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A detailed magnetostratigraphic investigation of the Agost section (Spain) containing the Cretaceous-Tertiary 
(K/T) boundary is reported. Thermal demagnetization--contrary to alternating field demagnetization--succeeds in 
revealing the polarity of the characteristic remanent magnetization, although an overlap in blocking temperature 
spectrum exists with a normal polarity, secondary magnetization component. The K / T  boundary occurs at two-thirds 
from the base of a reversed polarity zone and by comparison with earlier results [1] this polarity zone is correlated to 
chron C29r. 

Linear regression of sedimentation rates in other sections with an established magnetostratigraphy and containing 
the K / T  boundary yields an age of 66.45 Ma for this boundary. On the basis of this age and the magnetic reversal ages 
of the Berggren et al. [13] polarity time scale, new first appearance (FAD) ages around the K / T  boundary are 
suggested for the planktonic species Morozovella trinidadensis (Bolli) (66.04 Ma), Morozovella pseudobulloides (Plummer) 
(66.34 Ma), Eoglobigerina taurica (Bang) (66.41 Ma) and "'Globigerina eugubina'" Luterbacher & Premoli Silva (66.43 
Ma). 

1. Introduction 

The Cretaceous-Tertiary boundary (K/T)  is at 
present one of the foremost topics in geology, not 
in the least because of the impact hypothesis of 
the mass extinction of species [2,3]. 

Castalla 

[~ _ cemetery 

- location of 
the Agost section. 

N0velda 

There are a number of continuous K / T  
boundary sections in Europe with an established 
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Gubbio section [1] which has been proposed as the 
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examples are the Zumaya  section [5] and the 
Caravaca section [6]. 

The Agost section has first been described by 
yon Hillebrandt [7], who did not analyze the K / T  
boundary transition. Paleogeographically, the 
Agost section is located on the outer shelf of the 
Spanish Meseta (Fig. 1). It belongs to a strati- 
graphic/ tectonic unit intermediate between the 
Prebetic and Subbetic Units  of the Betic 
Cordilleras [8]. Lithologically it is almost identical, 
bed to bed, to the Caravaca section [6]. It is the 
purpose of this paper  to describe the magneto- 
stratigraphy of the Agost section, to compare the 
section with other complete K / T  sections, and to 
discuss its importance for the biogeochronology 
and the K / T  boundary events. Detailed biostrati- 
graphic, geochemical and mineralogical results will 
be published elsewhere (de Jonge et al., in prep- 
aration; Smit et al., in preparation). 

2. Geologic setting and sampling 

The section is developed in the so-called 
"Couches Rouges"-facies and consists of open- 
marine, hemipelagic grey to cream-coloured marls, 
which turn to more greyish in the Paleocene. In 
the marls, a few turbidites and a number  of marly 
limestone beds are intercalated. A fault disturbs 
the uppermost  part  of the section (Fig. 8). The 
K / T  boundary is marked by a 1-2  mm thick 
green clay stratum which shows a strong iridium 
anomaly (27 ppb;  Smit et al., in preparation). The 
clay of this stratum is composed of almost pure 
smectite and contains numerous 50-700 t~m sized 
microtektite-like sphernles with an internal fibrous 
or dendritic mineralogical texture. These spherules 
are composed of K-feldspar, smectite or goethite, 
supposedly diagenetically altered from a precursor 
mineral quenched at high temperatures. This stra- 
tum is followed by a 6.5 cm thick marly clay 
which lacks the typical Cretaceous Globotrunca- 
na-Rugoglobiger ina fauna (de Jonge et al., in 
preparation). 

Sampling was done at an average interval of ca. 
50 cm, depending on where the lithology was 
suitable for drilling. For magnetostratigraphic 
purposes, at each level several cores of 25 mm 
diameter were taken with an electric drill using 
water under pressure for cooling and a portable 
generator as power supply. The cores were cut 

into 22 mm long specimens at the paleomagnetic 
laboratory, Fort Hoofddijk. For biostratigraphic 
research, handsamples were taken, while the inter- 
val at the K / T  boundary was sampled in more 
detail (ca. 1-cm intervals). 

Stratigraphic distance between the sampling 
levels was accurately determined using vertical 
and horizontal distance and azimuth between sites 
as well as strike and dip (with an average of N 
150 °, W 24 °)  of the bedding plane [9]. We also 
used a theodolite to determine the overall strati- 
graphic thickness and as a check on the total 
inter-sample distances. 

3. Biostratigraphy 

The samples (57) taken for biostratigraphic re- 
search were dried and weighed before washing 
over a 40 ~m sieve. In order to calculate planktonic 
foraminiferal production rates the dried residues 
were weighed again (de Jonge et al., in prepara-  
tion). From each sample a minimum of 300 ran- 
domly chosen individuals were determined. After 
that, the samples were scanned for the presence of 
species in low abundages. A detailed biozonation 
of the Agost section could be established in which 
a total of seven planktonic foraminiferal zones 
were recognized (Fig. 2). 

The base of the Abathomphalus mayaroensis 
Zone which is characterized by the first ap- 
pearance datum (FAD) of A. mayaroensis (Bolli) 
is not reached in this section; the last appearance 
datum (LAD) of A. mayaroensis, Globotruncana 
and Rugoglobigerina is recorded at 11.47 m. The 
A. mayaroensis Zone contains a fauna rich in 
planktonic foraminifera. Thirty-two species were 
recognized, among those 12 Globotruncana species 
and 15 Heterohelicidae species. At the 11.47 m 
level most of these species disappear. Only 
Guembelitria cretacea survives the K / T  boundary 
events and occurs in all samples of the section. 
The extinction of these foraminiferal species has 
been attributed to the consequences of a large 
impact event [2,3] and the level at which this 
extinction occurs is considered as the K / T  
boundary. 

The first zone in the Tertiary is the Guembe- 
litria cretacea Zone which is characterized by an 
abundance peak of Guembelitria cretacea Cush- 
man and extends over 6.5 cm, from 11.47 to 
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Agost sect ion (this paper) Smit & Romein, 1985 Berggren et  al., 1985 

Morozovella Globorotalia Morozovella 
uncinata P2 uncinata P2 uncinata P2 

Morozovella Globorotalia Subbotina 
trinidadensis Pld trinidadensis Pld trinidadensis 

Morozovella Globorotalia Subbotina 
pseudobulloides Plc pseudobuUoides Plc pseudobulloides 

Eoglobigerina Eoglobigerina 
taurica Plb taurica Plb 

'Globigerina' 
eugubina III 

'Globigerina' 'Globigerina' Eoglobigerina 
eugubina Pla III fringa Pla II eugubina 

'Globigerina' 
minutula I 

Guembelitria Guembelitria 
cretacea P0 cretacea P0 

P1 

Ambathomphalus Ambathomphalus Ambathomphalus 
mayaroensis UC17 mayaroensis UC17 mayaroensis UC17 

Fig. 2. Planktonic forarniniferal biostratigraphic zonation of the Agost section compared with the zonation of Smit and Romein [10] 
and of Berggren et al. [13]. 

11.535 m. No other planktonic foraminifera were 
recognized throughout the entire zone, except 
Globotruncanella and Globigerinelloides and a few 
heterohelicids. These genera seem to survive the 
main extinction event at the K / T  boundary for a 
short (about 5-15 ka) time. 

The first Tertiary species are recognized at 
11.535 m. These include "Globigerina eugubina 
Luterbacher & Premoli Silva, "Globigerina'" minu- 
tula Luterbacher & Premoli Silva, and "'Globi- 
gerina'" fringa Subbotina and they mark the lower 
boundary of the "'Globigerina'" eugubina Zone. 
The marker species of the Eoglobigerina taurica 
and Morozovella pseudobulloides Zones were first 
recorded at 11.69 and 12.35 m, respectively. 

The base of the Morozovella trinidadensis Zone, 
identified by the FAD of its marker species M. 
trinidadensis Bolli, is recorded at 14.68 m. M. 
trinidadensis occurs at first in (relatively) low 
abundance. The top of the M. trinidadensis Zone 

is not reached in the Agost section, because at 
20.12 m a fault intersects the section removing 
approximately 30 m of sediment. Directly above 
this fault, Morozovella uncinata has been found. 

The (planktonic) biozonation found in the 
Agost section is as complete as in the Caravaca 
section. We follow the zonation of Smit [6] and 
Smit and Romein [10], which in its turn is based 
on van Hinte [11] for the Upper  Cretaceous and 
on Hardenbol and Berggren [12] for the lower 
Paleocene, with the only difference that the basal- 
most Paleocene was subdivided in additional 
zones. The more recent zonation of Berggren et al. 
[13] is also recognized at Agost (Fig. 2), but the 
latter authors changed the lettering (Plc  becomes 
Plb ,  and P ld  becomes Plc) compared to earlier 
versions [12]. A diversification of P l a  as proposed 
by Smit and Romein [10] for the lower Paleocene 
of the Kef section cannot be made. This is ascribed 
to a lower rate of sedimentation in combination 
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with high bioturbation, mixing the FAD of index 
species "'G.'" fringa, "'G." minutula and "'G." 
eugubina. 

The remaining Danian part of the section is 
characterized by a low diversity in species: only a 
few species more are added to those mentioned 
earlier. The assemblages of the planktonic for- 
aminifera in the Cretaceous and Tertiary are char- 
acteristic for open-marine (sub)tropical water. The 
oxygen isotopes indicate that surface water tem- 
peratures vary from 21° C (8180: - 2.5%o) to 29 o C 
(8]80:  -4.0%o) at the Cretaceous-Tertiary 
boundary (de Jonge et al., in preparation). 

4. Magnetostratigraphy 

4.1. Laboratory treatment 
Almost all measurements of the natural rema- 

nent magnetization (NRM) were done on a 2G 
Enterprises cryogenic magnetometer. The total 
N R M  of all specimens, corrected for bedding tilt, 
is shown in Fig. 3. The total N R M  directions 

show normal declinations with mainly positive 
inclinations. The dominating normal polarity sug- 
gests an overprint of the original directions with a 
recent magnetization, since earlier results have 
shown the K / T  boundary to occur in a reversed 
polarity zone [1]. The N R M  intensities vary in 
general from 0.4 to 1.3 m A / m ;  from the 11.5 m 
level ( K / T  boundary) upwards the N R M  intensi- 
ties become somewhat higher, up to 1.9 m A / m ,  
and from the 14.5 m level they are lower again 
(0.2-0.7 mA/m). 

In order to reveal the original NRM, at least 
two specimens per site were progressively demag- 
netized using a large number (16-22)  of steps. 
Most specimens were demagnetized thermally in a 
non-magnetic furnace up to temperatures of 
575°C; a number of specimens [19] were demag- 
netized in alternating fields, up to a maximum of 
290 mT. 

The Zijderveld [14] demagnetization diagrams 
revealed the existence of several components (Fig. 
4). Generally, the first component is a small ran- 
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Fig. 3. Declination, inclination of the total N R M  of the Agost section, corrected for bedding tilt. Dashed lines represent declination 
and inclination of the geocentric axial dipole field at the present latitude of the section. 
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Fig. 4. Representative thermal and alternating field demagnetization diagrams and N R M  decay curves of selected samples, corrected 
for bedding tilt. Generally, the diagrams show three components: a small randomly oriented viscous component is removed at 
temperatures up to 120 o C; a relatively large secondary component with a present day direction (if not corrected for bedding tilt) is 
largely removed at temperatures of ca. 300-350 o C; a characteristic component is finally removed at temperatures of 575 o C. Solid 
(open) circles denote projection on the horizontal (vertical) plane. Numbers refer to temperatures in degrees Celsius or to peak fields 
in milliTesla (mT), Intensities of the decay curves are normalized. 
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domly oriented component, which can be removed 
at temperatures ranging from 50 ° to 90-120 ° or 
with an alternating field of 5 mT. The mostly 
random orientation and the relatively "sof t"  char- 
acter of this component lead to the conclusion 
that it concerns a laboratory induced viscous mag- 
netization. The second component is a relatively 
large component, which represents about 60-80% 
of the original intensity of the specimen. From the 
thermal decay curves it can be seen that this 
component is largely removed at temperatures of 
ca. 300-350°C.  Before bedding tilt correction, 
this component has a positive inclination and a 
normal declination with an approximately pres- 
ent-day direction, leading to the conclusion that 
this component is a secondary magnetization and 
probably the result of a recent remagnetization 
due to weathering of the rock. A third component 
finally is revealed at high temperatures, and it has 
one of the two characteristic directions; either 
with a positive inclination and a normal declina- 
tion or a (shallow) negative inclination and re- 
versed declination (Fig. 4). This third component 
is the characteristic remanent magnetization 
(ChRM). 

The demagnetization diagrams of, for instance, 
SA 9 6A and SA 16 4A (Fig. 4) show clearly re- 
versed directions. The inclinations, however, show 
rather low (negative) values compared to the val- 
ues of the normal (positive) inclinations. Also, the 
declinations of the ChRM are not exactly anti- 
podal to those of normal polarity ChRM's. This 
may indicate that the secondary component is not 
sufficiently removed and hence that an overlap 
exists in blocking temperature spectra of the origi- 
nal primary component and the large normal sec- 
ondary component. Thermal demagnetization of 
the specimen, however, still succeeds in revealing 
the polarity of the ChRM, which enables us to use 
them for magnetostratigraphic purposes. 

Whereas thermal demagnetization does reveal 
the reversed directions, alternating field (AF) de- 
magnetization does not or just marginally. Com- 
parison of the demagnetization diagram of two 
specimens from the same level (SA 16) shows that 
the clearly reversed direction of the thermally 
demagnetized specimen SA 16 4A is not present 
in the AF demagnetized specimen SA 16 2A (Fig. 
4). Further, the AF decay curves do not show the 
bimodal decay as seen in the thermal decay curves 

(from ca. 100 ° to 300-350 o C and from 300-350 ° 
to ca. 600 ° C; Fig. 4). Also, the different direction 
of the secondary and characteristic component 
which is clear from the thermal demagnetization 
diagrams, cannot be seen in the AF demagnetiza- 
tion diagrams. We conclude that the coercive spec- 
tra of the secondary and characteristic magnetiza- 
tions overlap to an extent that no clear distinction 
can be made between the two components. 
Another feature that is sometimes observed is a 
component with a present-day direction (SA 4B 
3A and SA 16 2A) which is not removed at the 
highest fields (290 roT). This component probably 
resides in goethite and has a (sub)recent origin 
due to weathering. In conclusion, alternating field 
demagnetizations of originally reversed mag- 
netized specimens may easily lead to mis-inter- 
preted normal directions. 

Since it is not possible to unequivocably recon- 
struct the secondary and primary component due 
to the large spectral overlap, the decay curves in 
Fig. 4 show the decay of the algebraic sum of the 
difference vectors between each demagnetization 
step, rather than interpreting the decay of each 
component separately (cf. [15]). It appears that 
about 60-80% of the total intensity has been 
demagnetized at ca. 350 °C and the resulting 20% 
diminishes slowly towards the maximum tempera- 
ture of 575°C. This means that the magnetic 
mineral, which carries the secondary component, 
may reside in maghemite [16], while the magnetic 
mineral responsible for the ChRM component has 
maximum blocking temperatures of approximately 
575 ° C, indicating magnetite as the carrier of this 
component. 

In order to try and gain some more information 
on the magnetic minerals which are responsible 
for the various magnetization components of the 
specimens, the IRM acquisition curves of one 
specimen per sampling level were determined; the 
curves of two selected samples are given in Fig. 5. 
They show that most specimens are not saturated 
in a direct field of 2 T (e.g. SA 4 2A) and suggest 
the presence of a high coercive mineral such as 
goethite. This is confirmed by the continuous ther- 
mal demagnetization of the IRMma×: ca. 70% of 
the IRMma x is acquired in fields higher than 0.2 T 
and subsequently removed at 100 o C. The compo- 
nent in the demagnetization diagrams which is not 
removed at the highest alternating fields is most 
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Fig. 5. Normalized isothermal remanent magnetization (IRM) acquisition curves and corresponding continuous thermal decay curves 
of the maximal IRM. Specimen SA 4 2A does not show saturation in a peak field of 2 T and 60-70% of the maximal IRM is removed 
at 100 o C, indicating the presence of goethite. Specimen SA 16 IA shows saturation at 2 T and the maximum blocking temperature of 
580 ° C indicates the presence of magnetite. 

likely the same component  and therefore resides 
in goethite. Apart  from goethite, the IRM acquisi- 
tion curves and subsequent thermal demagnetiza- 
tion indicate the presence of magnetite with a 
maximum blocking temperature of 580°C (e.g. 
specimen SA 16 1A). 

4.2. Polarity zones 
Three polarity zones can cleary be recognized 

in the directions of the ChRM (Fig. 6). The base 

of the section is situated within a normal polarity 
zone. At 6.0 m the first reversed samples occur, 
the reversal being well defined. The samples taken 
at 13.6 m show transitional directions and from 
14.0 m to the top of the section normal polarities 
are encountered. On the basis of earlier results [1] 
the reversed polarity zone is identified as sub- 
chron C29r, and hence the lower polarity zone as 
C30n and the upper normal zone as C29n. The 
mean directions for the three polarity zones are 
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from the bottom to the top of the section as 
follows: 

N D (o )  I (o)  k 0 t 9 5  (o)  

C30n 17 3.8 48.6 61 4.6 
C29r 23 235.0 - 27.6 72 3.6 
C29n 22 13.1 49.7 17 7.6 

where N is the numbers of specimens, and k and 
%5 are Fisher's [17] precision parameter and cone 
of confidence at the 95% level, respectively. 

Normal and reversed directions are not anti- 
parallel due to insufficient removal of the large 
normal secondary overprint (Fig. 7) and therefore 
it is not realistic to calculate a virtual geomagnetic 
pole. Also, it can be assumed that the effect of 
insufficient removal of the secondary component 
is stronger in the reversed than in the normal 
ChRM directions and normal and reversed direc- 

tions may therefore not simply be averaged. The 
(normal) declinations of the Agost section seem to 
give an indication for an average clockwise rota- 
tion of less than 10 °, but the declinations given 
by VandenBerg and Zijderveld [18] for the Iberian 
Peninsula show, for the Upper Cretaceous and 
Lower Tertiary, an anticlockwise rotation of 35 °. 
This difference may be caused by a regional clock- 
wise rotation of the Agost section. 

Fig. 8 combines the magnetozonation, biozona- 
tion and lithology of the Agost section. The K / T  
boundary lies within the reversed polarity zone as 
well as the FAD's of "Globigerina'" eugubina and 
Morozooella pseudobulloides. The FAD of Globoro- 
talia trinidadensis is found at the base of the upper 
normal polarity zone. 
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Fig .  7. Equal area projection of ChRM directions from the 
Agost section. Reversed ChRM directions clearly deviate from 
normal ChRM direction due to insufficient removal of the 
secondary (present day) component. Circles refer to directions 
from chron C29n and C29r, squares to directions from chron 
C 3 0 n ;  solid (open) symbols denote projection in the lower 
(upper) sphere. 

5. Discussion 

In other K/T boundary sections in Europe, 
such as Gubbio, Zumaya and Caravaca, the K / T  
boundary occurs at about two thirds from the 
base Chron 29r. In the Agost section the K / T  
boundary has been identified at approximately the 
same level in Chron 29r. 

Since the lower boundary of C30n and the 
upper boundary of C29n were not determined in 
the Agost section, it was not possible to calculate 
sedimentation rates for these polarity zones. The 
average sedimentation rate in C29r is 1.4 cm/ka  
and linear interpolation would yield an age of 
66.33 Ma for the K / T  boundary, based on the 
reversal ages of the Berggren et al. [13] geomag- 
netic polarity time scale. However, in the sections 
mentioned above the sedimentation rates of the 
lower Paleocene are considerably less (by a factor 
of 3-5)  than in the uppermost Cretaceous [6,22]. 

This change in sedimentation rate is in particular 
relevant for the Caravaca section, which is bed to 
bed comparable with the Agost section. In erder 
to estimate the sedimentation rates of the Tertiary 
and the Cretaceous part of C29r in the Agost 
section separately, it is necessary to have an esti- 
mate of the age of the K / T  boundary. Using the 
ages of the polarity reversals [13] in a linear 
regression against the lengths of the polarity zones 
in the Gubbio, Zumaya and Caravaca sections 
(Fig. 9), we obtain age estimates of 66.45 Ma 
(Zumaya) and 66.46 Ma (Gubbio) for the K / T  
boundary based on the Paleocene part and esti- 
mates of 66.45 Ma (Caravaca) and 66.78 Ma 
(Gubbio) based on the Cretaceous part. These 
results point to an age of 66.45 Ma for the K / T  
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21. 

I 18. 
Morozovel/a trlnidadensis Zone (Pld} 

16 _. ,.-~...'~- 
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...'_ L.. , Globigerina'eugubina Zone 

J ~ 4 -  - Guembelitria eretacea Zone I 

6 Abathomphalus mayaroensis Zone (UC17) 

3 C30 

1 

Fig.  8. Combined lithology, magnetostratigraphy and bio- 
stratigraphy of the Agost section. Biozonation after [10], chron 
nomenclature as used by [13]. A fault ( F )  is present in the top 
of the section. 
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Fig. 10. Linear time scale based on the magnetostratigraphy and the calculated sedimentation rates of the Agost section, compared 
with the linear time scale of Berggren et al. [13]. 

boundary, in good agreement with the age of 66.4 
Ma given by Berggren et al. [13]. 

With an age of 66.45 Ma for the K / T  boundary 
the sedimentation rates in the Agost section are 
1.98 c m / k a  for the Cretaceous part and 0.83 
c m / k a  for the Tertiary part. A similar decrease in 
sedimentation rate is seen in the Gubbio and 
Caravaca sections (Fig. 9). Based on these inferred 
sedimentation rates, we can evaluate the FAD of 
early Paleocene marker species (Fig. 10). Berggren 
et al. [13] do not recognize the Guembelitria 
cretacea Zone (P0) and the ages of the FAD of 
"Globigerina" eugubina, Morozovella pseudobul- 
loides and 34. trinidadensis are younger than the 

ages calculated for these FAD's of the Agost 
section. 

The FAD's of Berggren et al. [13] are mainly 
derived from the analysis of thin sections of the 
Gubbio section. The biozonation of the Agost 
section is based on a detailed study of washed 
residues. In washed residues it is much easier to 
recognize species which occur in relatively low 
abundance than in thin sections [6]. A FAD of M. 
trinidadensis within C29n is supported by work 
cited in [131 of Poore et al. [23], Boersma [24], 
Gerstel et al. [25] and Smit and Romein [10]. 
Apparently, an abundance of over 2% of a species 
is required to recognize the same species in thin 
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sections; if we would have established a biozona- 
tion of the Agost section by using frequencies of 
2% or higher, there would be better agreement 
with the timescale of Berggren et al. [13]. 

The ages of FAD's and the K / T  boundary 
resulting from our investigation of the Agost sec- 
tion are listed below. These ages are estimated by 
extrapolating accumulation rates of hemipelagic 
clay, in order to circumvent problems which arise 
from the carbonate production crisis at the K / T  
boundary. Obviously, bulk accumulation rates are 
affected by the fluctuation in carbonate produc- 
tion, leading to deposition of a 6.5 cm thick 
hemipelagic "boundary"  clay on top of the K / T  
boundary. We have assumed that changes in the 
influx of clay over the same interval are much less, 
but we have to admit that we have no independent 
method to estimate the various accumulation rates 
involved. 

FAD Morozovella trinidadensis Bolli 
FAD Morozovella pseudobulloides (Plummet) 
FAD Eoglobigerina taurica (Bang) 
FAD "'Globigerina'" eugubina Luterbacher & 

Premoli Silva 
K / T  boundary 

66.04 Ma 
66.34 Ma 
66.41 Ma 

66.43 Ma 
66.45 Ma 

The time scale of Berggren et al. [13] is used 
often to estimate rates of extinction and evolution 
around the K / T  boundary. Also, recent estimates 
of the duration and magnitude of fluxes of e.g. 
iridium to the seafloor is based on these numbers 
[20,21]. To improve the accuracy of these calcula- 
tions it is necessary to have reliable numerical 
ages, and the present investigation suggests adap- 
tation of numerical details of the widely used 
Berggren et al. [13] time scale in the early Paleo- 
ceDe. 
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