F. Mooskr et al. — Palaeomagnetic Investigations

Palaeomagnetic Investigations of the Tertiary
and Quaternary Igneous Rocks:
VIII A Palaeomagnetic and Petrologic Study
of Volcanics of the Valley of Mexico

By FrepDIE M0OSER, Mexico City, ALan E. M. Namn, Columbia/South Carolina, and
J6rG F. W. NEGENDANK, Trier *)

With 12 figures and 3 tables

Zusammenfassung

Das Becken von Mexiko befindet sich im Zentrum des Transmexikanischen Vulkan-
giirtels, einer Ost-West-Struktur, die den nordamerikanischen Kontinent entlang des
19. Breitengrades durchschneidet.

Paliomagnetische Messungen legen die Vermutung nahe, daBl 2 (Guadalupe- und
Chichinautzin-Gruppe) der 7 vulkanischen Phasen, die das Becken formten, von
wahrscheinlich kurzer Dauer waren. Die Chichinautzin-Gruppe, die das Becken im
Siiden abschniirte, mufl sich grundsitzlich in den letzten 700000 Jahren gebildet
haben.

Die vulkanische Titigkeit, die im Oligozin begann und sich kontinuierlich bis in die
heutige Zeit fortsetzte, férderte nachweislich im wesentlichen andesitische Produkte.

Abstract

The basin of Mexico lies in the center of the Trans-Mexican Volcanic Belt, an
east-west structure which dissects the North American Continent along the 19th par-
allel. Paleomagnetic measurements suggest that two of the seven eruptive phases —
Guadalupe Group and Chichinautzin Group — that formed the basin, probably were
of short duration; the Chichinautzin Group, which finally closed the basin to the south,
must have been formed principally in the last 700,000 years.

The volcanic activity which began in Oligocene time and has continued until the
present, has been proved to be essentially andesitic in composition.

Résumé

Le bassin de Mexico se trouve au centre de la ceinture volcanique de Mexico, une
structure est-ouest qui recoupe le continent nord-Americain prés du 19¢ paralléle. Les
mesures paléomagnétiques conduisent a supposer que deux des sept phases d’activités
volcaniques, celles de la Guadaloupe et du Chichinautzin, étaient courtes. Les roches
du Groupe de Chichinautzin, fermant le bassin au sud, ont été formées pendant les
derniers 700,000 ans.

L activité volcanique, qui a débuté & 'Oligocéne ct se continue encore actuellement
a une charactére essentiellement andésitique.

*) Authors’ addresses: Prof. Ing. F.Mooser, Instituto de Geofisica, Universidad
Nacional Autonoma, Torre de Ciencias, Ciudad Universitaria, Mexico 20 D.F. Mexico.
— Prof. Dr. A. E. M. Namy, Department of Geology, University of South Carolina,
Columbia, S.C. 29208, USA. — Dr. ]J. F. W. NEGENDANK, Abt. Geowissenschaftliches
Laboratorium der Fachgruppe Geographie der Universitit Trier-Kaiserslautern,
D-55 Trier, Schneidershof, W-Germany.
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Kparroe cogep:ranue

Mexcuranckuit 6acceiiH HAXORUTCA B IIEHTPe TPAHCMEKCHKAHCKOTO BY IKaHIYECKOTO
mosica — HEKOW CTPYKTYpbI, KOTOpas NEePeceKaeT CeBepo-aMepUKAHCHKUN MATepult
BIOJb 19-i mapaJiiesnn ¢ BOCTOKA HA 3amaf.

ITanmeomMaruuTHee WBMepPEHUA pPA3peIaloT MoJaraTh, 4TO ABe U3 CeMH BYJIKAHU-
weckux (pas, uMeHHo rpynna Guadalupe u Chichinautzin, o0paszoBaBmEX ATOT
GacceitH, moBCelt BePOATHOCTH, GHINN OYeHb HeNpomouxrTedbHbMH. I'pymnma  Chi-
chinautzin, npogyKTE KOTOPOil cocTaBJIAIOT rpaHUIy OacceifHAa Ha Iore, MOABUIIACH
B nmociegHaue 700000 mer.

Bynkanuueckad ReATEeNBbHOCTH, HAYABINAACA B OJUTOIEHE W NPONOKAKINAACH
HENpPePLIBHO 110 CeTOHA, HORHANA PAABHHIM 00pa3oM aHIE3UTHL.
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Introduction

The volcanoes which so spectacularly bound the Valley of Mexico are parts of
a major belt of volcanics, some 20 to 70 km wide, which traverse the country be-
tween the 19th and 21 st parallels (Mooser & MaLponapo Koerpern, 1967;
Mooskr et al. 1958) from near Puerto Vallarta in the west to the vicinity of Ve-
racruz in the east. Although the belt neither runs parallel to the coast, nor is an
obvious island arc as its Central America extension, there has been a per-
sistent belief that it is in some way an oceanrelated structure (MENARD, 1955)
since A. voN HumBorpr suggested that the Islas Revillagigedo in the Pacific
Ocean lay on an oceanward extension of a fracture line along the 19th parallel
marked on the continent by the large active volcanoes of Mexico.

The volcanic activity of the belt, apparently beginning at the same time as the
Cenozoic flood of ash flows and ignimbrites which blanket most of northwestern
and western Mexico and extend into southern Mexico, appears to have lasted
longer and thus the belt forms a convenient dividing line between northern and
southern Mexico. This line, however, is irregular and Mooser (1972, Fig. 1) has
shown that it follows a zig-zag pattern.

Recent years have witnessed considerable progress in the investigation of the
belt, which has now been mapped (based largely on photogeology) over its entire
length, on the scale of 1:40,000 or 1:50,000. Most available data exist at the
present moment in the form of internal reports and publications of the Secretaria
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Fig. 1. The Mexican Volcanic Belt and the principal oceanic features. The location of
the Valley of Mexico is outlined by a circle (from Mooser, 1972).
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Fig. 2. Diagrams showing the changes in declination (D) and inclination (I} against
normalized intensity.
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de Recursos Hidraulicos and Comision Federal de Electricidad, as well as vul-
canological reports to the IUGG presented by the Institute of Geophysics of the
Mexico National University. Gunn & Moosker (1971) presented a first modern pe-
trographic investigation of the basin and beltrocks, concluding that these may be
derived from the Upper Mantle and can be related to subduction of oceanic
crust. The Valley of Mexico is the part of the belt, known in greatest detail and it
is a paleomagnetic and petrologic study of this region which is described here.
However, it is clear that the significance and interpretation of these volcanic
rocks cannot be separated from the history of the belt as a whole.

Paleomagnetic and petrologic observations

As the applied paleomagnetic techniques are standard and have been des-
cribed on numerous occasions, they will be listed here with a minimum of des-
cription. At most sites five to ten oriented cores were collected with a portable
drill, only at the more inaccessible sites were oriented blocks sampled. Most sites
were natural outcrops, relatively few were obtained in quarries or fresh road
cuts. Measurements of remanence were made either under a short period astatic
magnetometer or using a Foster fluxgate spinner. One specimen per sample (core
or block) was used. Two specimens per site were progressively demagnetized in
alternating fields up to 1200 ce. During demagnetization specimens were rotated
about three axes in near zero field (1008). From plots of declination and inclina-
tion against normalized intensity {fig. 2a, b} stable magnetization is recorded
when the successive plot of declination and inclination decreases linearly to the
origin with increasing demagnetization. After inspection of these curves, which
indicate the minimum field to remove secondary magnetization, the remaining
specimens from the site were demagnetized at the stage and the next higher
stage. The best representation of the original site magnetization was then chosen
from the stage giving the highest value and the smallest circle of confidence.
When the N. R. M. value had the lowest circle of confidence the condition was
imposed that there should be no significant change of mean direction upon sub-
sequent demagnetization. The initial computations of the Fisuer statistics and
mean directions of magnetization were carried out on a Univac 1107 using a pro-
gram written by S.GromME, Later the program was rewritten to run upon a
WanG computer. The principal results are summarized in a series of tables (tables
1a—e) and stereograms (figure 3 a—e). To further illustrate the applied tech-
niques, normalized demagnetization curves, showing the change in intensity of
magnetization with applied field, and a stereogram showing the direction
changes during the demagnetization process are given in figures 4 and 5
respectively. Many of the sites had a secondary magnetic component due to light-
ning; these sites can be recognized in the tabulated results for demagnetizing
fields in excess of 300 oe are seldom if ever, required by rocks which are not af-
fected by lightning.

The petrological character of the volcanic rocks of the Valley of Mexico is
much better known as a result of recent petrological (NEceENDANK 1972 and in
press) and geochemical (Gunn & Mooser 1970) studies. As detailed descriptions
and analyses of a representative suite of the rocks sampled for paleomagnetic re-
search has already appeared (NecENDANK 1972), it is only necessary to record
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Fig. 3. Site mean directions of magnetization of
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that the volcanic sequence is made up of olivine-andesites, andesites, quartz-an-
desites, latite-andesites, dacites and rhyodacites and that within each category
there is a considerable textural and compositional range. Chemical analyses show
that the effect of the large amount of glass normally present shifts the composi-
tion towards a more acid composition. In fact there are no real basalts. This par-
ticularly is significant in the Sierra del Chichinautzin long regarded as a basalt
province but now shown to be essentially andesitic with even occasional dacites.

\
Y] \:\;

300 600 1.200

H..

. Y
%m ¥\

o ‘\.

300 600 1.200
Hee

Fig. 4. Alternating field demagnetization curves on rocks from two sites (6, 24) in the
Sierra de Guadalupe.

Petrological differences have no significance as stratigraphic markers nor,
within the Valley of Mexico, are any regional differences discernable in the an-
desite-dacite sequence. GunN & Mooser (1970) are of the opinion that the volcan-
ics owe their composition to the contamination of a mantle melt with crustal
material of granodioritic composition.

The ore-mineralogy and so the oxidation state of the ferromagnetic oxides is of
greater importance in the paleomagnetic context. The system of classification of
the oxidation state of ilmenite and magnetite used here is that proposed by WiL-
soN, HaceerTy & WaTkiNs (1968) and used by Ape-Harr, KHAN, DAGLEY & WiL-
soN (1968) amongst many others. Therefore we use the six classes of high temper-
ature oxidation of titanomagnetite, three classes of high temperature ilmenite oxi-
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dation and remarks on low temperature oxidation. Computation of oxidation
states was based upon 300 grain counts. The results are summarized in table
2a—e.

In general high oxidation states characterize both titanomagnetite and ilmenite
grains, and with increasing oxidation a reddening of the silicate phases progres-
sively becomes more evident. Low temperature oxidation evinced by the occur-
rence of maghemite was observed in about half of the 85 sections examined, but
granulation was seen in only two.

a0

| L S T T S T S T B T
\ o na\o\
- sa0N\77 NaMm
AR 4
\\\\q/
9 RS
39 o d@hu)n
230 I
- e 150
220\ 140
o
nE‘\:‘ ) . /},so el »
26007 | 1 —"en 2007 L L—1e0
190 - 5 170 o s —i5e

Fig. 5. Illustration of the direction changes during demagnetization of sites (6, 24).
NRM direction represented by and cleaned result by 0. The step demagnetization in
fields up to 1200 oe shown for only one sample per site.

General geology of the Valley of Mexico

The attempt to review the Cenozoic geology of the Valley of Mexico is handi-
capped by a surprising lack of published information. The principle source is
Moosgr (1963, 1969, 1972) and unpublished data provided by Mooser.

Although commonly referred to as the Valley of Mexico, structurally the region
has the form of a basin entirely hemmed in by volcanic rocks (fig. 6, 7). Its
mountain boundaries are the Sierra de Nevada (with the northern Sierra de Rio
Frio) to the east, the Sierra del Chichinautzin to the south; to the west lies the
Sierra de Las Cruces (with the southern Zempoala complex), and to the north the
Sierras de Tezontlalpan (fig. 7) and Pachuca. Lake Texcoco lies in the southern-
part of the Valley, with Mexico City extending on its western margin. The east-
west dimension of the basin is about 60 km, its north-south dimension 110 km.

A single borehole east of Mexico City, Pozo Texcoco (fig. 11) (Mooser 1970)
penetrates the entire volcanic pile, and after traversing 2,060 m of predominantly
volcanic material bottoms in a continental breccia containing blocks of Creta-
ceous limestone. As folded pelagic Cretaceous beds are found near Tula in the

30 Geologische Rundschau, Bd. 63 469
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north and Puebla in the east, and Cretaceous inliers occur south and east of
Cuernavaca (fig. 7), it is a reasonable inference that rocks of Cretaceous age un-
derlie the Valley of Mexico, though downfaulted by a major NE-SW trending
graben (fig. 6) of Upper Oligocene-Lower Miocene age (Mooser 1972). It also
follows that the present elevation of Mexico City is almost entirely due to the ac-
cumulation of Neogene volcanic products.

The date of the onset of volcanicity is not clearly defined, for the oldest dated
volcanic rocks (30.4 my, 31.1 my Apawms; in Mooskr 1970) are located some 500 m
above the base of the volcanic sequence. The onset however appears to be coeval
with that of the flood of ash flows and ignimbrites which blanket much of west-
ern Mexico. We distinguish now seven principal phases of activity, (table 3) the
earliest being the basal volcanics (here called the Tezontlalpan group) followed
by the Xochitepec group (Gunn & Moosegr, 1970) of Upper Oligocene-Lower
Miocene age, which was succeeded by a period of quiescence marked by strong
erosion and weathering of the extant volcanoes. The following Miocene-Pliocene
Sierra-Phase is divided into the Lower- and Upper Sierra-Phase with a further
short phase of activity at around 15 my whose products are named the Guada-
lupe group interfingering the products of the two Sierra-Phases.

The volcanoes of the last phase of activity, from Upper Pliocene-Pleistocene to
recent times, are here referred to as the Chichinautzin group from their devel-
opment in the southern part of the valley.

Preceding is the so called Transition-group concerning the products of the
Tlalli-Zempoala-Nexpayantla- and the younger Ajusco-complexes.

Table 3 Sequence of Volcanic Activity in the Valley of Mexico

Chichinautzin group Upper Pliocene-Pleistocene to recent

Upper Sierra group Miocene-Uppet Pliocene 14—4 my.
Guadalupe group Upper Miocene approx. 15 my.

Lower Sierra group Miocene

Xochitepec group Upper Oligocene-Lower Miocene 30 my.—27 my.
Tezontlalpan group Upper Oligocene > 30 my.

With only a few dates available the time limits of the groups cannot be closely defined. (See
also the stratigraphic column of the Valley of Mexico, fig. 7a.).

The distribution of volcanoes shows a very close association with underlying
fracture patterns, although few fractures are clearly exposed because of the re-
cent sedimentary lake fill. The early phases (Tezontlalpan and Xochitepec) were
associated with WNW-ESE fractures although the influence of the SW-NE strik-
ing faults is apparent too (MoosEr, 1972). From the point of view of the shaping
of the Valley of Mexico the controlling events were the development of the frac-
ture patterns associated with the extrusion of the Sierra groups of volcanics
which form the high boundary ranges to the east and west along poorly defined
(SSE-NNW) lineaments whose origin is as yet poorly understood. During Quater-
nary times the dominance of extrusions of the Chichinautzin group, related to the
development, or reactivation of an east-west fracture pattern (Mooser 1963}
sealed the valley to the south. One may suspect that both the Sierra Nevada (Po-
pocatepetl and Iztaccihuatl) and the Sierra Zempoala belong to this newly ap-
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pearing fracture pattern (fig. 6), which is very much concealed by recent effu-
sions.

Although topographically the Valley is dominated by Pliocene or younger vol-
canic rocks, in the foothills of the Las Cruces, Sierra Nevada and Rio Frio
ranges, and within the basin itself, isolated and eroded relicts occur surrounded
by lake sediments or younger volcanics. The most important of these is the Sierra
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Fig. 6. The principal Quaternary and Neogene volcanoes in the vicinity of Mexico city.
Smaller cones, mostly cinder cones, are shown by open circles.

de Guadalupe, for it provides the key to the early volcanic history in the Valley
of Mexico, when taken in conjunction with the results from the Texcoco bore.

In order to discuss the geology of the Valley of Mexico further on it is con-
venient to divide arbitrarily the Valley into a number of geological-geographic
regions. These do not completely define the Valley for in the northeastern seg-
ment relatively little work has been done prior to 1970. The regions are describ-
ed in terms of volcanic stratigraphy marked by the super-position of single
flows or flow units from different vents. The handicaps are that where there
is no superposition of units, the relative ages of different vents are unknown,
and exposures are such that the stratigraphy of individual volcanic units from a
given vent may not be known. As there are only a handful of radiometric dates
available, it is clear that while the history of a single volcano may be known in
some detail, regional correlation is hazardous.

A. Sierra de Guadalupe. The Sierra de Guadalupe lies north of Mexi-
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co City in the fork formed by the diverging highways to Teotihuacan and Quere-
taro. It rises some 700 metres above the valley floor and is 20 kilometers in dia-
meter. The near circular outline is delineated by an encircling secondary road
which strings together the villages around its base. The only road to penetrate
the complex approaches the village of Cuautepec from the southwest. The village
lies in a graben (Lozano 1968) whose southern continuation underlies part of Me-

Sadelas N,
Cruces \

Zempoala | VA

o

/
\‘,.v_.\_\". 5S4 Nevada

[
Sadel Chichinautzin Puebla

Cuernavaca
®

0 50 km

M R ARYI 4

Fig.7. Location and names of the ranges bounding the Valley of Mexico as used in
this article.

xico City, whose northern extension however is buried by the products of the
last phase of activity of Sierra de Guadalupe.

The Sierra de Guadalupe is a complex of large, viscous extrusive domes and
medium sized stratovolcanoes built up of andesitic and dacitic lavas and pyro-
clastic rocks. Only on the northeastern flank of the complex is a young “basaltic”
cinder cone found interfingering with lake sediments. The complex has been suf-
ficiently eroded so that some indication of the internal structure may be obtained
(Geological map, figure 8). The village of Cuautepec lies close to the center of
the complex and it is in this region where hydrothermal alteration has resulted in
some kaolinization. The hydrothermal solutions appear to have followed channels
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formed by the intersection of the graben faults with the pre-existing WNW-ESE
fractures.

With one exception near Cuautepec the oldest volcanic elements ascribed to
the Tezontlalpan group are found to the southeast of the Guadalupe complex
(Sta. Isabel, Guerrero) as well as to the west. The isolated hill on the northern
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Fig. 7 a. Stratigraphic column of the Valley of Mexico (Explaination of the fig. 8—12).

foot of the complex is thought to belong to the Xochitepec group which devel-
oped in the lower Miocene.

The Guadalupe activity in a strict sense began with a series of andesitic, daci-
tic and latitic flows (main phase). Subsequently the NE-SW trending Cuautepec
graben developed. Viscous extrusive domes ascended along the graben faults be-
fore fault movement was completed and as a result are truncated by them.
Where the graben faults intersect fractures of the NW-SE running trend, hy-
drothermal solutions have caused some kaolinzation, as mentioned above. The fi-
nal series were restricted principally to the northern part of the complex where
voleanic products completely obscure the continuation of the graben in the re-
gion of the highest peak. A young flow (site 1, fig. 8) belonging to the final series
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of activity has been dated at 14.2 -+ 0.7 my, not significantly different in age
from the main series of activity where an andesitic flow (site 9, fig. 8) yielded a
date of 15.0 £ 0.8 my.

The graben faults were inactive in Pliocene times for they are covered by ash-
falls of the younger Sierra phase.

The subsequent history is one of erosion and the encroaching of the western
Sierra de Guadalupe by lahars and occasional ignimbrites originating in the high
Sierra de las Cruces. The geological history of the complex is brought up to date
by the deposition of Quaternary alluvial and lake deposits which surround it and
into which the cinder cone of Guadalupe Victoria is intercalated.

The sites from which samples were drilled for paleomagnetic investigation are
shown in figure 8. While the sampling of more sites would have been an advan-
tage, the results from the twentyseven sites reported here are adequate due to
their wide distribution over the Sierra de Guadalupe. Of these twenty-seven sites
only four possessed normal magnetization (table 1 a, figure 3 a) of which one site
(site 5) was a dome lying on a ESE fault; this structure is separated from the
domes lining the graben. This underrepresentation of normally magnetized rocks
could either be an artifact of the sampling or as we believe more likely a reflec-
tion of the rapidity with which the main part of the complex formed. The close spac-
ing of the two radiometric dates available tends to support the latter conclusion.

B. Sierrade Las Cruces. The Sierra de Las Cruces parallels the Sierra
de Rio Frio and forms part of the western margin of the Valley of Mexico. Al-
though the range stretches NNW-SSE, it is not reflected in the observed pat-
tern of faulting.

The Sicrra de Las Cruces is built of an alignment of volcanoes of which the ol-
dest and most eroded appear to be in the north. The higher parts of the vol-
canoes are formed of lava and breccia while the lomas or foothill regions are built
up of volcanic fan material including abundant lahars and a few ignimbrites. It is
this fan material which laps around the Sierra de Guadalupe in the west and
hence sets @ minimum age for the end of the “Guadalupe phase”, the formation
of the Sierra de Guadalupe complex. A few deeply weathered and eroded rem-
nants which have been assigned to the earliest exposed (Xochitepec) phase of ac-
tivity known in the Valley of Mexico are still exposed along the eastern flanks of
the Sierra de Las Cruces (e. g. fig. 9 Cerros del Judio, Totoltepec). The main
mass of the Sierra de Las Cruces is envisioned as formed by consecutive episodes
of faulting and formation of stratovolcanoes, which were progressively displaced
southwards. The evidence for this is the overlap of volcanic units, of which seven
are recognized (see map fig. 9), if we include the Tlalli and Zempoala cones. Ac-
companying the development of each stratovolcano were ash flows and lahars.
Ash from the San Miguel ash flow (“arenas azules” of the sand mines) yielded an
age of 9.8 * 1.0 my (Mooser 1970).

The five lower units all show normal and reversed magnetization (see table 1b
and fig. 3b) despite the low sampling density. If therefore the geological in-
terpretation is valid, it is clear that volcanic activity must extend back into the
Upper Miocene, and have been fairly continuous. In the absence of more K/Ar
dates the interpretation of the measurements cannot be further refined. As in the
Sierra de Guadalupe, the oldest exposed volcanics are reversely magnetized. An-
omalous directions of magnetization of two ages, one in the youngest unit (Zem-

475



Aufsitze

“DEY ]
‘a U PE
HE}%__;
C:II1 ﬁ 1
uy anrdile
Igprinn
T
1 I
% AT T
Malinche
Piedro Grande
complex
.- 17
1
R
La Marquesa ol osa LIRS .;::
9 4, Complex 167 7 st o
p . a0 o TA
y e NNy i
A /2§ Dfe e
. 1,>.'-.-.
e/é.m, 0L
San Miguel complex P / A 'é
@efgo AN .
Q NV
/ 16 - .
R . s 0 . " o
Y 1 ulm" I :@.... "Eg:
. LIS ﬁ??l?.p&'n'-':@-c--sﬁ
.-.f. Y MUSCO ) e 4 e s v i e s
O X . 9% le o s 0 o s n s st s s
LI ) ® o 8 s 0 . e u“ @ & & 8 4 a & B 4 0 o
* s e o » - - LI R N R I R S I S Y
“ s e . - T S Y
o o . L T S Y
e 4 s et a4 e e e s ee s
esseess e SIERRA, « 44
AN R Y
S~ e eeeseesaaPEL . .,
Tialli-complex - L
T~
AR 4 e e e s CHICHINAUTZIN * * *
U7 —_—— - L R I T T I T I P S
//\\ LI L I B I I N L I e Y -
N -\ css e
RV /L\/_ L T S S
7 \r// / P S T IS -
R R
/\/\\\’ R R R -
I S V% et e et e as e
Zempoala complex ~~ .
WY S s . Buried Basement Fractures
P A R . e e = e
lT\ \1/ ! - o
P NA . g G
aArsap D .
= NN N ol “ oo Zchng.E LUTZ

Fig. 9. Geological sketch
map of the Sierra de las
Cruces. The numbered sites
indicate the location of
rocks sampled for paleo-
magnetism and correspond
to the tabulated results
(table 1 b) and shown in fig.
3 b. The lavas of the Sierra
group can be divided into
a number of complexes as
shown (see fig. 7 a).



F. MoosERr et al. — Palaeomagnetic Investigations

poala) and one on Mt. Ajusco, may reflect intermediate directions associated with
the process of field reversal, although the N.R.M. intensity was not significantly
lower than that at other sites. (= Transition-Group).

C. Sierra Nevada (Sensu lato). The eastern limit of the Valley of
Mexico is formed by the Sierra Nevada and Sierra de Rio Frio, together loosely
referred to as the Sierra Nevada (sensu lato). The divide between the two ranges
approximates the line of the Puebla highway. The Sierra Nevada (sensu stricto)
comprises Popocatepetl und Iztaccihuatl (see fig. 10). The Sierra Nevada (sensu
lato) has the general aspect of a block. Its presumed horst nature has recently
been disproved (Mooser 1972). The effects of east-west trending faults which
form a double graben in the Puebla valley (only its northern half being visible)
can be traced through the range. As in the case of the Sierra de Las Cruces,
along the flanks of the range denuded and weathered remnants of the older vol-
canic elements are exposed south and west of Iztaccihuatl. There is uncertainty
as to their correlation with the described groups; for the effects of this paper we
unite them in the Basic complex of the Sierra Nevada. Most of the upper slopes
of Iztaccihuatl and Popocatepetl are formed by andesites of a younger phase
upon which rests the superstructure of the modern volcanoes which probably be-
gan forming in Upper Pliocene times. Young flows are found in the col between
the two volcanoes known as Paso de Cortes and to the north in the vicinity of
Rio Frio along the Puebla highway.

In general, the Sierra de Rio Frio is assumed to have been active since Upper
Miocene times, just as its counterpart, the Sierra de Las Cruces. Cerros Telapon
and Tlaloc, which crown the northern Sierra, were surely active in Upper Plio-
cene times, the latter displaying clear SW-NE fracturing at its summit. We corre-
late this fracturing with the Apan trend, calling it the Tlaloc-Apan line (fig. 10).
Between older and younger volcanoes there are other strato-volcanoes whose stra-
tigraphic position is uncertain. North of the Sierra de Rio Frio lies the Plio-Pleis-
tocene series of Apan. Reaching down into the Valley of Mexico there is a series
of overlapping fans built up of lahars, ash flows and occasional ignimbrites of
different ages paralleling the development in the Las Cruces range.

The Sierra Nevada (s. 1.) is affected by the east-west graben faults in the
Puebla Valley. The divide between the Sierra de Rio Frio and the Sierra Nevada
(s.s.) coincides with the western extension of the Tlaxcala fault forming the
northern shoulder of the graben. A parallel fault to the south, which extends un-
der the Malinche Volcano, reaches to the west under a small caldera lying on the
northern Slopes of Iztaccihuatl. Mt. Popocatepetl seems to lie over the extension
of the southern Puebla graben fault on its intersection with a deep-seated
SW-NE trending fault. The further westerly prolongation of the first mentioned
fault is buried under the Sierra del Chichinautzin range; within this range there
are many cone alignments suggesting the existence of fractures with the same
trend (fig.6). The Sierra Nevada range, however, does not show any clear
evidence of SW-NE tectonism, indicating the greater age of these fractures.

The locations of the sites sampled for paleomagnetic work are shown in figure
10. Site mean directions are listed in table 1c¢ and figured in figure 3c¢. As in
the case of the Sierra de Guadalupe, the predominance of a single magnetic sign
is found on the higher slopes of Iztaccihuatl. In one unit above the tree-line flow
by flow sampling (SteeLE 1971) failed to disclose any sign change. We therefore
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believe that the paleomagnetic results support the idea of very rapid growth of
individual volcanoes or volcanic units. The number and distribution of normally
and reversely magnetized sites may again be paralleled with the situation in the
Las Cruces range, and regarded as supporting short periods of very rapid volcan-
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Fig. 11. Geological sketch map of the Vallé volcanics. The numbered sites indicate the
location of rocks sampled for paleomagnetism and correspond to the tabulated results
(table 1 d) and shown in fig. 3 d (see fig. 7 a).

ic activity at a given centre with activity extending over a considerable period of
time.

Both normal and reversed directions of magnetization were found in sites in
the oldest volcanic units exposed in the foothills of the chain.

D. Volcanics of the Valley of Mexico. This is a heterogeneous
grouping of various isolated volcanic remnants still exposed despite the thick flu-
vial and lake fill in the Valley of Mexico. For convenience the younger volcanics
south of Mexico City are deferred to the final section under the name of the Sier-
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ra de Santa Catarina. We have examined two isolated units southeast of Mexico
City, two within the city limits and a group of five in the vicinity of Teotihuacan
(figure 11).

The rocks from the exposures in Mexico City and to the southeast are regard-
ed as belonging to the second phase of vulcanicity (Xochitepec group). The ages
on two units, which have not been examined paleomagnetically, are 22.5 to
25.7my. (Apams; in Mooser 1970). Both normal and reversed directions of mag-
netization are found.
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Northeast of Mexico City lies the Quaternary volcano of Chiconautla. Given a
Quaternary age for the volcano, the reversed magnetization at the site sampled
suggests an age in excess of 0.69 my. for on geological grounds the site cannot
represent the LascrHamps event. Cerro Gordo, also regarded as Quaternary, is also
reversely magnetized. Only a few sites were collected on the Patlachique volcan-
ic complex. This complex, not yet studied in detail, appears to bear many resem-
blances to the Sierra de Guadalupe, in that Upper-Tertiary andesitic and dacitic
rocks probably equivalent in age to the Guadalupe phase crop out from under a
cover of Plio-Pleistocene volcanic products. Samples from the younger units are
normally magnetized and may thus represent extrusion as late as the GILBERT or
even Brunnes normal epochs. However no firm conclusions are possible.

E. Sierra del Chichinautzin and Sierra de Santa Catari-
n a. This grouping covers the products of the youngest phase of volcanic activity
of Upper Pliocene to Holocene age, which products formed the thick blanket that
finally sealed of the Valley of Mexico to the south and permitted the formation of
Lake Texcoco (fig. 12). Two bands can be discerned, the broad southerly band
which includes Cerro Chichinautzin, and a secondary discontinuous belt to the
north, here called the Sierra de Santa Catarina. The two are separated by the
Chalco basin, the main Texcoco basin lying north of the Santa Catarina range.

Close to the northern margin of the Sierra del Chichinautzin relicts of older
eroded andesitic rocks are found. No radiometric dates are available. The Chichi-
nautzin range itself is over-whelmingly formed by younger cinder cones and lava
flows, morphologically very fresh and all assigned to the younger Quaternary. As
they are without exception normally magnetized, it is reasonable to assign to
them an age of less than 0.69 my.

In the northern belt of Santa Catarina both normal and reversely magnetized
directions are found. The reversed directions (sites 47—50, 42, 51) imply that the
onset of Quaternary volcanic activity was earlier and persisted longer than in
the southern belt, that is, it began at first at the MaTuvama reversed epoch
(0.69—2.50 my.) and continued during the Brunues normal epoch. Some of the
flows are so young that vegetation has not yet become firmly established upon
them.

Discussion

If we consider the results of our palaeomagnetic and petrologic work we can
conclude that there is no obvious correlation between magnetic sign and oxida-
tion state; we find both high and low oxidation associated with rocks of both po-
larities. There are more normally magnetized rocks with low oxidation state, this
however appears to reflect the lower oxidation state which is more common in
the youngest volcanics of the Chichinautzin range. Rocks seem to be either in a
very high or a low oxidation state.

We believe that the reversals recorded represent true geomagnetic field rever-
sals. However, detailed paleomagnetic stratigraphy is impossible for flow by flow
sequences are the exception, and there is but a handful of absolute age determina-
tions. The frequency of Cenozoic reversals however may be used to gauge the
history of individual volcanoces. The high incidence of reversed magnetizations
found in the Sierra de Guadalupe despite a well distributed sampling pattern
suggests that the complex developed very rapidly. This is consistent with the
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only two K/Ar dates available from the complex. In a flow by flow sampling of a
single volcanic unit on Iztaccihuatl SteeLeE (1971) did not find a single sign
change. The total absence of reversed magnetization from the younger volcanics
of the Chichinautzin range is most easily interpretated in terms of the youthful-
ness of its development within the Brunugs normal epoch. In the Sierra de St.
Catarina however we see a somewhat long history extending back we believe into
the MaTuvama interval. In marked contrast to the Sierra de Guadalupe there are
approximately equal numbers of normal and reversed sites in both the Sierra Ne-
vada (s. 1.) and Sierra de Las Cruces. If we accept the suggested geological in-
terpretation, there is in both ranges evidence of activity extending back into Mio-
cene times. The sporadic nature of the outcrops of the oldest volcanics which
provide both normal and reversed magnetization preclude further interpretation.

The search for a cause for this vulcanicity can only be sought in terms of the
Mexican volcanic belt as a whole. An explanation for the changing fracture pat-
terns and source of magma along its irregular zig-zag course must be found in a
complex tectonic history. The belt might be the result of deep-seated extension
(StEwarT 1971) of the product of a palaeoshear (L Picuon & Fox 1971), or even
a reactivated geosuture (Mooser 1969); whether this belt is associated with an
underthrust northward dipping plate or even if it represents a ridge-like struc-
ture, there is little concrete information available. The “underthrust plate hy-
pothesis”, however, accounts for three significant facts related to or characteristic
of the Trans-Mexican Volcanic Belt: 1) the subduction of the Cocos plate ex-
plains the shallow seismisity in the Acapulco Trench; 2) the overwhelmingly an-
desitic composition of the Belt volcanics finds its explanation in subduction of the
same plate under the southern Mexican crust; 3) the distribution of the metalli-
ferous deposits north and south of the belt follows lines perpendicular to the
trend of the Belt, SW-NE faults providing the principal control.

Nevertheless the absence of deep seismicity and the localization of the belt
which does not run parallel to the Acapulco-Trench and at quite a distance from
it are not yet readily explained. It is possible that the clue may lie in the ascent of
voleanics along pre-existing lines of weakness. In this context we should men-
tion the second hypothesis of petrogenesis considering the main part of the
volcanic products as partial melting products of the lower crust (NEGENDANK
1972, 1973). This would explain the contrast with the Guatemalan volcanic belt.
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