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Resumen

Presentamos un estudio paleomagnético, de
magnetismo de rocas geocronoldgico y de
paleointensidad conjunto, en rocas volcanicas
Miocénicas del sector oeste de la Faja Volcanica
Transmexicana (FVTM). En el cual se emplearon
58 sitios compuestos por 7 a 21 unidades
volcanicas de enfriamiento consecutivas de 4
secciones estratigraficas separadas. Nuestros
nuevos fechamientos radiométricos sugieren
que los flujos de lava de la secuencia Jesus
Maria fueron emitidos durante un corto lapso de
11.1+0.8 a 10£0.8 Ma durante el cron de polaridad
normal C5n.2n. La cercana seccion de Atotonilco
presenta caracteristicas litoldgicas similares a la
secuencia de JesUs Maria, con los 3 flujos de lava
de la cima probablemente perteneciendo al cron
C5n.1r. Nuestros resultados geocronoldgicos de la
seccidon Funicular indican que estas lavas fueron
emitidas durante un lapso mas amplio, de 5.2+0.7
a 2.8+0.5 Ma. Con base en las observaciones
de mineralogia magnética y de magnetismo de
rocas de todas las muestras se determina que la
mineralogia magnética es primaria e inalterada.
Las titanomagnetitas de bajo-Ti, son resultado
de la oxi-exsolucién de las titanomagnetitas
originales durante el enfriamiento inicial de
los flujos. Los componentes estables de la
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magnetizaciéon se determinaron después de
experimentos detallados de desmagnetizacion
térmica y de campos alternos. Nuestros resultados
combinados con los datos paleomagnéticos
regionales existentes indican que las areas de
muestreo no han sufrido desplazamientos N-S,
ni rotaciones de bloque significativos desde
hace al menos 11 Ma. Las determinaciones de
paleointensidad aceptadas son de buena calidad
técnica con chequeos estandares positivos de
magnetizacion parcial termoremanente (pTRM).
Los datos de paleointensidad obtenidos van de
17.5 a 34.3 mT, sugiriendo la existencia tanto
de una alta intensidad del campo geomagnético
como de fluctuaciones bajas durante el Mioceno.
Nuestros resultados sugieren que las rocas
preservan una memoria magnética del campo
geomagnético del Mioceno tardio y delimitan
las reconstrucciones paleogeograficas. Los
nuevos resultados paleomagnéticos contribuyen
potencialmente a la reconstruccion de los modelos
de evolucién tectonica de la FVTM.
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Abstract

We present results from a comprehensive paleo-
magnetic, rock magnetic, geochronologic, and
paleointensity study on the Miocene volcanic rocks
from the western Trans Mexican Volcanic Belt. A
total of 58 sites composed of 7 to 21 consecutive
volcanic cooling units from four separated
stratigraphic sections have been collected. Our
new radiometric dating results suggest that lava
flows of the Jesus Maria sequence were erupted
within a short time interval from 11.1+0.8 to
10+0.8 Ma during the C5n.2n normal polarity
chron. The nearby Atotonilco section displays
similar lithologic characteristics to the Jesus
Maria sequence, with the top 3 lava flows
probably belong to C5n.1r. Our geochronologic
results from the Funicular section indicate
that these lavas were formed in a longer time
interval from 5.2+0.7 to 2.8+0.5 Ma. Based
on rock-magnetic and microscopy observations
the magnetic mineralogy of all samples is
determined to be primary and unaltered Ti-poor
titanomagnetites, resulting from oxy-exsolution
of original titanomagnetite during the initial flow

Introduction

The Trans-Mexican Volcanic Belt (TMVB) is an
E-W trending zone located between 19° and 20°
N latitude, extending about 1,000 km from the
Pacific Ocean to the Gulf of Mexico. TMVB is a
continental magmatic arc consisting of nearly
8,000 volcanic structures and a few intrusive
bodies (Gomez-Tuena et al., 2007). Some of its
large strato-volcanoes such as Popocatépetl and
Colima are famous worldwide for their great size,
beauty, and recent volcanic activity. Less known
is the fact that most volcanoes comprising the
TMVB are monogenetic scoria cones. Their
number has been estimated to be well above
3,000 though this remains undocumented. There
is probably no other Neogene subduction-related
magmatic arc in the world displaying such a large
number of volcanic events, and in this respect
the TMVB is unique - capable of offering a very
detailed record of Earth’s geomagnetic field
during the Neogene as volcanic rocks are known
to be reliable recorders of ancient geomagnetic
field.

Despitenumerous publicationsaboutitstectonic
framework, stratigraphy, and paleomagnetism,
the Miocene to Quaternary evolution of the TMVB
is still not fully understood. In one of the truly
regional paleomagnetic surveys, Ruiz Martinez
et al. (2010) highlighted the need to increase
drastically the number of sites to ensure the
correct averaging of paleosecular variation.
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cooling. Stable components of magnetization are
determined afterdetailed thermal and alternating-
field demagnetization. Our new results combined
with existing regional paleomagnetic dataindicate
that the sampled areas have not undergone
significant N-S displacement and block rotations
since at least last 11 Ma. Accepted paleointensity
determinations are of good technical quality
with positive standard partial thermoremanent
magnetization (pTRM) checks. Obtained paleoin-
tensity data range from 17.5 to 34.3 mT,
suggesting the existence of both relatively high
geomagnetic field strength and low fluctuations
in late Miocene. Our results suggest that the
studied rocks preserve a magnetic memory of
the late Miocene geomagnetic field and provide
constraints for paleogeographic reconstructions.
The new paleomagnetic data should help refine
models for the tectonic evolution of the TMVB.

Key words: paleomagnetism, rock-magnetism,
geochronology, paleointensity, Thellier paleoin-
tensity method, paleosecular variation, Miocene,
Trans-Mexican Volcanic Belt.

However, more than 80 per cent of published
paleomagnetic data derives from the central and
eastern parts of the TMVB, leaving the western
part largely uncovered. Moreover, the database
is heavily biased toward Quaternary volcanics,
thus lacking in data from Miocene time. To
overcome this problem, this study concentrated
on the boundary area between the western
and central TMVB segments, and collected
paleomagnetic samples from 58 sites near
Guadalajara city. Present results, accompanied
by new radiometric dates, notably enhance the
existing paleomagnetic dataset for the older
TMVB activity.

The principal objectives of this study are: (i)
to test the hypothesis and assess the timing of
large-scale left-lateral displacement along the
western TMVB, (ii) to establish high resolution
geochronology using both magnetic polarity
and radiometric dating, and (iii) to determine
paleosecular variation and absolute paleointensity
of the geomagnetic field recorded by TMVB basalt
flows, which are fundamental constraints that
are needed for recent supercomputer models of
the geodynamo.

Geological Setting

The TMVB extends ~1000 km in length with
an irregular width of ~80 to ~230 km. The arc
follows an E-W orientation in its central and
eastern sectors and a WNW-ESE trend in its
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western sector (Figures 1 and 2), and forms an
angle of ~16° with the Middle America Trench
(Gomez-Tuena et al., 2007). This peculiar
geometry led to the term Trans-Mexican Volcanic
Belt, because it is transversally emplaced over
most of the NNW-SSE-trending Mexican geologic
provinces (Ortega-Gutiérrez et al., 1994).

Subduction related volcanism in Mexico
resumed during the Eocene after the Laramide
orogenesis and formed the Sierra Madre
Occidental silicic volcanic province (Figure 1).
During early to middle Miocene the volcanic arc
rotated counterclockwise and, in late Miocene,
began to form the TMVB as a result subduction

Figure 1. Plate tectonic setting
of central Mexico, showing the
Cenozoic volcanic provinces 0
and present outcrops of late
Miocene mafic lavas (in gray).
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Figure 2. Schematic location of four studied sequences: FN - Funicular, JM - JesUs Maria, LN - Atotonilco and AN -
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of the Cocos and Rivera plates (Ferrari et al.,
1999). The initial stage of the TMVB was marked
by widespread basaltic volcanism, emplaced
from the Pacific coast to the longitude of Mexico
City, north of the modern volcanic arc (Figure
1). This volcanism is characterized by plateau-
like structures resulting from the coalescence of
shield volcanoes and fissure-fed lava flows, with
an estimated aggregate volume ranging between
3,200 to 6,800 km?3 (Ferrari et al., 2000).
Geologic and stratigraphic studies have shown
that these basaltic lavas were emplaced during a
well-defined period between 11 and 8 Ma (Ferrari
et al., 1994, 1999; Moore et al., 1994; Righter et
al., 1995), concurrently with the initial opening
of the Gulf of California.

The TMVB is divided into three different
sectors with distinct geologic and tectonic
features (Demant, 1978; Pasquaré et al., 1988)
(Fig. 1): a western sector that is located between
the Pacific Coast and the triple junction formed
by the intersection of the Zacoalco, Chapala,
and Colima rifts (Allan, 1986); a central sector
that is placed between this triple junction and
the Taxco-San Miguel de Allende fault system
(Alaniz-Alvarez et al., 2002); and an eastern
sector located between these faults and the
Gulf of Mexico. Previous work in the western
section of the TMVB found evidence suggesting
counterclockwise vertical axis rotations of
Oligocene to late Miocene rocks in and around
the study region (Rosas-Elguera et al, 2003).
The present study seeks to test and extend this
previous work.

The largest exposure of late Miocene basalts
is along the Rio Grande de Santiago canyon,
north of Guadalajara (Figure 2), where it has
been informally named the San Cristobal basalt
by Moore et al. (1994). The exposed volcanic
succession is over 700 m thick and filled a pre-
existing depression cut into early Miocene ash-
flows belonging to the Sierra Madre Occidental
silicic volcanic province. East of Guadalajara, in
the region known as Los Altos de Jalisco, the
basalts exposed in the Rio Grande de Santiago
river form a 130 km long and 60 km wide plateau,
with a mean elevation of 1,900 m. In this area
the basalts constitute tilted blocks partly covered
by younger volcanic rocks (Rosas-Elguera and
Urrutia-Fucugauchi, 1998).

Sampling

This study documents four stratigraphic sections,
composed of 7 to 21 consecutive volcanic cooling
units (Figure 2). Their ages range from 11.1 %
0.8 to 2.9 £ 0.5 Ma according to radiometric
dates (this study). The Funicular section (FN)
near Guadalajara City (Figure 2) is composed
of San Cristobal basalts (10.2 £ 0.4 Ma) at the
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bottom, Arcediano (5.3 £ 0.7 Ma, this study)
sequence and “Megaplagioclase” basalts (about
4.8 Ma - Gonzalez Rangel, 2009) in the middle
part, and Guadalajara Ignimbrite (3.23 £+ 0.08
Ma - Rosas Elguera et al. 1998) and Pliocene
Basalts (2.9 £ 0.5 Ma, this study) at the top of
the sequence. In total, we sampled 17 separate
cooling units. The Agua Negra (AN) section
contains 7 cooling units including San Cristobal
Basalts at the bottom and pyroclastic rhyolites
above capped by the San Gaspar Ignimbrite
(Alva-Valdivia et al. 2005). The age of the
Agua Negra section ranges from 10 to 5 Ma
(Gonzalez Rangel, 2009). The 200-m-thick Jesus
Maria (JM) sequence is composed of twenty-
one lithologically identical (independent) lava
flows (each bounded by clearly-defined contacts
but no paleosols or sediments between them).
The lithologic similarity of these lavas suggests
a very short eruption time-span. Indeed the
base and top of the sequence yield statistically
indistinguishable radiometric ages of 11.1 £ 0.8
Ma and 10.0 + 0.8 Ma, respectively. The nearby
Atotonilco (LN) section displays similar lithologic
characteristics to JM. The total thickness of the
LN section is just 100 m, comprised of thirteen
consecutive lava flows (see Figures 2 and 3).

In total, we obtained 485 standard paleomag-
netic drill cores belonging to 58 sites. Cores
were drilled using a gasoline-powered portable
drill and then oriented with a magnetic and in
most cases also with a sun compass. Samples
were distributed throughout each flow both
horizontally and vertically. All lava flows sampled
were almost horizontal (dip less than 4°). In
general, samples were obtained from the finest
grain-size portions of sampled units.

Radiometric Geochronology

Radiometric analyses on basalt-andesite matrix
belonging to sites FN-1, FN9, IM-1, IM-16
and JM-21 were conducted at the Instituto de
Geologia, UNAM. Samples were obtained by
crushing with steel-jaws, sieving, selection of
the best fraction (300-400 um), washing, and
separation of whole rock without phenocrysts
(i.e. matrix) by magnetic methods (Isodynamic
Frantz separator). The K content of each sample
was measured by XRF on 50 mg aliquots using
a specific regression for measuring K in K-Ar
samples (Solé and Enrique, 2001). Analytical
precision was better than 2%. Samples weighing
between 12 and 20 mg were degassed under high
vacuum at ~150°C for twelve hours before analysis
in order to reduce atmospheric contamination.
Argon was extracted by complete sample fusion
using a 50W CO, laser defocused to 1-3 mm
diameter. The evolved gases were mixed with a
known amount of 38Ar spike and purified with
a cold finger immersed in liquid nitrogen and
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two SAES getters in a stainless steel extraction
line. Measurements were done in static mode
with an MM1200B mass spectrometer using
electromagnetic peak switching controlled by a
Hall probe. Analytical precision on “°Ar and 3Ar
peak heights was better than 0.2%, and better
than 0.5% on 3Ar. The data were calibrated
with internal standards and the international
reference materials LP-6 and HD-B1 biotites,

respectively. All ages were calculated using the
constants recommended by Steiger & Jager
(1977). A detailed description of the procedure
and calculations can be seen in Solé (2009). This
experiment yielded a very restricted age interval
for Jesus Maria section (11.1+0.8 to 10.0+0.7
Ma) while the Funicular section seems to have
formed in a longer time interval from 5.2+0.7 to
2.8+0.5 Ma (Table 1).

Table 1. Results of radiometric dates obtained in this study and the location of samples.

Sample Site Long (W°)  Lat (N°) Rock Type Method Age (Ma) Mineral

Fn-1 El Funicular 103.21 20.71 Basalt K-Ar 2.9 +- 0.5 Plagioclase
Fn-9 El Funicular 103.21 20.71 Basalt K-Ar 5.3 +- 0.7 Plagioclase
Jm-1 Jesus Maria 102.24 20.57 Andesite/Basalt K-Ar 10.0 +- 0.8 Plagioclase
Jm-16 Jesus Maria 102.27 20.56 Andesite/Basalt K-Ar 10.3 +- 1.0 Plagioclase
Jm-21  Jesus Maria 102.28 20.33 Andesite/Basalt K-Ar 11.1 +- 0.8 Plagioclase
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Laboratory procedures and paleomagnetic
results

A full battery of paleomagnetic, paleointensity,
and rock magnetic experiments were performed
for the purpose of revealing the complete record
of geomagnetic behavior captured by the rocks
and to assess the quality of their paleomagnetic
recordings. In order to identify the magnetic
carriers responsible for the remanent magnetiza-
tion and to obtain information about their paleo-
magnetic stability, the following rock-magnetic
and paleomagnetic experiments were carried
out: a) measurements of the viscosity index, b)
measurements of continuous thermomagnetic
curves (susceptibility versus temperature), c)
hysteresis experiments, d) observations under
reflected light microscope and f) thermal and
alternating field demagnetizations

Viscosity index

Determination of the viscosity index (Thellier
and Thellier, 1959; Prévot et al., 1983) allows
estimation of the capacity of a sample to acquire
a viscous remanent magnetization, and is
therefore useful in assessing the paleomagnetic
stability of the sample. For this purpose, we
placed the samples with one of their axes aligned
with Earth’s magnetic field for a period of 14
days. After measuring their magnetization (M),
they were then placed for another 14 days in a
field-free space, and the magnetization (M,) was
measured again. This allows calculation of the
viscosity index: V = [(Z,- Z,)/M,,,1x 100, where
Z, and Z, are respectively the magnetization
components of M and M, which are parallel to the
magnetizing field. M__is the intensity of natural
remanent magnetization. Two samples from each
unit were subjected to these experiments and
although viscosity indexes varied between 0.2%
and 31.7%, most values were lower than 10 %.
Generally speaking, the studied samples show
a relatively low capacity of acquiring viscous
remanent magnetization.

Continuous susceptibility curves

Low-field susceptibility measurements (k-T
curves) were carried out in air using a Bartington
susceptibility bridge equipped with furnace. One
sample from each site was heated up to about
600°C at a heating rate 10°C/min and then
cooled at the same rate. Curie temperature was
determined by the Prévot et a/ (1983) method.

These experiments indicate, in most cases,
the presence of Ti-poor titanomagnetites (Figure
4). However, the cooling and heating curves are
not perfectly reversible, probably because of low
initial value of magnetic susceptibility.
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A few samples (91P390, 91P382 and 91P566)
yielded evidence of two ferrimagnetic phases
during heating (Figure 4a and b). The lower Curie
point ranges between 350-450°C, and the highest
one is about 580°C. The cooling curve shows only
a single phase, with a Curie temperature close to
that of magnetite. Such irreversible k-T curves
can be explained by titanomaghemite, which
probably transformed into magnetite during
heating (Readman and O'Reilly, 1972; Ozdemir,
1987). Reliable susceptibility versus temperature
curves could not be obtained for some sites
because the initial signal of susceptibility was
smaller than instrument noise.

Hysteresis measurements

Hysteresis measurements at room temperature
were performed on all studied samples using
the AGFM “Micromag” apparatus of the
paleomagnetic laboratory at Mexico City in
fields up to 1.2 Tesla. The saturation remanent
magnetization (J ), the saturation magnetization
(3,) and coercive force (H_) were calculated after
correction for paramagnetic contributions. The
coercivity of remanence (H_) was determined
by applying progressively increasing the back-
field after saturation. Typical hysteresis plots
are reported in Figure 5. The curves reflect very
restricted ranges of coercivity for the magnetic
minerals. Judging from the ratios of hysteresis
parameters (Figure 6), it seems that all samples
fall in the pseudo-single domain (PSD) grain size
region (Day, 1977), probably indicating a mixture
of multidomain (MD) and a significant amount
of single domain (SD) grains (Dunlop, 2002).
Corresponding isothermal remanence (IRM)
acquisition curves were also very similar for all
samples. Saturation was reached in moderate
fields of the order of 150-200 mT, which points
to spinel-phase remanence carriers.

It is important to note that if some
superparamagnetic fraction exists in these
samples, the measured coercive force and
saturation magnetization would be somewhat
lower and larger, respectively, than those
ferrimagnetic fractions alone.

Microscopy observation

Microscopic observations on polished thin
sections under reflected light show that the
main magnetic mineral is low-Ti titanomagnetite
associated with ilmenite and hematite exsolution
of trellis or composite form (Figures 7a and b,
respectively), probably formed as a result of
oxidation of titanomagnetite during the initial
flow cooling. Other opaque minerals are divided
by several relatively thin, grey, sub-parallel
exolution lamellas (Figure 7c). The rest of the
opaque crystals exhibit a very high reflectivity and
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Figure 6. Day plot (Day et al., 1977) showing the rela-
tionship between the hysteresis parameters.

a remarkable anisotropy which is characteristic
of (titano)hematite. The exsolution features ob-
served are typical of ilmenite or lamellar form of
pseudobrookite (Haggerty, 1976).

These intergrowths typically develop at
temperatures higher than 600°C (Haggerty,
1976), and consequently the natural remanent
magnetization (NRM) carried by these samples
should be athermoremanent (TRM) magnetization.
It should be noted that the size of the magnetic
grains observed experimentally is often smaller
than the petrological/optical observations of
larger ferrimagnetic minerals and therefore may
not be completely representative of the magnetic
behavior of the whole rock.

Remanence Properties

The remanent magnetization was measured
using either JR-6 spinner and/or 2G Enterprise
cryogenic magnetometers. Measurements were
recorded after stabilization of the remanence in
these magnetometers. Progressive stepwise de-
magnetization experiments consisted of either
alternating field (AF) demagnetization (mainly)
using a custom AF-demagnetizer or stepwise
thermal demagnetization up to 575-675 °C using
a non-inductive Schonstedt furnace.

In most studied units, a stable primary
component of paleomagnetic remanence was
isolated (Figure 8). Very small secondary compo-
nents were easily removed by applying 10 mT
or 200-250 °C demagnetization. The majority
of remanent magnetization, was removed at

Figure 7. Reflected light microphotographs from rep-

resentative samples: a) and b) low-Ti titanomagnetite

associated with ilmenite and hematite exsolution of

trellis or composite. C) the exolution features observed

are typical of ilmentite or lammelar form of pseudo-
brookite.

temperatures between 500 and 580°C, supporting
the hypothesis that low-Ti titanomagnetite carries
the magnetization in these rocks. The median
destructive field (MDF) ranges mostly from 35
to 45 mT. Characteristic remanent magnetization
(ChRM) directions were determined by the least
squares method (Kirschvink, 1980), with 6 to 11
demagnetization steps being taken in the prin-
cipal component analysis for this determination.
Directions were averaged for each unit and the
statistical parameters calculated assuming a Fi-
sherian distribution (Fisher, 1953; McFadden and
McElhinny, 1988).
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a)

91Paze

P1P386A

Figure 8. Orthogonal vector plots of stepwise thermal or alternating field demagnetization of representative sam-
ples. The numbers refer either to the temperatures in °C or to peak alternating fields in mT. o - projections are into
the horizontal plane, x — projections are into the vertical plane.
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Paleointensity determination

Absolute paleointensity experiments were perfor-
med using the Thellier method (Thellier and
Thellier, 1959) in its modified form (Coe, 1967a
and 1967b). Heating and cooling were made in
air in a laboratory field of 30 uT. Ten temperature
steps were distributed between room temperature
and 5600°C with several control heatings, i.e.,
reinvestigations of results from previous heating
steps, commonly referred to as partial TRM
(pTRM) checks were performed throughout the
experiments.

Paleointensity experiments were performed
on samples exhibiting favorable rock magnetic
characteristics, based on paleodirectional and
rock-magnetic experiments. Sixty-two samples,
belonging to 11 cooling units, yielded dominantly
stable, one-component magnetizations with
blocking temperatures compatible to a Ti-poor
titanomagnetite phase, low viscosity index (lower
than 4%) and nearly reversible k-T curves. These
samples were therefore pre-selected for Thellier
paleointensity experiments.

Discussion
Nature of the characteristic remanence

Thermomagnetic investigations show that the
remanence is carried in most cases by Ti-poor
titanomagnetites, resulting from oxy-exsolution
of original titanomagnetite during the initial
flow cooling. The nature of magnetic carriers
most probably indicates a thermoremanent ori-
gin for the primary magnetization. Moreover,
unblocking temperature spectra and relatively
high coercivities point to “small” pseudo-single
domain magnetic grains as being responsible
for remanent magnetization of most samples.
Single-component, linear demagnetization beha-
vior was observed in most cases. Some units
seem to contain titanomaghemite as revealed by
thermomagnetic analyses. It is possible that these
samples carry chemical remanent magnetization.
However, both experimental and theoretical
studies (Heider and Dunlop, 1987; Ozdemir and
Dunlop, 1989; Nishitani and Kono, 1989) suggest
that chemical remagnetization by maghemitization
has the same direction as the original TRM. We
thus consider the ChRM directions determined in
this study to be of primary origin. This is also
supported by the occurrence of antipodal normal
and reversed polarities (see below). Consequently,
paleodirections were most probably unaffected by
alteration and they can be used for determining
magnetic polarities and mean paleodirections.

Magnetic Stratigraphy

The average site-mean paleodirections are very
precisely determined (Table 2). All o-values
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are less than 10° (excepting two sites: JM13
and FN10), demonstrating small within-site
dispersion and high directional stability. The
Funicular section yielded the longest and most
complex paleomagnetic record, exhibiting five
polarity reversals during the period 10.2-2.9
Ma (see Table 2 and Figures 9 through 12). The
four normally-magnetized lavas yielded 1=32.2°,
D=349.5°, k=37, a,=15.4°, N=4, while the
reversed-polarity lavas give I=-27.4°, D=173.6°,
k=27, a,=8.2°, N=13. It cannot be excluded
that the directions of this two populations are
antipodal, taking into account their uncertainties
bounds (dependent on N). Proposed correlation
of Funicular-section magnetostratigraphy with the
GPTS (Geomagnetic Polarity Time Scale, Cande
and Kent, 1995; see also Gradstein et al. 2004) is
shown in Figure 12, based on available radiometric
dates and direct field observations.

The Agua Negra section, composed of San
Cristobal basalts at the bottom and San Gaspar
Ignimbrites at the top (both dated radiometrically
- Gonzalez Rangel, 2009) spans the time interval
from about 10 to 4.8 Ma and exhibits 5 normal and
2 reverse polarities (Table 2 and Figures 9 through
13) yielding 5 separate polarity zones. The section
has a mean direction 1=23.3°, D=352.6°, k=26,
0,=12.1°, N=7.

All twenty one consecutive basaltic lava
flows belonging to the Jesus Maria sequence
are normally magnetized. Some lavas, however,
may belong to transitional geomagnetic regime
(such as JM01, IJM14, IJM15, JM17). They span
a relatively short time interval from 11.1£0.8
to 10+0.8 Ma according to the new radiometric
dates obtained in this study (see Table 1). The
radiometric ages are statistically indistinguishable
at the one sigma level, but the remanence results
reveal rather significant secular variation within
the section. These lavas were probably erupted
during C5n.2n normal polarity chron (Figure 14).
The mean paleodirections obtained for JM section
is I=22.3°, D=355.1°, k=13, 0,,,=9.4°, N=21.

The nearby Atotonilco section, which lithologica-
lly correlates with JM sections, displays transitional
paleodirections (paleolatitude about 35°) at the
bottom of the section (Table 2 & 3, Figures 9
through 15), followed by a normal polarity zone
(C5n.2n same as for JM) consisting of seven
lavas, capped by three reversely-magnetized
lavas. These upper lavas probably belong to
C5n.1r. Averaging all the sites from Atotonilco
together, we obtained a mean direction of ChRM
at 1=41.7°, D=1.8°, k=12, a,=12.6°, N=13.
The relatively high dispersion is probably due to
the inclusion of two apparently transitional flows
in the mean ChRM calculation for this section.
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270

Figure 9. Equal area projec-

tions of the flow-mean charac-

teristic paleodirections for four
studied sequences.

All Flows

Figure 10. a) Equal area projections of the flow-mean characteristic paleodirections for normal and reverse polarity
sites. b) idem discarding apparently transitional paleodirections (in red) using the cut-off angle to distinguish between
intermediate geomagnetic regime and paleosecular variation (Vandamme, 1994).
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270

Figure 11. Summary of mean
paleodirections for each studied
sections.
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Figure 12. Tentative correlation of El Funicular section with the reference geomagnetic polarity time scale (Cande

and Kent, 1997 and Gradstein, 2004).
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Table 2. Flow-mean paleodirections of characteristic remanence for TMVB volcanics. N, number of treated

samples; Inc, Inclination; Dec, Declination; k and a95: precision parameter and radius of 95% confidence

cone of Fisher statistics; Lat, Long — geographic latitude and longitude of studied sites; VGPlat, VGPlong
- virtual geomagnetic pole positions for each lava flow.

SITE n/N DEC INC a95 k Plat Plong Pol.
(®) ) ) (N°) (E°)

Jesis Maria

JM01 10/13 16.74 -27.91 3.7 195 50.97 51.47 N
JM02 10/11 1.29 33.2 2.4 401 87.27 51.01 N
JM03 9/9 354.59 29.36 2.5 421 82.93 125.26 N
JM04 9/9 353.27 32.78 2.7 418 83.09 145.74 N
JMO05 15/18 349.34 32.4 .5 675 79.5 153.16 N
JM06 7/7 351.63 37.2 7.5 65 82.16 170.82 N
JM07 7/7 341.95 29.48 3.4 323 72.21 155.12 N
JM08 9/9 348.1 31.53 4.6 128 78.2 152.41 N
JM09 8/8 353.25 29.62 2.2 627 82.05 132.62 N
JM10 8/8 353.03 21.31 2.4 531 78.35 113.89 N
IM11 8/8 358.49 23.51 2.9 363 81.58 87.85 N
M12 6/6 357.27 25.59 4.3 244 82.44 98.33 N
M13 4/4 4.38 7.48 14.5 73 72.66 62.9 N
M14 7/8 5.32 -20.78 2.7 623 58.26 67.74 N
JM15 5/6 4.8 -20.73 7.9 136 58.37 68.7 N
IM16 8/8 1.32 23.47 6.4 76 81.59 68.86 N
M17 7/8 316.55 69.84 9.2 69 43.26 223.73 N
IM18 8/8 353.37 22.21 6.7 83 78.96 113.93 N
IM19 9/9 347.11 25.62 7.4 57 75.79 139.87 N
JM20 6/6 350.45 23.32 2.9 711 77.58 126.66 N
M21 9/10 348.41 25.12 2.3 501 76.69 135.92 N
Atotonilco
LM-1 7/7 163.5 -42.4 7.3 73.0 -74.2594 5.244855879 R
LM-2 7/7 173.9 -40.5 7.3 70.0 -83.7809 13.0530704 R
LM-3 8/8 170.5 -33.8 7.7 52.0 -80.8180 336.25365 R
LM-4 4/4 342.5 29.3 3.6 636.0 72.6794 154.0164902 N
LM-5 7/7 353.7 18.1 8.1 57.0 77.1980 106.7481978 N
LM-6 8/8 356.5 35.5 2.3 592.0 86.5864 152.4372604 N
LM-7 7/7 2.6 38.4 9.6 40.0 87.3494 323.26155 N
LM-8 6/6 7.5 34.3 7.7 76.0 82.7338 359.86935 N
LM-9 8/8 347.4 35.9 3.5 252.0 78.1617 166.5280515 N
LM-10 7/7 336.8 29.5 5.5 122.0 67.4730 159.1495606 N
LM-11 6/6 56.1 55.6 1.9 1191.0 38.9603 317.03782 N
LM-12 8/8 60.6 55.3 3.0 351.0 35.3214 317.4492 I
LM-13 5/5 62.4 52.9 2.6 838.0 33.7429 320.24031 I
Funicular
FN1 8/8 344 40.75 2.4 543 74.9511 179.5680 N
FN2 5/5 349.24 19.75 6.2 152 75.2245 122.8180 N
FN3 7/7 184.86 -18.19 4.9 191 -77.6844 233.6444 R
FN4 7/8 176.92 -18.27 3.6 339 -78.2714 271.8370 R
FN4-A 7/7 176.62 -17.39 4.7 167 -77.7384 272.6385 R
FN5 9/9 176.61 -14.22 4 170 -76.1083 270.8628 R
FN6 7/8 175.49 -22.5 4 277 -79.9975 283.0354 R
FN7 6/6 176.09 -38.88 6.5 106 -86.1538 6.1900 R
FN8 5/ 175.72 -40.7 6.4 205 -85.2829 20.2412 R
FN9 5/6 0.11 24.58 1.8 1837 82.1617 75.9337 N
FN10 5/8 157.91 -47.5 20.5 21 -68.47 12.57 R
FN12 9/9 159.2 -23.7 3.1 271 -68.4163 327.2624 R
FN13 6/6 342.4 43 3.8 304 73.2425 184.8252 N
FN14 8/8 159.2 -13.2 6.6 71 -65.4528 314.8178 R
FN15 8/8 161.4 -16.3 2.1 725 -68.1754 314.8178 R
FN16 5/5 188.2 -44 3.0 635 -80.9320 131.3016 R
FN17 7/7 191.7 -37 3.1 383 -79.0562 165.0374 R
Agua Negra
SG-1 6/10 3.64 20.07 11.1 49 79.0969 57.5495 N
AN1 10/10 144.6 -12.7 3.8 160 -52.8787 329.3505 R
AN2 8/8 4.8 17.1 5.2 118 77.1991 54.9115 N
AN3 17/17 2.9 21.6 2.1 300 80.1192 60.0182 N
AN4 9/10 181.92 -36.78 2.9 307 -88.1933 172.3200 R
AN5 10/10 342.57 24.48 4.5 116 71.5744 144.3554 N
ANG6 8/8 348.47 26.01 3.7 230 76.9756 136.3309 N
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Figure 13. Tentative correlation of Agua Negra section with the reference geomagnetic polarity time scale (Cande

and Kent, 1997 and Gradstein, 2004).
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Figure 14. Tentative correlation
of Jesus Maria section with the re-
ference geomagnetic polarity time
scale (Cande and Kent, 1997 and
Gradstein, 2004).
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GPTS

Figure 15. Tentative correlation of

Atotonilco section with the referen-

ce geomagnetic polarity time scale

(Cande and Kent, 1997 and Gradstein, 14
2004).

Overall mean direction and paleosecular
variation

Considering all unit (lava flow, ignimbrite,
rhyolites) mean ChRMs obtained in this study
(including transitional ChRMs), we find an overall
mean direction with 1=28.6°, D=355.3°, k=15,
0,:=5.1°, N=58 for the studied regions. This
corresponds to a mean paleomagnetic pole
position at Plat=83.9N°, Plong=120.6E°, K=18,
A,=4.6°. N=58. The primary nature of these
mean directions is supported by a positive reversal
test, i.e.; the hypothesis that normal (I=28.2°,
D=357.0°, k=12, ,,=6.8°. N=40) and reversed
(I=-29.3°, D=171.6°, k=25, «,=9.5°, N=18)
distributions share a common geomagnetic field
mean direction could not be rejected at the
95% confidence level (Figure 16). The positive
reversal test is classified as “"C type” (McFadden &
McElhinny 1990) attending to the angle between
the two mean directions yo and the critical angle
yc at which the hypothesis would be rejected
(7,=4.9° < y.=11.0°).

A generally accepted approach to estimate
the paleosecular variation (PSV) consists of
observing the angular standard deviation (ASD)
of VGPs for a given locality. Several studies
of dipole and non-dipole components allow
prediction of the ASD characteristic of PSV with
latitude (e.g., McFadden et al.,, 1988, 1991;

Atotonilco

2000

/LM14LM13/

2100

msnm

Johnson et al., 2008; Opdyke et al. 2010). It is
interesting to mention that Johnson et a/. (2008)
reported a detailed synthesis of a new generation
of paleomagnetic data compilations for the last 5
Ma showing that the latitudinal dependence of
VGP scatter for these data appears much less
significant than previous suggested.

While abundant and well documented paleo-
magnetic records are available for recent periods
(for instance, the last 5 Ma or so), older periods,
in particular Miocene, are still poorly studied in
terms of paleosecular variations of the Earth’s
magnetic field. This is true for Mexican lavas
where most of PSV studies are concentrated on
rocks from the last 1 Ma (Petronille et al. 2005,
Rodriguez-Ceja et al. 2006, Goguitchaishvili et al.
2007). The classical formula §*, = §*, - §* /n was
used to estimate the geomagnetic dispersion,
where, §_is the total angular dispersion or ASD,

ST:[(I/N- I)ZNi:,éf 12 (Cox, 1969), Nis the number
of sites used in the calculation, 5l. the angular
distance of the i VGP from the axial dipole, S,
the within-site dispersion (following McElhinny
and McFadden, 1997), and n the average number
of samples per site. As showed by Biggin et al.
(2008) the commonly-accepted calculation of
the internal dispersion may be affected by some
artifacts in the data. Thus, in this study, we use
the Biggin et al. (2008) approach to calculate
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the internal dispersion, adopting the choice of
cut-off angle described in Vandamme (1994), to
separate paleosecular variation and intermediate
geomagnetic regimes.

PSV analyses indicate that VGP dispersion
values, §,, differ at each flow sequence (FN, AN,
JM, LM), ranging from 7° to 289, with variable
cutoff angles varying from 17° to 56° and
maximum VGP angular distances to the mean
varying from 159 to 519 (Table 3). It is related
to the dependence of S, on the limited number
of analyzed sites and the presence of successive
flows yielding statistically similar directions. The
studied sequences do not seem to adequately
average secular variation, as can be sometimes
observed in clusters or great circle paths of
consecutive VGPs. An additional test to detect
potential under-representation of PSV was to
analyze VGPs in stratigraphic order, following the
non-parametric “Non-Random-Ordering (NRO)
factor” test of Biggin et al. (2008) for identifying
serial correlation. Along the whole JM section
and along the same-polarity intervals from
other sequences (e.g., LM4-13, FN3-8, FN14-
17) the serial correlation is significant at the
95% confidence level (NRO factors greater than
0.95). However, combining all data from the four
localities improves the representation of PSV.
We consider that only this total combination—
"ALL" (N=50) in Table 3—samples the 5-10
Ma full-polarity field broadly enough to afford
a significant average of Late Miocene PSV, a
conclusion that is also supported by the positive
reversal test.

Using all data we obtain an initial ASD value
(Figure 17a) of § = 19.8 with §,= 13.2 and §,
= 23.4 (upper and lower bootstrapped limits
respectively). This result would be concordant
within the uncertainty bounds with those

obtained for Miocene times using data globally
distributed at Mexican paleolatitudes (McFadden
et al., 1991) and from the TMVB (Ruiz-Martinez
et al., 2010), suggested to be relatively higher
than for the Plio-Quaternary period (Lawrence
et al., 2006, Johnson et al., 2008). Applying the
variable cutoff given by the iterative process
of Vandamme 1994 (23.29), the geomagnetic
dispersion value decreases to §,= 9.9, with §,
= 8.4 and §,= 11.0 (with N=50, after rejecting
sites JM17, JM15, IM14, IJM01, LM13, LM12,
LM11 and AN1, and maximum VGP distance to
the mean of 19.29). This decreased value does
not match with those previously obtained in
Miocene times, but is also slightly lower than the
dispersion expected during the last 5 Ma (Figure
17b, Johnson et al., 2008).

If a fixed, 45° cutoff angle is taken, “ALL”
distribution results are the same for PSV (and
tectonic) purposes (N=54, Dec=353.6°, Inc=25.89,
k=22, a95=4.29; displaying a S, mean value only
0.10 distant of that obtained using the cutoff value
in Vandamme 1994).

Tectonic Implications

Vertical-axis rotation R and flattening of inclination
F values (with their corresponding confidence
limits following Demarest, 1983) have been
determined. Averaged altogether, these directions
are in excellent agreement with the expected
paleodirections for the late Miocene time (Figure
16), as derived from reference poles for North
America centered at Ma given by Besse and
Courtillot (2002) (N= 21, PLat= 84.6N°, PLong=
164.4E°, 10 A95= 3.1 °) and Torsvik et al. (2008)
(N= 30, PLat= 87.2N©°, PLong= 138.4E°, A95=
2.5 9). In both cases, |R]| is < 2° and is always
lower that its uncertainty (~59).

Table 3. PSV results of each studied sequence and all combined after the Vandamme (1994) iterative
process (in italics, initial values when different). N: Number of VGPs. Dec, Inc, k, a,,/ Plat, Plong, K,
A95: mean directions / poles and corresponding Fisher (1953) statistics. ©: variable cutoff angle. Dmax:
maximum VGP angular distance to the mean. S: geomagnetic field dispersion (in italics, initial ASD). S/

S,: lower/upper 95% bootstrapped S confidence bounds. (Dec, Inc, «

s PLat, PLong, A ., ©, Dmax, S,

S, S, in degrees). (*) After rejecting JM17, JM15, JM14, JMO1. (**) After rejecting JM17, JM15, IM14,
JM01, LM13, LM12, LM11, AN1.

Area N Dec Inc k 95 Plat Plot K A95 S Su Sl Dmax
(©) (®) (°) (N°) (E°) (©) (©) (©) “©) ()

FUNICULAR 17 352.7 28.6 29 6.8 81.5 132.8 42 5.6 12.5 13.9 9.7 18.7
AGUA NEGRA 7 352.6 23.3 26 12.1 79.1 117.6 28 11.7 15.4 22.2 11.2 28.4
JESUS MARIA 21 355.1 22.3 12 9.4 80.4 111.0 23 6.8

17* 353.5 26.8 91 3.8 81.1 123.9 141 3.0 6.6 8.5 45 15.1
ATOTONILCO 13 1.8 41.7 12 12.6 84.1 295.4 9 15.1 28.3 33.8 15.9 51.0
ALL 58 353.2 28.5 14 5.2 83.9 120.6 18 4.6

50** 353.3 28.6 46 3.0 81.9 130.2 65 2.5 9.9 11.0 8.4 19.2

* After rejecting JM17, JM15, JM14, JM01

** After rejecting JM17, JM15, JM14, JM01, LM13, LM12, LM11, AN1
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Figure 16. Paleomagnet-
ic pole positions obtained
in this study plotted to-
gether with reference
poles for North America
centered at 10 Ma given
by Besse and Courtillot
(2002) and Torsvik et al.
(2008).

The significance of these tectonic implications
is not affected whether or not a variable cutoff
(Vandamme 1994) is applied to discard directions
related to intermediate geomagnetic field regimes.
After rejecting 8 directions, this iterative method
increases the grouping and antipodal nature of
normal (I=27.8°, D=353.3°, k=63, «,=3.2°.
N=33) and reversed (I=-30.1°, D=173.4°, k=30,
0,,=6.6°, N=17) distributions, which display a
better quality reversal test (“type B", y,=2.3° <
7.=6.4°). Comparing with the above mentioned
reference directions, the amounts of vertical-
axis rotations (|R| < 49) are of the same order
as their uncertainties.

The absence of appreciable vertical-axis
rotations is graphically shown in Figure 16, where
virtual geomagnetic poles (VGPs) from this study
and their average mean pole are shown. The
10 Ma reference poles are located in the paleo-
meridian defined by the sampling area and the
mean paleopole obtained in this study. It should
be noted that three of the four studied sections
contain flows erupted during late Miocene times,
whereas only the Funicular section includes
younger flows. The Pliocene pole given by Besse

and Courtillot (2002) (PLat= 86.1N°, PLong=
174.8E°, A95= 2.6 ©°) is not plotted for clarity
because it is also indistinguishable from this study.
In addition, it can be observed that the mean
paleopole obtained by this study falls on the far
side of the reference poles for North America
(positive inclination flattening F values of ~6-
80 and slightly higher than their uncertainties),
in agreement with the so-called far-sided effect
first noticed by Wilson.

Thus, our results suggest that no major block
rotation is observed in the studied area since about
11 Ma, in contrast to the left-lateral transtension
and extensional faulting proposed for the TMVB
during this period (Rosas-Elguera et al., 2003).
Rosas-Elguera et al. (2003) studied rocks
spanning 31.6-8.36 Ma, substantially older than
the rocks of the current study. Several authors
have suggested that during this period the TMVB
to the east of Guadalajara city experienced left-
lateral transtensional tectonics (Pasquaré et al.,
1991; Garduio et al., 1993; Ferrari et al., 1994,
2000; Urrutia-Fugugauchi and Rosas-Elguera,
1994). However, due to the poor behavior of
basaltic rock in recording slickensides on fault
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variation of lavas (PSVL) for

the TMVB lavas adopted from

McFadden et al. 1988 and

1991 (a), and Johnson et al.

2008 (b). See text for more
details.

Figure 18. The representative NRM-
TRM plots (so-called Arai-Nagata

graphs) and associated orthogonal
diagrams from Posadas Formation.
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planes, left-lateral oblique faulting has been
directly observed only at a small number of sites.
The interpretation of concordant paleomagnetic
directions then suggests that the Late Miocene
strike-slip faulting, documented along the western
sector of the TMVB, could affect the region
only before the emplacement of the early mafic
volcanic succession of the area.

Our results are concordant with previous
paleomagnetic observations reported (Alva-
Valdivia et al., 2000; Goguitchaichvili et al.,
2002; Ruiz.Martinez et al., 2010) in the same
late Miocene basaltic plateau around Guadalajara
area. When all data are analyzed and compared
with the same, recent available reference poles, as
discussed in Ruiz.Martinez et al. (2010), adequate
secular variation averaging demonstrates no sig-
nificant rotation in the study area during the last
~10 Ma.

Absolute Paleointensity

Paleointensity data are reported on the classical
Arai-Nagata plot In Figure 18 and results are given
in Table 4. We accepted only determinations that
fulfill the following criteria: (1) determination
obtained from at least 6 NRM (natural remanent
magnetization) -TRM (thermoremanent magneti-
zation) points corresponding to an NRM fraction
larger than 1/3 (Table 4), (2) quality factor
(Coe et al., 1978) of about 5 or more, and (3)
positive ‘pTRM’ checks, i.e., the deviation of
‘pTRM’ checks were less than 15%. Directions
of NRM remaining at each step obtained from
the paleointensity experiments are reasonably
linear and point to the origin. No deviation of
remaining NRM directions towards the direction
of the applied laboratory field was observed.

Application of these quality criteria left only
22 samples from 5 individual basaltic lava flows
yielding acceptable paleointensity estimates
(Figure 18, sample 91P039A and 91P076A).
For these samples the NRM fraction f used for
determination ranges between 0.29 to 0.87 and
the quality factor q from 4.6 to 30.5. For rejected
samples, the main reason for failure of Thellier
paleointensity experiments (sample 91P147A)
was a typical ‘concave-up’ behavior (Dunlop and
Ozdemir, 1997). An important loss of NRM was
observed without any noticeable TRM acquisition.

For the acceptable paleointensity estimates,
the site-mean paleointensities range from 17.5
to 34.3 uT. The VDMs range from 4.3 to 7.6 x 1022
Am?2. This corresponds to a mean value of 5.6 £
1.4 x 10?2 Am?, which is compatible to the average
VDM value for the late Miocene (Goguitchaichvili
et al., 2000). In general, our data suggest
the existence of relatively high geomagnetic
field strength undergoing some relatively low
fluctuations. These results support Love’s (2000)
suggestion about inverse relationship between
secular variation and local field strength as result
of electromagnetic coupling between the solid
inner core and liquid outer core, with the inner
core tending to stabilize core convection, and
hence the field, when intensity is high.

Directional analysis and absolute paleointensi-
ty of the geomagnetic field recorded by these
TMVB basalt flows contributes to extend Time
Averaged Field and PSV studies and constraints
up to ~12 Ma.
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Table 4. Paleointensity results from TMVF lava flows. n is number of NRM-TRM points used for

palaeointensity determination, Tmin-Tmax is the temperature interval used, f, g and g are the fraction of

extrapolated NRM used, the gap factor and quality factor (Coe et al., 1978) respectively. F, is paleointensity

estimate for individual specimen, and s(F,) is its standard error; FE is average paleointensity of individual

lava flow, the plus and minus sign corresponding to standard deviation; VDM and VDMe are individual
and average virtual dipole moments.

FE £ o(FE) VDM  FE % s.d. VDMe

Site Sample n Tmin-Tmax f g
ANO2 01P028A 7 350-560 0.81 0.82
01P029A 8 300-560 0.76 0.83
01P0O30C 9 250-560 0.62 0.78
01P031C 7 350-560 0.73 0.80
ANO3 01P036C 6 400-520 0.67 0.78
01P038A 6 400-540 0.69 0.77
01P039C 7 250-500 0.68 0.81
01P0O41A 8 300-560 0.49 0.84
01P042A 7 350-560 0.38 0.81
01P043A 7 350-560 0.47 0.78
01P049A 8 300-560 0.71 0.84
JM06 01P471B 10 250-560 0.72 0.84
01D472C 11 200-560 0.85 0.88
01P473C 9 350-540 0.65 0.85
01P475A 10 250-560 0.79 0.87
01P476A 9 250-540 0.71 0.85
01P179A 10 250-560 0.78 0.86
FN17 O01P091A 6 300-500 0.46 0.79
01P093A 6 350-520 0.38 0.81
01P094C 7 300-520 0.38 0.77
01P095C 7 300-520 0.29 0.82
01P097A 7 300-520 0.42 0.80

(o)l Vo]

AU UT NENEPWE 2NN NP2
Lok PPWROPR OnNoapoy bt N

23.2 £ 0.8 58 22.4+3.8 5.6 £0.9
17.1 £ 0.9 4.3
26.1 £1.1 6.5
23.1£2.5 5.8
12.6 £ 0.9 3.1 17.4+x2.4 4.3 £0.6
171+ 1.1 4.2
18.1 £ 1.2 4.4
16.8 = 1.0 4.1
19.1 £ 2.2 4.7
19.8+ 1.5 4.8
1 18.8 £ 0.8 4.6
6 23.3 £ 0.4 51 23.4*x1.1 5.1%+0.2
5 22.6 £ 0.7 5.0
4 24.7 £ 1.2 5.4
2 21.7 £ 0.6 4.8
5 24.2 £ 0.9 53
4 23.7 £ 0.7 5.2
34.4 £ 2.7 76 343%x1.7 7.6x0.4
32.3+1.9 7.1
36.5 £ 2.7 8.1
33.1+£ 1.5 7.3
35.3 £ 2.2 7.8

Conclusions

We have carried out a comprehensive paleo-
magnetic, rock magnetic, geochronologic, and
paleointensity study on the Miocene volcanic
rocks from the Guadalajara area of TMVB. Our
conclusions can be summarized as follows:

1. Based on rock-magnetic and microscopy
observations the magnetic mineralogy of all sam-
ples is determined to be primary and unaltered
Ti-poor titanomagnetites, resulting from oxy-
exsolution of original titanomagnetite during the
initial flow cooling.

2. Our new radiometric dating results
suggest that lava flows of Jesus Maria sequence
were erupted within a short time interval from
11.1+0.8 to 10£0.8 Ma during C5n.2n normal
polarity chron. The nearby Atotonilco section
displays similar lithologic characteristics to
Jesus Maria sequence, with the top 3 lava flows
probably belong to C5n.1r. Our geochronologic
results from the Funicular section indicate that
these lavas were formed in relatively large time
interval from 5.2+0.7 to 2.8+0.5 Ma.

3. The studied rocks preserve a magnetic
memory of the late Miocene geomagnetic field
and provide constraints for paleogeographic
reconstructions. Stable components of magne-

250 VoLuMme 50 NumBER 2

tization are determined after detailed thermal and
alternating-field demagnetization. Our new results
combined with existing regional paleomagnetic
data indicate that the sampled areas have not
undergone significant N-S displacement and
block rotations since at least last 11 Ma. These
paleomagnetic data should help refine models
for the tectonic evolution of the TMVB.

4. Our paleointensity data range from 17.5
to 34.3 mT, with virtual axial dipole moments
(VDMs) of 4.3 to 7.6 x 1022 Am2. These data
suggest the existence of both relatively high
geomagnetic field strength undergoing some
relatively low fluctuations in late Miocene.
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