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ABSTRACT

A rock-magnetic and paleomagnetic investigation was carried out on eleven
Pleistocene and Pliocene #04r/394r dated lava flows from the Tepic-Zacoalco rift region
in the western sector of the Trans-Mexican Volcanic Belt (TMVB) with the aim of
obtaining new paleomagnetic data from the study region and information about the
Earth’s magnetic field recorded in these rocks. Rock-magnetic experiments including
measurement of thermomagnetic curves, hysteresis parameters and isothermal remanence
acquisition curves were carried out to find out the carriers of remanent magnetisation and
to determine their domain structure. Although some samples were characterised by the
presence of a single ferromagnetic phase (magnetite), in most cases more phases were
observed. Analysis of hysteresis parameters showed a mixture of single domain and
multidomain particles, the fraction of the latter varying between 40% and 80%.
Paleomagnetic results were obtained in all sites, although in 7 sites characteristic
remanence directions and remagnetisation circles had to be combined in order to
calculate site means. The six Pliocene sites not showing intermediate polarity yielded
a paleomagnetic pole (latitude ¢ = 81.1°, longitude A = 94.3°) which roughly agrees with
the expected one. Paleomagnetic directions do not indicate significant vertical-axis block
rotations in the western TMVB area. Reversed polarities observed can be correlated to
the Gilbert chron, normal polarities to the Gauss chron or the Brunhes chron and
intermediate polarities to the Cochiti-Gilbert or the Gilbert-Gauss transition. The
reversed or intermediate polarity magnetisation recorded in one of the sites (542 + 24 ka)
corresponds either to the West Eifel 4 or the West Eifel 5 excursion, while the reversed
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polarity observed in the other site (220 £ 36 ka) very likely provides new evidence for the
Pringle Falls excursion or the event recorded in the Mamaku ignimbrite.

Keywords: paleomagnetism, rock magnetism, Trans-Mexican Volcanic Belt,
geomagnetic excursion

1. INTRODUCTION

The Earth’s magnetic field is not static, as its direction and strength vary with time.
According to their magnitude, length and global or regional character, different types of
variations can be distinguished. In fact, one of the main characteristics of the Earth’s
magnetic field is that it switches its polarity. The duration of geomagnetic polarity
intervals is rather variable, ranging between some tens of thousands and several millions
of years. The term polarity chrons is used for the main subdivisions of time recognised on
the basis of polarity, while short (0.1 Ma) polarity intervals occurring within a chron are
termed subchrons (Harland et al., 1990). Periods of stable polarity are interrupted in
several occasions by short-lived geomagnetic “events” of a few thousands of years of
duration (e.g., Laj and Channell, 2007). Cande and Kent (1992a, b) called cryptochrons
those “events” with a duration of less than 30 ka, but terminology based on duration of
polarity intervals can be problematic in these cases: Although some cryptochrons could be
described as short-lived polarity intervals and others as aborted reversals or geomagnetic
excursions, paleomagnetic records are always compromised by limitations of the
recording medium and the availability of chronological tools of adequate precision. Laj
and Channell (2007) therefore propose using the term microchron for brief polarity chrons
with established duration of less than 105 years and the term excursion for features that
represent departures from normal secular variation, for which full polarity reversal has not
been proved. Singer et al. (2002) proposed the development of a Geomagnetic Instability
Time Scale (GITS), as they considered that in order to analyse the degree of stability of
the geodynamo not only the undisputed polarity reversals, but also the short-lived
geomagnetic “events” had to be taken into account. In the last few decades numerous
geomagnetic excursions have been discovered in the previously believed stable Brunhes
chron (e.g., Singer et al., 2002; Laj and Channell, 2007). All the excursions recognised in
the Bruhnes chron are relatively brief geomagnetic instabilities characterised by
a decrease in intensity associated with a large directional shift from the dipolar field
direction (larger than secular variation), immediately followed by a return to the state
previous to the excursion (e.g., Laj and Channell, 2007). The number of excursions
recorded in the Brunhes chron is, however, still a matter of debate, as besides some well
established ones like the Laschamp excursion, other are still poorly documented. Laj and
Channell (2007), for instance, consider that in the Brunhes chron only seven adequately
defined excursions with acceptable age control can be found, whereas other five ones still
need further ratification either in definition of magnetic data or in refinement of the age
models.

Sedimentary rocks are able to provide continuous magnetisation records, thus
supplying an uninterrupted register of geomagnetic field variations. Even so, and although
most estimates of the duration of field transitions have been derived from sediments, the
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specific characteristics of remanent magnetisation of sedimentary rocks - depositional
(DRM) or postdepositional (pDRM) remanent magnetisation - can hamper obtaining
a faithful field variation record. Volcanic rocks, on the other hand, allow a reliable and
instantaneous record of the Earth’s magnetic field by means of the acquisition of
thermoremanent magnetisation (7RM), although being tied to volcanic eruptions, they
provide a discontinuous record. Nevertheless, because volcanic rocks are in principle able
to offer a more faithful though instantaneous image of the Earth’s magnetic field, the
paleomagnetic study of lava flows can be of major interest for the knowledge of
characteristics and variations of the ancient geomagnetic field. In order to be useful, this
kind of paleomagnetic studies needs to be supplemented by precise rock-age data, as the
usefulness of GITS studies on volcanic rocks is rather limited when the age of the studied
units is poorly constrained.

In the present study we report a rock-magnetic and paleomagnetic investigation carried
out on 11 independent Pleistocene and Pliocene lava flows from the Tepic-Zacoalco rift
region in the western sector of the Trans-Mexican Volcanic Belt (TMVB) with the aim of
obtaining new paleomagnetic data from the study region. Precise new rock-age data are
available for all studied sites, as they have recently been dated by means of the 40Ar/39Ar
method by Frey et al. (2007) and Frey et al. (submitted to Bull. Volcanol.). Combination
of both new paleomagnetic and radiosiotopic data obtained in the same units can provide
interesting information about the Earth’s magnetic field recorded in these Quaternary and
Pliocene rocks.

2. GEOLOGICAL SETTING, PREVIOUS PALEOMAGNETIC STUDIES,
40Ar/3%Ar AGES AND SAMPLING

The Trans-Mexican Volcanic Belt is a continental magmatic arc located in the
southern margin of the North American plate (Fig. 1a). It extends approximately 1000 km
across Mexico from the Pacific to the Gulf of Mexico with a W-E trend and has a variable
width of 65-200 km. The TMVB is composed of stratovolcanoes, cinder cone fields and
silicic caldera complexes, and volcanic activity is related to the subduction of the Rivera
and Cocos plates beneath southern Mexico along the Middle American trench.

The TMVB can be divided into three major structural units (Pasquaré et al., 1988;
Alaniz-Alvarez et al., 1998), which are characterised by different tectonic styles,
geochemical composition and volcanic activity: The Western, Central and Eastern sectors.
The present study was carried out on rocks from the region of the Tepic-Zacoalco rift,
a NW-trending corridor that is approximately 50 km wide and extends from the Pacific
coast to south of the city of Guadalajara (Fig. la,b) and is located in the Western sector of
the TMVB. The Tepic-Zacoalco rift is part of a triple rift system and defines the northern
boundary of the Jalisco block (Fig. 1b). The predominant basement rock-types in the
Tepic-Zacoalco rift are rhyolitic ash-flow tuffs and lavas.

A relatively large amount of radiometric data is available for this area. Frey et al.
(2007) performed 40Ar/3%Ar age determinations on 32 volcanic samples from the Tepic-
Zacoalco rift as well as on 6 dike samples from the interior of the Jalisco block and 3
dikes from the NW margin of the Tepic-Zacoalco rift, obtaining ages ranging between
289 ka and 48.8 Ma for the volcanic samples and between 11.00 and 73.10 Ma for the
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dikes, Cretaceous ages being observed only in the six dikes from the Jalisco bloc.
A summary of results and references corresponding to previous K/Ar and 40Ar/3%Ar age
determinations in the study area is provided by Frey et al. (2007), with results ranging
between 1.50 and 91.5 Ma. Additional 40Ar/3%Ar data from this region are provided by
anew study carried out by Frey et al. (submitted to Bull. Volcanol.) in the Tepeltitic
volcano area, which yields ages between 185 and 575 ka.

A few paleomagnetic studies have already been carried out on samples belonging to
the western sector of the TMVB. Ruiz-Martinez et al. (2010) performed a paleomagnetic
study on 11 sites from the western and 40 sites from the central sectors of the TMVB of
Quaternary, Pliocene and Miocene age, obtaining 9 mean site directions in the former and
38 in the latter. Paleomagnetic results indicate no paleomagnetically detectable vertical-
axis block rotations in the study areas. Rosas-Elguera et al. (2011) performed
a paleomagnetic study on 16 Eocene andesitic dikes from the Tecalitlan area, which is
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Fig. 1. a) Schematic geological map of the Trans-Mexican Volcanic Belt (TMVB). The black
square shows the Tepeltitic area, in which sampling was performed. G: Guadalajara; MC: Mesa
Central. Inset highlights the Tepic-Zacoalco rift region. b) Schematic geological map of the Tepic-
Zacoalco rift region. SJ: San Juan volcano; TE: Tepeltitic volcano; CE: Ceboruco volcano; TEQ:
Tequila volcano; LP: La Primavera caldera. ¢) Location of sampling localities in the Tepeltitic area.
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Table 1. Description of studied sites.

Flow Composition Age [Ma] Lat. [°N] Long. [°E]
TEP6 Basaltic andesite 0.220 +£0.036 21.3261 255.2660
TEP5 Rhyolite 0.307 £0.034 21.2803 255.3166
TEP4 Basaltic andesite 0.542 +£0.024 21.2548 255.3060
TEP11 Ryolithic flow 2.91+£0.03 20.7723 255.8617
TEP10 Ryolithic flow 3.30+£0.01 20.8163 255.7735
TEP7 Ryolithic flow 3.40+0.04 20.9635 255.9137
TEP8 Rhyolitic flow 3.54+0.01 20.9018 255.9203
TEP3 Basaltic flow 3.87+£0.04 21.0623 255.6500
TEP9 Andesite 3.99 £ 0.05 20.6967 255.7497
TEP1 Basalt 4.01 £0.02 21.0463 255.6037
TEP2 Rhyolite 4.32+0.01 21.0733 255.6507

located in the Michoacan block, carrying out a 4°Ar/39Ar on one of the dikes, which
yielded an age of (35.0 £ 1.8) Ma. The mean declination observed in this study did not
disagree significantly from the expected one and thus did not indicate vertical-axis block
rotations. Petronille et al. (2005) studied 17 independent lava flows collected in the
Ceboruco-San Pedro volcanic field, with 40Ar/39Ar ages ranging from 2 to 819 ka. They
found two reversed polarity flows, which they ascribed to the Big Lost excursion and an
intermediate polarity flow which they interpreted as recording the Matuyama-Brunhes
precursor. Rodriguez-Ceja et al. (2006) investigated 24 independent cooling units in the
Tequila area, with 40Ar/3%Ar ages ranging from 150 to 1130 ka. Paleomagnetic results
showed the presence of an intermediate polarity flow recording the Delta excursion and
two reversed polarity flows which were interpreted as possibly recording the Levantine
excursion at approximately 360 ka.

Sampling strategy was conditioned by 40Ar/3%Ar data from Frey et al. (2007) and Frey
et al. (submitted to Bull. Volcanol.), as only sites with available radioisotopic dates from
those studies were sampled. Samples were taken from three sites of Pleistocene age and
eight sites of Pliocene age (Fig. 1c). 102 cores from 11 independent cooling units (8—10
cores per flow) were sampled with a gasoline-powered portable drill and oriented with
both a magnetic and a sun compass. The sampled sites consisted of rhyolithic, basaltic or
andesitic flows. No bedding correction had to be applied. Table 1 shows location, ages
and composition of the 11 sampling sites.

3. ROCK-MAGNETIC EXPERIMENTS

Rock-magnetic experiments were carried out to find out the carriers of remanent
magnetisation and to determine their domain structure. They included the measurement of
thermomagnetic curves - strong-field magnetisation versus temperature (Jg-7) and
susceptibility versus temperature (x-7) curves, hysteresis parameters and isothermal
remanent magnetisation (IRM) acquisition curves.
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Most of the rock-magnetic experiments were performed with a Variable Field
Translation Balance (VFTB) in the University of Burgos (Spain). For these measurements
a whole-rock powdered sample was taken from each flow (two samples in site TEPS and
none from TEP9) and subjected to the following measurement sequence: (i) IRM
acquisition, (ii) backfield, (iii) hysteresis curve and (iv) Js-T curve. k-1 curves were
mostly recorded with a Bartington Kappa-bridge in the paleomagnetic laboratory of the
Universidad Nacional Auténoma de México in Morelia (Mexico). For this kind of
measurements a single whole-rock powdered sample was chosen from each flow (two
samples in site TEP9) to be heated in air to a maximum temperature between 600 and
700°C and cooled down to room temperature. x-7 curves of samples from flows TEP2
and TEPS, however, were measured with a CS3 furnace attached to a KLY4 susceptibility
bridge at heating and cooling rates of 10°C min~!, in the paleomagnetic laboratory of the
University of Burgos (Spain). Also in this case a single whole-rock powdered sample was
chosen from each flow to be heated in air to a peak temperature of 700°C and cooled
down to room temperature. No &7 curve was measured for site TEP11.

Curie temperatures 7¢ from the Jg-T curves were determined using the two-tangent
method (Grommeé et al., 1969). On the other hand, Curie points from the &-7 curves were
determined taking inflexion points in the curves following the drop of susceptibility
corresponding to the destruction of ferromagnetic phases (Prévot et al., 1983), as
application of the two-tangent method can produce an overestimation of the Curie
temperature (Petrovsky and Kapicka, 2006). Thermomagnetic behaviour observed with
both methods is rather similar and Curie temperatures determined show a reasonable
agreement although they are not equal (Table 2). It should be taken into account, however,
that different samples were taken in each flow for x~7 and Jg-T experiments.

The simplest thermomagnetic behaviour was observed in sites TEP1, TEP3, TEPS and
TEP10. As will be discussed below, site TEPI also exhibits a simple paleomagnetic
behaviour. In these sites, heating and cooling curves from both x~T and Jg-T experiments
show a single ferromagnetic (s.l.) phase (Fig. 2a), although in both measured TEP8 Jg-T'
cooling curves a weak high-temperature phase (7¢ = 646°C) can be recognised (Table 2,
Fig. 2b). Only both thermomagnetic curves from TEP1 and Js-T curve of TEP3 display
anearly reversible behaviour (Fig. 2a), in all other thermomagnetic curves recorded in
these sites, magnetisation and susceptibility values of the cooling curves are clearly
weaker than those of the heating curves. Curie temperatures observed in this group of
sites, besides the already mentioned weak high-temperature phase in TEPS, lie in all other
cases in a 513 to 595°C range, which can be ascribed to the presence of low-Ti
titanomagnetite or Al or Mg substituted magnetite. It can be observed, however, that in all
cases Curie temperatures determined from the heating curve are higher than those
determined from the cooling curve (Table 2). The difference is higher in x-T than in Jg-T'
curves. Although a part of this disagreement can be ascribed to a difference between the
recorded and the real specimen temperature, we do not think that this effect is the main
reason of the observed discrepancy. In &7 experiments, where a greater difference
between Curie points was observed between heating and cooling curves, the temperature
increase and decrease rate was set at 10°C per minute and the specimen was powdered,
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thus having a large effective surface for heating and cooling. The higher Curie
temperatures of the heating curves (in TEP10 T = 595°C, above the Curie temperature of
magnetite) and the lower Curie temperatures of the cooling curves, together with the
presence of a weak high Curie temperature (646°C) phase in TEPS point to (slightly
maghemitised) magnetite as the carrier of remanence. This would be in accordance with
the weaker susceptibilities and magnetisations observed in the cooling curves, pointing
towards an inversion of the (substituted) magnetite-maghemite solid solution to
a hematite-magnetite intergrowth.

Thermomagnetic behaviour of the remaining sites is more complex and all curves
show an irreversible behaviour. In all heating curves a ferromagnetic (s.l.) phase is
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Fig. 2. Normalized strong field magnetisation-versus-temperature curves from lava flow samples
from the Tepeltitic area. a) Example of a single-phase nearly reversible curve (sample 001C, site
TEP1). b) Example of an irreversible curve (sample 065C, site TEP8). A weak high-temperature
phase can be observed in the cooling curve (inset). ¢) Example of a nearly reversible curve with two
ferromagnetic (s.1.) phases of high and low Curie temperature (sample 016B, site TEP2).
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observed which has Curie temperatures in a 549 to 595°C range, which as in the
previously discussed cases can be ascribed to the presence of low-T1i titanomagnetite or Al
or Mg substituted magnetite in the case of the lower Curie temperatures and to the
presence of (slightly maghemitised) magnetite as the carrier of remanence of remanence
in the case of Curie temperature values exceeding the Curie point of magnetite. In
addition, another phase with low or intermediate Curie temperatures (142 to 457°C) can
be recognised in the heating curves of both x-T" and Jg-T experiments of most of these
sites, although in some cases it is difficult to distinguish (Table 2, in brackets). In site
TEPS, this low/intermediate 7 phase in the heating curve is absent. If cooling curves are
analysed, a near-magnetite phase can be observed in all of them and like in the initially
discussed simpler thermomagnetic curves, their Curie temperatures are in almost all cases
lower than those of the heating curves. In addition, a phase with low or intermediate Curie
points is observed in a few cases. Besides that, in Jg-7 curves of sites TEP4 and TEP7 a
weak high-temperature phase (7¢> 637°C) can be detected (Table 2). During heating,
inversion of the (substituted) magnetite-maghemite solid solution to a hematite-magnetite
intergrowth ~ might occur. The decrease in  Curie temperature and
magnetisation/susceptibility could also be interpreted as due to temperature-induced Ti
diffusion which leads to an increased Ti-content in the Ti-poor titanomagnetite (Soffel,
1975), specially in those cases in which no high-temperature phase is found in the cooling
curve. Thermally stable intermediate and low Curie-temperature phases are probably
related to the presence of either titanomagnetite with x=0.2 to 0.6 degree of Ti
substitution or titanohematite. Thermally unstable phases in this Curie-temperature range
could also be titanomaghemites.

Js-T curve of site TEP2 (Fig. 2c) deserves to be especially mentioned. This apparently
almost fully reversible curve shows a stable low Curie temperature as well as a “near
magnetite” Curie point both in the heating and the cooling curve. The latter Curie point is,
however, 25°C higher in the heating than in the cooling curve. A closer look at the cooling
curve shows the presence of a weak high-temperature Curie point. Information from the
isothermal remanent magnetisation acquisition curve of site TEP2 (Fig. 3b) suggests that
the low Curie-temperature phase is high-coercivity antiferromagnetic titanohematite,
which is still in accordance with its determined Curie temperature of approximately
230°C, corresponding to a degree of titanium substitution near y = 0.45 threshold which
separates antiferromagnetic and ferromagnetic behaviour of titanohematites (e.g., Dunlop
and Ozdemir, 1997).

Isothermal remanent magnetisation (IRM) acquisition curves were recorded in
a maximum applied field of approximately 1 T. Low-coercivity phases appear to be the
main carriers of remanence, as could be seen in samples from sites TEP1, TEP3, TEP4
and TEP6, where saturation is reached at applied fields below 190 mT (Table 2), and in
samples from sites TEPS, TEP7, TEPS, TEP10 and TEP11, in which an applied field of
190 mT is capable to achieve approximately 85 to 95% of the saturation value (Fig. 3a). In
some cases saturation is not completely attained, pointing to the presence a small
contribution of a high-coercivity phase. On the other hand, IRM acquisition curve of site
TEP2 is dominated by a high-coercivity phase (Fig. 3b). At low applied fields below
70 mT a low-coercivity phase can be recognised, but application of higher fields clearly
changes the slope of the IRM acquisition curve which does not reach saturation at an
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Fig.3. Isothermal remanent magnetisation acquisition curves. a) Example of a sample with low-
coercivity phase as main carrier of remanence (sample 057A, site TEP7); b) example of a sample
showing the presence of a strong high-coercivity phase (sample 016B, site TEP2).

applied field of 1 T. The low coercivity phase only makes up approximately 50% of the
IRM value attained at 1 T.

Hysteresis parameters were obtained from hysteresis and backfield curves and the
RockMagAnalyzer 1.0 software (Leonhardt, 2006) was used to analyse the measured
curves. Fig. 4 shows the determined hysteresis parameters. As suggested by this figure
and Table 2, the grain size of the studied samples plots mainly in the PSD (pseudo-single-
domain) area (Day et al., 1977). This behaviour might be also explained by a mixture of
single-domain (SD) and multi-domain (MD) particles (Dunlop, 2002), the proximity to
the saturation remanence to saturation magnetisation ratio (Jgg/Jg) of 0.02 (PSD-MD
region boundary, Dunlop, 2002) shown in the figure indicating an increasing amount of
the MD component. If the data from the present study are compared with theoretical Day
plot curves calculated for magnetite (Dunlop, 2002), their relative amount of MD particles
in the mixture would vary between approximately 40% (TEP6, TEP7, TEP10 and TEP11)
and 80% (TEP4 and both TEP8 samples), with samples TEP1, TEP3 and TEPS5
corresponding to a 60% MD composition. Sample TEP2, which carries high-coercivity
antiferromagnetic titanohematite together with magnetite, plots in a different sector of the
Day diagram.

Though useful, information provided by Day-plots can be often ambiguous. High
Jrs/Jg ratios are indicative of the presence of SD or PSD grains as remanence carriers.
Low Jpg/Jg ratios, however, can be observed both if large MD particles or small
superparamagnetic (SP) particles are abundant. Shape parameter oyyg and coercivity ratio
Bru/Bcr (Fabian, 2003) may provide some additional information about the domain state
of the studied samples. Graphically By is the positive field value where the difference
between upper and lower hysteresis branches has decreased from 2 Jrg to Jgg at B=0.
High Bgp/Bcr ratios indicate large particles, while Bgp/Bcp ratios below 1 are observed
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in natural ensembles containing SP particles (Fabian, 2003). Shape anomalies of
hysteresis loops are often interpreted as being indicative of mixtures of fractions with
highly contrasting coercivities (e.g., Roberts et al., 1995; Muttoni, 1995) originating from
mixed assemblages of multiple magnetic components with different mineralogy or grain
size. The shape parameter oyys gives a quantitative measure related to the shape of the
hysteresis loop, with ogyg > 0 for wasp-waisted loops and oyyg < 0 for pot-bellied loops.
This parameter is relatively independent of grain size within the SD-MD region, so that
variations in oyyg are indicative of the presence of SD grains or other mineral fractions
(Fabian, 2003).

Shape parameter opyyg was observed to be negative in all but one case (TEP2),
indicating pot-bellied hysteresis curves. Fig. 5 shows a plot of the latter parameter versus
Bru/Bcg ratio. The variation of oyyg is relatively low, so that the larger differences
observed in the Bgy/Bcg ratio among the analysed samples can be mainly ascribed to their
SD-MD trend, perhaps with the exception of site TEP3, where a Bgpy/Bcr < 1 may signal
the presence of SP particles.

4. PALEOMAGNETIC MEASUREMENTS

Paleomagnetic measurements were performed at the paleomagnetic laboratory of the
Universidad Nacional Autéonoma de México in Morelia (Mexico). In each one of the
studied 11 sites, a pilot sample was subjected to thermal and another pilot sample to
alternating field (AF) demagnetisation. Analysis of demagnetisation results allowed
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choosing the most suitable demagnetisation technique, so that 6 to 11 specimens from all
11 studied sites were finally subjected either to stepwise thermal or AF demagnetisation.
Remanent magnetisation was measured with a JRS spinner magnetometer, thermal
demagnetisation was performed with a MMDT (Magnetic Measurements Ltd.) furnace
and AF demagnetisation with a GSD-5 degausser (Schonstedt). Directions of remanent
magnetisation components were determined in all cases by means of principal component
analysis (Kirschvink, 1980).

Mean NRM directions, which are shown in Table 3, are characterised by a large
scatter, except in sites TEP1, TEP7 and TEP9. Demagnetisation characteristics during
paleomagnetic treatment varied depending on the site analysed. The simplest behaviour
could be observed in sites TEP1, TEP7 and TEP9, in which only a single paleomagnetic
component, often accompanied by a small secondary component could be detected
(Fig. 6a) which could be easily erased at maximum temperatures of 200°C or maximum
fields of 20 mT. Characteristic remanence (ChRM) in site TEP7 displays a normal
polarity, while sites TEP1 and TEP9 yield reverse polarity directions (Table 3). As
previously mentioned, site TEP1 also displays the simplest x~7 curve.

Paleomagnetic analysis of sites TEP4 and TEP10 was less straightforward. In these
sites, single-component samples coexist with samples in which a sometimes weak and
sometimes rather strong viscous initial component appears together with the characteristic
component (Fig. 6¢). In some cases, overlapping of both components and failure of
complete AF-demagnetisation hinders direct determination of the characteristic
component. In these cases we determined remagnetisation circles, as they were much
better defined than ChRM directions and chose to combine directions of better quality
with remagnetisation circles (McFadden and McElhinny, 1988) (Table 3).
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Fig. 6. Orthogonal demagnetisation vector plots. a) AF demagnetisation of 080B (TEP9);
b) thermal demagnetisation of 018B (TEP3); ¢) AF demagnetisation of 030C (TEP4). Solid symbols
are for the horizontal projections and open symbols for the vertical projections.

In sites TEP2 and TEP3 most specimens are characterised by the presence of two more
or less overlapped components (Fig. 6b). However, while in the latter site CARM can be
easily isolated and directions calculated, in TEP2 overlapping hinders in most cases direct
determination of the characteristic component and remagnetisation circles had to be
determined in most specimens. Mean direction of TEP2 was obtained combining
remagnetisation circles with a single directly determined direction (Table 3).
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In the remaining four sites (TEPS, TEP6, TEP8 and TEP11) in virtually all samples
two more or less overlapped components were observed and, as mentioned for previous
sites, both characteristic directions and remagnetisation circles were determined and used
for calculation of the mean site direction (Fig. 7, Table 3).

Paleomagnetic results obtained on the 11 studied Pleistocene and Pliocene lava flows
from the Tepeltitic area are shown in Table 3. As already discussed, only in four sites the
mean site direction could be obtained from directly determined directions. In the seven
remaining sites CARM directions and remagnetisation circles were combined in order to
calculate site means (McFadden and McElhinny, 1988). A problem with this method is
that the finally calculated mean direction is biased towards the directly determined
directions used for calculation. In order to confirm the reliability of the site means
obtained in that way, in the cases in which we had applied the McFadden and McElhinny
(1988) method for combination of directly determined directions and remagnetisation
circles, we also calculated the mean obtained only from remagnetisation circles.
Comparison of the site means obtained with both methods showed a good agreement in all
cases, so that we could consider the mean directions obtained combining remagnetisation
circles and directly determined directions shown in Table 3 as reliable.

When two specimens from the same core were demagnetised, if two directly
determined directions were available, their mean was taken as the representative direction
of that core. When both a direction and a remagnetisation circle from the same core had
been determined, the former was used and the latter discarded. In the case of two
remagnetisation circles from the same core, the one showing the lowest maximum angular

180°

Fig.7. Mean direction and ags (after McFadden and McElhinny, 1988) for site TEP4. Solid dots

- directions determined from great circles. Open dots - directly determined directions. Square - mean
direction.
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deviation (MAD) value was chosen. In one case (TEPS), however, we decided to include
two remagnetisation circles from the same core in the calculation of the site mean, as both
specimens had been demagnetised by different techniques and their demagnetisation paths
were completely different.

As shown in Table 3 and Fig. 8, which display mean ChRM directions determined for
each site, normal, reversed and intermediate polarities were obtained. A question to be
posed is if these CARM directions are primary paleodirections. Reversed and intermediate
polarity directions determined in sites TEP1 TEP2, TEP3, TEP4, TEP6, TEPS and TEP9
indicate that ChRM has been successfully isolated from normal present-day secondary
directions. Analysis of hysteresis parameters (Figs 4 and 5) has shown, as discussed
above, that in most sites a mixture of SD and MD grains is observed, so that at least part
of the remanent magnetisation should be considered to be stable. In sites TEP4 and TEPS,
however, the MD fraction is rather high. Nevertheless, in both cases an intermediate or
reversed polarity direction could be determined, which shows an acceptably small scatter
(k=86.1 in TEP4 and k£ = 36.2 in TEP8). As will be discussed below, these polarities are

not in disagreement with their 40Ar/3%Ar ages.
5. RESULTS AND DISCUSSION

Plotting of the virtual geomagnetic pole (VGP) locations in the present geographical
reference frame allows distinguishing between secular variation and intermediate polarity
directions. Often a cut-off angle of 45° is adopted for VGP latitudes to discriminate
between both regimes (e.g., Johnson et al., 2008; a detailed discussion on VGP cut-off
angles can be found in Camps et al., 2007). VGPs obtained in the present study are shown
in Table 2. Four sites yield normal polarity directions and, if the 45°-criterion is strictly
applied, five provide reversed polarity and two yield intermediate polarity directions. Site
TEP4, however, yields a VGP with a rather low latitude (@ygp = 49.3°) which could also
be considered transitional under the aforementioned criterion if VGP confidence limits dp
(semi-axis of the ellipse of confidence along the site-to pole great circle) and dm (semi-
axis perpendicular to the great circle) are taken into account, as dp = 6.9° and dm = 11.4°.
If the paleomagnetic pole obtained from the six Pliocene sites showing normal and
reversed polarities (latitude ¢=81.1°, longitude A=94.3°, Ag5=7.3°, k=74.9) is
compared with the 5 Ma window of the synthetic North American polar wander path from
Besse and Courtillot (2002), an angular difference of 9.4° is observed and although both
Ags cones overlap, neither mean pole direction is contained within the 495 cone of the
other mean. If the two Pleistocene sites with unambiguous normal or reversed polarity
(leaving out site TEP4) are included in the mean, a paleomagnetic pole with longitude
A=131.6° and latitude ¢= 80.0° (k =29.8; 495 = 10.3) is obtained, angular differences of

approximately 8° are observed with both the 0 Ma and the 5 Ma windows of the synthetic
North American polar wander path from Besse and Courtillot (2002). It might be
concluded that the paleomagnetic pole obtained in the present study roughly agrees with
the expected one, although a minor but significant difference cannot be completely ruled
out.
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If the mean paleomagnetic direction of the six Pliocene directions (D =357.4°%;
1=23.1°, k=41.8; ags=10.5) is compared with other Pliocene paleomagnetic directions
obtained in the western sector of the TMVB (7 sites: D=3.5° [=33.1°, k=23.8;
a95=12.6; Ruiz-Martinez et al., 2010), an angle of 11° between both directions is
observed (Fig. 8). The difference between both mean directions can be also expressed in
terms of the difference between both declinations (rotation R = Dg— D7) and both
inclinations (flattening F = Ig — I7). Indices 6 and 7 stand for the mean of six Pliocene
directions obtained in the present study and the mean of seven Pliocene directions from
the western sector of the TMVB, respectively. Values of R=(-6+14)° and
F=(-10£13)° are obtained (confidence limits calculated after Demarest, 1983),
indicating that no significant differences can be found between declinations and
inclinations of both data sets. If both Pleistocene directions without site TEP4 are also
included in the mean (D =353.4° 1=27.2° k=254, ag95=11.2), and the latter is
compared with other Quaternary and Pliocene paleomagnetic directions obtained in the

Fig. 8. Stereogram with mean directions and ags confidence limits of of all studied sites. Solid

dots - positive inclinations. Open dots - negative inclinations. P6 - six Pliocene directions. QP8 - six
Pliocene and 2 Quaternary directions. PTMVB - other sites from the western sector of the Trans
Mexican Volcanic Belt (Ruiz-Martinez et al., 2010). QPTMVB - mean Pliocene/Quaternary
paleomagnetic direction of other sites from the western sector of the Trans Mexican Volcanic Belt
(Petronille et al., 2005; Rodriguez-Ceja et al., 2006; Ruiz-Martinez et al., 2010). Mean directions of
P6, QP8, PTMVB and QPTMVB are indicated by stars.
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western sector of the TMVB (41 sites: D =358.8° [1=33.9°, k=18.8; a95=15.3;
Petronille et al., 2005; Rodriguez-Ceja et al., 2006; Ruiz-Martinez et al., 2010) an angular
deviation of 8° is recognised (Fig. 8). If the difference between both mean directions is
again expressed in terms rotation R (R = Dg — Dy1) and flattening F' (F' = Ig — I41), a result

of R=(-5%+11)° and F=(-7+£9)° is obtained (confidence limits calculated after
Demarest, 1983), indicating that no significant differences can be found between
declinations and inclinations of both data sets. Subindexes 8 and 41 stand for the mean of
eight Pliocene and Pleistocene directions obtained in the present study and the mean of 41
Quaternary and Pliocene directions from the western sector of the TMVB, respectively.
These results show that paleomagnetic directions from the present study basically agree
with previous results obtained in the same study area from rocks of similar age, and do not
indicate significant paleomagnetically detectable vertical-axis block rotations in the
western TMVB area. It must be noted however, that the mean inclination of the Pliocene
sites from the present study (/ = 23.1°) seems to be shallower than the mean inclination of
previously published Pliocene paleodirections from the western TMVB (/= 33.1°),
although inclination uncertainties A/ of both directions overlap.

As can be seen in Table 1, reverse-polarity sites TEP3, TEP9 and TEPI1 have
40Ar39Ar ages ranging between 3.87 and 4.01 Ma, and thus belong to the Gilbert chron
(Fig. 9). The moderately older intermediate-polarity site TEP2 has an age of
4.32+0.01 Ma, and can unambiguously be correlated with the normal-to-reversed
Cochiti-Gilbert polarity transition (Fig. 9) at 4.30 Ma (Ogg and Smith, 2004). TEP8 also
displays an intermediate polarity and its 3.54 + 0.01 Ma age allows ascribing this site to
the reversed-to-normal Gilbert-Gauss transition (Fig. 9) (3.58 Ma, Lourens et al., 2004).
Normal-polarity sites TEP11, TEP10 and TEP7 yield ages between 2.91 and 3.40 Ma and
belong to the Gauss chron (Fig. 9). Thus, the polarity observed in all these sites agrees
well with the one expected from their radioisotopic age. The three remaining Quaternary
sites have ages ranging between 220 and 542 ka, but only site TEPS (307 ka) displays
anormal polarity direction as expected for the Brunhes chron. Sites TEP4 and TEP6,
however, are characterised by reversed or intermediate polarities.

Site TEP4 has an 40Ar/39Ar age of 542 + 24 ka and displays a reversed or intermediate
polarity magnetisation. The West Eifel volcanic field, once thought to record a single
excursion (Schnepp and Hradetzky, 1994) has been shown to record five excursions
between 730 and 530 ka B.P. (Singer et al., 2006). Specifically excursions West Eifel 4
and West Eifel 5 yield ages of 555+ 4 ka and 528 + 16 ka and thus, site TEP4 might
record either the West Eifel 4 or the West Eifel 5 excursion.

Reversed polarity site TEP6 is however somewhat more difficult to correlate with
a specific known excursion from the Brunhes chron. For this reason a test was performed
on three different specimens of TEP6 to find out if self-reversal or partial self reversal
could have happened in that site. All three specimens were initially AF demagnetised and
partial thermal remanences (pTRM) were imparted to them at 250, 400 and 500°C.
Magnetisation, which was measured after each remanence acquisition step, was observed
to agree with the applied field direction.
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The use of different names for excursions observed in different cores or lava flows
combined with imprecise age control has sometimes led to some confusion in their
labelling and correlation. Many studies have provided evidence for geomagnetic
excursions in the 180-220 ka interval, but as fidelity and age control of available records
has improved, evidence has accumulated for the occurrence of two excursions, Iceland
Basin (188 ka) and Pringle Falls (211 ka) (see, for instance, Laj and Channell, 2007).
Shane et al. (1994) found a geomagnetic excursion recorded in the Mamaku ignimbrite
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Fig.9. Summary of results. 40Ar3%Ar ages and magnetic polarities of all studied sites are shown
and compared with the Geomagnetic Polarity Time Scale (GPTS) for the last 5 Ma (left) and the
Geomagnetic Instability Time Scale (right, Singer et al., 2008). Shaded areas at TEP4 and TEP6
reflect the age uncertainties of those sites, as they are the only ones in which no unambiguous
correlation with the GITS can be performed (see text).
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from the Taupo Volcanic zone in New Zealand, which they dated at 230 + 12 ka by the
isothermal plateau fission-track method. Tanaka et al (1996) also conducted
a paleomagnetic study in the Mamaku ignimbrite in parallel with detailed K/Ar and
40Ar30Ar geochronology (Houghton et al., 1995). Three new 40Ar/30Ar ages yielded
amean of 0.22 £ 0.01 Ma for the Mamaku ignimbrite in which Tanaka et al. (1996) also
observed transitional paleomagnetic directions, which they interpreted to correspond to
the Pringle Falls excursion (Herrero-Bervera et al., 1994). Oda et al. (2002) redated an
excursion from a core from Academian Ridge (Lake Baikal, Russia) previously inferred to
record the Blake event obtaining a new age of 223 ka.

Thouveny et al. (2004; 2008) performed a paleomagnetic study in clayey-carbonate
sequences deposited during the last 400 ka on the Portuguese margin. They found
a marked relative paleointensity low associated with an anomalous declination swing at
240 ka B.P. and a minor cosmogenic nuclide production enhancement at 236 ka B.P.,
which they correlated with the excursion observed in the Mamaku ignimbrite (Shane et
al., 1994; Tanaka et al., 1996). They also observed another slight but significant
paleointensity low at 255 ka, validated by one single cosmogenic nuclide enhancement
near the age of the Calabrian Ridge 0 (Langereis et al., 1997) and Fram Strait (Nowaczyk
and Bauman, 1992) excursion.

Site TEP6 provides new evidence for a geomagnetic excursion around 220 ka B.P. The
220 +36 ka age observed in this site agrees well with the ages of the Pringle Falls
excursion and the Mamaku record. However, coincidence with the Iceland Basin
excursion (188 ka), or the excursions recorded in Calabrian Ridge 0 and Fram Strait
cannot be completely excluded (Fig. 9).
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