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[1] This study presents paleomagnetic data from 59 independent lava flows from the
trans-Mexican volcanic belt (TMVB) with ages from 6.4Ma to recent, 52 being younger
than 1Ma, and 11 new 40Ar/39Ar age determinations. Most remanence carriers are Ti-poor
titanomagnetite of pseudosingle-domain magnetic structure, nine lavas contain small
amounts of titanomaghemite, and four lavas additional (titano-) hematite. Paleosecular
variation of lava flows younger than 1.7Ma is consistent with latitude-dependent Model G
and also in agreement with other Pleistocene paleomagnetic data from the TMVB. The
directional record of Brunhes and Matuyama Chrons lavas was correlated to the
geomagnetic polarity timescale and there is evidence for at least four geomagnetic
excursions. One lava flow dated at 592� 20 ka has a fully reversed paleodirection and most
likely erupted during the Big Lost excursion. Another fully reversed flow, dated at
671� 12 ka, gives new volcanic evidence for the Delta/Stage 17 excursion. This excursion
is supported by a reversed intermediate direction of another flow from a different volcanic
field but of very close age of 673� 10 ka. From the Matuyama age lavas, one flow with
normal polarity magnetization, dated at 949� 37 ka, could either be related to the
Kamikatsura or the Santa Rosa excursion and a normal polarity flow, dated at 1628� 56 ka,
could have been emplaced during the Gilsa excursion. The results presented here confirm in
one case but disagree in four cases with results presented in two previous studies of the same
lava flows and interpreted as geomagnetic excursions.
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1. Introduction

[2] It is known since Brunhes [1906] that the Earth’s
magnetic field switches polarity, and from the geological
record, it is known that complete polarity field reversals have
occurred intermittently through geological time [Cande and
Kent, 1992, 1995]. The last geomagnetic reversal occurred
776� 2 ka ago [Coe et al., 2004; Singer et al., 2005] when

it changed from a reversed polarity regime (Matuyama
Chron, 0.78–2.56Ma) to its present normal polarity regime
(Brunhes Chron). During these Chrons, the magnetic field
departed several times from its predominant axial dipole config-
uration, as indicated by numerous geomagnetic excursions and
events reported in the literature [e.g., Champion et al., 1988;
Langereis et al., 1997; Lund et al., 1998, 2006; Singer et al.,
1999, 2002, 2008a, 2008b]. Geomagnetic excursions can be
defined as relatively short periods within an otherwise stable
polarity chron, during which the field directions lie outside
the range of expected secular variation of the geocentric axial
dipole (GAD) field configuration. In the case of a geomagnetic
excursion, the field returns after a few thousand years to the
same polarity, whereas in the case of a geomagnetic event,
the field reverses completely for a short time. Depending on
the particular excursion and the location on the globe of the
rocks that recorded them, geomagnetic excursions/events may
last for ~2 ka up to ~10 ka, making their identification difficult
not only in marine and lacustrine sediments with low deposition
rates but also in volcanic rocks that are only extruded sporadi-
cally. There is still a considerable debate about the number of
true excursions with potentially up to 17 excursions within
the Brunhes Chron alone [Lund et al., 2006] and up to nine
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within the reverse Matuyama Chron [Channell et al., 2002].
These numbers should be considered as upper limits though.
[3] Excursions are generally accompanied with intensity

lows as documented in relative paleo-intensity records from
marine sediment cores [see Lund et al., 2006, and references
therein], but little is known about the primary geodynamic
processes that lead to a geomagnetic excursion as well as
the total duration of an excursion. Doell and Cox [1972]
and Opdyke [1972] suggested that a geomagnetic excursion
represents an incomplete polarity transition (aborted rever-
sal) before the field returns back to a stable polarity state.
More recently, Gubbins [1999] proposed that excursions
reflect shorter and more frequent weakenings of the main
dipole field where the field reverses only in the liquid outer
core, on short timescales of around 500 years, but not in the
solid inner core, where the diffusion time of magnetic flux
must exceed about 3 ka in order to maintain a full reversal
for a longer time. This hypothesis has been challenged by
Knudsen et al. [2007], who presented evidence that the field
spends around 7 to 8 ka in a transitional state (including
virtual geomagnetic poles (VGPs) reaching high southerly
latitudes), which is a similar time span to the estimated dura-
tion of a polarity reversal [Clement, 2004]. Numerical
dynamo simulations by Wicht [2005] suggest a strong site
dependence on the occurrence and duration of excursions,
which means that many excursions might not be a global
feature of the geomagnetic field. There is little knowledge
about the timing, duration, and global validity of excursions,
but it is now assumed by many workers that during the
Brunhes Chron and perhaps the Matuyama Chron, the
geodynamo was characterized by up to 20% of the time by
a weak non–dipole state [e.g., Merrill and McFadden,
1994; Guyodo and Valet, 1999], and it is likely that this
was true for other polarity chrons as well. Therefore,
knowing the precise number of geomagnetic excursions,
their timing, and duration, and recognizing them in different
parts of the globe are essential for a more complete under-
standing of the complex dynamo processes. Up to the pres-
ent, volcanic evidence exists for nine excursions within the
Brunhes Chron (Laschamp, possibly Norwegian-Greenland

Sea, Blake, Pringle Falls, Calabrian Ridge 2/West Eifel 5,
West Eifel 4, Big Lost/West Eifel 3, West Eifel 2, and West
Eifel 1) and six within the Matuyama (Kamikatsura,
Santa Rosa, Punaruu, Cobb Mountain, Gilsa, and Réunion)
[see Singer et al., 2002, 2004; Singer, 2007; Singer et al.,
2008a, 2008b]. Yet, for an unambiguous confirmation of
excursional records from sediments and their global validity,
more evidence from radioisotopically dated volcanic rocks is
highly desired. If ages are well constrained, they provide
geochronologic tie points for calibrating the global record
of relative paleo-intensity and associated distortions of
its geometry.
[4] We report a detailed integrated rock and paleomagnetic

study of 64 independent lava flows with radioisotopically
constrained ages from recent back to 6.4Ma from within
the trans-Mexican volcanic belt (TMVB). New age data were
determined for 11 lavas using the 40Ar/39Ar method. The
main objective was to identify, if possible, some of the
geomagnetic excursions within the Brunhes and Matuyama
Chrons in order to contribute to the geomagnetic instability
timescale [Singer et al., 2002, 2008a, 2008b].

2. Geological Setting

[5] The target of the present study was the E-W trending
TMVB, which crosses central Mexico from coast to coast
at latitudes from 19 to 21�N with a width between 20 and
150 km (Figure 1). Nearly 1000 km long, it is one of the
largest continental volcanic arcs on the North American
Plate. Its western part is associated with the subduction of
the Rivera Plate (commencing at ~9Ma), whereas the eastern
part relates to the subduction of the Cocos Plate (commenc-
ing at 12–18Ma) under the North American Plate (middle
American Trench) [Klitgord and Mammerickx, 1982]. The
TMVB comprises roughly 8000 volcanic structures, mainly
stratovolcanoes, cinder cones, and caldera complexes, with
probably many hundreds of them being younger than 2Ma
[e.g., Demant, 1978; Aguirre-Díaz et al., 1998].
[6] Four monogenic volcanic fields have been reported in

the TMVB [Aguirre-Díaz et al., 2006]: Michoacán-
Guanajuato, Jilotepec, Chichinautzin, and Valle de Bravo.
Paleomagnetic sampling was carried out in two of them,
Michoacán-Guanajuato andValle de Bravo, and in other local-
ities relevant for this study. In summary, samples were
collected at (1) Ceboruco-San Pedro (CEB), (2) Tequila
(TEQ), (3) Michoacan-Guanajuato (MG), and (4) Valle de
Bravo (VdB) volcanic fields, and (5) Cofre de Perote-Pico de
Orizaba at the eastern part of the TMVB (hereafter referred
to as E-TMVB). Our criteria in the selection of the sampling
sites were (1) the availability of reliable radioisotopic age
determinations from previous geochronological studies and
(2) a representative coverage of the TMVB from west to east.

3. Geochronology

[7] The majority of lavas were previously dated by the
40Ar-39Ar method, and details of the methodology used are
found in Blatter et al. [2001], Frey et al. [2004], Lewis-
Kenedi et al. [2005], and Ownby et al. [2007, 2011]. All ages
used below are given with 1s error limits. These ages were
reported relative to Fish Canyon Tuff biotite of
27.99� 0.04Ma, apart from Blatter et al. [2001], who used

Figure 1. Schematic map of the trans-Mexican volcanic belt
showing the sampling areas indicated by solid rectangles.
CEB=Ceboruco San-Pedro volcanic field, TEQ=Tequila
volcanic field, MG=Michoacan Guanajuato volcanic field,
VdB=Valle de Bravo volcanic field, E-TMVB=eastern trans-
Mexican volcanic belt (modified after Aguirre-Díaz [1996]).
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Fish Canyon Tuff sanidine of 28.02Ma. Carrasco-Núñez
et al. [2007, 2010] and Ort and Carrasco-Núñez [2009]
reported three ages used in this work, but not much detail
about the geochronology experiments is available.
Nevertheless, these data are used here only to restrict the ages
of these lava flows to the Brunhes Chron. Three further
rocks were dated using thermoluminescence (TL) methods
on quartz separates [Schaaf and Ramírez-Luna, 2008]. In
the course of the present study, 11 new 40Ar/39Ar ages
of lava flows from the VdB were determined at Centro
de Investigación Científica y de Educación Superior de
Ensenada (CICESE), Ensenada, Mexico. Complete details
of the methodology are given in the supporting information,
where we also include the age spectra, 37ArCa/

39ArK dia-
grams, 36Ar/40Ar versus 39Ar/40Ar correlation diagrams,
and tables with all the relevant 40Ar-39Ar information of
the experiments performed. Whole rock and groundmass
samples were analyzed. The majority of the samples were
analyzed with a VG5400 mass spectrometer. For these exper-
iments, a Coherent Innova 70 argon laser was used to release
the argon isotopes. Two samples were analyzed with the MS-
10 mass spectrometer which uses a temperature-controlled
Ta furnace to heat the samples. For these experiments,
aliquots of 1 to 2 g of sample were used to compensate
for the low sensitivity of the MS-10 mass spectrometer.
To test the reproducibility of the experiments, two samples
were analyzed using both mass spectrometers. The argon
isotopes were corrected for blank, mass discrimination,
neutron-induced interference reactions, and radioactive
decay of 37Ar and 39Ar. Irradiation monitors used were
sanidine TCR (28.34� 0.28Ma) [Renne et al., 1998],
biotite HD B1 (24.18� 0.09Ma) [Schwarz and Trieloff,
2007], and CICESE’s internal standard biotite CATAV 7-4
(89.13� 0.35Ma). The constants recommended by Steiger
and Jäger [1977] were used in all the calculations, while
all the straight-line calculations were performed with the
equations presented in York et al. [2004]. All errors are
reported at 1s level. Plateau ages were calculated with the
weighted mean of three or more consecutive fractions which
were in agreement within 1s errors and where the sum of the
39Ar released in these fractions was greater than 50%. All the
data were plotted in the 36Ar/40Ar versus 39Ar/40Ar diagram
to determine the composition of the (40Ar/36Ar)i of the
samples; however, some samples were characterized by poor
40Ar radiogenic content, and therefore, the data distribution
in the correlation diagram did not yield well-defined straight
lines. Such behavior did not permit the calculation of reliable
isochron ages, and in these cases, the plateau ages were
taken as the best estimate for the cooling age of the lavas.

4. Previous Paleomagnetic Studies

[8] The TMVB has been the target of numerous paleomag-
netic studies since the 1970s. The earliest studies [e.g.,
Mooser et al., 1974] were primarily carried out for
magnetostratigraphic purposes, while several subsequent
studies were concerned with the tectonic evolution or for
studying the paleosecular variation (PSV) [e.g., Herrero-
Bervera and Pal, 1977; Böhnel and Negendank, 1981;
Steele, 1985; Herrero-Bervera et al., 1986]. Later studies
focused on studying the PSV and absolute paleo-intensity
(PI) on lava flows younger than 40 ka [Gonzalez et al.,

1997; Morales et al., 2001; Böhnel and Molina-Garza,
2002]. Böhnel and Molina-Garza [2002] presented a compi-
lation of PSV and PI data from Mexico covering the last
40 ka. Another comprehensive compilation of PSV data
ranging from Pleistocene to recent age is presented by
Mejía et al. [2005], who applied a strict quality index to pre-
viously published paleomagnetic data. These data indicate
values of PSV for Mexico that are consistent with latitude-
dependent Model G of McFadden et al. [1988, 1991] and a
time-averaged field, which is best described by an axial
geocentric dipole plus a 5% quadrupole contribution. More
recently, two studies were published with evidence that
some Brunhes Chron lava flows from Mexico recorded
geomagnetic excursions. Petronille et al. [2005] reported
results from three lavas with intermediate to fully reversed
directions being contemporary with the Big Lost excursion
[Champion et al., 1988] and the Brunhes/Matuyama precur-
sor [Singer et al., 2005]. Ceja et al. [2006] linked three
lavas with intermediate to reversed magnetizations to the
Levantine excursion [Ryan, 1972; Biswas et al., 1999] and
the Delta excursion [Creer et al., 1980], respectively.

5. Paleomagnetic Sampling and
Experimental Techniques

[9] Sampling sites were selected according to the available
geochronology data. In case of the rocks dated as part of
the present study, sites were, of course, identical for both
methods, while for previously published age data, we used
the GPS coordinates included in the respective publications.
Paleomagnetic site coordinates sometimes differ slightly
from geochronology site coordinates, as only rocks that are
believed to be in situ may be sampled. This is not a stringent
requirement for geochronology sampling, e.g., in the case of
blocky lava flows. As described below, there are contradic-
tions between the paleomagnetic results presented here and
other data reported previously for the same alleged sites.
After learning about these contradictions, we revised the
flow extension on air photographs and Google Earth images
and went back to the field to check if our sites indeed
corresponded to the rock units that were dated, and we are
confident that our paleomagnetic results indeed do so. In
some cases, we could confirm the location of the previous
sampling by Petronille et al. [2005] and Ceja et al. [2006]
by identifying the drill holes, but in other cases, this was
not possible using the published coordinates.
[10] Volcanic rocks were sampled using drill bits of 12mm

diameter, which yielded the so-called “mini-core” samples.
Drill cores of that size have been shown to produce similar
paleomagnetic data compared to 25mm drill cores as used
traditionally [Böhnel et al., 2009]. The 12mm cores were
selected as they offered advantages for paleo-intensity exper-
iments [Michalk et al., 2008]. Paleomagnetic samples were
distributed across an outcrop interval as much as possible,
in general, more than 15m, to avoid biased site mean direc-
tions due to individual moved blocks. Cores were oriented
with magnetic and Sun compasses. We sampled only fresh
outcrops that showed no apparent signs of alteration due to
weathering. Later, drill cores were cut into four to five
specimens of 10mm length.
[11] The natural remanent magnetization (NRM) of

5–21 specimens, one per drill core, from each flow was

MICHALK ET AL.: BRUNHES-MATUYAMA PALEOMAGNETISM MEXICO

2650



measured using a cryogenic magnetometer (2G Enterprises
755 SRM) with long core setup at the Deutsches
GeoForschungsZentrum. The only exception was site DH,
from which only three oriented cores were available.
Stepwise alternating field (AF) demagnetization was carried
out fully automatically with the in-line three-axis AF demag-
netizer over 10 or 11 demagnetization steps with peak fields
up to 125 mT, while thermal demagnetization was applied
to a smaller subset of samples (two to four samples per
flow) over 11 to 13 demagnetization steps, using a Magnetic
Measurements Ltd. model MMTD oven. After each thermal
demagnetization step, low-field magnetic susceptibility (w)
was measured with a Bartington MS2B susceptibility sensor
to monitor possible chemical alterations during heating.
[12] A combination of rock magnetic measurements was

performed on selected samples to confidently ascertain
the magnetic mineralogy and grain size, as well as the
mechanisms by which this remanence was acquired.
Thermomagnetic curves (MS-T curves) were measured on
two samples per flow, with a variable field translation balance
(VFTB) from room temperature to 600–700�C in an argon
environment, applying a field of 500 mT. Curie temperatures
(TC) were then determined after the method of Moskowitz
[1981]. Sets of two to three hysteresis measurements,
backfield, and isothermal remanent magnetization (IRM)
acquisition curves were measured on 30–50mg rock chips
with a Princeton Measurements model Micromag 2900
Alternating Field Gradient Magnetometer (AGFM). From

those data (after the removal of the paramagnetic contribu-
tion), the standard hysteresis parameters were determined:
the saturation magnetization (MS), the saturation remanence
(MRS), the coercivity force (BC), and the coercivity of
remanence (BCR). Using the ratios MRS/MS and BCR/BC, a
Day plot was created [Day et al., 1977, Dunlop, 2002] to de-
duce the bulk magnetic domain state. The S ratio
[Bloemendal et al., 1992] was also determined. Polished
sections from one sample per flow were prepared for ore
microscopy studies, which were carried out using a reflected
light microscope and a Zeiss DSM962 scanning electron
microscope.

6. Results

6.1. 40Ar-39Ar Geochronology

[13] The results obtained for the 11 samples dated are
summarized in Figure 2 and listed in Table 1, and the
preferred age for each sample is indicated either on the age
spectrum or in the correlation diagram. Site codes correspond
to Table 2.
[14] Site DG: Three laser step-heating experiments were

performed on groundmass fragments from the sample. The
two, three, and four fractions collected respectively on
the step-heating experiments yielded reproducible results.
Because the sample is characterized by low 40Ar* content,
the data plot is very close to the ordinate axis of the
36Ar/40Ar versus 39Ar/40Ar correlation diagram and therefore

Figure 2. Age spectra and 36Ar/40Ar versus 39Ar/40Ar correlation diagram for the samples as identified by
sites codes (see Table 2). Preferred ages are indicated in the diagrams. The fractions selected to calculate the
weighted mean ages are displayed in the age spectra with solid color. Otherwise, the preferred isochron age
is given in the correlation diagrams. Data ignored in the calculation are plotted with dashed line and graded
color. To facilitate the comparison of the age results, the age spectra were plotted in the same scale. For the
correlation diagrams, different scales were selected to highlight the distribution of the data. The Ta furnace
step-heating, laser step-heating, and laser one-step experiments are shown in by different colors, as given in
the right bottom corner.

MICHALK ET AL.: BRUNHES-MATUYAMA PALEOMAGNETISM MEXICO

2651



does not constrain a reliable isochron age. The preferred age
of 78� 56 ka was obtained from the mean square of
weighted deviation (MSWD=0.11) of the four fractions that
represent the bulk of the 39Ar (these are identified by solid
boxes in Figure 2a).
[15] Site DF: Three step-heating experiments with the laser,

plus two step-heating experiments with the temperature-
controlled Ta furnace were performed with a whole rock sam-
ple. The age spectra obtained (see Figure 2b) indicate reproduc-
ible results. A slight saddle shape is displayed in the age spectra.
The fractions released at intermediate temperatures cluster about
80 ka. The data from the five step-heating experiments
performed define a straight line (MSWD=1.36 for n=22) in
the 36Ar/40Ar versus 39Ar/40Ar correlation diagram. The iso-
chron age of 81� 35 ka is the preferred age for this sample.
[16] Site AL2: The results obtained with a whole rock

sample are shown in Figure 2c. Two laser experiments
were performed, a one-step fusion and a step-heating run.
The sample yielded low 40Ar*. In the step-heating experiment,
the bulk of the 39Ar (81%) was released in two fractions. The
age calculated from their weighted mean is 109� 45 ka, which
is the preferred age for this sample. Furthermore, the isochron
age of 122� 94 ka calculated with all the data points is statisti-
cally indistinguishable from the weighted mean result.
[17] Site AF: Two laser step-heating experiments and a one-

step fusion were performed with a groundmass sample. The

results are presented in Figure 2d. The sample composition
was not homogeneous with respect to the radiogenic argon
content. The first step-heating experiment yielded ages cluster-
ing at ~300 ka in agreement with the age of 330� 83 ka
obtained from the one-step laser fusion experiment. The
second experiment displays a pronounced saddle-shaped age
spectra. More than 60% of the 39Ar was released in the second
fraction, which yielded a 309� 49 ka age. The data do not
constrain an isochron age; however, the line calculated with
all the data is in agreement with the ~300 ka age. The preferred
age of 315� 36 ka was obtained as the weighted mean of five
fractions (MSWD=0.02) (fractions selected are displayed in
solid color in the age spectrum in Figure 2d).
[18] Site BV: A laser step-heating experiment and a laser

one-step fusion were performed for the groundmass frag-
ments (Figure 2e). The ages for three of the four fractions
collected in the step-heating experiment are in agreement
within 1s error and represent 63.5% of the 39Ar released.
The plateau age of 882� 189 ka (MSWD=0.97), calculated
with the segment defined by these fractions, is the preferred
age for this sample. The distribution of the data does not
define a reliable isochron age. The straight line plotted
in the 36Ar/40Ar versus 39Ar/40Ar correlation diagram
(Figure 2e) was calculated forcing the Y intercept
through 40Ar/36Ar = 295.5 and is only presented for illustra-
tive purposes.

Figure 2. (continued)
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[19] Site AN: Three laser step-heating experiments and two
step-heating experiments conducted with the temperature-
controlled Ta furnace were performed with a groundmass
sample, with very similar results (Figure 2f). The age
spectra display a slight saddle shape, suggesting the pres-
ence of excess argon. The data of the five experiments
were plotted in the 36Ar/40Ar versus 39Ar/40Ar correlation
diagram. The well-defined straight line using 22 out of 24
points indicates a (40Ar/36Ar)i = 301� 4, supporting the
presence of excess argon. Therefore, the preferred age
is the 949� 37 ka isochron age.
[20] Site DE: Two step-heating experiments were

conducted with a whole rock sample using the temperature-
controlled Ta furnace. The two experiments yield reproduc-
ible results. Since the sample is characterized by very low

radiogenic argon content, the data cluster is close to the
Y axis in the 36Ar/40Ar versus 39Ar/40Ar correlation diagram
(see Figure 2g). The distribution of the data does not permit
to obtain a reliable isochron age. For this reason, the pre-
ferred age 995� 120 ka for this sample was obtained with
the weighted mean of four intermediate fractions (two of
each experiment). These represent 57 and 44% of the 39Ar
released, respectively.
[21] Site DH: Two step-heating experiments were

conducted with a groundmass sample using the temperature-
controlled Ta furnace and lead to very reproducible results
(Figure 2h). The age spectra are slightly saddle shaped,
suggesting the presence of excess argon. The combined
data of the two experiments were plotted in the 36Ar/40Ar
versus 39Ar/40Ar correlation diagram, and the distribution

Table 1. Summary of 40Ar-39Ar Agesa

K/Ca Total Fusion Isochron Age Weighted Mean Age
Code No Total Age (ka)� 1s (ka)� 1s 40Ar/36Ari� 1s N MSWD (ka)� 1s 39Ar (%) N MSWD

DG 0.443 82� 106 46� 123 59.34 1 of 2 —
0.452 40� 93 86� 57 85.35 2 of 3 0.39
0.441 �22� 80 79� 95 59.64 1 of 4 —

166� 265 b 292� 8 9 of 9 0.67 78� 56 c 4 of 9 0.11
DF 0.428 41� 78

0.429 475� 184
0.436 196� 207
0.426 327� 103
0.426 240� 75 73� 62 66.91 2 of 6 0.04

81� 35 b 299� 1 22 of 23 1.36
AL2 0.525 32� 68 109� 45 80.91 2 of 4 0.6

0.534 298� 103
123� 94 b 295� 13 5 of 5 4.1

AF 0.382 334� 115 318� 70 100 3 of 3 0.02
0.475 1069� 114 309� 49 63.37 1 of 4 —
0.367 330� 83 330� 83 100 1 of 1 —

300� 83 b 297� 5 5 of 8 0.02 315� 36 c 5 of 8 0.02
BV 0.236 1526� 261 882� 189 63.51 3 of 5 0.97

0.234 3428� 352
1401� 105 295.5 d 5 of 5 12.4

AN 0.318 1334� 117
0.334 899� 77
0.355 1381� 79
0.312 1213� 131
0.298 1105� 82

949� 37 b 301� 4 22 of 24 1.76
DE 0.239 1096� 148 996� 168 56.66 2 of 4 0.7

0.215 1114� 135 994� 174 44.19 2 of 5 <0.01
501� 527 b 306� 9 9 of 9 0.21 995� 120 c 4 of 9 0.23

DH 0.310 1381� 108
0.286 1343� 80

1049� 81 b 303� 2 11 of 11 0.24
AO 0.240 1001� 104

0.257 1796� 162
0.298 989� 57
0.302 1175� 114
0.307 1241� 72
0.258 989� 93
0.324 1387� 84 1137� 90 57.31 2 of 6 <0.01

1095� 105 b 295� 6 7 of 12 1.71
BZ 0.486 1074� 85 1322� 100 45.66 1 of 3 —

0.451 1261� 106
1414� 129 b 285� 5 4 of 4 1.5

BW 0.332 1509� 69 1628� 56 84.77 3 of 5 1.4
0.312 1830� 59

1511� 206 b 333� 34 4 of 6 5.5

aSite code as given in Table 2; 1s, age uncertainty; preferred ages are indicated by bold numbers.
bThe data from all the experiments performed with the sample were combined to calculate the isochron age
cThe data from all the experiments performed with the sample were combined to calculate the weighted mean age
dForced intercept (40Ar/36Ar)i= 295.5
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Table 2. Site Codes, Volcanic Province According to Figure 1 and Paleomagnetic Site Coordinates; BC, BCR, MRS/MS, Site-Averaged
Hysteresis Parameters; S-300, S Ratio [Bloemendal et al., 1992]; Ms(T) Type, Thermomagnetic Classification as Described in the Text
(See Also Figure 2); Tc, Curie Temperatures Determined After the Method of Moskowitz [1981].

Site Volcanic Province
Latitude
(�N)

Longitude
(�W)

BC

(mT)
BCR

(mT) MRS/MS S-300
MS(T)
Type TC (�C)

DR E-TMVB 19�07.4100 97�32.2620 22.6 38.9 0.38 0.83 A 518
AX MG 19�28.2830 102�04.6060 13.0 34.8 0.02 0.99 A 516
AG2 VDB 19�10.6200 100�15.0600 18.8 44.8 0.29 0.99 A0 521
DV E-TMVB 19�07.2570 97�32.2450 18.6 31.8 0.31 0.98 A0 537
AY MG 19�29.0920 102�01.3500 9.6 15.1 0.20 1.00 E 210
BC MG 19�24.2170 102�06.5400 13.7 29.9 0.24 0.99 A 574
EA E-TMVB 18�55.5350 97�25.7240 12.7 32.6 0.16 0.98 A 521
DX E-TMVB 18�56.1210 97�28.3470 17.2 68.1 0.17 0.95 C 369, 503
BB MG 19�25.8600 102�05.2600 14.9 31.2 0.28 0.97 A 511
EG CEB 21�11.8140 104�32.8830 7.7 22.2 0.01 0.99 A0 527
DG VDB 19�23.4900 100�02.5930 16.2 32.3 0.20 1.00 A 535
DF VDB 19�06.5640 99�55.8960 38.3 66.4 0.44 0.99 B 396
EJ CEB 21�01.5530 104�23.6420 28.0 58.4 0.25 0.98 A 551
AV CEB 21�13.0600 104�35.5800 5.8 13.0 0.10 1.00 E 291
AL2 VDB 19�09.9840 100�14.2200 19.5 35.8 0.32 0.86 G 592
CP TEQ 20�51.9600 103�50.4200 13.2 21.4 0.27 0.99 F 250, 499
CT TEQ 20�48.6000 103�50.7000 15.2 63.5 0.20 0.94 F 370, 580
CV TEQ 20�47.4100 103�51.0800 13.1 32.0 0.24 0.97 F 256
BH MG 19�25.6830 102�09.5280 11.2 27.5 0.14 0.98 A 575
DQ E-TMVB 19�29.5080 97�08.9860 7.9 22.7 0.11 1.00 A 529
BI MG 19�25.5420 102�26.1070 8.0 24.5 0.10 0.99 A 512
CU TEQ 20�53.0300 103�53.9600 13.3 26.9 0.15 1.00 A0 502
CD MG 19�23.6270 102�24.6650 14.0 37.6 0.14 0.98 A 562
AH VDB 19�08.4770 100�10.5400 14.7 36.8 0.19 0.95 A0 526
AT CEB 21�09.7860 104�03.9000 14.8 36.3 0.13 0.99 A0 548
AM VDB 19�04.3970 100�15.2930 13.6 28.6 0.21 0.98 A0 562
AF VDB 19�11.8400 100�13.2080 33.6 63.4 0.47 0.76 G 580
DT E-TMVB 19�19.8670 97�27.2140 28.4 51.0 0.34 0.99 A 546
CF MG 19�22.0320 102�21.9530 6.5 35.8 0.08 0.97 B 420
CY TEQ 20�41.3450 103�55.2750 26.4 54.2 0.30 0.97 F 369, 580
BJ MG 19�16.8660 102�23.1270 21.6 44.7 0.24 0.99 A0 532
EL TEQ 20�49.6200 103�59.7500 7.8 14.5 0.14 1.00 A0 568
CJ MG 19�18.6000 102�32.3220 20.5 41.2 0.25 1.00 A 528
CO MG 19�15.4430 102�21.6400 17.9 40.0 0.17 0.99 A 485
EK CEB 21�02.0170 104�21.6170 16.6 36.6 0.30 0.98 G 348, 534
CR TEQ 20�51.9600 103�50.4200 14.2 39.2 0.13 0.96 A 515
AR CEB 21�14.0790 104�47.3590 6.2 19.3 0.07 1.01 A 580
BD MG 19�23.0520 102�05.5900 14.9 33.7 0.21 0.99 A0 573
AS CEB 21�04.2300 104�42.7000 10.9 28.6 0.11 0.99 A 555
AQ CEB 21�11.8500 104�47.5800 13.5 24.2 0.41 0.82 A0 538
EI CEB 21�01.6140 104�22.7500 19.7 26.7 0.30 0.97 G 301, 568
EO TEQ 20�53.9880 103�43.7570 6.6 16.7 0.10 1.01 A 490
EB CEB 21�09.4170 104�42.4830 12.0 40.6 0.10 0.98 A0 525
CK MG 19�15.7600 102�34.6100 24.0 48.1 0.24 0.99 D 314, 524
EF CEB 21�09.1920 104�40.3720 12.0 28.1 0.13 1.00 A 517
ED CEB 21�08.2000 104�41.8170 15.7 40.9 0.13 0.98 A 556
CW TEQ 20�51.8100 103�58.6500 6.0 20.8 0.08 0.99 A0 533
EN TEQ 20�53.9520 103�44.0830 7.8 14.5 0.14 0.99 A0 507
CG MG 19�24.968 102�28.589 12.0 28.0 0.14 0.98 A0 563
CQ TEQ 20�47.6800 103�24.4300 10.1 28.2 0.11 1.00 A 536
AZ MG 19�26.1130 102�01.2520 18.4 30.7 0.36 0.95 A0 547
AW MG 19�27.6120 102�03.8850 9.9 25.3 0.10 1.00 A0 555
BV VDB 19�01.9000 100�08.9120 10.4 32.3 0.12 0.93 A0 543
CE MG 19�15.5390 102�14.7510 16.6 39.2 0.17 0.99 A0 561
AN VDB 19�09.0370 100�01.5450 19.9 28.8 0.42 0.99 F 368, 545
CI MG 19�22.3080 102�29.5360 18.4 34.6 0.22 1.00 D 367, 543
DE VDB 18�51.2940 100�07.6370 17.6 39.9 0.22 0.99 C 377, 520
DH VDB 19�23.6400 100�01.4370 11.9 26.7 0.17 1.00 C 314, 518
CN MG 19�28.1550 102�33.3700 6.9 18.8 0.09 1.00 A 513
AO VDB 19�10.3360 100�07.0950 9.7 27.1 0.11 0.93 A 545
BZ VDB 19�02.1580 100�04.6780 33.0 58.4 0.39 0.87 A0 578
BW VDB 19�02.2900 100�10.1080 4.8 15.6 0.06 1.00 A 534
BL MG 19�16.3050 102�04.3730 22.0 41.7 0.29 0.96 A0 577
CM MG 19�26.5920 102�35.2820 36.3 215.1 0.30 0.65 G 507
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of the 11 data points constrain a straight line with (40Ar/36Ar)
i = 303� 2, confirming the presence of excess argon. The
preferred age is the isochron age of 1049� 81 ka.
[22] Site AO: Six laser one-step fusion experiments plus

one laser step-heating run were performed with a ground-
mass sample (Figure 2i). For illustrative purposes, the six
one-step experiments were plotted as a pseudo-age spectrum,
where each single fusion is shown as an individual fraction.
The step-heating experiment is presented at the back. All
the data collected were plotted in the 36Ar/40Ar versus
39Ar/40Ar correlation diagram. The preferred age of
1095� 105 ka is the isochron age defined by the most
radiogenic fractions of the step-heating experiment plus five
out of the 6 one-step fusions. In fact, the isochron age is
indistinguishable from the 1104� 84 ka age calculated with
the weighted mean of all the one-step experiments.
[23] Site BZ: One laser step-heating and laser one-step

fusion experiments were performed with a whole rock sample.
The two experiments yielded similar ages; however, the
analyses were conducted in very little detail (see Figure 2j).
The best estimate for the age of this sample is taken from
the fraction with the highest radiogenic argon yield:
1322� 100 ka. This age is indistinguishable within 1s error
from the 1261� 106 ka age obtained in the one-step fusion ex-
periment. Due to the distribution and amount of data, the
straight line defined by the four data points, in the 36Ar/40Ar
versus 39Ar/40Ar correlation diagram, is not considered reli-
able. The preferred age for this sample is 1322� 100 ka.
[24] Site BW: One laser step-heating experiment and a

laser one-step fusion were performed with a whole rock
sample yielding similar results (Figure 2k). The bulk of the
39Ar (84.77%) was released in the three middle fractions of
the step-heating experiment. The weighted mean of their
ages yields 1628� 56 ka. The data collected were plotted in
the 36Ar/40Ar versus 39Ar/40Ar correlation diagram, yielding
a poorly constrained isochron age of 1511� 206 ka. The
preferred age for this sample is 1628� 56 ka.

6.2. Rock Magnetic Properties:
Thermomagnetic Behavior

[25] Eight different types of thermomagnetic behavior
(A–G) can be distinguished from the MS(T) curves
(Figure 3). Type A curves show good reversibility and a single
magnetic phase with a high Curie temperature between 510
and 575�C, which is indicative of Ti-poor titanomagnetite
(Figure 3a). Type A0 curves (Figure 3b) show similar behavior
as Type A curves but with a slight decrease in magnetization
on the cooling branch, probably due to the partial oxidation
of such titanomagnetite to hematite during laboratory heating.
Type A or A0 behavior was observed in 44 out of a total of
63 samples. Type B curves (sites DF and CF) show excellent
reversibility and a TC between 320 and 420�C (Figure 3c),
indicative of titanomagnetite with compositional parameter
between x� 0.25 and 0.4 [O’Reilly, 1984]. Type C behavior
(Figure 3d) was found in samples from three sites (DX, DH,
and CN). Two Curie temperatures were observed on the
heating curve, the low-temperature phase (TC� 220–370�C)
being probably due to cation-deficient titanomagnetite, as
this phase is not seen in the cooling curve, while the high-
temperature phase again indicates Ti-poor titanomagnetite.
Reversibility is still good, although a slight increase of MS is
observed in the cooling curve. Samples displaying two differ-
ent TC at� 310–350�C and� 520–560�C (Figure 3e) are
classified as Type D samples (sites CK and CI). Curves
are fairly reversible, and both TC values are observed in
the heating and cooling branches, again with a small increase
of MS in the cooling curve. This behavior is interpreted
as being indicative of two different titanomagnetites with
differing Ti content. Type E behavior (Figure 3f) is character-
ized by a single phase of titanomagnetite with a TC between
190 and 290�C, which indicates a fairly high Ti content
(x� 0.6–0.4). Such curves (sites AY, AV, and CP) are typical
for titanomagnetites where no deuteric oxidation occurred on
primary cooling, but since then have undergone some low-

Figure 3. Different types of thermomagnetic curves obtained with a variable field translation balance
(VFTB) in a field of 500 mT from room temperature to 700�C. Heating (red line) and cooling (blue line)
were conducted in argon atmosphere. A correction for paramagnetic content was not necessary as magne-
tizations above the highest Curie temperature were small (generally between 6 and less than 2%).
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temperature oxidation (maghemitization), as indicated by the
irreversibility and higherMS values seen in the cooling curve.
Samples showing a titanomaghemite inversion peak at around
350 to 430� C (Figure 3g) are classified as Type F samples
(sites CT, CV, CY, and AN). On continued heating above
the inversion peak, titanomaghemite is transformed to a mag-
netic phase with a TC of around 580�C, close to that of pure
magnetite. In samples showing Type G behavior (Figure 3h),
a well-defined Curie temperature is masked by a paramagnetic
contribution and instrumental noise. Samples showing this
rather noisy behavior (sites AL2, EK, EI, and CM) generally
displayed the weakest magnetizations.

6.3. Microscopy Studies

[26] Reflected light microscopy studies revealed that sam-
ples with high Curie temperatures between 510 and 575�C
and thermomagnetic behavior of type A or A0 often contain
intermediately exsolved titanomagnetite (oxidation stages
C3–C4, after Haggerty [1991]) with some ilmenite
lamellae (Figure 4a).
[27] Skeletal or needle-like titanomagnetite was found in

lavas showing thermomagnetic Type E behavior (sites AY
and AV). Here titanomagnetite appears unblemished, indi-
cating a fast cooling of the lava before deuteric oxidation
could occur (Figure 4b). This habitus is similar to the ones
reported by Urrutia-Fucugauchi et al. [1984] from a colum-
nar basalt from Central Mexico, or from mid-ocean ridge
basalt samples reported by Krása and Matzka [2007].
Visual signs of maghemitization were found in samples from
sites AR, BH, and CQ. Here titanomagnetite displays the
typical surface cracks on the crystals, as a result from the
change in volume due to diffusion of Fe2+ from the crystal
lattice structure to the surface, where it is converted to Fe3+

(Figure 4c). However, the thermal stability does not seem
to be greatly affected, as samples from these lavas still
displayed almost reversible behavior during the thermomag-
netic experiment. Samples from two sites showing thermo-
magnetic Type G behavior (AL2 and AF) are clearly
characterized by contributions of (titano-) hematite, which
likely causes the noisy behavior during the thermomagnetic
experiments. These samples appeared red in color, and ore
microscopy studies revealed that almost all the primary spi-
nel minerals were altered/limonitized to rutile with goethite
and lepidocrocite by low-temperature oxidation (or perhaps
hydrothermal alteration, Figures 5a and 5b). However, as
seen in the backscattered electron micrograph in Figure 5c,

very small titanomagnetite, often of submicron size is
observed along needles of pyroxene. This titanomagnetite
appears unblemished and probably remained unaffected by
the oxygen fugacity. In samples from site AQ, characterized
by (titano-) hematite, large titanomagnetite grains showed
signs of replacement stage oxidation (C6) as indicated
by the graphical/myrmecitic intergrowth of pseudobrookite
(Figures 5d and 5e).

6.4. Rock Magnetic Properties: Hysteresis Properties

[28] Figure 6 shows six examples of hysteresis data with
corresponding IRM acquisition curves, and Figure 7 shows
the Day plot, generated from the hysteresis parameters
tabulated in Table 2. In Figures 6a–6c, hysteresis loops are
shown that are characteristic for the majority of samples in-
vestigated in this study. No wasp-waisted behavior is ob-
served near the origin of these loops, which indicates
restricted coercivities [Tauxe et al., 1996], and IRM curves
are fully saturated at fields of 100–300 mT. Samples from
site CV (Figure 6d) are characterized by a bimodal distribu-
tion of coercivities (as seen in the IRM acquisition
rate), and the hysteresis loop is wasp waisted. As these
samples are characterized by low Curie temperatures, it is
likely that aside from a titanomagnetite with high Ti content,
some additional magnetite is present. Thus, this behavior
probably relates to two fractions of titanomagnetite and mag-
netite. Samples characterized by contributions of (titano-)
hematite had clearly wasp-waisted loops, and their IRM
acquisition curves are not saturated at IRM peak fields of
2 T (Figures 6e and 6f). As hysteresis measurements were
carried out to a maximum field of 1 T, MS is underestimated,
and consequently, these samples plot away from the
mixing lines, more toward the right side of the Day plot
(Figure 7), particularly obvious for samples from site
CM. The majority of samples plot within the pseudosingle
domain range along the theoretical linear mixing curves of
Dunlop [2002].
[29] Due to the information gained from rock magnetic

analyses, we interpret low Ti titanomagnetite as the rema-
nence carrier in the majority of samples from this study.
Samples are considered to be mixtures of single domain
(and/or pseudosingle domain) and multidomain particles.
Small contributions of (titano-) maghemite are probably
present in samples from nine sites (AY, AV, CP, CT, CV,
CY, and AN) as indicated by the thermomagnetic behavior
(Types E and F behavior, Figure 3) and ore microscopy

Figure 4. Zeiss DSM962 backscattered electron microscope micrographs of (a) Ti-poor titanomagnetite
with ilmenite exsolution lamellae (sample BD_11 from the Michoacan-Guanajuato volcanic field; oxida-
tion stage C3–C4), (b) Skeletal titanomagnetite grains classified as the cruciform type (sample AV_4 from
the Ceboruco San-Pedro volcanic field; oxidation stage C1), (c) large unexsolved titanomagnetite grains
with shrinking cracks due to low temperature oxidation/maghemitization (sample AR_2 from the
Ceboruco San-Pedro volcanic field). Classifications follow Haggerty [1991].
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Figure 5. Examples of reflected-light microscopy; (a–c) highly oxidized lava (sample AF_9 from the
Valle de Bravo volcanic field), dominated by (titano-) hematite, which appears red in color; (b, inset) small
titanomagnetites (TiMa) unaffected by alteration, which appear grey in color; (c) backscattered electron
microscope micrograph from the same sample, showing small unblemished titanomagnetites (in bright
color) along needles of pyroxene (Pyx, grey in color); (d and e) sample AQ_10 from the Ceboruco
San-Pedro volcanic field, dominated by (titano-) hematite with large titanomagnetite grains showing
signs of replacement stage oxidation (oxidation stage C7).

Figure 6. Examples of hysteresis loops, black line (grey line) corrected (uncorrected) for paramagnetic
content and corresponding acquisition curves (solid line) and acquisition rates per field step (red bars) of
the isothermal remanent magnetization (IRM).
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(AR, BH, and CQ), while samples from four sites (AL2, AF,
AQ, and CM) additionally contain (titano-) hematite.

6.5. Paleomagnetic Directions

[30] A characteristic remanent magnetization (ChRM) was
successfully isolated by either AF or thermal demagnetiza-
tion for most samples and determined using principal compo-
nent analysis [Kirschvink, 1980], following the quality
criteria of Tauxe et al. [2000], by using at least five vector
endpoints and a maximum angular deviation of less than
5�. Secondary viscous remanent magnetizations (VRMs) that
were easily removed by AF fields of 10–15 mT or thermal
demagnetization to 200�C (Figure 8a) were common.
Occasionally, the vector sum of the VRM component was
larger than from the ChRM (Figure 8b). In some cases, we
observed that small quantities of NRM (5–15%) persisted
after peak AF demagnetization fields of 100–125 mT.
However, as these samples generally displayed a linear
decay of remanence toward the origin of the vector endpoint
diagrams, and sister samples subjected to thermal demagneti-
zation displayed similar directional behavior, we are confi-
dent that the ChRM was correctly identified. In some
samples subjected to thermal demagnetization, most of the
NRM was removed between 450� and 550�C (Figure 8c).
For samples containing (titano-) hematite, AF peak fields of
100–125 mT were not sufficient to fully demagnetize the
NRM, leaving as much as 30–50% of the NRM intact
(Figure 8d). This demagnetization behavior correlates with
samples showing nonsaturated hysteresis loops. In such
cases, a combined demagnetization approach of AF and

thermal demagnetization was used (Figure 8e). Samples with
reversed magnetizations often showed a normal polarity
viscous overprint, oriented antiparallel to the ChRM of
reversed polarity, resulting from the post-reversal field
(Figure 8f). Occasionally, significant secondary components
were observed, which are likely due to a lightning-induced
IRM (Figure 8g). This was supported by anomalously high
NRM intensities, higher than those obtained from unaffected
samples of the same flow. Such samples were rejected from
further analysis.
[31] Mean paleomagnetic directions (Table 3 and Figure 9)

were calculated from at least three, on average 10, samples
applying Fisher statistics [Fisher, 1953]. Fifty-one mean
vectors have a95 values between 2� and 9� with an average
of 6.1�, while eight sites (BH, CU, EO, CK, AZ, CI, CG,
and DE) have a95 values >10�. Flow AM was affected by
lightning to such a degree that it was not possible to determine
reliable ChRM directions. Four sites (DG, AS, EI, and EF)
had dispersed paleomagnetic directions and were rejected.
Virtual geomagnetic poles (VGPs) were calculated from
the site mean directions and are shown in Figures 10a and
10b for normal and reverse polarities, respectively.

7. Discussion

7.1. Paleosecular Variation

[32] To avoid using tectonically affected sites in the
calculation of PSV, we restricted the analysis to lavas of
Pleistocene age (younger than 1.8Ma) because tectonic
rotations may be significant in the TMVB for rocks exceed-
ing that time range [Ruiz-Martinez et al., 2000]. Figure 10
shows a polar plot of virtual geomagnetic pole positions for
normal and reversed polarity sites with Brunhes-aged
lavas indicated by red circles and Matuyama-aged lavas by
green diamonds. This indicates that two Brunhes-aged lavas
have reversed polarity and seven sites of Matuyama age
have normal polarity magnetizations. A possible relationship
of these lavas with regard to geomagnetic excursions is
discussed below.
[33] Paleosecular variation Sb is estimated from the scatter

of VGPs, determined by the root mean square angular
deviation of VGPs by

Sb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 1

XN

i¼1
d2i �

S2w
�n

� �s
(1)

where @i is the angular distance (AD) of the VGP for the ith
site from the mean VGP, N is the number of sites used in the
calculation, and Sb is the geomagnetic signal remaining after
correcting for within-site dispersion Sw and using the mean
number �n of samples per site [Johnson et al., 2008].
[34] The global database of PSV, based on a compilation of

0–5Ma lavas (Model G) [McFadden et al., 1988, 1991],
predicts an increase of S with latitude. For Model G, the pre-
dicted value for the latitude of Mexico of 20� is S ¼ 13:414:012:9
(upper and lower confidence limits, respectively). A similar
latitudinal trend is predicted by Model TK03 [Tauxe and
Kent, 2004], which is based on a time-averaged field speci-
fied by GAD and 10,000 simulations at latitude increments
of 5� using the McElhinny and McFadden [1997] high-
quality data compilation (DMAG 4 criteria). The TK03

Figure 7. Plot of bulk magnetic domain states [Day et al.,
1977] for site-averaged hysteresis parameters of the 63 lavas
investigated in this study. Theoretical mixing curves of Dunlop
[2002] are shown for reference; single domain-multidomain
(red lines) and super paramagnetic-single domain (green lines);
data from samples shown in Figure 5 (magenta).
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Model predicts S ¼ 12:913:012:7. Recently, Johnson et al. [2008]
presented a new model for the 0–5Ma time-averaged field,
which we refer to as TAF-J. The TAF-J model is based on
high-quality paleomagnetic directional data from over 2000
volcanic sites with sufficient spatial and temporal sampling,
spanning latitudes from 78�S to 53�N. It indicates a different
latitudinal structure of PSV for the Brunhes and Matuyama
Chrons, with less latitudinal variation of PSV for normal
polarity Brunhes data (S=16) and generally higher dispersion
and some latitude dependence for reverse polarity Matuyama
data (S ¼ 13:215:810:7 ). The dispersion predicted by the TAF-J
model based on normal polarity Brunhes data (S ¼ 11:212:210:1 ,
for latitude 20�) is lower than the one predicted by Model G,
but it has to be noted that this value is largely based on data

from Hawaii [Lawrence et al., 2006], which was found to
show large negative mean inclination anomalies and small dis-
persion. For the 0–5Ma combined normal and reverse polarity
data, Johnson et al. [2008] quoted a dispersion ofS ¼ 14:515:213:8.
[35] For estimating the PSV, reversed polarity mean

directions were inverted to normal polarity, thus assuming
symmetry in normal and reverse polarity fields. Choosing
the correct cutoff angle (lcut) to separate normal PSV from
an intermediate/transitional geomagnetic regime is still a
matter of debate. Some previous paleomagnetic studies
from Mexico [Petronille et al., 2005, Ceja et al., 2006,
Conte et al., 2006] combined two parameters: (1) a VGP
latitude lower than 60� and (2) an angular distance from
the mean direction exceeding 30�. We chose a cutoff angle
of 40� from the north geographic pole, which corresponds

Figure 8. Orthogonal vector endpoint diagrams of representative demagnetization data, solid circles
(open circles) are projections into the horizontal (vertical, defined by the horizontal component of the
direction vector) plane and normalized intensity decay curves.
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to a VGP latitude of 50�. Additionally, VGP cutoff values
were calculated using the method of Vandamme [1994],
in which the cutoff value is a function of the VGP scatter,
calculated from Model G [McFadden et al., 1988, 1991]
according to

lcut ¼ 1:8S þ 5ð Þ� (2)

[36] As the S values did not converge when removing low-
latitude VGPs, we decided to select from the iterative process
an intermediate S of 10� for Brunhes and combined Brunhes-
Matuyama data, and 11� for Matuyama data. Both cutoff
approaches (40� fixed cutoff and Vandamme cutoff) were
applied, and results are listed in Table 4.
[37] Using a constant cutoff of 40�, we obtain dispersion

values, which are consistent within the error range with
Models G, TK03, and TAF-J. For combined Brunhes and
Matuyama data, we obtain Sb = 14.2, and slightly higher
values Sb = 15.4 when restricting the analysis to high-quality
data (n > 4, k > 50) only. Treating Brunhes data separately
gives a slightly lower dispersion of Sb= 13.8 for all data
and Sb = 14.3 for high-quality data. Matuyama data indicate
some higher dispersion of Sb = 16.2, although only 11
VGPs have been used in the calculation. The average number
of samples per site was for all analyzed data sets �n> 10.
[38] Significantly lower dispersion values are obtained

when applying the cutoff criteria of Vandamme [1994] given
above, which removed eight VGPs from the Brunhas-
Matuyama data set and reduced the dispersion significantly
to Sb = 10.9. For the Matuyama data set, this approach
worked better, eliminating only one VGP, and this leads to
an Sb = 14.9 which is comparable to the dispersion for the
Brunhes data using the 40� cutoff angle or using high-quality
data only. The Vandamme approach applied to the Brunhes
data removed many VGPs with latitudes >60�, which we
regard to be still within the range of normal PSV, and in
consequence, we favor the fixed cutoff approach. In sum-
mary, PSV estimates from this study indicate “normal”
values of PSV for Mexico, best described by latitude-
dependent models (Model G, TK03, and TAF-J). This is in
agreement with previously published PSV estimates from
the TMVB covering a similar time window [e.g., Mejía
et al., 2005].

7.2. Correlation to the Geomagnetic
Instability Timescale

[39] Flow-mean VGP latitudes, declinations, and inclina-
tions are depicted in Figure 10 against their age position
in the geomagnetic polarity timescale supplemented with
excursions reported in the literature. Most ages of geomag-
netic excursions within the Brunhes Chron are adopted from
the geomagnetic instability timescale of Singer et al. [2002,
2008a, 2008b] and from sedimentary data from numerous
ODP (Ocean Drilling Project) paleomagnetic studies summa-
rized by Lund et al. [2006]. Excursions within the Matuyama
are mainly adopted from Singer and Brown [2002] and sedi-
mentary data from ODP sites 983/984, Iceland Basin
[Channell et al., 2002]. The latter is most likely the best dated

Table 4. Summary Statistics of Paleosecular Variation Estimates Obtained From Data of Lava Flows Younger Than 1600 ka and for Data
From Lava Flows Dating of Brunhes Chron and Matuyama Chron Separatelya

Data Set Selection Criteria No N lcut AD max Stot Sl S Su

All data Fixed cutoff of 40� 57 56 40.0 36.6 14.5 11.3 14.0 16.7
Vandamme 57 49 22.2 19.7 10.2 7.8 9.6 11.1
N> 4, k> 50
Fixed cutoff of 40� 31 31 40.0 35.6 15.5 11.0 15.3 18.8
Vandamme 31 26 22.1 18.7 10.0 7.5 9.7 11.7

Brunhes data Fixed cutoff of 40� 46 45 40.0 36.3 14.1 10.3 13.6 16.7
Vandamme 46 39 19.7 18.1 9.0 6.8 8.3 9.8
N> 4, k> 50
Fixed cutoff of 40� 26 26 40.0 34.7 14.2 9.3 13.9 18.1
Vandamme 26 23 19.2 16.4 8.3 5.5 7.9 9.7

Matuyama data Fixed cutoff of 40� 11 11 40.0 28.6 16.5 11.0 16.0 20.1

aA fixed cutoff of 40� is applied, and in a second calculation, cutoff values are calculated after the method of Vandamme [1994]. No /N, number of sites
available/used in the calculation of the scatter of virtual geomagnetic poles; lcut, cutoff angle used in the calculation; AD max, maximum angular distance
from the North Pole of VGP included in the calculation; St, total scatter of VGPs; Sw, within-site dispersion; Sb, between-site dispersion of VGPs; Su and
Sl, upper and lower confidence limits of Sb, calculated after the method of Cox [1969].

Figure 9. Equal area projection of all mean characteristic
remanent magnetization directions with 95% confidence
circles. Black dots (open circles) are projections on the lower
(upper) hemisphere. Directions of excursions or events are
labeled with the corresponding site codes (see Table 2).
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(by a continuous stable oxygen isotope astrochronologic age
model) and one of the most highly resolved marine sediment
sequences covering the lower Brunhes and most of the
Matuyama Chron. In the following, we discuss paleomag-
netic data which according to our studies and/or those of
Petronille et al. [2005] and Ceja et al. [2006] may be
associated with geomagnetic excursions and events.
Representative demagnetization data of sites that are
discussed are shown in Figures 11 and 12 to demonstrate
that the ChRM has been reliably determined, even in
cases where relatively strong instable components were
present, like in sample EN_4.1. Such components were
removed in AF amplitudes <50 mT or by thermal
demagnetization below 400�C. Below, we use the term
fully reversed when the VGP latitude is less than �45�
for Brunhes data and larger than 45� for Matuyama data.
[40] 1. Site CY (354� 15 ka) [Lewis-Kenedi et al., 2005]

has a normal polarity mean direction of D= 323.6�,
I = 37.6�, a95 = 5.9�, n/N = 11/13 (n = number of samples
used in the calculation, N= number of treated samples),
Plat = 56.1�. Ceja et al. [2006] obtained a rather poorly
defined result based only on three accepted, but four rejected,
samples (D= 290.5�, I = 14.5�, a95 = 14.5�, n/N= 3/7,
Plat = 24.9�; site TM10 in their publication) and interpreted
the direction as intermediate. Using the quoted GPS coordi-
nates, which are identical to those given by Lewis-Kenedi
et al. [2005] for their 40Ar/39Ar dating sample but where
the block lava exposure was rather poor, we were unable to
identify their sampling locality. Ceja et al. [2006] interpreted
the intermediate direction as new volcanic evidence for the
Levantine event, first proposed by Ryan [1972], which is
one of the rather poorly defined events in the Brunhes and
which occurred at about 360 ka [Singer et al., 2002]. We
sampled about 350m to the west an outcrop along the
flow surface, as suggested by field observation and Google
Earth images. Sampling covered an interval of ~15m, where
five different blocks could be distinguished. Our result
(Figure 12a) is based on more drill cores that produced coher-
ent directions, and while it is significantly different from the
result published by Ceja et al. [2006], it is of much better

quality. Assuming a VGP cutoff angle of 40�, it lies also still
within the range of usual PSV. Considering the generally
rather poor outcrop exposures at this site and the incoherent
paleomagnetic results, future sampling of a better outcrop
of this flow, for both paleomagnetic and geochronology
studies, is required to accept this lava flow as being
excursional, if at all. Based on all available data, this does
not seem to be the case.
[41] 2. Site TM9 in the same study of Ceja et al. [2006],

dated at 362� 13 ka [Lewis-Kenedi et al., 2005], was also
linked to the Levantine event. Here they obtained a direction
of D= 23.3�, I = 5.8�, a95 = 6.2�, n/N= 9/12, Plat = 61.3�,
which was again interpreted as intermediate. Again, the
blocky lava exposure was rather poor, with many moved
blocks, and no boreholes were spotted at the cited GPS
coordinates. Our site EL corresponds to that same dated
flow but is situated about 250m south of the geochronology
location. We distributed our samples over a large interval
(>30 m) and sampled 10 independent blocks interpreted
as original in situ cooling structures. A well-defined normal
polarity magnetization of D= 358�, I= 35.8�, a95 = 5.1�,
n = 15/16, Plat = 87.9� was obtained (Figure 12b). We
propose therefore that our fully normal paleodirection super-
sedes TM9 of Ceja et al. [2006].
[42] 3. Flow EO (592� 20 ka [Lewis-Kenedi et al., 2005];

Figure 13a) has a reversed polarity magnetization of
D = 173.3�, I = -21.1�, a95 = 11.3�, n= 11/14, Plat =�77.6�.
According to its age, this flow could have erupted during
the Big Lost excursion, initially constrained by K-Ar dating
of a transitionally magnetized lava flow in Idaho to
565� 28 ka by Champion et al. [1988]. The best estimated
age for the Big Lost excursion is a weighted mean age of
579� 6 ka [Singer, 2007], based on high-quality 40Ar-39Ar
age data obtained from transitionally magnetized lava
sequences on La Palma (Canary Islands) dated by Singer
et al. [2002] and on Tahiti [Hoffman and Singer, 2004].
Further volcanic evidence for this excursion comes from a
group of three excursional flows (two of them with low
paleo-intensities) from the West Eifel, Germany, initially
studied by Böhnel et al. [1987], Schnepp [1994], and

Figure 10. Polar projection of virtual geomagnetic poles from sites dating of Brunhes Chron (red dots)
and Matuyama Chron (green diamonds). (a) Sites with normal polarity and (b) sites with reversed polarity.
VGPs corresponding to excursions or events are labeled with their corresponding site codes (see Table 2).
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Schnepp and Hradetzky [1994] and dated by Singer et al.
[2008b] at 578� 8 ka. Furthermore, relative paleo-intensity
minima of global extent have been found in numerous other
studies with ages between 590 and 610 ka [e.g., Lund et al.,
1998;Guyodo and Valet, 1999; Channell et al., 2004], which
are most likely linked to the Big Lost excursion. We note
that Ceja et al. [2006] also sampled this flow at their locality
TL-9 about 200m south of EO but were not successful in
obtaining a mean direction. This was also the site reported
for the geochronology sampling.
[43] Further evidence for the Big Lost excursion, recorded

in lavas from Mexico, comes from the study of Petronille
et al. [2005], who found two lava flows with fully reversed
polarity magnetizations (site CB-04 and CB-13 in their pub-
lication) with ages of 614� 16 and 623� 91 ka [Frey et al.,
2004], respectively. Unaware of this study, we also sampled
both of these flows. Our site EF corresponds to the exact
sampling locality of site CB-04, and when revisiting the

locality, indeed, boreholes were found close by, covered
by dense vegetation. Unfortunately, our ChRM directions
were dispersed, preventing us from calculating a mean
direction. An additional sampling in 2011 over a wider
outcrop scale of >30 m showed that this locality appar-
ently was widely exposed to lightning strikes, as samples
had NRM intensities up to 125A/m, Königsberger’s
ratios Q = 173 in average, and dispersed NRM directions.
In 7 out of 10 samples, AF demagnetization up to 80 mT
removed most of the secondary components and
approached a stable end direction. Therefore, we interpret
that the characteristic direction of site EF indeed has a
normal polarity, which could only be defined with a
high uncertainty due to still unresolved characteristic
magnetization directions (Table 2; D = 355.1�, I = 9.9�,
a95 = 15.9�, n/N = 7/10, Plat = 73.2�).
[44] Our site ED (Figure 12c) corresponds to site CB-13,

but again no boreholes were found at the cited coordinates.
We sampled five individual big blocks considered to be in
situ cooling structures with 16 drill cores, resulting in a
normal polarity mean direction (Figure 10c) of D=358.6�,
I=17.3�, a95 = 8.5�, n/N=11/15,Plat = 77.6�. Thus, to confirm
the excursional results of Petronille et al. [2005] once more, a
resampling of both flows is required for both paleomagnetic
and geochronology studies.
[45] 1. Site EN (671� 12 ka [Lewis-Kenedi et al., 2005];

Figure 13b) has a reversed polarity magnetization of
D = 210.3�, I =�33�, a95 = 6.7�, n/N= 10/13, Plat =�61.3�.
This flow could have been emplaced during the Delta/
Stage17 excursion first indicated by inclination lows found
in a sediment core from Calabria, Southern Italy, by Creer
et al. [1980]. Biswas et al. [1999] assigned intermediate to
reversed directions to the Delta/Stage17 excursion occurring

Figure 11. Paleolatitude of the virtual geomagnetic poles
(cutoff angle of 40� is indicated by the stippled line), flow-
mean magnetic declinations and inclinations (geocentric
axial dipole inclination indicated by the stippled line) of lavas
investigated in this study with a tentative correlation to the
geomagnetic polarity timescale modified for geomagnetic
excursions of the last 2 Ma compiled from Langereis et al.
[1997], Nowaczyk and Frederichs [1999], Singer et al.
[2002, Singer, 2007, Singer et al., 2008a, 2008b],
Nowaczyk and Knies [2000], Channell et al. [2002], and
Lund et al. [2006]. Excursions highlighted in white are
well-documented excursions with acceptable age control.
Excursions highlighted in grey indicate excursions with
restricted age control, which require further ratification.
Sites that are associated with Brunhes (Matuyama) Chron
excursions are highlighted with green (yellow) bands and
are indicated by red stars.

Figure 12. Orthogonal vector endpoint diagrams of demag-
netization data from sites that yielded controversial results to
previously published data. For definitions, see Figure 8.
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over about 7 ka at around 690 ka in a sediment core from the
Osaka Basin, south-western Japan. However, as Singer et al.
[2002] point out, the age of the Delta excursion requires
further verification. There is evidence for the Delta/Stage17
excursion from sedimentary data obtained by Channell
et al. [2004] who found inclination minima at around
665 ka in two astronomically dated cores (ODP sites 983
and 984) from the North Atlantic, Bjorn Drift/Iceland
Basin. Carcaillet et al. [2004] reported a VDM (virtual di-
pole moment) minimum at around 700 ka in a 10Be-derived
VDM record from sedimentary records from the West
Equatorial Pacific Ocean (North New Guinea). The first
evidence that lava flow EN recorded the Delta/Stage17
excursion came from the study of Ceja et al. [2006]. They
quoted an intermediate-reversed direction of D = 161.1�,

I = 21.4�, a95 = 6.4�, n/N= 8/8, Plat =�54.7� (site TL-10 in
their publication). We did not find their drill holes at their
listed site coordinates, situated on top of a blocky lava flow.
Our result is different from the previously published one and
now indicates a fully reversed direction for this flow. As our
drill cores definitely were recovered from the dated lava flow
in a well-defined river cut about 200m northeast of TL-10,
where the flow was clearly unaffected by any post cooling
movements, we propose our result to supersede that of Ceja
et al. [2006]. We also note here that site EN is located only
560m W of EO (see above) and at a ~60m lower elevation.
The reported age difference of�80 ka between the two flows
may well correspond to their relative stratigraphic position,
and future geochronology studies would have to show if they
recorded recurrent excursions as observed by Singer et al.

Figure 13. Orthogonal vector endpoint diagrams of demagnetization data from sites that are associated
with geomagnetic excursions. For definitions, see Figure 8.
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[2008b] in the West Eifel volcanic field, or if rather the ages
are not sufficiently well defined and the flows indeed
recorded the same excursion.
[46] 2. Another site with an age indistinguishable from EN

was sampled in the Michoacán-Guanajuato volcanic field at
a distance of about 200 km, i.e., CG with 673� 10 ka
[Ownby et al., 2007]. It produced a reversed to intermediate
direction of D = 231.3�, I =�43.1�, a95 = 11.8�, n/N= 9/11,
Plat =�42.9� (Figure 12f). This direction is similar to that
of flow EN, and both VGPs share similar longitudes of
166.8� and 150.9� and are roughly located between South
Australia and Antarctica (Figure 10), suggesting that both
flows indeed may have recorded the same geomagnetic
excursion. The coincidence of geochronology ages and
paleomagnetic record in two lava flows from different
volcanic fields strongly supports that indeed both ages and
reversed polarities are correct.
[47] Of all excursional lava flows mentioned above,

only flow CG provided a paleo-intensity estimate: 33� 1
mT [Michalk et al., 2010]. While this value is at the lower
end of the reported paleo-intensities for the TMVB, the
paleo-intensity is not as low as typically observed during
geomagnetic excursions.
[48] All remaining Brunhes Chron sites provided

normal polarity magnetizations. Site BV has an age of
882� 189 ka (this work), and the large error range overlaps
with the upper Matuyama and lower Brunhes Chrons. The
normal polarity observed in BV would suggest that this lava
erupted during the Brunhes Chron. While it also could be
correlated to some of the Matuyama excursions or the
Jaramillo normal subchron, the large age error makes such
correlations meaningless. Five lavas of normal polarity that
based on the reported geochronology data are unambigu-
ously assigned to the Matuyama Chron are discussed below.
[49] 1. Flow AN (949� 37 ka, this work; Figure 13c) has a

normal polarity mean direction of D= 348.8�, I= 27.8�,
a95 = 8.3�, n/N= 10/12, Plat = 77.6�. According to its age, it
could have been emplaced either during the Kamikatsura
or the Santa Rosa excursion. The Kamikatsura excursion
is constrained by Singer et al. [1999] to 900� 6 ka, based
on 40Ar/39Ar ages from seven lavas with intermediate
paleodirections from the Punaruu Valley (Tahiti), initially
studied by Chauvin et al. [1990], and in lava flows from
the Haleakala volcano (Hawaii), initially studied by Coe
et al. [1985, 1995]. The Santa Rosa excursion is constrained
by Singer and Brown [2002] to 936� 8 ka, based on
40Ar/39Ar ages obtained from the transitionally magnetized
lavas from the Cerro San Rosa 1 rhyolite dome (New
Mexico). Channell et al. [2002] identified a low in the rela-
tive paleo-intensity and VGP latitudes crossing the equator
at ODP site 983 and suggest an age of 932 ka for the Santa
Rosa excursion.
[50] 2. Flows DE (995� 120 ka, this work) and CN

(1075� 34 ka) [Ownby et al., 2007] have both normal
magnetizations and were most likely emplaced during the
worldwide recognized Jaramillo Normal Subchron, which
had a duration of 68 ka, from 1001 to 1069 ka [Singer, 2007].
[51] 3. Flow AO (1095� 105 ka, this work) has a

rather unusual direction of D= 3.8�, I =�18.3�, a95 = 6.2�,
n/N = 8/10, Plat = 61.6�. However, assuming a cutoff angle
of 40�, this direction would be still within the range of normal
PSV values. Due to the rather large age error, this flow could

have been emplaced either during the younger part of the
Jaramillo or during one of the two preceding normal polarity
intervals, i.e., the Punaruu excursion or the Cobb Mountain
Normal Subchron. Evidence for Punaruu excursion comes
from normal to transitional magnetizations found in lavas
from Punaruu Valley on the islands of Tahiti [Chauvin
et al., 1990] and later dated by Singer et al. [1999]. Singer
[2007] quoted a recalibrated age of at 1122� 10 ka for the
Punaruu excursion. This excursion also appears in several
sedimentary records where normal polarity magnetizations
associated with relative paleo-intensity lows have been
found around 1100 and 1115 ka [e.g., Guyodo et al., 1999;
Channell et al., 2002]. The worldwide observed Cobb
Mountain Normal Subchron is estimated to span the time
interval from 1190 to 1215 ka [Channell et al., 2002].
[52] 4. Flow BW (1628� 56 ka, this work; Figure 13d) has

a normal polarity mean direction of D= 6.8�, I= 36.2�,
a95 = 9.2�, n/N= 11/14, Plat = 83.5�. Its age suggests that is
was most likely emplaced during the Gilsa excursion, first
studied by McDougall and Wensink [1966] and later by
Watkins et al. [1975] in a section of a normal polarity lava
with a K-Ar age of 1580 ka, overlying a normal polarity lava
dated at 1670 ka in Iceland. Later, Clement and Kent [1987]
presented new evidence for this excursion from sedimentary
data from DSDP Site 609/North Atlantic and suggested
an interpolated age of 1550 ka and duration of 8.8 ka. A
similar duration of 8 ka (1567 to 1575 ka) for the Gilsa
excursion is suggested, e.g., by Channell et al. [2002], based
on marine sediments. In view of the large age error of
�206 ka, BW could also correspond to an unnamed excur-
sion around 1470 ka.
[53] 5. Flow BL (3528� 64 ka [Ownby et al., 2011];

Figure 13e) has an anomalously flat inclination. The obtained
mean direction of D= 334.8�, I= 1�, a95 = 2.8�, n/N = 16/16,
Plat = 59� could therefore be interpreted as intermediate to
normal, although the VGP latitude suggests normal PSV.
According to its age, flow BL could have been emplaced
during the C2An.3n subchron, which is estimated to span
the time interval from 3330 to 3580 ka and which is recog-
nized in the marine magnetic anomaly record [Cande and
Kent, 1995].

8. Conclusions

[54] Paleosecular variation as estimated from the scatter of
virtual geomagnetic poles of Pleistocene age lava flows from
Mexico analyzed in this study gave similar values to those
predicted by latitude-dependent Model G [McFadden et al.,
1988, 1991] and is also in agreement with high-quality
Pleistocene paleomagnetic data from Mexico compiled
by Mejía et al. [2005]. Paleomagnetic mean vectors of 57
lava flows were correlated to the Geomagnetic Polarity
Timescale of Cande and Kent [1992, 1995] supplemented
with data on geomagnetic excursions. This record revealed
some further evidence for at least four, possibly five, geo-
magnetic excursions. We found that three lavas that erupted
during the Brunhes Chron had nearly or fully reversed
magnetizations. A flow dated at 592� 20 ka most likely
erupted during the Big Lost excursion [Champion et al.,
1988; Singer et al., 2002, Singer, 2007]. Two flows dated
at 671� 13 and 679� 10 ka give new evidence for the
Delta/Stage 17 excursion [Creer et al., 1980; Biswas et al.,

MICHALK ET AL.: BRUNHES-MATUYAMA PALEOMAGNETISM MEXICO

2666



1999]. These flows are from different volcanic fields
and provide independent evidence strongly suggesting
that both geochronology and paleomagnetic data are reliable
and that these flows indeed recorded a geomagnetic
event. Finally, seven lava flows that erupted during the
Matuyama chron were found to have recorded normal polar-
ity magnetizations. From these, a flow dated at 949� 37 ka
was correlated to the Santa Rosa excursion [Singer and
Brown, 2002]. Another flow dated at 1628� 56 ka most
likely erupted during the Gilsa excursion [McDougall
and Wensink, 1966]. Furthermore, a lava flow of Pliocene
age, dated at 3528� 54 ka, has a normal to intermediate
direction and was most likely emplaced during subchron
C2An.3n [Cande and Kent, 1995].
[55] This study also revealed some findings in conflict with

previously published data by Petronille et al. [2005] and
Ceja et al. [2006]. Two lava flows interpreted by Ceja et al.
[2006] to have intermediate directions and associated with
the Levantine excursion (354� 15 and 362� 13 ka) [Ryan,
1972] were found to have normal polarity magnetizations
within the range of usual PSV. Another flow dated at
623� 91 ka with a reversed polarity magnetization that was
correlated to the Big Lost excursion by Petronille et al.
[2005] was found to have a normal polarity magnetization.
This highlights the importance for multiple verification of
such results before adopting them in the Geomagnetic
Instability Timescale of Singer et al. [2002, 2008a, 2008b;
Singer, 2007]. We verified at least twice the field localities
and site coordinates to assure that we indeed sampled the
dated lava flows, and we are confident about the quality of
our paleomagnetic results. But no repeat geochronology
studies have been carried out so far to also confirm the age
of any of those rocks.
[56] The most important outcome of our geomagnetic

investigation is the finding of nearly fully reversed polarity
magnetizations in three Brunhes Chron lavas, with VGPs de-
viating 135� or more from the geographic North Pole. The
only cryptochron included in the geomagnetic polarity time-
scale of Cande and Kent [1992, 1995] in the Brunhes Chron
is C1n-1, which spans the interval from 493 to 504 ka. Two
flows with reversed polarity magnetizations found in this
study do not fall into that time window and would thus
correspond to a different and new cryptochron around
670–680 ka.
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