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Abstract: The Aïn Settara section (Kalaat Senan, central Tunisia) shows a continuous and well exposed 
marl-limestone alternation, extending from the Upper Maastrichtian to the basal Danian. The section 
reveals the superposition of several cycles, which correspond to the combined astro-climatic effect of 
both eccentricity and precession. Based on the ~100-kyr eccentricity and the ~21-kyr precession 
cycles, a floating chronometric scale is proposed. Thanks to this scale, the sedimentary and biological 
events of the section are dated with respect to the Cretaceous-Paleogene (K-Pg) boundary taken as the 
reference. Highlighting the very stable 405-kyr eccentricity cycle allows on one side to confirm the rele-
vance of the established time scale and on the other side to determine the phase of this important 
signal with respect to the K-Pg boundary event. 
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Résumé : Mise en évidence et détermination de la phase du cycle d'excentricité de 405 kyr 
par rapport à la limite Crétacé-Paléogène dans la coupe de l'Aïn Settara (Kalaat Senan, Tuni-
sie centrale).- La coupe de l'Aïn Settara (Kalaat Senan, Tunisie centrale) expose d'une manière conti-
nue une alternance marno-calcaire qui s'étend du Maastrichtien supérieur au Danien basal. Cette coupe 
montre l'intrication de plusieurs cycles, qui correspondent à l'effet climatique combiné de l'excentricité 
de l'orbite terrestre et de la précession de l'axe de rotation de la Terre. À partir des cycles d'excentrici-
té de ~100 ka et de précession de ~21 ka, une échelle chronométrique flottante a été construite. Grâ-
ce à cette échelle, les différents événements sédimentaires et biologiques de la coupe ont été datés par 
rapport à la limite Crétacé-Paléogène prise pour référence. La mise en évidence du cycle - réputé très 
stable - d'excentricité de 405 ka a permis d'une part de confirmer la justesse de l'échelle temps propo-
sée et d'autre part de déterminer la phase de cet important cycle par rapport à l'événement de la limite 
Crétacé-Paléogène. 

Mots-Clefs : Limite Crétacé-Paléogène ; Tunisie centrale ; alternance marno-calcaire ; cyclostratigra-
phie ; échelle temps. 
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1. Introduction 

a. One exceptional horizon 
The Mesozoic-Cenozoic boundary or Creta-

ceous-Paleogene boundary (= K-Pg boundary in 
this study) is well-known for the brutal disap-
pearance of many groups of organisms. Some 
groups have completely disappeared; some 
other ones have been greatly affected. In the 
marine realm this phenomenon has been parti-
cularly studied with respect to the planktonic 
foraminifera (KENT, 1977; SMIT, 1982), the cal-
careous nannofossils (

T

PERCH-NIELSEN et al., 
1982; BOWN et al., 1991) and the ammonites 
(WARD, 1990; MARSHALL & WARD, 1996). From a 
chemical point of view, the K-Pg boundary tran-
sition corresponds to a change in carbon-isoto-
pe composition of planktonic forams, but also to 

worldwide very high Ir concentration. This high 
Ir level, combined with the presence of sanidine 
spherules, shocked quartz, diamonds, Ni-rich 
spinel and tektites, leads to a bolide impact 
hypothesis (ALVAREZ et al., 1980; SMITT & HERTO-
GEN, 1980). The Chicxulub hidden concentric-
ring structure (Yucatan Peninsula, Mexico) is 
assigned to a major impact correlated with the 
K-Pg boundary event (HILDEBRAND & BOYNTON, 
1990; HILDEBRAND et al., 1991). Some other 
factors have probably also contributed to the K-
Pg boundary transition like the Deccan flood ba-
salts of India, and the big end-Cretaceous mari-
ne regression (GINSBURG, 1963; VOGT, 1972; 
MCLEAN, 1981). 

This stratigraphic boundary nevertheless pre-
sents a unique character in the geological time 
scale, by its brevity, its worldwide character, 
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the facility to be located in the field (at least in 
marine sections), and its unambiguous micro-
scopic and geochemical characteristics. The im-
portance of this boundary for the development 
of stratigraphy in general justifies the words of 
HILGEN et al. (2006): "Evidently the K/T boun-
dary interval marks the battleground in which 
the (geological) dating game will at least be 
partly decided." 

b. A powerful tool 
Marl-limestone alternations originate most of 

the time from astronomical forcing. This forcing 
induces climatic variations that trigger an alter-
nation between the transfer of detrital argilla-
ceous fraction, coming from the adjacent conti-
nental areas, and carbonate production, which 
are constituted by benthic and pelagic mate-
rials. 

Lithological variations, induced by the varia-
tions of the parameters of Earth's orbit in the 
MILANKOVITCH band (periods from about 20 to 
400 kyr) have already been used to establish 
very precise time scales (GILBERT, 1895; HERBERT 
& D'HONDT, 1990; HILGEN et al., 1993, 1999; 
HOUSE & GALE, 1995; CLEMENS, 1999; HERBERT, 
1999; SHACKELTON et al., 1999; HINNOV, 2000, 
2004; PÄLIKE et al., 2001, 2006; DINARÈS-TURELL 
et al., 2003; GALEOTTI et al., 2003; HENNEBERT & T

DUPUIS, 2003; LOURENS et al., 2004, 2005; FIET 
et al., 2006; SPROVIERI et al., 2006; HINNOV & 
OGG, 2007; WESTERHOLD et al., 2007, 2008; HEN-
NEBERTT et al., 2009; HUSSON et al., 2011). 

Having identified both the precession (~20-
kyr) and eccentricity (~100-kyr) cycles in the 
Aïn Settara section (central Tunisia), HENNEBERT 
& 

T

DUPUIS (2003) used these cycles to build a 
detailed floating chronometric scale. They an-
chored it on the K-Pg boundary itself which was 
considered to be -65.0 Ma. The scale extending 
from -65.8 to -64.4 Ma covered a period of 1.4 
Myr. It allowed dating sedimentary and biologi-
cal phenomena present in the section, such as 
the end-Maastrichtian regression and the early 
Danian planktonic foraminifera biozones boun-
daries. However, the 405-kyr eccentricity cycle, 
which had not been identified by HENNEBERTT & 
DUPUIS (2003), is better than the ~20-kyr pre-
cession and the ~100-kyr eccentricity cycles, at 
establishing a reliable cyclostratigraphic-based 
scale: because of its higher stability (LASKAR, 
1999; LASKAR et al., 2004, 2011) and its dura-
tion which is closer to the time scales usually 
used by geologists (biozones, magnetozones). 
It is thus more easily correlated with those 
scales. 

KENT et al. (1995) and OLSEN & KENT (1996, 
1999) used the 405-kyr eccentricity cycle to 
establish a precise stratigraphic scale in the 
Late Triassic-Early Jurassic lake sedimentation 
of the Newark rift basin (Eastern North Ameri-
ca). Other authors showed the interest of this 
405-kyr cycle for Upper Cretaceous and Palaeo- 
 

cene stratigraphy (HERBERT et al., 1999; HER-
BERT, 1999; LOURENS et al., 2005; WESTERHOLD et 
al., 2007, 2008; KUIPER et al., 2008; HUSSON et 
al., 2011). 

In this work, we present a new approach to 
highlight the presence of the 405-kyr cycle in 
the Aïn Settara section (central Tunisia) with 
the final aim of determining the cycle phase of 
the K-Pg boundary cosmic event. The recogni-
tion of the fuzzy interval type linked to the 
minima of the 100-kyr eccentricity cycle per-
mits the determination of the location of the 
405-kyr cycle. In favorable cases it is even pos-
sible to do this on short sections, to 1.5 times 
the 405-kyr period. 

2. Materials and methods 

a. Geological setting 
Palaeogeography 

At the end of the Cretaceous the studied site 
was located on a distal marine ramp, at the 
limit between the Tethys Ocean and the Saha-
ran Platform, just north of a frequently emer-
ged area: "Kasserine Island" (Fig. 1; BUROLLET, 
1956; BEN FERJANI et al., 1990). Maastrichtian-
Danian plate tectonic models locate central 
Tunisia either on the northern tropics (which 
itself varies from 22° to 25° N according to the 
obliquity) or slightly southwards from the tro-
pics (Fig. 1). The Kalaat Senan area calculated 
palaeolatitudes are: 19-20° N according to 
SMITH et al. (1994), 18-19° N according to CA-
MOIN et al. (1993), 24° to 24.5° N according to 
the Plate Tectonic Reconstruction Service of the 
Ocean Drilling Stratigraphic Network (HAY et al., 
1999). 

Figure 1: Upper Maastrichtian - Lower Danian 
Western-Tethys palaeogeographic map (from CAMOIN 
et al., 1993; STAMPFLI et al., 2001; modified). 
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The studied section 

The area ranging between Kalaat Senan and 
Tajerouine (Fig. 2) exposes approximately 
4500 m of limestones and marls, extending 
from the Lower Cretaceous (Aptian) to the Eo-
cene (Ypresian; BUROLLET, 1956; BEN FERJANI et 
al., 1990). In this succession (Fig. 3A), the K-
Pg boundary (boundary clay, planktonic forami 

nifera mass extinction, Ir anomaly, Ni-rich 
spinel level) is located at the first third of the 
~600 m thick distal ramp marl-dominated El 
Haria Formation. This marly formation is fra-
med, in the landscape, by the two prominent 
limestone bars of the Abiod (Campanian-
Maastrichtian) and El Garia (Metlaoui Group, 
Ypresian) formations.  

 

Figure 2: Location of the Aïn Settara section. 

The El Haria Formation consists of fissile 
marls, originally dark gray to black in color, 
that weathered over time to blue gray or brown 
gray. The microfauna is rich, diversified and 
mainly composed of planktonic and benthic 
foraminifera, and of ostracods. The macrofauna 
is rather poor, pyritised, often completely oxi-
dised, and always small-sized. It primarily con-
sists of bivalves, gastropods, solitary corals, 
and nuclei of ammonites (in the Cretaceous part 

of the section). These marls are considered to 
be monotonous, but occasionally comprise one-
decimetre-thick, argillaceous limestone levels 
that are fine-grained, pale gray or beige, with a 
white patina. Bioturbation is frequent in the 
shape of burrows. In the marls, burrows are 
flattened by compaction. At certain levels, these 
marls are rich in jarosite concretions, a hydrous 
sulphate of potassium and iron coming from 
recent pyrite alteration. 
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Figure 3: Stratigraphical succession (from HENNEBERT & DUPUIS, 2003, modified). A. Regional frame (K-Pg = Creta-
ceous-Paleogene boundary). B. Detailed lithological succession and planktonic foraminifera biozones of the studied 
section. FO M. prinsii = First occurrence of the nannoplankton species Micula prinsii. 

The El Haria Formation is well observed in the 
Oued Settara wadi ravine (World Geodetic 
System 1984 coordinates: 35.78577° N [35° 
47' 08" N], 8.45390° E [8° 27' 14" E]), located 
200 m east of the spring named Aïn Settara, 
approximately 12 km eastwards from the small 
town of Kalaat Senan, which is itself 55 km 
SSW of El Kef (Fig. 2). Deeply set in a narrow 
valley, the wadi cuts into sub-horizontal depo-
sits ranging from the Upper Maastrichtian to the 
Lower Danian (Fig. 4). The section is accessible 

and continuous over a thickness of ~100 m. 
The K-Pg boundary could be followed laterally 
along the western slope of the small valley over 
a distance of ~200 m. The K-Pg boundary of 
the Aïn Settara section has already been the 
subject of many publications (e.g. MOLINA et al., 
1998; ALEGRET et al., 2002; ARENILLAS et al., 
2000a, 2000b; ROBASZYNSKI et al., 2000; DUPUIS 
et al., 2001; ROBIN et al., 2001; ADATTE et al., 
2002; LUCIANI, 2002; PERYT et al., 2002; HENNE-
BERT & DUPUIS, 2003; GOOLAERTS, 2010). 
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Figure 4: View on the western side of the Oued Settara where the Aïn Settara section is situated. The K-Pg boundary 
is located in red. The series has been sampled along two stair-like partial sections, one on the left for the Danian 
part, the other on the right for the Maastrichtian part. The series going from the bottom of the gully to the top of the 
slope makes about 60 m. A man in a red circle gives the scale. 

 

Figure 5: View on the upper part of the Aïn Settara section with the K-Pg boundary. The summit in the right is the 
Sidi Nasseur (914 m). 
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The survey and sampling carried out cover 
~60 m of the section outcropping along the 
gully slope from the thalweg of the Settara 
Wadi to the slope top (Fig. 3B; HENNEBERT & T DU-
PUIS, 2003). The lithological column was drawn 
on the basis of (1) a field survey of the "visual 
carbonate content" by combining rock colour 
(variations of gray) and hardness (relief or 
hollow, resistance to the hammer) and (2) the 
calcimetric measurements of 253 samples (an 
average of more than 4 per metre). As the 
sampling spacing was not sufficient to elaborate 
a satisfactory carbonate curve, the (continuous) 
visual curve obtained on the field was fitted to 
the (discontinuous) true calcimetric values 
(HENNEBERTT & DUPUIS, 2003, fig. 4). 

The K-Pg boundary is located thanks to the 
presence of the "boundary clay", a very dark, 
gray-brown clay level, 55 cm thick, marked at 
its base by the disappearance of the large-sized 
planktonic foraminifera that are characteristic of 
the Upper Cretaceous. The K-Pg boundary cos-
mic markers (iridium anomaly and Ni-rich 
spinels) were found in a thin level (red clay 
layer) accompanied by flat jarosite nodules, 
gypsum and iron oxides (TRIBOVILLARD et al., 
2000; DUPUIS et al., 2001). The K-Pg boundary 
is situated at 42.22 m above the base of the 
studied section (Fig. 5). 

The position of the first occurrence of Micula 
prinsii PERCH-NIELSEN, 1979, recorded by ROBAS-
ZYNSKI et al. (2000, fig. 50, p. 431) is situated 
about 1.20 m above the base of our section. 
The planktonic foraminifera biozonation used is 
that of MOLINA et al. (1998) and ARENILLAS et al. 
(2000a, 2000b). First occurrences of the taxa 
Plummerita hantkeninoides (BRÖNNIMANN, 1952), 
Parvularugoglobigerina longiapertura (BLOW, 
1979), Parvularugoglobigerina eugubina (LUTER-
BACHER & PREMOLI SILVA, 1964), Eoglobigerina 
simplicissima (BLOW, 1979), Parasubbotina 
pseudobulloides (PLUMMER, 1926) and Subbotina 
triloculinoides (PLUMMER, 1926) furnish excellent 
levels for comparisons with other sections and 
for worldwide correlations. 

Ammonites occur in the Maastrichtian marls 
mainly as pyritous nuclei. The last ammonite 
found was located at 2.19 m below the K-Pg 
boundary (GOOLAERTS, 2010). In the Global Bou-
ndary Stratotype Section and Point (GSSP) of El 
Kef, the last ammonite was located at 2 m 
under the K-Pg boundary (GOOLAERTS et al., 
2004; GOOLAERTS, 2010). 

Palaeodepth of the Aïn Settara deposits is 
only roughly estimated. ADATTE et al. (2002) 
estimated the value to circa 30-60 m and quali-
fies the environment as: epicontinental sea, 
transition between the continental shelf and the 
slope shelf, or transition between inner and 
middle neritic. KELLER et al. (2002) gives circa 
100-150 m, i.e. epicontinental sea, continental 
shelf, middle neritic. GALEOTTI & COCCIONI (2002) 
suggest a deeper value of circa 200-300 m, i.e. 

open ocean, slope, upper bathyal. 

Remark on the K-Pg boundary position in the 
Aïn Settara section 

The Global Boundary Stratotype Section and 
Point (GSSP) for the Danian base was defined 
by the Cretaceous-Paleogene Working Group at 
the base of the boundary clay at a section close 
to the road to the Hammam Mellègue, near the 
town of El Kef. It was approved by the Interna-
tional Commission on Stratigraphy (ICS), rati-
fied by the International Union of Geological 
Sciences (IUGS) in 1991 and later reconfirmed 
(MOLINA et al., 2006). 

In the El Kef section, the planktonic foramini-
fera mass extinction, the Ir anomaly and the Ni-
rich spinel level, occur exactly at the base of 
the boundary clay (MOLINA et al., 2006). On the 
other hand, in the Aïn Settara section, all three 
occur at a level situated 3 cm above the base of 
the boundary clay (DUPUIS et al., 2001). 

Question of the K-Pg boundary completeness in 
the Aïn Settara section 

Some authors considered that the Aïn Settara 
section was not complete compared with those 
of El Kef and Ellès (ADATTE et al., 2002; LUCIANI, 
2002) because of (1) the presence of burrows 
under the red clay layer, (2) the low thickness 
of the P0 planktonic foraminifera zone, (3) the 
existence, above the red clay layer, of a thin 
resedimented silt level. 

1. The presence of burrows under the red clay 
layer probably indicates a break in sedi-
mentation (or at least a drastic reduction in 
sediment supply). However, this can be 
limited to a few years, a few centuries, or a 
few thousands of years and has practically 
no effect on the cyclostratigraphic study. 

2. The base of the P1a zone (i.e. the P0 top) is 
marked by the first appearance of Parvula-
rugoglobigerina eugubina. MOLINA et al. 
(1998, fig. 5) and ARENILLAS et al. (2000b) 
observed the first occurrence of Pv. Eugu-
bina 60 cm above the red clay layer (55 cm 
in DUPUIS et al., 2001). LUCIANI (2002) ob-
served this same occurrence only 2 cm abo-
ve the K-Pg boundary. This difference could 
be related to the random variations control-
ling the occurrence of rare species in sam-
ples (SIGNOR-LIPPS effect). It could also be 
related to the different mode of sample pre-
paration, i.e. material larger than 38 µm for 
LUCIANI (2002), larger than 63 µm for MOLI-
NA et al. (1998) and ARENILLAS et al. (2000a, 
2000b). At first, Parvularugoglobigerina eu-
gubina (LUTERBACHER & PREMOLI SILVA, 1964) 
is usually 80-150 μm long, 60-90 μm wide 
and 40-70 μm thick (LUTERBACHER & PREMOLI 

SILVA, 1964; ARENILLAS & ARZ, 2000; ARENIL-
LAS et al., 2007). Secondly, the Parvularu-
goglobigerina (HOFKER) genus groups seve-
ral morphospecies (ARENILLAS et al., 2010). 
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Species closest to the true Pv. eugubina are 
Pv. longiapertura (Blow), Pv. umbrica (LU-
TERBACHER & PREMOLI SILVA) and Pv. Perexi-
gua LI, MCGOWRAN & BOERSMA. All the three 
appear usually below the Pv. eugubina first 
occurrence, in the Guembelitria cretacea 
Zone (ARENILLAS & ARZ, 2000; ARENILLAS et 
al., 2004, 2007, 2010). The juvenile forms 
of the morphospecies could unfortunately 
be confused if too thin size-fractions are 
considered. 

3. The existence of a resedimented silt level (1 
to 2 cm thick), 3 cm above the red clay 
layer, does not necessarily prove the 
existence of a sedimentary gap at this pla-
ce, but rather a distal storm deposit. 

Anyway, the presence in the thin red layer of 
enhanced Ir and Ni-rich spinel concentrations 
(DUPUIS et al., 2001) proves the recording of the  

cosmic event itself, which would certainly have 
been removed in the case of significant rewor-
king and erosion. 

b. The astronomical tool 
The astro-climatic signal 

The solar flux that penetrates the top of the 
atmosphere undergoes cyclic variations related 
to the fluctuations of Earth's movement para-
meters: eccentricity, obliquity and precession 
(MILANKOVITCH, 1941; BERGER, 1976, 1978a, 
1978b; BERGER & LOUTRE, 1991). The variations 
of these parameters (astronomical signal) trig-
ger climatic variations (climatic signal) and thus 
sedimentary variations (sedimentary signal; 
Fig. 6). To clearly see the link existing between 
the astronomical, climatic and sedimentary 
signals, the first step is to examine the cha-
racteristics of the original signal as published by 
astronomers (LASKAR, 1988; LASKAR et al., 1993, 
2004, 2011; VARADI et al., 2003). 

 

Figure 6: Model of the relation linking astronomical, climatic and sedimentary signals, particularly showing the link 
between precession and eccentricity cycles, and the deduced sedimentary product. HENNEBERT & DUPUIS (2003), modi-
fied; HENNEBERT et al. (2009), modified. 
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Eccentricity 

In spite of the proven chaotic behaviour of 
the solar system, eccentricity periods have only 
changed in a moderate way during the last 100 
Ma (LASKAR, 1990; LASKAR et al., 2004). The 
Earth's orbit around the Sun is elliptic. Its 
shape (eccentricity) depends permanently on 
the movements of the other planets in the solar 
system (mainly Jupiter, Mars and Venus). Each 
planet has its own ecliptic plane defined by its 
orbit around the Sun. In the ecliptic plane, the 
major axis of each planetary orbit rotates relati- 

ve to stars during a certain period. The rotatio-
nal frequency of the major axis (secular fre-
quency) of a planet is usually indicated by "g" 
plus an index identifying the planet position 
relative to the Sun. For example, g5 = 
4.257564 arcsec/yr (LASKAR et al., 2004, Table 
4) is the secular frequency of Jupiter. The Pg5 
period is 304,399 yr. The period P is obtained 
from the frequency thanks to the formula: P(yr) 
= 1,296,000/ν (arcsec/yr). The Venus secular 
frequency g2 (= 7.456665 arcsec/yr) cor-
responds to a Pg2 period of 173,804 yr. 

 

Figure 7: Prominent characteristics of the 405-kyr eccentricity cycle. A. Eccentricity amplitude during the last 5 Ma 
(LASKAR et al., 2004). B. Extracted 405-kyr eccentricity cycle. C. Precession cycle duration. D. 405-kyr eccentricity 
amplitude. E. Approximate duration of the ~100-kyr eccentricity cycle during the 405-kyr cycle. F. Typical curve of 
the evolution of the precession cycle duration along the 405-kyr cycle. It is only an example, depending on the phase 
difference between 100-kyr and 405-kyr cycles. C, D, E and F are recalculated according to the LASKAR et al. (2004) 
solution. 
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The history of the eccentricity of the Earth's 
orbit (Fig. 7A) is influenced by the interactions 
(beats) of the various secular frequencies. As 
an example, the strongest interaction cor-
responds to the beat of the secular frequencies 
of Venus and Jupiter (g2-g5), which results in a 
frequency of ~3.2 arcsec/yr, corresponding to a 
Pg2-g5 period of ~405 000 years (LASKAR et al., 
2004). Eccentricity also varies on periods that 
are close to 100 kyr. The most significant pe-
riods are ~95 kyr (g4-g5: Mars and Jupiter) and 
~124 kyr (g4-g2: Mars and Venus; LASKAR et al., 
2004). 

In fact, as the planets all interfere constantly 
with each other, these values are only averages 
(quasi-periods). The duration of the ~100-kyr 
cycle varies according to its temporal position 
with respect to the 405-kyr cycle (Fig. 7E), 
from ~60-70 kyr when the amplitude of the 
long cycle is minimal, and ~110-120 kyr when 
the amplitude is maximal (Fig. 7D; see also 
RIAL, 1999). The overall average value of the 
~100-kyr period is 95.8 kyr (BERGER, 1976). 

Precession 

Precession currently comprises two quasi-
periods of approximately 19 and 23 kyr, the 
mean period is 21.74 kyr. Precession period 
varies according to the eccentricity with large 
peak variations which are not randomly distri-
buted (Figs. 7C and 5F; see: HINNOV & PARK, 
1998; HINNOV, 2000). For the last 5 Ma, the 
minimum period is of ~13.9 kyr and the maxi-
mum period of ~31.3 kyr (BERGER, 1976; BERGER 
et al., 1992). 

• The precession period duration is close to 
its mean value when the ~100-kyr eccentri-
city is maximal and, moves away from the 
mean when it is is minimal; 

• The precession period duration lengthens 
when it occurs near a maximum of the  
405-kyr eccentricity, it shortens when it is 
near a minimum of the 405-kyr eccentricity. 

Long-term evolution of the precession periods 

During geological times, average duration of 
the precession period did not remain constant. 
The lengthening of the day and of the Earth-
Moon distance, as well as the reduction in the 
dynamic ellipticity of the Earth, over time, indu-
ced a lengthening of the fundamental astrono-
mical periods for precession and obliquity 
(BERGER & LOUTRE, 1994; BERGER et al., 1989a, 
1989b). Values of the precession periods at  
-65.5 Ma, used in this work, were linearly inter-
polated according to those established, for 0 
and -72 Ma (BERGER & LOUTRE, 1994, Table 3). 
The interpolated mean-period of the precession 
corresponding to the K-Pg boundary is 21.3 kyr 
(Table 1).  

 

 

Age (Ma) 0 -65.5 -72 

Quasi-period (kyr)  23 (b)  22.5  22.47 (b)  

Average 
precession  

21.74 (a)  21.3   

Quasi-period (kyr)  19 (b)  18.7  18.63 (b)  

Table 1: Determination of the mean precession pe-
riod for -65.5 Ma.  (a) BERGER (1976); (b) BERGER & 
LOUTRE (1994). 

Precession versus obliquity 

Obliquity exerts a strong climatic influence at 
high latitudes, and a low one in the intertropical 
zone (BERGER, 1978a). That is especially true if 
the Earth lacks vast ice covers (BERGER, 1989). 
Although Upper Cretaceous was long regarded 
as ice-free, Maastrichtian-Danian most probably 
saw the development of occasional continental 
ice sheets (BARRERA & SAVIN, 1999; MILLER et al., 
1999, 2005; CARPENTER, 2003; BORNEMANN et al., 
2008; HAY, 2008). 

BARRON et al. (1985) suggested that MILANKO-
VITCH astronomical forcing caused changes in 
monsoons which in turn induces changes in 
Cretaceous sediment record. PRELL & KUTZBACH 
(1987) stated that precession rather than obli-
quity affected low- to mid-latitude monsoons, 
as often observed in the Cretaceous record. In 
this specific case, plate tectonics models locate 
central Tunisia close to the northern tropic at 
about 19-23° N (see section 2.a; Fig. 1) in the 
Maastrichtian-Danian. Therefore, precession 
triggered sedimentation variations. Obliquity 
will not be taken into account in the present 
work. 

3. Results 

a. Stratonomy 
The studied section (Fig. 3B) shows a deci-

metric to metric marl-limestone alternation. 
One end consists of thin, clear and slightly pro-
minent more carbonated beds. The other end is 
made of thicker, dark, slightly depressed and 
more argillaceous interbeds. Limestone beds 
are 0.10 to 0.35 m thick, whereas marly inter-
beds vary from 0.10 to 3 m. 

Marl-limestone alternation is particularly clear 
and regular in the 5 to 25 m interval of the 
section (Figs. 8A and 9; see also: HENNEBERT & T

DUPUIS, 2003, fig. 4). The lithologic curve is al-
most sinusoidal in shape, i.e. the bed-interbed 
transitions are progressive and the beds are 
symmetrical. Figure 8A reveals that beds and 
interbeds are not randomly distributed. Indeed, 
an alternation of a lower order frame the marl-
limestone alternation itself: one end shows sets 
of distinct thick beds and interbeds (in blue and 
orange on the figure) and, the other end shows 
more diffuse and thinner zones, called fuzzy 
intervals, that are more difficult to delimit as 
beds and interbeds (in green and orange; see 
Fig. 6). 
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Figure 8: Cyclostratigraphic interpretation of a portion of the Aïn Settara section. A. Lithostratigraphic succession for 
the 5- to 25-metre interval. B. Determination of the minima and maxima of the precession cycle (red dashed) and of 
the ~100-kyr eccentricity cycle (blue dashed). C. Determination of the type of fuzzy intervals (minima of the ~100-
kyr cycle). Arrows pointing to the right: 1-2 thick beds; arrows pointing to the left: 2-3 thin beds. D. A local (floating) 
time-scale. Red short dashed line = precession-based time curve; blue long dashed line = ~100-kyr-based time-cur-
ve; continuous green line = averaged time curve. E. Projection of the arrows (C) through the time-scale curve and 
approximate positioning of an idealised 405-kyr cycle. Upwards arrows: high portion of the 405-kyr cycle; down-
wards arrows: low portion of the 405-kyr cycle. F. Approximate precession cycle duration. 

Sets of well-defined thick beds and interbeds 
show most of the time substantial differences in 
carbonate content. They are generally compo-
sed of two (or three) beds and of an equal 
number of interbeds. The fuzzy intervals are 
more difficult to characterise, because of the 
less obvious variations in carbonate content. 
We nevertheless manage to distinguish one to 
three "limestone beds" or more limy zones, 
separated by thin "interbeds" or slightly more 
argillaceous intervals. We can further 
distinguish two types of fuzzy intervals (Figs. 6 
and 8C): some show one, sometimes two, rela-
tively thick "beds" (type 1), others show three, 
sometimes two, thin "beds" (type 2). 

b. Cyclostratigraphic interpretation of 
the stratonomic characteristics 

Observed characteristics of beds and inter-
beds (progressive boundaries, symmetrical 
aspect and absence of graded bedding) plead in 
favour of a sinusoidal signal rather than a 
discontinuous or jerked one (like in turbidites or 
tempestites). The astro-climatic assumption 
seems to be appropriate. In many studies devo-
ted to palaeoenvironments similar to Aïn Setta-
ra, the extremes between which the precession 
value oscillates are thought to correspond to 
variable climatic conditions favourable on one 
hand to the carbonate sedimentation and on the 
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Figure 9: Close-up view on the Aïn Settara section with the K-Pg boundary. The image shows the ~3- to ~46-metre 
interval. The K-Pg boundary is situated at 42.22 m. 

other hand to the transfer of clays (and of other 
siliciclastics) from the continent to the basin 
(Fig. 6; GILBERT, 1895; EINSELE et al., 1991; de 
BOER & SMITH, 1994; HOUSE & GALE, 1995). 

The stratonomic frame described above pre-
sents analogies with precession triggered clima-
tic signal (Fig. 6). Thus, if the beds and inter-
beds are supposed to correspond to the varia-
tion of the precession value with a period of 
~20 kyr, then, alternation of distinct beds and 
interbeds and fuzzy intervals corresponds to the 
amplitude modulation of the precession by 
eccentricity with a period of ~100 kyr. Zones 
with clear beds and interbeds would be allotted 
to periods of strong amplitude of the astro-cli-
matic signal, i.e. the periods of strong eccentri-
city. Diffuse zones or fuzzy intervals would be 
correlated to the periods of minimal eccentricity 
(Fig. 6). This stratonomic characteristic makes 
it possible to recognise at the same time pre-
cession and ~100-kyr eccentricity, delineated 
by their minima and maxima positions (Fig. 
8B). This allows building a time scale based on 
constant cycle periods (Fig. 8D). It is thus 
possible to plot (starting from an arbitrarily 
chosen point) two cumulative time curves, 
using cycles of 21.3 kyr for precession (red 
short dashed line) and semi-cycles of 95.8 / 2 
kyr for eccentricity (blue long dashed line). An 
average curve is plotted (green full line) which 
could be used, for example, to measure the 
time interval between two determined levels 

within the section. Based on the same principles 
as Figure 8 a chronometric scale is built for the 
entire section (Fig. 10). 

Uncertainty of time values 

The uncertainty of the values deduced from 
the averaged time curve originates from diffe-
rent causes. First, is the time difference bet-
ween the eccentricity (95- kyr cycle) time curve 
and the precession (21.3-kyr cycle) time curve 
(Fig. 10G). Second, the exact location of the K-
Pg boundary in the Aïn Settara section suffers 
from a definition uncertainty due to (1) the 
separation (3 cm) between the base of the 
boundary clay and the Ir anomaly level, and (2) 
an, unlikely but possible, little hiatus or conden-
sation could be present at that level. This linked 
uncertainty interval is estimated to a maximum 
of ±3 kyr, i.e. a time range 6 kyr. Third, the 
interpretative approach suggests the possibility 
of underestimation or overestimation of the 
number of precession cycles present in the 
section. An uncertainty of ±4 precession cycles 
has been admitted between the K-Pg boundary 
and the base of the studied section (8 times 
21.3 kyr = 170 kyr). The same ±4 cycles figure 
is also considered between the K-Pg boundary 
and the top of the studied section. As these 
different uncertainty figures have been added, 
the offered uncertainty values constitute maxi-
mized (pessimistic) values. 
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Figure 10: Cyclostratigraphic interpretation of the entire studied section. HENNEBERT & DUPUIS (2003), modified. A. 
Stratigraphic column. B. Determination of the minima and maxima of the precession cycle and of the ~100-kyr 
eccentricity cycle. C. Determination of the fuzzy interval type (minima of the ~100-kyr cycle). D. Precession cycle-
based (undecompacted) sedimentation rate. E. A local (floating) time-scale. Red short dashed line = precession-
based time curve; blue long dashed line = ~100-kyr-based time curve; continuous green line = averaged time curve. 
F. Projection of the arrows (C) through the time-scale curve, and approximate positioning of an idealised 405-kyr 
cycle. Upwards arrows: high amplitude portion of the 405-kyr cycle; downwards arrows: low amplitude portion of the 
405-kyr cycle. The notation of the cycles comes from WESTERHOLD et al. (2008). G. Time difference. Difference bet-
ween ~100-kyr time-curve and 21.3-kyr time-curve. H. Projection of the (F) 405-kyr cycle. 

 
Figure 11: The chronometric scale in the K-Pg boundary vicinity and determination of the minima and maxima of the 
~100-kyr cycle. A. Carbonate content: a = measured carbonate recovery curve, b = detrended carbonate curve. B. 
Detrended carbonate content curve. Minima (red filled circles) and maxima (red empty circles) of the curve are indi-
cated. C. Width of the blue envelope curve (B). Minima (blue filled arrows) and maxima (blue empty arrows) of the 
~100-kyr eccentricity cycle are indicated. D. Determination of the fuzzy interval type. E. The chronometric scale, ba-
sed on arbitrarily chosen constant precession units. F. Projection of the chronometric scale in the vertical direction. G. 
Projection of the minima and maxima of the ~100-kyr eccentricity cycle on the chronometric scale. 
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c. Approximation of the precession 
and the 100-kyr eccentricity cycle 
phases 

A reduced portion of the stratigraphic succes-
sion encompassing the K-Pg boundary is exami-
ned (Fig. 11). Curve "a" on Figure 11A cor-
responds to the calcimetric analyses carried out 
on the samples. In addition to the traditional 
observation of a sharp decline in carbonate con-
tent and of the progressive "carbonate recove-
ry", the curve reveals a superimposed oscil-
lation. The detrended curve "b" is obtained by 
removing the effects of the sharp decline and of 
the progressive increase. 

In the Ellès Section, GALEOTTI & COCCIONI 
(2002) and VELLEKOOP (2010) underscore very 
similar small-scale oscillations in the earliest 
Danian interval (see also for the El Kef section: 
BRINKHUIS et al., 1998; GALEOTTI et al., 2004, 
2005). The detrended curve "b" is reproduced 
in Figure 11B, with full red circles representing 
minima positions and hollow red circles repre- 
 

senting maxima positions. As already stated 
(Figs. 6, 8 and 10), the minima correspond to 
the precession minima and the maxima to the 
precession maxima. The envelope area (grayed) 
of the detrended curve shows nodes and bellies. 
This corresponds to modulation of the preces-
sion amplitude by eccentricity (Fig. 6). In Figure 
11C, the evolution of the width of the envelope 
area (amplitude modulation) allows to deter-
mine the positions of the ~100-kyr eccentricity 
cycle minima and maxima (large blue arrows). 

As already shown in Figures 8 and 10, the 
chronometric scale can be built by using the 
precession cyclicity. Figure 11E depicts an arbi-
trary precession scale, which makes it possible 
to correlate the field observations with an arbi-
trary time scale. Assuming a period of 21.3 kyr 
for the average precession, a floating chrono-
metric scale is obtained. It is vertically 
projected in Figure 11F. In this case, the mini-
ma of the precession cycle closest to the K-Pg 
boundary fall at circa -17.2±5.0 kyr and 
+4.1±3.0 kyr (Table 2). 

 

Cycle Last Cretaceous 
minimum (in kyr)  

First Paleogene 
minimum (in kyr)  

Total cycle duration (in kyr)  

405-kyr raw (Fig. 13) 
405-kyr corrected (Fig. 14) 

-363±77 
-373±74 

+42±8 
+32±6 

405 
405  

~100-kyr raw (Fig. 11) 
~100-kyr corrected (Fig. 14)  

-28±5 
-26±5 

+67±11 
+52±9 

95 
78  

~21-kyr (Fig. 11) 
~21-kyr probable value  

-17.2±5.0 
-15.0±5.0 

+4.1±3.0 
+3.6±3.0 

21.3 (Table 1) 
~17-20  

Table 2: Location of the minima of the different cycles with respect to the K-Pg boundary in the Aïn Settara section. 

Minima and maxima positions of the  
~100-kyr eccentricity on the chronometric scale 
are shown in Figure 11G. The two minima the 
closest to the K-Pg boundary are situated at 
circa -28±5 kyr and +67±11 kyr (Table 2). 
These minima correspond to a period duration 
of 95 kyr, which appears to be close to the ave-
rage value of 95.8 kyr (BERGER, 1976). The ma-
xima that follow the K-Pg boundary (+22±5 kyr 
and +119±17 kyr) give a period of 97 kyr. 

The measured period values seem to show 
that the Aïn Settara succession must be essen-
tially complete in the K-Pg boundary vicinity. 
Any lag in the sedimentary record should not, 
represent more than ~3 kyr. 

d. Biostratigraphic testing of the time 
scale 

Several important taxa were located in the 
Aïn Settara section, which will be used to test 
the reliability of the time-scale: the nannofossil 
Micula prinsii PERCH-NIELSEN from ROBASZYNSKI et 
al. (2000) and the planktonic foraminifera 
Plummerita hantkeninoides (BRÖNNIMANN), 
Parvularugoglobigerina longiapertura (BLOW), 
Parvularugoglobigerina eugubina (LUTERBACHER & 
PREMOLI SILVA), Eoglobigerina simplicissima 

(BLOW), Parasubbotina pseudobulloides (PLUM-
MER), Subbotina triloculinoides (PLUMMER), stu-
died by MOLINA et al. (1998) and ARENILLAS et al. 
(2000a, 2000b). Figure 12 shows the first oc-
currence of the taxa with respect to the K-Pg 
boundary, obtained from the literature, plotted 
as a function the floating time-scale and com-
pared with the averaged time-curve (green) 
from Figures 10 (A) and 11 (B). 

The calcareous nannofossil Micula prinsii is 
often used to recognise the existence of the 
"uppermost Maastrichtian" (zone CC26b). The 
FO (first occurrence) of M. prinsii was located in 
the Aïn Settara section at the STW 40-metres 
level (ROBASZYNSKI et al., 2000, fig. 50) which 
corresponds to a level located ~1.20 m above 
the zero of the present survey. According to 
HENRIKSSON (1993) M. prinsii appeared before 
the K-Pg boundary: 250 kyr in the South 
Atlantic, 220 kyr in the North Atlantic, and 190 
kyr in the North Pacific. ERBA et al. (1995, fig. 
1) give a value of ~1.2 Myr between the FO of 
M. prinsii and the K-Pg boundary. NORRIS et al. 
(1998, Table 2, fig. 5) use the value of ~1 Myr 
before the K-Pg boundary, but do not explain 
how it has been determined. According to OGG 
et al. (2004) the FO of M. prinsii is situated  
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Figure 12: First occurrence of different taxa from the literature plotted as a function the floating time-scale, 
compared with the averaged time-curve from Figures 10 (A) and 11 (B). K-Pg = Cretaceous-Paleogene boundary; M. 
= Micula; P.= Plummerita; G.= Guembelitria; Pv.= Parvularugoglobigerina; E.= Eoglobigerina; Ps.= Parasubbotina; 
S.= Subbotina. 

700 kyr before K-Pg boundary. For GARDIN 
(2002), the FO of M. prinsii was probably dia-
chronous. Irrespective of the values due to HEN-
RIKSSON (1993), the apparition of M. prinsii in 
the Aïn Settara section 834±142 kyr before the 
K-Pg boundary is consistent with data from the 
literature. 

The P. hantkeninoides biozone which ends at 
the K-Pg boundary was introduced by PARDO et 
al. (1996) who evaluated the biozone duration 
to 170-200 kyr in the Agost section by using a 
sedimentation rate average of 2 cm/kyr for the 
part of the C29r magnetozone that is located 
under the K-Pg boundary. LI et al. (2000) esti-
mated this duration to 300 kyr. Our -254±71 
kyr value is also consistent. The FO of the 
Danian foraminifera Pv. longiapertura (11±4 
kyr) and Pv. eugubina (39±7 kyr) are quite 
consistent with the data of BERGGREN et al. 
(1995) and ARENILLAS et al. (2004, 2010). 

The value of 536±88 kyr obtained for Subbo-
tina triloculinoides match the BERGGREN et al. 
(1995) figure, but not that of ARENILLAS et al.. 
The taxa E. simplicissima (236±32 kyr) and Ps. 
pseudobulloides (424±74 kyr) give very diffe-
rent figures. Despite this discrepancy, the FO of 
the Maastrichtian M. prinsii and P. hantke-
ninoides taxa and of the Danian Pv. longiaper-
tura and Pv. eugubina taxa shows that the time 
scale is quite reliable in this time interval and 
that the significant change in sedimentation ra-
te on both sides of the K-Pg boundary is also 
reliable. The post-eugubina part of the Danian 
remains questionable without further represen-
tative data. 

e. Implications for sedimentation 
Suppressing the ~100-kyr oscillations in 

Figure 10D could give a smooth curve, which 
would highlight the longer-term sedimentation 
variation. The figure shows that sedimentation 
rate vary to a ratio of 1:8.5. The value seems 
to be very high. In the Abiod Formation of the 
Ellès section (Campanian-Maastrichtian of Cen-
tral Tunisia) the not-decompacted sedi-
mentation-rate ratio between limestone mem-
bers (Haraoua and Ncham) and marly members 
(Akhdar) varies from 1:2 to 1:4 (HENNEBERT et 
al., 2009). In the Aïn Settara section, sedimen-
tation rate decreases initially to a minimum 
located at approximately 15-m in the litho-
logical column (-530±105 kyr), increases at 
about 25-30 m (-240±68 to -140±38 kyr), 
passes by a maximum at about 36-38 m (-
80±19 to -70±17 kyr), and finally falls at about 
40-41 m (-50±9 to -40±7 kyr), i.e. more than 
one metre under the K-Pg boundary (located at 
42.22 m). The sedimentation rate remains ra-
ther low from 41 to 47 m (-40±7 to +280±37 
kyr), then gradually goes up. 

T

These drastic changes in sedimentation rate 
could be explained by eustatic variations. Many 
authors saw a significant final Cretaceous 
regression, followed by a transgressive cycle at 
the base of the Paleogene (HALLAM, 1987, 1992; 
HAQ et al., 1987). According to KELLER & STIN-
NESBECK (1996) and STINNESBECK & KELLER (1996) 
the regression begins rather high in the A. 
mayaroensis biozone and reaches a maximum 
at the base of the P. hantkeninoides biozone. 
So, the higher half of the latter biozone is alrea-
dy definitely transgressive. LI et al. (2000) pla-
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ced the low level just below the P. hantkeninoi-
des biozone, which means that the transgres-
sion begins at the biozone base. SURLYK (1997) 
proposes a relative variation curve of the sea 
level for eastern Denmark, showing that the 
final-Maastrichtian regression and the following 
transgression are located slightly under the K-
Pg boundary. HALLAM & WIGNALL (1999, fig. 11) 
admit that the regression culminates towards 
the end of the Maastrichtian, but that the K-Pg 
boundary itself is located in the transgression. 

As data concerning the regional tectonic 
evolution are lacking for the time scale of this 
study, sedimentation rate variations will be 
considered here to follow eustatic variations. 
The large rise in sedimentation rate would thus 
correspond to a forced regression (POSAMENTIER 
et al., 1992; PLINT & NUMMEDAL, 2000; POSAMEN-
TIER & MORRIS, 2000), beginning at the base of 
the P. hantkeninoides biozone (Fig. 10D). It 
could be due to a fall in the base level, which 
increases continental erosion and remobilizes 
sediments deposited onto the proximal ramp. 
As the studied section belongs to a rather deep 
depositional environment, it does not show any 
erosion surface, but on the contrary a large 
increase in sedimentation rate. The forced 
regression would begin about -400±70 to -
300±73 kyr before the K-Pg boundary and 
would reach its maximum at about -100±24 to 
-80±19 kyr. Conversely, the major reduction in 
sedimentation rate (1 to 2 m under the K-Pg 
boundary) could correspond to the following 
transgression, which would begins around -
50±9 kyr and abruptly slow down the sediment 
transfer towards the deeper parts of the basin. 
The K-Pg boundary event occurs in this trans-
gressive context. 

f. Hunting for the 405-kyr cycle 
In order to highlight the 405-kyr cycle in 

Figure 8C, arrows pinpoint the fuzzy intervals of 
the section, i.e. the minima of the ~100-kyr 
eccentricity cycle. An arrow towards the right 
indicates a type-1 fuzzy interval (one, some-
times two, relatively thick beds). An arrow to-
wards the left indicates a type-2 fuzzy interval 
(three, sometimes two, thin beds). The arrows 
are then projected on the time scale (Fig. 8E). 
The arrows pointing up thus indicate the mini-
ma of the ~100-kyr eccentricity, which cor-
respond to a strong 405-kyr eccentricity. The 
arrows pointing down correspond to a low 405-
kyr eccentricity. A sinusoidal cyclicity arbitrarily 
fixed at 405 kyr is adjusted to correspond as 
well as possible to the arrows (Fig. 8E). An ap-
proximate variation curve of the precession 
cycle duration (Fig. 8F) is added. It shows how 
precession-cycle duration varies with time and 
causes fuzzy intervals of type 1 or type 2 to 
take place. 

In Figure 10, established on the whole 
section, the 405-kyr cyclicity is indicated in the 
same way as in Figure 8 using arrows. An arbi-

trarily-fixed 405-kyr cycle is also shown (Fig. 
10F). The notations Ma405-1 and Pc4051 are 
taken from WESTERHOLD et al. (2008). They cor-
respond respectively to the last mainly 
Maastrichtian 405-kyr cycle and to the first 
Palaeocene cycle. Owing to a possible lack of 
reliability of the time-scale for the post-eu-
gubina Danian interval, the fuzzy interval type 
has not been investigated in the higher part of 
the section. 

 

Figure 13: Determination of the minima positions of 
the 405-kyr cyclicity on the averaged chronometric 
scale. K-Pg = Cretaceous-Paleogene boundary. 

Figure 13 shows the position of the minima 
and maxima duration peaks of the ~20-kyr 
cycle period according to the chronometric scale 
built in Figure 10. The vertical axis scale uses a 
constant step to represent the minima and ma-
xima of the 405-kyr cycle. The regression line 
(green dash-dot line) gives the best fit link bet-
ween the chronometric scale and the 405-kyr 
cycle. This line fulfills two criteria: 

1. its slope is fixed as the required cycle is 
supposed to have a period of 405 kyr; 

2. it must cut all the horizontal segments, i.e. 
it must pass between the peaks of the mini-
ma of the precession cycle duration to cor-
respond to a minimum of the 405-kyr cycle 
(Fig. 7) and it must pass between the peaks 
of the maxima of the precession cycle dura-
tion to correspond to a maximum of the 
405-kyr cycle. 

Because the regression line intercepts the 
horizontal segments, it also cuts the oblique 
segments. Thus, the passage from a minimum 
peak of precession cycle duration to a maxi-
mum peak corresponds to the passing from the 
low values to the high values of the 405-kyr 
cycle (Fig. 7). 

The projection lines (black dashed) give the 
positions of the minima of the 405-kyr cycle on 
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the floating chronometric scale (Fig. 10). These 
minima values are -768±132 kyr, -363±77 kyr 
and +42±8 kyr (Table 2). However, slightly 
different minima values could also be obtained 
by slightly translating the regression line, as the 
new lines still fulfill criteria 1 and 2. 

g. Correlation potential of the peaks of 
precession cycle duration 

Minima of the ~100-kyr eccentricity cycle 
correspond either to a minimum or to a maxi-
mum of precession cycle duration depending on 
their position in the 405-kyr cycle (Fig. 7C). The 
number of consecutive minima or maxima 
peaks varies between one and three. Iden-
tifying the succession of minima and maxima 
peaks could help to correlate several sections 
since this succession depends directly on the 
astronomical signal itself. Thus, Figure 13 
shows that starting from the K-Pg boundary, 
the minima of the ~100-kyr cycle corresponds 
successively to the following peaks of preces-
sion cycle duration: one minimum, two maxi-
ma, two minima, three maxima. This succes-
sion, if recognised in other sections, would 
make it possible to precisely identify the mini-
ma of the ~100-kyr cycle. This correlation tool 
would be particularly useful for the "uppermost 
Maastrichtian" which has several hundreds of 
kyr biozones of planktonic foraminifera (Plum-
merita hantkeninoides) and of calcareous 
nannofossils (Micula prinsii) (see section 3.e). 

h. Correction for variations in ~100-
kyr cycle duration 

As a reminder, the floating time scale obtai-
ned in Figure 10 is based on constant duration 
of the precession and of the ~100-kyr eccen-
tricity periods. However, these periods vary 
according to the position in the 405-kyr cycle 
(Fig. 7 E and F). As the time-curves obtained 
from both the precession and the ~100-kyr ec-
centricity (Fig. 10) are very close to each other 
in the vicinity of the K-Pg boundary, the minima 
positions of the Ma405-1 cycle (encompassing 
the K-Pg boundary) have been modified by 
using the ~100-kyr cycle duration curve in 
Figure 14A and its cumulative form in Figure 
14B. The 405-kyr minima values of -363±77 
kyr and +42±8 kyr respectively become -
373±74 kyr and +32±6 kyr (Table 2). The sa-
me approach is used in Figure 14C in order to 
correct the minima locations of the ~100-kyr 
cycle encompassing the K-Pg boundary (Table 
2). 

For the ~21-kyr precession cycle, duration 
can only be roughly estimated as no reliable 
model exists for the variation of the precession 
cycle duration (Fig. 7). Following Figure 11G, 
the K-Pg boundary is located about halfway bet-
ween a minimum of the ~100-kyr cycle (-28±5 
kyr) and a maximum of the ~100-kyr cycle 
(+22±5 kyr). Moreover, in Figures 13 and 14, 
the K-Pg boundary is located close to a mini- 

 

 

Figure 14: A. Principle of the correction of the 405-
kyr minima locations depending on variations in the 
~100-kyr cycle duration. B. Correction of the 405-kyr 
cycle minima locations using the cumulative form of 
the correction curve (blue). C. Correction of the 
~100-kyr cycle minima locations. 

mum of the 405-kyr cycle (+42±8 / +32±6 
kyr). Based on these data (Fig. 7C), the actual 
K-Pg boundary precession cycle duration is esti-
mated around 17-20 kyr (Table 2). 

4. Conclusions 
a) The Aïn Settara section exposes a conti-

nuous marl-limestone alternation from the up-
per part of the Maastrichtian to the basal Da-
nian. 

b) The Aïn Settara succession revealed the 
superposition of several modes of alternation, 
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corresponding to the combined astro-climatic 
signal of eccentricity and precession. Based on 
the ~100-kyr eccentricity cycle and the ~21-kyr 
precession cycle, a floating chronometric scale 
has been built (Fig. 10). Minima values of the 
~100-kyr eccentricity have been found at -
28±5 kyr and +67±11 kyr relative to the K-Pg 
boundary, corresponding to a period of 95 kyr 
(Fig. 11F). Minima values of the precession ha-
ve been determined at about -17.2±5.0 kyr and 
+4.1±3.0 kyr, assuming an average precession 
of 21.3 kyr (Fig. 11D). 

c) Previous estimates of the ages of the FO of 
the Maastrichtian M. prinsii and P. hantkeni-
noides taxa and of the Danian Pv. longiapertura 
and Pv. eugubina taxa shows that the time sca-
le build is quite reliable in this time interval and 
that the significant change in sedimentation 
rate highlighted on both sides of the K-Pg boun-
dary is also reliable. At the contrary, the post-
eugubina Danian time interval is less clear. In 
return, if the chronometric scale is accepted it is 
then possible to date the various sedimentary 
and biological events occurring in the section 
with respect to the K-Pg boundary, e.g. the 
terminal Cretaceous regression, the following 
transgression, as well as the planktonic for ami-
nifera biozone boundaries. The forced 
regression began about -400±70 to -300±73 
kyr before the K-Pg boundary and reached its 
maximum at about -100±24 to -80±19 kyr. The 
subsequent transgression began towards -50±9 
kyr. The K-Pg boundary event occurred in a 
transgressive context. The planktonic for ami-
nifer P. hantkeninoides appeared 254±71 kyr 
before the K-Pg boundary. The calcareous nan-
nofossil M. prinsii appeared 834±142 kyr before 
the K-Pg boundary. 

d) The 405-kyr eccentricity cycle has been 
highlighted thanks to precession cycle-duration 
modulation linked to the minima of the 100-kyr 
eccentricity cycle (fuzzy interval type). It has 
confirmed the previously established time scale. 
The cycle has also been positioned with respect 
to the K-Pg boundary event. Its minima values 
are of -363±77 kyr and +42±8 kyr (Fig. 13). 
Taking into account the duration variation of 
the ~100-kyr cycle the values become respecti-
vely -373±74 kyr and +32±6 kyr. 

e) In favorable cases the succession of mini-
ma and maxima peaks of precession cycle dura-
tion permits to determine the 405-kyr cycle 
even if the section is short, to 1.5 times the 
405-kyr period. Moreover, it provides a finger 
print of specific stratigraphic interval and can be 
used to correlate different sections. 

f) The determination of the accurate value of 
the phase of the well dated K-Pg boundary 
event with respect to the 405-kyr signal could 
be used as a valuable tool to improve the quali-
ty of Cenozoic Time Scale. 
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Appendix 
The Aïn Settara section has been surveyed 

and sampled as two sub-sections separated by 
about 20 m and named SETA and SETB. The 
SETA sub-section begins close to the bottom of 
the Settara Wadi and goes up to the K-Pg boun-
dary (Maastrichtian). The SETB sub-section 
begins at the K-Pg boundary and terminates at 
about 16.50 m (Danian). Samples are labeled 
following the elevation in metres. Both the sub-
sections are clearly seen on Figures 4, 5 and 9. 

On Appendix-Figure 1 A and B, the "visual 
CaCO3 content" is a field evaluation obtained by 
combining rock colour (variations of gray) and 
hardness (relief or hollow, resistance to the 
hammer). The "analytic CaCO3 content" is the 
results from 253 calcimetric measurements (an 
average of more than 4 per metre). As sam-
pling spacing was not sufficient to elaborate a 
carbonate curve that can be satisfactorily inter-
preted in terms of cyclostratigraphy, the (conti-
nuous) visual curve was fitted to the (disconti-
nuous) calcimetric values. Cyclostratigraphic 
interpretation is explained in the main text of 
the paper. 

 

A   B  

Appendix-Figure 1: A. Details of the sub-section SETB and the upper part of sub-section SETA. B. Details of the 
lower part of sub-section SETA. 
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