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Abstract: [ prepared compilations of geochemical data from the central part of the Mexican Volcanic Belt (C-MVB), the
Central American Volcanic Arc (CAVA) from Guatemala to northwestern Costa Rica, the continental arc of the Andes in
South America, other mostly island arcs, extensional and continental break-up regions, and continental rifts. Using quanti-
tative statistical methods, the origin of the C-MVB is constrained as a continental rift. Specifically, this continental rift
setting for the C-MVB is inferred from conventional bivariate discrimination diagrams, new natural logarithm-
transformed correct statistics-based discriminant function diagrams, quantitative Nb/Nb* parameter, and 99% confidence
limits of the mean for the ratios of slab- or continental crust-sensitive and mantle-sensitive parameters. The subduction-
related models based on qualitative interpretations most commonly proposed for the Mexican Volcanic Belt in the litera-
ture are not supported from these robust quantitative constraints. All geological, structural, geochemical, isotopic (Sr, Nd,
Pb, Os, and Be), and geophysical data are in fact consistent with this statistics-based conclusion of the continental rift set-
ting and exclude involvement of the subducted slab from the genesis of the C-MVB magmas.
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INTRODUCTION

The Cocos (oceanic) plate (Fig. 1) has been subducting in
southern Mexico beneath the North American plate along the
north-western part of the Middle America Trench (MAT)
and in Central America (conventionally from Guatemala to
northwestern Costa Rica) beneath the Caribbean plate along
the south-eastern part of the MAT [1-5]. This results in a
complex tectonics with a triple junction forming at the mid-
dle part of the more than 2000 km long subduction zone.

A volumetrically important volcanic province in southern
Mexico is the Mexican Volcanic Belt (MVB) that has also
been proposed to be classified as a large igneous province
[6]. The MVB (Fig. 1) is a roughly east-west structure of
Miocene to Recent age, 20-150 km-broad, about 1000 km
long, which extends from near Puerto Vallarta at the Pacific
coast to near Veracruz at the Gulf of Mexico coast and
houses around 8000 volcanoes [7-9]. Its smaller western part
corresponds to the subduction of a small oceanic plate
(called Rivera plate; located at the NW of the area covered in
Fig. (1)), whereas the major west-central to eastern parts
correspond to the Cocos plate.

In Central America, the main volcanic province is the
Central American Volcanic Arc (CAVA; Fig. 1). For this arc
from Guatemala to northwestern Costa Rica, the subduction
process of the Cocos plate beneath the Caribbean plate [1, 4]
seems to be a standard textbook type example, where a well-
developed fore-arc basin is present, the Wadati-Benioff zone
beneath the CAVA is between 100 and 200 km deep, and the
CAVA is oriented sub-parallel to the Middle-America
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Trench (see CAVA and MAT in Fig. (1)). The origin of this
province extending from Guatemala to northwestern Costa
Rica has thus been attributed to this subduction process [10-
12]. Between these two major provinces only the Los
Tuxtlas Volcanic Field (LTVF; Fig. 1) and some isolated
volcanoes such as El Chichon and Volcan Tacana exist in
southern Mexico [5]. I will not consider the origin and evolu-
tion of the LTVF because they have been discussed else-
where [5, 13] and attributed solely to the ongoing exten-
sional processes.

Although there is a consensus that the origin of the Gua-
temala to northwestern Costa Rica part of the CAVA is re-
lated to the subduction process [10-12], the origin of the
MVB has been largely controversial [5], and a plethora of
models have been proposed that vary from simple subduc-
tion relationship of the Cocos plate beneath the North
American plate [7, 14-19], to the action of a mantle plume
[20, 21], to the ongoing rifting processes within the MVB [5,
22-32], and to hybrid or more complex tectonic models [33-
36]. Therefore, given the complexity of the MVB more con-
straints are still required to eventually solve this controversy.

In order to throw further light on this complex tectono-
magmatic problem, I selected a well-studied area comprising
98.5°W-100.5°W longitudes and 18.5°N-21.0°N latitudes
from the central part of the MVB (see the rectangle marked
“Fig. (3)” in Fig. (1). This selection was based on the criteria
that this region has been considered a key area to understand
the possible relationships between the Cocos and North
American plates and should not have any possible influence
from the Rivera plate.

I used the following approach:

i. Compile all available geochemical data from this area
of the MVB (called C-MVB in this work). Similarly,
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Fig. (1). Simplified regional tectonics of southern Mexico and Central America showing the approximate location of the Mexican Volcanic
Belt (MVB), Los Tuxtlas Volcanic Field (LTVF), and Central American Volcanic Arc (CAVA), map modified after [5]. The box marked
Fig. (3) is the study area of the Central Mexican Volcanic Belt (C-MVB). The location of the Middle America Trench (MAT) is shown by
thick blue curve. Other tectonic features are: EPR—East Pacific Rise; TeR—Tehuantepec Ridge; CoR—Cocos Ridge; MPF—Motagua-Polochic
fault system; and QSC—Quesada sharp contortion. L66, L67, and L84 are the Deep Sea Drilling Project Legs, during which sediment and
basalt samples were recovered from the ocean floor. The countries are: G—Guatemala; S—El Salvador; H-Honduras; N—Nicaragua; C—Costa
Rica; P-Panama. The cities are: Pu—Puerto Vallarta; and V—Veracruz. The traces marked by numbers 5 to 25 on the oceanic Cocos plate give
the approximate age of the plate; the dashed-dotted lines marked by numbers 20 to 200 on the continental (North American and Caribbean)
plates indicate the approximate depth of the subducted Cocos plate (note the absence of deeper than 60 km depth contour in the study area
marked Fig. (3); even the 60 km depth contour lies south of the volcanic front); the numbers -1000, -500, 0, +500, and +1000 represent the
approximate horizontal distance in km from the triple junction represented by the intersection of three plates (Cocos, North America, and
Caribbean); the negative numbers are for Mexico whereas the positive numbers are for Central America. Simplified fracture and fault main
patterns are also shown schematically using red dashed curves.

establish representative databases for the CAVA, the ment in La and Ce, or in Nb and Zr; enrichment in
Andes from South America, other arcs including all rare-earth elements might also sometimes come from
those that surround the Pacific Ocean, extension- felsic continental crust) parameters [5, 12, 13], carry
related and continental break-up regions, and conti- out quantitative comparisons of 99% confidence lim-
nental rifts. its of the mean for the C-MVB with the CAVA, An-

des, island arcs, extension-related and continental
break-up regions, and continental rifts. The compari-
son of the C-MVB with the CAVA is particularly

il. Use a few conventional bivariate discrimination dia-
grams most frequently used in the literature and test
their functioning from data from two continental arcs

(CAVA and Andes) and all compiled island arcs be- meaningful because the latter hgs originated from the
fore their use for the C-MVB. sqbductlon of the same oceanic plate (Coco_s plate;
Fig. 1). If the C-MVB has also resulted exclusively or
ili.  Examine the C-MVB data from new, recent statistics- largely from the same subduction process, its geo-
based discriminant function tectonomagmatic dis- chemistry should be similar to that of the CAVA. The
crimination diagrams whose correct functioning was Andes is another well known continental arc, and the
already tested by the original authors using training comparison is likely to shed new light on this prob-
sets and data from diverse geological areas around the lem. Similarly, this quantitative comparison of the C-
world. MVB magmas with other island arcs and extensional
iv. Apply a new methodology of quantitatively interpret- or rifted areas would also be meaningful.
ing from all databases the Nb-anomaly in extensively vi.  Finally, point out implications of other geological,
used multi-element normalized diagrams. geochemical, and geophysical studies carried out in
V. Using ratios of slab- or continental crust-sensitive the MVB.
(such as alkali and alkaline earth elements; e.g., en- The proposed methodology avoids the purely qualitative
richment in K and Ba) and mantle-sensitive (rare- graphical analysis hitherto practiced by most geologists and

earth and high-field strength elements; e.g., enrich- geochemists — an approach likely to yield subjective results.
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The new quantitative approach is objective, robust, repro-
ducible, and statistically valid. For this reason, I have re-
frained from showing numerous conventional bivariate,
ternary or multi-element diagrams (most of them have been
used for qualitative, subjective interpretations); instead, this
new statistical approach is followed in this work through the
presentation of innovated tabulated information and dia-
grams in geological sciences.

DATABASES

Six databases were established for: (1) C-MVB; (2)
CAVA; (3) Andes; (4) Island arcs; (5) Extension-related and
continental break-up regions; and (6) Continental rifts.

For the C-MVB database, all published analyses in the
selected area were compiled. For the sake of quantitative
interpretation, this area was divided into two regions by
arbitrarily setting a geographical limit for nearer to and far-
ther away from the MAT. The prominent volcanic areas and
structures corresponding to nearer the MAT (as arranged
from west to east and from nearer to and farther from the
MAT) were: Zitacuaro-Valle de Bravo [37-40]; Volcan Ne-
vado de Toluca [41-43]; Tenango Volcanic Field [43, 44];
Sierra de Chichinautzin and nearby areas [19, 26, 29, 43, 45-
56]; Valle de México [44, 45, 57]; Sierra Nevada and Rio
Frio [45, 52, 57]; Volcan Popocatépetl [45, 57-63]; and Vol-
can Iztaccihuatl [45, 49, 52]. Similarly, the samples from
areas farther from the MAT were taken from: Caldera de
Amealco [64, 65]; Volcan Zamorano [66]; Querétaro [5, 67,
68]; Huichapan [69]; Tizayuca Volcanic Field [70]; Meseta
Rio San Juan [71]; State of Hidalgo [68]; and Apan Volcanic
Field [72].

For the CAVA database, data were first downloaded
from M. J. Carr’s website (accessed on April 30, 2005)
http://www.rci.rutgers.edu/~carr, and were later comple-
mented by data from more recent published papers [73-76].
For the Andes database, geochemical data were compiled
from numerous papers [77-104]. For both arcs (CAVA and
Andes), the compiled data were divided into two parts: the
volcanic front region (called CAVA(f) and Andes(f), respec-
tively) and back-arc region (called CAVA(b) and Andes(b),
respectively).

For island arcs, extensional and break-up regions, and
continental rifts, the databases were the same as those used
by me in an earlier publication [13]. The arcs, from which
data were compiled, were: Aegean, Alaska Peninsula, Aleu-
tian, Barren Island, Bicol, Burma, Fiji, Isu-Bonin, Japan,
Java, Kamchatka, Kermadec, Kurile, Lesser Antilles, Luzon,
Mariana, New Britain, New Hebrides, Papua-New Guinea,
Philippines, Ryukyu, Sangihe, Scotia, South Shetland, Sua,
Sunda-Banda, Taupo volcanic zone, Tonga, Tonga-
Kermadec, and Vanuatu. The extensional and continental
break-up regions were: Beppu-Shimabara graben (Japan),
Central European Volcanic Province (Germany), Chifeng (N
China), Henry Basin (USA), and Mali and Morocco (NW
Africa). Similarly, the continental rifts were: Abu Gabra,
Africa (East, NW, W), Anatolia (Western), Antarctica, Basin
and Range, China (E, NE, SE), Colorado Plateau Transi-
tional to Basin and Range, Ethiopia, Kenya, Massif Central,
Rio Grande, San Quintin Volcanic Field, Saudi Arabia,
Shombole volcano, Silali volcano, Spain (SE), Taiwan
(NW), Taiwan Strait, Turkey, Uganda (SW), and USA (W).
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RESULTS

The samples compiled in the C-MVB database were
plotted on the conventional TAS diagram [105, 106]. The
major-element data were first adjusted to 100% on an anhy-
drous basis using the SINCLAS computer program [107,
108], and Fe-ratio adjustment was done using the Middle-
most option [109] in SINCLAS. Then, the resulting total
alkalis and silica values for each sample were plotted in the
TAS diagram after choosing the appropriate symbols de-
pending on the rock classification from SINCLAS. Different
types of rocks have erupted in the C-MVB (Fig. 2) that vary
from sub-alkaline to alkaline and from basic (basaltic) to
acid (rhyolitic) varieties (see Fig. (3) for locations of samples
and the approximate trace of the C-MVB). In this context, it
is important to mention that many researchers do not strictly
follow the recommendations of the International Union of
Geological Sciences (IUGS) for volcanic rock nomenclature
even if they use the TAS diagram for classification because
the Fe-ratio has to be adjusted according to some selected
criteria before recalculating the analyses at 100% anhydrous
basis [105-109]. Here, I strictly followed the IUGS recom-
mendations as shown above.

The samples from the study area of the rectangle (Fig. 1)
delimited by 98.5°W-100.5°W longitudes and 18.5°N-
21.0°N latitudes (C-MVB), for which location coordinates
were provided or could be estimated from the geologic maps
in the original articles, are plotted in Fig. (3). Both alkaline
and sub-alkaline varieties of rocks have erupted throughout
the C-MVB, irrespective of the distance from the MAT. Note
that numerous samples with the description of their sampling
locations but with no possibility of estimating their approxi-
mate coordinates could not be plotted in Fig. (3).

For the sake of interpretation and quantitative comparisons,
the study area was divided into two zones of approximately the
same width: close to the MAT (CMVB(f) — the frontal or nearer
part of the C-MVB); and far from the MAT (CMVB(b) — the
back or farther part of the C-MVB). The corresponding ap-
proximate limit of this division is shown in Fig. (3).

Note also that the CMVB(b) is much less studied than the
CMVB(f). When the MVB will be better studied in future,
the kind of work presented in this paper can be repeated to
obtain new inferences from the application of quantitative
statistical methodology. Nevertheless, a greater number of
samples are not likely to change the major conclusion
reached in the present paper; in fact, the conclusion is likely
to be valid at a more strict confidence level. Another im-
provement in statistical analysis can also be incorporated in
future when complete geochemical data will be reported on
radiometrically dated samples. The current practice is to
report age data on a much smaller set of samples than the
geochemical data from a given area, or report either only the
age data or the geochemical information. With the availabil-
ity of complete geochemical and geochronological data, one
can apply these statistical principles to study the geochemi-
cal evolution both in space and time, and not just in space as
done here.

DISCUSSION

If we were dealing with the individual samples, the labo-
ratory variance (analytical errors) would be important to
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Fig. (2). Conventional Total Alkalis versus Silica (TAS) diagram for the classification of compiled rocks from the Central Mexican Volcanic
Belt (C-MVB) using the SINCLAS computer program [107]. All symbols are explained as insets and the rock types are as inferred from

[107].

estimate and propagate, although it is a difficult task because
of covariance terms that have to be taken into account. Fur-
thermore, analytical errors cannot be easily represented in
discrimination diagrams, e.g., Fig. (4), because they are
generally heteroscedastic and therefore error bars would be
of different sizes at different parts of such diagrams. Never-
theless, in a collective interpretation of a set of samples from
a given area or tectonic setting, the spread of the data on this
set of samples gives an estimate of the total uncertainties,
i.e., both laboratory and field variances are automatically
combined, although we cannot assign them individually to
each sample. It is therefore worthwhile to mention that the
analytical errors on individual samples (seldom reported by
the original authors) are automatically taken into account.
The calculation of the 95% or 99% confidence limits of the
mean not only takes these field and laboratory uncertainties
into account but also incorporates the limited nature of the
sampling (sample sizes) in terms of the Student t parameter.
Thus, the interpretation based on confidence intervals is a
good approach to draw statistically sound conclusions.

Conventional Discrimination Diagrams

A number of bivariate diagrams have been proposed in
the literature to discriminate magmas from different tectonic
settings [55, 110-116]. A more detailed evaluation of most
existing discrimination diagrams has recently been carried

out by [117], which shows that most simple bivariate and
ternary diagrams do not properly work, or contain too few
tectonic settings to be of much use in modern tectonomag-
matic interpretations and that the new discriminant function
diagrams (proposed during 2004-2009) are recommended to
be used in future.

Four selected conventional discrimination diagrams are
presented in Fig. (4). Functioning of these diagrams was
tested from the databases of the CAVA, Andes and several
island arcs. The diagrams seem to work for discriminating
island arc magmas. However, continental arc magmas (from
both the CAVA and Andes), tend to show more dispersion
on all of these conventional bivariate diagrams.

The C-MVB samples, however, mostly plot in the
within-plate (Fig. 4A, C, D) or MORB + OIB fields (Fig.
4B), irrespective of whether they come from nearer to or
farther from the MAT. Therefore, all C-MVB basic magmas
according to these bivariate diagrams define a within-plate
affinity.

I, however, stress that the Ti-V diagram [112] does not
explicitly contain within-plate setting (Fig. 4C). This binary
diagram was tested to work somewhat poorly for arc mag-
mas, and was therefore modified by [55]. This modified Ti-V
discrimination diagram [55] contains the tectonic settings of
island arc, continental rift, and ocean-island basalts, in which
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Fig. (3). Geographical distribution of geochemically analyzed samples with location coordinates that were either reported or were inferred
from the location maps. Note 60 km refers to the approximate depth of the subducting Cocos plate at the lower part of the diagram and lies at
about 230 km horizontal distance from the Middle America Trench (MAT; see Fig. (1) for more information). Dotted lines marked 250 km
to 500 km, show the approximate horizontal distance from the MAT. An arbitrarily set limit characterizes the samples as: Near to —-CMVB(f)
and Far -CMVB(b) from the MAT. Open symbols were used for subalkaline rocks whereas filled symbols were for alkaline rocks (for de-
tails on symbols, see Fig. (2)). Note both alkaline and subalkaline rock types occur throughout the C-MVB. Main fracture and fault patterns

are also shown schematically using red dashed curves.

the C-MVB samples plot in the continental rift field or in the
overlap region of continental rift with ocean-island. I clarify,
however, that the approximate eye-fitted boundaries pro-
posed by [55] are not included in Fig. (4C).

Ternary Discrimination Diagrams

Other commonly used discrimination diagrams fall in the
category of ternary diagrams [118-121]. Such diagrams were
not used in this work for three reasons: (i) functioning of
some of these diagrams was tested by [55], which seemed to
require new field boundaries; (ii) experimental errors in
ternary diagrams are modified and therefore such diagrams
are less appropriate [122-124]; and (iii) these diagrams gen-
erally do not work properly [117].

New Discriminant Function Discrimination Diagrams

Instead of these conventional bivariate and ternary dia-
grams, recently (2004-2009) there has been a renewed inter-
est in the proposal of new multi-element diagrams based on
correct statistical methodology [125-128]. In fact, the con-
ventional bivariate or ternary diagrams were characterized by
the following problems common to all of them [127, 128]:

(a) the field-boundaries were obtained by a subjective
method of fitting lines by eye; (b) the implications of “con-
stant-sum” constraint of geochemical data were ignored; and
(c) the samples used in creating these diagrams perhaps were
not statistically representative. All of these problems were
overcome by the new multi-element diagrams [126-128]. For
more information on this statistical methodology, the reader
can also refer to the following references [129-135].

These new correct statistics-based, discriminant function,
natural log-ratio transformed diagrams [126, 128] were ex-
tensively tested by the original authors using testing sets and
other data from all around the world and from all four tec-
tonic settings (arc, rift, ocean-island, and mid-ocean ridge).
Some of these diagrams were also evaluated by [136] using
both fresh and altered rocks and by [117] using an extensive
updated worldwide database.

I therefore used these new diagrams without further test-
ing, to decipher the dominant tectonic setting of the C-MVB
and the results are presented in Fig. (5) for major-elements
and Fig. (6) for trace-elements. All diagrams clearly suggest
a continental rift setting for the C-MVB, because very high
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Fig. (4). Binary discrimination diagrams for the C-MVB basic rocks. Note all diagrams indicate a “within-plate” (“continental rift”) setting
for the C-MVB. (a) Ti/Y-Zr/Y [110]; (b) Zr-Zx/Y [111]; (¢) Ti-V [112]; and (d) Score 1-Score 2 [114].

percentages of C-MVB basic rock samples from both nearer
to and farther from the MAT plot in this field. The geochem-
istry of the C-MVB basic magmas is certainly not consistent
with an arc setting because practically no samples plot in the
arc field. The more important is the fact that there is no dis-
tinction between magmas from nearer and farther from the
trench.

The discrimination boundaries in these diagrams [125-
128] are probability based. A sample plotting right at bound-
ary separating two tectonic fields has 50% (or 0.50) prob-
ability to belong to either tectonic setting, but as we move
towards the interior of a tectonic field, the probability for
that particular field increases and for the other field de-
creases so that the total probability is 100%. In a paper cur-
rently under preparation on new discrimination diagrams
based on log-ratio transformation of immobile elements (Ti,
V, Y, Nb, and Zr), Verma and Agrawal have shown that the
iso-probability contours of 70% and 90% are very close to
the discrimination boundaries (for distances similar to the
size of the symbols) and consequently, the probability to
belong to the other tectonic field rapidly decreases to 30%
and 10%, respectively (plots cannot be shown here because
the work by these two authors is still unpublished).

New work on such discriminant function diagrams for
intermediate magmas is currently under progress, which

should enable us in future to use them for the study of areas
such as the MVB with a complex tectonic setting.

Quantitative Interpretation of Nb-Anomaly in Multi-
Element Normalized Diagrams

When the so called fast analytical techniques such as
flame photometry, atomic absorption spectrometry, col-
orimetry and optical emission spectrometry, and later the
more sophisticated instrumental methods such as neutron
activation analysis, x-ray fluorescence spectrometry and
mass spectrometry, became available, the bivariate and ter-
nary diagrams were insufficient to handle the abundant geo-
chemical data of a large number of chemical elements, and
new graphical methods of multi-element diagrams involving
several (more than three) elements in a single diagram were
developed. A plethora of such multi-element diagrams have
come into existence [137], all of which rely on the normali-
zation with respect to “accepted” average values (Table 1) of
a common planetary or earth material such as average chon-
drite, MORB, or primitive mantle, among others [138-142].
Bulk silicate earth values [142] also summarized in Table 1,
are useful for normalization purposes to decipher the behav-
ior of different groups of elements [143], such as large ion
lithophile elements (LILE), light rare-ecarth elements (REE)
and high field strength elements (HFSE). An innovative
handling of such new parameters provided additional con-
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Fig. (5). Four discriminant function diagrams based on natural log-ratio transformation of major-element ratios in basic rocks from the C-
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first number (listed in the upper part) is for the samples nearer to the MAT and the second number is for those farther from the MAT. The
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settings IAB-CRB-MORB. (D) Three tectonic settings CRB-OIB-MORB.

straints to support an extension-related origin of the Los
Tuxtlas volcanic field in southern Mexico [13].

It is a common practice to present lanthanide or REE data
as a chondrite-normalized plot. Similarly, for a combination
of these and other elements MORB- or primitive mantle-
normalized plots have been used. The Nb-anomaly as quali-
tatively observed in such plots for different types of igneous
rocks, has been commonly interpreted to indicate tectonic
provenance. Specifically, the presence of a negative Nb-
anomaly has been taken as evidence for an arc setting and its
absence as a rift or OIB setting. However, quantitative inter-
pretation of the Nb-anomaly has been rather scarce [13]. I
attempted such a quantitative approach to interpret these
multi-element diagrams.

For quantitatively interpreting a primitive mantle-
normalized multi-element diagram (see the “Primitive Man-
tle” column in Table 1), one should first examine the se-
quence of elements in the first part of such a multi-element
diagram which contains Nb. The first three elements Cs, Rb,
and Ba are LILE; these are followed by four HFSE Th, U,
Nb, and Ta, which in turn are sequenced by a LILE K and a
light-REE La, and so on. The Nb-anomaly can be quantita-
tively defined with respect to the nearest LILE Ba on one
side and the nearest light-REE La on the other as:

2-(Nb,, /Nb,)

1
(Ba,, /Bapm)+ (Lag, /Lapm) )

{NbNb'}, =

where the element symbols Nb, Ba, and La refer to the con-
centrations of these elements in a sample or normalizing
material; the subscript sa stands for the sample and pm for

the primitive mantle; the superscript * refers to the Nb con-
centration that would result from a smooth pattern for Ba to
La on the primitive mantle-normalized multi-element dia-
gram (see Fig. (4) in [13] for an example of such diagrams).
Note that on each side of Nb, the elements Ba and La are
exactly the third nearest neighbors, i.e., at the same distance
on both sides in the multi-element diagram. This observation
makes the simple equation (1) applicable for the calculation
of this quantitative parameter.

Note that the reference elements Ba and La were selected
to calculate the Nb-anomaly particularly because: (i) I
wanted to have a large number of results from a given area
(both Ba and La are generally analyzed when Nb is reported
for a given sample); (ii) the data for the neighbor elements
Th, U and Ta were less common; (iii) these neighbor ele-
ments (Th, U, and Ta) belong to the same geochemical group
(HFSE) as Nb, therefore Nb-anomaly would have little
meaning; and (iv) one should be referring to Nb (a HFSE)
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Fig. (6). All five discriminant function diagrams based on natural log-ratio transformation of trace-element ratios in basic rocks from the C-
MVB [128]. The percentage values given next to the tectonic setting names represent the % success obtained for the C-MVB samples. No
distinction was made between the samples from nearer to the MAT and those from farther from the trench because the total number of ana-
lyzed samples was rather small, suggesting more studies are required to increase this database. The symbols used are shown as inset in Fig.
(S5A). Note a CRB setting is clearly discernible from all diagrams in which CRB is present. (A) Four tectonic settings I[AB-CRB-+OIB-
MORB (Arc—Continental rift+Ocean Island—Mid-Ocean ridge). (B) Three tectonic settings IAB-CRB-OIB. (C) Three tectonic settings IAB-
CRB-MORB. (D) Three tectonic settings IAB-OIB-MORB. (E) Three tectonic settings CRB-OIB-MORB.



16 The Open Geology Journal, 2009, Volume 3

Surendra P. Verma

Table1. Average Values of Chondrites, MORB, and Primitive Mantle Used for Normalization in Multi-Element Diagrams and of
Bulk Silicate Earth for Slab-Sensitive and Mantle-Sensitive Parameters Used in the Present Work
Chondrite MORB MORB (Extended) Primitive Mantle Bulk Silicate Earth
Element [138,139] [140] Element [141] Element [142] Element [142] Element [142]
La 0.329 0.237 Sr 120 Cs 0.0070 Cs 0.0079 LILE
Ce 0.865 0.613 K>0 (%) 0.15 Rb 0.56 Rb 0.635
Pr 0.112 0.0928 Rb 2 Ba 6.30 Ba 6.989 K 240
Nd 0.63 0.457 Ba 20 Th 0.120 Th 0.085 Rb 0.600
Sm 0.203 0.148 Nb 35 U 0.047 0] 0.021 Cs 0.021
Eu 0.077 0.0563 Ce 10 K 600 Nb 0.713 Ba 6.6
Gd 0.276 0.199 P,0s (%) 0.12 Nb 2.33 Ta 0.041 Sr 19.9
Tb 0.047 0.0361 Zr 90 Ta 0.132 K 250
Dy 0.343 0.246 Sm 33 La 2.50 La 0.687
Light-REE
Ho 0.07 0.0546 TiO, (%) 1.5 Ce 7.50 Ce 1.775
Er 0.225 0.160 Y 30 Sr 90 Pb 0.071 La 0.648
Tm 0.03 0.0247 Yb 34 P 510 Sr 21.1 Ce 1.675
Yb 0.22 0.161 Cr 250 Nd 7.30 P 95 Pr 0.254
Lu 0.0339 0.0246 Hf 2.05 Nd 1.354 Nd 1.250
Zr 74 Zr 11.2
Sm 2.63 Hf 0.309
HFSE
Eu 1.02 Sm 0.444
Ti 7600 Eu 0.168 Ti 1205
Gd 3.680 Ti 1300 P 90
Tb 0.670 Gd 0.596 Hf 0.283
Dy 4.55 Tb 0.108 Nb 0.658
Y 28 Dy 0.737 Ta 0.037
Er 2.97 Y 4.55 Zr 10.5
Yb 3.05 Er 0.480 Th 0.0795
Lu 0.455 Yb 0.493 0] 0.0203
Lu 0.074

LILE — large ion lithophile elements; REE — rare-earth elements; HFSE — high field strength elements; the classification and grouping after [143].

with elements of other geochemical groups (Ba from LILE
and La from REE).

I must also clarify that when for a particular sample the
{Nb/Nb*}pm parameter has a small value approaching zero,
one can say from the multi-element diagram that this sample
shows a large negative Nb-anomaly. On the other hand,

when this parameter has a greater value, i.e., a value increas-
ing toward 1, it means that the sample shows a small nega-

tive Nb-anomaly. When {Nb/Nb*}pm for a given sample
almost approaches 1, it implies that this sample shows no

Nb-anomaly. Finally, when this parameter has a value >1,
the corresponding sample shows a positive Nb-anomaly.

The above equation (1) was used to calculate the size of
the Nb-anomaly from all compiled data. The statistics of the

Nb-anomaly (number of samples #, median X', mean X , and
standard deviations ) for different tectonic settings are
summarized in Table 2.

If this Nb-anomaly parameter is calculated for all basic
rock samples from a given tectonic setting, we can also esti-
mate the 95% or 99% confidence limits of the mean using
the standard deviation and Student t values [144-147]. For
the confidence limits to be strictly valid, the data should
represent statistical samples drawn from normal populations.
Therefore, appropriate measures were applied [148-155] to
ascertain the validity of this assumption (see the rows
marked by an asterisk in Table 2).

All island arcs and the frontal part of the two continental
arcs (CAVA and Andes) show very large negative Nb-
anomalies, i.e., smaller Nb-anomaly values (mean values of
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Table 2.  Statistical Data for the Nb-Anomaly (w.r.t. Ba and La) Using Primitive Mantle Normalization, for Basic Rocks from the
C-MVB (Mexico) and Their Comparison with Arcs, Rifts, Extension-Related Areas and Continental Break-Up Regions
Around the World as Well as with Other Mexican Provinces (Modified After [13])

Area n X x t s 95% CL 99% CL
C-MVB (Mexico) nearer the trench 19 0.58 0.54 £ 0.23 0.42-0.65 0.38 - 0.69
C-MVB (Mexico) farther from the trench 15 0.40 048 = 0.15 0.32-0.49 0.29 -0.52
Continental Arcs
+ _ _
CAVA (frontarc) 4501 olero1lr 013020 012-021
CAVA (back arc) 10 1.60 1.59 = 0.29 1.38-1.80 1.29-1.89
Andes (front arc) 245 0.19 0.21 + 0.07 0.20-0.21 0.19-0.22
Andes (back arc) 71 1.02 0.96 + 0.30 0.89 —1.03 0.87 —1.05
Island Arcs

Aleutian arc 13 0.11 0.19 + 0.08 0.14-0.24 0.12-0.26
*11 0.15 0.17 = 0.06 0.13-0.21 0.11-0.22
Burma arc 4 0.09 0.09 + 0.02 0.05-0.13 0.02-0.16
Izu-Bonin arc 18 0.09 0.16 £ 0.21 0.06 — 0.27 0.02-0.31
*16 0.09 0.10 = 0.05 0.07-0.13 0.06 —0.14

Japan arc *7 0.14 0.19 = 0.15 0.05-0.33 -

6 0.14 0.15 + 0.09 0.05-0.24 -
Kamchatka arc 14 0.21 0.34 + 0.35 0.14-0.54 0.07 - 0.62
*12 0.21 0.22 + 0.11 0.15-0.29 0.12-0.32
Lesser Antilles arc 45 0.31 0.32 £ 0.12 0.28 -0.35 0.28 -0.36
Luzon arc 4 0.31 0.30 = 0.10 0.14-0.47 ~0.01-0.60
Marianas arc 8 0.07 0.07 = 0.04 0.04-0.11 0.02-0.12
New Hebrides arc 10 0.14 0.16 = 0.04 0.12-0.19 0.11-0.20

Papua-New Guinea arc 3 0.11 0.09 = 0.02 0.04-0.15 -
Philippines arc 20 0.22 0.21 + 0.07 0.18-0.25 0.17-0.26
Sangihe arc 3 0.16 0.16 £ 0.01 0.13-0.19 0.09 - 0.23
Sunda-Banda arc 23 0.15 0.15 = 0.08 0.11-0.18 0.10-0.20
Tonga-Kermadec arc 8 0.14 0.15 = 0.08 0.08 - 0.22 0.05-0.26
Vanuatu arc 5 0.06 0.06 + 0.02 0.03 - 0.09 0.01 -0.11

Rifts and Extension-Related Areas: with Negative Nb-Anomaly
Basin and Range (BR, USA) 34 0.64 0.69 + 0.33 0.58 - 0.81 0.54-0.85
Colorado Plateau-Transition. BR (USA) 39 0.63 0.63 £ 0.19 0.57 - 0.69 0.50-0.74
Rio Grande rift 35 0.81 0.77 £ 0.43 0.62-0.91 0.57-0.97
Western USA 30 0.68 0.73 + 0.39 0.58 - 0.88 0.53-0.93
North China 8 0.85 0.84 + 0.08 0.77 - 0.90 0.74 - 0.93
Northeast China 22 0.79 0.78 + 0.22 0.69 — 0.88 0.65-0.91
Gregory rift (Kenya) 4 0.74 0.77 £ 0.08 0.64 — 0.90 0.53-1.01
Rifts and Extension-Related Areas: with practically no Nb-Anomaly
Abu Gabra rift (Sudan) 8 0.98 098 + 0.19 0.82-1.14 0.74 -1.22
Ethiopian azrift 47 1.03 097 + 0.19 0.91-1.03 0.90-1.15
East African rift 47 1.09 1.05 = 0.29 0.97 - 1.14 0.92-1.19
Rifts and Extension-Related Areas: with Positive Nb-Anomaly
Central Afar (Ethiopia) 13 1.16 1.20 = 0.28 1.03-1.37 0.96 —1.43
East China 86 1.24 1.21 £ 0.25 1.15-1.26 1.14-1.28
Southeast China 25 1.58 1.57 £ 0.30 1.45-1.69 1.40-1.74
Massif Central (France) 21 1.51 1.52 £ 0.19 144 -1.61 1.41-1.64
Continental Break-Up Regions: with Negative Nb-Anomaly

Columbia River 3 0.37 041 = 0.12 0.12-0.70 -
Deccan (India) 12 0.59 0.61 = 0.19 0.49-0.73 0.44-0.78
Greenland 3 0.79 0.82 + 0.09 0.59 - 1.05 0.29-1.36

Parana 1 - 0.49 - -

Continental Break-Up Regions: with Positive Nb-Anomaly
Kwanza 2 - 1.41 £ 0.05 09-1.9 -
Wrangellia 1 - 1.41 - -
Other Mexican Provinces or Sub-Provinces

Eastern Alkaline Province 97 0.76 0.80 = 0.27 0.74-0.85 0.72 -0.86
Eastern Mexican Volcanic Belt 94 0.49 0.53 = 0.22 0.48 - 0.57 0.46 — 0.59
Los Tuxtlas Volcanic Field 22 0.61 0.62 = 0.20 0.53-0.71 0.50-0.74

2

n — number of samples; ¥ — median; X — mean; s — standard deviation; 95% CL — 95% confidence limit of the mean; 99% CL - 99% confidence limit of the mean. ““---
means that the 99% confidence limits were not meaningful for these parameters; they were more dispersed due to very small number of samples and relatively large Student t values
[144-147]. * — When the median ( X ) and mean ( X ) values for the Nb-anomaly showed significant differences, the data were checked for outliers [148-155]; for these cases, the
statistical data are also presented after outlier detection and elimination. Note that in such cases, the row marked by an * shows a better agreement between the two central tendency
parameters (median and mean) than the preceding row.
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{Nb/Nb*}pm ~ 0.06-0.34; for 95% and 99% confidence

limits of the mean see Table 2). For comparison, the C-MVB
shows much smaller negative Nb-anomalies (mean values
0.48-0.54), with both parts (nearer to and farther from the
MAT) depicting overlapping 95% and 99% confidence lim-
its. The extent of Nb-depletion in the C-MVB is similar to
continental rifts such as the Basin and Range and Colorado
Plateau of USA and continental break-up regions such as the
Deccan of India (see overlapping 99% confidence limits in
Table 2). The size of the Nb-anomaly for other Mexican
provinces or sub-provinces (Table 2) is also similar to the C-
MVB.

For the two continental arcs, on the other hand, the fron-
tal and back-arc parts are very different in terms of this pa-
rameter (Table 2). Whereas the frontal parts of both arcs
show very similar and large negative Nb-anomalies, the
back-arc magmas from the Andes are devoid of this anomaly
and those from the CAVA show a positive Nb-anomaly.
These observations are valid when 99% confidence limits are
compared.

The absence of significant differences in the Nb-anomaly
parameter between the nearer and farther parts of the C-
MVB, the presence of significant differences between C-
MVB and almost all island and continental arcs, and the
similarity of C-MVB with extension-related and continental
break-up regions and continental rifts, clearly support a con-
tinental rift setting for the study area. The use of this quanti-
tative parameter of Nb-anomaly (99% confidence limits of
the mean) thus shows an advantage over the conventional
way of qualitatively examining the multi-element normalized
diagrams.

Statistical Analysis of Nb-Anomaly

In order to complete the quantitative approach, I applied
significance tests (Fisher F, Student t and ANOVA) [144,
146, 147] to the data summarized in Table 2. Correct appli-
cation of these tests also requires that each sample be drawn
from a normal population without any statistical contamina-
tion. All tests were performed at the strict 99% confidence
level as practiced by our research group in other studies [63,
146, 148, 152-159]. Although these tests constitute a power-
ful statistical technique, they are not really recommended for
small-sized statistical samples such as for Luzon arc, Papua-
New Guinea, or Sangihe arc (Table 2), because for such
small sizes the t values become much greater and very large
differences are required for them to be statistically signifi-
cant [144, 146, 147]. In this context, it may be worthwhile to
mention as a good application example of the Student t test
in geosciences that it was possible to demonstrate that sea-
water alteration (palagonitization) can cause a small but
statistically significant decrease in '“*Nd/"*Nd ratio of oce-
anic glasses [160], the conclusion being contrary to the
common belief of the geoscientific community.

No significant differences in Nb-anomaly were observed
for the C-MVB between the nearer and farther from the
trench, or between these provinces (C-MVB) with any of the
other Mexican provinces (Table 2). Furthermore, the C-
MVB showed no significant differences with most rifts and
extension-related areas as well as with continental break-up
regions with negative Nb-anomaly. Continental arcs of the
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CAVA and Andes, on the other hand, showed significant
differences between their front and back arc areas.

Note that the size of the Nb-anomaly is said to be greater
for small values of the {Nb/Nb*}pm parameter and vice

versa. For both parts of the C-MVB, the size of the Nb-
anomaly was smaller than that for all arcs at 99% confidence
level except Kamchatka arc, for which this conclusion was
valid at 95% confidence level.

Slab-Sensitive and Mantle-Sensitive Parameters

The LILE K, Rb, Cs, Sr, and Ba are generally considered
to be slab-sensitive because they can be easily mobilized in
fluids originating from the dehydration of the subducted slab.
Complications arise for the fact that these elements are also
similarly enriched in the continental crust, especially the
upper crust. On the other hand, the REE are less mobilized
under such subduction processes and their concentrations
reflect to a greater extent the composition of the mantle,
although the upper continental crust might also be enriched
in light-REE. Similarly, the HFSE, such as Ti, P, Nb, Zr, Hf,
Ta, are considered fluid-immobile and thus represent mantle
compositions. Again, these elements are also generally de-
pleted in the upper continental crust. For a general classifica-
tion of the chemical elements into these groups see [143].
The ratios of LILE to REE, or LILE to HFSE, are thus excel-
lent indicators of subduction signal [5, 10, 13], or of crustal
contamination. Larger values of these ratios are indicative of
subduction (or crustal) contribution in the genesis of magmas
whereas smaller ones reflect mantle signatures. The compli-
cation of subduction versus crust is less important in an is-
land arc environment where the crust is likely to be oceanic,
whereas it plays a significant role where continental crust is
involved as is the case of the MVB. Nevertheless, these
ratios should provide a good distinction between the subduc-
tion and crustal components versus the dominantly mantle
sources.

The above considerations are likely valid for basic mag-
mas or for those magmas that largely originated in the man-
tle or mantle wedge and were modified to a lesser extent by
crustal contamination processes. However, for more differ-
entiated intermediate and acid magmas, complications may
arise from the interaction with the crust through which the
less evolved magmas should pass before eruption, and the
above simple picture might not be applicable. In some cases,
such evolved magmas may have formed almost entirely in
the crust (crustal anatexis) rather than in the mantle.

In order to evaluate the behavior of these groups of ele-
ments in basic (<52% (Si0,).qj; the subscript . refers to
100% adjusted values on anhydrous basis [107]) and inter-
mediate (52%-57% (Si0,).¢j) magmas, I decided to estimate
99% confidence limits of the mean of silicate bulk earth-
normalized LILE/LREE and LILE/HFSE ratios for different
tectonic settings (see Table 1 for normalizing values; [142])
where LREE are the light-REE La, Ce, Pr, and Nd. The use
of other sets of normalizing values for bulk silicate earth, or
of any other material for normalization purposes, will only
change the absolute values of these ratios, and not their
trends. Therefore, the inferences drawn from this methodol-
ogy will remain unchanged.
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Fig. (7). Slab- (or crust-) sensitive (LILE) and mantle-sensitive (LREE and HFSE) ratio diagrams for highlighting subduction signal for basic
and intermediate rocks from C-MVB (C-MVB(f) and C-MVB(b) are for samples nearer to and farther from the MAT, respectively) and
comparison with two continental arcs (CAVA and Andes; the letters (f) and (b) stand for volcanic front and back-arc, respectively), all island
arcs (Is. Arcs), extension-related and break-up regions (Ext-Break), and continental rifts (C. Rifts). The horizontal bars are 99% confidence
limits of the mean for different tectonic settings. Note the similarity of C-MVB with extension-related and continental break-up regions as
well as with continental rifts. All concentrations were normalized to silicate bulk earth values; for more details, see equations (2) and (3) in
the text. The diagrams (A) and (B) are for four large ion lithophile elements (LILE4; K, Rb, Ba, and Sr) ratios to three light rare-earth ele-
ments (LREE3; La, Ce, and Nd), whereas diagrams (C) and (D) are for the same four large ion lithophile elements (LILE4; K, Rb, Ba, and
Sr) ratios to four high field strength elements (HFSE4; Ti, P, Nb, and Zr). See text for more details.

In this study, the choice of the elements to represent a
given group depended on the availability of a large number
of analyses in the compiled databases. Four elements K, Rb,
Ba, and Sr, represented the LILE group; I called them LILE4
and when normalized to bulk earth, this parameter was des-
ignated (LILE4),. . The LREE were three elements La, Ce

and Nd, called (LREE3);; , and the HFSE were represented
by four elements Ti, P, Nb, and Zr, called (HFSE4);;. .

The first subduction signal indicator ratio was:

_ [(K)y + (Rb)y, +(Ba)y + (S 1/4 (o
(LILE4),, /(LREE3),. et GO OBl s ()
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Similarly, the other subduction signal indicator ratio was:

(LILEA4),, /(HFSE4),, = [(K?BE + (Rb)y; + Ba)g, +(St)p 1/ 4 3)
[(T)gg + (P)gr + (ND)yg + (Zr)g 1/ 4

The results of these calculations for basic and intermedi-
ate magmas are shown in Fig. (7).

This technique of combining several elements from a
chemical group in the numerator and denominator of a single
parameter is superior to using single element ratios, i.e., the
use of (LILE4),./(LREE3),.is better than using ratios of

individual elements, such as K/La, Rb/Ce, Ba/La, etc. In fact,
the parameters proposed as equations (2) and (3) are capable
of describing the average behavior of a large number of
simple element ratios, but have the advantage of not requir-
ing the examination of a large number of combinations of
two variables at a time. It should also be stressed that the
actual values used for bulk earth (BE) do not really matter,
because a different set of values would provide exactly the
same statistical conclusions. Finally, the choice of element
selection from these geochemical groups depended on the
availability of a larger number of samples with complete
analyses.

More differentiated intermediate and acid magmas, with
(Si03).4j >57%), were not compared in this work because as
stated above, the crustal signature might become more sig-
nificant for them. The continental crust being highly hetero-
geneous, such effects can largely hide the mantle signature.
Furthermore, because the continental crust can provide sig-
natures similar to the subduction signal, subjective conclu-
sions could consequently be drawn about their mantle
sources.

First of all, it should be pointed out that some of the 99%
confidence limits, particularly for the CMVB (b) and CAVA
(b), are relatively wide. They can be probably narrowed
down in future by analyzing a greater number of samples
from these areas and by restricting the (Si0,),q range for the
statistical analysis.

The following observations about the 99% confidence
limits of the mean of these two ratios (subduction signal) can
be made (refer to Fig. 7A-D). Note that the graphical conclu-
sions were confirmed by the Student t and ANOVA tests
[144, 146, and 147].

i. The C-MVB samples nearer to (identified by f) and
farther (identified by b) from the MAT show overlap-
ping values for these subduction signal parameters,
which is not consistent with the arc-trench (MVB-
MAT) relationship. In theory, if the C-MVB were to
result from the subduction process of the Cocos plate
along the north-western part of the MAT, CMVB (f)
should show significantly greater subduction signal
than the CMVB (b), i.e, if the chemical composition
of the C-MVB were affected by the fluids or melts of
the subducted slab, it should clearly be shown in sta-
tistically significant differences of these parameters.
Interestingly, this is actually the case of the two con-
tinental arcs compiled in this study (see points (ii) be-
low), which confirms my statistics-based interpreta-
tion.
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ii. In both continental arcs (CAVA and Andes) the vol-
canic front (f) magmas show a significantly greater
subduction signal than the back-arc (b) magmas. Both
parameters of the x-axis (Fig. 7A-D) show signifi-
cantly greater values for the (f) than for the (b) region.
This is especially notable for the CAVA and firmly
establishes the arc-trench (CAVA-MAT) relationship
resulting from the subduction of the same Cocos
plate.

iii. The samples from both parts (f and b) of the C-MVB
are generally similar to the back-arc region of the
CAVA and Andes, i.e., both CMVB (f) and CMVB
(b) show 99% confidence limits of the mean that
overlap with the CAVA (b) and Andes (b). On the
contrary, both parts of the C-MVB show significantly
different values than the frontal part of the CAVA.
An exception may be the overlapping confidence lim-
its of C-MVB with Andes(f), which is probably re-
lated to varying tectonic regime of the Andes from
normal (steep) subduction to sub-horizontal type dur-
ing its long (~ 90 Ma) history. Therefore, the Andean
samples for this comparison should have been sepa-
rated according to their ages, and only those samples
that corresponded to “normal” subduction should
have been called Andes (f). This will be done in a fu-
ture study.

iv. Nevertheless, in spite of the similarities recognized in
(iii) above, the entire C-MVB cannot be interpreted as
a back-arc because then an active arc must exist be-
tween this area and the MAT (Fig. 1), which is clearly
not present. I stress on the word “active”, because the
subduction of the Cocos plate beneath the North
American plate is an active, ongoing process.

V. The island arcs from around the world show strong
subduction signal in terms of these two parameters,
whose values are generally intermediate between the
CAVA and Andes.

Vi. All extension-related and continental break-up re-
gions and continental rifts show much smaller values
of these parameters than the arcs.

vii.  The mean values (confidence limits) for the C-MVB
magmas are similar to extension-related and continen-
tal break-up regions and continental rifts, but signifi-
cantly smaller than those for the island arc magmas.

From these observations, one can clearly conclude that
the C-MVB magmas represent a rift or extensional setting
rather than an arc setting.

OTHER GEOSCIENTIFIC CONSIDERATIONS

In this section, I summarize other scientific arguments
that provide constraints on the tectonic setting and origin of
magmas in the MVB. One problem with the interpretation of
geoscientific data from the MVB is that it is underlain by a
heterogeneous continental crust and not an oceanic crust. It
would have been easier to interpret the data if it had a thin
oceanic crust because processes in the mantle would then
dominate the decisions and interpretations. Therefore, the
lack of consensus for the MVB may partly be due to this
shallow level complexity in the genesis of magmas.
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Geology and Structures

The MAT has a unique morphology showing a break
near the Mexico-Guatemala border [32, 161]. To the north of
the Tehuantepec Ridge (TeR in Fig. 1), the continental shelf
is narrow and the continental margin is largely a steep conti-
nental slope, whereas, south of this ridge, the continental
shelf is underlain by a wide fore-arc basin presenting a clas-
sic arc-trench relationship between the CAVA and the MAT.
When the distances between the MAT and the Pacific coasts
of Mexico and Central America are compared (Fig. 1; see
also maps of Mexico and Central America not presented
here), a wider area representing a fore-arc basin is clearly
visible in Central America. Thus, the geomorphology of the
Pacific coast of southern Mexico lacks a fore-arc basin.

Similarly, it can be observed in Fig. (1) that the CAVA is
subparallel to the MAT whereas the MVB makes an angle of
about 15-20° with the MAT [162, 163]. This non-parallelism
has given rise to several hypotheses to explain the origin of
the MVB [5, 25, 27, 36, 163-165].

The MVB is characterized by extensive fracture and fault
systems. In fact, in the western MVB a well-defined triple
junction with three rifts has been proposed [166-169]. In
west-central to eastern MVB also numerous studies have
documented such extensional features [25, 72, 170-178].
Some authors [179] have even called them as intra-arc exten-
sion, assuming that the MVB is an arc.

Dominantly east-west extension in the C-MVB has also
been inferred from the orientation and distribution of more
than 200 monogenetic volcanoes in the Sierra de
Chichinautzin area [24]. In the C-MVB, in fact, seven differ-
ent graben systems (Ajacuba, Pachuca, Zempoala, Tlalli-
Santa Catarina, Chichinautzin-Izta-Malinche, Ciudad de
México, and Acambay) have actually been mapped and
documented [29, 178]; most of these graben systems run
approximately east-west, being sub-parallel to the MVB and
are consistent with dominantly north-south extension. Exten-
sional features and fault structures are not limited to the
MVB, but they have been mapped throughout from the C-
MVB to the Pacific coast [180, 181]. These observations are
important against the arc-trench relationships for the MV B-
MAT because the subduction process is likely to cause com-
pressional features between the trench and the volcanic front.

Geochemical Constraints

The failure of generalized arc-models for the MVB has
been long recognized [182]. Besides, the extensional tecton-
ics in the western part of the MVB has played a significant
role in the eruption of primitive magmas [35]. I, either alone
[5, 22, 26, 28, 30, 32, 55, 69-71] or with colleagues [24, 27,
29, 31, 64, 66, 182-186] published a series of papers on the
MVB, involving major- and trace-elements and radiogenic
isotopes. Some of them included petrogenetic modeling.
These studies showed as far back as in 1983 [22] for Los
Humeros caldera, or in 1988 [182] for the MVB and in 1999
[24, 26] for the Sierra de Chichinautzin in the C-MVB(f) that
this volcanic province (MVB) is atypical and its origin can
be best explained from the ongoing rifting or extensional
processes rather than ongoing subduction. In fact, in one of
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my earlier papers [5] I summarized the geoscientific infor-
mation for the entire southern Mexico and Central America
from Guatemala to northwestern Costa Rica and affirmed the
Mexican case as unique on the Earth on the basis of quantita-
tive arguments from seismology (depth to Wadati-Benioff
zone), trace element geochemistry (Ba/La, La/Yb, Ba/Zr, and
Be/Ce ratios), and radiogenic isotopes  (*’Sr/*Sr,
"Nd/"™Nd, *Pb/*"*Pb, and *”’Pb/™Pb ratios, and above

all, a new ratio parameter £y, /&, ).

The presence of disequilibrium phenocryst assemblages
is a common characteristics in several volcanoes of the C-
MVB, which has been interpreted as mixing of magmas in
crustal reservoirs [49, 187-191] and makes indispensable to
take into account shallow-level processes before inferring
about the deeper mantle and subduction processes. In fact,
through the study of differentiated volcanic products of stra-
tovolcanoes such as Iztaccihuatl [49, 187], Popocatépetl [59-
61], or Nevado de Toluca [43], it would be almost impossi-
ble to unequivocally infer the deeper mantle processes, be-
cause the (continental) crustal processes can generally ac-
count for all observations, and there will be no objective way
to separate the effects of processes taking place at shallower
crustal depths from the deeper mantle. Similar problem may
reside with the interpretation of deeper processes from the
study of melt inclusions in minerals that have been re-
equilibrated at shallow, crustal depths [192]; in such cases
the inference being made might refer to shallow processes
and not deep-seated mantle sources. Therefore, inferences
about the deeper processes, such as the involvement of sub-
duction fluids or melts, cannot be easily and unequivocally
made from such studies. Study of primitive magmas is there-
fore a fundamental requirement if one wishes to conclude
about the deeper mantle sources and processes [13].

The distribution of magma types, both in space and time,
is not consistent with generalized arc-models [33, 34, 163,
182; see also Fig. (3)]. Some authors [53] have used a sim-
plistic and erroneous approach, already criticized by [185],
whereby the mere presence of calc-alkaline (should be better
called sub-alkaline according to the TAS diagram; [107])
magmas have been interpreted to prove their subduction
relationship.

On the other hand, the apparently systematic variations of
geochemical parameters with distance from the trench
documented by [18] are illusive because they can well be
explained by the systematically more differentiated rock-
types being sampled in their database as the MVB-MAT
distance increases. These authors [18] should have examined
the variations of element concentrations, or more appropri-
ately their ratios with the distance from the trench at a given
SiO, level. Their interpretation has been recently criticized
by [63].

Finally, for the unusual basic magmas from the MVB the
nomenclature of ocean island basalt used by some authors
[OIB, e.g., 20, 36] seems to be incorrect and should be aban-
doned, because the new discriminant function based dis-
crimination diagrams [125-128] can actually distinguish
between ocean island and continental rift settings and such
magmas from the MVB are shown to belong to the continen-
tal rift setting, not the OIB setting.
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Inverse Modeling of Geochemical Data of Primitive
Magmas from Southern Mexico

Inverse modeling of geochemical data is a powerful
quantitative technique [193-199]. Basic magmas with char-
acteristics of primitive, little-differentiated magmas are pre-
sent throughout the MVB [5, 32, 33, 35, 54, 55] as well as in
the LTVF [13, 200, 201]. The geochemical data for some of
them have been subjected to inverse modeling using the
procedures proposed earlier [193-199]. Specifically, data
from the Sierra de Chichinautzin in the C-MVB were mod-
eled by [29]; these authors concluded that the primitive
magmas represented partial melts from the underlying man-
tle without the involvement of the subducted slab. Later, I
extended this work to the west-central to eastern MVB [32]
and to the LTVF [13], ascertaining for these regions the
same conclusion as that reached by us [29] for the Sierra de
Chichinautzin. Thus, quantitative interpretation of the chem-
istry of primitive magmas from these areas in terms of in-
verse modeling also confirms the inferences from other sta-
tistical arguments outlined in this paper.

Sr, Nd, Pb, Os, and Be Isotopes

Isotopic compositions have proved to be extremely useful
in petrogenetic studies of volcanic provinces [202-204], and
the MVB has been no exception. Numerous studies have
been published on Sr, Nd, and Pb isotopes [5, 22, 26, 28, 30,
34, 63, 64, 69, 70, 188, 205-207]. The shift to the right of the
mantle array [13], towards the composition of subducted slab
[5, 55], commonly observed in all arcs around the world, has
not been yet noticed in the MVB, which once again makes
this volcanic province atypical. An important point to men-
tion here is that the Sr and Nd isotope data should be ad-
justed to given reference values of the standards used for
estimating mass spectrometric bias, as has been done in all
studies on the MVB published by our group [5, 26, 28, 30,
34,44, 63, 64, 69, 70, 205, 206]. Other scholars studying the
MVB have unfortunately not followed this convention [18,
43,57, and 207].

Studies [43] reporting isotopic compositions of the so-
called adakitic rocks from the MVB have not confirmed the
true adakitic nature of the studied rocks because their iso-
topic compositions are totally different from those for the
subducting Cocos plate [55]. Other geochemical characteris-
tics of these “adakites” also cannot be obtained from the
partial melting of subducting Cocos plate, being a requisite
to call them as adakites. Similarly, models involving slab
melts for the genesis of some MVB magmas [40, 207] are
not consistent with the composition of the subducting slab
[5, 55]. Finally, osmium [208, 209] and beryllium [210]
isotopic compositions of the MVB magmas have not pro-
vided any convincing results in favor of the subduction-
related origin, although these authors have tried to explain
their results in terms of such arc-trench models.

Geophysical Constraints
Seismology

From earthquake data the reconstruction of the trace of
the subducted slab in Central America has been a typical
textbook type example for the subduction tectonics. The slab
can be traced to more than 200 km depth, and the depth
contours are subparallel to the trench as is the case of the
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main arc (CAVA). The CAVA lies above the slab at about
100 to 200 km depth (Fig. 1). The southern Mexico situation
is totally anomalous because only the shallow part of the
subducted slab up to about 60 km deep can be interpreted in
front of the MVB; these contours lie far away from the vol-
canic front of the MVB toward the trench. Surprisingly, the
deeper contours of 80 to 100 km suddenly terminate between
the volcanic front of the eastern part of the MVB and the
LTVF. Even this interpretation of seismic data correspond-
ing to the LTVF has already been criticized [13]. No deep
earthquakes are ever recorded beneath the MVB.

Interestingly, note that although the horizontal distance
of the study area of the C-MVB (Fig. 2) is between about
250 and 500 km, the subducted slab can only be traced to
about 60 km depth (or even less) at about 230 km horizontal
distance from the MAT and no deeper. Even the most recent
seismic study [211] does not show any conclusive evidence
concerning the location of the subducted slab beneath the C-
MVB, although these authors speculated the slab to become
“horizontal”, “attached” to the lower part of the continental
crust and then suddenly “steeply dip” into the mantle without
any seismic signal, well before reaching the volcanic front of
the C-MVB. Because it would be impossible to generate
magmas from the interaction of such a shallow slab (about
40 km depth), the authors speculated the steep turn in slab
geometry. Their low-velocity zone supposed to prove the
presence of subduction fluids [211] beneath the C-MVB can
be readily and more appropriately explained in the rifting
scenario. In fact, the continental rift setting of the C-MVB
would be consistent with all the seismic evidence presented
by these authors [211] and with the statistical interpretation
of the geochemical data documented in the present paper.

No deep earthquakes have been observed beneath the
entire study area; instead, very shallow earthquakes are
commonly observed, e.g., the 1995 earthquake of Milpa Alta
at only about 12 km depth [212]. These shallow earthquakes
in fact constitute good evidence in favor of the ongoing ex-
tensional or rifting processes within the MVB. Almost all
earthquakes deeper than about 40 km related to the Mexican
subduction zone are of extensional type rather than of com-
pression, and the subduction is subhorizontal with an angle
of only about 15° [212-214], or even lesser dip according to
the most recent study [211]. Transtensive deformation in the
C-MVB has been attributed to the oblique convergence and
slip partitioning at the MAT [215].

To reconcile this anomalous situation and to continue to
conform to the conventional subduction-related models, the
authors of [216] used the deep earthquakes probably corre-
sponding to the Rivera plate in the Jalisco State of the west-
ern part of the MVB [217, 218], and imagined the existence
of the Cocos subducted slab somewhat deeper beneath the
central and eastern parts of the MVB. It is not clear why in
this seismic study [216] the two plates (Rivera and Cocos)
were considered as though they were a single plate. After all,
the existence of the small Rivera plate has been established
as independent of the Cocos plate [219, 220]. The experi-
mental uncertainties inevitably present in the earthquake
depth locations are never taken into account in any seismic
study; after all, these are experimentally determined parame-
ters and are not absolute locations within the Earth.
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This rather subjective interpretation [216] was already
criticized [30], but the scientific community has paid little
attention to this controversial interpretation of earthquakes to
infer the position of the subducted Cocos plate beneath
southern Mexico. Instead, numerous researchers [18, 39, 40,
and 57] have taken it for granted that these hypothetical
contours actually exist and made them a fact by simply re-
peating them in their papers. In the recent work related to
Rivera plate seismicity [221], the authors have, however,
interpreted that the subducted Rivera plate lies well away
from the volcanic front towards the trench in the western
MVB, which is again an unusual conclusion if the volcanism
in the western MVB were to be related to the subduction of
this plate beneath Mexico.

Magnetotelllurics

Magnetotelluric data acquired along a transect from the
Pacific coast thorough the C-MVB and to the north [222]
showed a low-resistivity zone beneath the C-MVB, which
may well be consistent with the continental rift setting pro-
posed in the present work.

Gravity

Gravimetric studies [223, 224] have shown that partial
melts exist in the lower crust beneath the MV B, making the
lower crustal involvement in the genesis of magmas a feasi-
ble process [5, 26, 225]. Crustal contamination has been
invoked in several studies of evolved magmas from the
MVB [28, 30, 31, 64, 66, 69-71, 226, 227].

This alternative lower crustal reservoir is likely to impart
similar signatures as those from the subducted slab to inter-
mediate and acid magmas in the MVB, and therefore the
controversy concerning the origin of this province cannot be
resolved from the study of such evolved magmas. These dual
possibilities — subducted slab versus lower crust — will have
to be taken into account, and the origin of basic, primitive
magmas will have to play a central role in such decisions.
Under these constraints, the origin of the MVB will neces-
sarily have to be related to a continental rift setting as shown
in the present work.

Thermal Modeling

Thermal modeling of the combined Cocos and North
American plates has been carried out [17] and used by other
researchers as a valid argument in favor of the subduction-
related origin of the MVB. Although, in this modeling work,
there might be several objections and probable misinterpreta-
tions of the tectonics of this complex area, the main objec-
tion lies in the starting conceptual tectonic model that these
authors [17] have used, viz., the subducted plate or slab is
supposed to exist not only beneath the MVB but also far
beyond through NW Mexico up to the State of Luisiana or
Texas in the U.S.A. — an absurd scenario indeed! More re-
cently, in a combined seismic and thermal modeling study of
the C-MVB [211] these authors showed a low velocity shal-
low zone interpreting it as a result of subduction fluids. I
would better interpret this zone as a result of rift-related
partial melting upwelling zone, which is also consistent with
the interpretation of the gravity data [223] and shallow level
seismicity recorded beneath the C-MVB [212] as well as
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with the quantitative statistical interpretation of the geo-
chemical data documented in the present paper.

Thus, a more realistic starting model has to be used to
correctly carry out this kind of thermal modeling, and a 3-D
model would be more appropriate such as that recently prac-
ticed by us [228] for the Los Humeros caldera located in the
eastern part of the MVB. Furthermore, a more complete
thermal model should take into account the subduction of the
entire Cocos plate, both beneath the Caribbean and North
American plates.

FINAL REMARKS

It may be worthwhile to stress the great complexity of the
C-MVB in particular and the MVB in general, as has been
correctly pointed out recently by [229], but there is no justi-
fication to call this volcanic province a volcanic arc [209,
229]. It should better be called a continental rift. In other
words, the Mexican Volcanic Rift might be a better nomen-
clature to the MVB if one is not satisfied by its present name
— the Mexican Volcanic Belt. The complexity of the MVB
might be similar to (or even greater than) that of the southern
Central America from central Costa Rica to Panama, where
unlike Guatemala to northwestern Costa Rica, the geochem-
istry is not arc-like, and a plethora of different models have
been put forth [230-237]. I suggest that the scholars studying
the MVB become more objective in their approach, take into
account all available scientific arguments to reach unbiased
inferences, clearly distinguish facts from fiction, or evidence
from imagination, and practice a quantitative rather than a
qualitative methodology. We might thus eventually reach a
consensus in our thinking about the Mexican Volcanic Belt.

CONCLUSION

In summary, from the geological, geochemical and geo-
physical evidence summarized in this paper and the new,
quantitative, robust, objective statistical approach practiced
here, one can safely conclude that the tectonic setting of the
C-MVB is dominantly related to the ongoing extension.
More geochemical data are needed from this area to better
constrain the confidence limits of the mean presented in this
paper and draw conclusions at even greater confidence level
than the 99% used in the present work. Finally, it appears
that the subduction setting for the MVB advocated by nu-
merous workers probably has resulted from subjective, quali-
tative arguments, which have been shown to fail when the
same information compiled in this paper was examined by
the quantitative statistics-based methodology.
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