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1. Introduction
The Mexican Volcanic Belt (MVB), also known as the 
Trans-Mexican Volcanic Belt, a major geological province 
in central Mexico, extends approximately east-west from 
Veracruz (V) to Puerto Vallarta (Pu; Figure 1). This 
Miocene to Recent province, more than 1000 km long and 
about 200–500 km wide, houses more than 8000 volcanoes 
(some being active) and two prominent geothermal fields 
already producing electricity. The origin of the MVB has 
been highly debated (e.g., Ferrari and Rosas-Elguera, 1999; 
Márquez et al., 1999a, 1999b; Sheth et al., 2000; Blatter 
et al., 2001; Ferrari et al., 2001, 2002; Torres-Alvarado 
et al., 2002; Verma, 2002; Torres-Alvarado and Verma, 
2003; Gómez-Tuena et al., 2007a), which makes its study 
important from various perspectives. 

The central part of the MVB (C-MVB) has been 
shown to be a key area for understanding the complex 
tectonomagmatic processes of this volcanic province 
(e.g., Márquez et al., 1999c; Verma, 1999, 2000a; Wallace 
and Carmichael, 1999; Velasco-Tapia and Verma, 2001a, 
2001b, 2013). The volcanism in the C-MVB is limited to the 
Neogene (mainly Pliocene to Holocene, with some older 
outcrops of Miocene age), including historic eruptions and 
the presently active volcano Popocatépetl. In this part of 
the belt the origin of magmas has also been highly debated 
(e.g., Márquez et al., 1999c, 2001; Wallace and Carmichael, 
1999; Velasco-Tapia and Verma, 2001b, 2013; Verma, 
2002, 2004, 2009; Martínez-Serrano et al., 2004; Siebe et 
al., 2004; Schaaf et al., 2005; Gómez-Tuena et al., 2007b; 
Torres-Alvarado et al., 2011; Cai et al., 2014). In summary, 
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however, no clear distinction among the different magma 
types from the C-MVB can be made in space and time.

Recently, the geochemical data for the eastern part of 
the MVB (E-MVB) were interpreted from conventional 
multielement normalized and new multidimensional 
discrimination diagrams and discordancy and significance 
tests to decipher the origin, evolution, and tectonic setting 
(Verma, 2015a). A likely continental rift setting was inferred 
for the E-MVB. Further, as documented by Verma (2015a), 
to the south of Mexico in most of Central America, the 
Central American Volcanic Arc (CAVA) from Guatemala 
to northwestern Costa Rica, located in the Caribbean plate, 
presumably originated from the subduction of the same 
Cocos plate beneath the Caribbean plate (Figure 1). In 
fact, the CAVA, a continental arc subparallel to the Middle 
America Trench (MAT; see the orientations of CAVA and 
MAT in Figure 1), has been considered a classic arc-trench 
system (e.g., Carr et al., 1982, 2007; Carr and Rose, 1986; 
Walker et al., 2009; Heydolph et al., 2012). 

The deepest trace of the slab is only about 60 km at 
about 250 km horizontal distance from the MAT (Figures 
1 and 2; Pacheco and Singh, 2010) and still away from the 
volcanic front of the C-MVB. There are practically no deep 
earthquakes beneath the C-MVB (Figure 1; Pacheco and 

Singh, 2010). On the other hand, in Central America this 
depth contour of 60 km lies totally in the Pacific Ocean, 
and most of the front-arc volcanoes in Central America are 
located above the area where the subducted slab reaches 
depths of 100 to 200 km (Figure 1). 

A critical review of the present state of knowledge 
and controversies related to the C-MVB could well 
be a worthwhile exercise at this stage. An unbiased 
comparison of the C-MVB and CAVA could then throw 
further light on the origin and evolution of this complex 
geological province (MVB), for which recently developed 
highly efficient and appropriate computational tools, 
such as DODESSYS (Verma and Díaz-González, 2012) 
and UDASYS (Díaz-González and Cruz-Huicochea, 
2013; Verma et al., 2013a) for applying discordancy 
and significance tests, are available (Barnett and Lewis, 
1994; Jensen et al., 1997; Miller and Miller, 2005; Verma, 
2005). The application of discordancy tests prior to the 
significance tests is recommended in order to comply with 
the basic assumption of normally distributed variables 
(Jensen et al., 1997; Miller and Miller, 2005; Verma, 2005). 
The statistical inference from these computer programs is 
made through the new highly precise and accurate critical 
values obtained from Monte Carlo simulations (Verma 
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Figure 1. Location of the Mexican Volcanic Belt (MVB) and Central American Volcanic 
Arc (CAVA) along with the three oceanic plates (Pacific, Cocos, and Rivera) and two 
continental plates (North American and Caribbean; figure was modified after Verma, 
2002, 2015a); the abbreviation are: Pu–Puerto Vallarta; V–Veracruz; W–western; C–
central; E–eastern; G–Guatemala; S–El Salvador; H–Honduras; N–Nicaragua; C–Costa 
Rica; and P–Panama; schematic locations of samples are shown by small crosses; the 
numbers 487, 488, 495, and 1256 are Deep Sea Drilling Project Sites in the Cocos plate; 
the numbers 60 and 200 represent the approximate depth in km of the subducted slab; 
QSC–Quesada Sharp Contortion in Costa Rica defines the southern limit of the CAVA; 
the two transects for the dense seismic network in southern Mexico used by the UNAM-
Cal Tech collaborative project (Pérez-Campos et al., 2008; Pacheco and Singh, 2010; Kim 
et al., 2011) are also shown schematically by thick irregular curves. 
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and Quiroz-Ruiz, 2008, 2011; Verma et al., 2008; Cruz-
Huicochea and Verma, 2013; Verma and Cruz-Huicochea, 
2013). 

Recently (2006–2013), natural logarithm-ratios of 
three sets of subcompositions of igneous rocks from 
different tectonic settings (arc, rift, ocean island, and mid-
ocean ridge for basic rocks; island arc, continental arc, 
within-plate, and collision for intermediate and acid rocks) 
have been used in conjunction with linear discriminant 
analysis (LDA). Thus, 50 new multidimensional tectonic 
discrimination diagrams are available for all kinds of 
magmas (Verma et al., 2006, 2012, 2013b; Agrawal et al., 
2008; Verma and Agrawal, 2011; Verma SP and Verma 
SK, 2013). Although the traditional additive log-ratio (alr) 
transformation of Aitchison (1986), instead of the more 
recent and mathematically more appropriate isometric 
log-ratio (ilr) transformation of Egozcue et al. (2003), was 
used, LDA renders the discriminant functions DF1-DF2 
practically the same for both alr and ilr (Verma, 2015b). 

These 50 diagrams were grouped into three sets of 
five diagrams each for basic and ultrabasic rocks (Verma 
et al., 2006; Agrawal et al., 2008; Verma and Agrawal, 
2011), three sets for intermediate rocks (Verma SP and 
Verma SK, 2013), and four sets for acid rocks (Verma 

et al., 2012, 2013b). The conventional approach of using 
compositional variables in bivariate or ternary diagrams 
has already been shown to perform less well (Verma, 2010, 
2012a, 2015b; Verma et al., 2012; Verma and Armstrong-
Altrin, 2013). To facilitate the application of the complex 
multidimensional equations, two computer programs are 
now available (TecD by Verma and Rivera-Gómez, 2013a; 
TecDIA by Verma SP et al., 2015a). 

My aim is as follows: 1) to review all pertinent 
geological, geophysical, geochemical, and plate tectonic 
information from the C-MVB; 2) to evaluate geochemical 
and isotopic data from both the C-MVB and CAVA; 
3) to illustrate the use of the new geochemical tools of 
multidimensional tectonomagmatic diagrams, log-ratio 
transformed variables, and discordancy and significance 
tests and thus provide further constraints on the origin 
and tectonic setting of the C-MVB and compare this 
subprovince with the CAVA; and 4) for evaluating 
the possible contribution from the subducted slab, to 
statistically compare the compositions of near the trench 
and far from the trench C-MVB magmas, with emphasis 
on critical combinations of slab-sensitive components 
(Carr et al., 1990, 2007; Tatsumi et al., 1992; Walker et 
al., 2001; Verma, 2002, 2006). For the latter comparison, 
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the same procedure was also adopted for the subdivision 
of the CAVA rocks into main volcanic arc (volcanic front 
or front-arc) and behind the volcanic front or back-arc 
rocks. This work should thus reinforce new guidelines in 
geological and geochemical research. 

2. Present state of knowledge of the Mexican Volcanic 
Belt (MVB)
2.1. Geological evidence
There is a well-defined fore-arc basin in Central America 
corresponding to the CAVA, but no such basin exists in 
the Pacific of southern Mexico (Figure 1; also see maps of 
Mexico and Central America, or Google Earth). Thus, the 
MAT shows a break near the Mexico-Guatemala border 
(von Huene, 1989); to the north of the Tehuantepec 
ridge (TeR in Figure 1) the continental shelf is narrow 
and the continental margin is a steep continental slope, 
whereas, to the south of this ridge, the continental shelf is 
underlain by a wide fore-arc basin presenting a classic arc-
trench relationship between the CAVA and MAT. Other 
important observations are that the CAVA is subparallel to 
the MAT, the MVB makes an angle of about 15°–20° with 
it (Figure 1; Molnar and Sykes, 1969), and the CAVA has 
a well-defined width of the front-arc volcanoes whereas 
the MVB is diffuse with a varying width from west to east 
(Figures 1–3).

The C-MVB is characterized by extensive fracture and 
fault systems. In fact, in the western part of the MVB a 
well-defined triple junction with three intersecting rifts 
has been proposed (Tepic-Zacoalco rift, Colima rift, and 
Chapala rift; e.g., Luhr et al., 1985; Allan, 1986; Garduño-
Monroy et al., 1993; Frey et al., 2007), which is widely 
accepted by all researchers. In the remaining parts of the 
MVB (the C-MVB and the eastern part of the MVB–E-
MVB; Figure 1) also, such extensional features have been 
documented in numerous studies (Negendank et al., 
1985; Johnson and Harrison, 1989, 1990; Ferrari et al., 
1990; Suter et al., 1992, 1995a, 1995b, 2001; Mooser et al., 
1996; Alaniz-Álvarez et al., 1998; García-Palomo et al., 
2000, 2002a, 2002b; Anguita et al., 2001; Márquez et al., 
2001; Wassmer et al., 2004; Norini et al., 2006; Campos-
Enríquez et al., 2013, 2014). Suter et al. (2001) called these 
extensional features intra-arc extension, assuming that the 
MVB is an arc, which has been questioned, for example, 
by Verma (2002, 2004, 2009, 2015a). To call these features 
of intra-arc, it is an implicit assumption that the MVB 
is an arc, which is questionable (e.g., Verma, 2015a and 
references therein; see also the geochemical constraints 
presented in this work).

Further, dominantly east-west extension in the 
C-MVB has also been inferred from the orientation and 
distribution of more than 200 monogenetic volcanoes in 
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the Sierra de Chichinautzin area (Márquez et al., 1999c). 
In the C-MVB, in fact, seven different graben systems 
(Ajacuba, Pachuca, Zempoala, Tlalli-Santa Catarina, 
Chichinautzin-Izta-Malinche, Ciudad de México, and 
Acambay) have actually been mapped and documented 
(Mooser et al., 1996; Velasco-Tapia and Verma, 2001a); 
most of these grabens run approximately east-west, being 
subparallel to the MVB, and their presence is consistent 
with dominantly north-south extension. 

Extensional features and fault structures are not 
limited to the MVB but have been mapped throughout the 
area between the C-MVB and the Mexican Pacific coast 
(e.g., Alaniz-Álvarez et al., 2007; Morán-Zenteno et al., 
2007). Such extensional characteristics have also been long 
documented from seismic evidence (e.g., Jiménez and 
Ponce, 1978; Singh and Pardo, 1993; Pardo and Suárez, 
1995; Pacheco and Singh, 2010; also Section 2.2). These 
observations provide important geological constraints 
against a simple arc-trench relationship for the MVB-
MAT system.

2.2. Geophysical evidence
2.2.1. Seismic evidence
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 
(Figure 1; Burbach et al., 1984). The slab can be traced to 
more than 200 km in depth, and the depth contours are 
subparallel to the trench, as is the case of the main arc 
(CAVA). The CAVA lies at about 100 to 200 km depth 
above the slab (Figure 1). 

The southern Mexico situation is anomalous because 
only the shallow part of the subducted slab up to a 
maximum of about 60 km depth can be interpreted from 
seismicity and that too only in front of the MVB (not 
beneath it); these shallow depth contours (up to 60 km) lie 
away from its volcanic front toward the trench (Figure 2). 
Surprisingly, the deeper contours of 80 to 100 km (if any, 
in southern Mexico) corresponding to the subduction of 
the Cocos plate (Figure 1) suddenly terminate between the 
volcanic front of the E-MVB and the Los Tuxtlas volcanic 
field (LTVF). The inference of the depth contours from 
the seismic data close to the LTVF (Figure 1) has been 
criticized; from geochemical evidence, the LTVF is shown 
to have a solely extension-related origin (Verma, 2006). No 
deep earthquakes (>60 km depth) have ever been recorded 
beneath the C-MVB (Figure 2), nor beneath the E-MVB 
(Figure 1). Although the horizontal distance of the study 
area of the C-MVB is between about 250 and 500 km, the 
subducted slab can only be traced seismically to about 60 
km in depth (or even less) at about 230 km in horizontal 
distance from the MAT and no deeper (Figure 2; Pacheco 
and Singh, 2010). 

Under a joint UNAM-Caltech (Universidad Nacional 

Autónoma de México, Mexico and California Institute of 
Technology, USA) multimillion dollar seismic study of 
southern Mexico, a dense seismic network was established 
(Figures 1 and 2), which complemented the existing seismic 
stations. The results were published in several papers 
(Pérez-Campos et al., 2008; Pacheco and Singh, 2010; Kim 
et al., 2011). Even these most recent seismic studies of the 
C-MVB do not show any conclusive evidence concerning 
the location of the subducted slab beneath this belt. 
Pérez-Campos et al. (2008) suggested that the subducted 
slab becomes “horizontal” (not “subhorizontal”), gets 
“attached” to the lower part of the continental crust, and 
then “continues” several tens of kilometers of horizontal 
distance without any seismic evidence (see lack of 
earthquakes in Pacheco and Singh (2010) because Pérez-
Campos et al. (2008) did not present this information 
explicitly), and finally speculated it to suddenly “steeply” 
dip into the mantle, again without any seismic evidence. 
Pacheco and Singh (2010), on the other hand, continued 
to imagine the plate as subhorizontal, also without any 
seismicity. It is noteworthy that Pérez-Campos et al. (2008) 
made such speculations without any seismic evidence; no 
deep earthquakes have ever been recorded, neither at the 
volcanic front of the C-MVB nor beneath this belt (Figure 
2; Pacheco and Singh, 2010). Pérez-Campos et al. (2008) 
were probably inspired by an earlier work (Pardo and 
Suárez, 1995) that has already been criticized by Verma 
(2000b, 2001a, 2009). 

Because it would be impossible to generate magmas 
from the interaction of such a shallow slab (about 40–60 
km deep), Pérez-Campos et al. (2008), unlike Pacheco and 
Singh (2010), proposed a steep turn in slab geometry. Their 
interpretation of the low-velocity zone and tomography 
with a few percent contrasts in these physical parameters 
is also questionable, because the model uncertainties were 
never stated by Pérez-Campos et al. (2008). After all, the 
seismic data should have much more than a few percent 
uncertainties on which this interpretation is based (see 
in this section my error estimates from the seismic data 
presented by Pacheco and Singh, 2010). 

I suggest that some of the pending questions from 
Pérez-Campos et al. (2008) are as follows: 1) “What makes 
the slab continue to be subhorizontal for several tens of 
kilometers without generating any seismicity when it does 
generate shallow-level seismicity closer to the Middle 
America Trench?”; 2) “What causes the slab to make 
such a steep turn of 90°?” or “What would be the physical 
mechanism for such a drastic change in the subduction 
angle at such a shallow depth of only 40 km?”; 3) “Can 
dehydration of an oceanic crust take place at such shallow 
depths of 40–60 km?”; 4) “What is the physical evidence 
for the model of Pérez-Campos et al. (2008) to be valid?”; 
and 5) “From local shallow seismic evidence (mostly <60 
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km deep), how can much deeper mantle characteristics 
(60–700 km deep) be inferred?” These authors, of course, 
did not provide any answers to these questions.

The slab must become surprisingly denser to make 
such a right turn of about 90° as envisioned by Pérez-
Campos et al. (2008) at only about 40–60 km in depth. It 
has been suggested to take place at much greater depths 
of 60–120 km (Bjørnerud and Austrheim, 2004 and 
references therein). Similarly, the higher-density eclogite 
formation from lower-density basalt and gabbro cannot be 
achieved at such shallow depths of 40 to 60 km (Bjørnerud 
and Austrheim, 2004). 

Pérez-Campos et al. (2008) interpreted the presence 
of a low-velocity zone, which is supposed to prove the 
presence of subduction fluids beneath the C-MVB. This 
is certainly not true in the light of the interpretation of 
the geochemical data presented in this paper (Section 6.3) 
because if these subduction fluids were being contributed 
to the C-MVB, the near-trench magmas should show 
them more clearly as compared to the magmas far from 
the trench. In fact, the low-velocity zone can be readily and 
more appropriately explained in the rifting or extensional 
scenario of the MVB (Márquez et al., 1999c, 2001; Sheth 
et al., 2000; Verma, 2002, 2015a). The continental rift 
setting of the C-MVB would be consistent with all the 
seismic evidence available to date (e.g., Pérez-Campos et 
al., 2008; Pacheco and Singh, 2010) and with the statistical 
interpretation of the geochemical data documented in the 
present paper (Sections 5 and 6).

A histogram of centroid depths of all earthquakes (128 
events) processed by Pacheco and Singh (2010) is shown in 
Figure 4a; importantly, no earthquake showed greater than 
60 km depth. Very shallow earthquakes are commonly 
observed beneath the study area of the C-MVB, e.g., the 
1995 earthquake of Milpa Alta at only about 12 km depth 
(UNAM and CENAPRED Seismology Group, 1995). These 
shallow earthquakes, in fact, constitute excellent evidence 
for the ongoing extensional or rifting processes within 
the MVB. Almost all earthquakes deeper than about 40 
km related to the Mexican subduction zone (subduction 
of the Cocos plate beneath the North American plate) 
are of extensional type rather than compression, and the 
subduction is subhorizontal with an angle of only about 
15° or even less (Suarez and Singh, 1986; Singh and 
Pardo, 1993; Pardo and Suárez, 1995; Ego and Ansan, 
2002; Pérez-Campos et al., 2008; Pacheco and Singh, 
2010). Transtensive deformation in the C-MVB has been 
attributed to the oblique convergence and slip partitioning 
at the MAT (Ego and Ansan, 2002).

To reconcile the anomalous situation of the lack of deep 
earthquakes beneath the MVB known to the geoscientific 
community for several decades and to continue to conform 
to the conventional subduction-related models, Pardo 

and Suárez (1995) used the deep earthquakes, probably 
corresponding to the Rivera plate, in Jalisco State of the 
western part of the MVB (Singh et al., 1985; Pardo and 
Suárez, 1993). They imagined the existence of the Cocos 
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subducted slab somewhat deeper beneath the central and 
eastern parts of the MVB (note that they projected these 
inferred depth contours as dashed curves in their paper). 
It is not clear why, for the proposal of depth contours in 
this seismic study (Pardo and Suárez, 1995), 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 (DeMets 
and Stein, 1990; DeMets and Wilson, 1997). On the other 
hand, it is also not clear how the subducted Rivera plate 
passes through the triple rift system (Figure 1; see, e.g., 
Luhr et al., 1985) to generate such deep earthquakes. The 
Rivera plate seismicity was, however, interpreted by Yang 
et al. (2009) to conclude that the subducted Rivera plate 
lies far away from the volcanic front of the western MVB 
towards the trench, 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. Their 
interpretation does not support the earlier study of Pardo 
and Suárez (1995).

The rather subjective interpretation by Pardo and 
Suárez (1995) has already been criticized by Verma 
(2000b, 2001a, 2009), but the scientific community has 
paid little attention to this controversy. Instead, numerous 
researchers (e.g., Schaaf et al., 2005; Blatter et al., 2007; 
Gómez-Tuena et al., 2007b; Mukasa et al., 2007; Pérez-
Campos et al., 2008; Cai et al., 2014) have taken it for 
granted that the hypothetical contours, drawn by Pardo 
and Suárez (1995) as dashed curves without any “deep” 
seismic evidence (see the paper and new interpretation by 
Pacheco and Singh, 2010), actually exist and have made 
them a fact by simply repeating in their papers. 

One of the greatest problems with the seismic 
interpretations is that the experimental uncertainties 
inevitably present in the calculated centroid depths of 
earthquake locations are not taken into account in any 
seismic study. After all, the hypocenters and slab depth 
contours are experimentally determined parameters and 
are not absolute locations within the earth. Hence, their 
uncertainties must be evaluated and taken into account in 
any model reconstruction (Bevington and Robinson, 2003; 
Miller and Miller, 2005; Verma, 2005). In this connection, 
although Pacheco and Singh (2010) did not explicitly 
state that they are dealing with depth uncertainties, 
they presented four different estimates of earthquake 
hypocenter depths: Method 1 (M1) focal mechanism, Mw, 
and centroid/constraint depth from their study; Method 2 
(M2) focal mechanism, Mw, and centroid depth from the 
global Centroid Moment Tensor (CMT) catalogue; Method 
3 (M3) focal mechanism, Mw, and depth from Pacheco 
and Singh (1998); and Method 4 (M4) focal mechanism, 
Mw, and depth from Singh et al. (2007). Figures 4b and 4c 

clearly show extremely large uncertainties associated with 
the different methods (M2–M4) as compared to Method 
M1. The probably most precise method (M1) of Pacheco 
and Singh (2010) was used as a reference in Figure 4c. Note 
that this more precise method also provided all centroid 
depths as <60 km (Figures 4a and 4b).

I estimated the percentage differences among these 
different depth estimates for the same earthquakes, 
assuming Pacheco and Singh´s (2010) work, i.e. Method 
M1, as the reference. Forty values of the estimates for 
Method M2 showed differences from about –70% to 
+200% with respect to M1. Only one estimate for Method 
M3 presented by these authors showed +40% difference 
and two estimates for Method M4 resulted in about +4% 
and +88% differences. Therefore, such large differences 
(or errors in earthquake depth estimates) should not be 
ignored in any model based on such data. These positive 
as well as negative differences and significantly different 
hypocenter depth values also imply that the errors are not 
homoscedastic, nor are they systematic; they are random 
errors associated to the different methods. Certainly, 
therefore, the small contrasts of only a few percentages, 
interpreted by Pérez-Campos et al. (2008) in their models 
for deeper levels of up to about 700 km, have to be viewed 
with caution when the information is available on only 
very shallow earthquakes up to about 60 km that have 
large uncertainties of about –70% to +200%.

2.2.2. Magneto-telluric evidence
Magneto-telluric data acquired along the transect from 
the Pacific coast through the C-MVB and to the north 
(Jording et al., 2000) showed a low-resistivity zone beneath 
the C-MVB, which was interpreted by the authors as due 
to subduction fluids. The magneto-telluric data may well 
be consistent with the continental rift or extensional 
setting for the MVB proposed by Márquez et al. (1999c, 
2001), Sheth et al. (2000), and Verma (2002, 2004, 2009). 
Similarly, the interpretation by Jödicke et al. (2006) is 
characterized by the same ambiguity. Furthermore, if 
the subducted slab can only be traced to several tens of 
kilometers before the C-MVB volcanic front and is only 
at most about 60 km deep (Pacheco and Singh, 2010), it 
cannot melt, nor dehydrate, to contribute any substance 
to the C-MVB.

2.2.3. Gravimetric evidence
Gravimetric studies (Campos-Enríquez and Sánchez-
Zamora, 2000; Campos-Enríquez et al., 2003) have shown 
that partial melts exist in the lower crust beneath the 
MVB, making crustal involvement a feasible process in 
the genesis of magmas (e.g., Verma, 1999, 2015a; Schaaf 
et al., 2005; Ortega-Gutiérrez et al., 2008; Velasco-Tapia 
and Verma, 2013; Velasco-Tapia et al., 2013; Velasco-
Tapia, 2014). The gravity data will be consistent with the 
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presence of either subduction fluids in an arc environment 
or mantle fluids in an extensional setting. No distinction 
can be made from the gravity method, nor can it be done 
from any other geophysical method. Only precise and 
accurate geochemical and isotopic data might clarify it in 
the future. 

2.2.4. Thermal modeling
Thermal modeling of the combined Cocos and North 
American plates has been carried out (Manea et al., 2005) 
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 misinterpretations of the tectonics of this 
complex area, the main objection lies in the starting 
conceptual tectonic model that these authors (Manea 
et al., 2005) had used, i.e. that 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 
Louisiana or Texas in the United States (see their figure 
presenting their starting model) – an absurd scenario 
indeed. More recently, in a combined seismic and thermal 
modeling study of the C-MVB, Pérez-Campos et al. (2008) 
interpreted the existence of a low-velocity shallow zone 
attributed to the presence of subduction fluids. Such fluids 
would be better interpreted as a result of rift-related partial 
melting upwelling zone, which is also consistent with 
the interpretation of the gravity data (Campos-Enríquez 
and Sánchez-Zamora, 2000) and shallow level seismicity 
recorded beneath the C-MVB (UNAM and CENAPRED 
Seismology Group, 1995; Pacheco and Singh, 2010) as well 
as with the quantitative statistical interpretation of the 
geochemical data documented by Verma (2009) and in the 
present paper (Section 6). Similarly, the schematic model 
presented by Blatter et al. (2007) relies on the hypothetical 
presence of the subducted slab beneath and beyond the 
C-MVB, which is simply not true, not even from the recent 
seismic evidence (Pacheco and Singh, 2010).  

2.3. Geochemical evidence
The failure of generalized arc-models for the MVB has 
been long recognized (Verma and Aguilar-Y-Vargas, 
1988). Based on major- and trace-elements and radiogenic 
isotopes, I, either alone (Verma, 1983, 1999, 2000a, 2000b, 
2001a, 2001b, 2001c, 2002, 2003, 2004, 2009, 2015a) 
or with colleagues (Verma et al., 1991; Márquez et al., 
1999c; Sheth et al., 2000, 2002; Velasco-Tapia and Verma, 
2001a, 2001b; Torres-Alvarado and Verma, 2003; Verma 
and Carrasco-Núñez, 2003; Verma and Hasenaka, 2004; 
Verma and Luhr, 2010), published a series of papers on 
the origin and evolution of the MVB; some of them also 
included petrogenetic modeling. As far back as in 1983 
(Verma, 1983) for the Los Humeros caldera, in 1988 
(Verma and Aguilar-Y-Vargas, 1988) for the MVB, and in 

1999 (Márquez et al., 1999c; Verma, 1999) for the Sierra de 
Chichinautzin in the C-MVB (located in the area near the 
trench or at the volcanic front area), these studies showed 
that the MVB is atypical, and its origin can be best explained 
from the ongoing rifting or extensional processes rather 
than the ongoing subduction. In fact, in one of my earlier 
papers (Verma, 2002) I summarized the geoscientific 
information 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 quantitative arguments from seismology (depth to 
Wadati-Benioff zone), trace element geochemistry (Ba/La, 
La/Yb, Ba/Zr, and Be/Ce ratios), and radiogenic isotopes 
(87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, and 207Pb/204Pb 
ratios and, above all, a new ratio parameter εNd/εSr). 
The uniqueness lies in the inference that, in spite of the 
ongoing subduction of the Cocos plate beneath the North 
American plate, there is no arc volcanism associated with 
this process in southern Mexico, whereas the subduction 
of the same oceanic plate beneath the Caribbean plate does 
give rise to an active arc: the Central American Volcanic 
Arc. The paper by Verma (2002) was never criticized by 
anyone but was mostly ignored because no arguments 
have thus far existed to prove it wrong.

The presence of disequilibrium phenocryst assemblages 
is a common characteristic in several volcanoes of the 
C-MVB, which has been interpreted as mixing or mingling 
of magmas in crustal reservoirs (Nixon, 1988a, 1988b; 
Aguirre-Díaz, 2001; Márquez and De Ignacio, 2002; Witter 
et al., 2005; Velasco-Tapia et al., 2013; Velasco-Tapia, 2014). 
It is, therefore, 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 stratovolcanoes, such as 
Iztaccíhuatl (Nixon, 1988a, 1988b), Popocatépetl (Robin, 
1984; Boudal, 1985; Siebe et al., 1999; Straub and Martin 
del Pozzo, 2001; Schaaf et al., 2005; Torres-Alvarado et al., 
2011), or Nevado de Toluca (Martínez-Serrano et al., 2004), 
it would be almost impossible to unequivocally infer the 
deeper mantle processes, because the (continental) crustal 
processes can generally account for all observations and 
constraints. There will be no objective way to separate the 
effects of processes taking place at shallower crustal depths 
from the deeper mantle. 

Similar problems may reside with the interpretation 
of deeper processes from the study of melt inclusions in 
minerals that have been reequilibrated at shallow, crustal 
depths (e.g., Cervantes and Wallace, 2003); in such cases, 
the inference being made might refer to shallow processes 
and not to deep-seated mantle sources. 

Therefore, contrary to the views expressed in such 
studies of evolved magmas and melt inclusions, inferences 
about the deeper processes, such as the involvement 
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of subduction fluids or melts, cannot be easily and 
unequivocally made. The study of primitive or at least 
basic or ultrabasic magmas is a fundamental requirement 
if one wishes to conclude about the deeper mantle sources 
and processes (e.g., Verma, 2006; Luhr, 2007). 

Some authors (Delgado et al., 1998) have used a 
simplistic and erroneous approach, already criticized by 
Sheth et al. (2002), whereby the mere presence of calc-
alkaline magmas (should better be called subalkaline 
according to the TAS diagram and CIPW norm 
calculations; Verma et al., 2002, 2003) was interpreted to 
prove their origin in an arc environment.

On the other hand, the apparently systematic variations 
of geochemical parameters with distance from the trench 
documented by Blatter et al. (2007) 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 
(Blatter et al., 2007) should have examined the variations 
of element concentrations, or more appropriately their 
ratios with the distance from the trench at a given SiO2 
level or for a given rock-type. Their interpretation was 
criticized by Torres-Alvarado et al. (2011).

Finally, for the unusual basic magmas from the MVB 
the nomenclature of ocean island basalt used by some 
authors (OIB, e.g., Márquez et al., 1999a, 1999b; Sheth et 
al., 2000; Ferrari, 2004) seems to be incorrect and should 
be abandoned, because such magmas are shown to belong 
to the continental rift rather than the OIB setting (Verma, 
2009, 2015a; Verma and Luhr, 2010; Verma et al., 2011; 
Velasco-Tapia and Verma, 2013; Section 5.5). The new 
discriminant function-based tectonic discrimination 
diagrams (Verma et al., 2006; Agrawal et al., 2008; Verma 
and Agrawal, 2011) can actually distinguish between OIB 
and continental rift settings. This distinction was simply 
not possible before 2006 and might explain the use of this 
term for the MVB magmas prior to 2006. 

2.3.1. Inverse modeling of geochemical data for primitive 
magmas from southern Mexico
Inverse modeling of geochemical data is a powerful 
quantitative technique (Hofmann and Feigenson, 1983; 
Hofmann et al., 1984; McKenzie and O’Nions, 1991; 
Ormerod et al., 1991; Feigenson and Carr, 1993; Maaløe, 
1994; Velasco-Tapia and Verma, 2001a, 2013; Feigenson 
et al., 2003; Verma, 2004, 2006). Basic magmas with 
characteristics of primitive, little-differentiated magmas 
are present throughout the MVB (e.g., Luhr et al., 1989; 
Luhr, 1997; Wallace and Carmichael, 1999; Verma, 2000a, 
2002, 2004), as well as in the LTVF (Verma et al., 1993a; 
Nelson et al., 1995; Verma, 2006). The geochemical data 
from the MVB have been subjected to inverse modeling. 
Specifically, the basic rock data from the Sierra de 
Chichinautzin in the C-MVB were modeled by Velasco-

Tapia and Verma (2001a, 2013); these authors concluded 
that the primitive magmas represented partial melts 
from the underlying mantle without the involvement of 
the subducted slab. This work was extended to the west-
central to eastern MVB (Verma, 2004) and to the LTVF 
(Verma, 2006), ascertaining the same conclusion for 
these regions as for the Sierra de Chichinautzin. Thus, a 
quantitative interpretation of the chemistry of primitive 
magmas from the MVB in terms of inverse modeling also 
confirms the inferences from other statistical arguments 
outlined in this paper. Velasco-Tapia and Verma (2013) 
also documented from inverse modeling that the CAVA 
represents the classic example of an arc setting wherein the 
HFSE and REE are decoupled from the LILE, indicating 
good functioning of the inversion procedure.

2.3.2. Sr, Nd, Pb, Os, Be, and Hf isotopes
Isotopic compositions have proved to be extremely useful 
in petrogenetic studies of volcanic provinces (e.g., Best and 
Christiansen, 2001; Faure, 2001; McBirney, 2007), and the 
MVB has been no exception. Numerous studies have been 
published on the Sr, Nd, and Pb isotopes from the MVB 
(Verma, 1983, 1999, 2000a, 2000b, 2001a, 2001b, 2001c, 
2002, 2003, 2015a; Boudal, 1985; Verma and Nelson, 
1989; Verma et al., 1991; Nakagawa et al., 1998; Siebe et 
al., 1999, 2004; Blatter et al., 2001, 2007; Velasco-Tapia 
and Verma, 2001a, 2013; Aguirre-Díaz et al., 2002; Verma 
and Carrasco-Núñez, 2003; Martínez-Serrano et al., 2004; 
Verma and Hasenaka, 2004; Schaaf et al., 2005; Verma et 
al., 2005; Gómez-Tuena et al., 2007b; Mukasa et al., 2007; 
Meriggi et al., 2008; García Tovar, 2009; Agustín-Flores et 
al., 2011; Torres-Alvarado et al., 2011; Arce et al., 2013; 
Koloskov and Khubunaya, 2013; Velasco-Tapia et al., 2013; 
Cai et al., 2014), including the present work. The shift to 
the right of the mantle array (Verma, 2006), towards and 
beyond the mean composition of subducted slab (Verma, 
2000a, 2002), commonly observed in all arcs around the 
world, has not been documented in the MVB, which 
makes this volcanic province atypical for it to be an arc. 
An important point to mention here is that the Sr and Nd 
isotopic data should be adjusted to given reference values 
for the standards used for estimating mass spectrometric 
bias, as has been done in all studies on the MVB published 
by our group (Verma and Nelson, 1989; Verma et al., 1991; 
Verma, 1992, 1999, 2000a, 2000b, 2001a, 2001b, 2001c, 
2002, 2003, 2015a; Velasco-Tapia and Verma, 2001a, 2013; 
Verma and Carrasco-Núñez, 2003; Verma and Hasenaka, 
2004; Verma et al., 2005; Torres-Alvarado et al., 2011; 
Velasco-Tapia and Verma, 2013). Most other scholars 
studying the MVB have unfortunately not followed this 
convention (e.g., Boudal, 1985; Nakagawa et al., 1998; Siebe 
et al., 1999, 2004; Blatter et al., 2001, 2007; Aguirre-Díaz et 
al., 2002; Martínez-Serrano et al., 2004; Schaaf et al., 2005; 
Mukasa et al., 2007; García-Tovar, 2009; Agustín-Flores et 
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al., 2011; Arce et al., 2013; Koloskov and Khubunaya, 2013; 
Cai et al., 2014).

The studies (e.g., Martínez-Serrano et al., 2004) 
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 isotopic 
compositions are different from the subducting Cocos 
plate (Martínez-Serrano et al., 2004; Verma, 2009). Other 
geochemical characteristics of these “adakites” also cannot 
be obtained from the partial melting of subducting Cocos 
plate, being a requisite to call a rock an adakite. Similarly, 
models involving slab melts for the genesis of some MVB 
magmas (Gómez-Tuena et al., 2003, 2007b) are neither 
consistent with the composition of the subducting slab 
(Verma, 2000a, 2002), nor with the recent seismic evidence 
(Pacheco and Singh, 2010). 

The osmium isotopic compositions of the MVB 
magmas (Lassiter and Luhr, 2001; Chesley et al., 2002) 
have not provided any convincing evidence in support of 
the subduction-related origin, although these authors have 
tried to explain their results in terms of such arc-trench 
models, downplaying the influence of the relatively thick 
(about 40 km) continental crust beneath the C-MVB.

A worldwide study of beryllium isotopes (Tera et al., 
1986) also included samples from the MVB and CAVA. 
The MVB samples showed practically negligible contents 
of 10Be in the MVB magmas (0.3 × 106 to 0.5 × 106 atoms 
g–1; n = 3), which were similar to the ocean island and rift 
volcanoes (0.1 × 106 to 0.7 × 106 atoms g–1; n = 15), MORB 
(0.1 × 106 to 0.9 × 106 atoms g–1; n = 5), or flood basalt 
(0.2 × 106 to 0.7 × 106 atoms g–1; n = 4), but significantly 
lower than the arc values (Tera et al., 1986). These authors 
argued that the uppermost layer of Cocos plate sediments 
is scraped off in the Mexican subduction zone but, because 
the CAVA rocks did have very high 10Be contents (0.6 × 
106 to 24 × 106 atoms g–1; n = 17), this process was not 
required in the Central American segment of the same 
MAT (Figure 1). In fact, the range of 10Be for the CAVA 
samples (0.6 × 106 to 24 × 106 atoms g–1) is so wide that 
it includes all ranges of 10Be values for other arcs (Tera et 
al., 1986). In spite of the adverse evidence for the MVB, 
the general subduction-related model was maintained. 
In this context, one may ask the following questions: 1) 
“What would be the reason for the sediments to be scraped 
off from the Mexican MAT, but not from the Central 
American MAT?”; and 2) “Why can the MVB not represent 
a continental rift setting?” If the MVB does represent a rift 
setting, the 10Be data would be easily explained.  

The most recent Hf isotope study by Cai et al. (2014), 
supposedly to have proved the involvement of slab melts 
in the genesis of the C-MVB magmas, will be discussed in 
greater detail in Section 6.4. These authors start with the 
hypothesis that the MVB is an arc. If a working hypothesis 

is taken as an established fact and all the adverse geological, 
geochemical, statistical, and geophysical evidence 
accumulated over three decades is ignored, nothing can 
cope with this kind of “science”. Nevertheless, I propose 
some of the shortcomings of this work as follows: 1) Pardo 
and Suárez’s (1995) interpolation of depth contours and 
Pérez-Campos et al.’s (2008) speculative 90° turn in the 
subducted slab, on which their work relies, are biased 
interpretations (Verma, 2002, 2009; this work); 2) Pacheco 
and Singh’s (2010) interpretation of the same seismic data 
as Pérez-Campos et al. (2008) was not even mentioned, 
probably because it will not allow the presence of a mantle 
wedge, nor would the subducted slab be at appropriate 
depths for it to melt; 3) the current interpretation of the 
combined Nd and Hf isotopic data is biased and probably 
incorrect, as shown in Section 6.4; 4) the uncertainties in 
all modeled parameters, inevitably present, are neither 
stated nor taken into account while deriving inferences 
from different diagrams, and alternative extension-related 
models were not even evaluated.   

2.3.3. Study of basic magmas as a prerequisite for arriving 
at a better-constrained petrogenetic model 
Crustal contamination has been invoked in several 
studies of evolved magmas from the MVB (McBirney et 
al., 1987; Verma et al., 1991; Besch et al., 1995; Verma, 
1999, 2000b, 2001a, 2001b, 2001c, 2003, 2015a; Torres-
Alvarado and Verma, 2003; Verma and Carrasco-Núñez, 
2003; Siebe et al., 2004; Schaaf et al., 2005; Velasco-Tapia 
and Verma, 2013). Further, the alternative lower or upper 
crustal reservoir is likely to impart similar signatures as 
those from the subducted slab to intermediate and acid 
magmas in the MVB (Section 6.3) 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 – for 
the origin of intermediate and acid magmas will have to 
be taken into account, and the origin of basic, primitive 
magmas will have to play a central role in such decisions. 

2.4. Plate tectonic evidence
In an attempt to explain the origin of “continental rift-
like” basic magmas of the MVB and presumably “arc-like” 
intermediate and acid magmas, Ferrari (2004) proposed 
a plate tectonic model, according to which the subducted 
slab broke during the late Miocene. Ferrari (2004) stated 
that “the trace of the detachment is expressed by a short 
(2–3 m.y.), eastward-migrating pulse of mafic volcanism 
that took place from ca. 11.5 to ca. 6 Ma to the north of 
the Pliocene–Quaternary volcanic arc, as hot, subslab 
material flowing into the slab gap produced a transitory 
thermal anomaly in the mantle wedge.” I would say that 
there are several pending questions that must be answered 
before this suggestion should be considered acceptable: 1) 
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“How could the breakage of a 1000-km-long segment of 
the subducted slab be achieved?”; 2) “What could be the 
physical cause for this process?”; 3) “At what approximate 
depth did the detachment take place?”; 4) “If the slab 
detachment took place sometime during the late Miocene 
(neither the exact timing nor the depth of detachment 
are known or stated), the attached (integral) part of the 
subducted slab should have advanced at least 100 km or 
more downwards and must be traceable by the recent 
dense seismic network (Figure 1) especially designed for 
this purpose (Pacheco and Singh, 2010)”; 5) “Why is there 
widespread “continental rift-type” volcanism throughout 
the MVB during the Quaternary?” – according to Ferrari’s 
model and my fourth question, there should simply be no 
such volcanism anywhere in the C-MVB; and 6) “Why 
does any rock type (basic, intermediate, or acid) from 
near the trench not show a greater subduction signal in all 
parameters than those from far from the trench?” No such 
differences are discernible from the compiled data (Section 
6). Therefore, I conclude that the validity of this hypothesis 
is not ascertained from any of the available geochemical or 
geophysical evidence.

Kim et al. (2011), mainly from the data for the LTVF 
dense seismic array transect (the southern transect in 
Figure 1), suggested the collision of the Yucatán block 
with southern Mexico at about 12 Ma, which caused the 
breakage of the Cocos plate about 4 m.y. ago. Although it 
may apparently provide a mechanism for the slab break-
up for Ferrari’s model (Ferrari, 2004), there are even 
more difficulties with the proposal of Kim et al. (2011), as 
follows: 1) “Where is the arc or collision type volcanism 
from 25 Ma to the Holocene age (see Figure 10 of Kim 
et al., 2011), associated with the subduction of the now 
disappeared oceanic plate to which the Yucatán block was 
supposed to be attached?”; 2) “Where is the volcanism or 
plutonism associated with this middle Miocene collision 
event in southern Mexico?” – it is certainly not in the LTVF 
(Figure 1) because this Neogene volcanism is not of an arc-
type (Verma, 2006); 3) as suggested by Kim et al. (2011), 
the Chiapas fold and thrust belt could be taken as the 
product of this collision provided there were evidence of 
the syncollision and postcollision igneous activity, which 
is not known; 4) even when volcanism is documented 
from the Chiapas belt, it must be shown to be of collision 
type; 5) these authors themselves admit that they have 
no paleomagnetic evidence to support their model; 6) 
“Why did the oceanic slab attached to the Yucatán block 
continue to grow even after this collision (see their Figure 
10)?”; 7) the horizontal and vertical scales in their Figure 
10 are not provided, and irrespective of this shortcoming 
the proportions of different geological identities seem to be 
incorrect; 8) “Why did the subducted slab corresponding 
to the Yucatán block remain intact but cause the Cocos slab 

to break off?”; and 9) “If the Cocos plate did break at about 
4 Ma, it should be seismically traceable now at >60 km 
depth after its advancement during the 4 m.y. of additional 
subduction”. Even more questions can be similarly posed. 
In fact, the plate tectonic model proposed by these authors 
is far from clear. Therefore, this work should best be 
considered as an unproved working hypothesis only. Thus, 
no workers (Ferrari, 2004; Kim et al., 2011) have been able 
to provide any satisfactory and well-tested plate tectonic 
model for the explanation of the anomalous and complex 
situation of the C-MVB, including the rest of southern 
Mexico (Verma, 2002, 2004, 2009, 2015a).

Furthermore, if the subducted slab is subhorizontal 
and shallow (<60 km deep), there should be no (or only 
subdued) volcanism associated to such a shallow slab (Kay 
et al., 1987, 1991; Verma, 2002; Ramos and Folguera, 2009). 
Yet there is abundant volcanism in the C-MVB (Figure 2).

3. New data from the central part of the Mexican 
Volcanic Belt (C-MVB)
Major and trace elements including the rare-earth elements 
and radiogenic isotopes were newly determined for 8 
samples of Pliocene-Pleistocene volcanic rocks from the 
Cerro Jocotitlán area (approximate coordinates and results 
provided in Table 1), 38 samples from different areas of the 
C-MVB (Table 2), and 4 samples of upper crustal rocks 
(three of Eocene-Oligocene sedimentary rocks and one 
of granitic pluton) from the state of Michoacán (Table 3). 
All analyses were carried out at least in duplicate and only 
mean (rounded) values are presented in Tables 1–3.

Major and trace elements were determined from X-ray 
fluorescence spectrometry and rare-earth elements from 
high-performance liquid chromatography. The analytical 
details and accuracy estimates were given by Verma 
(1991a, 1991b) and Verma et al. (1992, 1993b). The Sr, 
Nd, and Pb isotopes (87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, 
207Pb/204Pb, and 208Pb/204Pb) were determined by 
thermal ionization mass spectrometry; the procedures 
and accuracy are similar to those summarized by Verma 
(1992). The 87Sr/86Sr ratios are normalized to 86Sr/88Sr = 
0.11940 and adjusted to SRM987 87Sr/86Sr of 0.710230. 
The 143Nd/144Nd are normalized to 146Nd/144Nd = 
0.72190 and adjusted to La Jolla 143Nd/144Nd of 0.511860. 
The measured 87Sr/86Sr for the SRM987 standard was 
0.710216 ± 11 (1s – one standard deviation; n = 36) and 
the measured 143Nd/144Nd for the La Jolla standard 
was 0.511833 ± 12 (1s; n = 82). Note that the measured 
isotopic ratios were adjusted following the convention of 
Mainz, Germany (Verma, 1992). The Pb isotopic ratios 
were corrected for fractionation estimated by running 
simultaneously the NBS982 standard and are relative to 
values of 206Pb/204Pb = 36.73845, 207Pb/204Pb = 17.15946, 
208Pb/204Pb = 36.74432, and 207Pb/206Pb = 0.46707 
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Table 1. New geochemical and isotopic data for volcanic rock samples from Cerro Jocotitlán, State of Mexico, in the central part of 
the Mexican Volcanic Belt, Mexico.
Sample: JO01 JO02 JO03 JO05 JO08 JO04 JO06 JO07
Long. (°W): –99.6267 –99.6267 –99.6267 –99.6533 –99.618 –99.6267 –99.5919 –99.6005
Lat. (°N): +19.6925 +19.6925 +19.6925 +19.7070 +19.792 +19.6925 +19.7360 +19.7423

Age Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Magma type: Intermediate Intermediate Intermediate Intermediate Intermediate Acid Acid Acid
Rock type: Andesite Andesite Andesite Andesite Andesite Dacite Dacite Dacite
SiO2 59.04 61.25 61.05 62.14 60.66 63.55 64.97 64.62
TiO2 0.86 0.74 0.74 0.92 0.89 1.05 0.75 0.76
Al2O3 17.21 16.86 17.09 16.48 16.74 16.04 16.39 16.99
Fe2O3

T 6.05 5.2 5.16 5.33 5.6 4.84 4.22 4.37
MnO 0.099 0.089 0.09 0.088 0.094 0.08 0.071 0.076
MgO 4.31 3.63 3.45 3.23 3.68 1.59 2.23 2.36
CaO 5.5 5.18 5.17 5.14 5.64 4.01 4.04 4.33
Na2O 3.27 3.49 3.48 3.74 3.46 4.07 3.7 3.84
K2O 1.57 1.91 1.88 2.29 1.97 2.57 2.66 2.51
P2O5 0.162 0.133 0.12 0.222 0.187 0.226 0.169 0.175
LOI 2.19 1.67 1.95 0.56 0.8 2.07 0.72 0.37
Sum 100.26 100.15 100.18 100.14 99.72 100.10 99.92 100.40
(SiO2)adj 60.49 62.45 62.40 62.66 61.59 65.07 65.70 64.81
(Na2O + K2O)adj 4.96 5.51 5.48 6.08 5.51 6.80 6.43 6.37
Q 14.24 15.81 16.07 15.16 14.59 18.79 20.59 18.95
Or 9.51 11.51 11.36 13.65 11.82 15.55 15.90 14.88
Ab 28.35 30.11 30.10 31.91 29.72 35.26 31.66 32.59
An 26.87 25.18 25.41 21.59 24.70 18.33 19.14 20.40
Di 0.00 0.11 0.00 2.15 2.00 0.43 0.00 0.00
Hy 16.29 13.70 13.29 11.39 13.04 7.16 8.75 9.14
Mt 2.15 1.84 1.83 1.87 1.97 1.90 1.64 1.68
Il 1.67 1.43 1.44 1.76 1.72 2.04 1.44 1.45
Ap 0.38 0.31 0.28 0.52 0.44 0.54 0.40 0.41
Mg# 64.98 64.52 63.53 61.22 63.12 46.95 58.74 59.27
FeOT / MgO 1.26 1.29 1.35 1.48 1.37 2.74 1.70 1.67
La 25.4 16.5 21.0 24.9 20.9 18.5 22.2 30.2
Ce 45.0 29.6 40.3 49.1 43.7 44.5 40.6 58.0
Pr 5.8 4.1 4.9 5.9 5.0 4.4 5.1 6.6
Nd 23.0 16.7 19.9 23.6 20.5 17.5 19.6 24.7
Sm 4.6 3.4 4 4.8 4.1 3.6 4.0 4.9
Eu 1.27 0.95 1.05 1.25 1.11 0.82 0.94 1.14
Gd 4.5 3.1 3.6 4.6 3.8 3.3 3.9 4.9
Tb 0.78 0.62 0.69 0.79 0.68 0.61 0.72 0.89
Ho 0.79 0.53 0.56 0.68 0.63 0.60 0.60 0.80
Er 1.9 1.4 1.6 2.0 1.8 1.7 1.8 2.3
Tm 0.22 0.18 0.24 0.33 0.25 0.23 0.34 0.38
Yb 1.4 1.2 1.5 2.0 1.7 1.7 1.5 2.3
Lu 0.21 0.24 0.25 0.34 0.25 0.23 0.26 0.36
(87Sr / 86Sr)m 0.704718 0.704761 0.704743 0.704918 0.704827 0.704700 0.705125 0.705112
(143Nd / 144Nd)m 0.512656 0.512658 0.512642 0.512681 0.512657 0.512667 0.512604 0.512651

Abbreviations: The subscript adj refers to adjusted data (anhydrous 100% adjusted basis); Mg# = 100 Mg2+ / (Mg2+ + Fe2+ ), atomic; FeOT = total 
iron expressed as FeO (the computer program for adjustments and norm calculations is SINCLAS by Verma et al., 2002, or IgRoCS by Verma and 
Rivera-Gómez, 2013b). Replicate analyses of major elements were performed for most samples; n1 = number of analyses for major elements; n2 = 
number of analyses for trace elements; n3 = number of analyses for Sr isotopes; n4 = number of analyses for Nd isotopes. Rounded concentration values 
were reported; the sum may therefore be sometimes inconsistent. The 87Sr/86Sr ratios are normalized to 86Sr/88Sr = 0.11940 and adjusted to SRM987 
87Sr/86Sr of 0.710230. The 143Nd/144Nd are normalized to 146Nd/144Nd = 0.72190 and adjusted to La Jolla 143Nd/144Nd of 0.511860. The measured 
87Sr/86Sr for the SRM987 standard was 0.710216 ± 11 (1s; n = 36) and the measured 143Nd/144Nd for the La Jolla standard was 0.511833 ± 12 (1s;          
n = 82). Note that the measured isotopic ratios were adjusted following the convention of Mainz (see Verma, 1992, 2002, 2006). 
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Table 2. Additional new geochemical and isotopic data for volcanic rock samples from the central part of the Mexican Volcanic Belt, 
Mexico.
Sample: SC01 SC02 OX01 OX02 SMN01 SG01 VT01 VT02

Long. (°W): –99.4000 –99.4583 –99.5917 –99.6267 –99.8017 –99.8944 –99.6417 –99.7083

Lat. (°N): +19.3167 +19.3083 +19.3361 +19.6925 +19.3450 +19.5917 +19.3750 +19.5417

Area Sierra de las 
Cruces

Sierra de las
Cruces Valle de Toluca Valle de Toluca Valle de Toluca Valle de Toluca Valle de Toluca Valle de 

Toluca

Age Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Magma type: Acid Acid Intermediate Intermediate Intermediate Intermediate Intermediate Acid

Rock type: Dacite Dacite Andesite Trachyandesite, 
latite Andesite Basaltic 

andesite
Trachyandesite, 
latite Dacite

SiO2 64.69 64.72 58.75 60.92 60.81 51.86 55.75 67.57
TiO2 0.65 0.67 0.99 1.14 0.84 1.94 1.07 0.5
Al2O3 16.15 15.83 17.25 16.99 15.81 16.93 15.60 15.65
Fe2O3

T 4.46 4.50 5.89 5.79 5.76 10.15 6.72 3.28
MnO 0.078 0.079 0.108 0.089 0.094 0.158 0.096 0.063
MgO 2.56 2.65 3.96 1.75 4.88 5.42 5.98 1.52
CaO 3.92 4.30 6.52 4.84 5.49 7.57 6.90 3.41
Na2O 4.28 4.62 3.78 3.98 3.71 3.68 4.49 4.19
K2O 2.01 2.04 1.85 2.86 2.13 1.07 2.59 2.56
P2O5 0.146 0.167 0.191 0.308 0.218 0.572 0.741 0.118
LOI 0.90 0.40 0.72 1.05 0.93 0.45 0.23 0.94
Sum 99.84 99.98 100.01 99.72 100.67 99.80 100.17 99.80
(SiO2)adj 65.60 65.21 59.44 62.01 61.24 52.62 56.06 68.52
(Na2O + K2O)adj 6.38 6.71 5.70 6.96 5.88 4.82 7.12 6.84
Q 18.96 16.69 9.67 13.53 11.72 1.39 0.00 23.32
Or 12.05 12.15 11.06 17.20 12.68 6.42 15.39 15.34
Ab 36.72 39.39 32.36 34.28 31.61 31.60 38.21 35.95
An 18.75 16.56 24.93 20.41 20.34 26.91 14.84 16.37
Di 0.00 3.12 5.29 1.64 4.55 6.04 11.80 0.00
Hy 10.03 8.69 12.28 7.75 14.97 19.39 10.68 6.43
Ol 0.00 0.00 0.00 0.00 0.00 0.00 2.71 0.00
Mt 1.74 1.74 2.07 2.26 2.01 3.17 2.59 1.28
Il 1.25 1.28 1.90 2.20 1.61 3.74 2.04 0.96
Ap 0.34 0.39 0.45 0.73 0.51 1.34 1.73 0.28
Mg# 60.73 61.34 63.65 44.88 68.82 57.33 70.57 55.53
FeOT / MgO 1.57 1.53 1.34 2.98 1.06 1.69 1.01 1.94
Ba 424 452 530 792 414 524 1096 512
Co 14 13 18 12 36 32 22 7.5
Cr 107 84 57 8 177 149 160 40
Cu 14 16 18 9 22 21 37 6
Nb 4.7 5.7 7.6 14.0 6.1 21.8 15.3 5.5
Ni 58 48 28 8 82 40 130 13
Rb 52.8 53.2 44.2 58.4 32.5 9.4 26.3 68.2
Sr 420 454 436 398 512 149 1715 384
V 54 80 93 44 112 150 123 46
Y 17.8 21.4 25.8 37.6 18.4 36.2 17.8 14.2
Zn 66 66 62 74 78 108 102 50
Zr 146.3 147.8 158.3 280.7 167.0 299.1 215.8 135.6
La 12.8 13.5 20.5 23.8 12.7 25.5 58 16.4
Ce 22.7 24.2 36.0 35.8 28.2 66 127 30.7
Pr 3.4 3.6 4.8 4.3 3.9 8.2 13.4 3.6
Nd 13.9 14.5 19.0 15.1 14.9 34.0 48.7 14.8
Sm 3.1 3.2 3.9 3.5 3.3 7.6 7.5 2.9
Eu 0.92 1.05 1.09 0.92 1.02 2.22 1.96 0.82
Gd 2.9 3.1 3.7 4.7 3.1 7.1 5.1 2.7
Tb 0.52 0.58 0.72 0.87 0.54 1.0 0.80 0.57
Ho 0.48 0.52 0.64 1.06 0.50 1.10 0.64 0.48
Er 1.3 1.3 1.8 2.9 1.4 2.6 1.6 1.2
Tm 0.18 0.19 0.21 0.49 0.16 0.39 0.19 0.14
Yb 1.2 1.2 1.1 2.1 1.3 2.6 1.4 1.1
Lu 0.15 0.18 0.15 0.36 0.23 0.33 0.22 0.13
(87Sr / 86Sr)m 0.704170 0.704139 0.703929 0.704596 0.704106 0.703761 0.704171 0.704205
(143Nd / 144Nd)m 0.512873 0.512876 0.512727 0.512656 0.512862 0.512759 0.512827 0.512834
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Table 2. (Continued.)

Sample: VT03 VA02 VA03 ATH01 LC01 TU01 SF02 AG01
Long. (°W): –99.7667 –99.5116 –99.5275 –99.6194 –100.4583 –100.4750 –100.4625 –100.4750
Lat. (°N): +19.7361 +20.51330 +20.51330 +20.5917 +19.5000 +19.5375 +19.6056 +19.4625

Area Valle de 
Toluca Hidalgo Hidalgo Hidalgo 

(Atopixco) Zitácuaro Zitácuaro Zitácuaro Zitácuaro

Age Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Magma type: Acid Intermediate Intermediate Acid Intermediate Intermediate Acid Acid

Rock type: Dacite Basaltic 
andesite

Basaltic 
andesite Rhyolite Basaltic 

andesite Basaltic andesite Dacite Dacite

SiO2 62.88 54.50 54.54 74.96 54.95 55.65 65.20 66.32
TiO2 0.84 1.43 1.41 0.24 1.29 1.36 0.55 0.58
Al2O3 16.39 17.80 17.75 12.84 16.68 17.63 16.78 15.93
Fe2O3

T 4.89 8.14 8.09 1.73 8.39 7.91 3.89 3.31
MnO 0.084 0.129 0.128 0.030 0.129 0.123 0.073 0.026
MgO 2.96 4.82 7.69 0.17 5.65 3.98 2.34 0.99
CaO 4.85 8.44 8.33 0.75 7.27 7.52 4.78 4.06
Na2O 3.58 3.38 3.54 3.48 3.75 3.81 4.20 4.22
K2O 2.53 1.03 0.98 5.60 1.56 1.65 1.68 2.74
P2O5 0.198 0.338 0.314 0.031 0.300 0.333 0.145 0.161
LOI 0.84 –0.05 0.20 0.38 0.27 0.09 0.37 1.97
Sum 100.04 99.96 102.97 100.21 100.24 100.06 100.01 100.31
(SiO2)adj 63.62 54.85 53.40 75.18 55.33 56.02 65.63 67.61
(Na2O + K2O)adj 6.18 4.44 4.43 9.11 5.35 5.50 5.92 7.10
Q 17.01 5.42 0.64 31.20 2.76 4.91 19.91 21.46
Or 15.13 6.13 5.67 33.19 9.28 9.82 9.99 16.51
Ab 30.65 28.78 29.33 29.53 31.95 32.45 35.77 36.40
An 21.43 30.55 29.03 2.88 24.24 26.30 22.11 16.75
Di 1.30 7.62 7.57 0.55 8.20 7.41 0.65 2.25
Hy 10.51 15.46 21.99 1.33 17.80 13.28 8.67 3.84
Mt 1.90 2.52 2.44 0.78 2.60 2.45 1.50 1.29
Il 1.61 2.73 2.62 0.46 2.47 2.60 1.05 1.12
Ap 0.46 0.79 0.71 0.07 0.70 0.78 0.34 0.38
Mg# 61.99 59.83 70.51 22.01 62.88 55.87 61.84 44.62
FeOT / MgO 1.49 1.52 0.95 9.16 1.34 1.79 1.50 3.01
Ba 639 406 418 273 364 398 404 756
Co 13 21 23 1 44 24 12 6
Cr 56 68 68 18 142 64 50 12
Cu 12 10 8 1 31 22 14 5.5
Nb 9.6 11.2 10.5 19.2 10.6 11.2 4.5 8.4
Ni 32 9 7.5 8 74 18.5 26 8
Rb 72.7 15.6 15.4 288.0 26.6 27.4 29.0 71.1
Sr 396 670 669 38 614 633 895 397
V 76 134 132 14 152 152 52 40
Y 23.0 25.4 25.3 44.2 24.0 25.2 12.6 26.9
Zn 66 83 85 38 92 88 56 54
Zr 201.1 221.4 216.3 216.0 178.1 191.0 115.7 226.1
La 25.3 11.7 17.8 18.7 19.9 19.7 12.5 19.5
Ce 52 27.3 39 31 45 43 20.7 33
Pr 5.9 4.8 5.2 4.8 5.4 5.3 3.1 3.9
Nd 24.6 12.6 22.1 17.9 23.2 21.3 12.1 15.5
Sm 4.7 2.9 4.9 3.6 5.0 4.6 2.5 3.4
Eu 1.15 1.08 1.61 0.29 1.54 1.44 0.81 0.75
Gd 4.2 3.7 4.9 3.4 4.8 4.3 2.2 4.1
Tb 0.74 0.64 0.75 0.68 0.81 0.74 0.44 0.70
Ho 0.72 0.74 0.86 0.85 0.82 0.69 0.34 0.80
Er 1.9 2.0 2.3 2.8 2.3 1.9 0.9 2.5
Tm 0.22 0.32 0.28 0.46 0.34 0.26 0.10 0.35
Yb 1.8 1.8 2.1 3.1 2.1 1.6 0.8 2.6
Lu 0.25 0.31 0.27 0.38 0.32 0.21 0.09 0.42
(87Sr / 86Sr)m 0.704994 0.704100 0.704098 0.707654 0.703740 0.703796 0.703453 0.704453
(143Nd / 144Nd)m 0.512622 0.512661 0.512662 0.512574 0.512970 0.512767 0.512796 0.512654



413

VERMA / Turkish J Earth Sci

Table 2. (Continued.)

Sample: AG02 AG03 SF01 LANO01 SLP01 ZIN01 PUR02 SFT01
Long. (°W): –100.4750 –100.4750 –100.4750 –100.3533 –100.9200 –100.8208 –100.45278 –100.0167
Lat. (°N): +19.4625 +19.4625 +19.4625 +19.8200 +19.7917 +19.8958 +20.1194 +19.8083

Area Zitácuaro Zitácuaro Zitácuaro MGVF
(La Nopalera)

MGVF 
(San Lucas Pío) MGVF MGVF 

(Puraguita)
MGVF (San 
Fco. Tepeolulco)

Age Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Magma type: Acid Acid Acid Intermediate Intermediate Intermediate Acid Acid

Rock type: Dacite Dacite Dacite
Basaltic 
trachyandesite, 
mugearite

Basaltic 
trachyandesite, 
mugearite

Andesite Rhyolite Dacite

SiO2 66.70 66.43 65.43 55.52 55.09 57.73 75.28 62.77
TiO2 0.59 0.59 0.52 1.71 1.35 1.27 0.06 0.72
Al2O3 16.05 15.90 16.19 16.53 17.72 17.16 12.32 15.6
Fe2O3

T 3.39 3.67 3.65 9.23 8.25 7.41 1.03 4.84
MnO 0.025 0.051 0.062 0.147 0.129 0.118 0.022 0.082
MgO 0.95 0.95 2.19 4.35 4.35 3.16 0.03 3.73
CaO 3.61 3.56 4.36 6.64 7.36 6.19 0.44 4.65
Na2O 4.28 4.27 4.27 4.11 4.27 3.66 3.50 3.93
K2O 2.78 2.79 2.43 1.68 1.44 2.31 4.60 2.17
P2O5 0.163 0.163 0.146 0.51 0.404 0.32 0.011 0.187
LOI 1.79 1.87 0.61 0.09 0.00 0.79 2.71 1.23
Sum 100.33 100.24 99.86 100.52 100.36 100.12 100.00 99.91
(SiO2)adj 67.86 67.72 66.10 55.67 55.24 58.45 77.43 63.84
(Na2O + K2O)adj 7.18 7.20 6.77 5.81 5.73 6.04 8.33 6.20
Q 21.83 21.61 18.58 4.34 2.49 9.01 37.00 15.87
Or 16.71 16.81 14.51 9.96 8.53 13.82 27.96 13.04
Ab 36.85 36.83 36.50 34.87 36.23 31.36 30.46 33.82
An 16.66 16.29 18.02 21.75 25.00 23.87 2.17 18.83
Di 0.40 0.54 2.33 6.48 7.31 4.19 0.00 2.73
Hy 4.70 4.97 7.30 14.94 14.06 11.95 0.95 11.98
Mt 1.32 1.44 1.41 3.21 2.87 2.61 0.48 1.89
Il 1.14 1.14 1.00 3.26 2.57 2.44 0.12 1.39
Ap 0.38 0.38 0.34 1.18 0.94 0.75 0.03 0.44
Mg# 43.02 41.09 61.78 55.11 57.87 52.63 7.72 67.49
FeOT / MgO 3.21 3.48 1.50 1.91 1.71 2.11 30.89 1.17
Ba 732 742 516 490 416 560 1 458
Co 6 6 10 41 40 20 1 48
Cr 16 14 63 102 72 18 12 134
Cu 4 6 18 22 31.5 22 1 14
Nb 8.1 8.5 5.3 20.9 15.6 13.9 17.6 7.6
Ni 8 7 30 46 41 18 6 62
Rb 71.9 70.6 61.0 34.4 20.8 46.6 236.3 38.7
Sr 393 393 751 541 616 500 0.3 565
V 37 37 61 153 151 118 6 80
Y 23.1 22.3 11.1 39.0 25.4 127.8 55.1 17.7
Zn 56 54 54 101 91 94 53 71
Zr 225.8 223.2 115.2 281.6 206.7 221.4 89.6 170.7
La 12.0 18.4 10.1 35 16.8 74 17.6 16.8
Ce 16.5 33 18.5 65 37 57 51 29.2
Pr 2.4 4.1 3.2 8.6 5.0 17.4 5.9 3.9
Nd 9.3 13.2 10.9 36.2 19.0 64 25.1 15.2
Sm 2.2 3.1 2.2 7.5 4.2 14.1 7.6 3.3
Eu 0.59 0.80 0.71 2.08 1.32 2.59 0.18 0.99
Gd 2.7 3.3 1.7 7.5 4.0 17.1 8.4 2.8
Tb 0.54 0.58 0.28 1.1 0.62 2.3 1.4 0.48
Ho 0.47 0.50 0.25 1.28 0.70 3.2 1.9 0.43
Er 1.4 1.5 0.61 3.6 2 9.3 5.5 1.2
Tm 0.16 0.19 0.07 0.47 0.28 1.28 0.81 0.17
Yb 1.4 1.5 0.6 3.1 1.8 7.8 4.0 1.1
Lu 0.19 0.20 0.09 0.47 0.25 1.2 0.60 0.17
(87Sr / 86Sr)m 0.704472 0.704454 0.703930 0.703704 0.703809 0.704081 0.744584 0.703891

(143Nd / 144Nd)m 0.512650 0.512643 0.512714 0.512821 0.512863 0.512800 0.512681 0.512851
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Table 2. (Continued.)

Sample: ZIN02 CALA01 CALA02 DOCO01 AZ01 LA70−D
Long. (°W): –100.7861 –100.5833 –100.5717 –100.5717 –100.7000 –100.6644
Lat. (°N): +19.8667 +19.8903 +19.9117 +19.9117 +19.7639 +19.7869

Area MGVF North of Caldera Los 
Azufres (Santa Mónica)

North of Caldera Los 
Azufres (Santa Mónica)

North of Caldera 
de Los Azufres

Caldera de Los 
Azufres

Caldera Los 
Azufres

Age Pliocene–
Pleistocene Pliocene–Pleistocene Pliocene–Pleistocene Pliocene–Pleistocene Pliocene–

Pleistocene
Pliocene–
Pleistocene

Magma type: Acid Acid Acid Acid Acid Acid
Rock type: Rhyolite Dacite Dacite Rhyolite Rhyolite Rhyolite
SiO2 74.26 63.09 62.75 76.88 72.55 71.5
TiO2 0.07 0.77 0.77 0.06 0.21 0.16
Al2O3 12.79 16.54 16.52 12.75 13.49 13.7
Fe2O3

T 1.08 4.78 4.72 1.08 1.91 0.95
MnO 0.029 0.082 0.080 0.021 0.044 0.04
MgO 0.03 2.30 2.15 0.02 0.24 0.1
CaO 0.54 4.62 4.61 0.31 0.97 0.57
Na2O 3.50 4.06 3.78 3.92 3.69 3.14
K2O 4.65 2.78 2.92 4.45 4.46 4.66
P2O5 0.012 0.234 0.232 0.020 0.041 0.05
LOI 3.05 0.86 1.44 0.6 2.5 4.55
Sum 100.01 100.12 99.97 100.11 100.10 99.42
(SiO2)adj 76.65 63.79 63.91 77.32 74.43 75.42
(Na2O + K2O)adj 8.41 6.92 6.82 8.42 8.36 8.02
Q 35.64 15.26 16.23 36.21 31.85 35.73
Or 28.36 16.61 17.58 26.45 27.04 29.05
Ab 30.57 34.74 32.58 33.36 32.03 28.03
An 2.68 18.90 19.84 1.42 4.66 2.64
Di 0.00 2.22 1.56 0.00 0.00 0.00
Hy 1.00 8.39 8.34 0.95 2.07 0.95
Mt 0.50 1.85 1.84 0.49 0.88 0.45
Il 0.14 1.48 1.49 0.11 0.41 0.32
Ap 0.03 0.55 0.55 0.05 0.10 0.12
Mg# 7.39 56.45 55.10 5.05 26.52 23.22
FeOT / MgO 32.39 1.87 1.98 48.59 7.16 8.55
Ba 88 606 624 4 462 890
Co 1 24 30 2 4
Cr 8 41 37 10 9
Cu 4 8 8 1 5
Nb 16.1 10.8 10.6 26.4 11.8 20
Ni 6 12 11 8 7
Rb 151.4 70.2 70.6 242.4 149.3 147
Sr 11 452 453 2.1 84 62
V 5 69 70 6 14 10
Y 22.4 22.8 23.1 89.4 20.6 35
Zn 36 72 70 54
Zr 97.7 224.1 218.8 107.4 146.6 208
La 9.3 23.0 30 4.5 25.0
Ce 22.5 43 55 14.0 43
Pr 2.9 5.5 7.5 2.2 5.4
Nd 11.7 21.2 28.0 11.2 17.9
Sm 2.9 4.1 5.5 4.8 3.3
Eu 0.21 1.06 1.30 0.16 0.48
Gd 2.9 3.7 4.9 6.9 2.9
Tb 0.61 0.65 0.82 1.1 0.56
Ho 0.62 0.62 0.84 1.65 0.66
Er 1.9 1.8 2.3 5.4 1.8
Tm 0.27 0.22 0.30 0.80 0.32
Yb 1.9 1.6 2.1 5.2 1.9
Lu 0.23 0.27 0.31 0.72 0.27
(87Sr / 86Sr)m 0.704967 0.704483 0.704435 0.723431 0.704288 0.704149
(143Nd / 144Nd)m 0.512793 0.512738 0.512749 0.512689 0.512813 0.512830
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Table 2. (Continued.)

Sample: LA37 LA34 LA48 LA38 LA50 LA64 LA52 LA74

Long. (°W): –100.6294 –100.6050 –100.6481 –100.6486 –100.6572 –100.6600 –100.7075 –100.7131

Lat. (°N): +19.8069 +19.7922 +19.7711 +19.8092 +19.7725 +19.7853 +19.7947 +19.7203

Area Caldera de Los 
Azufres

Caldera Los 
Azufres

Caldera Los 
Azufres

Caldera Los 
Azufres

Caldera Los 
Azufres

Caldera Los 
Azufres

Caldera Los 
Azufres

Caldera Los 
Azufres

Age Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Pliocene–
Pleistocene

Magma type: Intermediate Acid Acid Acid Acid Acid Acid Acid

Rock type: Andesite Dacite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite

SiO2 58.00 67.0 71.2 76.2 73.5 70.1 72.9 74.7

TiO2 0.92 0.45 0.22 0.05 0.06 0.36 0.07 0.08

Al2O3 17.00 15.5 14.1 12.7 13.5 14.6 12.4 12.5

Fe2O3
T 6.27 3.44 2.24 1.01 1.6 3.02 1.25 1.17

MnO 0.130 0.07 0.05 0.03 0.05 0.08 0.04 0.04

MgO 4.51 1.09 0.4 0.1 0.1 0.35 0.15 0.13

CaO 6.73 2.8 1.31 0.34 0.54 1.08 0.53 0.52

Na2O 3.68 3.71 3.86 3.62 4.39 3.83 3.32 3.44

K2O 1.74 3.43 4.22 4.55 4.61 4.21 4.29 4.74

P2O5 0.240 0.13 0.07 0.05 0.05 0.05 0.05 0.05

LOI 0.14 1.91 1.11 0.89 0.26 1.74 4.07 2.02

Sum 99.36 99.53 98.78 99.54 98.66 99.42 99.07 99.39

(SiO2)adj 58.74 68.81 73.01 77.30 74.78 71.92 76.81 76.78

(Na2O + K2O)adj 5.49 7.33 8.29 9.16 8.25 8.23 8.41 8.29

Q 8.67 24.4 29.34 37.13 29.01 28.73 37.37 35.91

Or 10.41 20.82 25.57 27.28 27.72 25.52 26.71 28.79

Ab 31.54 32.24 33.49 31.07 37.79 33.25 29.60 29.92

An 25.04 13.39 6.20 1.38 2.39 5.16 2.43 2.32

Di 5.81 0 0.00 0.00 0.00 0.00 0.00 0.00

Hy 14.00 5.68 2.77 1.13 1.68 3.17 1.51 1.34

Mt 2.20 1.36 1.03 0.46 0.73 1.39 0.59 0.54

Il 1.77 0.88 0.43 0.10 0.12 0.70 0.14 0.16

Ap 0.56 0.31 0.17 0.12 0.12 0.12 0.12 0.12

Mg# 65.20 46.05 33.90 22.14 15.22 24.97 25.63 24.19

FeOT /MgO 1.25 2.84 5.04 9.09 14.40 7.76 7.50 8.10

Ba 490 660 820 20 580 800 140 120

Nb 10.0 13 17 21 22 19 18 21

Rb 46.0 100 140 169 136 134 188 219

Sr 651 327 141 12 23 120 31 27

V 120 39 11 10 10 21 10 10

Y 22 26 34 28 41 38 34 37

Zr 194 192 197 120 267 254 124 132

For more explanation see footnote of Table 1.
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Table 3. Geochemical and isotopic data for crustal samples from the central part of the Mexican Volcanic Belt, Mexico.

Sample: 9463A 9593B 96341B 9490B 95142A 95142C 9490C 0401m
Long. (°W): –98.70583 –98.61056 –98.81278 –98.64361 –98.62389 –98.62389 –98.64361 –98.61056
Lat. (°N): +19.07528 +19.08917 +19.17583 +19.08694 +19.09278 +19.09278 +19.08694 +19.08694

Area: East of San 
Pedro Nexapa

West of 
Buenavista

Cerro 
Chinconquiat Paso de Cortés East of Paso 

de Cortés
East of Paso 
de Cortés Paso de Cortés West of 

Buenavista

Reference: Schaaf et al. 
(2005)

Schaaf et al. 
(2005)

Schaaf et al. 
(2005)

Schaaf et al. 
(2005) 

Schaaf et al. 
(2005)

Schaaf et al. 
(2005)

Schaaf et al. 
(2005)

Schaaf et al. 
(2005)

Age of material: ? ? ? ? ? ? ? ?
Material: Xenolith Xenolith Xenolith Xenolith Xenolith Xenolith Xenolith Xenolith
Rock type 
(equivalent): Ultrabasic Ultrabasic Intermediate Intermediate Intermediate Acid (Acid) −−−
SiO2 37.59 41.21 56.12 60.29 61.83 63.26 81.74
TiO2 0.18 0.93 0.86 0.83 0.92 0.74 0.3
Al2O3 20.37 10.21 18.24 16.12 11.81 16.35 7.65
Fe2O3

T 3.19 3.15 7.52 5.9 6.11 5.1 2.14
MnO 0.05 0.07 0.12 0.09 0.06 0.08 0.02
MgO 22.27 31.89 4.04 5.15 3.39 3.79 1.15
CaO 17.13 13.03 7.09 5.79 12.69 5.07 5.87
Na2O 0.02 0.01 3.95 4.16 2.51 4.39 0.97
K2O 0.01 0.01 1.47 1.54 1.49 1.79 0.63
P2O5 0.01 0.01 0.17 0.19 0.14 0.18 0.06
LOI 0.12 0.17 0.64 0.01 0.01 0.01 0.01
Sum 100.94 100.69 100.22 100.07 100.96 100.76 100.54
(SiO2)adj 37.39 41.11 56.69 60.53 61.53 63.02 81.43
(Na2O + K2O)adj 0.03 0.02 5.48 5.72 3.98 6.16 1.59
Q 8.5 4.7 446.9 381.2 209.9 426.6 433.3
Co 9.6 6.4 19.3 18.7 15.5 14.1 6.6
Cr 194 115 98
Cs 0.11 0.08 0.96 1.99 1.45 2.38 1.03
Cu 9 9 56 6 12 3 4
Ga 26 13 22 20 22 20 9
Hf 0.22 1.25 2.98 4.28 11.6 4.38 2.57
Nb 1.22 3.89 4.18 6.18 8.03 4.91 2.84
Ni 14 16 26 124 38 86 13
Pb 5 8 22 6
Rb 1 1.3 34.7 45.2 37.4 49.1 21
Sc 1 3 18 25 16 12 8
Sr 27.4 20.5 526.6 451.9 500 430.8 222.5 274.9
Ta 0.21 1.17 0.31 0.36 0.5 0.33 0.24
Th 3.43 18.65 0.95 4.74 6.13 4.65 2.65
U 0.17 1.39 0.42 1.87 2.3 1.72 1.91
V 14 190 109 152 91 48
Y 5.5 9.0 15.2 18.4 24.9 15.8 10.1
Zn 17 17 95 63 81 65 26
Zr 11.2 17.2 115.9 159.6 483.4 169.1 99
La 4.3 5.46 13.56 17.67 21.44 15.2 7.13
Ce 18.64 24.79 30.5 36.71 43.36 31.66 14.34
Pr 1.38 2.43 3.28 3.71 4.38 3.25 1.57
Nd 6.78 12.15 14.99 17.26 20.67 15.16 7.72 0.54
Sm 1.37 2.61 3.2 3.87 4.32 3.35 1.59
Eu 0.31 0.51 1.05 1.16 1.09 1.03 0.45
Gd 1.24 2.19 3.31 4.39 4.85 3.28 1.7
Tb 0.23 0.34 0.55 0.68 0.78 0.56 0.28
Dy 0.87 1.58 2.69 3.51 4.06 2.58 1.69
Ho 0.2 0.28 0.47 0.56 0.79 0.45 0.36
Er 0.55 1.0 1.42 1.85 2.51 1.51 0.95
Tm 0.08 0.14 0.15 0.29 0.37 0.18 0.12
Yb 0.52 0.99 1.38 1.96 2.65 1.27 1.16
Lu 0.084 0.161 0.194 0.243 0.43 0.229 0.155
(87Sr / 86Sr)m 0.706870 0.704208 0.704258 0.707439 0.707086
(143Nd / 144Nd)m 0.512817 0.512798 0.512861 0.512596 0.512215
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Table 3. (Continued.)

Sample: TL−45−X2 TL−45−X5 TL47−X1 SC37A SC49A SC24A SC49B SC35A SC57A
Long. (°W): –98.75669 –98.75669 –98.75189 –99.48310 –99.42530 –99.27610 –99.42530 –99.37580 –99.26350
Lat. (°N): +19.36175 +19.36175 +19.3296944 +19.4686 +19.5256 +19.2075 +19.5256 +19.2744 +19.252

Area Telapón 
volcano

Telapón 
volcano

Telapón 
volcano

Sierra de Las 
Cruces

Sierra de Las 
Cruces

Sierra de Las 
Cruces

Sierra de Las 
Cruces

Sierra de Las 
Cruces

Sierra de Las 
Cruces

Reference García Tovar 
(2009)

García Tovar 
(2009)

García Tovar 
(2009)

Velasco-Tapia 
et al. (2013)

Velasco-Tapia 
et al. (2013)

Velasco-Tapia 
et al. (2013)

Velasco-Tapia 
et al. (2013)

Velasco-Tapia 
et al. (2013)

Velasco-Tapia 
and Verma
 (2014)

Age ? ? ? ? ? ? ? ? ?
Material: Xenolith Xenolith Xenolith Xenolith Xenolith Xenolith Xenolith Xenolith Xenolith
Rock type 
(equivalent): Intermediate Intermediate Intermediate Intermediate Intermediate Intermediate Intermediate Intermediate Intermediate

SiO2 54.4 55.17 53.18 54.93 58.24 58.35 58.96 59.33 56.64
TiO2 1.35 1.25 1.13 1.044 0.701 0.976 0.689 0.765 0.792
Al2O3 17.68 17.6 17.98 16.05 15.42 17.02 15.02 16.83 17.12
Fe2O3

T 7.86 7.31 7.91 6.99 5.79 6.71 5.92 5.75 6.53
MnO 0.12 0.11 1.3 0.111 0.096 0.115 0.093 0.069 0.075
MgO 5.5 5.04 6.14 3.45 6.45 3.83 6.08 3.79 2.7
CaO 7.7 7.22 8.18 6.37 6.44 5.7 6.22 4.8 4.96
Na2O 3.22 3.65 3.15 4.04 3.51 4.09 3.57 4.13 4.15
K2O 0.97 1 0.91 1.41 1.43 1.4 1.41 1.54 1.9
P2O5 0.26 0.24 0.19 0.31 0.14 0.22 0.14 0.16 0.16
LOI 0 0 0 5.314 0.48 1.523 0.598 3.029 5.05
Sum 99.06 98.59 100.07 100.02 98.70 99.93 98.70 100.19 100.08
(SiO2)adj 55.26 56.29 53.48 58.34 59.58 59.60 60.38 61.36 59.92
(Na2O + K2O)adj 4.26 4.74 4.08 5.78 5.02 5.61 5.09 5.82 6.40
Q 331 387 350 507 329 319 358 309 302
Co 25 26 33 26 22 20 22 17 16
Cr 286 238 321 220 280 120 230 240 290
Cs 1.3 1 0.6 1.1 1.1 1.6
Cu 22 27 18 50 10 40 20 30 50
Ga 18 18 20 17 19 22
Hf 3.9 2.9 3.4 2.9 3.2 3.6
Nb 8 7 4 3 3 4 3 3 13
Ni 44 40 75 90 80 70 100 80 50
Pb 6 5 11 9 9 7 10 13
Rb 20 21 19 31 29 27 31 35 49
Sc 21 18 15 18 15 18
Sr 522 538 540 813 474 496 458 453 481
Ta 0.3 0.2 0.3 0.3 0.3 0.3
Th 3 3 3 3.8 2.8 2 2.8 2.6 2.5
U 1.7 0.9 0.7 1.1 1.2 1.3
V 156 155 150 150 125 116 123 100 99
Y 18 19 19 24 18 19 22 14 13
Zn 72 69 81
Zr 163 166 145 138 100 129 103 114 131
La 26.8 12.3 12.7 13.6 11.1 11.5
Ce 58.9 23.9 28.5 25.4 25 25.6
Pr 8.01 3.12 3.65 3.55 3.22 3.35
Nd 34.4 13.3 15.8 14.8 13.5 14.1
Sm 7 3.1 3.7 3.3 3.1 3
Eu 2.09 1.03 1.31 1.11 1.1 1.13
Gd 5.8 3.3 3.6 3.3 2.9 3
Tb 0.8 0.5 0.6 0.6 0.5 0.5
Dy 4.5 2.9 3.4 3.3 2.8 2.6
Ho 0.9 0.6 0.7 0.7 0.5 0.5
Er 2.4 1.7 1.9 2 1.5 1.4
Tm 0.34 0.25 0.28 0.29 0.23 0.2
Yb 2.3 1.6 1.8 1.9 1.5 1.3
Lu 0.36 0.24 0.26 0.28 0.23 0.2
(87Sr / 86Sr)m 0.703793 0.703912 0.70379 0.70425 0.703899

(143Nd / 144Nd)m 0.51287 0.512829 0.512795 0.512826 0.512818 0.51287
(206Pb / 204Pb)m 18.689 18.71 18.698
(207Pb / 204Pb)m 15.5902 15.6234 15.5909
(207Pb / 204Pb)m 38.447 38.554 38.458
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Table 3. (Continued.)

Sample: HP29 X− 10 X− 16 AGUI233a P3DOB P2DOB P4DOB
Long. (°W): –99.5514 –100.1000 –100.1000 –100.3333 –100.91 –100.91 –100.91
Lat. (°N): +20.4750 +19.0200 +19.0200 +20.2500 +19.58 +19.58 +19.58

Area North of 
Huichapan

Zitácuaro–Valle 
de Bravo

Zitácuaro–Valle 
de Bravo Amealco Michoacán Michoacán Michoacán

Reference Verma (2001) Mukasa et al. 
(2007)

Mukasa et al. 
(2007)

Aguirre−Díaz 
et al. (2002) This work This work This work

Age ? ? ? Precambrian Eocene–
Oligocene

Eocene–
Oligocene

Eocene–
Oligocene

Material: Limestone Cpx–megacryst Cpx–megacryst Xenolith Conglomerate Sandstone Shale
Rock type (equivalent): Acid (Acid) Acid Acid
SiO2 63.95 89.78 62.58 66.19
TiO2 0.19 0.36 0.62 0.83
Al2O3 18.35 5.6 16.3 16.14
Fe2O3

T 2.55 0.91 4.8 7.42
MnO 0.05 0.01 0.05 0.01
MgO 1.39 0.1 2.6 0.5
CaO 4.51 0.09 1.33 0.1
Na2O 4.64 0.12 6.08 0.23
K2O 1.78 0.6 2.36 3.42
P2O5 0.16 0.04 0.11 0.11
LOI 0 1.77 2.71 4.43
Sum 97.29 99.38 99.54 99.38
(SiO2)adj 65.71 92.04 64.85 70.11
(Na2O + K2O)adj 6.60 0.74 8.75 3.87
Q 6 675 203 1750 544
Co 1 7.3 1 14 9
Cr 4 6 46 137 110
Cs
Cu 4 14 21 48
Ga
Hf 9.5
Nb 0.9 4.8 8 16.2
Ni 6 8 54 30
Pb
Rb 2.1 24 45 153
Sc 5
Sr 307 384 72 874 145
Ta
Th 0.8
U 0.8
V 9 22 41 148 176
Y 2.6 8 9.8 17.4 35.6
Zn 10 44 7 56 120
Zr 7 108 177 197
La 0.32 26 6 9.8 9.1
Ce 0.49 42.5 18.8 16.8 22.0
Pr 0.1 5.3 1.3 2.5 2.6
Nd 0.2 18 4.2 9.7 10.7
Sm 0.09 3.4 1 2.2 2.3
Eu 0.03 1.6 0.24 0.6 0.5
Gd 0.1 2.24 0.7 2.1 2.0
Tb 0.02 0.36 0.12 0.34 0.33
Dy 1.66
Ho 0.02 0.32 0.15 0.44 0.36
Er 0.06 0.96 0.54 1.3 1.1
Tm 0.01 0.21 0.09 0.18 0.16
Yb 0.04 1.13 0.60 1.26 1.34
Lu 0.01 0.16 0.10 0.22 0.25
(87Sr / 86Sr)m 0.707329 0.703643 0.70339 0.705869 0.709884 0.705293 0.701645
(143Nd / 144Nd)m 0.512556 0.512858 0.512833 0.512660 0.512342 0.512556 0.512096
(206Pb / 204Pb)m 24.391 18.611 18.624 19.41 19.277 21.118

(207Pb / 204Pb)m 15.918 15.578 15.565 15.692 15.657 15.798

(207Pb / 204Pb)m 38.773 38.181 38.191 39.047 39.288 41.566
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Table 3. (Continued.)

Sample: Lu_LHG LuJor23 LuJor24 LuJor38 LuJor21 1050−540G LHG
Long. (°W): –101.8150 –101.7505 –101.7492 –101.7295 –101.7547 –101.8141 –101.8141
Lat. (°N): +19.0000 +18.9725 +18.9682 +18.9587 +18.9710 +18.9995 +18.9995
Area Michacán Michacán Michacán Michacán Michacán Michacán Michacán

Reference
Luhr and 
Carmichael 
(1985)

Luhr and 
Carmichael 
(1985)

Luhr and 
Carmichael 
(1985)

Luhr and 
Carmichael 
(1985)

Luhr and 
Carmichael 
(1985)

Hasenaka 
(1992) This work

Age ? ? ? ? ? ? ?
Material: Pluton Pluton Pluton Pluton Pluton Pluton Pluton
Rock type: Acid Acid Acid Acid Acid Acid Acid
SiO2 67.2 63.54 64.84 65.37 75.99 64.1
TiO2 0.64 0.96 0.74 0.76 0.24 0.84
Al2O3 14.05 15.45 15.47 14.57 12.17 16.18
Fe2O3

T 5.05 6.15 4.85 4.96 0.92 5.07
MnO 0.07 0.03 0.07 0.08 0.04 0.09
MgO 1.74 3.19 2.45 2.27 0.05 2.78
CaO 3.47 4.82 4.16 3.97 0.46 4.13
Na2O 3.04 3.62 3.53 3.32 2.73 3.5
K2O 4.1 0.21 3.46 3.95 5.95 3.34
P2O5 0.11 0.18 0.17 0.13 0.03 0.18
LOI 0 2.86 0.73 0.58 0.55 0
Sum 99.47 101.01 100.47 99.96 99.13 100.21
(SiO2)adj 68.13 65.01 65.04 65.81 77.13 63.87
(Na2O + K2O)adj 7.24 3.92 7.01 7.32 8.81 6.82
Q 537 101 352 572 574
Co
Cr 26 12 14 44
Cs 8.84
Cu 43 15 62 176 52
Ga 14 16 11 16 15
Hf 8.54
Nb 14 7 9 10 8
Ni 2 26 4 16 21
Pb
Rb 204 15 406 158 158
Sc 13.01
Sr 135 233 54 154 218
Ta
Th 20.52
U 6.19
V 107
Y 32 39 47 28 26
Zn 59 31 32 51 54
Zr 251 307 119 273 225
La 22.2 37 45 16 20
Ce 48.1 86 82 45 51
Pr
Nd 23
Sm 4.83
Eu 0.72
Gd
Tb 0.76
Dy
Ho
Er
Tm
Yb 2.67
Lu 0.396
(87Sr / 86Sr)m 0.70641 0.7055 0.706289
(143Nd / 144Nd)m 0.512787 0.512772
(206Pb / 204Pb)m 18.862
(207Pb / 204Pb)m 15.599
(207Pb / 204Pb)m 38.699
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for this standard. Only the measured adjusted ratios 
were reported; the initial ratios could not be accurately 
estimated because precise radiometric age data for these 
Neogene (probably Pliocene to Pleistocene) samples are 
not individually available. The initial isotopic ratios for 
some samples, especially 87Sr/86Sr in the acid magma 
types, could be significantly affected by radiogenic in situ 
growth correction.  

4. Databases and data processing methods
4.1. Central part of the Mexican Volcanic Belt (C-MVB) 
and Central American Volcanic Arc (CAVA)
Additional geochemical data from the C-MVB 
were compiled from the following sources (listed in 
alphabetical order): Aguirre-Diaz (2001); Aguirre-Diaz 
and López-Martínez (2009); Aguirre-Díaz and McDowell 
(1999), Aguirre-Díaz et al. (2002); Agustín-Flores et al. 
(2011); Arce et al. (2003, 2005, 2008, 2013); Blatter and 
Hammersley (2010); Blatter et al. (2001, 2007); Bloomfield 
(1973, 1975); Boudal (1985); Cai et al. (2014); Capra et 
al. (1997); Carmichael et al. (2006); Cathelineau et al. 
(1987, 1991); Cavazos Tovar (2006); Chesley et al. (2002); 
D’Antonio (2008) including the compiled data therein; 
Delgado et al. (1998); Demant (1981); Dobson and Mahood 
(1985); Ferrari et al. (1994, 2000); García-Palomo et al. 
(2002a, 2002b); García Tovar (2009); Gómez-Tuena et al. 
(2007b); Guilbaud et al. (2009); Gunn and Mooser (1971); 
Hasenaka (1992); Hernández Rojas (2007); Koloskov 
and Khubunaya (2013); Larocque et al. (1998); Luhr and 
Carmichael (1985); Martin del Pozzo (1989); Martínez-

Serrano et al. (2004); Meriggi et al. (2008); Mukasa et al. 
(2007); Negendank (1972); Nixon (1988a, 1989); Pérez et 
al. (1979); Pradal and Robin (1994); Robin (1984); Rueda 
et al. (2013); Schaaf et al. (2005); Siebe et al. (1999, 2004); 
Silva Mora (1988); Straub and Martin del Pozo (2001); 
Straub et al. (2008); Swinamer (1989); Torres-Alvarado 
et al. (2011); Velasco-Tapia (2014); Velasco-Tapia and 
Verma (2001a, 2013, 2014); Velasco-Tapia et al. (2013); 
Verma (1999, 2000a, 2001a, 2001b, 2002, 2003); Verma 
and Carrasco-Núñez (2003); Verma and Hasenaka (2004); 
Verma et al. (1991, 2005); and Wallace and Carmichael 
(1999).

The samples used for geochemical studies are seldom 
radiometrically dated, and no separation according to the 
age can, therefore, be easily done. Some of the Popocatépetl 
samples are as young as a few years. Nevertheless, most 
of the samples span a narrow range of less than 5 m.y. 
(Pliocene to Holocene), and all are treated together. There 
is no age-specific difference between the basic and evolved 
rocks; all magma types from basic to acid are considered 
contemporary. Furthermore, no geographic distinction 
can be made among the different magma types. 

The CAVA data were compiled from the following 
sources: Agostini et al. (2006); Alvarado et al. (2006); 
Avellán et al. (2012); Bardintzeff and Deniel (1992); Bolge 
et al. (2006); Cameron et al. (2002); Carr (1984); Carr et al. 
(1990); Chan et al. (1999); Duffield et al. (1992); González 
Partida et al. (1997); Hazlett (1987); La Femina et al. 
(2004); Mora et al. (2004); Pardo et al. (2008); Patino et 
al. (1997, 2000); Rotolo and Castorina (1998); Ryder et al. 

Table 3. (Continued.)

Sample: NT35PB NT35PV NT35EC NT35EM NT35EN NT35PN
Long. (°W): –99.7 –99.7 –99.7 –99.7 –99.7 –99.7
Lat. (°N): +19.1 +19.1 +19.1 +19.1 +19.1 +19.1
Area Nevado de Toluca Nevado de Toluca Nevado de Toluca Nevado de Toluca Nevado de Toluca Nevado de Toluca

Reference Martínez-Serrano 
et al. (2004)

Martínez-Serrano 
et al. (2004)

Martínez-Serrano 
et al. (2004)

Martínez-Serrano 
et al. (2004)

Martínez-Serrano 
et al. (2004)

Martínez-Serrano 
et al. (2004)

Age ? ? ? ? ? ?
Material: Phyllite Phyllite Chlorite schist Gneiss Schist Phyllite
Rock type: Metamorphic Metamorphic Metamorphic Metamorphic Metamorphic Metamorphic
Rb 111.71 115.72 31.88 89.66 124.88 125.28
Sr 54.7 113.9 199.5 40.95 57.89 90.17
Nd 25.24 15.64 12.76 18.9 25.18 30.42
Sm 4.57 3.28 3.04 3.47 4.53 5.73
(87Sr / 86Sr)m 0.721094 0.716173 0.705727 0.721883 0.707108 0.715649
(143Nd / 144Nd)m 0.512261 0.512331 0.512673 0.512248 0.512422 0.512259
(206Pb / 204Pb)m 18.984 19.021 18.864 19.036 19.1 19.025
(207Pb / 204Pb)m 15.631 15.69 15.632 15.694 15.679 15.675
(207Pb / 204Pb)m 39.114 39.162 38.713 39.256 39.224 39.223

More explanation in the footnote of Table 1.
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(2006); Singer et al. (2011); Sussman (1985); and Walker et 
al. (1990, 2000, 2001).

For the classification of fresh volcanic rocks, the well-
known total alkalis versus silica (TAS) diagram (Le Bas et 
al., 1986; Le Bas, 2000; Le Maitre et al., 2002) proposed by 
the International Union of Geological Sciences (IUGS) is 
extensively used. For rock classification based on the IUGS 
scheme and CIPW norm computation, a new computer 
program, IgRoCS (Verma and Rivera-Gómez, 2013b), 
which supersedes SINCLAS (Verma et al., 2002, 2003), was 
used under the Middlemost option for Fe-oxidation ratio 
adjustment (Middlemost, 1989). This not only rendered 
a highly uniform treatment for the complete datasets but 
also made the rock nomenclature fully consistent with the 
IUGS.

To better understand and evaluate different 
petrogenetic models, the datasets for the C-MVB and 
CAVA were subdivided into two subsets each as follows: 
the nomenclature used for the C-MVB is near the trench 
and far from the trench samples (Figure 2) and for the 
CAVA it is the volcanic front or front-arc and behind the 
volcanic front or back-arc samples (Figure 3).

4.2. Other arcs, continental rifts or extensional areas, and 
collision zones
Major and trace element data for both continental and 
island arcs were compiled from relevant sources as follows: 
1) Continental arc of the Andes in Chile (Davidson et 
al., 1988; Frey et al., 1984; Hickey et al., 1986; Gerlach et 
al., 1988; Hickey-Vargas et al., 1989; Tormey et al., 1991; 
Vergara et al., 1991, 2004; Trumbull et al., 1999; Mattioli 
et al., 2006; Rodríguez et al., 2007; Vezzoli et al., 2008); 2) 
Continental arc of the Andes in Peru (Lebti et al., 2006); 3) 
Continental arc of the Andes in Ecuador (Beate et al., 2001; 
Samaniego et al., 2005, 2011; Bryant et al., 2006; Hidalgo et 
al., 2007; Hoffer et al., 2008; Robin et al., 2009; Chiaradia 
et al., 2011); 4) Continental arc of the Andes in Colombia 
(Calvache and Williams, 1997); 5) Aleutian arc (Nye 
and Reid, 1986; Romick et al., 1990; Kay and Kay, 1994; 
Dreher et al., 2005; Finney et al., 2008); 6) Barren Island, 
Andaman Sea, Indian Ocean (Alam et al., 2004; Luhr and 
Haldar, 2006); 7) Fiji Islands (Rogers and Setterfield, 1994); 
8) Hokkaido, Japan (Hoang et al., 2011; Takanashi et al., 
2011; Ayabe et al., 2012; Feineman et al., 2013); 9) Izu-
Bonin arc, Japan (Tamura et al., 2005; Shukuno et al., 2006; 
Kimura et al., 2010); 10) Japan arc (Sakuyama and Nesbitt, 
1986; Tamura et al., 2003; Moriguti et al., 2004; Kimura 
and Yoshida, 2006; Tatsumi et al., 2008; Ohba et al., 2009); 
11) Indonesia (Stolz et al., 1990; Tatsumi et al., 1991; van 
Bergen et al., 1992; Edwards et al., 1994; Hoogewerff et al., 
1997; Turner and Foden, 2001; Gertisser and Keller, 2003; 
Chadwick et al., 2007; Handley et al., 2007; Sendjaja et 
al., 2009); 12) Lesser Antilles arc (Thirlwall and Graham, 
1984; Thirlwall et al., 1996; Turner et al., 1996; Zellmer et 

al., 2003; Smith et al., 2004; Lindsay et al., 2005; Halama et 
al., 2006; Davidson and Wilson, 2011; Cassidy et al., 2012); 
13) Kamchatka arc (Dorendorf et al., 2000; Churikova et 
al., 2001; Izbekov et al., 2004; Grib et al., 2009; Bindeman 
et al., 2010; Bryant et al., 2011); 14) Kermadec arc (Gamble 
et al., 1993, 1995; Haase et al., 2002; Smith et al., 2003, 
2006); 15) Kurile arc (Martynov et al., 2010); 16) Mariana 
arc (Hole et al., 1984; Woodhead, 1988; Elliott et al., 1997; 
Wade et al., 2005); 17) Philippines arc (Bau and Knittel, 
1993; Castillo and Newhall, 2004; DuFrane et al., 2006); 
18) New Hebrides arc (Dupuy et al., 1982; Monzier et al., 
1993, 1997); 19) North Island, New Zealand (Booden et 
al., 2011); 20) Ryukyu arc (Shinjo et al., 2000); 21) Taiwan 
(Lai et al., 2008); 22) Solomon Islands (Schuth et al., 2004; 
Chadwick et al., 2009; Petterson et al., 2011); 23) Tonga 
arc (Hergt and Woodhead, 2007); and 24) Vanuatu arc 
(Eggins, 1993; Peate et al., 1997; Raos and Crawford, 2004). 

The continental rift setting was represented by well-
developed rifts as well as extensional areas and postcollision 
extension zones as follows: 1) San Luis Potosí, Mexico – 
Neogene rocks (Aguillón-Robles et al., 2012, 2014); 2) Baja 
California, Mexico – Pliocene-Pleistocene as well as late 
Miocene (Calmus et al., 2003); 3) Mogollon-Datil volcanic 
field, New Mexico, USA (Davis and Hawkesworth, 1995); 
4) NW Cerro del Rio, New Mexico, USA (Duncker et al., 
1991); 5) Basin and Range, Nevada-Arizona, USA (Fitton 
et al., 1991; Feuerbach et al., 1993); 6) Rio Grande rift, 
New Mexico, USA (Gibson et al., 1992; McMillan et al., 
2000); 7) San Juan volcanic field, Colorado, USA (Parat et 
al., 2005); 8) Hurricane volcanic field, Utah, USA (Smith 
et al., 1999); 9) Santa Rosa Calico volcanic field, Nevada, 
USA (Brueseke and Hart, 2009); 10) Western USA (Leat 
et al., 1989; Kempton et al., 1991); 11) Northwest Iran 
(Kheirkhah et al., 2009); 12) Eastern Iran (Pang et al., 
2012); 13) Postcollision extensional Miocene-Holocene 
rocks from Western and Northwestern Anatolia, Turkey 
(Aldanmaz et al., 2000; Akal, 2003; Agostini et al., 2007, 
2010); 14) Postcollision extensional Miocene-Holocene 
rocks from Eastern Anatolia, Turkey (Karsli et al., 2008; 
Varol and Alpaslan, 2012); 15) North and Northeast China 
(Zhang et al., 1995; Han et al., 1999); 16) Postcollision 
extensional Miocene rocks from the Lhasa terrane, Tibet 
(Chen et al., 2010); 17) Postcollision extensional Miocene-
Pleistocene rocks from Central and Southern Tibet (Turner 
et al., 1993; Zhidan et al., 2001; Hou et al., 2004; Zhao et 
al., 2009); 18) Morocco and Mali, NW Africa (Bertrand, 
1991); 19) Djibouti, Africa – negative Nb anomaly (Daoud 
et al., 2010); 20) Djibouti, Africa – positive Nb anomaly 
(Barrat et al., 1993); 21) Ethiopian rift, Africa – negative Nb 
anomaly (Class et al., 1994; Barrat et al. 2003; Beccaluva et 
al., 2009); 22) Ethiopian rift, Africa – positive Nb anomaly 
(Class et al., 1994; Barrat et al., 2003; Beccaluva et al., 2009); 
23) Massif Central, France (Chauvel and Jahn, 1984); and 
24) Saudi Arabia (Camp et al., 1991). 
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Finally, for representing collision zones, geochemical 
data were compiled for Cretaceous to Paleogene rocks 
from the following areas and sources: 1) Central Anatolia, 
Turkey (Ilbeyli et al., 2004); 2) Western Anatolia, Turkey 
(Koprubasi and Aldanmaz, 2004); 3) Ulubey, Turkey 
(Temizel et al., 2012); 4) Western Pontides, Turkey (Karsli 
et al., 2011); 5) Lesser Caucasus, Azerbaijan (Dilek et al., 
2010); and 6) Himalayas and Tibet (Harris et al., 1988; Mo 
et al., 2007, 2008; Zheng et al., 2012). 

Some localities such as Anatolia and Tibet represent 
time-related tectonic settings that were appropriately 
assigned. All compiled data were processed by IgRoCS 
(Verma and Rivera-Gómez, 2013b) in the same way as 
done for the C-MVB and CAVA. All databases were then 
handled by other computer programs, i.e. DODESSYS, 
TecD, and TecDIA. All these programs will be available 
from the website Tlaloc.

5. Results
5.1. Rock types 
The TAS diagram is shown in Figure 5a for the C-MVB 
and Figure 5b for the CAVA. The near the trench and 
far from the trench rock types from the C-MVB are 
distinguished by using two different symbols, which 
show a considerable overlap for all kinds of magmas from 
basic to acid present in both segments (Figure 5a). In the 
CAVA, on the other hand, all kinds of magmas have been 
analyzed from the volcanic front or front-arc area but only 

basic and intermediate magmas from the back-arc region 
(Figure 5b). This contrasting observation is also confirmed 
from the synthesis of magma and rock types for these two 
volcanic provinces (Table 4). Full distribution of all rock 
types for 2140 and 725 samples, respectively, from the 
C-MVB and CAVA is presented in Table 4. Some rock 
samples from the C-MVB, whose coordinates could not 
be deduced from the original authors’ descriptions, are not 
included in this synthesis.

5.2. Normalized Masuda–Coryell plots for the rare-earth 
elements 
Average values of chondrite-normalized rare-earth 
elements (REEs) were used to schematically show the 
relationships of the patterns for basic to intermediate 
rocks from the C-MVB and CAVA in Figures 6a and 6b, 
respectively. The information on the number of samples 
used for each magma type is also included along with the 
average adjusted SiO2 concentration (Figures 6a and 6b). 

In the C-MVB, the concentrations of REEs do not 
increase in the sequence of basic, intermediate, and acid 
magmas (Figure 6a), which implies that these magma 
types are not likely to be related through a simple 
differentiation process, such as fractional crystallization 
without crustal assimilation. The concentrations of the 
REEs, being incompatible elements, are likely to increase 
in fractional crystallization from basic to intermediate to 
acid (e.g., Rollinson 1993; Torres-Alvarado et al., 2003), 
which is simply not observed. Crustal assimilation could, 
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therefore, be an important petrogenetic process in the 
C-MVB. The patterns for crustal rocks having generally 
lower normalized concentrations (Figure 6a) also 
indicate that the assimilation combined with fractional 
crystallization or mixing of magmas from mantle and 
crustal sources could be an appropriate petrogenetic 
process. The latter would be true if acid magmas represent 
crustal partial melts and intermediate types define hybrid 
melts from the combination of basic and acid magmas as 
originally suggested by Verma (1999, 2000a) for the Sierra 
de Chichinautzin at the volcanic front of the C-MVB and 
later confirmed by Velasco-Tapia and Verma (2013).

The REE patterns of average magmas in the CAVA 
(Figure 6b), on the other hand, seem to be more consistent 
with the fractional crystallization as the dominant 
differentiation process although, from quantitative 
estimates, crustal assimilation would also be required to a 
lesser degree than for the C-MVB. 

The radiogenic Sr and Nd isotope data presented below 
confirm these statements for the C-MVB and CAVA. 

5.3. Multielement normalized diagrams 
Selected elements in basic to acid magmas from the 
C-MVB and CAVA are plotted in normalized diagrams of 

Figures 7a and 7b, respectively. The near the trench and 
far from the trench basic rocks from the C-MVB (Figure 
7a) and front-arc and back-arc basic rocks from the CAVA 
(Figure 7b) show a contrasting behavior of the Nb anomaly 
with respect to a large-ion lithophile element Ba and a 
light rare-earth element La. The basic magmas from the 
C-MVB show a similar behavior for both near the trench 
and far from the trench areas, whereas the CAVA front-arc 
and back-arc rocks do not; the Nb anomaly is negative for 
the CAVA volcanic front, but it is positive, on the average, 
for the back-arc rocks. 

A comparison of the C-MVB intermediate and acid 
magmas with the respective basic types shows that the 
concentrations of the incompatible high-field strength 
elements Nb and Ta are lower in the former. The evolved 
C-MVB rocks have larger negative Nb and Ta anomalies 
(Figure 7a). Again, this behavior is inconsistent with a 
simple fractional crystallization process for basic to acid 
magmas, and crustal assimilation will be required to 
explain them (Verma, 1999, 2000a, 2001b, 2015a; Velasco-
Tapia and Verma, 2013). However, in the CAVA, the 
behavior of Nb and Ta seems to be more consistent with 
a simpler petrogenetic relationship among these magma 
types (Figure 7b) than in the C-MVB.  

Table 4. Rock and magma type distribution of compiled samples from the central part of the Mexican Volcanic Belt (C-MVB) and 
Central American Volcanic Arc (CAVA).

Magma and rock type
C-MVB CAVA
Near trench Far from the trench Total Main arc Back arc Total

Basic 75 32 107 154 29 183
Alkali basalt 4 −−− 4 4 −−− 4
Subalkali basalt 34 19 53 148 15 163
Basaltic trachyandesite, mugearite 11 2 13 −−− −−− −−−
Basaltic trachyandesite, shoshonite −−− 2 2 −−− −−− −−−
Trachybasalt, hawaiite 25 4 29 1 11 12
Potassic trachybasalt 1 5 6 1 3 4
Intermediate 1165 169 1334 468 20 488
Basaltic andesite 307 56 363 300 17 317
Andesite 635 77 712 155 −−− 155
Basaltic trachyandesite, mugearite 142 9 151 2 1 3
Basaltic trachyandesite, shoshonite 23 7 30 −−− 2 2
Trachyandesite, benmoreite 30 9 39 10 −−− 10
Trachyandesite, latite 28 9 37 1 −−− 1
Trachyte −−− 2 2 −−− −−− −−−
Acid 513 186 699 54 −−− 54
Dacite 475 86 561 38 −−− 38
Rhyolite 37 78 115 10 −−− 10
Trachydacite −−− 7 7 −−− −−− −−−
Trachyte 1 15 16 6 −−− 6
Total number of samples 1753 387 2140 676 49 725
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5.4. Radiogenic isotopes of Sr, Nd, and Pb
The average values of 87Sr/86Sr and 143Nd/144Nd for the 
three magma types (basic, intermediate, and acid) from 
the C-MVB and CAVA are plotted in Figure 8. The data 
for near the trench or front-arc and far from the trench or 
back-arc (Figure 3) are distinguished by different symbols. 
The data from the C-MVB plot within the “mantle array” 
whereas those from the CAVA, except for intermediate 

magmas from the back-arc region, show relatively 
higher 143Nd/144Nd than the C-MVB. The mean isotopic 
compositions for all three magma types from the CAVA 
front-arc as compared to the back-arc are shifted towards 
the composition of the downgoing slab. The mean isotopic 
composition of the CAVA intermediate magmas from 
the back-arc region overlap with the intermediate and 
acid magmas from near the trench region of the C-MVB. 
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Figure 6. Masuda–Coryell normalized plots for rare-earth elements in basic to acid magmas from (a) the central part of 
the Mexican Volcanic Belt (C-MVB) and (b) the Central American Volcanic Arc (CAVA); the normalizing values are from 
McDonough and Sun (1995); for the C-MVB average values of different types of underlying continental crust area are also 
plotted in (a). 

Figure 7. Multielement normalized diagrams for selected elements in basic to acid magmas from (a) the central part of the Mexican 
Volcanic Belt (C-MVB) and (b) the Central American Volcanic Arc (CAVA); the normalizing values are from Sun and McDonough 
(1989); for both provinces, the near the trench (Near-trench) and far from the trench (Far-trench) or volcanic front (front-arc) and 
behind the volcanic front (back-arc) basic magmas are separately plotted.
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Thus, the influence of the subducted slab seems to be 
clearly observed for the front-arc magmas of the CAVA. It 
is not so clear for the C-MVB because both sets of mean 
compositions from near and far from the trench plot 
well within the mantle array and away from the mixing 
curve for MORB and sediments from the Cocos plate. The 
worldwide continental rift and island arc data also support 
this distinction (Figure 8). Furthermore, the C-MVB 
mean isotopic data are similar to the crustal compositions, 
especially the Mexican lower crust (Figure 8).

Four bivariate plots of Sr, Nd, and Pb isotopic 
compositions of the C-MVB and CAVA magmas are 
also shown in Figures 8a–8d. The C-MVB samples show 
generally overlapping isotopic compositions, except 
for 143Nd/144Nd. They also plot somewhat away from 
the mixing curves for the downgoing slab. The isotopic 
compositions of the crustal rocks beneath the C-MVB 
overlap mostly with the C-MVB magma compositions. 

A simple examination of Figure 9 shows that the 
143Nd/144Nd values of the C-MVB magmas would 
require about 10%–20% or more sediment to 90%–80% 
or less MORB mixture (Cocos plate; Verma, 2000a). 
The Pb isotopic ratios (206Pb/204Pb, 207Pb/204Pb, and 
208Pb/204Pb), on the contrary, would be consistent with 

only about 1%–2% or less sediment to 99%–98% or more 
MORB proportions (Figures 9c and 9d). The 87Sr/86Sr of 
the C-MVB magmas (Figure 9a) would be significantly 
lower than the 10%–20% sediment contributions required 
by 143Nd/144Nd but significantly higher than the 1%–2% 
necessary for the Pb isotopes. Therefore, with such different 
proportions of sediments required in the altered MORB-
sediment mixture, the involvement of the subducted slab 
cannot easily explain the combined Sr, Nd, and Pb isotope 
data (Figures 8 and 9). The CAVA isotopic data, on the other 
hand, require relatively small (about 1%–10% sediments in 
the MORB-sediment mixture representing the downgoing 
slab; Figures 8 and 9a–9d) and are internally consistent 
with derivation from the involvement of the subducted 
Cocos plate.  

5.5. Tectonomagmatic discrimination diagrams
One hundred DF1-DF2 equations for three 
subcompositions of 50 diagrams were listed in the 
respective papers (Verma et al., 2006, 2012, 2013; Agrawal 
et al., 2008; Verma and Agrawal, 2011; Verma SP and 
Verma SK, 2013). They were also recently reproduced by 
Verma SP et al. (2015a, 2015b) in a supplementary data 
file. These subcompositions can be classified into three 

Figure 8. The 87Sr/86Sr–143Nd/144Nd diagram for the central part of the Mexican Volcanic Belt 
(C-MVB) and Central American Volcanic Arc (CAVA); for comparison are included compiled 
data from continental rifts, island arcs, and Mexican lower and upper crust as well as the trace of 
the mantle array (Faure, 1986) and mixing curve for MORB-sediments from the subducting Cocos 
plate (the 2% to 20% values on this curve represent the percentage of sediments in the mixture; 
Verma, 2000a); the symbols are shown in insets; the abbreviations are as follows: Bas–basic; Int–
intermediate; for the C-MVB, near–near the trench and far–far from the trench; for the CAVA, 
f–volcanic front (front-arc) and b– behind the arc (back-arc).
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groups: 1) all 11 major elements or oxides; 2) selected 
major and trace elements; and 3) selected trace elements. 
For sedimentary rocks as well, multidimensional tectonic 
discrimination diagrams are beginning to be proposed 
(Verma and Armstrong-Altrin, 2013) and used (e.g., 
Absar and Sreenivas, 2015; Armstrong, 2015; Bouyo et al., 
2015; Zaid, 2015a, 2015b; Zaid and Gahtani, 2015; Zaid 
et al., 2015). The multidimensional diagrams for igneous 
rocks have been successfully tested and used by numerous 
researchers (e.g., Sheth, 2008; Pandarinath and Verma, 
2013; Verma and Oliveira, 2013, 2015; Verma, 2013; Verma 
SK and Verma SP, 2013; Pandarinath, 2014a, 2014b; Bora 

and Kumar, 2015; Kaur et al., 2015; Rahman and Mondal, 
2015; Srivastava et al., 2015; Verma SK et al., 2015).   

The probability calculations are the same as those 
reported earlier (Verma and Agrawal, 2011; Verma, 
2012b; Verma et al., 2012, 2013; Verma SP and Verma SK, 
2013). To keep the presentation short and for illustration 
purposes, just two equations for the first diagram (IAB-
CRB-OIB-MORB) of Verma et al. (2006), based on 
adjusted major-element natural log-ratios (where the 
subscript adj is eliminated for simplicity and the subscript 
m2 represents the second set of adjusted major element-
based diagrams), are:
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Figure 9. The Sr-Nd-Pb bivariate isotope diagrams for the central part of the Mexican Volcanic Belt (C-MVB) and Central Ameri-
can Volcanic Arc (CAVA). The symbols are shown as insets in (a); the downgoing slab composition is shown for MORB-sediment 
mixtures (Verma, 2000a); the tick marks are for 1%, 2%, 5%, 10%, and 20% sediment component; PREMA–prevalent mantle aver-
age composition; NHRL–northern hemisphere reference line from Hart (1984) included in Pb-Pb plots. (a) 206Pb/204Pb−87Sr/86Sr; 
(b) 206Pb/204Pb−143Nd/144Nd; (c) 206Pb/204Pb−207Pb/204Pb; and (d) 206Pb/204Pb−208Pb/204Pb.
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After ascertaining the magma types as basic 
or ultrabasic, intermediate, and acid varieties, the 
appropriate tectonomagmatic discrimination diagrams 
were applied. The respective probabilities were calculated 
for intermediate and acid diagrams. For each diagram 
set for basic magmas, however, a synthesis of samples 
plotting in different tectonic fields was prepared for all five 
diagrams. The two computer programs, TecD for basic and 
ultrabasic and TecDIA for intermediate and acid magma 
types, are extremely useful for automatically computing 
these percent values and obtaining inferences and tables.

Because a given tectonic setting is absent from one 
of the five diagrams for basic and ultrabasic rocks, the 
maximum percent value can only be about 80% in case all 
samples plotted in that particular setting in the remaining 
four diagrams. For the diagram sets of intermediate and 
acid magmas, the synthesis of percent values are calculated 
for sample probabilities instead of the sample counting; the 
maximum percent probability value for a given tectonic 
setting could be more than 80% provided most samples plot 
well within this field and the remaining ones plot nearer 
the tectonic field boundary in other fields. Thus, because 
a synthesis of percent values can be computed for all five 
diagrams in a given set, it is not necessary to actually plot 
the samples in the various diagrams as recently confirmed 
by Verma (2012b) and Verma SP et al. (2015b). Therefore, 
only one set of diagrams will be presented (Figure 10) for 
illustration purposes.

5.5.1. Central part of the Mexican Volcanic Belt (C-MVB)
The five diagrams for basic rocks based on log-ratio 
transformation of adjusted major elements (Verma et al., 
2006) are shown in Figures 10a–10e for such rocks from 
the C-MVB. The results are summarized in Table 5. This 
set will be described in greater detail. Out of 116 rock 
samples (equivalent to 100%), 95 samples (amounting 
to about 82%; Table 5) plotted in the CRB field in the 
first diagram of IAB-CRB-OIB-MORB (Figure 10a); the 
remaining 21 samples plotted in the other three fields. 
Note that it is difficult to actually count so many samples 
in a given diagram, most of which might be overlapping; 
therefore, as stated before, the computer program TecD 

is very useful for counting and preparing the synthesis 
presented in Table 5. The number of basic rock samples 
for the far from the trench region is considerably less (n 
= 33) than that for the near the trench region (n = 80). 
No attempt was made to separately consider them in this 
discussion although the conclusions will not change even 
if they were considered separately.

The by-chance probability of this particular diagram 
(Figure 10a) for a given field is only about 25%. For the 
CRB field only, the probability of samples (82%) plotting 
in this field far exceeded the by-chance probability of 25%; 
for the other three fields, the probability of samples (1% to 
11%) was significantly less than this by-chance probability 
(Figure 10a; Table 5). It is pertinent to point out that 
equal by-chance probability values for each tectonic field 
were assumed during the proposal of multidimensional 
diagrams, which will amount to 25% when four tectonic 
fields are under consideration in a given diagram (Verma 
et al., 2006). The other four diagrams (Figures 10b to 
10e) are for three fields at a time and complete all the 
combinations of these tectonic settings. In three of these 
four diagrams (Figures 10b, 10c, and 10e), the total 
probability of samples for the CRB field was very high 
(amounting to about 86% to 90%; Table 5). In the diagram 
that does not have this particular tectonic setting (Figure 
10d), the samples were distributed among the other three 
tectonic settings (MORB with about 47%; IAB, which is 
actually the combined island and continental arc setting, 
with about 35%; and the OIB with about 18%; Table 5).    

The overall synthesis, also computed from TecD, for 
all five diagrams (Figures 10a to 10e; Table 5) indicated 
that, out of the total of 580 points (equivalent to 100%), 
404 of them plotted in the CRB field (equivalent to about 
70%), with the remaining three fields with probabilities of 
about 4% to 14% amounting to significantly less than the 
by-chance probability of about 25% for the combination of 
all five diagrams discriminating four tectonic fields. Thus, 
all five diagrams based on log-ratios of adjusted major 
elements (Figures 10a–10e) clearly indicated a continental 
rift setting (CRB; Table 5) for basic magmas of the C-MVB.

Having described the use of these multidimensional 

(1)

(2)
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diagrams in great detail for the first set, the remaining 
results will only be briefly mentioned. The set of diagrams 
based on log-ratios of relatively immobile trace elements 
also supported this conclusion for basic magmas, because 
these diagrams indicated a CRB setting with total percent 
probability of about 71% (Table 5). 

The third set of diagrams based on a combination of 
immobile major and trace elements also indicated a CRB 
setting but with a much lower percent probability of about 
42%. Note that the next highest total percent probability 
value of about 26% was for the MORB setting, but this value 
is similar to the by-chance probability of 25% (Table 5). 
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Figure 10. Multidimensional tectonomagmatic diagrams based on log-ratios of major 
elements (Verma et al., 2006) for the C-MVB and CAVA basic magmas. Note that the 
near the trench and far from the trench magmas from the C-MVB and the front-arc and 
back-arc magmas for the CAVA are distinguished in these plots. The four tectonic set-
tings discriminated in these diagrams are: IAB–island (or continental) arc basic rocks; 
CRB–continental rift basic rocks; OIB–ocean island basic rocks; and MORB–mid-ocean 
ridge basic rocks. Note also that both sets of the C-MVB samples plot in the CRB field in 
all diagrams in which this setting is present, whereas the CAVA samples (especially the 
front-arc) confirm their arc setting in the diagrams in which IAB setting is included. (a) 
IAB-CRB-OIB-MORB; (b) IAB-CRB-OIB; (c) IAB-CRB-MORB; (d) IAB-OIB-MORB; 
and (e) CRB-OIB-MORB.
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Two sets of diagrams for intermediate magmas from 
the C-MVB indicated a transitional setting of continental 
arc to collision. In the first set, the total percent probability 
values were about 32% and 47%, respectively; in the third 
set they were about 35% and 40% (Table 6). The remaining 
set showed a transitional within-plate to collision setting 
with total percent probability values of about 27% and 47%, 
respectively (Table 6); this set can also be interpreted as 
indicating a collision setting for the C-MVB intermediate 
rocks because the value of 27% for the within-plate 
setting was close to the by-chance probability of 25%. The 
relatively low percent probability values of 27% to 32% for 
the within-plate setting and 47% for the collision setting 
also indicate a complex petrogenetic origin for the C-MVB 
intermediate magmas.

Three of the four sets of diagrams clearly indicated a 
continental arc setting for acid magmas from the C-MVB, 
with total percent probability values of about 69% to 77% 
(Verma et al., 2013; Table 7). The first set based on log-

ratios of major elements (Verma et al., 2012) also suggested 
an arc setting but the distinction between the island and 
continental arcs was not clear (Table 7).

Now the question arises of whether the arc setting 
indicated for the C-MVB acid rocks is a true arc setting or 
is the consequence of their origin in the underlying crust. 
Verma SP et al. (2015b) documented the strengths and 
weaknesses of the discrimination diagrams and suggested 
that these diagrams should be used in conjunction with 
the evaluation of petrogenetic processes. Therefore, these 
contrasting results on the inferred tectonic setting for the 
three types of magmas from the C-MVB deserve further 
consideration (Section 6).

5.5.2. Central American Volcanic Arc (CAVA)
This volcanic province undoubtedly represents a 
subduction-related setting from several other independent 
lines of evidence (Molnar and Sykes, 1969; Carr et al., 
1982, 2007; Burbach et al., 1984; Carr and Rose, 1986; 
Guzmán-Speziale et al., 2005; Walker et al., 2009). 

Table 5. Application of multidimensional diagrams for deciphering tectonic setting of Neogene basic magmas from the central part of 
the Mexican Volcanic Belt (C-MVB).

Figure reference; figure 
type; figure no.

Discrimination diagram § Total no. of 
samples (%)

Predicted tectonic affinity and number of discriminated samples 
(%)

IAB CRB+OIB CRB OIB MORB

Verma et al. (2006); 
log-ratios of major 
elements (m2); Figure 9

IAB−CRB−OIB−MORB 116 (100) 13 (11.2) −−− 95 (81.9) 1 (0.9) 7 (6)

IAB−CRB−OIB 116 (100) 9 (7.8) −−− 105 (90.5) 2 (1.7) −−−

IAB−CRB−MORB 116 (100) 9 (7.8) −−− 100 (86.2) −−− 7 (6)

IAB−OIB−MORB 116 (100) 40 (34.5) −−− −−− 21 (18.1) 55 (47.4)

CRB−OIB−MORB 116 (100) −−− −−− 104 (89.7) 1 (0.9) 11 (9.5)

C-MVB: Synthesis of all five diagrams of Verma et al. 
(2006) 580 (100) 71 (12.2) −−− 404 (69.7) 25 (4.3) 80 (13.8)

Agrawal et al. (2008); 
log−ratios of immobile 
trace elements (t1); no figure

IAB−CRB+OIB−MORB 21 (100) 0 (0) 19 (90) −−− −−− 2 (10)

IAB−CRB−OIB 21 (100) 0 (0) −−− 20 (95) 1 (5) −−−

IAB−CRB+ MORB 21 (100) 0 (0) −−− 20 (95) −−− 1 (5)

IAB−OIB−MORB 21 (100) 0 (0) −−− −−− 10 (48) 11 (52)

CRB−OIB−MORB 21 (100) −−− −−− 19 (90) 1 (5) 1 (5)

C-MVB: Synthesis of all five diagrams of Agrawal et al. 
(2008) 105 (100) 0 (0) 19 (−−−) 75 (71.4) 15 (14.3) 15 (14.3)

Verma and Agrawal (2011); 
log-ratios of immobile major 
and trace elements (t2); no 
figure

IAB−CRB+OIB−MORB 116 (100) 11 (14.9) 40 (54.1) −−− −−− 23 (31.1)

IAB−CRB−OIB 116 (100) 14 (18.9) −−− 44 (59.5) 16 (21.6) −−−

IAB−CRB−MORB 116 (100) 10 (13.5) −−− 46 (62.2) −−− 18 (24.3)

IAB−OIB−MORB 116 (100) 14 (18.9) −−− −−− 22 (29.7) 38 (51.4)

CRB−OIB−MORB 116 (100) −−− −−− 37 (50) 18 (24.3) 19 (25.7)

C-MVB: Synthesis of all five diagrams of Verma and 
Agrawal (2011) 370 (100) 49 (13.2) 40 (−−−) 155 (41.9) 68 (18.4) 98 (26.5)

§ IAB–island arc basic (or ultrabasic) rock (this is, in fact, the combined island and continental arc setting); CRB–continental rift basic (or 
ultrabasic) rock; OIB–ocean island basic (or ultrabasic) rock; MORB–mid-ocean ridge basic (or ultrabasic) rock.
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Table 6. Application of multidimensional diagrams for deciphering tectonic setting of intermediate magmas from the central part of 
the Mexican Volcanic Belt (C-MVB).

Magma type;
figure name;
figure number

Figure type §
Total n
umber 
of samples

Number of discriminated samples

Arc Within-plate CR+ 

OI [ x s! ] 
[pCR+ OI] Θ

Collision

Col  [ x s! ] 
[pCol] Θ

IA + CA [ x s! ] 
(pIA+ CA) Θ

IA [ x s! ] 
[pIA] Θ

CA [ x s! ]  
[pCA] Θ

Intermediate; 
Verma and Verma 
(2013);  log-
ratios of all 
major elements 
(mint); no figure

IA+CA−CR+
OI−Col 1351 304 [0.679 ± 0.172] 

(0.3473−0.9785) −− −− 267 [0.711 ± 0.180] 
(0.3795−0.9908)

780 [0.755 ± 0.148] 
(0.3599−0.9999)

IA−CA−CR+OI 1351 −− 66 [0.599 ± 0.126] 
(0.4077−0.9549)

1030 [0.730 ± 0.133] 
(0.4059−0.9999)

255 [0.732 ± 0.183] 
(0.3886−0.9968) −−

IA−CA−Col 1351 −− 68 [0.670 ± 0.175] 
(0.3856−0.9985)

578 [0.632 ± 0.114] 
(0.3772−0.9454) −− 705 [0.693 ± 0.152] 

(0.3949−0.9979)

IA−CR+OI−Col 1351 −− 191 [0.676 ± 0.165] 
(0.3730−0.9745) −− 309 [0.715 ± 0.179] 

(0.3517−0.9942)
851 [0.816 ± 0.153] 
(0.3448−1.0000)

CA−CR+OI−Col 1351 −− −− 380 [0.640 ± 0.156] 
(0.3376−0.9711)

236 [0.685 ± 0.181] 
(0.3414−0.9998)

735 [0.703 ± 0.137] 
(0.3496−0.9734)

C-MVB: Diagrams 
based on log-ratios 
of major elements

{Σn} {Σprob}
[%prob] 6755 {304} {206.2773} 

[−−−]
{325} {214.2816} 

[5.0%]
{1988} {1360.8785} 
[31.9%]

{1067} {759.3741} 
[15.7%]

{3071} {2288.6058} 
[47.4%]

725 114 [0.647 ± 0.146] 
(0.3485−0.9728) −− −− 200 [0.736 ± 0.174] 

(0.4099−0.9980)
411 [0.683 ± 0.139] 
(0.3558−0.9742)

Intermediate; Verma 
and Verma (2013); log-
ratios of 
immobile major and 
trace elements (mtint); 
no figure

IA+CA−CR+
OI−Col 725 −− 54 [0.590 ± 0.147] 

(0.3399−0.9096)
334 [0.629 ± 0.144] 
(0.3791−0.9870)

337 [0.752 ± 0.186] 
(0.3551−0.9994) −−

IA−CA−CR+OI 725 −− 27 [0.497 ± 0.103] 
(0.3371−0.7280)

205 [0.569 ± 0.128] 
(0.3499−0.9744) −− 493 [0.712 ± 0.163] 

(0.3559−0.9683)

IA−CA−Col 725 −− 90 [0.626 ± 0.140] 
(0.3676−0.9632) −− 205 [0.724 ± 0.173] 

(0.3817−0.9985)
430 [0.694 ± 0.133] 
(0.3418−0.9722)

IA−CR+OI−Col 725 −− −− 182 [0.729 ± 0.167] 
(0.3921−0.9991)

189 [0.724 ± 0.176] 
(0.3705−0.9990)

354 [0.723 ± 0.156] 
(0.3670−0.9922)

CA−CR+OI−Col 725 114 [0.647 ± 0.146] 
(0.3485−0.9728) −− −− 200 [0.736 ± 0.174] 

(0.4099−0.9980)
411 [0.683 ± 0.139] 
(0.3558−0.9742)

C-MVB: Diagrams 
based on log-ratios 
of immobile major 
and trace elements

{Σn} {Σprob}
[%prob]

3625 {114} {73.7275} 
[−−−]

{171} {101.6670} 
[4.6%]

{721} {459.5937} 
[20.7%]

{931} {685.8711} 
[27.4%]

{1688} {1186.1752} 
[47.3%]

Intermediate; Verma 
and Verma (2013); 
log-ratios of immobile 
trace elements (tint); 
no figure

IA+CA−CR+
OI−Col 233 50 [0.590 ± 0.138] 

(0.3942−0.9243) −− −− 63 [0.736 ± 0.177] 
(0.3584−0.9996)

120 [0.755 ± 0.180] 
(0.3767− 1.0000)

IA−CA−CR+OI 233 −− 2 [0.484 ± 0.059] 
(0.4423, 0.5262)

159 [0.679 ± 0.167] 
(0.3948−0.9985)

72 [0.715 ± 0.143] 
(0.3840− 1.0000) −−

IA−CA−Col 233 −− 1 (0.4885) 119 [0.620 ± 0.120] 
(0.3821−0.8979) −− 113 [0.707 ± 0.179] 

(0.3934−0.9990)

IA−CR+OI−Col 233 −− 35 [0.590 ± 0.118] 
(0.3946−0.8721) −− 67 [0.748 ± 0.171] 

(0.3927−0.9988)
131 [0.780 ± 0.177] 
(0.3923−0.9999)

CA−CR+OI−Col 233 −− −− 111 [0.675 ± 0.137] 
(0.4265−0.9499)

49 [0.694 ± 0.170] 
(0.3658−0.9994)

73 [0.715 ± 0.194] 
(0.3959−0.9995)

C-MVB: Diagrams 
based on log-ratios of 
immobile trace 
elements 

{Σn} {Σprob}
[%prob]

1165 {50} {29.4989}
[−−−]

{38} {22.0945} 
[3.0%]

{389} {256.6613} 
[34.8%]

{251} {181.9975} 
[22.3%]

{437} {324.8701} 
[39.9%]

§ IA–island arc; CR–continental rift; OI–ocean island; Col–collision; x s!  – mean ± standard deviation; {Σn} – total number of samples for the five 
diagrams; {Σprob} – total probability for a given tectonic setting in all five diagrams; [%prob]  – total percent probability value for a given tectonic setting 
in all five diagrams; Θ  (pIA+ CA),  [pIA],  [pCA], [pCR+ OI], and [pCol]  – probability for the five tectonic fields.
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Table 7. Application of multidimensional diagrams for deciphering tectonic setting of acid magmas from the central part of the Mexican Volcanic Belt (C-MVB).

Magma type; figure 
name Figure type §

Total 
number 
of samples

Number of discriminated samples

Arc
Within-plate CR+ OI 

[ x s! ] [pCR+ OI] Θ

        Collision     Col 

[ x s! ] [pCol] ΘIA+ CA [ x s! ] 
(pIA+ CA) Θ IA [ x s! ] [pIA] Θ CA [ x s! ] [pCA] Θ

Acid; Verma et 
al.  (2012); all 
major element 
concentrations 
(macid)

IA+CA−CR+OI−
Col 705 579 [0.920 ± 0.095] 

(0.4042−0.9961) −− −− 38 [0.702 ± 0.192] 
(0.3890−0.9768)

88 [0.815 ± 0.155] 
(0.4136−0.9932)

IA−CA−CR+OI 705 −− 414 [0.647 ± 0.094] 
(0.4961−0.9044)

211 [0.660 ± 0.128] 
(0.3506−0.9722)

80 [0.771 ± 0.195] 
(0.4044− 1.0000) −−

IA−CA−Col 705 −− 366 [0.599 ± 0.084] 
(0.4470−0.9080)

239 [0.598 ± 0.086] 
(0.4224−0.8470) −− 100 [0.888 ± 0.142] 

(0.4901− 1.0000)

IA−CR+OI−Col 705 −− 563 [0.949 ± 0.093] 
(0.3950−0.9996) −− 44 [0.700 ± 0.129] 

(0.4856−0.9529)
98 [0.842 ± 0.145] 
(0.4495−0.9841)

CA−CR+OI−Col 705 −− −− 595 [0.936 ± 0.114] 
(0.4177−0.9995)

27 [0.677 ± 0.166] 
(0.4153−0.8999)

83 [0.773 ± 0.141] 
(0.4309−0.9958)

C-MVB: Diagrams 
based on all 
major element 
concentrations 

{Σn} {Σprob}
[%prob]

3525 {579} {532.6557}
[−−−]

{1343} {1021.3676} 
[46.4%]

{1045} {839.0403} 
[38.0%]

{189} {137.4377} 
[4.8%]

{369} {307.1471} 
[10.8%]

Acid; Verma et al. 
(2013); log-ratios of 
all major elements 
(macid)

IA+CA−CR+OI−
Col 705 576 [0.909 ± 0.104] 

(0.4002−0.9950) −− −− 72 [0.717 ± 0.199] 
(0.3932−0.9992)

57 [0.728 ± 0.171] 
(0.3565−0.9956)

IA−CA−CR+OI 705 −− 0 (0) 584 [0.891 ± 0.080] 
(0.4579−0.9913)

121 [0.915 ± 0.141] 
(0.4972−0.9999) −−

IA−CA−Col 705 −− 4 [0.548±0.064] 
(0.4852−0.6366)

602 [0.898 ± 0.076] 
(0.4435−0.9683) −− 99 [0.897 ± 0.141] 

(0.4650− 1.0000)

IA−CR+OI−Col 705 −− 420 [0.688±0.154] 
(0.3504−0.9936) −− 162 [0.648 ± 0.163] 

(0.3497−0.9990)
123 [0.596 ± 0.169] 
(0.3451−0.9811)

CA−CR+OI−Col 705 −− −− 582 [0.935±0.107] 
(0.3715−0.9988)

65 [0.714 ± 0.188] 
(0.4079−0.9962)

58 [0.701 ± 0.163] 
(0.3989−0.9955)

C-MVB: Diagrams 
based on log-ratios 
of all major elements 

{Σn} {Σprob}
[%prob]

3525 {576} {523.4817} 
[−−−]

{424} {291.1469} 
[12.5%]

{1768} {1604.9671} 
[68.8%]

{420} {313.6001} 
[10.5%]

{337} {244.2449} 
[8.2%]

Acid; Verma et al. 
(2013); log-ratios 
of immobile major 
and trace elements 
(mtacid)

IA+CA−CR+OI−
Col 383 308 [0.758±0.124] 

(0.3824−0.9529) −− −− 30 [0.749 ± 0.184] 
(0.4677−0.9996)

45 [0.618 ± 0.159] 
(0.3881−0.9324)

IA−CA−CR+OI 383 −− 5 [0.601 ± 0.073] 
(0.5116−0.6863)

325 [0.802 ± 0.086] 
(0.4122−0.9518)

53 [0.906 ± 0.128] 
(0.4879−0.9992) −−

IA−CA−Col 383 −− 5 [0.571 ± 0.057] 
(0.5352−0.6709)

317 [0.748 ± 0.078] 
(0.4709−0.9192) −− 61 [0.844 ± 0.165] 

(0.4330−0.9991)

IA−CR+OI−Col 383 −− 90 [0.561 ± 0.126] 
(0.4079−0.9172) −− 33 [0.729±0.183] 

(0.4218−0.9986)
260 [0.583 ± 0.111] 
(0.3449−0.9281)

CA−CR+OI−Col 383 −− −− 322 [0.791±0.119] 
(0.3615−0.9566)

28 [0.753±0.176] 
(0.5085−0.9994)

33 [0.622 ± 0.143] 
(0.3723−0.8786)

C-MVB: Diagrams 
based on log-ratios 
of immobile major 
and trace elements 

{Σn} {Σprob}
[%prob] 1915 {308} {233.3330} 

[−−−]
{100} {56.3449} 
[5.2%]

{964} {752.2157} 
[68.8%]

{144} {115.6279} 
[8.2%]

{399} {251.3386} 
[17.8%]

Acid; Verma et al. 
(2013); log-ratios 
of immobile trace 
elements (tacid)

IA+CA−CR+OI−
Col 174 166 [0.840±0.094] 

(0.4423−0.9971) −− −− 6 [0.852 ± 0.121] 
(0.6967−0.9594)

2 [0.534 ± 0.106] 
(0.4596, 0.6094)

IA−CA−CR+OI 174 −− 4 [0.698 ± 0.171] 
(0.5600−0.9237)

157 [0.909 ± 0.086] 
(0.5149−0.9991)

13 [0.950 ± 0.092] 
(0.6761−1.0000) −−

IA−CA−Col 174 −− 0 (0) 167 [0.839 ± 0.063] 
(0.5990−0.9998) −− 7 [0.906 ± 0.059] 

(0.8106−0.9801)

IA−CR+OI−Col 174 −− 35 [0.661 ± 0.152] 
(0.4171−0.9525) −− 15 [0.768 ± 0.175] 

(0.5269−0.9899)
124 [0.741 ± 0.150] 
(0.4614− 1.0000)

CA−CR+OI−Col 174 −− −− 164 [0.934 ± 0.071] 
(0.5548−0.9990)

6 [0.872 ± 0.101] 
(0.7462−0.9615)

4 [0.660 ± 0.183] 
(0.4699−0.8224)

C-MVB: Diagrams 
based on log-ratios 
of immobile trace 
elements 

{Σn} {Σprob}
[%prob] 870 {166} {139.4569} 

[−−−]
{39} {25.9141} 
[4.6%]

{488} {436.0769} 
[77.0%]

{40} {34.2070} 
[4.6%]

{137} {101.9036} 
[13.8%]

For explanation of § and Θ, see Table 6.
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Therefore, it should be useful to check the functioning of 
the multidimensional diagrams for different kinds of rocks 
from the CAVA. 

The basic rocks from the CAVA indicated an arc 
(Figures 10a–10e; the first set of diagrams with about 63% 
percent probability; Table 8) or a transitional arc to MORB 
setting, with about 40% to 43% for arc and 51% to 36% 
for MORB (Table 8). When the rocks from the front-arc 
region were separately considered, this set of diagrams 
suggested an arc setting (results not shown separately in 
Table 8), because these samples mostly plotted in the arc 
field (Figures 10a–10d).

All three sets of diagrams for intermediate magmas 
indicated a continental arc setting for the CAVA with total 
percent probability values at about 55%, 58%, and 66%, 
respectively (Table 9).

Finally, all four sets of diagrams available for acid 
magmas also consistently showed a continental arc setting 
for the CAVA, because the total percent probability values 
were high at about 57%, 63%, 64%, and 69%, respectively 
(Table 10).

Thus, a good functioning of the multidimensional 
diagrams for all kinds of magmas is clearly established 
from the CAVA data. 

Now, the questions arise as follows: “Why do these 
diagrams indicate conflicting results for the C-MVB?”, 
and “Can there be different tectonic settings for basic, 
intermediate, and acid magmas that are closely related 
in space and time?” or else, “What role does the origin of 
magmas play in the resolution of these discrepancies?” I 
will attempt to answer these questions in Section 6.

6. Discussion 
If the C-MVB basic magmas were generated in a continental 
rift setting, they should be similar to other continental 
rifts or extensional areas and different from continental 
and island arcs or continental collision zones. The C-MVB 
intermediate and acid magmas indicated a different 
tectonic setting than the basic magmas. Intermediate types 
suggested a transitional arc to collision setting, whereas 
the acid magmas showed an arc setting. If it is true that the 
tectonic setting is dependent on the type of magmas, there 

Table 8. Application of multidimensional diagrams for deciphering tectonic setting of Neogene basic magmas from the Central 
American Volcanic Arc (CAVA).

Figure reference; figure 
type; figure no.

Discrimination diagram § Total no. of 
samples (%)

Predicted tectonic affinity and number of discriminated 
samples (%)
IAB CRB+ OIB CRB OIB MORB

Verma et al. (2006); log-
ratios of major elements 
(m2); no figure

IAB−CRB−OIB−MORB 183 (100) 144 (78.7) −− 19 (10.4) 0 (0) 20 (10.9)

IAB−CRB−OIB 183 (100) 137 (74.9) −− 35 (19.1) 11 (6) −−

IAB−CRB−MORB 183 (100) 143 (78.1) −− 21 (11.5) −− 19 (10.4)

IAB−OIB−MORB 183 (100) 149 (81.4) −− −− 14 (7.7) 20 (10.9)

CRB−OIB−MORB 183 (100) −− −− 139 (76) 0 (0) 44 (24)

CAVA: Synthesis of all five diagrams of Verma et al. (2006) 915 (100) 573 (62.6) −− 214 (23.4) 25 (2.7) 103 (11.3)

Agrawal et al. (2008); log-
ratios of immobile trace 
elements (t1); no figure

IAB−CRB+OIB−MORB 65 (100) 35 (53.8) 4 (6.2) −− −− 26 (40)

IAB−CRB−OIB 65 (100) 26 (40) −− 26 (40) 13 (20) −−

IAB−CRB+ MORB 65 (100) 35 (53.8) −− 4 (6.2) −− 26 (40)

IAB−OIB−MORB 65 (100) 35 (53.8) −− −− 2 (3.1) 28 (43.1)

CRB−OIB−MORB 65 (100) −− −− 5 (7.7) 0 (0) 60 (92.3)

CAVA: Synthesis of all five diagrams of Agrawal et al. (2008) 325 (100) 131 (40.3) 4 (−−−) 38 (11.7) 16 (4.9) 140 (43.1)

Verma and Agrawal 
(2011); log-ratios of 
immobile major and 
trace elements (t2); no 
figure

IAB−CRB+OIB−MORB 183 (100) 46 (59) 9 (11.5) −− −− 23 (29.5)

IAB−CRB−OIB 183 (100) 61 (78.2) −− 17 (21.8) 0 (0) −−

IAB−CRB−MORB 183 (100) 46 (59) −− 9 (11.5) −− 23 (29.5)

IAB−OIB−MORB 183 (100) 45 (57.7) −− −− 5 (6.4) 28 (35.9)

CRB−OIB−MORB 183 (100) −− −− 11 (14.1) 0 (0) 67 (85.9)

CAVA: Synthesis of all five diagrams of Verma and Agrawal 
(2011) 390 (100) 198 (50.8) 9 (−−−) 45 (11.5) 6 (1.5) 141 (36.2)

§ IAB–island arc basic (or ultrabasic) rock; CRB–continental rift basic (or ultrabasic) rock; OIB–ocean island basic (or ultrabasic) rock; MORB–mid-
ocean ridge basic (or ultrabasic) rock.
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Table 9. Application of multidimensional diagrams for deciphering tectonic setting of intermediate magmas from the Central 
American Volcanic Arc (CAVA).

Magma type; 
figure name;  figure 
number

Figure type §

Total
number 
of 
samples

Number of discriminated samples

Arc Within−plate CR+ 

OI [ x s! ]  
[pCR+ OI] Θ

Collision Col 

[ x s! ]  [pCol] ΘIA+ CA [ x s! ] 
(pIA+ CA) Θ

IA [ x s! ] 
[pIA] Θ

CA [ x s! ]  
[pCA] Θ

Intermediate; 
Verma and Verma 
(2013);  log-ratios of 
all major elements 
(mint); no figure

IA+CA−CR+OI−Col 498 433 [0.900 ± 0.140] 
(0.3504−0.9992) −−− −−− 21 [0.740 ± 0.168] 

(0.3820−0.9827)
44 [0.630 ± 0.085] 
(0.4883−0.8117)

IA−CA−CR+OI 498 −−− 129 [0.662 ± 0.158] 
(0.3918−0.9779)

347 [0.644 ± 0.093] 
(0.3869−0.9938)

22 [0.659 ± 0.180] 
(0.3922−0.9862) −−−

IA−CA−Col 498 −−− 125 [0.667 ± 0.176] 
(0.3617−0.9915)

358 [0.633 ± 0.104] 
(0.3622−0.8714) −−− 15 [0.521 ± 0.109] 

(0.3545−0.7589)

IA−CR+OI−Col 498 −−− 415 [0.907 ± 0.131] 
(0.3977−0.9996) −−− 25 [0.719 ± 0.186] 

(0.3627−0.9867)
58 [0.709 ± 0.131] 
(0.3909−0.9054)

CA−CR+OI−Col 498 −−− −−− 427 [0.879 ± 0.151] 
(0.4113−0.9996)

25 [0.729 ± 0.146] 
(0.4636−0.9465)

46 [0.6417 ± 0.0996] 
(0.4585−0.8239)

CAVA: Diagrams 
based on log-ratios 
of major elements

{Σn} {Σprob}
[%prob] 2490 {433} {389.6590} 

[−−−]
{669} {545.0745} 
[36.2%]

{1132} {825.4543} 
[54.9%]

{93} {66.2545} 
[3.4%]

{163} {106.2025} 
[5.5%]

Intermediate; 
Verma and Verma 
(2013); log-ratios 
of immobile major 
and trace elements 
(mtint); no figure

IA+CA−CR+OI−Col 725 232 214 [0.907 ± 0.098] 
(0.3860−0.9962) −−− −−− 4 [0.816 ± 0.181] 

(0.5820−0.9678)

IA−CA−CR+OI 725 232 −−− 65 [0.682 ± 0.115] 
(0.5034−0.9932)

163 [0.693 ± 0.080] 
(0.3803−0.8916)

4 [0.755 ± 0.277] 
(0.4714−0.9933)

IA−CA−Col 725 232 −−− 59 [0.655 ± 0.114] 
(0.4458−0.9723)

159 [0.672 ± 0.091] 
(0.4200−0.8971) −−−

IA−CR+OI−Col 725 232 −−− 209 [0.884 ± 0.087] 
(0.5176−0.9955) −−− 5 [0.707 ± 0.228] 

(0.4608−0.9656)

CA−CR+OI−Col 725 232 −−− −−− 216 [0.942 ± 0.100] 
(0.4270−0.9997)

5 [0.762 ± 0.172] 
(0.5181−0.9242)

CAVA: Diagrams 
based on log-ratios 
of immobile major 
and trace elements

{Σn} {Σprob}
[%prob]

1160 {214} {194.1879} 
[−−−]

{333} {267.8415} 
[36.6%]

{538} {423.2965} 
[57.8%]

{18} {13.6314} 
[1.5%]

{57} {39.5218} 
[4.1%]

Intermediate; 
Verma and Verma 
(2013); log-ratios 
of immobile trace 
elements (tint); no 
figure

IA+CA−CR+OI−Col 227 213 [0.886±0.095] 
(0.5140−0.9989) −−− −−− 8 [0.741±0.145] 

(0.5440−0.9136)
6 [0.746±0.118] 
(0.5776−0.9009)

IA−CA−CR+OI 227 −−− 51 [0.654 ± 0.137] 
(0.4357−0.9218)

169 [0.807±0.133] 
(0.4899−0.9580)

7 [0.730±0.204] 
(0.4273−0.9468) −−−

IA−CA−Col 227 −−− 43 [0.670±0.118] 
(0.4359−0.9065)

178 [0.790±0.115] 
(0.4341−0.9233) −−− 6 [0.693±0.180] 

(0.5018−0.9903)

IA−CR+OI−Col 227 −−− 206 [0.742±0.161] 
(0.4123−0.9982) −−− 10 [0.732±0.175] 

(0.4070−0.9439)
11 [0.694±0.125] 
(0.4774−0.8768)

CA−CR+OI−Col 227 −−− −−− 217 [0.929±0.089] 
(0.4578−0.9993)

6 [0.814±0.122] 
(0.5903−0.9170)

4 [0.657±0.165] 
(0.4945−0.8864)

CAVA: Diagrams 
based on log-ratios 
of immobile trace 
elements 

{Σn} {Σprob}
[%prob]

1135 {213} {188.7361} 
[−−−]

{300} {214.9189} 
[29.6%]

{564} {478.6132} 
[65.9%]

{31} {23.2449} 
[2.5%]

{27} {18.8996} 
[2.0%]

§ IA–island arc; CR–continental rift; OI–ocean island; Col–collision; x s!  – mean ± standard deviation; {Σn} – total number of 
samples for the five diagrams; {Σprob} – total probability for a given tectonic setting in all five diagrams; [%prob]  – total percent 
probability value for a given tectonic setting in all five diagrams; Θ  (pIA+ CA),  [pIA],  [pCA], [pCR+ OI], and [pCol]  − probability for the 
five tectonic fields.
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Table 10. Application of multidimensional diagrams for deciphering tectonic setting of acid magmas from the Central American 
Volcanic Arc (CAVA).

Magma type; figure 
name Figure type §

Total 
number 
of 
samples

Number of discriminated samples

Arc Within−plate CR+ 

OI [ x s! ] 
[pCR+ OI] Θ

 Collision Col 

[ x s! ] [pCol] ΘIA+ CA [ x s! ] 
(pIA+ CA) Θ

IA [ x s! ]   
[pIA] Θ

CA [ x s! ]  
[pCA] Θ

Acid; Verma et al.  
(2012); all major 
element concentrations 
(macid)

IA+CA−CR+OI−Col 54 48 [0.891 ± 0.099] 
(0.5432−0.9998) −−− −−− 1 (0.4681) 5 [0.560 ± 0.183] 

(0.3555−0.8448)

IA−CA−CR+OI 54 −−− 16 [0.706 ± 0.178] 
(0.4979−0.9955)

37 [0.648 ± 0.131] 
(0.4605−0.8651) 1 (0.7510) −−−

IA−CA−Col 54 −−− 12 [0.784 ± 0.184] 
(0.4991−0.9899)

39 [0.656 ± 0.096] 
(0.4969−0.8913) −−− 3 [0.708 ± 0.063] 

(0.6404−0.7640)

IA−CR+OI−Col 54 −−− 44 [0.893 ± 0.150] 
(0.4354− 1.0000) −−− 1 (0.3489) 9 [0.686 ± 0.108] 

(0.5418−0.8864)

CA−CR+OI−Col 54 −−− −−− 49 [0.911 ± 0.112] 
(0.4892− 1.0000) 0 (0) 5 [0.502 ± 0.092] 

(0.3742−0.5924)

CAVA: Diagrams based 
on all major element 
concentrations 

{Σn} {Σprob}
[%prob] 270 {48} {42.7755}

[−−−]
{72} {59.9994} 
[36.1%]

{125} {94.2048} 
[56.7%]

{3} {1.5680} 
[0.8%]

{22} {13.6144} 
[6.4%]

Acid; Verma et al. 
(2013); log-ratios of all 
major elements (macid)

IA+CA−CR+OI−Col 54 44 [0.860 ± 0.107] 
(0.5712−0.9932) −−− −−− 8 [0.633 ± 0.118] 

(0.3980−0.7812)
2 [0.4727 ± 0.0136] 
(0.4631, 0.4823)

IA−CA−CR+OI 54 −−− 8 [0.809 ± 0.197] 
(0.4324−0.9983)

38 [0.797 ± 0.108] 
(0.5102−0.9280)

8 [0.815 ± 0.198] 
(0.5054−0.9937) −−−

IA−CA−Col 54 −−− 6 [0.623 ± 0.242] 
(0.3998−0.9664)

40 [0.833 ± 0.104] 
(0.4867−0.9483) −−− 8 [0.691 ± 0.153] 

(0.4823−0.9379)

IA−CR+OI−Col 54 −−− 32 [0.692 ± 0.204] 
(0.4167− 1.0000) −−− 18 [0.592 ± 0.123] 

(0.3742−0.7657)
4 [0.504 ± 0.093] 
(0.3702−0.5857)

CA−CR+OI−Col 54 −−− −−− 45 [0.883 ± 0.124] 
(0.4234−0.9994)

8 [0.618 ± 0.093] 
(0.4512−0.7515) 1 (0.4246)

CAVA: Diagrams based 
on log-ratios of all 
major elements 

{Σn} {Σprob}
[%prob]

270 {44} {37.8345}
[−−−]

{46} {32.3461} 
[19.6%]

{123} {103.3702} 
[63.1%]

{42} {27.1790} 
[13.0%]

{15} {8.9123} 
[4.3%]

Acid; Verma et al. 
(2013); log-ratios of 
immobile major and 
trace elements (mtacid)

IA+ CA−CR+ OI−Col 28 26 [0.733 ± 0.143] 
(0.4576−0.9231) −−− −−− 0 (0) 2 [0.520 ± 0.062] 

(0.4767, 0.5639)

IA−CA−CR+ OI 28 −−− 6 [0.750 ± 0.114] 
(0.6110−0.8759)

21 [0.755 ± 0.129] 
(0.4800−0.8853) 1 (0.8502) −−−

IA−CA−Col 28 −−− 6 [0.747 ± 0.131] 
(0.5303−0.8695)

20 [0.700 ± 0.112] 
(0.4849−0.8709) −−− 2 [0.628 ± 0.245] 

(0.4549, 0.8011)

IA−CR+ OI−Col 28 −−− 9 [0.834 ± 0.159] 
(0.5074−0.9721) −−− 2 [0.5005 ± 0.0109] 

(0.4929, 0.5082)
17 [0.585 ± 0.080] 
(0.4346−0.6946)

CA−CR+ OI−Col 28 −−− −−− 27 [0.761 ± 0.135] 
(0.4824−0.9353) 1 (0.5702) 0 (0)

CAVA: Diagrams 
based on log-ratios of 
immobile major and 
trace elements 

{Σn} {Σprob}
[%prob] 140 {26} {19.0614}

[−−−]
{21} {16.4920} 
[21.1%]

{68} {50.3920} 
[64.4%]

{4} {2.4214} 
[2.3%]

{21} {12.2346} 
[12.2%]

Acid; Verma et al. 
(2013); log-ratios 
of immobile trace 
elements (tacid)

IA+CA−CR+OI−Col 5 5 [0.778 ± 0.141] 
(0.5810−0.9693) −−− −−− 0 (0) 0 (0)

IA−CA−CR+OI 5 −−− 1 (0.9286) 4 [0.911 ± 0.052] 
(0.8474−0.9719) 0 (0) −−−

IA−CA−Col 5 −−− 1 (0.9326) 4 [0.8651 ± 0.0165] 
(0.8517−0.8891) −−− 0 (0)

IA−CR+OI−Col 5 −−− 1 (0.9998) −−− 2 [0.676 ± 0.304] 
(0.4610, 0.8908)

2 [0.767 ± 0.261] 
(0.5822, 0.9510)

CA−CR+OI−Col 5 −−− −−− 5 [0.862 ± 0.123] 
(0.6709−0.9974) 0 (0) 0 (0)

CAVA: Diagrams 
based on log-ratios 
of immobile trace 
elements 

{Σn} {Σprob}
[%prob] 25 {5} {3.8881}

[−−−]
{3} {2.8610}
[18%]

{13} {11.4158} 
[69%]

{2} {1.3518} 
[6%]

{2} {1.5332}
[7%]

For explanation of § and Θ, see Table 6.  
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should be at least some distinction in space or time for 
the different magma types. However, all types of magmas 
from the C-MVB overlap in time because they are all of 
Neogene-Quaternary (mainly Pliocene to Holocene) 
age. Their geographical distribution is shown in Figure 
11, from which no clear distinction of locations can be 
observed for the different magma types, neither from the 
near the trench nor far from the trench areas. Therefore, 
it is difficult, if not impossible, to attribute the origin of 
basic, intermediate, and acid rocks to different tectonic 
settings. Instead of this, it seems more likely that these 
rock types had drastically different petrogenetic sources, 
which resulted in rock type-dependent indications from 
the tectonic discrimination diagrams (Verma, 2015a; 
Verma SP et al., 2015b). I present and discuss additional 
quantitative constraints to better understand this complex 
problem.  

6.1. Quantitative treatment of Nb and Ta anomalies in 
multielement normalized diagrams 
To date, the multielement normalized diagrams have 
generally been used on a simple qualitative basis by 
identifying, for example, the mere presence or absence 
of a positive or negative Nb anomaly, without any 
reference to its size, except by Verma (2006, 2009) who 
did use a quantitative approach. Such diagrams have been 

erroneously interpreted by most people who use them 
qualitatively to infer an arc setting for negative anomalies, 
irrespective of their size (e.g., Martínez-Serrano et al., 
2004). Verma (2006, 2009) indicated the usefulness 
of such diagrams for basic magmas when quantitative 
statistical information is derived from them, such as 
the quantification of Nb anomaly with respect to Ba 
and La. Thus, these diagrams were rendered as excellent 
tectonomagmatic indicators.

In these papers (Verma, 2006, 2009), I showed that 1) 
this anomaly can be negative for basic magmas from both 
arc and rift tectonic settings, but the size of the anomaly is 
significantly different for these two settings; 2) the basic 
or ultrabasic magmas from arcs and continental rift or 
extension-related settings can be clearly distinguished 
from the size of the negative Nb anomaly; and 3) the LTVF 
(Verma, 2006) and C-MVB (Verma, 2009) of southern 
Mexico are more consistent with a continental rift setting 
rather than with an arc setting. Therefore, it is worthwhile 
to extend this kind of work for all kinds of magmas from 
basic to acid.

Here, I quantitatively use both Nb and Ta anomalies 
in primitive mantle normalized diagrams, first by defining 
them as follows:
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Figure 11. The geographic distribution of different magma types in the C-MVB. The 
symbols are shown as insets; the numbers 250 to 500 km refer to the horizontal dis-
tance from the Middle America Trench (MAT in Figure 1); 60 km deep means that 
here the subducted slab is about 60 km deep; N-F limit refers to the subdivision used 
in this work; more information is given in Figure 2.
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(3)

(4)

Here, for Eq. (3), the element symbols Nb (a high-
field strength element – HFSE), Ba (a large ion lithophile 
element – LILE), and La (a light rare-earth element – 
LREE) refer to the concentrations of these elements in a 
sample or normalizing material; the subscript sa stands 
for the sample and pm for the primitive mantle; and the 
superscript * refers to the Nb concentration that would 
result from a smooth pattern for Ba to La on the primitive 
mantle-normalized multielement diagram (see Figure 7 
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 
multielement diagram. This observation makes the simple 
Eq. (3) applicable for the calculation of the quantitative 
parameter {Nb/Nb*}pm. 

 The other anomaly parameter {Ta/Ta*}pm of Eq. 
(4) is defined similarly for Ta, being a HFSE as is Nb. 
This would not correspond to Figure 7 as presented, but 
rather for a similar diagram in which Nb and Ta have been 
interchanged. This is done to make the two quantitative 
parameters {Nb/Nb*}pm and {Ta/Ta*}pm directly 
comparable to each other.

Alternative equations can instead be proposed to 
justify the log-scale on the y-axis, but the interpretation 
will not change.

The statistical information (mean, standard 
deviation, no. of samples, and 99% confidence limits 
of the mean value) for the Nb and Ta anomalies 
({Nb/Nb*}pm and {Ta/Ta*}pm) is summarized in Table 
11. For a smooth curve without any anomaly the value 
of {Nb/Nb*}pm or  {Ta/Ta*}pm will be about 1. When this 
quantitative estimate is smaller than 1, the anomaly is said 
to be negative and its size increases as this value decreases. 
In some cases, the value of the Nb or Ta anomaly can be 
higher than 1; this anomaly is said to be positive and its 
size increases as this value increases. 

The C-MVB basic magmas from near the trench show 
a relatively small negative Nb or Ta anomaly. Thus, we 
have for {Nb/Nb*}pm mean = 0.54, standard deviation = 
0.25, no. of samples = 38, and 99% confidence limits of the 
mean = 0.43–0.65, and for {Ta/Ta*}pm  0.75, 0.16, 30, and 
0.67–0.84, respectively (Table 11). The far from the trench 
C-MVB basic magmas show very similar values for the Nb 
anomaly, e.g., 99% confidence limit of the mean 0.41–0.66 
(Table 11); no data are available for the Ta anomaly for this 
region. 

The C-MVB intermediate and acid magmas show 
significantly larger negative anomalies; in fact, the size of 
the anomalies increases (the 99% confidence limits of the 
mean values decrease) in the sequence basic-intermediate-
acid: {Nb/Nb*}pm 0.43–0.66 for basic, 0.20–0.22 for 
intermediate, and 0.146–0.158 for acid, and {Ta/Ta*}pm 
0.67–0.84 for basic, 0.23–0.27 for intermediate, and 0.21–
0.23 for acid (Table 11).

Henceforth, I will cite only the 99% confidence limits 
of the mean, which combines all the other conventional 
statistical parameters of mean, standard deviation, no. 
of samples, and Student t (Verma, 2005, 2012a). This 
parameter is an excellent estimate of the mean value of the 
population (µ, an unknown parameter) because µ will lie 
within these limits at 99% probability or confidence used 
to estimate the confidence limits (e.g., Jensen et al., 1997; 
Miller and Miller, 2005; Verma, 2005). 

The basic magmas from the front-arc region of the 
CAVA depicted very large Nb and Ta anomalies, with very 
small values of {Nb/Nb*}pm of 0.11 to 0.15 and {Ta/Ta*}
pm of 0.13 to 0.23, respectively (Table 11), much smaller 
than the C-MVB for both the near and far from the trench 
regions. On the contrary, the basic magmas from the 
back-arc region of the CAVA showed significantly higher 
values of  {Nb/Nb*}pm 0.5 to 1.3 and {Ta/Ta*}pm of 0.241 to 
0.366, respectively (Table 11) than the front-arc magmas. 
Thus, the size of these anomalies may well indicate much 
greater involvement of substance (fluids or melts) from the 
subducted slab for the front-arc area as compared to the 
back-arc region of CAVA. 

The intermediate and acid magmas from the CAVA 
also showed large negative anomalies as the basic magmas 
from the front-arc. In fact, the 99% confidence limits of 
the mean values overlapped for these rock types as basic-
intermediate-acid: {Nb/Nb*}pm 0.11 to 0.15 for basic, 
0.103 to 0.113 for intermediate, and 0.083 to 0.127 for 
acid, and {Ta/Ta*}pm 0.13 to 0.23 for basic, 0.12 to 0.14 for 
intermediate, and 0.020 to 0.189 for acid (Table 11). 

All other arcs, whether continental or island types 
(underlain by a thick or thin crust, respectively), 
consistently showed very large and overlapping negative 
Nb and Ta anomalies for the different magma types from 
basic to acid (Table 11). This was consistently true for all 
22 regions from the Chilean Andes to the Vanuatu arc 
compiled in this work. The CAVA showed exactly the 
same behavior as all these other arcs (Table 11). However, 
none of the arcs showed the relationship of the C-MVB, in 
which the basic magmas depicted much smaller Nb and Ta 
anomalies than the intermediate and acid rocks.

Now, if we examine the behavior of these anomalies in 
continental rifts or extension-related areas or postcollision 
extensional zones, the basic rocks in most cases showed 
smaller anomalies than the intermediate and acid rocks. 
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Table 11. Statistical information on Nb and Ta anomalies (with respect to Ba and La) for basic, intermediate, and acid rocks from 
Mexico and other areas representing different tectonic settings.

Area Magma type

Mean ± standard deviation (number of 
samples)   x s!  (n)

99% Confidence limits (CL) of 
the mean

{Nb/Nb*}pm {Ta/Ta*}pm {Nb/Nb*}pm {Ta/Ta*}pm

Central Mexican Volcanic Belt (near the 
trench) Basic 0.54  ± 0.25 (38) 0.75 ± 0.16 (30) 0.43–0.65 0.67–0.84

Central Mexican Volcanic Belt (far from the 
trench) Basic 0.53  ± 0.24 (28) −− 0.41–0.66 −−

Central Mexican Volcanic Belt Intermediate 0.21 ± 0.09 (498) 0.25 ± 0.11  (274) 0.20–0.22 0.23–0.27

Central Mexican Volcanic Belt Acid 0.152 ± 0.033 (194) 0.22 ± 0.05 (184) 0.146–0.158 0.21–0.23

Continental and island arcs

Central American Volcanic Arc (front arc) Basic 0.13 ± 0.06 (59) 0.18 ± 0.11 (34) 0.11–0.15 0.13–0.23

Central American Volcanic Arc (back arc) Basic 0.9 ± 0.7 (28) 0.304 ± 0.038 (6) 0.5–1.3 0.241–0.366

Central American Volcanic Arc Intermediate 0.108 ± 0.030  (289) 0.13 ± 0.05  (213) 0.103–0.113 0.12–0.14

Acid 0.105 ± 0.040 (25) 0.105 ± 0.029 (4) 0.083–0.127 0.020–0.189

Andes (Chile) Basic 0.20 ± 0.05 (29) 0.147 ± 0.037 (9) 0.17–0.23 0.105–0.189

Intermediate 0.186 ± 0.041  (125) 0.192 ± 0.043 (65) 0.177–0.196 0.177–0.206

Acid 0.177 ± 0.031 (49) 0.194 ± 0.034 (41) 0.165–0.189 0.180–0.208

Andes (Peru) Acid 0.25 ± 0.10 (37) 0.26 ± 0.11 (33) 0.21–0.30 0.21–0.31

Andes (Ecuador) Basic 0.079 ± 0.009 (7) −− 0.065–0.090 −−

Intermediate 0.113 ± 0.030  (178) 0.101 ± 0.044 (44) 0.107–0.119 0.083–0.119

Acid 0.106 ± 0.018 (210) 0.17 ± 0.07 (16) 0.103–0.110 0.11–0.22

Andes (Colombia) Intermediate 0.23 ± 0.05 (11) 0.23 ± 0.12 (12) 0.18–0.28 0.12–0.34

Aleutians Basic 0.18 ± 0.07 (15) 0.19 ± 0.09 (14) 0.13–0.24 0.12–0.26

Intermediate 0.162 ± 0.010  (48) 0.212 ± 0.011 (46) 0.158–0.166 0.208–0.216

Acid 0.23 ± 0.05 (14) 0.29 ± 0.05 (14) 0.19–0.28 0.24–0.33

Barren Island (Indian Ocean) Basic 0.089 ± 0.010 (18) 0.121 ± 0.013 (13) 0.082–0.096 0.110–0.131

Intermediate 0.093 ± 0.007  (16) 0.133 ± 0.017 (15) 0.088–0.097 0.120–0.146

Fiji Islands Basic 0.064 ± 0.037 (5) 0.024 ± 0.010 (11) −− 0.015–0.033

Intermediate 0.078 ± 0.041  (11) 0.053 ± 0.020 (13) 0.039–0.116 0.036–0.070

Hokkaido (Japan) Basic 0.31 ± 0.16 (25) 0.27 ± 0.13 (25) 0.23–0.40 0.20–0.35

Intermediate 0.16 ± 0.11  (48) 0.17 ± 0.010 (47) 0.12–0.20 0.13–0.21

Acid 0.17 ± 0.07 (67) 0.21 ± 0.09 (67) 0.14–0.19 0.18–0.24

Izu–Bonin Basic 0.14 ± 0.05 (20) 0.17 ± 0.07 (15) 0.11–0.17 0.11–0.22

Intermediate 0.090 ± 0.038  (7) −− 0.037–0.143 −−

Acid 0.083 ± 0.016 (8) 0.21 ± 0.07 (11) 0.063–0.103 0.14–0.28

Japan Basic 0.21 ± 0.08 (29) 0.25 ± 0.12 (22) 0.17–0.25 0.18–0.32

Intermediate 0.20 ± 0.08  (90) 0.25 ± 0.11 (73) 0.17–0.22 0.21–0.28

Acid 0.18 ± 0.05 (20) −− 0.15–0.21 −−

Indonesia Basic 0.15 ± 0.05 (27) 0.26 ± 0.13 (23) 0.13–0.17 0.18–0.33

Intermediate 0.15 ± 0.06  (91) 0.22 ± 0.10 (71) 0.13–0.17 0.19–0.26

Acid 0.20 ± 0.13 (7) 0.242 ± 0.014 (15) 0.01–0.38 0.231–0.252
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Area Magma type
Mean ± standard deviation (number of 
samples)   x s!  (n)

99% Confidence limits (CL) of 
the mean

{Nb/Nb*}pm {Ta/Ta*}pm {Nb/Nb*}pm {Ta/Ta*}pm

Intermediate 0.206 ± 0.036  (148) 0.253 ± 0.028 (116) 0.198–0.214 0.246–0.260
Acid 0.174 ± 0.035 (18) 0.167 ± 0.039 (41) 0.151–0.198 0.150–0.183

Kamchatka Basic 0.14 ± 0.06 (54) 0.2 ± 0.10 (58) 0.12–0.17 0.16–0.23
Intermediate 0.121 ± 0.035  (105) 0.149 ± 0.044 (102) 0.112–0.130 0.137–0.160
Acid 0.105 ± 0.040 (68) 0.12 ± 0.06 (7) 0.092–0.118 0.02–0.21

Kermadec Basic 0.086 ± 0.043 (38) 0.24 ± 0.14 (13) 0.067–0.104 0.13–0.36
Intermediate 0.11 ± 0.05  (21) 0.5 ± 0.5 (6) 0.08–0.14 −−
Acid 0.09 ± 0.05 (44) 0.125 ± 0.007 (13) 0.07–0.11 0.119–0.131

Mariana Basic 0.07  ± 0.022 (11) 0.106 ± 0.018 (8) 0.054–0.097 0.084–0.129
Intermediate 0.087 ± 0.022  (58) 0.113 ± 0.018 (53) 0.079–0.094 0.107–0.120
Acid 0.1024 ± 0.0043 (13) 0.15 ± 0.07 (8) 0.0988–0.1061 0.07–0.24

Philippines (Bicol, Luzon) Basic 0.18 ± 0.06 (21) 0.19 ± 0.05 (15) 0.14–0.22 0.15–0.23
Intermediate 0.20 ± 0.09  (50) 0.21 ± 0.06 (24) 0.16–0.23 0.18–0.25
Acid 0.156 ± 0.013  (4) 0.191 ± 0.021 (6) 0.116–0.191 0.157–0.224

New Hebrides Basic 0.12 ± 0.06 (24) 0.053 ± 0.018 (9) 0.09–0.16 0.033–0.073
Intermediate 0.16 ± 0.06  (33) 0.20  ± 0.12 (5) 0.13–0.19 −−
Acid 0.12 ± 0.029 (9) −− 0.088–0.153 −−

New Zealand (North Island) Basic 0.194 ± 0.043 (14) 0.271 ± 0.043 (11) 0.160–0.229 0.230–0.312
Intermediate 0.19 ± 0.06  (40) 0.42 ± 0.18 (40) 0.17–0.22 0.34–0.49
Acid

Ryukyu (Japan) Basic 0.31  ± 0.10 (8) 0.36 ± 0.09 (8) 0.19–0.44 0.25–0.47
Intermediate 0.25 ± 0.08  (13) 0.31 ± 0.07 (13) 0.18–0.31 0.24–0.37
Acid 0.188 ± 0.040 (28) 0.36 ± 0.16 (4 0.167−0.208 0.27–0.44

Taiwan Basic −− −− −− −−
Intermediate 0.17 ± 0.08  (5 0.23 ± 0.10 (5) 0.01–0.34 0.02–0.43
Acid 0.143 ± 0.010 (6) 0.1873 ± 0.0044 (6) 0.127–0.159 0.1800−0.1945

Solomon Islands Basic 0.088 ± 0.028 (17) 0.102 ± 0.031 (17) 0.069–0.108 0.080–0.124
Intermediate 0.087 ± 0.042  (33) 0.16 ± 0.08 (28) 0.066–0.107 0.12–0.20

Tongan Islands Basic 0.13 ± 0.07 (12) 0.36 ± 0.29 (10) 0.06–0.19 0.06–0.66
Intermediate 0.20 ± 0.08  (29) 0.36 ± 0.26 (27) 0.16–0.25 0.22–0.49
Acid 0.23 ± 0.05 (7) 0.31 ± 0.05 (6) 0.16–0.30 0.22–0.40

Vanuatu Basic 0.064 ± 0.026 (69) 0.079 ± 0.033 (32) 0.056–0.073 0.063–0.095
Intermediate 0.15 ± 0.07  (11) 0.15 ± 0.07 (10) 0.09–0.22 0.08–0.22

Continental rifts or extensional areas, including 
postcollision extension
San Luis Potosí (Mexico) Basic 0.78 ± 0.36 (15) 1.10 ± 0.44 (4) 0.49–1.06 −−

Intermediate 0.19 ± 0.05 (4) −− 0.04–0.33 −−
Baja California (Mexico) – Pliocene–
Pleistocene Basic 0.137 ± 0.012  (4) −− 0.102–0.172 −−

Intermediate 0.13 ± 0.05 (32) −− 0.11–0.16 −−
Baja California (Mexico) − Miocene Intermediate 0.126 ± 0.022 (15) −− 0.108–0.143 −−
Mogollon–Datil volcanic field, New Mexico 
(USA) Basic 0.75 ± 0.27  (13) 0.87 ± 0.32  (9) 0.52–0.98 0.51–1.23

Intermediate 0.163 ± 0.030  (10) 0.19 ± 0.03  (10) 0.133–0.194 0.15–0.22
NW Cerro del Rio,  New Mexico (USA) Basic −− 0.61 ± 0.05  (5) −− 0.50–0.72

Intermediate −− 0.46 ± 0.10  (8) −− 0.33–0.58

Table 11. (Continued.)
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Area Magma type
Mean ± standard deviation (number of 
samples)   x s!  (n)

99% Confidence limits (CL) of 
the mean

{Nb/Nb*}pm {Ta/Ta*}pm {Nb/Nb*}pm {Ta/Ta*}pm

Intermediate 0.22 ± 0.10  (7) −− 0.08–0.35 −−
Rio Grande rift, New Mexico (USA) Basic 0.7 ± 0.5  (29) 0.8 ± 0.5  (28) 0.5–1.0 0.5–1.1

Intermediate 0.21 ± 0.09  (14) 0.21 ± 0.07  (13) 0.13–0.28 0.16–0.27
San Juan volcanic field, Colorado (USA) Intermediate 0.17 ± 0.08  (26) −− 0.13–0.22 −−

Acid 0.12 ± 0.05  (7) −− 0.06–0.19 −−

Hurricane volcanic field, Utah (USA) Basic 0.60 ± 0.17  (27) 0.66 ± 0.22  (27) 0.51–0.69 0.55–0.78
Santa Rosa Calico volcanic field, Nevada (USA) Intermediate 0.22 ± 0.07  (12) 0.26 ± 0.10  (8) 0.16–0.28 0.14–0.39
Western USA Basic 0.61 ± 0.36  (46) 0.38 ± 0.06  (14) 0.47–0.75 0.33–0.42

Intermediate 0.17 ± 0.06  (10) −− 0.11–0.24 −−
Northwest Iran Basic 0.46 ± 0.10  (14) 0.42 ± 0.08  (8) 0.38–0.55 0.32–0.51

Intermediate 0.422 ± 0.026  (6) −− 0.379–0.465 −−
Eastern Iran Basic 0.88 ± 0.11  (6) 0.90 ± 0.13  (6) 0.70–1.05 0.68–1.12

Intermediate 0.70 ± 0.33  (7) 0.8 ± 0.5  (7) 0.24–1.16 0.1–1.4
Western and Northwestern Anatolia (Turkey) Basic 0.21 ± 0.09  (30) 0.7 ± 0.7  (28) 0.17–0.26 0.4–1.1

Basic 1.45 ± 0.25  (9) −− 1.17–1.73 −−
Intermediate 0.15 ± 0.06  (37) 0.19 ± 0.07  (37) 0.13–0.18 0.16–0.22
Acid 0.129 ± 0.027  (17) 0.175 ± 0.038  (16) 0.110–0.148 0.147–0.202

Eastern Anatolia (Turkey) Basic 0.782 ± 0.014  (20) 0.784 ± 0.038  (20) 0.773–0.791 0.760–0.809
Acid 0.50 ± 0.13  (25) 0.680 ± 0.017  (24) 0.43–0.58 0.580–0.779

North and Northeast China Basic 0.78 ± 0.17  (21) 0.49 ± 0.11  (4) 0.67–0.88 0.17–0.80
Intermediate 0.47 ± 0.09  (8) 0.37 ± 0.09  (5) 0.36–0.57 0.18–0.56

Lhasa terrane (Tibet) Intermediate 0.24 ± 0.06  (11) 0.263 ± 0.043  (11) 0.18–0.31 0.222–0.304
Acid 0.232 ± 0.024  (10) 0.284 ± 0.036  (10) 0.207–0.256 0.247–0.322

Central and South Tibet Basic 0.12 ± 0.06  (5) 0.11 ± 0.06  (5) −− −−
Intermediate 0.21 ± 0.07  (42) 0.199 ± 0.041  (33) 0.19–0.23 0.179–0.218
Acid 0.122 ± 0.029  (35) 0.15 ± 0.05  (42) 0.109–0.136 0.13–0.17

NW Africa (Morocco and Mali) Basic 0.73 ± 0.10  (6) 0.63 ± 0.15  (5) 0.56–0.89 0.32–0.94
Intermediate 0.72 ± 0.13  (18) 0.73 ± 0.13  (10) 0.64–0.81 0.60–0.87

Djibouti (Africa) − negative anomaly Basic 0.78 ± 0.13  (9) −− 0.64–0.92 −−
Djibouti (Africa) − positive anomaly Basic 1.6 ± 0.5  (9) 1.7 ± 0.5  (15) 1.1–2.1 1.3–2.1
Ethiopian rift (Africa) − negative anomaly Basic 0.6 ± 0.17  (14) 0.7 ± 0.5 (14) 0.46–0.74 0.4–1.1
Ethiopian rift (Africa) − positive anomaly Basic 1.28 ± 0.24  (28) 1.5 ± 0.30  (28) 1.15–1.40 1.30–1.62
Massif Central (France) Basic 1.49 ± 0.19  (17) −− 1.36–1.62 −−
Saudi Arabia Basic 1.47 ± 0.27  (11) −− 1.21–1.73 −−
Continental collision (Cretaceous to Paleogene)
Central Anatolia Intermediate 0.224 ± 0.041  (22) 0.28 ± 0.06  (22) 0.195–0.253 0.23–0.32

Acid 0.211 ± 0.025  (12) 0.27 ± 0.11  (13) 0.189–0.233 0.18–0.37
Western Anatolia Acid 0.17 ± 0.08  (42) 0.35 ± 0.10  (41) 0.14–0.21 0.31–0.40
Ulubey Intermediate 0.077 ± 0.012  (27) 0.075 ± 0.027  (27) 0.070–0.084 0.059–0.090

Acid 0.090 ± 0.006  (10) 0.113 ± 0.010  (10) 0.084–0.097 0.103–0.122
Western Pontides Acid 0.114 ± 0.009  (36) 0.115 ± 0.015  (32) 0.109–0.118 0.108–0.122
Lesser Caucasus (Azerbaijan) Basic 0.26 ± 0.06  (5) 0.28 ± 0.05  (5) 0.14–0.38 0.18–0.37

Intermediate 0.31 ± 0.07  (7) 0.32 ± 0.08  (7) 0.213–0.402 0.21–0.42
Acid 0.21 ± 0.07  (9) 0.27 ± 0.11  (7) 0.13–0.29 0.12–0.41

Himalayas and Tibet Basic 0.160 ± 0.039  (4) 0.14 ± 0.05  (4) 0.045–0.276 −−
Intermediate 0.169 ± 0.038  (5) 0.20 ± 0.07  (5) 0.09–0.25 0.05–0.34
Acid 0.18 ± 0.09  (31) 0.27 ± 0.11  (28) 0.14–0.23 0.21–0.33

Table 11. (Continued.)
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It is also instructive to note that most such rift-related 
areas did show negative Nb and Ta anomalies. Only 
in some regions of Africa, Saudi Arabia, and Massif 
Central (France) have positive Nb and Ta anomalies been 
observed (Table 11). A close examination of the size of 
negative Nb and Ta anomalies in the C-MVB and most rift 
or extension-related areas and their interrelationships for 
basic, intermediate, and acid magmas clearly confirmed 
that the C-MVB is similar to this group of tectonics and 
not to arcs.

In the final part of Table 11, the data compiled for 
different rock types from continental collision zones 
clearly showed that in terms of the Nb and Ta anomalies, 
these areas depict a similar behavior as continental or 
island arcs. These negative anomalies are very large for all 
rock types (Table 11). 

Therefore, it is a misconception or misinterpretation 
when the presence of negative anomalies is simply 
attributed to an arc setting. Such anomalies are also the 
characteristic features of continental collision zones. 
Furthermore, the negative Nb and Ta anomalies also 
constitute a widespread feature of most continental rifts as 
well, but their size is considerably smaller in these zones, 
especially for basic and ultrabasic rocks. The C-MVB is 
akin to continental rifts in this sense.

6.2. Quantitative comparison of near and far trench/
front and back-arc magmas from the C-MVB and CAVA 
in terms of subduction-sensitive parameters
Several simple element ratios have traditionally been 
used to decipher the possible influence of the subducted 

slab. For example, Tatsumi et al. (1992) used Sr and Nd 
isotopes and Rb/K and Rb/Zr for understanding across-
arc variations in the Izu-Bonin arc. Besides such simple 
ratios, Verma (2006) demonstrated the use of more 
complex parameters based on the groupings of LILEs (e.g., 
K, Rb, Cs, Ba, and Sr), REEs (light REEs La, Ce, Pr, and Nd; 
HREEs Ho to Lu), and HFSEs (e.g., Ti, P, Hf, Zr, Nb, and 
Ta) to understand such petrogenetic processes. The middle 
REE – M-REE from Sm to Tb – were not used but can also 
be evaluated in future.

Although many more ratio parameters can be 
constructed, some elements have been traditionally 
determined less commonly in volcanic rocks, e.g., Cs from 
the LILE group. In the future, when the multielement 
analytical techniques, such as inductively coupled plasma 
mass spectrometry, are more frequently employed, this 
work can be extended to include other complex ratio 
parameters. 

To better understand the effect of the subducted slab 
in the origin of C-MVB and CAVA magmas, here I resort 
to such complex ratio parameters for different types of the 
near and far from the trench (or front-arc and back-arc) 
magmas. Thus, to have a larger number of samples from 
different groups to statistically better represent them, the 
following six ratio parameters were used. 

The “four LILEs to four LREEs” ratio (i.e. the ratio of 
averaged behavior of K, Rb, Ba, and Sr to the averaged 
behavior of La, Ce, Pr, and Nd) parameter:

(5)

the “four LILEs to three LREEs” ratio (i.e. the ratio of averaged behavior of K, Rb, Ba, and Sr to the averaged behavior of 
La, Ce, and Nd) parameter:

(6)

the “four LILEs to five HREEs” ratio (i.e. the ratio of averaged behavior of K, Rb, Ba, and Sr to the averaged behavior of Ho, 
Er, Tm, Yb, and Lu) parameter:

(7)

the “four LILEs to three HREEs” ratio (i.e. the ratio of averaged behavior of K, Rb, Ba, and Sr to the averaged behavior of 
Er, Yb, and Lu) parameter:

(8)
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The subscript sa represents the sample whereas the 
subscript E is for the silicate earth values from McDonough 
and Sun (1995). Any other normalization can equally be 
used in order to make the multicomponent parameters 
free from the measurement units. Similarly, instead of 
the simple arithmetic mean, a more complex geometric 
mean parameter can be used. Although the actual ratio 
parameter values will change, the final interpretation 
should remain practically unchanged.

The results of this quantitative objective comparison 
for the C-MVB and CAVA are summarized in Table 12. 
Only the 99% confidence limits of the mean values were 
tabulated. The first parameter {LILE4/LREE4}E (Eq. (5)) 
for basic magmas from the C-MVB and CAVA will be 
discussed in more detail. This parameter has a range of 
1.17–1.47 for the 99% confidence limits of the mean for the 
near the trench basic rocks (C-MVB-near taken as Group 
A) and 1.24–1.91 for the far from the trench (C-MVB-far 
taken as Group B) region (see the first row of data in Table 
12). The application of the significance test (Student t) 
at a strict 99% confidence level showed for its one-sided 
version that neither of the inequalities “Group A > Group 
B” or “Group A < Group B” was valid or inferred, i.e. 
the basic magmas from the near the trench region of the 
C-MVB did not show higher or lower values of the slab-
sensitive parameter {LILE4/LREE4}E than the far from the 
trench region. 

Similarly, the application of the two-sided version 
of the t-test at the same 99% confidence level showed 
that there was no significant difference between the two 
groups, i.e. “Group A = Group B”. If the subducted Cocos 
plate had contributed in any way (fluids or melts) to the 
genesis of basic magmas from the C-MVB, the opposite 
should have been true, i.e. “Group A > Group B”, for this 
particular parameter, which is precisely the case for the 
CAVA basic rocks. 

For this volcanic province, the front-arc magmas 
(CAVA-front) have 99% confidence limits of 2.80–3.03, 
whereas the back-arc magmas (CAVA-back) show only 
values of 1.01–2.30 (see the second row of data in Table 

12). Application of one-sided and two-sided versions of 
the t-test at the strict 99% confidence level showed that 
“Yes, Group A > Group B” and “Yes, Group A ≠ Group B”, 
respectively. Clearly, the influence of the subducted slab 
was evidenced from the objective considerations from the 
t-test because the slab-sensitive parameter {LILE4/LREE4}E 
showed significantly higher values (with a 99% confidence 
level) for the front-arc than the back-arc region.   

For basic magmas from the C-MVB, the values of all 
other slab-sensitive parameters (Eqs. (6)–(10)) did not 
differ significantly for the near the trench and far from 
the trench regions (Table 12). For comparison, all these 
parameters showed statistically significant differences 
between the two regions of CAVA. In fact, the expected 
result for the subduction signal of “Yes, Group A > Group 
B” was true for all the parameters listed in Table 12 for the 
CAVA.

The inference for intermediate magmas from the 
C-MVB was also consistently true for most parameters; 
the exceptions include {LILE4/LREE4}E for both versions 
of the t-test and {LILE4/LREE4}E for the one-sided test 
(Table 12). On the other hand, for the CAVA intermediate 
rocks all parameters consistently indicated that the front-
arc magmas have higher values of the subduction signal 
than the back-arc magmas. A comparison of both the near 
and far trench intermediate magmas from the C-MVB 
with the CAVA intermediate rocks also indicated that 
the C-MVB is similar to the CAVA back-arc but different 
from the CAVA front-arc (results are not tabulated, but the 
confidence limit values in Table 12 can be easily compared).

The acid magmas from the C-MVB consistently show 
that all subduction signal parameters from the near the 
trench region are not significantly higher (or lower), nor 
significantly different from the far from the trench region 
(Table 12), ascertaining thus that there is no contribution 
from the subducted slab in the genesis of these magmas. 
This is true at a high 99% confidence level. Such a 
comparison could not be achieved for the CAVA because 
of the lack of data for acid rocks from the back-arc region. 

the “five LILEs to five HREEs” ratio (i.e. the ratio of averaged behavior of K, Rb, Cs, Ba, and Sr to the averaged behavior of 
Ti, P, Zr, Nb, and Ta) parameter:

(9)

and the “four LILEs to four HREEs” ratio (i.e. the ratio of averaged behavior of K, Rb, Ba, and Sr to the averaged behavior 
of Ti, P, Hf, and Ta) parameter:

(10)
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Table 12. Statistical information of subduction signal for the central part of the Mexican Volcanic Belt (C-MVB) and Central 
American Volcanic Arc (CAVA).

Parameter Group A Group B 99% confidence limit of the 
mean

Application of one-sided 
t-test at 99% confidence level

Application of two-sided 
t-test at 99% confidence 
level

Group A Group B Group A > or < Group B: 
yes/no

Group A ≠ Group B: 
yes/no

Basic magma

{LILE4/LREE4}E C-MVB–near C-MVB–far 1.17–1.47 1.24–1.91 No No significant difference

{LILE4/LREE4}E CAVA–front CAVA–back 2.80–3.03 1.01–2.30 Yes, Group A > Group B Yes, Group A ≠ Group B

{LILE4/LREE3}E C-MVB–near C-MVB–far 1.24–1.39 1.25–1.56 No No significant difference

{LILE4/LREE3}E CAVA–front CAVA–back 2.7–3.2 1.46–1.87 Yes, Group A > Group B Yes, Group A ≠ Group B

{LILE4/HREE5}E C-MVB–near C-MVB–far 4.9–6.3 4.4–7.5 No No significant difference

{LILE4/HREE5}E CAVA–front CAVA–back 7.7–9.2 4.6–7.1 Yes, Group A > Group B Yes, Group A ≠ Group B

{LILE4/HREE3}E C-MVB–near C-MVB–far 5.1–6.3 4.4–7.6 No No significant difference

{LILE4/HREE3}E CAVA–front CAVA–back 7.8–9.1 5.1–6.8 Yes, Group A > Group B Yes, Group A ≠ Group B

{LILE5/HFSE5}E C-MVB–near C-MVB–far 1.54–1.94 −− −− −−

{LILE5/HFSE5}E CAVA–front CAVA–back 4.1–5.7 1.86–3.17 Yes, Group A > Group B Yes, Group A ≠ Group B

{LILE4/HFSE4}E C-MVB–near C-MVB–far 1.68–2.01 −− −− −−

{LILE4/HFSE4}E CAVA–front CAVA–back 4.2–5.7 2.39–3.84 Yes, Group A > Group B Yes, Group A ≠ Group B

Intermediate magma

{LILE4/LREE4}E C-MVB–near C-MVB–far 2.1–2.3 2.0–2.6 No No significant difference

{LILE4/LREE4}E CAVA–front CAVA–back 2.79–2.89 −− −− −−

{LILE4/LREE3}E C-MVB–near C-MVB–far 2.0–2.1 1.7–2.0 Yes, Group A > Group B Yes, Group A ≠ Group B

{LILE4/LREE3}E CAVA–front CAVA–back 2.65–2.72 1.8–2.6 Yes, Group A > Group B Yes, Group A ≠ Group B

{LILE4/HREE5}E C-MVB–near C-MVB–far 11.0–12.4 8.6–13.2 No No significant difference

{LILE4/HREE5}E CAVA–front CAVA–back 10.0–10.7 7.9–8.0 Yes, Group A > Group B Yes, Group A ≠ Group B

{LILE4/HREE3}E C-MVB–near C-MVB–far 11.2–12.5 9.4–13.6 No No significant difference

{LILE4/HREE3}E CAVA–front CAVA–back 10.0–10.5 7.9–8.2 Yes, Group A > Group B Yes, Group A ≠ Group B

{LILE5/HFSE5}E C-MVB–near C-MVB–far 4.6–5.1 3.8–6.5 Yes, Group A > Group B No significant difference

{LILE5/HFSE5}E CAVA–front CAVA–back 5.4–5.8 1.59–4.03 Yes, Group A > Group B Yes, Group A ≠ Group B

{LILE4/HFSE4}E C-MVB–near C-MVB–far 4.6–5.1 4.0–6.7 No No significant difference

{LILE4/HFSE4}E CAVA–front CAVA–back 6.2–6.7 2.22–4.45 Yes, Group A > Group B Yes, Group A ≠ Group B

Acid magma

{LILE4/LREE4}E C-MVB–near C-MVB–far 3.2–3.4 2.7–3.4 No No significant difference

{LILE4/LREE4}E CAVA–front CAVA–back 2.1–7.0 −− −− −−

{LILE4/LREE3}E C-MVB–near C-MVB–far 3.0–3.2 2.7–3.2 No No significant difference

{LILE4/LREE3}E CAVA–front CAVA–back 3.4–4.5 −− −− −−

{LILE4/HREE5}E C-MVB–near C-MVB–far 17.6–19.1 16–20 No No significant difference

{LILE4/HREE3}E C-MVB–near C-MVB–far 17.8–19.4 15–20 No No significant difference

{LILE4/HREE3}E CAVA–front CAVA–back 6–28 −− −− −−

{LILE5/HFSE5}E C-MVB–near C-MVB–far 6.5–7.0 5.5–7.7 No No significant difference

{LILE5/HFSE5}E CAVA–front CAVA–back 3.7–16.0 −− −− −−

{LILE4/HFSE4}E C-MVB–near C-MVB–far 6.5–6.9 5.7–7.8 No No significant difference

{LILE4/HFSE4}E CAVA–front CAVA–back 4.3–16.0 −− −− −−
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6.3. Comparison of near and far trench /front and back-
arc) magmas from the C-MVB and CAVA in terms of Sr, 
Nd, and Pb isotopes
The statistics of Sr, Nd, and Pb isotope ratios were also 
computed for different magma types from the two regions 
for both provinces. The 99% confidence limits of the mean 
values for the isotopic ratios are presented in Table 13. 
These isotopic ratios are sensitive to both the subduction 
process and crustal contamination; this is especially 
true for more evolved intermediate and acid magmas. 
Therefore, they cannot be easily used as clear indicators 
of the subduction process when the magmas erupt in a 
continental (about 40 km thick) crust such as beneath the 
C-MVB and CAVA although they will certainly be more 
useful in truly island arc settings with a thin crust.

The basic rocks from the near and far from the trench 
regions of the C-MVB do not show a significant difference 
in four of the five isotope ratios; only for 207Pb/204Pb, 
the near the trench magmas show higher values than 
the far from the trench magmas (Table 13). Data from 
both regions of the CAVA are available for only two 
isotope ratios (87Sr/86Sr and 143Nd/144Nd); for 87Sr/86Sr 
the front-arc basic magmas have higher values than the 
back-arc magmas, whereas for 143Nd/144Nd both sets of 
values show no significant difference (Table 13). These 
results may be consistent with the contribution from the 
subducted slab in the CAVA because the front-arc basic 
magmas are shifted towards the subducted slab due to 
their higher 87Sr/86Sr (Figure 8).

For intermediate rocks, the near trench C-MVB and 
CAVA show lower 87Sr/86Sr and higher 143Nd/144Nd than 
the far from the trench (Table 13). The three Pb isotope 
ratios are lower for the near trench area than the far trench 
region (Table 13).

Acid magmas can be compared only for the C-MVB. 
The near trench magmas show lower 87Sr/86Sr, 206Pb/204Pb, 
207Pb/204Pb, and 208Pb/204Pb but higher 143Nd/144Nd than 
the far from the trench counterpart. These inferences are 
similar to those for the intermediate rocks. The differences 
among the isotopic ratios for the C-MVB magmas seem to 
be opposite to those expected from the involvement of the 
subducted slab in their genesis. 

6.4. Reevaluation of the Nd and Hf isotopes from the 
C-MVB and CAVA
The C-MVB and CAVA data were compiled from Cai et al. 
(2014) and Heydolph et al. (2012), respectively. The Cocos 
plate data were taken from both sources and the CAVA 
(Guatemalan) crust samples were from Heydolph et al. 
(2012). A bivariate plot of 143Nd/144Nd and 176Hf/177Hf 
is shown in Figure 12. No rocks from the far from the 
trench area of the C-MVB (Figures 2 and 11) have yet been 
analyzed for 176Hf/177Hf. Therefore, only those from the 
near the trench area of the C-MVB could be plotted. 

The intermediate and acid rocks plotted towards lower 
143Nd/144Nd and 176Hf/177Hf values than the C-MVB 
basic rocks (Figure 12). Cai et al. (2014) argued that the 
MVB rocks showed a trend towards the mixing curve of 
oceanic crust and sediments (see their Figure 8a). This 
curve lies towards the higher values of 176Hf/177Hf at 
any given 143Nd/144Nd values but could not be precisely 
reproduced in the present work because the data plotted 
by Cai et al. (2014) are still unpublished. 

Note that no rock sample from the C-MVB plotted 
close to either the Cocos MORB compositions (Figure 12) 
or to the mixing curve of Cocos MORB and sediments 
(Figure 7a of Cai et al., 2014). On the other hand, the 
CAVA basic and intermediate rocks did plot close to the 
Cocos MORB compositions (see CAVA Bas front-arc and 
Int front-arc; Figure 12).

 On the other hand, Cai et al. (2014) downplayed 
the role of the continental crust (unpublished data from 
the Mexican crust were plotted in their Figure 7a). They 
certainly have not analyzed all kinds of C-MVB crust, 
which makes their interpretation rather biased. I have 
shown the range of 143Nd/144Nd for the C-MVB crust 
(Table 3) in Figure 12. Unfortunately, the 176Hf/177Hf 
values of these samples have not been reported. I note 
that the combined 143Nd/144Nd and 87Sr/86Sr data are 
more appropriate to explain the origin of the C-MVB 
rocks (Figure 8) than the limited data so far available for 
the 143Nd/144Nd and 176Hf/177Hf plot (Figure 12). If and 
when the 176Hf/177Hf data on more diverse types of crustal 
rocks from the C-MVB (Table 3) become available, they 
will extend the range of crustal compositions (Cai et al., 
2014; their Figure 7a) and would constitute an “excellent” 
source and assimilant for the genesis of the acid and 
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Figure 12. The 143Nd/144Nd−176Hf/176Hf diagram for the C-
MVB and CAVA rocks. The symbols are in insets; the horizon-
tal bar at the bottom left side of the diagram shows the range of 
143Nd/144Nd measured for the C-MVB crust (Table 3). 
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Table 13. Statistical information of Sr, Nd, and Pb isotopes for the central part of the Mexican Volcanic Belt (C-MVB) and Central 
American Volcanic Arc (CAVA).

Parameter Group A Group B 99% confidence limit of the mean
Application of one-sided 
t-test at 99% confidence 
level

Application of two-sided 
t-test at 99% confidence 
level

Group A Group B Group A > or < Group B: 
yes/no Group A ≠ Group B: yes/no

Basic magma
87Sr/86Sr C-MVB–near C-MVB–far 0.70363–0.70397 0.70355–0.70445 No No significant difference
87Sr/86Sr CAVA–front CAVA–back 0.70384–0.70395 0.70311–0.70359 Yes, Group A > Group B Yes, Group A ≠ Group B
143Nd/144Nd C-MVB–near C-MVB–far 0.51281–0.51289 0.51274–0.51285 No No significant difference
143Nd/144Nd CAVA–front CAVA–back 0.51297–0.51304 0.51292–0.51300 No No significant difference

206Pb/204Pb C-MVB–near C-MVB–far 18.694–18.804 18.39–19.21 No No significant difference
206Pb/204Pb CAVA–front CAVA–back 18.47–18.98 –– −− −−
207Pb/204Pb C-MVB–near C-MVB–far 15.6013–15.6120 15.5792–15.6195 Yes, Group A > Group B No significant difference
207Pb/204Pb CAVA–front CAVA–back 15.525–15.612 –– −− −−

208Pb/204Pb C-MVB–near C-MVB–far 38.492–38.565 38.13–39.06 No No significant difference
208Pb/204Pb CAVA–front CAVA–back 38.14–38.73 –– −− −−

Intermediate magma
87Sr/86Sr C-MVB–near C-MVB–far 0.70393–0.70405 0.70401–0.70433 Yes, Group A < Group B Yes, Group A ≠ Group B
87Sr/86Sr CAVA–front CAVA–back 0.70378–0.70383 0.70392–0.70420 Yes, Group A < Group B Yes, Group A ≠ Group B
143Nd/144Nd C-MVB–near C-MVB–far 0.51285–0.51288 0.51271–0.51275 Yes, Group A > Group B Yes, Group A ≠ Group B
143Nd/144Nd CAVA–front CAVA–back 0.51296–0.51300 0.51282–0.51287 Yes, Group A > Group B Yes, Group A ≠ Group B
206Pb/204Pb C-MVB–near C-MVB–far 18.64–18.67 18.61–18.83 Yes, Group A < Group B Yes, Group A ≠ Group B
206Pb/204Pb CAVA–front CAVA–back 18.86–18.97 –– −− −−
207Pb/204Pb C-MVB–near C-MVB–far 15.575–15.585 15.575–15.631 Yes, Group A < Group B Yes, Group A ≠ Group B
207Pb/204Pb CAVA–front CAVA–back 15.565–15.582 –– −− −−
208Pb/204Pb C-MVB–near C-MVB–far 38.35–38.41 38.32–38.72 Yes, Group A < Group B Yes, Group A ≠ Group B
208Pb/204Pb CAVA–front CAVA–back 38.60–38.71 –– −− −−

Acid magma
87Sr/86Sr C-MVB–near C-MVB–far 0.70389–0.70418 0.70441–0.70471 Yes, Group A < Group B Yes, significant difference
87Sr/86Sr CAVA–front CAVA–back 0.70367–0.70421 –– −− −−
143Nd/144Nd C-MVB–near C-MVB–far 0.51282–0.51287 0.51267–0.51273 Yes, Group A > Group B Yes, Group A ≠ Group B
143Nd/144Nd CAVA–front CAVA–back 0.51284–0.51304 –– −− −−
206Pb/204Pb C-MVB–near C-MVB–far 18.60–18.66 18.696–18.749 Yes, Group A < Group B Yes, Group A ≠ Group B
206Pb/204Pb CAVA–front CAVA–back –– –– −− −−
207Pb/204Pb C-MVB–near C-MVB–far 15.571–15.592 15.596–15.617 Yes, Group A < Group B Yes, Group A ≠ Group B
207Pb/204Pb CAVA–front CAVA–back –– –– −− −−
208Pb/204Pb C-MVB–near C-MVB–far 38.30–38.42 38.48–38.59 Yes, Group A < Group B Yes, Group A ≠ Group B
208Pb/204Pb CAVA–front CAVA–back –– –– −− −−
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intermediate C-MVB magmas, respectively. At least one 
sample of the Guatemalan crust reported by Heydolph et 
al. (2012) constitutes the appropriate crustal assimilant or 
source for the C-MVB rocks (Figure 12).

Another strong argument against the inference of 
Cai et al. (2014) is the present compilation for several 
continental rifts or extensional areas (Germany from Kolb 
et al., 2012; New Zealand from Timm et al., 2009; South 
Korea from Choi et al., 2006; the USA – Basin and Range 
and other basins from Beard and Johnson, 1997). The 
C-MVB data are indistinguishable from these extensional 
area or continental rift data; in fact, some of these compiled 
rift data plotted beyond the C-MVB data towards lower 
143Nd/144Nd and 176Hf/177Hf (Figure 12).   

Similarly, the interpretation of the other bivariate 
diagrams by Cai et al. (2014) is ambiguous; for evolved 
magmas these diagrams also cannot distinguish slab input 
from the continental crust as demonstrated above for their 
isotope-isotope diagram.  

6.5. A new tectono-petrogenetic model 
From all the available geological, geophysical, and 
geochemical evidence, it is clear that the subducted slab 
does not exist beneath the C-MVB, the mantle wedge 
is consequently missing, the slab does not and probably 
cannot contribute to the genesis of the magmas, and the 
C-MVB is similar to the rift or extension-related areas in 
all aspects or parameters covered in this work. The rift-
like model of Sheth et al. (2000) and asymmetric extension 
model of Márquez et al. (2001) can be modified as a 
“symmetric” extension model, with the mantle upwelling 
taking place at about 20°N latitude. This extensional feature 
might well represent the continuation of the third arm 
(the Chapala rift) of the ongoing triple rift system towards 
the east all along the MVB (Figure 1). The downwelling 
southern arm of this mantle flow would provide the 
necessary downward force (and probably the required 
“lubrication”) for the subducted slab to sink into the 
mantle without any seismicity. It will also forbid the slab 
to continue to progress towards the MVB volcanic front 
(Figure 2). The basic magmas can thus originate only in the 
upper mantle because the subducted slab, being away from 
the MVB, cannot contribute any substance to their source 
region. The acid magmas would be largely products of the 
partial fusion of the older continental crust, for which the 
required heat would be provided by the mantle upwelling 
and the formation and uprise of basic magmas from the 
mantle towards the crust. The intermediate magmas could 
have a hybrid origin in the underlying mantle and crust.

This is only an outline of a preliminary proposal to 
explain the origin of the MVB, particularly the C-MVB, 
and should be worked out in greater detail in a separate 
paper. For example, the presence of the mantle down-flow 
towards the north of the MVB will have to be evaluated, 

and quantitative thermal and petrogenetic constraints 
would necessarily be required.

Nevertheless, 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 by many 
researchers (e.g., Verma, 1987, 2002, 2009; Verma and 
Aguilar-Y-Vargas, 1988; Luhr, 1997; Ferrari, 2004; Blatter 
et al., 2007; Gómez-Tuena et al., 2007b; Torres-Alvarado 
et al., 2011; Velasco-Tapia and Verma, 2013), but there is 
no justification to call this volcanic province a volcanic arc 
(e.g., Chesley et al., 2002). Even worse would be to call a 
part of the MVB as housing volcanism of the “behind-the-
arc” type (Siebert et al., 2002) because, if it were so, then 
these authors should have specified where the “true” arc-
volcanism of the MVB is located in southern Mexico. 

The complexity of the MVB might be similar to (or 
even greater than) that of southern Central America from 
central Costa Rica to Panama, where unlike Guatemala 
to northwestern Costa Rica, the geochemistry is not arc-
like, and a plethora of different models have been put forth 
(Defant et al., 1992; Russo and Silver, 1994; Herrstrom 
et al., 1995; Johnston and Thorkelson, 1997; Harry and 
Green, 1999; Abratis and Wörner, 2001; Feigenson et al., 
2004; Gazel et al., 2009). 

Now, if one really wants to change the widely accepted 
name of the Mexican Volcanic Belt (MVB), or the Trans-
Mexican Volcanic Belt (TMVB), as called by numerous 
researchers (see the references in this work), it should 
better be called a continental rift. In other words, the 
Mexican Volcanic Rift might be better nomenclature to 
represent all its geological, geophysical, geochemical, and 
plate tectonic characteristics.  

I suggest that the scholars studying the MVB become 
more objective in their work, that they take into account all 
available scientific arguments to reach unbiased inferences, 
that they clearly distinguish facts from fiction or evidence 
from imagination, that they practice a quantitative rather 
than a qualitative methodology, and that even those 
practicing a quantitative approach take into account the 
statistics of experimental data (Verma, 2012a, 2015a). We 
might thus eventually reach a consensus in our thinking 
about the origin and evolution of this fascinating geological 
province in southern Mexico – the Mexican Volcanic Belt 
housing over 8000 volcanoes. 

In summary, a new tectono-petrogenetic model 
consistent with all available evidence is briefly presented, 
which is likely to motivate new work on this fascinating 
geological subprovince of Mexico. Furthermore, I humbly 
offer this review paper for open debate by the scientific 
community who may have and like to promote alternative 
views to those affirmed in this work; such an action is also 
likely to promote additional work for a better knowledge 
of this volcanic region. I hope the numerous questions still 
pending in our knowledge are eventually answered.
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7. Conclusions
A review of the geological, geophysical, geochemical, 
and plate tectonic information clearly indicates the great 
complexity of the MVB. Overall, the data indicate that the 
basic and acid rocks from the C-MVB originated in the 
mantle and continental crust, respectively, whereas the 
intermediate rocks likely represent a hybrid origin in both 
mantle and crust. The application of the multidimensional 
diagrams to rocks from the Central American Volcanic 
Arc (CAVA; Figure 1) consistently showed an arc setting 
for all three magma types, confirming thus their good 
functioning for an expected arc setting. In summary, from 
the geological, geochemical, and geophysical 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. 
Finally, it appears that the subduction setting for the MVB 

advocated by numerous workers has resulted probably 
from subjective, qualitative arguments, which have been 
shown to fail when the same information compiled in 
this paper was examined by the quantitative statistics-
based methodology. In fact, from quantitative estimates 
of Nb and Ta anomalies and other complex slab-sensitive 
parameters, the C-MVB is akin to continental rifts or 
extension-related areas whereas the CAVA is a classic 
example of a subduction-related setting.
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