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Abstract

A systematic palaecomagnetic study in the eastern part of the Trans-Mexican Volcanic Belt includes 39 Miocene,
Pliocene and Quaternary volcanic rocks in the southeastern Mexico Basin (Sierra Nevada and Sierra de Rio Frio),
the Altiplano area, and the Palma Sola Massif. A total of 430 samples have been selectively demagnetized using
mostly alternating field demagnetizing methods, supplemented by thermal analyses. Most characteristic remanences
are carried by low-Ti titanomagnetites, with occasional titanohematites or slightly maghemitized low-Ti titanomagnet-
ites, of similar direction. Seven sites were discarded because they presented intermediate directions, hydrothermal
alteration or were remagnetized by lightning strikes. The mean directions of 32 sites, together with 24 sites from
Sierra de las Cruces in the western Mexico basin, indicate rocks older than 2 Ma are rotated some 10° counterclockwise
with respect to Quaternary rocks, whereas there is no rotational difference between Miocene and Pliocene rocks.
Statistical analyses between different regrouped populations confirm that the rotational pattern is due to the age of
the volcanics rocks but not to their spatial distribution. The Quaternary mean direction from the three Mexico Basin
ranges is consistent with the geographical reference pole. In contrast, the Pliocene mean direction from volcanic rocks
of the Altiplano area and the Sierra de Las Cruces is slightly rotated some 10° westwards with respect to the reference
direction from North America. No significant rotations have been observed in the eastern TMVB (from the western
Mexico Basin to the border of the Altiplano), between late Miocene and late Pliocene times. It suggests that a very
small, counterclockwise vertical-axis rotation may have been taken place in this segment of the TMVB between late
Pliocene and Quaternary times. Comparisons of these results with a summary of the available palacomagnetic data
in the area indicate that the previously reported Quaternary rotations are of questionable reliability, and that the
large counterclockwise rotations, reported in Cretaceous to Miocene rocks, probably took place before the late
Miocene. These new palacomagnetic data support the idea that the eastern TMVB since the late Miocene, has been
a zone of extension with a little, left-lateral shear component.
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1. Introduction

The Trans-Mexican Volcanic Belt (TMVB) is a
high-altitude volcanic province that traverses
central Mexico from the Pacific @cean to the Gulf
of Mexico. It is currently associated with subduc-
tion of the Cocos and Rivera plates along the
Middle America trench, but has some unusual
features that have remained controversial in spat-
ial-temporal evolutionary models, of which three
are considered here:

(1) the chemistry and distribution of volcanic
rocks along the arc (alkaline products in both
extremes of the calcalkaline arc, lamprophyres on
the western volcanic front) are anomalous (e.g.
Cantagrel and Robin, 1979; Luhr and Carmichael,
19835; Lange and Carmichael, 1991);

(2) the trend of the magmatic arc is some 15—
20° oblique to the trench; and

(3) the migration of the volcanism is southerly
(e.g. Delgado-Granados et al., 1995; @sete et al.,
2000) rather than perpendicular to the direction
of subduction.

These special characteristics have given rise to
contrasting models to explain the tectonic origin
and subsequent development of the TMVB.
Extensive geophysical studies are being conducted
to define the geometry of the subducted slab of
oceanic lithosphere beneath the southern Mexican
continental margin (e.g. Bandy et al., 1995; Pardo
and Sudrez, 1995, Dafiobeitia et al., 1997). The
magmatic arc is mostly related to this active sub-
duction (e.g. Molnar and Sykes, 1969; Urrutia-
Fucugauchi and Del Castillo, 1977, Nixon, 1982;
Burbach et al, 1984; Suarez and Singh, 1986).
Models invoke different plate geometries and kine-
matics to account for the characteristics of the
TMVB, including fragmentation and/or bending
of the subducted plate, influence of the crustal
structure of the overriding plate and control of the
magmatic activity by fractures and zones of crustal
weakness. However, non-subduction models have
also been proposed, explaining the origin of the
TMVB as resulting from zones of weakness within
the crust, inherited from earlier episodes of defor-
mation (e.g. Mooser, 1972; Johnson and Harrison,
1989). The arc is also not genetically related with
the subduction but associated with the northern

boundary of a microplate subjected to clockwise
rotation as result of a lithospheric transtension
(Shurbet and Cebull, 1984 ). Strike-slip megashear
models have been suggested by several authors
(e.g. De Cserna, 1970, 1976; Urrutia-Fucugauchi,
1981, 1983, 1984; Anderson and Schmidt, 1983;
Bohnel, 1985). The age, sense and amount of
lateral displacement vary from model to model,
but a secondary plate-boundary is invoked in
which some California-type, large, vertical-axis
block rotations could be expected. In contrast, if
the location of the TMVB is a zone of extension
along a diffuse zone of weakness, then no substan-
tial vertical-axis block rotations should be
conspicuous.

Tectonically, the TMVB can be divided into
three segments (Fig.1). Post-Pliocene rifting,
resulting in the Tepic-Chapala, Chapala and
Colima rifts, which merge in a rift-rift-rift triple
junction, characterizes the western segment. The
central segment is characterized by E-W-striking
normal faults and small grabens (Cuitzeo,
Acambay, etc.), which have been active in recent
times (e.g. Johnson and Harrison, 1990 ). The third
segment is to the east of the Queretaro-Taxco
lineament (Pasquaré et al, 1991), of which the
TMVB forms the eastern sector, where small NW-
SE-trending basins and ridges delineate a zone
with widespread volcanism but without any clear,
large E-W lineaments. In addition to the TMVB,
the Eastern Alkaline Province (EAP), of @ligocene
also represents recent volcanism in eastern Mexico
to Quaternary age (Demant and Robin, 1975).

These kinds of volcanic rocks are known, from
extensive rock magnetic experiments, to be excel-
lent recorders of magnetic field direction, with
titanomagnetite and titanohematites as typically
magnetic carriers. This is a thermal remanence
acquired soon after eruption, generally quite
stable.

Palacomagnetic studies carried out in the
TMVB have suggested the occurrence of block
rotations in certain areas of central and eastern
Mexico (see summary of Soler-Arechalde et al.,
2000). These rotations have been related to a
variety of mechanisms, including oblique subduc-
tion, regional left-lateral shear, pull-apart basin
deformation, lateral fault stepovers, and other
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Fig. 1. Geographical location of the study area (rectangle, see Fig. 2). M, Mexico D.F. Mexican volcanic provinces and plate
boundaries are those of Demant and Robin (1975) and Drumond (1981), respectively: 1, Sierra Madre ®ecidental; 2, Trans-Mexican
Vo lcanic Belt (TMVB); 3, Eastern Alkaline Province; 4, Baja Californian Province. MAT, Midd le American Trench; EPR, East
Pacific Rise; TFZ, Tamayo Fracture Zone; RFZ, Rivera Fracture Zone. Major structures used to separate the TM VB tectonically
into three segmentsare: TChR, Tepic-Chapala Rift; CR, Colima Rift; ChR, Chapala Rift; and T, Queretaro-Taxco Fault Zone.

mechanisms for local deformation. Consequently,
any geodynamic model proposed to explain the
origin and evolution of the TMVB must consider
the rotational-deformational history of the mag-
matic arc. In this context, palacomagnetism is a
powerful tool for measuring such tectonic
rotations.

Previous palaeomagnetic data from the TMVB
(Table 1) show significant divergences of the
observed declination from the expected declina-
tion, with negative rotation parameters (Beck,
1980) ranging from R= —15° to R=—56° in some
regions of the arc. These results have been interpre-
ted as being due to counterclockwise rotations of
the studied areas. However, other regions do not
seem to have experienced significant rotations.

Results from the eastern sector of the TMVB
(e.g. summary in Urrutia-Fucugauchi and Bohnel,
1988 ) include six sites of different lithologies rang-

ing in age from Quaternary to middle Cretaceous
with significant negative R parameters (Table 1).
Results from Quaternary lavas from the Valle de
®riental area (‘E1’ in Fig. 2 and Table 1) were
reported by Bohnel (1985) who considered that
most of them were erupted during the upper
Brunhes and showed anomalous high anticlock-
wise rotations (R=—15+6°). In contrast, Bohnel
and Negendank (1981) reported no rotations in a
previous palacomagnetic study carried out in the
same eastern region. The Tertiary sites (‘E3, B, J,
G’ in Fig. 2 and Table 1; Bohnel, 1985; Urrutia-
Fucugauchi, 1980, 1981, 1983) showed anticlock-
wise rotations ranging from 19 to 56° The
Cretaceous site near Perote (‘E2’ in Fig. 2 and
Table 1; Bohnel, 1985) showed anticlockwise rota-
tions of ca. 40°, but with high scatter. No stability
tests were performed in these studies. In addition,
the rocks lack good age control.



Tabk 1
Summary of previous TMVB palaeopo les (from west to east)

Locality (Ref) Lat Long Age P, P,; N o5 REAR F+AF
Western Mexico volcanics (Maillol and Bandy, 1994) 205 —1048 P-@ 849 1559 6 89 5} 3
Amat lan volcanics (Nieto @bregdn et al., 1992) 208 —1045 @ 819 1972 8 91 -8

R. Santiago volcanics (Watkins et al., 1971) 208 —1034 P 812 1281 3 —6 6

R. Santiago volcanics (Watkins et al., 1971) 208 —1034 M 79.1 1806 4 11 -6
Chapala Lake volcanics (Rosas-Elguera and 202 —1025 M-Q 7460 1597 16 76 —1747 3+6
Urrutia-Fucugauchi, 1992)

NE Jalisco volcanics (Urrutia-Fucugauchi and Pal, 1977) 207 —1023 @-M 681 1811 7 10 —20+14 1+12
Santiago Valley volcanics ( Uribe-Cifuentes, 1992) 20 —101 P-@ 814 1543 10 107 9 19
Acambay volcanics ( Soler-Arechalde and 20 —100 P-Q 725 1763 17 75 =247 348
Urrutia-Fucugauchi, 1994)

Balsas Formation red beds (Urrutia-Fucugauchi, 1980)» B 187 —99.5 Pa—E 541 1834 14 12 —40+14 18414
Guerrero volcanics (Urrutia-Fucugauchi, 1983)* G 187 —9%4 @-M 548 1645 6 86 —32411 11412
Basin of Mexico volcanics (Herrero Bervera et al., 1986)* 190 —9%990 @Q(B) 875 1645 42 360 —2+44 346
Basin of Mexico volcanics (Mooser et al., 1974)* 190 —9%6¢ cM-P 881 3028 19 6.5 S+7 —4+6
Basin of Mexico volcanics (Mooser et al., 1974) 190 —9%6¢ cO0-M 834 793 22 72 8+8 6+8
Jantetelco granodiorites- Tepexco volcanics 187 —988 M 337 1763 9 10 —56+13 6+13
(Urrutia-Fucugauchi, 1981)* J

Eastern Mexico volcanics (Bohnel, 1985)* El 192 975 @(B) 751 1707 28 51 —1546 —1+6
Eastern Mexico limestones (Bohnel, 1985)* E2 194 —975 mK 326 1952 4 202 —41426 —6427
Eastern Mexico volcanics (Bohnel, 1985)* E3 196 —%4 M-P 716 1665 20 74 —1947 247

Lat/Long, rock site coordinates; P,,./P,,.,, palacomagnetic pole coordinates; N, number of sites; oes, 95% cone of confidence for
Fischer statistics; R+ AR/F+ AF, rotation/fflattening parameters and 95% statistical uncertainty. Ages: @, Quaternary (B, Brunhes
chron); P, Pliocene; M, Miocene (e, early); @, @®ligocene (e, early); E, Eceene; Pa, Palaeocene; mK, mid-Cretaceous.

*Eastern TM VB sites (B, G, J, EI-3, see Fig. 2).

In view of the importance of these contrasting
observations to any understanding of the tectonic
setting, size and structural complexity of the arc,
one of our main objectives was to document the
occurrence, or absence, of such vertical axis rota-
tions as a mechanism of tectonic deformation.
Several selected areas across the eastern segment
of the TMVB were studied.

2. Geological setting

In eastern Mexico, a NNW-striking fault zone
separates the Altiplano area at an elevation of
some 2000 m, from the coastal plains along the
Gulf of Mexico (Fig. 2). Two magmatic provinces
can also be distinguished, the E-W-trending
TMVB of mainly Miocene to Quaternary calc-
alkaline associations, and the EAP, where the late
@ligocene to the Quaternary volcanism parallels
the eastern coast (Robin, 1976; Demant 1978).
The Palma Sola area is located in the coastal plain

at the crossing of these two provinces (Figs. 1 and
2) and has a mainly alkaline character but also
includes products with calc-alkaline athnities.
Alkaline basaltic lavas also occur in the fault zone
of the Altiplano border.

According to volcanological and radiometric
investigations, the regional-temporal variations of
the volcanism of the Altiplano border and the
EAP are modeled as a succession of periods of
southward migrating, but not contemporaneous,
alkaline and andesitic phases in the East. However
both provinces crossed each other between 9 and
6 Ma (Cantagrel and Robin, 1979; Robin, 1981).
The andesitic zone has undergone three periods of
volcanic activity since the Early Miocene: the first
one between 30 and 15 Ma, the second between 9
and 6 Ma, and the last from 3 Ma to the present.
There is no consensus about the explanation for
the observed volcanism. This crossed-magmatic
area is not included as part of the TM VB, and it
is postulated as an alkaline-graben-province of
intraplate character (Robin, 1981). In contrast
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Fig. 2. Simplified map of the eastern TMVB (from Carta geoldgica de la Repiiblica Mexicana, 1992) showing the palacomagnetically
investigated sites (open/closed symbols mean reversed/normal polarity). 1, This study; 2, @sete et al. (2000); 3, rejected sites; 4,

previous palacomagnetic studies (see Tablk 1).

and according to geochemical results, the TMVB
is argued to contain calc-alkaline, subalkaline and
alkaline products, associated with the subduction,
and the TMVB Pliocene—Quaternary volcanic
activity to end at the Gulf coast rather than in the
Altiplano area (Negendank et al., 1985).

The Mexico Basin is taken as the westernmost
area of the eastern segment of the TM'VB (Fig. 2).
The limits of the basin are the Sierras Tezontaplan
and Pachuca, to the north and the Quaternary
volcanics of the Chichinautzin group to the south.
®n the west is the Sierra de Las Cruces, considered
Miocene by Mooser et al. (1974) and recently

dated late Pliocene (Mora-Alvarez et al., 1991,
@scte et al., 2000), whereas the eastern border is
formed by the Sierra Nevada and the Sierra de
Rio Frio. Volcanic activity in this region probably
began 1.7 Ma ago (Nixon et al., 1987). The Sierra
Nevada includes the Iztaccihuatl and Popocatépetl
volcanoes (Fig.2), the latter, at the southern
border of the range, being a historically active
volcano. The substructures of these volcanoes are
composed of relatively large volumes of two-
pyroxene andesites overlain by more viscous daci-
tic lavas of the modern cones. Nixon (1989)
describes the volcanic evolution of Iztaccihuatl



Tabk 2
Summary of palacomagnetic results

Site Age Lat Long n/N Dec Inc k Uy
Sierra de las Cruces (®sete et al., 2000 - this vo lume)

JQ1 P 19°34.16 —99°3547 10/10 3504 43.1 113.0 4.6
JQ2 371+046€° 19°33.8¢° —99°34 83’ 10/10 336.4 44.1 2000 33
JQ3 P 19°33.8¢° —99°34.67 10/10 360.7 483 116.9 4.5
JQ4 P 19°33.53’ —99°33.63' 10/10 169.0 —14.2 (G.C A mad=73)

All P 19°32.00 —99°29 82 9/10 1733 —228 181.5 38
A2 2900+040° 19°31.33° —99°28 08’ 10/10 151.0 —219 91.2 5.1
IT P 19°31.33° —99°28.5¢ 10/10 171.3 —209 258.2 3.0
IT2 P 19°31.33° —99°28.5¢ 10/10 151.3 —230 149.0 4.0
I P 19°30.82 —99°28.53' 7/10 176.5 —223 312.2 34
ST3 P 19°30.00° —99°28.57" 10/10 174.6 —338 2114 33
PL P 19°31.3¢° —99°26.20° 10/10 12.3 235 225.6 32
ST4 P 19°29 32 —99°28.82 10/10 3491 33.1 57.8 6.4
STS P 19°28.12 —99°29 00’ 9/10 3590 73 2487 33
ST1 1.931+0.76° 19°28.13’ —99°28.82 10/10 3323 331 156.8 KX ]
AY P 19°29.67 —99°22 00 10/10 348.2 282 80.8 54
CH1 304540259 19°26.25 —99°19.33 10/10 358.5 27.1 4103 24
CH2 P 19°25.5¢° —99°20 48’ 10/1¢ 355.2 322 51.6 6.8
CH3 P 19°26.25 —99°21.3¢0 10/1¢0 358.2 193 385 78
GU3 P 19°25.33 —9921.83 10/10 357.2 36.2 1153 4.5
PC2 P 19°25.33 —99°25.88' 10/1¢0 358.2 264 197.5 34
Tel e (M) 19°17.75 —99°23 95 10/10 167.3 —26.7 130.5 4.2
Te3 QM) 19°19.00 —99°19.52 10/10 177.0 —53.9 80.1 54
Te2 067940 28° 19°17.67 —99°2045 9/10 362.2 322 1704 4.0
Te4 Q(B) 19°18.42 —99°20.67 8/10 3521 45.6 337.7 3.0
Sierra de Rie Frie (this study)

SM1 Q 19°19.9¢ —98°47 00’ 10/10 358.3 3338 108.8 4.7
SM2: [ 19°19.9%¢ —95°46.00 12/12 129 4 74.1 6.9 154
SM3 Q 19°20.37 —98°42.83' 11/11 3246 363 3.0 48
SM4 QM) 19°19.35 —98°43.72 10/10 191.0 —32.0 389.1 25
SMS Q 19°20.63’ —98°41.58' 11/11 3437 34.0 351 78
Sierra Nevada (this study)

SMe6* [ 19°19.62 —88°42.72 10/10 283.3 46.7 10 "
SM7 Qe (B) 19°17.57 —98°40.65 13/13 356.5 382 112.7 3.9
SMS8 Q(B) 19°16.83" —98°43.22 10/10 6.2 34.6 84.4 53
SMe ® (B) 19°18.12 —98°42.15' 12/12 353 —50.1 200 SE7.
SM1e [ 19°20.50' —98°40.15' 12/12 37.0 [ X 7.1 17.5
SM11 Q 19°03.55 —98°22.5¢’ 10/1¢0 5.8 16.7 484 7.0
SMI2* [ 19°05.10 —98°31.67 7/7 116 257 27 46.2
SM13 Q (B) 19°05.17 —98°35.35 13/13 2.1 32.9 116.0 KX ]
SM14 Q(B) 19°05.57 —98°37.15 9/10 (B 19.7 1175 39
Sierra Nevada (this study)

SM1S Q(B) 19°08.15 —98°38.93' 11/11 44 324 84.1 5.0
SM16 QM) 19°12.63’ —98°44.43’ 11/11 180.8 —16.5 357.2 24
SM17 Q 19°11.68 —98°47.78’ 11/11 355.2 244 9.6 4.6
Paima Sela Massif (this study)

PS2 (VE34)* 17.0 +0.6* 19°43.8 —96°25.4 12/12 167.1 —45.8 (G.CA. mad=4.5)

PS3* (VE71b)* 140+ 0.5° 19°37.5 —96°27.2 10/10 234.8 —55.5 41.6 7.5
PS4 (VELS)* 6.54+0.2% 19°40.5 —96°23.6 11/11 3544 40.6 246.2 29

(7.2+02)°



Table 2 (centinued)

Site Age Lat Long n/N Dec Inc k Oy
PS1 (VE168)* 31401 19°45.4 —96°25.1" 10/10 3544 21.1 1033 48
Altiplane area (this study)
CA2 9 (G.C) 20°12.5 —98°45 ¢ 9/11 168.5 —-274 2407 33
11/11 167.4 —27.9 (G.CA. mad=3.3)
MC2 9 (G.C) 20012 0 —98°43.7 12/12 358.1 403 1318 38
MM1 9(G.C) 200109 —98°43.4 12/12 (&) 16.3 106.4 42
Xe@1 (VE118)* 770+0.30* 19°37.4 —97°36.6 10/12 152.7 —504 3044 28
12/12 153.3 —513 (G.C.A. mad=6.6)
CY1 (VEL18)* 7704030 19°37.3’ —97°37.1 11/11 2001 —56.2 559.4 1.9
MII (VE118)* 770 +0.30" 19°31.5 —97°38.6 11/11 157.8 —24.2 (G.CA. mad=42)
5/11 1516 —17.8 170.5 5.9
MRI® (VEL18)* 7.70+0.30" 19°31.4' —97°38.1" 11/11 247.8 —316 (G.CA. mad=2.0)
JA1(PHI13)* 74+0.6° 20°48.7' —98°43.7" 10/10 3102 53.7 138.9 4.1
TRT (TH24* 7.1+0.3* 21°04.1 —98°42 ¢ 13/13 11.8 633 13.7 11.6
Me@1 (PHI171)* 6.5+0.3% 20048 ¢ —98°38.7" 10/10 193 —318 192 8.5
MZ1 (PH135)* 5.15+.25% 2041.8 —98°31.4 7/10 148.9 —45.7 187 44
10/10 147.1 —47.9 (G.C.A. mad=13.3)
ZC1 (PH141)* 4401010 20°39.6' —98°37.2 11/11 344.5 25.1 1028 4.5
MS2-3 (VE%4)* 424010 19°51.3 —96°43.9' 15/15 351.8 320 653 48
7C2 2.6-4.5(G.C) 20°39.8 —98°33 ¢/ 10/10 3593 34 745.7 1.8
SB1 2-3(G.C) 20°35 ¢ —98°41.4 13/13 168.3 —304 2293 27
ZC3 2-3 (G.C) 20°33 .4 —98°38.8’ 9/10 3534 326 275 10
PL1(PH62)* 256+008" 20°27.7 —98°40.4 11/11 352.5 326 4029 23
AT1 (PH4e)* 2.38+008" 20°20.8 —98°38.8' 10/10 333 392 119.9 44

Sites: referenee sample from Cantagrel and Robin (1979). Ages: @, Quaternary; @(B), Quaternary (Brunhes); (M), Quaternary
(Matuyama); P, Pliosene; (G.C.), Geological correlation; radiometric data. Lat/Long, rock site cordinates; Dec,Inc, delination and
inclination of characteristic magnetization; k, oss, confidence parameter and 95% cone of confidence for Fischer statistics; G.C.A.
mad, Great Circlke Analysis and maximum angular deviation; n/N, number of samples included in cakulation of the mean/collected.

* Rejected sites.

* Cantagrel and Robin (1979)
°Mooser and Soto (1980).

9 @sete et al. (2000).

and the northern Sierra Nevada. From the north-
ern flanks of Sierra Nevada (as far as the highway
linking Mexico City and Puebla), the Sierra de
Rio Frio continues northwards towards Pachuca.

3. Palaeomagnetic sampling and results

To document the regional pattern of tectonic
deformation of the eastern sector of the TMVB,
the sampling strategy was designed to constrain,
in space and time, the observed rotations. From
the western Mexico Basin to the lowlands of the
Gulf of Mexico (Fig.2), 39 volcanic sites with
good age control (Table 2.) were sampled. The age
of investigated rocks ranges between Miocene

(17Ma) and Quaternary (Brunhes). They have
been supposed to be in the palaeohorizontal,
because the lacks of reference sedimentary layers
to apply any structural correction due to block
tilting.

In the Altiplano area, 18 volcanic sites were
sampled, dated by Cantagrel and Robin (1979)
excepting five sites that were geologically corre-
lated with their radiometric data. Seven sites are
representatives of the Late Miocene andesitic vol-
canic event (Sierra de Pachuca, correlated with the
Zimapan volcanics of 9 Ma, and the slightly
faulted volcanics dated near Teziutlan of 7.7 Ma).
Thirteen sites, between 8.0 and 4.1 Ma in age, were
also sampled in the alkaline basaltic lavas outcrop-
ping in the fault zone of the Altiplano border.
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In the Palma Sola massif, four sites were
sampled, dated between 17.6 and 3.0 Ma.
(Cantagrel and Robin, 1979). These include two
alkali basalts, a microdiorite and a dacitic dome
(also dated by Mooser and Soto, 1980) that is
considered to be the last episode of the apparently
younger southwards migration of the Late
Miocene andesitic phase (Cantagrel and Robin,
1979).

A total of 17 volcanic sites, of Quaternary age,
was also sampled in the southeastern margin of
the Mexico Basin: 12 sites from the Sierra Nevada
(most of Brunhes age) and five from the southern
Sierra de Rio Frio (Table 2).

In addition, results obtained by @sete et al.
(2000) in 20 Pliocene and four Quaternary sites
from volcanic rocks of the Sierra de las Cruces
(western margin of Mexico Basin) have been
selected and considered in our tectonic interpreta-
tion (Table 2 and Fig. 2). Those sites with interme-
diate directions or few samples in the calculation
of the mean (N<7), were not included.

Palacomagnetic analyses were carried out on
430 samples from 39 sites, at the palaeomagnetic
laboratory of Complutense University of Madrid.
The initial susceptibilities ranged from 4.1 x 107*
to 4.3x 1072 (SI). Measurements of remanence
were performed with Molspin and JR5 magnetom-
eters, and susceptibilities with both a Minisep and
a KLY-3 kappameter. For a pilot thermal and
alternating-field (AF) demagnetization study
(using TSD-1 and GSD-5 Schonsted demagnetiz-
ers), at least two samples were selected from each
site. The following steps were used for the ther-
mally demagnetized pilot samples: steps of 50°C
from room temperature up to 450°C and then
steps of 25°C up to 700°C. Susceptibility was
monitored after each heating to control possible
thermally induced mineralogical changes. For pilot
AF studies, steps of 2.5 mT (up to 20 mT), 5 mT
(between 20 and 40 mT) and 10mT (up to
100 mT) were used.

The sites are divided into two groups according
to their magnetic behavior: (1) sites that showed
only one stable magnetic component; and (2)
samples with two overlapping magnetic
components.

Most sites belonged to the first group (23 of 39
investigated ) in which the initial NRM intensities
ranged from 0.01 to 13.3 Am %, initial NRM
directions were generally well grouped, and the
stable directional component could be isolated
both during AF and thermal demagnetization.
Most samples had only one magnetic phase with
low coercivity (median destructive fields between
10 and 20 mT) and maximum unblocking temper-
atures between 350°C and 550-575°C (Fig 3a).
This suggests the presence of some fined-grained
spinels, and titanomagnetite as the magnetic carrier
of the magnetization. However, some sites had a
second magnetic phase of higher coercivity and
high unblocking temperature (up to 675°), proba-
bly carried by low-Ti titanohaematites, although
slightly maghemitized low-Ti titanomagnetite
could also be the carrier of this magnetization
(@zdemir, 1990). Where both low- and high-coer-
civity phases were present, both magnetic compo-
nents had similar directions (Fig. 3b-d). After
analyses of the pilot specimens the remaining
samples were mostly demagnetized by the AF
procedure, in five to ten steps between 20 and
100 mT, according to their magnetic properties.
Systematic thermal demagnetization was con-
ducted in the same way, between 400-515° and
650—-675°C, on samples from those sites where a
component of high coercivity was observed
(Fig. 3d). In both technigques, Principal
Component Analysis (PCA, Kirschvink, 1980 ) was
used to isolate the characteristic directions of
remanence (ChRM). Two sites of this group, in
the Palma Sola and Sierra Nevada regions (PS3
and SM9, see Table 2), were discarded as they
were characterized by a high degree of hydrother-

Fig. 3. Vector demagnetization and norma lized intensity (inset) plots of Pliosene (a, b) and Miocene (c, d) sites from the Altiplano
area with only one directional stable component. Left/right diagrams correspond to the AF thermal demagnetizations, and solid /open
circles to the projections onto the horizontal/vertical plane. Sites of reversed (a, ¢) and nornnal (b, d) polarity, with samples exhibiting
only one stable magnetic phase (a) or two magnetic phases with a similar direction (b—d ), are shown.
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Fig. 4. Vector and equal-area projection plots, during AF (a) and thermal (b) demagnetization, of a Sierra Nevada Quaternary site
showing that some samples are highly affected by a secondary IRM. Note the scatter in both NRM intensity values and directions.

mal alteration and an intermediate direction,
respectively.

The second group of sites comprised 16 sites
which all showed a first, very strong component
of low coercivity (median destructive fields between
5 and 27 mT) and high scatter in both initial NRM
directions and intensities (up to 135A m™1).
Stepwise demagnetization showed the presence of
a second magnetic overlapping component. In sites
where the component of lower coercivity and lower
unblocking temperature exhibited anomalous high
intensities, we interpreted an isothermal remanent
magnetization (IRM), produced by lightning
strikes. One site from Sierra de Rio Frio and three
more from Sierra Nevada regions (SM2, SMo,
SM10, SM12, see Table2), were eliminated since
both demagnetization techniques were ineffective
in reducing the high dispersion of their initial
NRM directions or isolating any consistent ChRM
direction. We interpreted the magnetizations as a
total IRM overprint of their unique, low-coercivity
magnetic phase. In some cases, the IRM compo-
nent affected different samples by different
amounts, and a stable direction, considered to be
the Characteristic remanent magnetization, could
be isolated by PCA during the AF demagnetization
(Fig. 4a). This IRM overprint did not affect their
higher unblocking temperature phase (Fig. 4b).
Finally, in six sites with high scatter in the values
of the NRM intensities (in two of them showing
initial NRM intensities not too high, presumably
due to hydrothermal alteration), two components
were also observed (Fig. 5). The coercivity spectra

did not completely overlap, unlike their unblocking
temperature spectra. AF demagnetization removed
both components. Directions of the component
associated with the lower coercivity phase showed
high dispersion. Therefore, we conclude that the
ChRM is associated with the higher coercivity
phase and can be calculated by Great Circle
Analysis (Halls, 1976; McFadden and McElhinny,
1988) after detailed AF demagnetization (about
10 steps were considered). Although PCA was also
used for some of these samples, the convergence
of remagnetization circles provides the best statisti-
cal grouping. We discarded one mean direction
from the Teziutlan volcanics (MR1, see Table 2)
because we interpret the direction as an intermedi-
ate one.

4. Discussion and conclusions

In summary, 32 of the 39 sampled sites are
considered useful for tectonic interpretation
(Table 2). These can be combined with the 24 sites
investigated by Osete et al. (2000) from Sierra de
Las Cruces (Table 2), at the western limit of the
Mexico basin (intermediate site-mean directions
or sites with less than seven samples in the calcula-
tion of the mean, have not been included). To
investigate the existence of local block rotations,
the mean directions and palacomagnetic poles
from the eastern part of central Mexico were
compared with the geographical pole (Quaternary
sites) and with Miocene and Pliocene North



Tabk 3
Summary of mean directions and VGPs

(a) Reference peles and expected directiens

Age ». I N Pong Par K Ays Ry

(1) Geegraphical pele

Quaternary 0 349 ¢« %9 0

(2) Nerth America reference peles

Pliocene 06 332 14 596 885 67.2 49 13807

Mioeene 0.5 333 24 67.1 88.1 333 5.2 23.308

Mioeene—Pliocene 05 336 38 647 883 41.8 3.6 37.115

(b) Mean directiens accerding te geegraphical distributien

Area (N, age) N Dec Inc k& s 7oym  Ping Par K Aes Ry, RZAR F+AF

S. Nevada-S. Rio Frio (@) 12 3585 297 491 63 11.776 968 868 458 6.5 11.768 —1.5+58 52450
S. De Las Cruees (20 P, 4 Q) 24 351.7 303325 53 23293 1598 81.0 479 43 23520 —89+64 29+74
Altiplano (16 M, 7 P) 17 3500 384 210 860 16239 1881 80.5 203 81 16213 —1054+487 —48+78
Palma Sola (2M, 1 P) 3 3522 376 268 243 2925 190.7 821 479 180 2958 —84+252 —46+199
(c) Mean directiens accerding te age

Age(N, area) N Dec Inc k o5 Tym  Pleng Par K Aes R, REAR F+AF
Qunaternary (4 SC, 4 SRF, 8 SN) 16 357.6 322421 58 15643 137.8 87.7 460 55 15674 —2445S 27446
Pliocene (20 SC, 7 ALT, 1 PS) 28 3508 292 418 4.3 27354 1541 799 584 3.6 27538 —98+457 40+70
Miocene (10 ALT, 2 PS) 12 3508 432 168 109 11.345 211.1 794 160 112 11312 —97+128 —99+108
Miocene-P liocene 40 3508 332 254 46 38463 1704 808 308 41 38732 —97453 04458
(17 ALT, 3PS, 20 SC)

Pliocene (20 SC, 7 ALT, without PS) 27 350.7 29.2 41.8 43 26366 1554 79.9 571 37 26545 —99+57 40+70
Late Miocene (10 ALT, without PS) 10 350.8 42.6 141 133 9.360 2098 796 164 167 9326 —974+152 —934124
Late Miocene-P liocene 37 3507 332248 48 35547 1690 80.6 295 44 35779 —98+5S 06+59

(17 ALT, 26 SC, withont PS)

Area: SC, Sierra de Las Cruces; SN, Sierra Nevada; SRF, Sierra de Rio Frio; ALT, Altiplano; PS, Palma Sola. Age: @, Quaternary,
P, Pliocene; M, Mioeene. N (N;), number of sites; B, I,, expected direction for the studied area; P,,,/P,.,, palacomagnetic pole
coordinates; Dec, Inc, observed mean direction; K, s, 7y (K, Aes, Reyy): confidence parameter, 95% cone of confidence and length
of the resultant vector for Fisher statistics (Fisher, 1953). R+ AR/F+ AF, rotation/flattening parameters with their confidence limits

(Beck, 1980, Demarest, 1983)

American reference poles (Table 3). To calculate
these mean palaeomagnetic poles for North
America, mean virtual geomagnetic poles (VGPs)
have been extracted from the IAGA Global
Palaeomagnetic Database (McElhinny and Lock,
1996), updated at the end of 1997. Directions with
statistical parameters £<20 and oes>15° were
excluded, as well as palaecomagnetic results from
areas that do not represent to stable America
(mainland Mexico and Baja California peninsula).
In addition, the amounts of vertical-axis rotation

(R) and flattening of inclination ('), have been
evaluated (Beck, 1980), with their confidence limits
(Demarest, 1983).

Directions of the ChRMs from the eastern part
of central Mexico, grouped in different ways to
investigate possible directional changes associated
with their: (1) age; and (2) location and magmatic
composition (Table 3):

(1) The mean directions for rocks older and
younger than 2 Ma are significantly different. The
declination of the oldest is rotated some 10°
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Tablk 4
Reversal test results

Age Polarity N Dec Inc k Olas T sum Classification of the
positive reversal test

Quaternary N 12 375.1 32.1 52.3 6.1 11.79¢ ye=2.13<y," =34.82°

R 4 179.1 —325 20.7 20.7 3.855 R,
Pliocene N 20 3526 313 424 5.1 19.551 Ye=8.92°<y,=9.10°

R 8 166.9 —23.9 54.2 7.6 7.871 R,
Miocene N S 3527 44.6 12.2 228 4.671 Ye=3.09" <y, =2347°

R 7 169.6 —422 18.7 143 6.678 R,
Miocene-P liocene N 25 352.6 33.9 273 5.6 24.122 Ye=410" <y, =9.53*

R 15 168.0 —323 22.0 83 14.364 R,
Late Miocene—Pliocene N 23 3523 34.1 26.1 6.0 22.156 1e=4.70° <p,=10.01°
(without Palma Sola sites) R 14 168.2 —31.0 224 8.6 13.419 R,

Polarity: N/R: norna l/reverse; N, number of sites; Dec/Inc, mean direction; X, o, 7,um, confidence parameter, 5% cone of confidence
and length of the resultant vector for Fisher statistics (Fisher, 1953). Reversal tests: y,, angle between the two mean directions; y,,
critical angle (* using simulation without the assumption of a common precision (McFadden, 1999); Ry, R,, R, positive reversal test
with classifications ‘indeterminate’, ‘B’ and ‘C’, respectively (McFadden and McElhinny, 1990).

counterclockwise with respect to the youngest
(Table 3). Miocene, Pliocene and @Quaternary
directions pass the reversal test of McFadden and
McElhinny (1990) at the 95% confidence level
(Table 4). This antipodal character of the normal
and reversed directions indicates that any possible
overprint has been sufficiently removed and other
causes of dispersion have been averaged. To test
if the data sets provide the time averaging of
Secular Variation, their observed site-mean VGPs
angular dispersion have been compared with those
predicted from Merril and McElhinny (1983).
Pliocene and Quaternary VGPs angular disper-
sions are consistent with the predicted dispersion
of 13-14° for the palaeolatitude of the studied
area. However, the Miocene one is some 7° greater.
We interpret this as being due to a random tectonic
disturbance that has been averaged as the positive
reversal test indicates. A statistical comparison can
be carried out between the Pliocene and
Quaternary sites because both populations have
common precision parameters. Result of the
McFadden and McElhinny test (1990) is negative

(ve=7.95* and y,=6.19*). Therefore, both direc-
tions are statistically different at the 95% confi-
dence level. No rotational differences have been
observed between Miocene and Pliocene rocks
(Table 3), although, in this case, statistical tests
can not be performed because precision parameters
of Miocene directions are not comparable with
those of Pliocene and/or Quaternary times.

(2) The mean direction from Sierra de Las
Cruces (mostly Pliocene) is similar to that calculated
for the Altiplano Area (Miocene and Pliocene).
Both are deviated westwards respect to the Sierra
Nevada and Sierra de Rio Frio (Quaternary).
Although the deviation is small, it seems that is
related to the ages of the investigated rocks and
not with their geographical location (Table 3). This
suggests that the eastern TM VB can be considered
a unique tectonic domain (i.e. not different rota-
tional blocks can be observed). The results from
the three Miocene—Pliocene sites from Palma Sola
massif cannot be considered statistically representa-
tive because of the low number of sites available,
but their direction is similar to the Miocene—

Fig. 5. Vector and equal-area projection plots, during the AF (a) and thermal (b) demagnetization, of two Miocene sites from the
Aliplano area (left) and the Palma Sola Massif (right), representative of those that showed the presence of two overlapping magnetic
components. Mean-site directions are accurately cakulated by great-circle analysis (c).



Pliocene sites from the eastern TMVB. As discussed
above (see Section 2), at least the Miocene sites
might belong to a different volcanic province. For
these reasons, Palma Sola sites will not be consid-

ered in the representative mean direction of the
TMVB. Nevertheless, the TMVB mean direction
does not change if the three Palma Sola sites are
included (Table 3).
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Fig. 6. Equal-area projections showing: (a) normal (solid)/reversed (open) site-mean characteristic (ChRM) directions and
normal/reversed) mean directions for the Quaternary and Late Miocene—Pliocene investigated sites (Palma Sola sites are not included).
(b) Corresponding site-mean VGPs and mean poles. (c) Quaternary and Late Miocene—Pliocene mean palacomagnetic poles for
eastern TMVB and reference poles. 95% confidence limits are also shown. Late Miocene-Pliocene palacomagnetic pole is rotated
some 10° counterclockwise (see the Mexico sketch and the TM VB location) with respect to both the geographical pole and the

Miocene—Pliocene reference pole for North America.



Consequently, two groups can be differentiated
according to the palacomagnetic data. These are:
(1) The Quaternary volcanic outcrops of Sierra
Nevada, Sierra de Rio Frio and Sierra de las
Cruces; and (2) the late Miocene-Pliocene (back
to 9 Ma) volcanic outcrops extending from the
western Mexico basin (Sierra de las Cruces) to the
border of the Altiplano. Directions of both groups
fail the McFadden and McElhinny (1990) statisti-
cal test (Yo=7.40 and y,=7.32). This indicates that
differences in directions between these groups are
significant at the 95% confidence level.

The mean directions and palacomagnetic poles
obtained for the Quaternary and late Miocene—
Pliocene eastern TMVB sites were compared with
the geographic and the Miocene-Pliocene North
American reference poles, respectively (Table 3
and Fig. 6). Both observed and reference poles
coincide for the Quaternary time but are statistic-
ally different for the Miocene—Pliocene time, infer-
ring that a very small counterclockwise vertical
axis rotation (R=—9.8+35.5% F=0.6+5.9°) may
have taken place in this segment of the TMVB
between late Pliocene and Quaternary time.

Results from the late Miocene—Pliocene eastern
TMVB seem to be more consistent than the two
palaeopoles reported for the Atotonilco el Grande
sequence (82°N, 167°30W) and the Tlanchinol
volcanic rocks (81°30N, 116°W), in the Altiplano
area (Robin and Bobier, 1975), that agree within
confidence limits.

Summarizing, the new results reported here do
not support the notion that large rotations
occurred in the TMVB in recent times [e.g. entries
(4) and (13-E1), see Table 1]. No large rotations
have been observed in the youngest volcanic rocks
of the eastern TMVB. The few results from Palma
Sola massif do not support the existence of large
rotations in this area in post late Miocene time.
The origin of these discrepancies can be related
with the age-control of the volcanic outcrops, the
Secular Variation, the incomplete isolation of the
ChRM and/or some other systematic mistakes. In
this study well-dated rocks have been sampled,
and the reversal and other statistical test have been
applied. Not statistical tests were performed in the
other studies, then, it is not sure that the Secular
Variation was properly averaged and the ChRM

well isolated. In addition, if the present declination
in Mexico (ca. 7°E) is not properly corrected, it
could produce erroneous apparent counterclock-
wise rotations of ca. 14°. Therefore counterclock-
wise rotations of about this value in Quaternary
rocks are very suspicious and should be revised.

In addition, palacomagnetic results presented
here are consistent with recent geological studies
that indicate that the main stress regime (Vegas
et al, 1998) in the eastern TMVB, Altiplano
border and coastal plains, is extensional.
Comparisons of our new results with the large
counterclockwise  rotations summarized by
Urrutia-Fucugauchi and Bohnel (1988) from
Cretaceous to Miocene rocks from the eastern
TMVB, indicate that most of rotation probably
took place before late Miocene time. @ur palaeo-
magnetic results seem to support the @ligocene to
Recent tectonic evolution phases, proposed by
Ferrari et al. (1994), that affected the TMVB.
They considered that the TMVB began at ca.
16 Ma and that its tectonic evolution comprised a
Middle Miocene phase of transcurrent faulting
followed by a transtensional to extensional phase
between the Late Miocene time and present.

No significant rotations have been observed
between late Miocene and late Pliocene time, only
a small amount of rotation occurred between late
Pliocene and Quaternary time. In conclusion, these
new palaecomagnetic data do not support the
strike—slip megashear models that produces large,
vertical-axis block rotations, but support the idea
that the eastern TMVB, since late Miocene time,
has been a zone of extension with a little, left-
lateral shear component.
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