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S U M M A R Y
An earlier study of the cyclic Miocene red bed sequence of La Gloria (Spain) by Krijgsman
et al. indicated complicated behaviour of the natural remanent magnetization (NRM) in parts
of the section, particularly close to reversal boundaries. We resampled part of the section
with high resolution and used extensive rock-magnetic analyses to characterize the magnetic
remanence carriers. Below a conspicuous hydromorphous layer, the magnetic contributions
of haematite and magnetite are approximately equal, while in the brown layers on top of the
hydromorphous layer the contribution of magnetite is drastically reduced. This is probably
related to a change in hydrological conditions.

The NRM is characterized by: (1) a low-temperature (200–360 ◦C) overprint of unknown
age, (2) a medium-temperature (360–580 ◦C) component, interpreted as the characteristic
remanent magnetization (ChRM); and (3) a high-temperature haematite component (600–
680 ◦C), carrying the same directions as the medium-temperature component. There is no
perceivable delay in NRM acquisition between the medium- and the high-temperature com-
ponents; they are both regarded as primary. The behaviour of the NRM seems to be similar in
the cyclic lithologies. The acquisition of NRM thus seems to be independent of lithology in
the cyclic part of the section. The higher sampling resolution yielded the detection of a new
polarity zone, which probably represents a geomagnetic feature according to rock-magnetic
properties. However, the more detailed magnetostratigraphy of the resampled part of the sec-
tion indicates that the earlier correlation to the geomagnetic polarity timescale is no longer
tenable. Therefore, the La Gloria section should no longer be used as a magnetostratigraphic
dating tool of mammal biochronology.

Key words: isothermal remanent magnetization, magnetostratigraphy, Miocene, rock
magnetism.

1 I N T RO D U C T I O N

Red beds form a vast amount of the geological record. However,
the reliability of the natural remanent magnetization (NRM) in red
beds for magnetostratigraphic purposes has often been questioned,
because of the ambiguous origin of the magnetic carriers. Both the
type and the timing of the remanence acquisition in red beds remain
a subject of debate. Some argue that a chemical remanent magneti-
zation (CRM) acquired long after deposition is the dominant mech-
anism, giving rise to a secondary NRM, while others suggest that
haematite can carry a depositional remanent magnetization (DRM)
and therefore a primary NRM. Even in the same red bed formation
the origin of the magnetization remains controversial: for instance,
Walker et al. (1981) and Larson et al. (1982) point out that the
NRM in the Triassic Moenkopi Formation would be acquired over
several tens of millions of years, whereas others argue that its NRM
would be primary (Baag & Helsley 1974; Elston & Purucker 1979;
Molina-Garza et al. 1991). In some other cases, a CRM and a DRM

could be distinguished (Channell et al. 1982). Many studies have
shown that haematite can indeed carry a reliable DRM signal (Tauxe
et al. 1980; Steiner 1983; Tauxe & Badgley 1984; Krijgsman et al.
1999; Abdul Aziz et al. 2000; Kruiver et al. 2000). It is evident that
a generalization of the reliability of all red beds cannot be made. In
practice, this means that the reliability of each individual red bed
sequence needs to be verified, using, for example, rock-magnetic
methods.

The Teruel–Daroca–Calatayud Basin in NE Spain (Fig. 1) is a
key area for developing a continental mammal biozonation in West-
ern Europe. The area is rich in fossil sites, especially of Miocene
age, and contains important climate information (Daams et al.
1999; van Dam et al. 2001). The Vallesian/Turolian boundary, rep-
resented by the mammal zone transition MN10/MN11 is dated
magnetostratigraphically in the La Gloria section east of Teruel
(Krijgsman et al. 1996). The section consists largely of red beds,
and includes in specific intervals lacustrine limestones. The red beds
display a clear cyclicity of red clays or silts and caliche beds. This
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Figure 1. Location map of section GLO in NE Spain, east of the town of Teruel. The Neogene deposits of the study area are mostly bounded by Mesozoic
formations.

cyclicity is probably related to climate. An earlier correlation of po-
larity zones of the La Gloria section to the GPTS seemed straight-
forward (Fig. 2). However, some intervals showed complex pale-
omagnetic behaviour with multiple NRM components, including
a low-temperature reversed direction (Krijgsman et al. 1996). In
other cyclic sediments the NRM behaviour was shown to be re-
lated to variations in lithology, and their accompanying processes
of, for example, diagenesis (van Hoof et al. 1993; Krijgsman et al.
1997). Because in La Gloria the alternation of caliche beds and red
clay beds is cyclic, the complex NRM behaviour might be linked to
lithology as well, and therefore probably to climate. The presence
of a reversed-polarity low-temperature component in the La Gloria

section, and a possible lag between medium- and high-temperature
components, requires further investigation. For this purpose, we
have resampled in detail an interval of the La Gloria section con-
taining several reversal boundaries.

2 G E O L O G I C A L S E T T I N G
A N D S A M P L I N G O F T H E
L A G L O R I A S E C T I O N

Thick alluvial and lacustrine Miocene sequences in Spain were de-
posited as a consequence of the tectonic evolution of the Iberian plate
(Calvo et al. 1993, 1999). The Teruel–Daroca–Calatayud Basin in
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Figure 2. Original magnetostratigraphy and reinterpretation of the data. Data with high maximum angular deviation (MAD > 10) or no clear polarity are
indicated by open circles. Lithological column: shaded, red clays; white, caliche; dotted, sandstone; diagonal hatch, yellow hydromorphous layer; horizontal
hatch, cemented layer; bricks, limestone; boulders, conglomerates.
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NE Spain appeared to be suitable for combined magnetostratigra-
phy and mammal stratigraphy (van der Meulen & Daams 1992;
Daams et al. 1999; van Dam et al. 2001). In particular, the sec-
tion of La Gloria in the Teruel Basin (∼90 m thick, Figs 1 and
2) has been used to construct a high-resolution magnetostratigra-
phy and biostratigraphy (Krijgsman et al. 1996; van Dam et al.
2001). The lower part of the section consists of a regular alter-
nation of subhorizontal red silty clays or mudstones and inter-
calated caliche beds, with some sandy layers and conglomerates
(Calvo et al. 1999). The clay mineral is predominantly illite, with
smaller amounts of kaolinite. On top of the cyclic clay–caliche se-
quence there is a hydromorphous (bright yellow) layer and an in-
terval of brown clays. Higher up the section evolves to a unit of
biomicritic limestones. Several mammalian fossil sites are present
in the limestone unit (indicated in the lithological column of La
Gloria in Fig. 2), containing the MN zones 10 (J3) and 11 (K) (van
Dam et al. 2001). On top of these limestones there are red mudstones
again (Calvo et al. 1999).

The alternation of caliche beds and red clay layers in the lower
part of the section is regular and cyclic, suggesting climatically
forced variations in sedimentation. We define a basic small-scale
sedimentary cycle as one caliche–red mudstone couplet. Typically,
five small-scale cycles (∼1 m thick) form one large-scale cycle (∼6–
7 m thick). Every fifth bed is thicker (∼2 m) and more pronounced
in the field. This suggests that the small-scale cycles reflect the
precession of the Earth’s orbit (period of ∼22 kyr), while the large-
scale cycles represent the eccentricity (period of ∼100 kyr). The
cyclic sedimentation pattern is similar to the cyclicity observed in
the Middle Miocene continental sections from the nearby Calatayud
Basin (Fig. 1): the Armantes section (Krijgsman et al. 1997), the
Orera section (Abdul Aziz et al. 2000) and the Cascante section in
the Teruel Basin (Abdul Aziz 2001).

Earlier, Krijgsman et al. (1996) sampled one site per lithology,
i.e. two sites for each caliche–red mudstone couplet, which resulted
in a sampling resolution of approximately 80 cm for their series
GL. For the present study, we resampled a 24 m thick stratigraphic
interval containing the lower caliche–red mudstone sequence, which
includes several reversal boundaries. We took samples at several
levels in each lithology, resulting in an average sampling interval of
13 cm for the new series GLO.

3 M E T H O D S

Stepwise thermal demagnetization has been applied to one or two
samples from each stratigraphic level to determine characteristic
remanent magnetization directions. Temperature steps of 40–50
◦C were used up to 480 ◦C and steps of 20–30 ◦C up to 600 or
690 ◦C. The samples were heated and cooled in a laboratory-built,
shielded furnace. The NRM was measured with a horizontal 2G En-
terprises DC SQUID cryogenic magnetometer (with a noise level
of 3 × 10−12 A m2). To investigate the reliability and to deter-
mine the origin of the NRM signal, the directions of the NRM
components were determined with principal-component analysis
(Kirschvink 1980) using at least four temperature steps for each
component.

Thermomagnetic runs were performed for 10 powdered samples
from different lithologies in air up to 700 ◦C on a modified horizontal
translation-type Curie balance (with a noise level of 5 × 10−9 A
m2) (Mullender et al. 1993). The magnetic susceptibility versus
temperature was measured for seven powdered samples up to 700
◦C with a CS3 furnace attached to a KLY3 susceptibility bridge

(AGICO, Brno, with a noise level of 3 × 10−8 SI for a standard
10 cm3 sample at room temperature). The KLY3/CS3-experiment
was performed in a N2 atmosphere to limit oxidation of the samples
during heating. Each sample was flushed with N2 before initiation
of the experiment. Also, partial runs of magnetic susceptibility up
to 200, 400, 600 and 700 ◦C were measured in air for two samples
on the KLY3/CS3.

Hysteresis loops were measured for 19 samples from all litholo-
gies with an alternating gradient magnetometer (MicroMag Model
2900, Princeton, with a noise level of 2 × 10−10 A m2) to determine
the saturation magnetization (M s), the saturation remanence (M r)
and the coercive force (Bc). Because of partial saturation of the pole
shoes, the response of the MicroMag is not linear for fields above
1.6 T. Therefore, we applied maximum fields of 1.6 T in all cases.
The averaging time for each measurement was 0.1 s with field in-
crements of 8 mT. Backfield curves allowed determination of the
coercivity of remanence (Bcr) after application of a 1.6 T positive
field.

To assess the magnetic domain state, the effects of magnetic inter-
actions and magnetic mineralogy, first-order reversal curves (FORC)
(Pike et al. 1999; Roberts et al. 2000) were measured for three repre-
sentative samples from different lithologies. To determine a FORC
diagram, one proceeds as follows. First, a large positive field is
applied and ramped down to the reversal field Ba. Then, the mag-
netization is measured as the field Bb is increased from Ba back
up to saturation. A mixed second derivative of the magnetization
with respect to Ba and Bb defines the FORC distribution, which is
displayed as a contour plot. It is convenient to apply a change of
coordinates to Bu (≡ (Ba + Bb)/2) and Bc (≡ (Bb − Ba)/2). In this
way, Bc may be interpreted as particle coercivity and Bu as the lo-
cal interaction field. A smoothing factor (SF) is applied to suppress
noise in the contours of the FORC diagram. The contour patterns
in a FORC diagram are distinctly different for superparamagnetic,
(pseudo)single-domain or multidomain behaviour, whereas devia-
tions from the Bu = 0 axes indicate magnetic interactions (Pike
et al. 1999; Pike et al. 2001; Roberts et al. 2000).

For each FORC diagram, 200 curves were measured with an
averaging time of 0.2 s per data point. We measured during the
night to minimize noise. Again, the maximum applied fields were
1.6 T. Two runs were performed for each sample: (1) measurements
were focused on the low-coercivity range: Bc ranges between 0 and
50 mT and −50 ≤ Bu ≤ 50 mT and (2) measurements were focused
on the higher coercivity range: measured Bc ranges between 0 and
600 mT (displayed as 60–600 mT) and −50 ≤ Bu ≤ 50 mT.

Acquisition curves of isothermal remanent magnetization (IRM)
were determined for 99 stratigraphic levels, using 28–30 acquisi-
tion steps with fields up to 2.5 T. The peak fields were applied
with a PM4 pulse magnetizer and the IRM intensity measured
either on a JR5A spinner magnetometer (AGICO, Brno, with a
noise level of 10−11 A m2) or on the 2G Enterprises DC cryo-
genic magnetometer, depending on the physical state of the sam-
ples. The IRM acquisition curves were decomposed into magnetic
components using the IRM fitting program of Kruiver et al. (2001).
The IRM acquisition curves are cumulative log-normal with re-
spect to the pulse field. Components add linearly in the acquisi-
tion curve, provided no magnetic interactions occur. Each mag-
netic component can be characterized by: (1) its saturation IRM
(SIRM); (2) the peak field at which half of the SIRM is reached
(B1/2); and (3) the dispersion of the cumulative log-normal dis-
tribution (DP). The residuals between the measured data and fitted
curves are interactively minimized by adjusting the IRM component
parameters.
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4 I N V E S T I G AT I O N O F M A G N E T I C
R E M A N E N C E C A R R I E R S

4.1 NRM behaviour

Representative thermal demagnetization diagrams of the resampled
section are shown in Fig. 3. Up to four components can be de-
tected in the thermal demagnetization plots: (1) a present-day field
or laboratory overprint up to 200 ◦C; (2) a low-temperature (LT)
component ranging from 200 to 360 ◦C; (3) a medium-temperature
(MT) component ranging from 360 to 570/580 ◦C residing in mag-
netite; and (4) a high-temperature (HT) component ranging from
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Figure 3. Characteristic thermal demagnetization diagrams through the section. Open (solid) symbols indicate projection on the vertical (horizontal) plane.
The stratigraphic level and lithology are indicated below the sample code. The triangle represents the initial NRM; other relevant temperature steps (200, 360
and 570 ◦C) are indicated by squares.

600 up to 680/690 ◦C residing in haematite. In the demagnetization
plots, the MT and HT components have the same polarity. There is
no perceivable delay in NRM acquisition between the MT and HT
as was observed at Armantes, for example, (Krijgsman et al. 1997).
Magnetite and haematite have a different mechanism of formation:
the magnetite is most probably detrital and the haematite might be
detrital or is probably present as a coating. The observation that
these two minerals display the same polarity behaviour indicates a
primary origin for these NRM components.

Although goethite seems to be present in the entire section
(see Section 4.3), it is present in only minor amounts (except for
the hydromorphous layer) and hardly contributes to the NRM.
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Moreover, the maximum unblocking temperature of goethite is
120 ◦C (e.g. Dekkers 1998), so it does not interfere with the mag-
netite or haematite directions. In the hydromorphous layer, goethite
does not appear to carry a stable NRM direction.

The LT component behaviour is remarkable (Fig. 3): for normal
polarity MT and HT components, the LT component is either re-
versed (e.g. GLO8A and GLO33), or it shows hardly any decay
(GLO129) or forms a cluster (GLO204 and GLO86). For reversed-
polarity MT and HT components, the LT component is always re-
versed and decays progressively (GLO29, GLO46A and GLO50A).
This must mean that the blocking temperature spectrum of the LT
component partially overlaps with that of the MT magnetite compo-
nent. It is either stronger (GLO8A, GLO33) or weaker (GLO129)
than the magnetite component that unblocks up to 570–580 ◦C.
This kind of behaviour, with a clustered low-temperature compo-
nent, is observed in other continental sections as well (e.g. Abdul
Aziz et al. 2000). In Section 5.1, LT and MT components are sim-
ulated to explain the observed directional behaviour in the thermal
demagnetization diagrams.

4.2 Thermomagnetic runs

To understand the different NRM components and to determine
which of these are primary or secondary, we carried out several
rock-magnetic measurements. In thermomagnetic runs (Fig. 4), the
total magnetization of all samples (left-hand panels) is dominated
by a paramagnetic contribution, indicated by the hyperbolic form of
the curves. The small change in slope at ∼670 ◦C that is reversible
on cooling is indicative of the Néel temperature of haematite. The
heating and cooling curves diverge at ∼600 ◦C, owing to thermal
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Figure 4. Representative thermomagnetic runs for sample (a) GLO12A and (b) GLO13A. From left to right, measured with: Curie balance in air; KLY3/CS3
susceptibility bridge in air; KLY3/CS3 susceptibility bridge in N2 (continued flushing). Solid (dashed) lines indicate heating (cooling) curves. No furnace tube
correction was applied for the KLY 3 experiment, resulting in negative values for the magnetic susceptibility.

alteration above 600 ◦C. A very slight change of slope at ∼600 ◦C
indicates a magnetite contribution. The detectable Néel tempera-
ture of haematite implies that there is an appreciable concentration
of haematite (by weight) in the sample, given the large difference
in saturation magnetization at room temperature between magnetite
(90–92 A m2 kg−1) and haematite (0.4 A m2 kg−1) (Hunt et al.
1995). The only sample for which a clear change in slope is de-
tectable near 350 ◦C—at the transition temperature of the LT and
MT components—is GLO13A (Fig. 4b).

The temperature-dependent behaviour of magnetic susceptibility
is more sensitive to magnetite than to haematite. When measured in
air, all curves were reversible up to 600 ◦C (not shown). After heat-
ing to 700 ◦C the cooling curve dropped slightly below the heating
curve (Fig. 4, central panels). The drop in susceptibility between
550 and 600 ◦C is indicative of magnetite. However, magnetite be-
comes oxidized to form maghaemite upon heating in air, resulting
in a slightly higher Curie temperature when compared with the N2

runs (Fig. 4, right-hand panels). When the heating and cooling are
performed in an N2 atmosphere, both in the heating and the cooling
curve two segments appear to be present within the magnetite range,
which we presume is related to the observed LT and MT components
in the NRM.

4.3 Hysteresis loops and FORC diagrams

All measured hysteresis loops are wasp-waisted (three examples
are shown in Fig. 5), as is typical for mixtures of low- and high-
coercivity materials (Roberts et al. 1995; Tauxe et al. 1996). We
selected three samples for the measurement of FORC diagrams
(Fig. 6). The low-coercivity range FORC diagrams for samples
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Figure 5. Representative hysteresis curves from samples: (a) GLO29A, stratigraphic level 3.41 m, (b) GLO38, 4.92 m, (c) GLO122, 17.00 m. Bc and Bcr in
mT; M r and Ms in mA m2 kg−1.

GLO29A (caliche) and GLO38 (red clay) look similar: there is a
narrow peak with respect to Bu, which is centred around Bu = 0,
indicating negligible magnetic interactions. There is a larger spread
along the Bc-axis than along the Bu-axis. The peak occurs at ∼15–
20 mT. The contours are closed on the left-hand side of the FORC
diagram, which is indicative of SD behaviour (Pike et al. 1999;
Roberts et al. 2000). The FORC diagrams of the high-coercivity
range show a band of contours up to 600 mT. This indicates a high-
coercivity mineral in addition to the SD magnetite: this mineral is
most probably haematite and/or goethite.

The low-coercivity run of sample GLO122 (brown clay) was
too noisy for meaningful interpretation, because the magnetite
signal in this lithology is low (see Section 4.4). Consequently,
the haematite/goethite contribution in the high-coercivity range is
clearer (Fig. 6e). As inferred from IRM component analyses of many
samples (Section 4.4), the band of contours up to 350 mT represents
haematite, while the high-coercivity contours up to 600 mT indicate
goethite. Although the red colour and the IRM acquisition curves
do not suggest the presence of goethite (except in the yellow hydro-
morphous layer), it is probably present in minor amounts throughout
the entire section (van Oorschot et al. 2001).

4.4 IRM component analysis

FORC diagrams (Fig. 6) indicate that magnetic interactions are neg-
ligible in the La Gloria samples, which makes IRM component anal-
ysis applicable. Representative examples of IRM analyses from the
bottom part of the section, from the hydromorphous layer and from
a brown clay layer are given in Fig. 7. The magnetic components can
be characterized by their SIRM, B1/2 and DP values (Fig. 8). All
samples contain (at least) two magnetic components: either mag-
netite and goethite in the hydromorphous layer or (lower coercivity)
magnetite and haematite in the remainder of the section. No distinc-
tion can be made between goethite and haematite (apart from two
samples at ∼14.5 m), because of their coercivity overlap, and the
limited number of data points in the high-field range. In the hydro-
morphous layer, the bright yellow colour points to goethite, whereas

the red colour in the remainder of the section indicates the presence
of haematite. Therefore, it is conceivable that the second IRM com-
ponent represents goethite in the hydromorphous layer, whereas it
represents haematite (perhaps with a small goethite contribution)
elsewhere.

The SIRM of the magnetite component (component 1) correlates
with lithology in the lower part of the section (Figs 8a and b). Gen-
erally, it is lower in the caliches than in the red clays. SIRMmagnetite is
lower at 14 m and above. The change in magnetic properties at 14 m
is also obvious in the mean coercivities of the magnetite component
(Fig. 8d): below 14 m, the mean coercivity is rather constant (aver-
age B1/2 = 25 mT), with a low dispersion (average DP = 0.32; units
of DP are log 10(mT)). In the hydromorphous layer, the magnetite
has a higher mean coercivity (65 mT) and has a much higher DP
(0.48). The higher DP indicates that the magnetite is more oxidized
in this interval. Above the hydromorphous layer, the coercivity of
the magnetite is higher and more variable (average 42 mT) than
below 14 m, with DPs similar to those in the hydromorphous layer
(0.43). Therefore, the magnetite in and above the hydromorphous
layer is inferred to be more oxidized compared with below.

The SIRM pattern of the haematite component (component 2)
displays a different pattern compared with SIRMmagnetite (Fig. 8c).
The variability of SIRMhaematite is of the same order of magnitude
in the lower part and in the upper part of the section, except for
the hydromorphous layer. The lower SIRMhaematite values seem to
predominate in the caliche layers, as is the case for SIRMmagnetite.
The SIRMhaematite is somewhat elevated between 4 and 14 m, with
a drop in the sandy interval between 9 and 12 m. As is the case
for the SIRM, fluctuations of mean coercivities of the magnetite
component are not mirrored by the haematite component (Fig. 8e).
The coercivity of the haematite varies between ∼450 and 650 mT
(with an average of B1/2 = 530 mT) with an average DP of 0.40.
The hydromorphous layer clearly departs from this trend: the second
component has a much higher coercivity (2.0 T), with generally
lower DP (0.31), and represents goethite. In a small interval (14.4–
14.6 m), the goethite and haematite contributions can be separated.
In these samples, a three-component fit was significantly better at the
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Figure 6. FORC diagrams for three samples. (a) GLO29A, caliche; (b) GLO38, red clay; (c) GLO122, brown clay. Each panel shows 10 contours and is
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      Component 1       Component 2
SIRM 10log(B1/2) ± DP   B1/2 SIRM 10log(B1/2) ± DP   B1/2

GLO29A  1.00      1.41 0.32 25.7 mT  1.83      2.78 0.38 0.603 T
GLO117  0.0637      1.74 0.48 55.0 mT  0.106      3.22 0.23 1.66 T
GLO126  0.629      1.47 0.37 29.5 mT  3.23      2.68 0.39 0.479 T

Figure 7. Representative examples of the IRM component analysis. Squares are data points, the thin short (long) dash represents the best fit of component 1
(2), the solid line is the best-fitting sum of components. Component 1 consists of magnetite and component 2 of haematite, possibly with a goethite contribution.
(a) Linear acquisition plot (LAP), gradient acquisition plot (GAP) and standardized acquisition plot (SAP) for sample GLO29A from the bottom part of the
section, stratigraphic level 3.41 m. (b) LAP, GAP and SAP for sample GLO117 from the bright yellow hydromorphous layer (16.09 m), with goethite dominance
instead of haematite. (c) LAP, GAP and SAP for sample GLO126 from the brown clay layer between the hydromorphous layer and the limestones, 19.60 m.
SIRM in A m−1; log10(B1/2) and DP in log10(mT).

95 per cent confidence level than a two-component fit. The goethites
in this interval have mean coercivities of 1.5 and 1.8 T with a DP of
0.44 and 0.45 (log10 mT), respectively, which is comparable to that
in the hydromorphous layer. The haematites have mean coercivities

of 215 and 270 mT (DP = 0.31 and 0.36), which is lower than
in the remainder of the section. This could be caused by a minor
goethite contribution elsewhere in the section, where haematite and
a possible goethite contribution could not be separated.
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Figure 8. Magnetic properties as inferred from the IRM component analysis versus stratigraphic level. (a) Lithological column as in Fig. 2. (b) SIRM of the
magnetite component. (c) SIRM of the haematite and the goethite component. (d) B1/2 of the magnetite component. (e) B1/2 of the haematite and the goethite
component. The interval of 14.4–14.6 m contains separable haematite and goethite components. Shaded areas denote B1/2 ± the antilog of DP. (f) S-ratio
(1-IRM−0.3T/IRM1T)/2 (Bloemendal et al. 1992), which anticorrelates with SIRMhaematite/SIRMmagnetite. Open circles denote measured S-ratios and closed
symbols are calculated S′-ratios from the modelled IRM components (Kruiver & Passier 2001).
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The S-ratio (Fig. 8f), both measured and calculated (S′) from the
IRM components (Kruiver et al. 2001), shows good anticorrelation
with SIRMhaematite/SIRMmagnetite. Therefore, it can be interpreted as
a proxy for the relative contributions of low- versus high-coercivity
material: lower values of the S-ratio indicate a higher relative contri-
bution of the high-coercivity material (haematite and/or goethite).

5 D I S C U S S I O N

5.1 Simulation of NRM components

The NRM shows three distinctive components: a LT component, car-
ried by part of the magnetite assemblage; an MT component, which
partly overlaps with the LT component and is carried by the remain-
ing part of the magnetite assemblage; and a HT component, carried
by haematite. The distinction between magnetite and haematite is
apparent from all measurements: in the thermal demagnetization
diagrams, as wasp-waisted hysteresis loops, as two distinctive IRM
components and as a magnetite peak and haematite band in the
FORC diagrams. Although the rock-magnetic techniques could not
discriminate between the two fractions of ‘magnetite’ (except for the
KLY3 measurements in N2), they are evident from their principally
different NRM directions. The apparent unblocking temperature of
∼360 ◦C of the LT component could indicate that part of the mag-
netite assemblage has been oxidized to cation-deficient magnetite or
even to maghaemite, depending on the degree of oxidation. We use
the term ‘magnetite’ to refer to these possibilities for both the LT and
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Figure 9. Simulated thermal demagnetization diagrams. Input decay curves are simulated using eq. (1) for the LT and MT component in the upper left-hand
corner. LT and MT components are added by vector addition with relative intensities LT:MT ranging from 1:3 to 2:1 for the thermal demagnetization diagrams.
Symbols are shown at 20 ◦C intervals and open (solid) symbols indicate projection on the vertical (horizontal) plane.

MT components. It appears that the two fractions of the magnetite
assemblage compete with each other: as a rule, the LT component
has a reversed polarity, while the MT component displays both po-
larities. These components seem to be present throughout the section
from the bottom up to the hydromorphous layer. The LT component
is not only present in the part of the La Gloria section that we re-
sampled in detail, but also in the originally sampled series GL. In
the original study, the stationary 200–360 ◦C component seems to
predominate in the red mudstones. In our more detailed sampling,
however, there seemed to be no correlation between the appearance
of the LT component and the lithology.

We simulated thermal decay curves of two directionally nearly
opposite magnetic assemblages with different unblocking tempera-
tures. A haematite contribution was not included, because the HT
component showed the same directions as the MT component. More-
over, the haematite component will not overlap in unblocking spec-
trum with the LT component. We varied the relative intensities of
the LT and MT components to investigate the directional behaviour
observed in the thermal demagnetization diagrams. Similar to the
exponential behaviour of the relaxation time with temperature for
SD grains (Néel 1955), we approximated thermal decay curves by

intensity(T ) = 1 − exp

(
T − Tunblock

Tunblock − Tstart

)
, (1)

where T is the temperature in ◦C, and the simulated thermal compo-
nent unblocks between T start and T unblock. The first magnetite com-
ponent represents the LT component and is modelled by T start =
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200 ◦C and T unblock = 360 ◦C. The second magnetite component
(representing the MT component) is modelled with a partly over-
lapping unblocking trajectory of T start = 300 ◦C and T unblock = 580
◦C (Fig. 9). In our model, the LT component was given reversed
polarity (declination = 170◦; inclination= −55◦) and the MT com-
ponent was assigned a normal polarity direction (declination=340◦;
inclination=50◦). Their directions are chosen to be not perfectly an-
tipodal, because in this way their behaviour is better visualized in
the simulated thermal demagnetization diagrams. The intensities of
the LT and MT components were normalized to the intensities at
20 ◦C. We combined the LT and MT components in various rel-
ative intensities ranging from LT:MT = 1:4 to 4:1 (Fig. 9, shown
from 1:3 to 2:1) by vector addition. When the LT component is
small relative to the MT component (1:4 and 1:3), there is hardly
any decay between 200 and 360 ◦C. The thermal demagnetization
diagram of GLO204 (Fig. 3) corresponds to this kind of behaviour.
For 1:2.67, the trajectory between 200 and 360 ◦C shows a curl,
which is observed in sample GLO86 (Fig. 3). From 1:2 onwards,
the typical zigzag thermal demagnetization diagrams emerge. The
thermal demagnetization diagram of GLO8A (Fig. 3) is similar to
1:2, whereas GLO33 (Fig. 3) displays an even larger LT compo-
nent (1:1 to 2:1). More extreme cases are not observed for the GLO
samples.

Thermal decay data of GLO samples are shown in Fig. 10, to-
gether with the simulated curves. Data from temperature steps be-
tween 20 and 200 ◦C have been omitted, because of a laboratory
or present-day field contribution. Also, the haematite contribution
was not modelled and has been removed from the decay data.
For clarity, the curves in Fig. 10 are normalized using the inten-
sity value at 240 ◦C. Although there is a large spread among the
data points, both for the cluster 200–360 ◦C and the zigzag plot,
the GLO decay data clearly follow the simulated decay curves.
We determined the GLO thermal decay data using vector differ-
ences from occasionally noisy demagnetization diagrams. There-
fore, some curves display an apparent decrease in intensity with
increasing temperature, whereas in fact they are stationary. This is
why sample GLO86 plots above sample GLO204, even though they
show similar behaviour in the thermal demagnetization diagram. For
samples GLO8A and GLO33, however, the decay curves plot where
they are expected: GLO33, which has a relatively large LT compo-
nent plots between the 1:1 and 2:1 model curves; GLO8A, which
has a smaller LT component plots in the vicinity of the 1:2 model
curve.

The directional behaviour in the thermal demagnetization dia-
grams can be explained using the simplified model for thermal
decay of two competing components. Depending on the relative
intensity of the reversed-polarity LT component and the normal
polarity MT component, the LT component either has a clearly
reversed-polarity trajectory (zigzag thermal demagnetization dia-
gram) or seems to show no or very little decay (cluster) between
200 and 360 ◦C. This agrees with the assumption that there is
only one magnetite carrier (as suggested by the IRM analysis),
of which only part is remagnetized during a period of reversed
polarity.

From the identical MT and HT directions and the fact that the
LT component is essentially reversed, we conclude that the MT
and HT polarity zones represent the primary geomagnetic polar-
ity and that the reversed-polarity LT component is a later over-
print. The actual process that caused the reversed-polarity over-
print is unclear. We speculate that it is related to the change in
environment above 14 m and the subsequent change to lacustrine
limestones.
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Figure 10. Simulated thermal decay curves (lines) and GLO thermal decay
data (dots). (a) GLO data with clustered thermal demagnetization diagrams
between 200 and 360 ◦C. GLO86 and GLO204 (Fig. 2) are represented by
the squares and triangles, respectively. (b) GLO data with zigzag thermal
demagnetization diagrams. GLO8A and GLO33 (Fig. 2) are represented by
inverted triangles and diamonds, respectively.

5.2 Environmental implications

In the La Gloria section, there is a change in sedimentary environ-
ment at 14 m: the cyclic lower part of the section gives way to a
hydromorphous layer, with brown clays above, which terminate in
lacustrine limestone beds. This break at 14 m is reflected in the IRM
component analysis (Fig. 8): for the magnetite component, SIRM
values decrease by an order of magnitude, and the mean coercivi-
ties and DP values increase. This indicates that the magnetites be-
come more oxidized, and occur in much lower concentrations. The
haematite IRM component, however, does not follow this pattern.

The IRM variations throughout the section can be visualized by
plotting SIRM, log 10(B1/2) and DP as a 3-D plot (Fig. 11). For
the magnetite component (Fig. 11a), we observe a cloud of data
points of variable (medium to high) SIRM and low log 10(B1/2);
magnetite-bearing samples are red clays, sandy layers and caliches.
The hydromorphous layer plots in the upper left-hand corner, with
high log 10(B1/2) and DP and relatively low SIRM values. Sam-
ples from the brown layers (and some caliche samples stratigraph-
ically close to the brown layers) plot in the region between the
hydromorphous layer and the caliche/red clay data cloud. These
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Figure 11. 3-D representation of the IRM component analysis parameters for each lithology. (a) Component 1 and (b) component 2; the hydromorphous layer
is not shown, because it plots beyond the reach of the 3-D axes. See the legend for symbols. 3-D spheroid representation with projection of the lower plane of
the lower (<14 m) and the upper (>17 m) part of the section and the hydromorphous layer for (c) component 1 and (d) component 2.

brown samples appear to have intermediate properties between the
caliche/red clay samples and the altered hydromorphous layer. The
picture is different for the haematite component. In the scatter plot
(Fig. 11b), the brown samples cannot be distinguished from the
caliche–red clays.

The 3-D analysis of IRM parameters indicates that a distinc-
tion based on general sedimentary intervals (red sediments below
14 m, and brownish sediments above 17 m, with the extreme of a
hydromorphous layer in between) makes more sense than a distinc-
tion based on caliche/clay lithology. We have plotted the standard
deviations in the principal-component directions (eigenvectors) as
spheroids for the interval of <14 m, for the hydromorphous layer
and for the interval of >17 m (Figs 11c and d). From this repre-
sentation of the IRM data, it is even more clear that the magnetite
component in the brown clays seems to have IRM properties inter-
mediate between the red sediments and the hydromorphous layer.
The change in magnetic properties at 14 m most probably marks a
change in hydrological conditions, affecting the magnetite compo-
nent. The higher DP and lower SIRM for the magnetite component
above 17 m are compatible with the effects of leaching of magnetite
(van Oorschot et al. 2002). This could have occurred at any later
time and might be related to the possible impermeability of the hy-
dromorphous layer. However, this explanation remains speculative.

The spheroids of the haematite component for the interval of
<14 m and the interval of >17 m run nearly parallel, suggesting

that the process which formed/influenced the haematite above 17 m
and below 14 m is similar. The haematite is probably formed in
situ, as a result of weathering of silicates, giving rise to primary
reddening (Turner 1980; Einsele 2000). The fact that the MT and
the HT components display the same magnetic directions—without
perceivable delay—indicates that the reddening occurred soon after
deposition. Therefore, the HT component carries a primary NRM,
as does the MT component.

5.3 A new cryptochron

We have reinterpreted the demagnetization data of Krijgsman et al.
(1996), using the 360–570 ◦C temperature steps to represent the
ChRM (Fig. 2). Krijgsman et al. (1996) had consistently used the
200–600 ◦C component in their original interpretation. Except when
higher-temperature data were not available or of lower quality, they
had chosen the 200–360 ◦C trajectory. However, we now know that
it is important to select the same temperature steps for the ChRM—
especially in these sediments—because of the LT overprint.

The largest difference between the two interpretations occurs in
the interval from 0 to 5 m: the apparent short reversed-polarity zone
within the uppermost part of the zone interpreted as C5n.1n appears
to be an artefact of the LT component. Additionally, the interval
containing the hydromorphous layer and limestone beds (15–30 m)
does not give a clear polarity signal, because of weak magnetizations
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Figure 12. NRM directions of the resampled interval GLO versus stratigraphic level. (a) Lithological column, as in Fig. 2. (b) MT (360–570 ◦C) magne-
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‘magnetostratigraphy’. The LT component is interpreted as an overprint.

and low-quality demagnetization data. Therefore, the uppermost
intervals are not interpreted in terms of polarity zones.

The magnetostratigraphy of the resampled section is shown in
Fig. 12(b). Again, the magnetite component from 360 to 570 ◦C has
been interpreted as the ChRM. The HT directions are not shown in
Fig. 12(b), but give essentially the same directions as the MT com-
ponent. Data from sandy layers are considered less reliable, because
of their porous character, which makes them potential conduits for
later groundwater percolation and remagnetization. Moreover, some
deviating directions (∼2.9 and 9.6–10 m) are confined to the sandy
layers, suggesting sedimentary artefacts rather than true geomag-
netic directions. The hydromorphous layer (14.8–16.35 m, where
goethite is dominant) and the brownish clays on top of it (16.35–
18.2 m) did not give reliable results. The ‘magnetostratigraphy’ of
the LT component, which is considered as a later reversed-polarity
overprint, is given in Fig. 12(c). Although in some parts of the sec-
tion the LT component appears to have normal polarity, this may be
the result of the overlapping normal MT component. The original
interpretation of Krijgsman et al. (1996) can be understood from
the LT ‘magnetostratigraphy’.

The general polarity partition of the detailed GLO series agrees
with the lower-resolution GL series. However, instead of the
reversed-polarity chron at stratigraphic level 2–11 m, we observe
a normal polarity zone between two reversed-polarity intervals (2–
3.7 and 4.6–11 m). Krijgsman et al. (1996) did not detect the normal
polarity interval, probably because of their lower sampling resolu-
tion. An indication of the normal polarity interval in their record is
apparent in one sample with an intermediate direction at ∼3.75 m,
which was not assigned geomagnetic significance in the original
study (Fig. 2). The IRM components do not indicate any unusual
rock magnetic behaviour in the normal polarity interval, relative
to the other parts of the section. Moreover, the normal polarity
is not confined to one lithology only, but exists in both caliches
and red clays. Therefore, the directions of the MT and HT com-
ponents are considered reliable and thus the interval represents a
normal polarity zone. If we assume that the basic cyclicity in the
La Gloria section is linked to precession, then the durations of the
reversed-polarity zone and the following normal polarity zone are
approximately 21 kyr each. These durations explain why they are
not present in the geomagnetic polarity timescale that is based on
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marine magnetic anomalies. The maximum resolution in the marine
magnetic anomaly pattern is approximately 30 kyr.

Although a new cryptochron has been detected, the more detailed
sampling also revealed an ambiguous NRM signal in the section
above 15 m. Moreover, when the long normal polarity zone in the
lower part of the section represents C5n, the reversed Chron C5n.1r
is missing in this section. This could either mean that there are
hiati in the section or that the section is misplaced in the geomag-
netic polarity timescale. Either way, the La Gloria section seems to
be unsuitable for magnetostratigraphic purposes. Therefore, the La
Gloria section should not be used to magnetostratigraphically date
mammal biozones for biochronology.

6 C O N C L U S I O N S

Rock-magnetic analyses indicate that the magnetic remanence car-
riers in the red beds of La Gloria are magnetite and haematite. In the
hydromorphous layer, goethite is dominant, whereas in the remain-
der of the section goethite is only present in minute quantities. From
a magnetic point of view, the relative contributions of haematite and
magnetite are approximately equal in the lower part of the section,
while in the brown layers overlying the hydromorphous layer the
relative contribution of magnetite is drastically reduced. This might
be related to a change in the sedimentary environment, probably
caused by a change in hydrological conditions.

The temperature-dependent behaviour of the NRM in the part of
the section resampled at high resolution is characterized by up to four
components: (1) a present-day field or laboratory overprint (<200
◦C); (2) a low-temperature component (200–360 ◦C) is carried by
part of the magnetite population. The LT component has a reversed
polarity, and is regarded as an overprint; (3) a medium-temperature
component (360–580 ◦C) is carried by part of the magnetite popu-
lation. The MT component is interpreted as the ChRM; (4) a high-
temperature component (600–680 ◦C) is carried by haematite. A
simple model with a reversed LT and a normal MT component in
various intensity ratios replicates the appearance of the NRM in de-
magnetization diagrams: zigzag or clusters of temperature steps in
the range 200–360 ◦C. In the real data, the HT component shows no
perceivable difference compared with the MT component, indicat-
ing that they both carry ChRM directions. Moreover, the behaviour
of the NRM does not seem to be different between the red clay and
the caliche layers.

The more detailed sampling reveals a new polarity zone, which
probably represents a geomagnetic feature (i.e. cryptochron). How-
ever, the more detailed sampling also revealed ambiguous NRM
signals in parts of the section. Consequently, the original magne-
tostratigraphy (Krijgsman et al. 1996) might not be reliable. We
therefore dissuade the reader from using the La Gloria section as a
dating tool for biochronological purposes.
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