detailed description of 
the stratigraphic succession at the former ENCI quarry, 
see Felder and Bosch (1998).  

Belemnite, nannofossil and dinocyst biostratigraphy 
document an early to late Maastrichtian age for the 
Gulpen Fm. at the former ENCI quarry, while the 
Maastricht Fm. is of late Maastrichtian age (Čepek and 
Moorkens 1979, Schiøler et al. 1997, Keutgen 2018). 
Low-resolution belemnite-based strontium isotope 
stratigraphy confirms this age assessment (Vonhof et 
al. 2011). According to the preliminary cyclostrati-
graphic age model proposed by Keutgen (2018), based 
on visual inspection of patterns in bioclasts rather than 
statistical analyses of high resolution lithological or 
geochemical data, the Lichtenberg Hz., separating the 
Gulpen and Maastricht Formations, represents a strati-
graphic hiatus of approximately 700 kyrs. 

3. Materials and Methods 

3.1. Maastrichtian Geoheritage Project 

The sample material used in this study was collected in 
2018 and 2019 within the context of the Maastrichtian 
Geoheritage Project. The goal of this project is to 
preserve the geological heritage of the Maastrichtian 
type area by means of (1) digital imagery, using drone 
photogrammetry and differential GPS base & rover 
surveys (following Kaskes et al. 2017) in order to 
generate high-resolution and geo-referenced 3D-mod-
els of the most important quarries and outcrops in the 
Maastrichtian type region, and (2) archiving rock 
samples of these quarries for future research (Vellekoop 
2019). For both the Hallembaye and former ENCI 
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quarries, which are c. 8 km apart, a 5 cm resolution 
sample set was acquired. A Jacob’s staff with abney 
level and laser-pointer was used for accurate strati-
graphic height measurements within and between sub-
sections in the quarries. Outcrop surfaces were care-
fully cleaned and fresh, unweathered bulk (~25 cm3) 
samples were collected at a 5 cm stratigraphic resolu-
tion. All samples obtained within the context of the 
Maastrichtian Geoheritage Project are stored at the 
Natural History Museum of Maastricht (NHMM). The 
combined succession of close to 98 meters of strati-
graphy comprises ~72 m of the upper Campanian and 
lower Maastrichtian Gulpen Formation and ~26 meters 
of the upper Maastrichtian Maastricht Formation 
(Fig. 2). There is ~15 m of stratigraphic overlap be-
tween the successions exposed at Hallembaye, and that 
exposed at the former ENCI. Correlation between these 
quarries was done using the characteristic Boirs Hz., a 
marker that can be traced throughout the region (Felder 
and Bosch 2000), to arrive at a composite height for the 
record, in meters composite height (mch). A subset of 
the 5 cm resolution sample set of the Maastrichtian 
Geoheritage Project was used in the present study, after 
the samples were dried for 1 week at 40 °C and 
subsequently carefully ground to homogeneous pow-
ders using mortar and pestle. 

3.2. µXRF 

The major and trace element composition of bulk 
carbonate samples was measured on a total of 146 
samples from Hallembaye and 184 samples from the 
former ENCI, resulting in a mean sampling resolution of 
c. 35 cm for each site (Supplementary Table 1). The 
element composition was determined by means of 
micro-X-ray fluorescence (µXRF) analysis at the la-
boratory of the Analytical, Environmental and Geo- 
Chemistry Research Unit (AMGC) of the Vrije Uni-
versiteit Brussel (Brussels, Belgium; VUB). This novel 
geochemical technique allows rapid, non-destructive 
and high-resolution analysis of flat sample surfaces for 
semi-quantitative element mapping, as well as quanti-
tative linescans and spot analysis with a resolution down 
to 25 µm (de Winter and Claeys 2017; Kaskes et al. 
2021). Both portable and laboratory benchtop XRF 
analyses have shown to provide reliable and reprodu-
cible major and trace element compositions for carbo-
nate materials (de Winter et al. 2017), thereby offering 
valuable insights into paleoenvironmental changes 
across stratigraphic intervals (Sinnesael et al. 2018). 
For the present study, repeated spot analysis on homo-

geneous carbonate powders was carried out using an M4 
Tornado benchtop µXRF instrument (Bruker nano 
GmbH, Berlin, Germany) equipped with a 30 W Rh 
tube as X-ray source, a polycapillary X-ray lens and two 
XFlash 430 Silicon Drift detectors. After the powders 
were carefully flattened and mounted in a holder with 
plastic cups, spot analysis was performed using both 
detectors at maximized X-ray source energy settings (50 
kV and 600 µA, without an X-ray source filter). The 
measurements were carried out under near-vacuum 
conditions (20 mbar) using 10 points per powder and 
an integration time of 120 s for a spotsize of 25 μm. This 
integration time was selected to allow the Time of Stable 
Reproducibility and Time of Stable Accuracy to be 
reached, which allows the concentration of a range of 
elements to be quantified (de Winter et al. 2017). The 
resulting XRF spectra were quantified using a matrix 
corrected Fundamental Parameters method (de Winter 
and Claeys 2017) and then calibrated following the 
procedures outlined in De Winter et al. (2021). This 
multi-standard calibration used repeated μXRF spot-
analysis on a set of 10 carbonate certified reference 
materials: CRM393 (Bureau of Analyzed Samples Ltd, 
Middlesbrough, UK; BAS), CRM512 (BAS), CRM513 
(BAS), ECRM782 (BAS), CCH1 (Université de Liège, 
Belgium), COQ1 (United States Geological Survey, 
Denver, CO, USA), SRM1d (National Institute of 
Standards and Technology, Gaithersburg, MD, USA), 
NIM-GBW07108 (China National Analysis Center for 
Iron and Steel, Beijing, China; NCS), NIM-GBW07714 
(NCS) and NIM-GBW07717 (NCS). Repeated µXRF 
spotanalysis of the above-mentioned carbonate stan-
dards resulted in a reproducibility for all reported major 
and trace elements (Al, Si, Ca, Ti, Mn) of <15 % 
relative standard deviation (de Winter and Claeys 
2017). The resulting concentrations for the 10 indivi-
dual points per powdered sample were processed by 
flagging and removing any outliers using the robust 
median absolute deviation as an estimator for scale 
(Rousseeuw and Croux 1993, Leys et al. 2013) before 
calculating the average concentration per element. Per 
sample, the data was expressed as element ratios and as 
normalized, volatile-free bulk oxide or carbonate values 
in wt%, to be able to display for instance bulk CaCO3 
variations versus stratigraphic height. 

3.3. Isotope ratio mass spectrometry 

The stable oxygen and carbon isotopic composition of 
bulk carbonates was measured on a total of 110 
samples from Hallembaye and 250 samples from 
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the former ENCI, resulting in a mean sampling resolu-
tion of c. 30 cm for each site (Supplementary Table 
2). Stable isotope ratio measurements were performed 
at the AMGC laboratory of the VUB (Belgium). 
Aliquots of ±50 μg of homogeneous carbonate powder 
were allowed to react with 104 % phosphoric acid 
(H3PO4) at 70 °C in a Nu-Carb carbonate preparation 
device and stable oxygen and carbon isotope ratios 
(δ18O and δ13C) were measured using a Nu Perspective 
isotope ratio mass spectrometer (Nu Instruments Ltd, 
Wrexham, UK). All isotope ratio values are reported in 
‰, relative to the Vienna Pee Dee Belemnite standard 
(‰ VPDB). Calibration to the V-PDB standard via 
NBS-19 was made using the AMGC in-house Mar-
bella limestone standard (MAR 2-2, + 3.41‰ VPDB 
δ13C, –0.13‰ VPDB δ18O). About 10 % of samples 
were run in duplicate. The reproducibility of repeated 
measurements was better than 0.1‰ (one standard 
deviation) for both oxygen and carbon isotope ratios. 

4. Results 

4.1. Major and trace element composition 

The lowermost member of the studied succession, the 
upper Campanian Zeven Wegen Mb., is comprised of 
monotonous, relative pure, whitish chalks, with bulk 
CaCO3 contents up to 97 wt% (Fig. 3). This member is 
capped by the Froidmont Hz. (11.75 mch), which 
marks a sharp transition in the record, to the consider-
ably less pure, yellowish grey, fine-grained chalks of 
the Vijlen Mb. The lower 4 meters of that unit gen-
erally comprise less than 85 wt% CaCO3, with a 
minimum of 68 wt% CaCO3 at the base of the member. 
The transition across the Froidmont Hz. (11.75 mch) is 
also clear, with a major elevation in the Si/Ca, Al/Ca, 
and Ti/Ca records, suggesting a dilution of carbonates 
by terrigenous material. In the upper 12 meters of the 
Vijlen Mb. the CaCO3 content gradually increases to 
up to 94 wt%, paralleled by decreasing Si/Ca, Al/Ca, 
and Ti/Ca values. This trend of increasing carbonate 
content continues in the overlying members of the 
Gulpen Formation, to reach 95–96 wt% CaCO3 in the 
uppermost member of that formation, the Lanaye 
Member. At the former ENCI quarry, the Lixhe 
Members are characterized by a slightly lower 
CaCO3 content (68–94 wt%), compared to their 
equivalent at the Hallembaye quarry (92–98 wt%). 
The base of the Maastricht Fm. (71.70 mch) is char-
acterized by a drop in CaCO3 content, to values around 

87–93 wt%, accompanied by a sharp increase in Si/Ca, 
Al/Ca and Ti/Ca values, indicating a relatively higher 
terrigenous input. The overlying Gronsveld Mb. is 
characterized by a further decrease in CaCO3 content, 
reaching a minimum of 45 wt% close to the ENCI Hz. 
(74.7 mch). This interval shows the highest Si/Ca, 
Al/Ca, and Ti/Ca values of the investigated succession. 
The basal interval of the Maastricht Fm. clearly 
received a relatively high influx of terrigenous materi-
al. Through the remainder of the Gronsveld Mb., 
CaCO3 content steadily increases again, reaching 
values close to 95 % in the upper part of this member. 
The overlaying Schiepersberg Mb. shows another drop 
in CaCO3 content, reaching a minimum of 80 wt%. The 
succeeding Emael Mb. is characterized by varying 
CaCO3 content, ranging from 87 to 96 wt%, whereas 
the overlying Nekum Mb. comprises relatively pure 
calcarenites, with approximately 97 wt% CaCO3. The 
succession is characterized by high values of Mn/Al 
(0.02–0.2) compared to the European average shale 
(0.01; Wedepohl 1971). In general, the variations in 
Mn/Al follow those in the bulk CaCO3 contents, with 
increasing values towards the Froidmont and Lichten-
berg horizons and a drop across these horizons.  

4.2. Stable isotopes 

Carbon isotope values range between 1.27‰ and 
1.95‰ in the Hallembaye record and between 
1.30‰ and 2.05‰ in the ENCI record (Fig. 3). Oxygen 
isotope values range between –1.76‰ and –0.93‰ in 
the Hallembaye record and between –3.09‰ and 
–0.01‰ in the ENCI record (Fig. 4). Since the top 
7 meters of the profile of Hallembaye show signs of 
severe weathering and leaching down from the over-
laying soils, samples from this interval were not 
included in the stable isotope analyses. A crossplot 
of carbon and oxygen isotopes is commonly used to 
test a possible diagenetic overprint which would result 
in a positive correlation between the two ratios (Jen-
kyns et al. 1995; Mitchell et al. 1997). In the stable 
isotope record of the dataset of the Maastrichtian type 
area, a crossplot shows no linear correlation of δ18O 
and δ13C values (R2 = 0.04, p-value < 0.01; Fig. 4), 
suggesting an overall low diagenetic overprint (Thi-
bault et al. 2012b). Nevertheless, a subset of samples 
from the lower 25 meters of the Gulpen Fm. of the 
former ENCI quarry does show a positive correlation 
between δ18O and δ13C (R2 = 0.5, p-value < 0.01). 
Fortunately, the lower ratio of carbon in interstitial 
fluids with respect to carbon in carbonate as compared 
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to the similar ratio of oxygen (Schrag et al. 1995) 
means that the bulk carbon isotopic signal is less 
sensitive to diagenetic alteration than oxygen isotopes. 
Therefore, while the observed correlation in the lower 
part of the Gulpen Fm. of the former ENCI quarry 
could have been partially driven by diagenetic over-
print of δ18O, the δ13C is considered to represent a 
primary signal. The bulk stable oxygen isotope profile 
of the type-Maastrichtian shows a distinctive pattern, 
with lower (–3.00 to –1.50 ‰) and intermediate (–1.50 
to –1.00 ‰) values throughout the Gulpen Fm., and a 
general increasing trend (–1.75 to 0.00 ‰) throughout 
the Maastricht Fm. (Fig. 4). While these trends might 
point towards variations in diagenetic overprint, they 
could also be influenced by long term trends in 
environmental conditions through the succession.  

The stable carbon isotope profile of the studied 
succession exhibits several positive and negative ex-
cursions and inflection points (Fig. 3). The basal part 
of the upper Campanian Zeven Wegen Member shows 
a plateau at ~1.95‰, followed by a decreasing trend, 
reaching ~1.25‰ at the Froidmont Horizon. The 

stratigraphic hiatus across this horizon is marked by 
~0.5 permille jump, to lowermost Maastrichtian values 
of ~1.70‰. The lower Maastrichtian Vijlen Member is 
characterized by fluctuating values, followed by a 
stepwise decrease, reaching a minimum of 1.50‰ 
in the upper part of the member (at 24–25 m in the 
Hallembaye record). From the upper part of the Vijlen 
Mb. to the base of the Lixhe 2 Mb., a stepwise 
increasing trend occurs, of about 0.25‰, followed 
by stable values around 1.95‰ up to the middle of the 
Lixhe 3 Mb., where the record reaches maximum 
values of ~2.00‰. This plateau, from the base of 
the Lixhe 2 Mb. to the middle of the Lixhe 3 Mb., is 
superimposed by several, short, ~0.2–0.3 permille 
negative excursions, predominantly at the top of the 
Lixhe 2 Mb. (Fig. 3). After the maximum in the middle 
of the Lixhe 3 Mb., the remainder of the Gulpen Fm. is 
characterized by a stepwise decreasing trend, reaching 
values of ~1.40‰ near the top of the Lanaye Mb. The 
middle of that unit is characterized by an abrupt 
negative 0.3 permille excursion, above flint marker 
bed L10 (Felder and Bosch 1998). The lowermost 

Fig. 4. A cross-plot of bulk car-
bon- and oxygen-isotope ratios (‰ 
VPDB) analyzed from the Maas-
trichtian type area (Hallembaye and 
former ENCI quarries). Taken 
together, the entire dataset shows 
no correlation of δ18O and δ13C 
values (R2 = 0.04, p-value < 0.01). 
However, a subset of samples from 
the lower 25 meters of the Gulpen 
Fm. of the former ENCI quarry 
does show a positive correlation 
between δ18O and δ13C (R2 = 0.5, 
p-value < 0.01), suggesting a pos-
sible diagenetic overprint for this 
part of the succession.  
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2.5 meters of the overlying Maastricht Fm. (represent-
ing the Valkenburg Mb.) again shows ~0.2–0.3 per-
mille high frequency variability. The basal part of the 
Gronsveld Mbr is characterized by average values of 
~1.70‰, above which the values gradually decrease, 
reaching a minimum of ~1.45‰ in the Schiepersberg 
Member. Above, there is an irregular increasing trend, 
interrupted by several spikes consisting of one or two 
data points. Maximum values of ~1.90‰ are reached 
in the basal part of the Nekum Member. In the top part 
of the profile, within the Nekum Mb values fluctuate 
around the maximum of 1.70–1.95‰. 

5. Discussion 

5.1. Terrigenous input and sequence 
stratigraphy 

The predominant carbonate sedimentation in the type- 
Maastrichtian during the Campanian–Maastrichtian 
suggests a relatively large distance to emergent hinter-
lands, such as the Rhenish Massif and adjacent Bo-
hemian Massif to the southeast (Fig. 1A). This is 
corroborated by the generally very low input of 
terrestrial palynomorphs (sporomorphs) throughout 
most of the studied succession (Schiøler et al. 
1997). Nevertheless, several levels within the Maas-
tricht Fm. are known for occasional finds of terrestrial 
fossils (Fig. 2), such as sporadic driftwood (Jagt and 
Collins 1999, Donovan and Jagt 2013), conifer foliage 
and seed cones (Van der Ham and Van Konijnenburg- 
van Cittert 2003, Van der Ham et al. 2003, Ham et al. 
2010) and rare vertebrate remains, including both 
avian and non-avian dinosaurs and rare mammals 
(Jagt et al. 2003, Martin et al. 2005, Field et al. 
2020). The majority of these remains are considered 
to have been washed into the sea by rivers and 
transported over considerable distances, as driftwood 
and floating corpses, respectively (e. g., Jagt and 
Collins 1999). Within the Maastricht Fm., terrestrial 
material seems to be most prevalent in the basal part of 
the Gronsveld Mb. and to a lesser extent in the 
Valkenburg and Emael Members, as well as at the 
base of the Nekum Mb. (Jagt and Collins 1999, Van der 
Ham and Van Konijnenburg-van Cittert 2003, Van der 
Ham 2003, Jagt et al. 2003).  

The µXRF-based element profiles of our 98 m thick 
studied stratigraphic succession provide new insights 
into the variations in terrestrial input during the 
deposition of large parts of the Gulpen and Maastricht 

Formations of the type-Maastrichtian area (Fig. 3). 
The succession is characterized by biogenically pro-
duced carbonates (CaCO3) with various degrees of 
dilution by terrigenous material, represented by in-
creased concentrations of predominantly terrestrial- 
derived elements such as Al and Ti. These elements are 
likely largely present in the form of clay minerals 
(Wedepohl 1971), that were most probably transported 
into the carbonate system by either riverine or aeolian 
processes. The type-Maastrichtian record shows a 
distinctive pattern, with repeated successions of pro-
gressively more pure carbonates, capped by unconfor-
mities. The lowermost studied interval (c. 12 m thick), 
i. e. the topmost part of the upper Campanian Zeven 
Wegen Mb. represents the final stage of such a 
succession, an interval with very low terrigenous input 
(<5 %) capped by the Froidmont Hz. unconformity. 
The overlying interval (c. 61 m thick) of the Vijlen, 
Lixhe 1 to 3 and Lanaye Members represents a second 
succession, with relatively high terrigenous input 
(20–25 %) at its base, overlain by increasingly pure 
carbonates, reaching values similar to those of the 
Zeven Wegen Mb. in the upper half of the Lanaye Mb. 
(~5 % terrigenous material). This succession is capped 
by the Lichtenberg Hz. unconformity. The basal part 
(~25 m) of the overlying Maastricht Fm. is again 
characterized by relatively high terrigenous input, 
reaching its highest values (~50 %) in two levels in 
the basal part of the Gronsveld Mb., corresponding to a 
heavily burrowed interval rich in clay lenses and clay 
rip-up clasts, in between the St. Pieter and ENCI 
horizons. The clay lenses and rip-up clasts in this 
interval are clear indicators of transport of terrigenous 
clays into the carbonate environment. A second peak of 
terrigenous material (~20 %) occurs near the top of the 
Schiepersberg Mb. This lower part of the Maastricht 
Fm. shows the highest input of terrigenous material of 
the entire studied succession, which is consistent with 
the prevalent terrestrial macrofossils in this strati-
graphic interval. Above the Schiepersberg Mb., the 
remainder of the Maastricht Fm. is again characterized 
by increasingly pure carbonates upwards, reaching 
values similar to the Zeven Wegen Mb. in the upper 
half of the Nekum Mb. (<5 % terrigenous material). 
The Meerssen Mb., which rests on top of the Nekum 
Mb., was not included in the present study, but pre-
vious work has shown that this member is also 
characterized by very pure carbonates (Felder and 
Bosch 2000) and is capped by the Vroenhoven Hz., 
which represents another stratigraphic hiatus (Velle-
koop et al. 2020).  
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This pattern of repeated successions of progressively 
more pure carbonates capped by stratigraphic uncon-
formities, strongly suggests a sequence stratigraphic 
control on this marine depositional system (Van Wag-
oner et al. 1988). If correctly interpreted, the Froid-
mont, Lichtenberg and Vroenhoven horizons each 
represent sequence boundaries, while the correlative 
hiatuses would likely reflect non-deposition or erosion 
during regressive and lowstand phases (Vandenberghe 
et al. 2004), expressed as hardgrounds and omission 
surfaces in the stratigraphic record (Fig. 3). During the 
transgressive phases (Transgressive Systems Tract, 
TST), deposition of increasingly pure carbonates oc-
curred, as the distance to emergent hinterlands pro-
gressively became greater. Near the top of the se-
quences, represented by the Lanaye and Meerssen 
Members, respectively, increasing grain-size suggests 
increasingly stronger hydrodynamic conditions. This 
might have been caused by falling relative sea level, as 
sediment accumulation rates exceeded the rate of 
relative sea level rise (Highstand Systems Tract, 
HST; Fig. 3). Both the Lanaye and Meerssen Members 
are subsequently capped by a sequence boundary, i. e. 
the base of a new sequence. This sequence stratigraphic 
pattern can also be deduced from Mn/Al ratios through-
out the record (Fig. 3). Manganese content is a useful 
proxy in sequence stratigraphy, as it has been shown 
that the Mn flux in pelagic and hemipelagic carbonate 
sedimentary systems increases during transgressive 
phases (Jarvis et al. 2001). Lowstand system tracts 
have usually low Mn and low Mn/Al contents, trans-
gressive systems tracts display rising Mn/Al values 
with maxima around maximum flooding surfaces (Olde 
et al. 2015). The correlation between Mn/Al and sea 
level might be related to increased productivity during 
sea-level rise, promoting increased organic matter- 
associated particulate Mn flux to the sea floor (Jarvis 
et al. 2001). The highest Mn/Al values in the studied 
succession have been found just below the hardground/ 
omission levels of the Froidmont and Lichtenberg 
horizons, which is consistent with data from hard-
grounds in Cretaceous chalk sequences of northern 
France, the southern UK and southern Belgium (Jarvis 
1992). These hardgrounds are characterized by sedi-
ment omission and/or erosion and the high Mn contents 
might be linked to lower sedimentation rates that led to 
increased efficiency of the Mn redox cycling (Jarvis et 
al. 2001). The relatively high values of Mn/Al 
(0.02–0.2) compared to the European average shale 
(0.01; Wedepohl 1971) indicate well-oxygenated bot-
tom waters throughout the succession (Niebuhr 2005). 

5.2. Correlation with other Upper 
Cretaceous records 

Bulk carbon isotope records represent a robust strati-
graphic tool for regional and sub-regional correlation 
of Upper Cretaceous successions (Voigt et al. 2012, 
Thibault et al. 2012a, Wendler 2013, Eldrett et al. 
2021). Given that the chalks of the Gulpen Fm. are 
mainly composed of calcareous nannofossil debris, 
δ13C values likely reflect primary sea-surface water 
values with any diagenetic effects affecting the for-
mation in a consistent manner. In contrast, the bio-
clastic calcisiltites and calcarenites of the Maastricht 
Fm. predominantly consist of debris of macrobenthic 
organisms such as bryozoans, echinoderms and mol-
lusks (Felder 2001). As different calcifiers (coccoliths 
vs. different groups of macro-organisms) are likely 
influenced by different vital effects, this formation 
might show a different carbon isotope signature. More-
over, the δ13C values of these benthic organisms will 
reflect bottom-water instead of pelagic values. None-
theless, as the Maastricht Fm. was deposited in a 
hydrodynamically high-energy setting at shallow de-
positional depths (~20–40 m, Voigt et al. 2008), the 
water column was likely well mixed during the deposi-
tion of this formation, resulting in little difference 
between sea-surface and bottom-water δ13C values. 
Therefore, the stable carbon-isotope profile of the 
entire succession likely reflects primary upper water 
column values. Hence, the positive and negative ex-
cursions and inflection points in the carbon-isotope 
profiles of the type-Maastrichtian can be used for a 
regional correlation (Fig. 5). Our stable carbon isotope 
record shows a particularly strong resemblance to the 
astronomically calibrated isotope records from Gubbio 
(Italy, Voigt et al. 2012; Batenburg et al. 2018 and other 
records in Europe, such as Stevns-1 in Denmark 
(Thibault et al. 2012a), Kronsmoor/Hemmoor, (Ger-
many, Voigt et al. 2010),) and the Shearwater A9 well 
(central North Sea; Eldrett et al. 2021), allowing for 
regional and global correlations (Fig. 5).   

The carbon isotope profile of the upper Campanian 
Zeven Wegen Mb. shows a plateau phase, followed by 
a ~0.75‰ decrease. This interval correlates with 
nannofossil zone UC16 (Robaszynski et al. 1985) 
and the Areoligera coronata dinocyst Zone (Slimani 
2000), indicating that it corresponds to the CMBE-1 
and CMBE-2 carbon isotope events of Voigt et al. 
(2012), respectively. Carbon isotope event CMBE-2 of 
Voigt et al. (2012) equates with carbon isotope event 
CMB-a of Thibault et al. (2012a). The Highest Occur-
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rence (HO) of the nannofossil marker taxon Reinhard-
tites anthophorus at the top of the Zeven Wegen Mb. at 
Hallembaye (Robaszynski et al. 1985) constrains the 
studied part of this member to the basal part of 
CMBE-2. The basal part of the Vijlen Mb. is marked 
by the HO of the nannofossil marker taxon Tranolithus 
orionatus (Robazynski et al. 1985). It is characterized 
by fluctuating carbon isotope values, reaching a mini-
mum (~1.50‰) in the middle of the member. This 
interval correlates with nannofossil zones UC17/18 
(Robaszynski et al. 1985) and the Pervosphaeridium 
tubuloaculeatum dinocyst Zone (Slimani 2000), in-
dicating that the Vijlen Mb. at Hallembaye comprises 
carbon-isotope events M2+ and M2- of Thibault et al. 
(2012a). The last occurrence of the true (i. e., non- 

tegulated) inoceramids occurs at the top of the Vijlen 
Mb. (Walaszcyk et al. 2010), above carbon isotope 
event M2-, similar to the Gubbio basin (Chauris et al. 
1998). From the overlying upper part of the Gulpen 
Fm. and superimposed Maastricht Fm., two species of 
tegulated inoceramid are known. Spyridoceramus te-
gulatus ranges from the Vijlen Mb. (co-occurring with 
true inoceramids) to the top of the Nekum Mb., while 
Tenuipteria argentea is confined to the upper Meerssen 
Mb. and overlying lowest Danian subunit IVf-7 of this 
unit (Jagt and Jagt-Yazykova 2018). 

From the upper part of the Vijlen Mb. to the base of 
the Lixhe 2 Mb., there is an increasing trend, of about 
0.25‰, followed by stable values around 1.95‰, 
corresponding to carbon isotope event M3+ of Thi-
bault et al. (2012a). The HO of the nannofossil marker 
Calculites obscurus occurs in the middle of the Lixhe 1 
Mb. (Robaszynski et al. 1985). The HO of this taxon 
differs slightly between different Boreal sections. It is 
recorded within M2- in Stevns-1 and within M3+ in 
Rørdal-1 (Thibault et al. 2012a). The overlying inter-
val with ~0.2–0.3 permille negative excursions, in the 
top part of the Lixhe 2 Mb., corresponds to carbon 
isotope event M3-(a) of Thibault et al. (2012a), i. e., the 
Mid-Maastrichtian Event (MME). This is the first time 
the MME is recorded in the Maastrichtian type area. 
Based on the carbon isotope records of Gubbio (Italy), 
Stevns-1 (Denmark) and Hemmoor (Germany), Voigt 
et al. (2012) subdivided the MME into three carbon 
isotope events, a lower maximum (MME-1), a nega-
tive excursion (MME-2), and an upper maximum 
(MME-3), which each can be recognized in the carbon 
isotope record of the type Maastrichtian (Fig. 5). The 
maximum in the middle of the Lixhe 3 Mb. marks 
MME-3, the top of the MME interval. The negative 
step above the MME appears very comparable to the 
record at Gubbio (Voigt et al. 2012). Slightly above 
this, near the top of the Lixhe 3 Mb., the Lowest 
Occurrence (LO) of the nannofossil marker Lithra-
phidites quadratus is documented. As already noted by 
Keutgen (2018), this index species appears compara-
tively late in the Maastrichtian type area, possibly as a 
result of the low resolution of the nannofossil record of 
the type Maastrichtian (Čepek and Moorkens 1979). 
The base of L. quadratus is recorded at the base of the 
MME-1 in Gubbio (Italy; Gardin et al. 2012), in 
MME-2 at Stevns-1 (Denmark; Sheldon et al. 
2010), at the base of MME-3 at ODP Hole 1210B 
(tropical Pacific Ocean; Lees and Bown 2005), and 
above the MME in Hemmoor (Germany; McLaughlin 
et al. 1995), similar to the type-Maastrichtian. Hence, 

Fig. 5. Correlation of the new upper Campanian–Maas-
trichtian δ13C record of the type-Maastrichtian to the 
Stevns-1 and Gubbio records, showing carbon isotope events 
CMB-a to M5+ of Thibault et al. (2012a), including the 
Campanian–Maastrichtian Boundary Event (CMBE), Mid- 
Maastrichtian Event (MME) and Cretaceous–Paleogene 
Event (KPgE). Bulk carbonate δ13C data from Stevns-1 
(Denmark) are from Thibault et al. (2012a), and those for 
Gubbio (Italy) are from Voigt et al. (2012). The Gubbio 
record is recalibrated by Batenburg et al. (2018). For the 
upper Lixhe 3 and Lanaye, two options are considered: 
option 1, primarily based on the isotope stratigraphy, is 
indicate by the green bars, option 2, based on the biostrati-
graphy and isotope stratigraphy, is indicated by dashed lines. 
For the biostratigraphy of the type-Maastrichtian, see Fig. 2. 
Biostratigraphic markers used as tie-points are indicated in 
the figure. The age model is based on the ages of geomagnetic 
reversals as indicated in Gale et al. (2020). References: 
1) Schiøler et al. (1997); 2) Slimani (2000); 3) Keutgen 
(2018); 4) Čepek and Moorkens (1979); 5) Robaszynski et 
al. (1985); 6) Voigt et al. (2008); 7) Surlyk et al. (2013); 
8) Schiøler and Wilson (1993); 9) Slimani et al. (2011); 
10) Burnett (1990); 11) Schulz et al. (1984); 12) Gardin et 
al. (2012). R. ant. = Reinhardtites anthophorus, T. orio. 
= Tranolithus orionatus, C. obs. = Calculites obscurus, 
L. qua. = Lithraphidites quadratus, T. uti. = Triblastula 
utinensis, G. per. = Glaphyrocysta perforata, N. freq. 
= Nephrolithus frequens, P. gral. = Palynodinium grallator, 
inoceram. = non-tegulated inoceramids, A. ac. = Alterbidi-
nium acutulum, C. pauciret. = Cladopyxidium paucireticu-
latum, P. tu. = Pervosphaeridium tubuloaculatum, D. ga. 
= Deflandrea galeata, P. de. = Palaeocystodinium denticu-
latum, H. bor. = Hystrichostrogylon borisii, H. co. = Hystri-
chostrogylon coninckii, gr./gr. = grimmensis/granulosus, la. 
= lanceolata, c. = cimbrica, f. = fastigata, teg./jun. = tegu-
latus/junior, d. = danica, b./d. = baltica/danica. P. ha. 
= Plummerita hantkeninoides.  
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the LO of L. quadratus is globally diachronous, per-
haps by up to 700 kyrs (Voigt et al. 2012). In the middle 
of the Lanaye Mb., within nannofossil zone UC20a 
(Robaszynski et al. 1985), relatively close to the LOs 
of the dinocyst marker Glaphyrocysta perforata 
(Schiøler el al. 1997) and nannofossil marker taxon 
Nephrolithus frequens (Van Heck 1979), there is an 
abrupt negative 0.3 permille excursion As it occurs just 
above flint marker bed L10, one of the most pro-
nounced flint beds of the type-Maastrichtian (Felder 
and Bosch 1998), we consider it likely that this shift 
represents a diagenetic feature related to infiltration of 
meteoric waters. Disregarding this one spike, the 
remainder of the Lanaye Mb. shows gradual, stepwise 
decreasing values. Correlating this interval of stepwise 
decreasing values to the carbon isotope records of 
Gubbio and Stevns-1 is not straightforward. We see 
two possible options for this interval. It appears 
consistent with the interval of carbon isotope event 
M3-(b) and the onset of event M4-(a) recorded in the 
Stevns-1 (Thibault et al. 2012a) and the Lägerdorf- 
Kronsmoor-Hemmoor records (northern Germany; 
Voigt et al. 2010), showing a similar stepwise decrease 
(option 1). Nevertheless, if the correlation based on 
carbon isotope curve is correct, this would mean that 
the HO of the dinocyst marker taxon Triblastula 
untinensis and LOs of G. perforata and N. frequens 
occur later in the type-Maastrichtian record than at 
Stevns-1, where they occur near the top of the MME. 
Alternatively, if the biostratigraphic markers are syn-
chronous with the Danish records (option 2), the 
carbon isotope profile of the type-Maastrichtian might 
deviate considerably from the patterns at Gubbio, 
Stevns-1 and northern Germany, with the gradually 
decreasing values above the MME not responding to 
carbon isotope events M3-(b) and M4-(b). This would 
mean that the upper part of the Lixhe 3 and the basal 
Lanaye would still fall within the upper part of the 
MME. Either way the ~0.4‰ negative shift repre-
sented by carbon isotope event M4-(a) appears to not 
be fully preserved in the record of the Maastrichtian 
type area. This suggests that this interval is encom-
passed by the stratigraphic hiatus represented by the 
Lichtenberg Hz.  

The basal part of the Maastricht Fm., correlating to 
nannofossils zones UC20b-d (Čepek and Moorkens 
1979), is characterized by relatively positive values, 
likely corresponding to carbon isotope event M4+ of 
Thibault et al. (2012a). Subsequently, the gradual drop 
in values around the Schiepersberg Mb. would then 
correspond to carbon isotope event M4-(b) of Thibault 

et al. (2012a), the equivalent of KpgE-1 of Voigt et al. 
(2012). The base of the acme of the dinocyst marker 
Palynodinium grallator, a marker for the Late Maas-
trichtian Warming Event (Woelders et al. 2018, Velle-
koop et al. 2019), constrains the basal part of the 
Nekum Mb. to carbon isotope event M5+ of Thibault et 
al. (2012a), referred to as KpgE-2 in Voigt et al. (2012). 
The δ13C minimum in the Nekum Mb can possibly be 
correlated with the δ13C minimum between KpgE-2 
and 3. This event is well constrained from open ocean 
records, e. g., at Walvis Ridge IODP Site 1262 (Barnet 
et al. 2018), where it correspond with a latest Maas-
trichtian warming event, consistent with the position of 
the P. grallator acme in the type-Maastrichtian record. 
Although the age of KpgE-1 (~66.52 Ma) used in this 
study following the age models of Batenburg et al. 
(2018) agrees well between Walvis Ridge (Barnet et al. 
2018) and Zumaia (Batenburg et al. 2014), we note that 
it is slightly older compared to similar studies carried 
out in Gubbio (Sinnesael et al. 2016; 2019) and the 
Gulf Coastal Plain (Naujokaitytė et al. 2021) that 
suggest an age closer to 66.4 Ma. The interval of 
the Maastricht Fm. that is not represented in this study, 
the Meerssen Mb., would then correlate to carbon 
isotope event KpgE-3 of Voigt et al. (2012). 

5.3. Implications of the new age model 

Our new chemostratigraphic framework enables us to 
refine the age-model for the studied strata (Table 1). 
Most notable are the new ages bracketing the Froid-
mont Hz. at Hallembaye. The top of the Zeven Wegen 
Mb. is now calibrated to ~72.6 Ma, while the base of the 
Vijlen Mb. is updated to ~70.4 Ma, slightly older than 
the estimated age (69.7 Ma) in the preliminary cyclos-
tratigraphic age model of Keutgen (2018). Hence, our 
updated age model indicates that the Froidmont Hz. at 
the Hallembaye quarry represents a stratigraphic hiatus 
of ~2.2 million years. The Boirs Hz. marks the main 
carbon-isotope excursion of the MME, dated at ~68.6 
Ma, in accordance with the age model proposed by 
Keutgen (2018). According to our new age model, the 
top of the Lanaye Mb. at the former ENCI quarry is 
either dated at ~67.3 Ma (option 1) or at 67.7 Ma 
(option 2), as highlighted in the age-depth model for our 
record (Fig. 6). The base of the Valkenburg Mb. equates 
to ~67.0 Ma, albeit with a relatively large (~0.2 Myr) 
uncertainty, because of the limited occurrence of bios-
tratigraphic events in the basal part of the Maastricht 
Fm. The Lichtenberg Hz. in the former ENCI quarry 
therefore represents a stratigraphic hiatus of ~0.7 mil-
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Table 1. New chemostratigraphic age model for the type-Maastrichtian, compared to ages of the preliminary age model of 
Keutgen (2018). Ages in italics are based on interpolation. Uncertainty indicated is total uncertainty based on 
correlation with biostratigraphy and carbon isotope events.  

Level Stratigraphic 
height 
(mch) 

Age (Ma) 
Keutgen 
2018 

Age (Ma) 
present study 

Estimated 
uncertainty 
(myr) 

Markers 

Berg & Terblijt Hz. – 66.02 66.02 0.01 K/Pg boundary 

Caster Hz. – 66.2 (66.15) (0.05) –interpolation-  

Kanne Hz. 98.2 66.3 66.25 0.05 base P. grallator acme 

Laumont Hz. 91.4 66.4 66.35 0.05 inflection point carbon isotope curve (M5+) 

Lava Hz. 87.0 66.5 66.4 0.05 –interpolation-  

Romontbos Hz. 83.0   66.55 0.05 inflection point carbon isotope curve  
(top M4-(b) 

Schiepersberg Hz. 80.5 66.6 66.60 0.05 inflection point carbon isotope curve (base 
M4-(b) 

mid-Gronsveld 77.0   66.70 0.05 positive carbon isotope excursion (M4+) 

St. Pieter Hz. 74.0 66.7 66.90 0.1 –interpolation-  

base Valkenburg 
(ENCI) 

71.7 66.8 67.0 0.2 inflection point carbon isotope curve  
(base M4+) 

top Lanaye (ENCI) 71.7 67.5 Opt. 1 Opt. 2 0.2 positive carbon isotope excursion (?top M3-b) 

67.3 67.7 

Lanaye L10 64.0  Opt. 1 Opt. 2 0.1 negative carbon isotope excursion (?M3-b), 
LO T. utinensis, FO G. perforata 67.6 68.0 

Nivelle Hz. 57.8 68.2 Opt. 1 Opt. 2 0.1 –interpolation- 

67.8 68.2 

mid-Lixhe 3 53.0  Opt. 1 Opt. 2 0.05 inflection point carbon isotope curve  
(top M3-a) 68.0 69.0 

Boirs Hz. 46.7 68.6 68.6 0.05 negative carbon isotope excursion (M3-a) 

mid-Lixhe 2 42.0   69.0 0.1 –interpolation- 

Hallembaye I Hz. 34.4 68.9 69.2 0.1 inflection point carbon isotope curve  
(top M3+)  

mid-Lixhe 1 32.0   69.5 0.1 ~LO C. obscurus 

Lixhe 1 Hz. 28.0 69.2 69.7 0.1 -interpolation-  

“Zonneberg Hz.” 
(= base Vijlen 
+ 4 m) (ENCI) 

15.5 69.6 69.90 0.05 FO F. tubulosa, FO Triblastula wilsonii 

base Vijlen (Hal-
lembaye) 

11,75 69.7 70.4 0.1 FO B. junior, FO P. neubergicus 

top Zeven Wegen 11.75   72.60 0.05 LO Reinhardtites anthophorus 

top Zeven Wegen 
–6 m 

5.7   72.90 0.05 inflection point carbon isotope curve (top 
CMBE-1). ~FO of A. coronata, A. senonen-
sis, A. microreticulata, N. glabrum, O. streeli, 
P. grallator, R. punctulum   
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lion years (option 2), approximately in accordance with 
the age model proposed by Keutgen (2018), or 
~0.3 million years (option 1), considerably less than 
the previous estimate. For most of the Maastricht Fm., 
both age models (Keutgen 2018 and this study) agree 
relatively well (Table 1). Based on the positive carbon- 
isotope peak close to the Laumont and Kanne horizons, 
correlating to carbon isotope event M5+, and the base 
of the acme of the dinocyst marker Palynodinium 
grallator at the Kanne Hz., we estimate the age of 
this horizon to equate to ~66.3 Ma, consistent with the 
estimated age in the preliminary cyclostratigraphic age 
model by Keutgen (2018). Overall, this refined 
age-model yields average sedimentation rates of 
~1.9 cm/kyr for the Gulpen Fm., similar to those for 
the Maastrichtian chalk successions of Kronsmoor/ 
Hemmoor in northern Germany (Voigt and Schönfeld 
2010, Engelke et al. 2018). The Maastricht Fm. is 
characterized by slightly higher average sedimentation 
rates, of ~3.5 cm/kyr, which matches the more prox-
imal depositional setting, as is illustrated by abundant 

macroinvertebrate taxa. With an estimated age of ~66.3 
Ma for the Kanne Hz., the part of the Maastricht Fm. 
that is not included in our profile (i. e., the top of the 
Nekum Mb. and overlying Meerssen Mb.) is charac-
terized by considerably higher average sedimentation 
rates. With >15 m of stratigraphy (Schiøler et al. 1997) 
deposited in about 300 kyrs, this interval reflects 
average sedimentation rates of >5.0 cm/kyr, consistent 
with the sedimentology of very coarse-grained calcar-
enites and calcirudites (Felder and Bosch 2000), illus-
trating very shallow-marine, platform conditions char-
acterized by high carbonate production.  

The new age model presented here also allows a 
much-improved dating of the paleontological records 
from the type-Maastrichtian (Fig. 2), placing them in a 
global context. For example, based on the new age 
model, the recently published earliest known crown 
bird to date, Asteriornis maastrichtensis (Field et al. 
2020), originating from the Valkenburg Member, is 
dated at 66.8–67.2 Ma, even older than originally 
presumed (66.7–66.8 Ma). 

Fig. 6. Age-depth model for the type-Maastrichtian. For the upper Lixhe 3 and Lanaye, two options are considered: option 1, 
primarily based on the isotope stratigraphy, and option 2, based on the biostratigraphy and isotope stratigraphy.  
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5.4. CMBE and MME 

The present study is the first to recognize the char-
acteristic Campanian–Maastrichtian Boundary Event 
(CMBE) and the Mid-Maastrichtian Event (MME) in 
the Maastrichtian type area (Fig. 5). While the top of 
the Zeven Wegen Mb. comprises the lowermost part of 
the CMBE (CMBE-1 and CMBE-2), a large part of the 
event (CMBE-3 to CMBE-5) is encompassed by the 
~2.2 Myr stratigraphic hiatus represented by the Froid-
mont Horizon. The µXRF-based element profiles 
through the type-Maastrichtian succession suggest 
that this horizon represents a sequence boundary, 
with the stratigraphic hiatus reflecting non-deposition 
or erosion during regressive and lowstand phases. 
Worldwide, the Campanian–Maastrichtian boundary 
appears to be correlated to a sea level lowstand (Miller 
et al. 1999, Jarvis et al. 2002, Wilmsen et al. 2019), 
potentially linked to glacio-eustasy and/or thermal 
contraction of the water column due to global cooling 
(Miller et al. 2005). The negative δ13C excursions 
across the CMBE might have been a direct result of this 
eustatic sea-level fall, enhancing lowland erosion and 
organic-matter oxidation (Jarvis et al. 2002). Others 
have argued that the time span of the CMBE is too long 
to explain the carbon-cycle change solely by glacio- 
eustasy (Voigt et al. 2012), with short-term δ13C events 
(CMBE-1 to CMBE-5) probably linked to orbitally 
forced climate changes, occurring superimposed on 
long-term shifts in the carbon cycle driven by large- 
scale processes such as changes in plate-tectonic 
configuration, mid-ocean ridge subduction or hot- 
spot volcanism (Coffin et al. 2002, Müller et al. 2008). 

The MME in the Maastrichtian type area, which is 
situated around the transition between the Lixhe 2 and 
Lixhe 3 Members, is characterized by a lower maxi-
mum (MME-1), several ~0.2–0.3 permille negative 
carbon isotope excursions (MME-2) and an upper 
maximum (MME-3). This upper maximum shows 
the most positive isotopic value of the Maastrichtian 
part of the record. While it has been suggested that the 
enigmatic extinction of the inoceramid bivalves might 
be related to the MME (MacLeod et al. 1996, Frank et 
al. 2005, Jung et al. 2013), the true (i. e., non-tegulated) 
inoceramids disappear earlier in the type-Maastrich-
tian record. Here, they disappear at the top of the Vijlen 
Mb. (Walaszcyk et al. 2010), above carbon isotope 
event M2-, dating the extinction of the true inocer-
amids in the Maastrichtian type area at ~69.5 Ma. It has 
been argued that the extinction of non-tegulated in-
oceramids was diachronous across the world, occur-

ring at ~69.6 Ma in the Gubbio record (Chauris et al. 
1998), at ~69.3 Ma in the Basque region (Spain and 
France; see Gómez-Alday et al. 2004, Batenburg et al. 
2014), at 68.6–68.9 Ma in the northwest Pacific (Frank 
et al. 2005) and at 68.5–68.7 Ma in the western North 
Atlantic (MacLeod and Huber 2001, Huber et al. 
2008). Some authors have suggested that non-tegu-
lated inoceramids disappeared earlier in high-latitude 
and shallow-marine sites (MacLeod et al. 1996). The 
relatively early extinction of true inoceramids at 
~69.5 Ma in the shallow-marine, boreal-influenced 
type-Maastrichtian area is consistent with this hypoth-
esis.  

6. Conclusions 

The new carbonate stable carbon-isotope record of the 
Maastrichtian type area shows a strong resemblance to 
the astronomically calibrated isotope records from 
Gubbio, Italy, and other records in Europe, such as 
Stevns-1 in Denmark, allowing a regional and global 
correlation. Key carbon-isotope events, such as the 
Campanian–Maastrichtian Boundary Event (CMBE) 
and the Mid-Maastrichtian Event (MME) are recog-
nized in the ~98 m thick type-Maastrichtian record 
from the Hallembaye and former ENCI quarries. 
Micro-XRF analysis revealed variable terrigenous 
input over time, in the type-Maastrichtian carbonate 
paleoenvironment. Three distinct stratigraphic se-
quences are recognized, each characterized by an 
upward trend of increasingly more pure carbonates, 
separated by sequence boundaries at the Froidmont, 
Lichtenberg and Vroenhoven horizons. Our refined 
age model provides estimates for the time encom-
passed by the stratigraphic hiatuses in the succession. 
The Froidmont Horizon represents a stratigraphic 
hiatus of ~2.2 Myr, while the Lichtenberg Horizon 
represents approximately 0.3–0.7 Myr. The new 
chemostratigraphic framework, integrated with key 
biostratigraphic makers, presented here provides ad-
ditional paleoenvironmental context for the type- 
Maastrichtian strata and fossils and enables us to refine 
their chronostratigraphy. This age model allows us to 
place the unique paleontological records from the type- 
Maastrichtian in a global context for the first time. 
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