Geochemistry of the Volcanics
of Central Mexico *

B. M. GUNN** and F. MOOSER ***

Abstract

The Tertiary and Recent volcanics of Mexico occur in two provinces. The
Cordillera Province is made up of about 1700 m of ignimbrite sheets overlain
and intercalated in the upper part by olivine basalt and basaltic andesite. The
Rio Lerma Province extends transversely across Mexico and in the Valley
of Mexico the lavas consist mainly of andesite and dacite, 68 % of those
analysed having 62 + 4.7% Si0O.. A total of 108 chemical analyses were made
for the major elements, 90 of these including determinations of Cr, Ni, Cu, Zn,
Rb, Sr, Ba, Th and Pb for two areas, the Valley of Mexico in the Rio Lerma
Province and the Guadalajara region which lies at the intersection of the two
provinces. Computer constructions of normative components in the basalt
tetrahedron and other projections support an origin of partial melting of
tholeiitic to pyrolitic material for the production of andesite. The Guadalajara
lavas have consistently higher K/Si0O, and K/Rb ratios and lower Mg/SiO,
ratio than the Vailey of Mexico rocks suggesting generation at greater depth.

General Geology

Volcanic rocks, mainly of Upper Tertiary and Recent age cover
more than a third of the land surface of Mexico and occur in two
distinct provinces (Fig. 1).

a) THE CORDILLERA PROVINCE.

This extends along the Sierra Madre Occidental from the Pacific
coast inland to the Mesa Central near Torreon, a distance of about

* Paper read at the International Symposium « Volcanoes and Their Roots »,
Oxford, England, Sept. 10, 1969.
** Dépt. de Géologie, Université de Moniréal.
*** Instituto de Geologia, Universidad de Mexico.
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400 km. Volcanic rocks extend continuously in a north-south direction
about 2,250 km from southeast of Guadalajara to the United States
border, though there is little information as to whether the rocks
are of similar type over this distance. Only two access roads, the
Mazatlan - Torreon Highway and the Zacatecas - Guadalajara road
via Santiago Canyon cross this very large province.
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F16. 1 - Map of the Volcanic Provinces of Mexico.

South and east of Mazatlan, the rocks of the Cordillera Province
are predominantly ignimbrite sheets, usually 50-200 ft in thickness,
consisting of welded tricuspate glass shards often together with a
high percentage of tridymite and sanidine crystals or lithic material,
mainly rhyolite. West of Torreon, the ignimbrites are intercalated
with, and overlain by, olivine basalt; near Gualadajara, the upper
part of the Cordillera ignimbrites, as seen in the Canyon de la San-
tiago, are intercalated with thin flows of olivine high-alumina basalt
and basaltic andesite. Dacitic rocks are absent, the compositional
distribution being bimodal. The total thickness of the ignimbrites
is estimated to be in the order of 1700 m and they rest mainly on an
erosion surface cut in Cretaceous limestone although along the Pacific
coast, south of Puerto Vallarta, the basement rocks are mainly
Paleozoic metamorphics. Small outcrops of granodiorite, as seen near
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Mazatlan, are listed in the Geological Map of Mexico as being of
early Tertiary age.
b) THE Rio LERMA PROVINCE.
This province, referred to in the literature by names such as the

« Mexican Volcanic Axis » (Fosuag and GonNzALEz, 1956), the «Mexican
Volcanic Belt» (Moosgr and MALDONADO-KOERDELL, 1967), or the « Neo-

Fic. 2 - Map of Volcanoes in the Mexico City Region.

Voleanic Zone » (WiLL1aAMS, 1950), consists of an elongated zone of
overlapping andesitic strato-volcanoces, scoria cones, lava domes,
laharic deposits and obsidian domes extending across Central Mexico
between the Pacific and Gulf of Mexico coasts,

The largest of the strato-volcanoes rise to nearly 6000 m above
sea level; the total number of cones has never been estimated but
is of the order of several thousand. The oldest volcanics of the region
are Early Miocene in age with volcanic activity continuing at the
present day.

East-west trending faults and block faulted structures parallel
the belt. The east and west branches of the Rio Lerma follow a graben
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along the northern periphery of the belt, and it is from this that the
name for the province is derived. The two provinces overlap and
interdigitate near the city of Guadalajara.

Statement of Problem

The two distinctive volcanic provinces of Mexico are far from
being unique. Similar provinces, partially separated or overlapping

NAZO + K20 16

Fi16. 4 - FMA Ternary Diagrams for Valley of Mexico Lavas.

in time and space, one consisting of ignimbrite sheets, pumice shower
and other varieties of crystal, vitric and lithic tuff, and the other of
localised andesite stratovolcanics are known from Oregon, U.S.A.;
Guatemala; and New Zealand, to name a few examples. The rela-
tionship between the two sub-provinces differs; in Guatemala, the
strato-volcanoes lie along a well-defined belt at the edge of the rhyo-
lite plateau. In New Zealand, the andesite volcanoes lie along a frac-
ture zone that extends across an extensive ignimbrite plateau (HEALY,
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1962). In Mexico, the two provinces lie almost at right angles,
overlapping only in the vicinity of Guadalajara.

Though ignimbrites are commonly thought to originate from
fissure eruptions in no case does it appear that the fracture zones
were common to both the ignimbrite and andesite volcanism. Two

such provinces could conceivably be petrogenetically related or be
completely unrelated.
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Fi6. 5 - Na-Ca-K Ternary Diagram tor Valley of Mexico Lavas.

The study of Mexican andesites was undertaken also partly in
order to investigate the problem of andesite origin. Though minor
olivine basalt and pumiceous rhyolite do occur in the Mexico City
region, the great bulk of the rocks are andesites or dacites. All rocks
are normatively oversaturated in silica, usually by 10-12 %, the total
alkali content in the alkali-silica diagram is intermediate between
tholeiitic and alkaline rocks, the mean alumina content is between
16-17 %, and the petrographic textures are almost invariably porphy-
ritic with oscillatory zoned andesine plagioclase and hypersthene be-
ing the common phenocryst minerals.
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Such an assemblage, characteristic of the circum Pacific orogenic
belt contrasts strongly with the lavas of the deep ocean basins where
tholeiitic basalts with isolated islands usually of alkali basalt -
trachybasalt - trachyte lavas is the rule and with the non-orogenic
continental regions where again either tholeiitic flood basalt or
alkaline magmatism is the norm. In some way, lavas of andesitic type
owe their composition to their association with zones of orogenic
activity.

F16. 6 - Alk-ALO,-3 Fet++ 4 MgO Diagram for Valley of Mexico Lavas.

Recent Volcanic Activity

Fosnac and GonzaLEz (19536) list the most recent activity of the
Mezxican volcanoes as follows:

San Martin Tuxtla (1793), Orizaba (1687), Popocatepetl (1920-24),
Jorullo (1759), Colima (1913), Ceborruco (1870-75), San Juan (1859),
and Paricutin (1943-57). Of these, V. Colima, V. Popocatepetl and Pico
Orizaba are in a fumarolic quiescent stage and the rest are considered
extinct,
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In the Cordillera province, the youngest basalts are possibly
Post Pleistocene though all activity has now ceased. Potassium argon
dates of the uppermost ignimbrite flows near Guadalajara give ages
of 9.2 - 4.6 m.y. (WATKINS, pers. comm.).

Previous Work

The calc-alkaline volcanics of Central America have been the
subject of surprisingly little study until recent years. WILLIAMS,

Fig. 7 - Qz-Ne-Kl Ternary Diagram for Guadalajara Region including Alkaline Basalt
from Torreon, and 3 ignimbrites.

McBirnEY and DENGo (1964) have carried out reconnaissance mapping
of Guatemala, McBTRNEY and WiLLiAMS (1965) of Nicaragua, and
WiLriams and MaYER-ABict (1955) of San Salvador. The geochemistry
of the Guatemala, San Salvador, Costa Rica and Nicaragua Quaternary
volcanics has been summarised by McBirNEY (1969) and McBIRNEY
has also generously allowed unpublished analyses of these lavas to
be used for comparison with the present data.

Reconnaissance mapping of the volcanics of Central Mexico has
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been carried out by WiLLiAMs (1950), Mooser (1960-67), MAYER (1965),
ConsTaNTINO (1967), and by the Commission Lerma-Chapala-Santiago
in 1960-68.

Comparatively little petrological or geochemical work has been
done previously on the volcanic rocks of Mexico. The greatest interest
has centered on Volcan Paricutin, 150 km southeast of Guadalajara.
This volcano commenced eruption in 1943 and after covering an area
of a few square miles with flows of basaltic andesite and building a

14,000 16.000

12.000
M

F16. 8 - Alkalies/Si0, Diagram for Valley of Mexico. The diagonal line represents the
separation between Hawaiian Alkaline and Tholeiitic Basalts.

composite ash-lava cone about 300 m high, became extinct in 1952.
This brief history is undoubtedly typical of the great majority of
small cones in Central Mexico. Fosuac and GoNzALEz (1956) give a
description of the complete history of the volcano and include six
chemical analyses of the Paricutin lavas. Detailed petrographic
descriptions of the andesites and basalts of the Paricutin region were
presented by WiLLiaMs (1950) together with 18 chemical analyses.
These descriptions deal with lavas which appear to be typical of the
whole Rio Lerma Province. WiLcox (1954) made a series of 22 analyses
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of Paricutin lavas and was able to show that a constant change in
composition of the magma took place with time from basaltic ande-
site to andesite (55 to 60 % Si0O.).

The Paricutin lava was also used in melting point studies of
continental margin andesites by TILLEY, YODER and SCHAIRER (1966).
Barcena Volcano had an even shorter history than Paricutin, begin-
ning eruption on one of the islands of the Revillagigedo group in the

GLIF e gt bl Uy eIVRG

Fis. 9 - Alkalies/Si0; Diagram for Guadalajara Region. Note the alkaline character
of the Recent Basalts.

Pacific Ocean off the west coast of Mexico in August 1952 and becom-
ing extinct in March 1953 (Ricnarps and Dierz, 1957).

Volcanology of the Mexico City Region

The geological map of the Mexico City Region (MoOOSER, 1957)
divides the volcanics in the Valley of Mexico into five groups:

1. Xochtipec Group, forming the Oligocene - Miocene basement.

2. Sierra Nevada Group, a continuous range of Pliocene age

bordering the Valley to the east and surmounted by the Quaternary

volcanoes Popocatepetl, Iztaccihuatl, Telapon and Tlaloc. The two
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former cones rise more than 17,000 ft and have a permanent snow
and ice fields.

3. Las Cruces Group, a similar ridge forming the western side
of the valley and capped by a similar chain of craters including V.
Ajusco.

4. Chichinautzin Group, formed of many scores of Quaternary
cones which close the southern end of the valley.

FiG. 10 - Alkalies/SiO, Diagram for Guatemala, unpublished data of McBiIrNEY.

The fifth group includes the Pleistocene sedimentary infilling in
the enclosed basin.

It is beyond the scope of this communication to describe the
more than four hundred large and small cones which litter the flanks
of the Sierra and the floor of the Valley (Fig. 2), the purpose being
merely to give a background in the geochemistry.

Structure

The main faults and graben of the entire Rio Lerma volcanic
belt invariably have an east-west trend, the whole zone being inter-
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preted as being either a continental extension of the Clarion fracture
zone, a transform fault intersecting the Mid-Pacific Rise (BULLARD,
1969) or as faulted slices recurving from a southern continuation
of the San Andreas fault (Mooser and MALDONADO-KOERDELL, 1961).
Offshore, to the west, the Acapulco Trench extends, parallel to the
coastline, from Puerto Vallarta to southern Guatemala. BULLARD
(1969) shows a single oceanic plate to be underthrusting southern

‘ -
- s ca%

Fic. 11 - MgO/Si0O, Diagram. Crosses = Valley of Mexico lavas. Stars = Guadalajara
volcanics. Note systematic difference between the two regions and the
different slope of ignimbrites and rhyolites.

Mexico and Central America in a north-eastly direction along the
line of the Acapulco trench.

Within the volcanic belt however, north-south fractures up to
100 km in length appear to exist, the main stratovolcanoes being
aligned in north-south chains, as for example, along the Sierra de
las Cruces and the Sierra Nevada.

The volcanic islands of the Revillagigedo Group lie in the Pacific
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Ocean south of Baja California and form an apparent western
extension of the Mexican volcanoes along the Clarion Fracture zone.
However, these islands lie west of the Pacific Rise and are alkaline
in character, those of Clarion Is. being alkali basalt, trachyandesite
and trachyte (Bryan, 1967) and therefore apparently not related to
the Mexican lavas. Socorro Is. at the eastern extremity of the group
has more silicic lavas with basalts, soda rhyolite and pantellerite
{BrYaN, 1966).

Petrography and Distribution of Rock Types

A short petrographic description is given for each of the samples
analysed. A continuous gradation both in chemistry and in petrogra-
phy is seen between the end members basalt and rhyolite though
the intermediate andesites predominate greatly in volume in the Rio
Lerma Province. The petrography and distribution of typical samples
may be summarised as follows.

BASALTIC ANDESITES AND BASALTS.

True basalts, if defined on the presence of normative labradorite
feldspar, do not occur in the Mexico City region though there are
a number of olivine-bearing basaltic andesites. Though more than
a dozen analysed lavas contain modal olivine only two analyses,
both of Volcan Xitle lavas, are olivine normative (MX0001, MX3284).
These recent lavas contain up to 15 % olivine, both as phenocrysts
and in the groundmass, but the normative feldspar is Ang and x A C
measurements confirm that the feldspar is a calcic andesine. A single
lava has normative feldspar more calcic than Ans but this contains
vesicular calcite, possibly of secondary origin (MX0011). A dozen
other lavas containing modal olivine are quartz normative and may
contain 1 mm quartz grains along with the olivine. Both the quartz
and olivine are ringed by reaction rims of clinopyroxene. Curiously,
quartz xenocrysts or phenocrysts are rarely seen in non-olivine bear-
ing andesites, an exception being seen in the Rio Frio andesites which
contain knots of pyroxene possibly formed by reaction of olivine.
Olivine is seen in rocks with up to 60 % SiO; and is invariably present
in those with less than 55 %.
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True basalts occur among the flows emanating from small recent
cones near Guadalajara, as well as among the Pliocene lavas of
Santiago Canyon. They are invariably olivine-bearing, the older
basalts having more than 17 % alumina and so being high-alumina
basalts. Younger, Pleistocene basalts have 14-15 % alumina and are
mildly alkaline in nature. In general, the Guadalajara basalts are not
petrographically distinguishable from the basaltic andesites of Mex-
ico City, though constant chemical differences are present.

Fic. 12 - K/Rb Diagram of both Valley of Mexico and Guadalajara. The Valley of
Mexico Lavas have consistantly lower K and K/Rb ratios.

ANDESITES.

Andesites occur throughout the Rio Lerma Province from V.
Ceborruco in the west to Tuxtla in the east. A small area of andesite
also occurs in Southern Mexico in the state of Chiapas. True andesites
do not appear to occur in the Cordillera Province but due to poor
access, insufficient field work has been done as yet to prove this
conclusively.

The andesites are usually of the typical porphyritic texture with
large phenocrysts of oscillatary-zoned andesine plagioclase, often
with a central zone containing altered exsolution blebs of low refrac-
tive index and an outer clear zone. Orthopyroxene and clinopyroxene
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are invariably present together with some olivine in the more basic
andesites and brown hornblende in the more silica-rich lavas.

DACITES.

Dacites have the same distribution as the andesites, though the
frequency of occurrence is rather less. Coarse phenocrysts of sodic
plagioclase, a little ortho- and clinopyroxene and frequently coarse 1
cm crystals of red oxy-hornblende are characteristic. Biotite is found
rather rarely and rounded quartz phenocrysts occur in the more
siliceous dacites. Some lavas of dacitic texture have a normative
feldspar more calcic than Anj; and have been labelled « dacitic-
andesites »,

RHYOLITE.

In the Rio Lerma Province rhyolite and rhyodacite are rare, occur-
ring only as a pumiceous ejecta from Volcan Popocatepetl and Tlaloe.

Near Guadalajara, Recent rhyolite domes occur south of the city
but have not been closely investigated. Obsidian is common in the
Guadalajara region and appears to be associated in age with the
rhyolite and obsidian flows found at the top of the Pliocene Santiago
Canyon sequence.

In the Cordillera Province flat-lying ignimbrite sheets are formed
of welded tricuspate glass shards together with various amounts of
sanidine and tridymite crystals and lithic materials mainly rhyolitic
fragments. One sheet in the upper parts of the Santiago Canyon
section has a high concentration of coarse sanidine crystals, the com-
position being unusually potassic. Ignimbrites on the Mazatlan-
Durango section are principally of a vitric nature with basalts appear-
ing only at the top of the section. No chemical analyses have yet
been made of the ignimbrites of this section.

There appears to be a general trend towards more mafic lavas
being produced with time in the Valley of Mexico, basalts and basaltic
andesite being common among the small composite cones of Recent
age but virtually absent in the Miocene lavas. However, ages can
often only be assigned by association with a few horizons dated by
K/A and C* methods and the ages of many of the lavas are not
precisely known.
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Analytical Method

Sample collection was made of as full a range as possible in space, time
and rock type in two areas. Firstly, in the region of Guadalajara, Pliocene
ignimbrites, rhyolites, obsidians, basaltic andesites and basalts were collected
from Santiago Canyon and Pleistocene and Recent olivine basalts and andesites
from small basalt cones and andesite stratovolcanoes in the same area,
secondly, collection was made of Miocene to Recent lavas from the Valley of
Mexico, near Mexico City. About 500 g of each sample was reduced to < 150 mesh
powder in a steel percussion grinder. The elements Mg, Al, Si, K, Ca, Ti, Mn,
and Fe were analysed in a fused borate glass by X-ray fluorescence, Na by
atomic absorption and P by colorimetry. The heavy trace elements Cr, Ni, Cu,
Zn, Rb, Sr, Ba, Th, Pb were also determined by X-ray fluorescence using a
3 g pure powder pellet pressed at 8 tons. The intensity data was output on
computer cards and all calculation and jterative matrix corrections were made
by computer. Each determination was made twice and about 10% of the
samples were also fused in replicate. The accuracy was checked by including
standard chemically analysed rocks of similar composition. Four replicate
determinations of two samples of the standard andesite AGV-1 are shown
(Table 1). A total of 80 analyses were made from the Valley of Mexico for
major elements and 62 of these were also analysed for the trace elements
given above. A further 28 analyses were made from the Guadalajara region.

TasikE 1 - Four analyses of two samples of the standard Guano Valley Andesite AVG-1
together with the mean of chemical analyses.

AGV (1) AGV (2} AGV (3) AGV (4) CHEM.
Si0, 60.45 60.46 60.40 60.46 60.29
ALG, 17.32 17.31 17.39 17.31 17.43
TiO, 1.07 1.07 1.06 1.06 1.07
YFet++ 6.79 6.79 6.83 6.83 6.83
MnO 0.10 0.10 0.10 0.10 0.10
MgO 1.53 1.53 1.49 1.52 1.51
Ca0 5.00 5.00 5.00 4.9 5.01
K.,0 293 293 2.91 291 2.93

Three samples were found to lie more than two standard deviations from
the common trend on variation diagrams which included Fe as a component.
The three rocks were again analysed with identical results but have been
excluded from the variation diagrams. All three samples are from the Iztac-
cihuatl massif but petrographic examination did not reveal any obvious reason
for the apparently low iron content. (Table 2).

The corrected results of all analyses were output on computer cards and
then were used as follows:

38
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A) As input to statistical programs to determine the mean, mode, median,
standard deviation and variance for each element and the coefficient of corre-
lation with every other element.

B) As input to a series of data plotting routines to plot variation diagrams
and binary, ternary and three dimensional diagrams of various related com-
ponents.

As andesitic lavas are dominated by the felsic components, the crystalli-
sation index Z (Ne + Ab + Qz + Si0;) was used as an index of fractionation.
(Fig. 3).

Comparison with other calc-alkaline provinces has been made both by
comparing correlation coefficients and by plotting on similar diagrams. (Figs.
8-12).

The Pearson R correlation coefficient quoted below is a measure of the
probability that a given values of X and Y will fall on a least mean square
best fit line constructed for all points. A correlation of + 1 and — 1 indicates
a perfect correlation of positive or negative slope.

Though the olivine is rarely iddingsitised and other indications of oxidation
are absent, the Fe***/Fe** ratio is variable and shows no correlation with
degree of fractionation. The norms were therefore calculated using an assumed
constant Fe*** content and all indices include Fe are based on T Fet++,

TABLE 2 - Two Mexican lavas analysed in duplicate, of low iron content.

MX0044 MX0044 MX0047 MX0047
SiO, 63.03 63.19 59.47 59.66
AlLO, 16.44 16.31 16.44 16.44
Tio, .95 .94 92 91
ZFet++ 3.92 3.97 5.07 5.10
MnO 095 094 1 a1
MgO 3.85 3.86 5.98 6.08
CaO 5.42 5.35 6.11 6.00
Na,O 3.89 3.89 4.12 412
K,0 2.24 223 1.52 1.52
P,O; 17 A7 26 .26
Cr 101. — 217.2 —
Ni 52. — 1123 —
Cu 10. -— 25. —
Zn 36. — 74. —
Rb 48. — 34. -
Pb 12. — 8. —
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Geochemistry
MEexico City Lavas,
The major element data have been displayed in Fig. 3 as variation

diagrams plotted against the Differentiation Index. (THORNTON and
TUTTLE, 1960), in the ternary diagrams X Fe*++ — MgO — (Na,0+K;0),
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F1G. 13 - Cr/Ni Diagram for Valley of Mexico, together with a line of constant ratio.
Note unusual constancy of Cr/Ni ratio (2.3) over a wide range of Cr.

Ca — Na — K, and ALO; — X (Fe*** 4+ MgO) — (Na,0 + K;0). These
show the typical pattern for calc-alkaline series lavas. Histograms
and frequency diagrams (not shown) show a slightly negatively skew-
ed distribution about a mean of 62 % SiO,, one standard deviation
being equal to 4.7 % Si0;, while Fe, Mg, Ca, Cr and Ni are positively
skewed.
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A notable feature is the straight-line nature of the variation
diagrams. Unlike most fractionated lava series, here the straight-line
relationship holds, though the ratio between any of the elements may
change between mafic and felsic members.

Ferromagnesian Elements.

Magnesium shows a linear negative correlation with silica
(R = —.93 with a least-mean square intercept at 70 % Si0;). The usual
flattening of the MgO/SiO, curve at higher silica is absent, Total
Fet*+, TiO,, MnO and CaO also show linear negative correlation with
silica with correlation coefficients between —.92 to —.97. The corre-
lations between the ferromagnesian group elements are all positive
with coeflicients of 0.88 - 0.92.

The mean X Fe*++ /Ti**** ratio of 6.27 compares with 6.4 for
10 basalts and 6.9 for 10 dacites showing that little titania enrichment
occurs in the series. Similarly £ Fe*++/Mn** has a mean of 55, and
extremes of 54 and 60.

Y Fet+*/Mg*™™" ratio has a mean 1.6 and extremes of 1.4 and 2.3
and while Mg/Ni and Mg/Cr ratios decrease in the olivine basalts,
the relationship is again linear, R (Mg/Cr) = .93, R (Mg/Ni) = .81,
R (Cr/Ni) = .89 (Fig. 13). The mean abundances of Cr and Ni are
106 and 46 ppm respectively varying by a factor of 15 over the entire
suite of rocks.

Such remarkable constancy in many of the ratios given above
suggests that little fractionation of ferromagnesian minerals has
occurred.

Alkali Elements.

Rubidium (mean = 50.6 ppm) occurs replacing potassium in
micas and feldspars and the ratio K/Rb in many igneous series shows
some decrease with increasing K. Here the K/Rb ratio has a mean
of 345 with 480 for the basalts and 340 for the dacites. The pumice
ejecta are strongly enriched in Rb with K/Rb as low as 170 and
these affect the mean and have been excluded. The K/Rb diagram
shows what must be regarded as the usual distribution between the
K/Rb ratio and contents of plagioclase feldspar and potash feldspar
(WATKINS, GUNN and Coy-viL, 1970).
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Barium shows little departure from a mean K/Ba = 32, the
average Ba content being 487 ppm, and better than .7 correlations
are shown with SiO;, K;O, Rb and Th.

Thorium (4.3 ppm) is rather low in concentration and the
analytical uncertainty at this level is about - 1 ppm, nevertheless
the correlation coefficient of K/Th = .83,

Fic 14 - Basalt Tetrahedron for Valley of Mexico, (Di-Qz-Hy-Ol-Plag). Triangles are
actual sample compositions. Crosses are the same points projected onto the
basal plane.

Sodium shows a low degree of negative correlation with Ca and
no correlation with alumina or potash.

Strontium (460 ppm) correlates poorly with all other elements,
the best correlation being with ALO; (.48), K (—.52).

Chalcophile Elements.

Lead (9.2 ppm) shows high correlations with the potassium
group elements, with R (Pb/K) = .83, R (Pb/Rb) = .86, R (Pb/Th) =
= .70, R(Pb/Ba) = .75. In the absence of any correlation with Na,
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this suggests the Pb is camouflaged in the potash feldspar rather than
the plagioclase.

Zinc (mean = 64.5 ppm) shows a better than 0.7 correlations
with all the ferromagnesian elements.

Copper (mean = 17.8 ppm) is not only present in unusually low
concentration but correlates poorly with all other elements.

Comparison of Chemistry of Valley of Mexico and Guadalajara Region

The chemical means of the two areas shows the Guadalajara
lavas to be, on the average, more basic. Sampling was more restricted
in the Guadalajara area, nevertheless, WiLL1aMs (1950) also found the
average lava in the nearby Paricutin region to be basaltic andesite,
in fact, the most felsic of the 18 lavas analysed by Williams had
only 61.3 % SiO., less than the average of the Mexico City Lavas.
Williams also commented that when plotted against silica, the Pari-
cutin region lavas had more alumina and lower iron than other
Mexican lavas.

Not only do basalts and basaltic andesites predominate at the
Western end of the Rio Lerma Province compared with andesite-
dacite at the Eastern (Mexico City) end, but the Guadalajara lavas
have consistantly higher K, Al, Ti and lower Mg relative to silica.
The K/Rb ratio is also higher in equivalent rocks in the Guadalajara
region, the average K/Rb of 530 being higher than the most basic
rocks of the valley of Mexico (K/Rb = 480). The MgO is lower by
about 1 % in the basaltic andesites, while the Cr is lower by a factor
of 3 (75 ppm cf 224 ppm). (Figs. 11-12-13).

DickeNsoN and HATHERTON (1967) have shown that K content of
andesites increases in island arcs with distance landward of the
offshore trench, and the general more alkaline character of the basalts
near Guadalajara suggests generation under higher pressure (GREEN
and RINGwoOD, 1968).

Fractionation Trends

The fractionation trends of the region have been shown (Figs.
14-15) using a series of three dimensional tetrahedrons (Yoper and
TiLLEY, 1962). The normative components Diopside - Quartz - Hyper-
sthene - Olivine and Nepheline are plotted within a tetrahedron which
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is tilted 20° towards the observer and rotated 10° about a vertical
axis. The points, plotted as triangles are also projected onto the
Ne - Ab - Qz - Hy - Ol base from the Di point.

As none of the lavas from the Valley of Mexico are nepheline
normative, they were also plotted on a Plag - Di - Qz - Ol tetrahedron
(Coomss, 1963) and on An - Ab - Or - Qz tetrahedron. The basalt
tetrahedron shows the lavas to lie on what appears to be an invariant

-8

F16. 15 - Basalt Tetrahedron for Guadalajara region including lavas belonging to both
Rio Lerma and Cordillera provinces.

line extending from a point with a composition of approximately
equal amounts of Di - Ab - Hy towards a point on the Ab - Qz join
at about Qzs, Aby (Fig. 15).

These diagrams enable us to make some positive comments
about the genesis of the lava series as follows:

a) The series follow a trend along an apparent invariant curve
common to all calc-alkaline lavas. Similar diagrams of lavas from
Guatemala, Costa Rica, San Salvador, Nicaragua, Aleutians Is, Japan
and New Zealand showed similar trends.
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b) The trend differs from that of continental tholeiitic lava
suites which plot much closer to the Hy-Qz join, but overlaps the
field of oceanic tholeiites.

¢) The trend is unlikely to be the result of crystal fractionation.
Such an invariant curve must lie on the intersection of diopside,
hypersthene and albite volumes. A liquid could only migrate along
the line if approximately equal amounts of plagioclase, clino and
orthopyroxene were crystallising simultaneously and being removed
from the melt simultaneously.

If one crystal component was removed more rapidly than the
other, the residual liquid would curve away from the appropriate
point. Recent opinion to the contrary, olivine fractionation alone
obviously cannot produce andesite (OsBORN, 1969).

d) Plagioclase has not been added or subtracted from the
series, there being remarkable little scatter in the Plag - Hy - Qz plane.
Lava series in which plagioclase fractionation has taken place e.g. the
Steens Basalts of Oregon (GunN and WaTKINs, 1970) show consider-
able scatter in a direction normal to the plagioclase apex of the
tetrahedron.

e) The lack of rhyolites and olivine-rich basalts in the Valley of
Mexico suggests a unique origin for andesites.

When the Guadalajara data are plotted on similar diagrams, the
same trend is seen, though more of the lavas lie in the Di - Ab - Ol -
Hy volume.

Role of Hornblende

Hornblende is a curious mineral in that its composition approx-
imates the bulk composition of many rocks. Hornblende may
contain normative nepheline and leucite in alkaline rocks, or may
even be quartz normative in diorite pegmatites (DEErR, HowiE and
ZUssMAN, 1963). Some hornblendes and amphibolites therefore
project on the Mexican andesite trend. A possible explanation of the
andesite trend may be that of fractionation of a silica saturated
basalt by removal of large amounts of hornblende under hydrous
condition. However, the composition of common hornblendes are
too close for most components to basaltic andesite for production
of more than small quantities of andesite by fractionation. A hypoth-
esis of partial or virtually total melting of amphibolite to form
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andesite merely defers the question of the origin of the andesite, to
the problem of the origin of the parental amphibolite.

Role of Contamination

The linear nature of the variation diagrams superficially suggests
an origin of andesite by contamination with rhyolite material of
crustal origin with basalt derived by partial melting of the mantle.

As such mixtures have a predominantly linear trend (GuUnN and
WATKINS, 1969), we can state with some confidence that andesites
could be produced only by contamination with granodiorite of the
composition of the Mazatlan granodiorite (MX1050) with varying
amounts of basalt. Rhyolite is excluded as a possible parental con-
taminant because of the low Ba, Si and high Rb, Th and decreasing
K/SiO0; ratio, which occurs in the high silica ignimbrites.

Again, such a granodiorite parent would have to be a total, not
a partial melt, and the probability of such large volumes of andesite
extruded over such a time span being formed by two appropriate
melts is very low. DickensoN and HATHERTON (1967) also conclude
that the regularity of K variation across Island arcs excludes the
possibility of more than superficial contamination having taken place;
TayLor and WHITE (1966) do not consider the trace element com-
position of andesite compatible with contamination of basalt with
crustal material.

Partial Melting of Oceanic Tholeiite

Many recent authors would derive andesite by the partial melting
of an oceanic tholeiitic crustal plate being underthrust along the
continental margins,

The crustal tholeiite on re-entering the mantle is first transformed
to eclogite and at a depth depending on the geothermal gradient,
undergoes partial melting to give rise to andesitic magmas (RALEIGH
and LEE, 1969).

The Rio Lerma Province is seismically active and DICKENSON
and HATHERTON (1967) give a depth to the Benioff Zone of 115 km
for Volcan Colima and 125 km for V. Paricutin and these lavas may
therefore have been generated at pressures of about 40 kb. DICKENSON
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and HATHERTON show that andesites with an average K content of
between 0.7 to 2.5 % K,O are associated with progressive increase
of depths to the Benioff Zone of 90 to 280 km. We may surmise that
the rather low K content of the Mexico City region is due to a slightly
shallower depth of magma generation. The K contents of the Paricutin
region (WiLLiaMms, 1950, and this paper) directly overlap with those
of the Mexico City region, while those of the Guadalajara region are
higher by about 0.75 %. This may be associated with the northward
dip of the Benioff zone.

GReEN and RINGwooD (1969) have found experimentally that at
pressures greater than 30 kb a low-temperature trough exists for
partial melts of basalt at compositions about 60-65 % silica. This may
be the explanation of the frequency distribution for the Mexico City
lavas and for the virtual absence of rhyolite. The «small change in
Fe/Mg ratio found throughout the Mexican volcanics is also predicted
by the Green and Ringwood model because of simultaneous melting
of garnet and clinopyroxene.

The trend of the Mexican andesite is compatible with a partial-
melt hypothesis, but there are some curious anomalies when we come
to consider oceanic tholeiite (or the equivalent quartz eclogite) as a
possible parent. On an An-Ab-Or diagram, a series of ocean tholeiite
lavas (ENGEL, ENGEL and HAVENS, 1965; MUIR and TILLEY, 1964) form
a direct continuation of the andesite trend. However, when plotted
on the basalt tetrahedron, the oceanic tholeiites show complete
overlap with the olivine andesites and basalts.

A basaltic andesite can therefore be generated only from a total
melt of oceanic tholeiite for the Ol-Plag-Di-Hy components to which
must be added potassium group elements partially melted from a
much greater volume of tholeiite. The residiuum would be an oceanic
tholeiite strongly depleted in potassium group elements. As such rocks
are not found, some doubt is thrown on the possibility of the partial
melt hypothesis.

A possibility to be considered is that the andesites alone are
partial melting derivatives of oceanic tholeiites while the basaltic
andesites and basalts are partial melting products of a pyrolitic
mantle underlying the down-thrust oceanic plate. The geochemical
continuity of the basalt-andesite-dacite series does not suggest a two
separate origins but if the mantle does approximate 3 parts dunite
to 1 part basalt (RIN6wooD, 1963) then the mantle underlying andesitic
volcanics is merely enriched in the basaltic component derived from
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the underthrust oceanic basalt. A continuous series of partial melts
is therefore possible.

Origin of Ignimbrites

The ignimbrites lie on trends often sharply discordant to the
andesites-dacites. That is, trends which are quite linear in the basalt-
andesite-dacite series, e.g. of increasing Sr, Ba, Na with silica, are
reversed in the ignimbrite rhyolite series. The ignimbrites are almost
certainly partial melts of the crust and formed above the underthrust-
ing oceanic plate.

McBirNEY and WEILL (1966), on the basis of a combination of
melting point experiments and O~* data concluded that the ignim-
brites of Honduras and Nicaragua were partial melts of the crustal
basement rock. The obsidians of the same area were found to have
a Sr isotope composition similar to basalt.

The ignimbrite, rhyolites and obsidians of Guadalajara studied
here form a single closely related series for all the elements studied
suggesting a common origin which volume consideration alone in-
dicate must be in the crust.

Conclusions

The lavas of the Valley of Mexico which make up part of the
Rio Lerma volcanic province are predominantly andesites-dacites.
Three dimensional representations of normative components show
trends compatible with an origin of partial melting of tholeiitic basalt
or its high-pressure equivalent. Both fractional crystallisation and
contamination may be virtually excluded as mechanism for the pro-
duction of andesite. Basaltic andesites overlap with and may be more
basic than average ocean tholeiites but have at least four times the
content of potassium group elements, suggesting generation from
mantle material at greater depth. The volcanics from Guadalajara
near the western end of the same volcanic province are mainly
basaltic andesite with higher K/SiO,, K/Rb and lower Mg/SiO,
ratios when compared with the Mexico City area. These differences
may be associated with a greater depth of generation.

The Cordillera province consists mainly of thick ignimbrite sheets
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overlain by a rather alkaline olivine basalt. High-alumina basalt and
basaltic andesite is intercalated with the upper ignimbrite sheets
near Guadalajara but are chemically allied to the Rio Lerma province.
Rhyolites and obsidians also overlie the ignimbrites but are chem-
ically allied to them and probably have the same source,
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