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Abstract: If both the Mexican Volcanic Belt (MVB) and the Central American Volcanic Arc (CAVA) have been related to the subduction
of the Cocos plate beneath the North American and Caribbean plates, respectively, their magmas, and especially the less evolved
basic varieties, should show considerable similarities. The conventional multielement normalized diagrams indicate more complex
petrogenetic processes for the MVB than the CAVA. Forty-five statistically coherent tectonomagmatic discrimination diagrams were
used to infer the tectonic setting of the controversial geological subprovince of the eastern part of the MVB (E-MVB). Basic rocks from
the E-MVB indicated a continental rift setting, whereas the intermediate rocks were more consistent with a transitional setting of rift
to collision. The acid rocks, presumably having a larger crustal component than the intermediate and basic rocks, showed inconclusive
results. The volcanic rock data from the CAVA were used to successfully test these diagrams. The expected arc setting was consistently
indicated for the CAVA from basic, intermediate, and acid rocks, confirming the satisfactory functioning of the diagrams. The data for all
three types of rocks from the E-MVB and CAVA were then objectively compared for their similarities and differences. Specially designed
computer programs were used to efficiently apply discordancy and significance tests at the strict 99% confidence level. Most (43 out of
50) chemical elements and (25 out of 28) log-ratio parameters in basic rocks from the E-MVB and CAVA showed statistically significant
differences. For intermediate rocks and, to a lesser extent, for acid rocks, a large number of parameters also showed differences between
the E-MVB and CAVA. The differences in the inferred tectonic settings for basic and evolved rocks from the E-MVB are likely related
to the different magmatic sources.

Key words: Tectonomagmatic discrimination diagrams, discordancy tests, significance tests, continental rift, continental arc, collision
tectonic setting

1. Introduction

Geochemistry is concerned mainly with the elucidation
of geological processes through the determination
and interpretation of chemical compositions of earth
materials (Wedepohl, 1971; Cox et al., 1979; Taylor and
McLennan, 1985; Ragland, 1989; Wilson, 1989; Rollinson,
1993). The common practice of data visualization and
interpretation currently followed is still the same as that
used for several decades, and it consists of the use of
bivariate, ternary, and normalized multielement diagrams
prepared from the data resulting from sample collection,
preparation, and laboratory analysis (Wedepohl, 1971;
Cox et al,, 1979; Freeze and Cherry, 1979; Taylor and
McLennan, 1985; Ragland, 1989; Wilson, 1989; Rollinson,
1993; Tatsumi and Eggins, 1995; Hall, 1996; Ottonello,

* Correspondence: spv@ier.unam.mx

1997). The statistical methods are generally limited to
the conventional univariate, bivariate, or multivariate
techniques inappropriate for handling of compositional
data (e.g., Pearson, 1897; Chayes, 1960; Aitchison, 1981,
1982, 1984, 1986; Aitchison et al., 2000; Egozcue et al.,
2003; Aitchison and Egozcue, 2005; Buccianti et al., 2006;
Agrawal and Verma, 2007; Verma, 2010). In spite of such
a criticism, it is unfortunate that the traditional diagrams
and related inappropriate statistical methods are still in
wide use.

For the classification of fresh volcanic rocks, the well-
known total alkalis versus silica (TAS) diagram (Le Bas et
al., 1986; Le Bas and Streckeisen, 1991; Le Bas, 2000; Le
Maitre et al., 2002) proposed by the International Union
of Geological Sciences (IUGS) is extensively used (nearly
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2100 citations of Le Bas et al. (1986) alone in international
journals, as confirmed on 15 July 2014 in the Science
Citation Index). The computer program SINCLAS,
written in Visual Basic, for rock classification based on
the IUGS scheme and CIPW norm computation (Verma
et al,, 2002, 2003) is now superseded by IgRoCS (Verma
and Rivera-Gomez, 2013b, written in VisualNet). For the
classification of altered rocks, however, the TAS diagram
is not recommended (Le Bas et al., 1986). Other bivariate
diagrams based on the so-called immobile elements
has been proposed (Floyd and Winchester, 1975, 1978;
Winchester and Floyd, 1976, 1977). These diagrams are in
extensive use for the classification of altered rocks (with
>2500 citations in international journals), but they have
been shown to be unsuitable and inconsistent with the
IUGS scheme for rock classification (Verma et al., 2010).

New multidimensional discrimination diagrams based
on a coherent statistical treatment of compositional data
(Aitchison, 1986) and use of linear discriminant analysis
(Agrawal, 1999) are now available for all kinds of magmas
from ultrabasic and basic to acid (Verma et al., 2006b,
2012, 2013b; Agrawal et al., 2008; Verma and Agrawal,
2011; Verma SP and Verma SK, 2013).

The Mexican Volcanic Belt (MVB; also called the
Trans-Mexican Volcanic Belt) is a major geological
province in central Mexico, which extends approximately
east-west from Veracruz (V) to Puerto Vallarta (Pu; Figure
1, modified after Verma, 2002). This Miocene to Recent
province, more than 1000 km long and about 200-500
km wide, houses over 8000 volcanoes (some being active)
and several geothermally promising areas, two of which
are already producing electricity, as well as numerous

Figure 1. Simplified regional tectonics of southern Mexico and Central America
showing the approximate location of the Mexican Volcanic Belt (MVB) and Central
American Volcanic Arc (CAVA), map modified after Verma (2002). The MVB is
approximately subdivided into W-western, WC-west-central, C-central, and E-eastern
parts. The box in the eastern part of the MVB is the main study area. The location of
the Middle America Trench (MAT) is shown by thick blue curve. Other tectonic and
volcanic features are: EPR-East Pacific Rise; TeR-Tehuantepec Ridge; CoR-Cocos
Ridge; MPF-Motagua-Polochic fault system; QSC-Quesada sharp contortion; and
LTVF-Los Tuxtlas Volcanic Field. The countries are: G-Guatemala; S-El Salvador; H-
Honduras; N-Nicaragua; C-Costa Rica; P-Panama. The Mexican cities are: Pu-Puerto
Vallarta; V-Veracruz. The traces marked by numbers 5 to 25 on the oceanic Cocos
plate give the approximate age of the oceanic plate; the dashed-dotted lines marked by
numbers 20 to 200 on the continental (North American and Caribbean) plates indicate
the approximate depth of the subducted Cocos plate (note the truncation of 80-km and
100-km depth contours in the study area; even the correctness of the contours in front of
the LT VF has been criticized by Verma (2006, 2009); the numbers —1000, -500, 0, +500,
and +1000 represent the approximate horizontal distance in kilometers from the triple
junction represented by the intersection of three plates (Cocos, North American, and
Caribbean); the negative numbers are for Mexico whereas the positive numbers are for
Central America. These distances were used by Verma (2002) to compare and contrast
the volcanism in southern Mexico with the CAVA. Simplified fracture and fault main
patterns are also shown schematically using dashed curves.
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mineralized areas under exploitation. The tectonic models
include the conventional subduction-related origin
(e.g., Molnar and Sykes, 1969; Negendank et al., 1981,
1985; Suarez and Singh, 1986; Pardo and Suarez, 1995;
Gobmez-Tuena et al., 2003; Carrasco-Nufez et al., 2005).
Alternative models have been proposed since the early
days of Alexander von Humboldt in 1808. These include
fracture-related origin (e.g., von Humboldt, 1808; Mooser
and Maldonado-Koerdell, 1961; Mooser, 1969; De Cserna,
1971), transtension or intraplate transform (e.g., Shurbet
and Cebull, 1984; Cebull and Shurbet, 1987), plume-related
origin (e.g., Moore et al., 1994; Marquez et al., 1999a),
extension or rift-related origin (e.g., Sheth et al., 2000;
Marquez et al., 2001; Verma, 2002, 2004, 2009), and a slab-
detachment model (e.g., Ferrari, 2004). Thus, its origin
has been highly debated (e.g., Ferrari and Rosas-Elguera,
1999; Marquez et al., 1999b; Blatter et al., 2001; Ferrari et
al., 2002; Verma, 2002, 2004, 2009; Torres-Alvarado and
Verma, 2003; Gomez-Tuena et al., 2007; Pérez-Campos et
al., 2008; Pacheco and Singh, 2010; Verma et al., 2011).
The MVB contains mainly late Neogene to Quaternary
(late Miocene to Holocene and even historic) eruptive
products. Unfortunately, the samples for geochemistry are
seldom specifically dated, although ages can be assumed
for most of them based on other dated samples. This study
is concerned with the eastern part of the MVB (E-MVB),
where the analyzed and compiled samples mostly span
a narrow range of less than 5 m.y. and all of them can
be treated together. Similarly, there is no age-specific
difference between the basic and evolved (intermediate
and acid) rocks; they are considered as contemporary.
However, to the south of Mexico, 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 oceanic Cocos
plate that subducts beneath the North American plate
(Figure 1). The CAVA, a continental arc subparallel to the
Middle America Trench (MAT,; see the orientations of the
CAVA and MAT in Figure 1), is considered a classic arc-
trench system (e.g., Carr et al., 1982; Carr and Rose, 1986;
Feigenson and Carr, 1993; Leeman and Carr, 1995; Carr et
al., 2007). The compiled samples also are of similar ages as
those from the MVB, namely late Neogene to Quaternary.
On the other hand, highly efficient and appropriate
computational tools such as DODESSYS (Verma and
Diaz-Gonzalez, 2012), OYNYL (Verma et al., 2006a), and
UDASYS (Verma et al., 2013a) for applying discordancy
and significance tests (Barnett and Lewis, 1994; Jensen
et al., 1997; Miller and Miller, 2005; Verma, 2005) have
recently been developed. The statistical inference in
these programs is made through the new, highly precise,
and accurate critical values obtained from Monte Carlo
simulations (Verma and Quiroz-Ruiz, 2008, 2011; Verma

et al., 2008; Cruz-Huicochea and Verma, 2013; Verma and
Cruz-Huicochea, 2013).

Besides the conventional techniques of multielement
normalized diagrams, my aim is to illustrate the use
of the new geochemical tools of multidimensional
tectonomagmatic  diagrams, log-ratio transformed
variables, and discordancy and significance tests, thus
providing further constraints on the origin and tectonic
setting of the E-MVB and comparing this subprovince with
the CAVA. This paper should reinforce new guidelines in
geological and geochemical research.

2. New analytical data

I present new geochemical data for 1 volcanic rock sample
from the Acoculco caldera area, 6 from the La Malinche
volcano, and 18 from the Domos Las Derrumbadas area
(Tables 1 and 2). Major and trace elements were obtained
from X-ray fluorescence spectrometry at the Johannes
Gutenberg University, Mainz, Germany, and rare-earth
elements from high-performance liquid chromatography
at the Max Planck Institute for Chemistry (MPI), Mainz,
Germany. The analytical details and accuracy estimates
were given by Verma (1991a, 1991b) and Verma et al.
(1992). Radiogenic isotopes were analyzed on two fully
automated MAT 261 mass spectrometers at the MPI
using procedures summarized by Verma (1992): (i) triple-
collector for Nd and Pb, and (ii) double-collector later
transformed to multicollector for Sr.

3. Databases and procedures

3.1. Database for the E-MVB

The database for the eastern part of the MVB was
constructed from several sources (approximately from
west to east): the Tecocomulco area (Santiago Tetlapayac—
El Tepozan-Santa Cruz, Hidalgo State; Correa Tello,
2011), the La Malinche volcano area (~98.03°W, ~19.31°N;
Castro Govea, 1999, 2007; Verma, 2002; this work), the
Tulancingo-Acoculco caldera area (~98.16°W, ~19.90°N;
Verma, 2001a, 2002; Lopez Hernandez, 2009; this work),
the Domos Las Derrumbadas area (~98.03°W, ~19.31°N;
Negendank et al., 1985; Siebe and Verma, 1988; Verma,
2002; this work), Los Humeros caldera (Verma and Lopez,
1982; Verma, 1983, 1984, 2000a; Ferriz and Mahood, 1987;
Carrasco-Nufez and Branney, 2005; Carrasco-Nuiez et
al., 2012), the Citléltepetl or Pico de Orizaba volcano area
(Kudo et al., 1985; Siebe et al., 1993; Carrasco-Nuiiez and
Rose, 1995; Carrasco-Nuiez, 2000; Rossotti et al., 2006;
Schaaf and Carrasco-Nunez, 2010), the Quezalapa-Las
Cumbres area (Rodriguez et al., 2002), the Cofre de Perote
area (Carrasco-Nuiiez et al., 2005, 2010), Mesa Buen Pais
(Davalos Elizondo, 2009), the Palma Sola area (Negendank
et al., 1985; Orozco-Esquivel, 1995; Gdmez-Tuena et al.,
2003), the Southern volcanic area (Orozco-Esquivel et al.,
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Table 1. New geochemical and isotopic data for volcanic rock samples from the Acoculco caldera and La Malinche
volcano, eastern part of the Mexican Volcanic Belt (E-MVB), Mexico.

Sample: CHGO03 MALO2 MALO03 MALO04 MALO5 MALO06 MALO07

Long. (°W): —98.18500 —98.0319 —98.03194 —98.0319 —98.0319 —98.0319 —98.0319

Lat. (°N): +19.91667  +19.2308 +19.23083 +19.2308 +19.2308 +19.2308 +19.2308

Arca Acoculco La Malinche LaMalinche LaMalinche LaMalinche LaMalinche La Malinche
caldera volcano volcano volcano volcano volcano volcano

Age Quaternary ~ Quaternary  Quaternary Quaternary ~ Quaternary ~ Quaternary  Quaternary

nl, n2, n3, nd L— 1,1 2,— 1,1 2,211 6,2,1,2 6,2,2,2 6,2,3,2 2,2,2,2

Magma type: Basic Acid Acid Acid Acid Acid Acid

Rock type: g:::ﬁkali Dacite Dacite Dacite Dacite Dacite Dacite

Sio, 49.58 64.2 65.66 62.64 62.85 63.03 63.95

TiO, 1.78 0.66 0.58 0.70 0.70 0.68 0.68

ALO, 18.18 16.21 16.47 16.84 16.66 16.86 16.58

Fe, 0,7 10.82 4.39 3.82 4.93 4.98 4.81 4.59

MnO 0.159 0.073 0.066 0.084 0.087 0.082 0.080

MgO 6.11 2.31 2.10 2.90 3.01 2.87 2.52

CaO 8.85 4.34 4.24 4.93 5.04 5.095 4.74

Na,0 3.7 4.44 4.52 422 4.13 4.18 4.62

K,0 0.83 2.11 1.89 1.90 1.90 1.86 1.98

P,O; 0.280 0.172 0.152 0.159 0.162 0.156 0.178

LOI 0.00 1.27 0.24 0.58 0.21 0.21 0.60

Sum 100.29 100.18 99.74 99.87 99.74 99.83 100.52

(SiOz)aldj 49.894 65.124 66.177 63.324 63.380 63.493 64.220

(Na,0 + KZO)M[i 4.559 6.644 6.455 6.183 6.079 6.084 6.628

Q 0.00 17.23 19.38 15.23 15.62 15.76 15.31

Or 4.94 12.65 11.26 11.35 11.29 11.10 11.75

Ab 31.51 38.11 38.51 36.07 35.27 35.59 39.26

An 30.74 18.33 19.25 21.63 21.50 21.91 18.73

Di 9.50 1.93 0.78 1.65 2.14 2.054 3.02

Hy 3.22 8.36 7.89 10.46 10.51 10.07 8.45

ol 13.63 0.00 0.00 0.00 0.00 0.00 0.00

Mt 241 1.71 1.48 1.91 1.93 1.86 1.77

1l 3.40 1.27 1.11 1.33 1.35 1.30 1.30

Ap 0.65 0.40 0.35 0.37 0.38 0.36 0.41

Mgt 56.90 58.64 59.61 61.31 61.92 61.66 59.66

FeO'/MgO 1.59 1.71 1.64 1.53 1.49 1.51 1.64

Ba — — 500 487 481 476 518

Co — — 20 18 20 23 18

Cr — — 44 74 58 46 44

Cu — — 4 5 6 6 6

Nb — — 3.7 49 4.1 4.8 42

Ni — — 12 18 13 11 12

Rb — — 36 43 43 41 45

Sr — — 611 558 558 571 600
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Sample: CHGO03 MALO02 MALO03 MALO04 MALO05 MALO06 MALO7

Long. (°W): -98.18500  -98.0319 -98.03194 -98.0319 -98.0319 -98.0319 -98.0319

Lat. (°N): +19.91667 +19.2308 +19.23083 +19.2308 +19.2308 +19.2308 +19.2308

Area Acoculco La Malinche La Malinche LaMalinche LaMalinche La Malinche La Malinche
caldera volcano volcano volcano volcano volcano volcano

Age Quaternary ~ Quaternary  Quaternary Quaternary  Quaternary  Quaternary  Quaternary

nl, n2, n3, n4 1,-— 1,1 2,—, 1,1 2,2,1,1 6,2,1,2 6,2,2,2 6,2,3,2 2,2,2,2

Magma type: Basic Acid Acid Acid Acid Acid Acid

Rock type: Subalkali basaltDacite Dacite Dacite Dacite Dacite Dacite

\Y% —-— -— 66 94 90 105 66

Y -— -— 12.2 16.3 16.4 17.0 15.2

Zn -—= - 54 58 58 60 64

Zr —-—= - 130 136 141 132 128

(¥7Sr/%Sr) | 0.703953 0.704976 0.704493 0.704576 0.704591 0.704629 0.704554

(**Nd/*Nd)_ 0.512828 0.512632 0.512758 0.512692 0.512741 0.512729 0.5127125

Abbreviations: The subscript adj refers to adjusted data (anhydrous 100% adjusted basis); Mg# = 100 Mg*'/(Mg*" +
Fe?"), atomic; FeO™ = total iron expressed as FeO; computer program for adjustments and norm calculations can be
either SINCLAS by Verma et al. (2002) or IgRoCS by Verma and Rivera-Gémez (2013a). Replicate analyses of major
elements were performed for most samples; nl-number of analyses for major elements; n2-number of analyses for
trace elements; n3-number of analyses for Sr isotopes (¥Sr/*Sr); n4-number of analyses for Nd isotopes (**Nd/"**Nd).
Rounded concentration values were reported; the sum may not be consistent sometimes. The ¥Sr/*Sr ratios are
normalized to %Sr/*Sr = 0.11940 and adjusted to SRM987 #’Sr/*Sr of 0.710230. The *Nd/"*Nd are normalized to
146N d/"*Nd = 0.72190 and adjusted to La Jolla **Nd/"**Nd of 0.511860. The measured *’Sr/*Sr for the SRM987 standard
was 0.710216 + 11 (1s; n = 36) and the measured **Nd/"Nd for the La Jolla standard was 0.511833 + 12 (1s; n =
82) during the period of measurement of about 1 year. Note the measured isotopic ratios were adjusted following the
convention of Mainz (see, e.g., Verma, 2002).

Table 2. New geochemical and isotopic data for 18 volcanic rock samples from the Domos Las Derrumbadas area, eastern part of
the Mexican Volcanic Belt (E-MVB), Mexico.

Sample: E30 E27 E31 E22 E20 E21 E19 E17 El6
Long. (°W): -97.4752 -97.47517 -97.47517 -97.47517 -97.47517 -97.47517 -97.47517 -97.47517 -97.47517
Lat. (°N): +19.3305 +19.3305 +19.3305 +19.3305 +19.3305 +19.3305 +19.3305 +19.3305 +19.3305
nl,n2,n3,n4 2,2,2,2 2,2,1,2 2,2,2,2 2,2,1,3 2,2,53 2,2,3,6 2,2,1,1 6,2,2,2 6,2,2,1
Magma type:  Basic Intermediate Intermediate Intermediate  Intermediate Intermediate  Intermediate Intermediate Acid
Rock type: E:I:;ltkah Basaltic andesite  Basaltic andesite f;;aelstii; g:iﬁiieme’ Andesite Andesite Andesite Rhyolite
SiO, 51.20 52.46 53.89 56 59.5 60.2 61.28 61.32 70.2
TiO, 1.43 1.14 1.00 0.86 0.77 0.85 0.80 0.60 0.15
ALO, 16.85 15.76 15.46 16.58 17.73 17.9 15.66 16.06 15.48
Fe,0," 9.86 8.68 7.82 7.39 6.96 5.92 5.96 5.13 2.64
MnO 0.156 0.14 0.122 0.12 0.141 0.093 0.099 0.086 0.043
MgO 6.89 8.6 8.51 5.68 1.82 2.80 4.64 3.56 0.32
CaO 9.29 8.8 7.98 7.26 4.74 6.20 5.36 5.46 1.82
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Sample: E30 E27 E31 E22 E20 E21 E19 E17 El6
Long. (°W): -97.4752 -97.47517 -97.47517 -97.47517 -97.47517 -97.47517 -97.47517 -97.47517 -97.47517
Lat. (°N): +19.3305 +19.3305 +19.3305 +19.3305 +19.3305 +19.3305 +19.3305 +19.3305 +19.3305
nl, n2, n3, n4 2,2,2,2 2,2,1,2 2,2,2,2 2,2,1,3 2,2,53 2,2,3,6 2,2,1,1 6,2,2,2 6,2,2,1
Magma type: Basic Intermediate  Intermediate  Intermediate  Intermediate Intermediate  Intermediate  Intermediate Acid
Rocktype: ~ pooatell - Basalic - Basaltic - Basaltic - Tachyandesite, pjegie  Andesie Andesite Rhyolite
Na,O 3.61 3.25 3.52 3.53 4.86 4.44 3.98 4.09 4.30
K,0 1.01 1.15 1.34 1.68 2.2 1.66 2 1.83 3.36
P,0, 0.294 0.276 0.311 0.219 0.51 0.212 0.232 0.199 0.083
LOI 0.04 0.12 0.34 0.75 0.64 0.17 0.03 1.01 1.28
Sum 100.630 100.376 100.293 100.069 99.871 100.445 100.041 99.345 99.676
(SiOZ)“dlj 51.327 52.686 54.250 56.717 60.273 60.306 61.553 62.607 71.477
(Na,O + KZO),‘ldj 4.631 4.419 4.892 5.277 7.152 6.111 6.007 6.044 7.799

Q 0.00 0.00 0.00 4.64 8.82 10.04 11.74 13.5 27.70
Or 5.98 6.83 7.97 10.06 13.17 9.83 11.87 11.04 20.22
Ab 30.62 27.62 29.98 30.25 41.66 37.64 33.83 3533 37.05
An 26.86 25.12 22.58 24.75 20.32 24.05 19.04 20.48 8.64

Di 14.19 13.59 12.22 8.33 0.10 4.40 4.96 4.74 0.00

Hy 5.93 16.63 20.35 17.50 10.54 9.88 14.41 11.45 3.01

ol 10.83 471 1.84 0.00 0.00 0.00 0.00 0 0.00

Mt 2.19 2.69 2.43 2.31 2.71 2.06 2.08 1.82 1.21

I 2.72 2.17 191 1.65 1.48 1.62 1.53 116 0.29

Ap 0.68 0.64 0.73 0.51 1.20 0.49 0.54 0.47 0.20
Mg# 62.03 71.37 73.25 65.91 41.33 55.20 66.97 64.38 25.82
FeO'/MgO 1.29 0.91 0.83 1.17 3.44 1.90 1.16 1.3 7.42

Ba 262 389 440 464 779.5 471 799 712 924

Co 32 36 34 26 12.5 15.5 20 16 3

Cr 135 396 360 228 4.5 21.5 176 98 7

Cu 25 43 30.5 22 5.5 9.5 17.5 12 3

Nb 10.0 6.8 9.9 55 14.1 5.35 11.05 4.4 12.8

Ni 39 136 188.5 57 5.5 10.5 91 29 4.5

Rb 17.5 19.5 24.1 31 56.35 39.8 40.55 28.8 99.25
Sr 474 573 705 532 523.8 604.7 482 779 277

v 162 163 154 138 40.5 98.5 86.5 77 5

Y 24.1 22.2 20.4 20.45 30.35 20 18.35 15.5 7.7

Zn 74 80 84.5 77 87.5 66.5 66.5 62 71

Zr 153 162 155 140 296.9 166.45 150 138 155

La 6.9 19.1 22.2 13.1 28.4 14.2 -— 17 -—

Ce 17.1 42.5 48.3 25.8 62.9 28.4 -—= 33.7 —-—=

Pr 2.14 5.34 5.99 4.69 7.67 3.69 - 4.39 —=

Nd 9.86 22.3 24.5 15.9 32,5 15.5 -—= 18.5 -

Sm 2.2 4.7 4.86 3.43 6.38 3.41 -— 3.61 —-—=

Eu 0.7 1.48 1.47 1.74 1.81 1.09 -— 1.09 -—

Gd 2.3 4.29 4.2 6.75 5.76 3.49 -—= 3.34 —-—=

Tb 0.34 0.61 0.66 0.49 0.81 0.61 - 0.48 —-—

Ho 0.42 0.72 0.62 0.55 0.94 0.62 -—= 0.58 -—=

Er 1.27 2.12 2 1.68 2.95 1.87 -— 1.82 -—

Tm 0.19 0.3 0.41 0.27 0.49 0.31 —-— 0.31 —-—

Yb 1.29 2.08 2.21 1.67 3.27 2.09 -—= 1.9 -—=

Lu 0.23 0.39 0.36 0.31 1.02 0.26 - 0.29 -
(7Se/Sn),, 0.704206 0.704123 0.704295 0.704965 0.704626 0.704630 0.704459 0.704243 0.705167
(**Nd/**Nd)_| 0.512774 0.512776 0.512680 0.512593 0.512660 0.512642 0.512651 0.512496 0.512527
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Sample E13 El5 E08 El4 E07 E04 Ell E12 EO01
Long. (°W): -97.53017 -97.47517 -97.27350 -97.47517 -97.50867 -97.47850 -97.57933 -97.52683 -97.45367
Lat. (°N): +19.2823333  +19.3305 +19.2416667  +19.3305 +19.2795 +19.3316667 +19.2826667  +19.299 +19.2243333
nl, n2, n3, n4 2,2,1,2 2,2,1,1 2,2,1,2 2,2,1,1 2,2,1,2 2,2,2,1 2,2,1,3 2,2,1,2 6,2,1,1
Rock type: Acid Acid Acid Acid Acid Acid Acid Acid Acid
Magma type: Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite
SiO, 71.44 71.1 71.66 71.5 71.06 72.82 73.66 74.43 73.48
TiO, 0.14 0.15 0.15 0.15 0.15 0.06 0.06 0.06 0.04
ALO, 15.64 15.52 15.64 15.61 15.54 14.05 14.18 14.3 14.09
Fezoi"‘ 2.58 2.62 2.63 2.56 2.49 1.35 1.48 1.42 1.43
MnO 0.046 0.046 0.047 0.044 0.043 0.056 0.058 0.056 0.052
MgO 0.24 0.24 0.25 0.24 0.25 0.1 0.1 0.11 0.14
CaO 1.84 1.8 1.83 1.81 1.88 1.09 0.97 0.96 0.81
Na,0 4.67 4.58 4.58 4.63 4.46 4.31 4.44 4.42 4.17
K,0 3.42 3.4 3.42 3.42 3.42 3.78 3.81 3.84 4.11
PO, 0.080 0.082 0.082 0.082 0.084 0.06 0.06 0.058 0.054
LOI 0.23 0.59 0 0 0.2 2.14 1.02 0.11 113
Sum 100.326 100.128 100.289 100.046 99.577 99.816 99.838 99.764 99.506
(SiOz)“d], 71.496 71.5601659 71.5832189 71.5980188 71.6295006  74.6238739 74.6183013 74.7620369 74.7726821
(Na,O+ KZO)mh 8.096 8.03164732 7.99142829 8.06103568 7.94315318  8.29040291 8.35733079 8.29684838 8.42566424
Q 26.16 26.66 26.85 26.56 27.16 31.18 30.99 31.53 31.65

Or 20.23 20.22 20.19 20.24 20.37 22.89 22.81 22.79 24.72

Ab 39.55 39.01 38.71 39.23 38.04 37.37 38.06 37.57 3591

An 8.61 8.45 8.53 8.47 8.85 5.14 4.48 4.40 3.76

Di 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Hy 2.74 2.77 2.78 2.69 2.68 1.48 1.58 1.54 1.67

ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mt 1.16 1.19 1.18 1.15 1.13 0.62 0.67 0.64 0.65

I 0.27 0.29 0.28 0.29 0.29 0.12 0.12 0.11 0.08

Ap 0.19 0.19 0.19 0.19 0.20 0.14 0.14 0.13 0.12
Mg# 21.09 20.83 21.45 21.22 22.38 17.54 16.25 18.20 21.95
FeO"/MgO 9.67 9.82 9.47 9.60 8.96 12.15 13.32 11.62 9.19

Ba 958 906 961 954.5 946.5 1008 1019 1055 1024

Co 1 2.5 2.5 2 5 1 1.5 1 1

Cr 6 3 7 2.5 4.5 4.5 6.5 5.5 7.5

Cu 2.5 15 15 15 1 1

Nb 13.2 12.9 134 13.35 12.35 15.25 13.85 14 14.35

Ni 5 4.5 4.5 4 4.5 4 5 3.5 4

Rb 101.55 101.85 102.6 103.55 103.2 114.3 112.3 114.75 121

Sr 282 280.1 285.4 282.6 288.8 132.6 130.85 131.2 97.65

\4 6.5 7 7 5.5 14 6 5.5 5.5 5

Y 6.9 7.8 8.1 7.45 7.7 6.75 6.65 6.5 4.05

Zn 71.5 75.5 69 68 73.5 60.5 63.5 56.5 61.5

Zr 153 157.7 154.9 155 155.55 61.65 61.85 62.55 479

La -— 8.26 10.2 -— 14.8 5.71 -— -— 4.8

Ce - 15.7 27 - 31.6 11.2 - - 10

Pr -— 2.18 2.47 -— 3.78 1.38 -— -— 1.3

Nd - 8.87 9.5 - 14.8 4.95 — - 4.2

Sm -— 1.73 1.73 -— 2.6 0.96 -— -— 1

Eu - 0.4 0.46 - 0.59 0.25 - ——= 0.2

Gd -— 1.42 1.38 -— 1.84 0.87 — -— 0.9

Tb -— 0.22 0.2 -— 0.24 0.17 - - 0.2

Ho - 0.19 0.18 -—- 0.21 0.19 —-— -— 0.22

Er —-— 0.48 0.48 -— 0.49 0.5 - - 0.38

Tm - 0.09 0.1 - 0.1 0.11 - -— 0.08

Yb - 0.5 0.58 - 0.45 0.53 - — 0.38

Lu - 0.1 0.07 - 0.11 0.12 -—- -— 0.08
(St/%Sn),, 0.705238 0.705225 0.705253 0.705218 0.705221 0.705172 0.704965 0.704987 0.704976
(**Nd/"**Nd) | 0.512536 0.512556 0.512556 0.512520 0.512524 0.512568 0.512613 0.512624 0.512563

More explanation is given in the footnote of Table 1.
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2007), the Xapala-Naolinco area (Siebert and Carrasco-
Nuifez, 2002; Morales Barrera, 2009), and several other
localities of the E-MVB (Demant, 1981; Negendank et al.,
1985).

3.2. Database for the CAVA
Relatively fresh rock data for samples from the known
continental arc tectonic setting were compiled from
numerous sources: for Guatemala, localities or volcanoes
such as Cerro Chiquito, Cuilapa, Guatemala, Moyuta,
Pacaya, Santa Marfa, Tecuamburro, and the Tacana
volcano partly located in Mexico (Carr, 1984; Bardintzeft
and Deniel, 1992; Duffield et al., 1992; Carr et al., 1990;
Chan et al., 1999; Patino et al., 1997; Walker et al., 2000;
Cameron et al., 2002; Mora et al., 2004; Singer et al.,
2011); for El Salvador, localities or volcanoes such as
Ahuachapan, Berlin, Boqueron, Cerro Rico, Cerro Nejapa,
Chichontepec, Ilopango, Izalco, La Concepcién caldera,
Santa Ana, San Miguel, and San Salvador (Carr, 1984;
Gonzalez Partida et al., 1997; Patino et al., 1997; Rotolo
and Castorina, 1998; Chan et al., 1999; Walker et al., 2000;
Agostini et al., 2006); for Honduras, localities or volcanoes
such as Tegucigalpa, Yojoa, and Zacate (Patino et al,
1997, 2000; Walker et al., 2000); for Nicaragua, localities
or volcanoes such as Apoyo, Asososca, Cerro Negro,
Coseguina, El Hormigén, Granada, Managua, Masaya,
Momotombo, Nejapa, San Cristobal, Telica, and Ticomo
(Carr, 1984; Sussman, 1985; Hazlett, 1987; Carr et al,,
1990; Walker et al., 1990, 2001; Chan et al., 1999; Patino
et al., 1997; Pardo et al., 2008; Avelldn et al., 2012); and for
Costa Rica, localities or volcanoes such as Arenal, Irazu,
Guayacan, Platanar, Tenorio, and Turrialba (Reagan and
Gill, 1989; Carr et al., 1990; Chan et al., 1999; Patino et
al., 1997; Alvarado et al., 2006; Bolge et al., 2006; Ryder et
al,, 2006). Clearly altered samples, such as hydrothermally
altered or intensely weathered samples and those described
as altered by the original authors (from petrographic
observations), were avoided in the present compilation.
Honduras (H) lies behind the trace of the CAVA (the
main arc location) as well as far away from the MAT as
outlined in Figure 1. Honduran samples are not strictly
from the CAVA, but they could be called back-arc rocks
(Figure 1). These samples are included here to understand
how the continental back-arc or behind-the-arc data
would behave in these new multidimensional diagrams.

3.3. Data processing procedures

All data were processed in the SINCLAS module (Verma
et al., 2002) of the IgRoCS software (Verma and Rivera-
Gomez, 2013b) to automatically determine the magma
and rock types under the Middlemost (1989) option for
Fe-oxidation adjustment, which allowed me to strictly
follow the ITUGS recommendations for rock classification
and nomenclature (Le Bas et al., 1986; Le Bas, 2000; Le
Maitre et al., 2002) and treat all major element data in
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exactly the same manner. The use of 100% adjusted data
on an anhydrous basis and after Fe-oxidation adjustment
helps minimize the effect of analytical errors and element
mobility and makes the use of the TAS diagram more
consistent with the ITUGS scheme.

Commercial software  Statistica was used for data
compilation and calculation of DF1 and DF2 functions
from complex equations and for graphics. The 90
equations for 45 diagrams were presented by the original
authors (Verma et al., 2006b; Agrawal et al., 2008; Verma
and Agrawal, 2011; Verma et al., 2012, 2013b; Verma SP
and Verma SK, 2013), were also reproduced recently in a
single source (Verma SP et al., 2015), and, therefore, are
not reproduced here. Individual sample probability values
were computed from the method outlined by Verma and
Agrawal (2011) and complemented by Verma (2012).
Computer program TecD (Verma and Rivera-Gdémez,
2013b) was used for automatic sample counting in the
four tectonic fields of the diagrams for basic and ultrabasic
rocks (Verma et al.,, 2006b; Agrawal et al., 2008; Verma
and Agrawal, 2011). Similarly, for the probability-based
counting (concepts explained in Verma and Agrawal, 2011;
Verma, 2012) of intermediate and acid rock samples in
different diagrams (Verma SP and Verma SK, 2013; Verma
et al., 2012, 2013b), an unpublished computer program,
TecDIA (Verma SP et al., in preparation), was employed.

An objective comparison of the data for similar magma
types from the E-MVB and CAVA was achieved through
the application of discordancy and significance tests
(Fisher F and Student t) (Barnett and Lewis, 1994; Jensen
et al., 1997; Miller and Miller, 2005; Verma, 2005; Verma
and Diaz-Gonzalez, 2012; Verma et al., 2013a).

Conventional petrogenetic interpretation was achieved
through multielement normalized diagrams and Sr-Nd
radiogenic isotopes.

4. Results and discussion

All E-MVB compiled samples, including the newly
analyzed ones, are classified from the TAS diagram (Figure
2a). The compiled rocks from the CAVA are also plotted in
the TAS diagram (Figure 2b). In both areas, the compiled
rocks vary mainly from basalt to rhyolite, representing all
three types of magmas (basic, intermediate, and acid). The
E-MVB rocks, however, are more alkali-rich as compared
to the CAVA rocks (Figures 2a and 2b).

The total numbers of samples compiled from the
E-MVB were 51, 115, and 91, respectively, for basic,
intermediate, and acid rocks; for the CAVA, these were
180, 413, and 36 samples, respectively (Tables 3-8).

Tables 3, 5 and 7 present a geochemical synthesis of
major and trace elements and CIPW normative minerals
for the E-MVB, whereas Tables 4, 6 and 8 provide a
summary of the data for the CAVA. The final column
in each table includes the overall mean and standard
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Figure 2. The total alkalis versus silica (TAS: (SiO,), 4 (Na,0+K,0), dj) bivariate diagram for volcanic rock classification recommended
by the International Union of Geological Sciences (IUGS) showing samples from the (a) eastern part of the Mexican Volcanic Belt
(E-MVB) and (b) Central American Volcanic Arc (CAVA). The rock types (fieldnames) are as follows: A-andesite; B-basalt; BA-
basaltic andesite; BSN-basanite; BTA-basaltic trachyandesite; D-dacite; FOI-foidite; PB-picrobasalt; PHT-phonotephrite; R-
rhyolite; T-trachyte; TA-trachyandesite; TB-trachybasalt; TD-trachydacite; TEP-tephrite; TPH-tephriphonolite. The magma types
are as follows: ultrabasic-<45%, 35%-45% (SiO,), o basic-45%-52% (SiO,), o intermediate-52%-63% (SiO,), o acid->63%, 63%-—

80% (Si0,),- The symbols for rock samples are explained as insets.

deviation values for the E-MVB or CAVA; these results are
reported as rounded values according to the flexible rules
put forth by Verma (2005). The total number of samples
compiled from each area is also given; the number of data
from a given parameter is generally less than this number,
or equal to it especially for major elements (Tables 3-8).
The mean geochemical data for individual areas are for all
compiled samples, whereas the synthesis for each province
(the E-MVB or CAVA) was obtained after the separation
of discordant outliers from single-outlier type tests applied
at the strict 99% confidence level (Verma, 2005; Verma et
al., 2009).

4.1. Application of multielement normalized diagrams

Chondrite-normalized rare-earth element (REE) plots
are shown in Figures 3a-3c for the average data for the
La Malinche, Las Derrumbadas, and Los Humeros areas,
respectively. Figure 3d, on the other hand, presents
normalized average data for the E-MVB crustal rocks.
Evolved acid rocks from the La Malinche and Las
Derrumbadas areas (Figures 3a and 3b) show significantly
lower concentrations of all REEs, which will be difficult
to explain from a simple fractional crystallization process
because all partition coefficients are >1 for most, if not all,
common rock-forming minerals (e.g., Rollinson, 1993;
Torres-Alvarado et al., 2003). Even the intermediate rocks
do not have significantly higher REE concentrations than
basic rocks from these two areas (Figures 3a and 3b). For
the Los Humeros caldera area, both acid and intermediate
rocks show significantly higher concentrations for most
REEs than the basic rocks; however, the average values

of the REEs for acid and intermediate rocks do not show
significant differences (Figure 3c). These observations
(Figures 3a-3c) require a crustal component in the genesis
of the evolved magmas. The average crustal rock data from
the E-MVB are presented in Figure 3d. The basic crust
seems to have low concentrations of all REEs as compared
to the E-MVB volcanic rocks. Therefore, in principle, such
an assimilant could provide a suitable endmember for an
assimilation combined with a fractional crystallization
model for the generation of the evolved E-MVB magmas.
The REE data would also be consistent with the E-MVB
evolved magmas to represent near complete (anatectic)
melts of the underlying intermediate and acid crust
(Figures 3a-3d; DePaolo, 1981; Verma, 2001b; Torres-
Alvarado et al., 2003). Quantitative models can be easily
worked out, but it would be better to present and discuss
other geochemical and isotopic constraints, especially
those from the new multidimensional diagrams.

The average concentration data are also plotted in a
multielement primitive mantle normalized diagram for
the E-MVB in Figure 4a and the CAVA in Figure 4b. The
E-MVB basic rocks do not show the conventional anomaly
of high-field strength elements (HFSEs) Nb and Th with
respect to the large ion lithophile elements (LILEs) Ba and
K (Figure 4a), whereas the CAVA basic rocks clearly show
such a negative anomaly (Figure 4b). The intermediate and
acid rocks from both provinces (the E-MVB and CAVA)
show similar negative Nb anomalies (Figures 4a and 4b).
Again, the basic crust from the E-MVB could provide an
appropriate assimilant for explaining also the LILEs and
HEFSEs.
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Table 3. Geochemical composition of basic volcanic rock samples from the eastern part of the Mexican Volcanic Belt (E-MVB) obtained
from Statistica, DODESSYS (Verma and Diaz-Gonzélez, 2012), and UDASYS (Verma et al., 2013a).

. Derrumbadas Los Humeros Acoculco Cofre Perote &  Palma Sola Southern

Chemical parameter 12 . E-MVB
area caldera caldera Citlaltepetl area volcanic area

Long. (°W): -97.4656 -97.4932 -98.1314 -96.7939 -96.6706 See
Lat. (°N): 19.2866 19.6697 19.8040 19.6780 19.7505 Figure 1
No. of samples (data) 4 (<4) 12 (£12) 2(<2) 0 15 (£15) 21 (<21) 54 (<54)
(8i0,),,, 51.63 48.82 49.90 48.57 47.72 48.60 + 1.67
(TiO,),, 1.38 1.77 171 2.01 2.20 1.96 + 0.51
(ALO)),, 16.12 17.16 17.73 16.48 16.32 16.54 £ 1.15
(Fe,0,),, 1.458 1.733 1.6715 1.842 2.055 1.874 % 0.338
(FeO)imlj 7.29 8.66 8.36 8.41 8.92 8.56 + 0.95
(MnO)adJ 0.150 0.157 0.16 0.166 0.175 0.1695 + 0.0148
(MgO)adj 8.12 7.88 7.00 7.64 7.77 7.76 £ 1.91
(CaO)adj 8.87 9.59 8.71 10.01 9.62 9.65 + 0.89
(NaZO)adj 3.37 3.37 3.70 3.13 3.46 3.34+0.48
(KZO)adJ 1.26 0.57 0.76 1.28 1.14 1.06 £ 0.48
(ons)adj 0.358 0.283 0.306 0.470 0.609 0.477 £ 0.280
(Na,0+K,0),, 4.63 3.94 446 441 4.60 441 £0.74
Q 0 0 0 0 0 —
Or 7.44 3.36 4.46 7.57 6.71 6.29 +2.81
Ab 28.5 28.1 31.3 23.8 24.5 25.6+5.2
An 25.14 30.02 29.54 27.12 25.64 27.00 £ 3.15
Di 13.39 12.80 9.53 15.83 14.74 14.43 £ 3.78
Hy 9.53 2.14 4.13 1.84 0.45 1.97 £3.25
ol 10.42 16.82 14.63 14.83 16.79 15.67 + 3.64
Mt 2.11 2.51 2.42 2.67 2.98 2.72 +0.49
Il 2.62 3.35 3.26 3.81 4.18 3.74 + 0.96
Ap 0.83 0.66 0.71 1.09 1.41 1.11 £ 0.65
Mg# 66.4 61.4 59.9 61.1 59.8 61.0+6.4
FeOT/MgO 1.07 1.36 1.41 1.40 1.50 1.41 +£0.42
Ba 419 136 191 450 434 380 £ 156
Co 352 41.0 37.5 40.0 40.1 39.6 + 8.9
Cr 303 126 78 253 243 235+ 170
Cu 33.2 31.5 31.5 49.2 444 +15.1
Nb 13.8 12.5 13.2 24.1 224 19.9 £ 8.7
Ni 129 62 62 97 112 91 £58
Rb 24.1 8.9 8.8 28.8 21.8 199+9.5
Sr 578 467 570 708 761 684 + 227
Th 1.18 4.45 4.01 3.56 + 1.68
U 0.45 1.28 1.20 1.06 + 0.45
A\ 176 178 184 243 220.0 £41.1
Y 23.8 264 24.5 28.0 26.6 26.85 +4.29
Zn 80.5 84.5 84.5 85.8 84.7 + 14.7
Zr 171 157 157 209 195 193 £51
La 18.3 9.2 10.1 30.1 29.6 254 +13.0
Ce 38.2 23.2 27.5 63.6 60.4 53.4+24.8
Pr 4.85 2.77 3.2 8.05 8.9 7.04 +3.27
Nd 194 139 14.2 33.7 333 29.0 +12.5
Sm 4.09 3.47 3.25 7.22 7.36 6.38 + 2.38
Eu 1.26 1.26 1.12 2.21 2.32 2.01 + 0.66
Gd 3.64 3.60 3.35 6.52 6.80 5.94 +1.88
Tb 0.52 0.65 0.53 0.95 0.99 0.881 £0.239
Ho 0.57 0.72 0.61 0.99 1.02 0.930 £ 0.222
Er 1.62 2.04 1.64 2.58 2.70 2.41 +0.51
Tm 0.25 0.28 0.21 0.38 0.343 £ 0.087
Yb 1.53 191 1.54 2.26 2.17 2.104 £0.419
Lu 0.24 0.28 0.25 0.34 0.31 0.308 £ 0.064
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Table 4. Geochemical composition of basic volcanic rock samples from the Central American Volcanic Arc (CAVA) obtained from
Statistica, DODESSYS (Verma and Diaz-Gonzélez, 2012), and UDASYS (Verma et al., 2013a).

Chemical parameter Guatemala El Salvador Honduras Nicaragua Costa Rica (NW) CAVA

Long. (°W) and Lat. (°N): See Figure 1.

No. of samples (data) 25 (<25) 26 (<26) 25(<25) 72 (<£72) 32(<32) 180 (<180)
(SiOZ)m’, 51.08 50.79 50.30 49.00 51.19 50.16 + 1.45
(TiOZ)adv 1.133 1.086 1.664 0.934 0.700 0.945 £ 0.239
(AIZOB);d| 19.26 18.99 18.40 17.27 20.26 18.43 £ 1.86
(FeZOS)ad’ 1.530 1.666 2.047 1.758 1.479 1.661 £ 0.203
(FeO)adJ 7.65 8.19 7.52 8.79 7.28 8.12+0.85
(MnO)ad) 0.151 0.175 0.170 0.192 0.164 0.1742 £ 0.0168
(MgO)ad) 4.84 5.06 5.31 7.15 5.60 5.68 +1.53
(CaO)adJ 9.87 9.76 9.29 12.14 10.26 10.56 £ 1.21
(NaZO)“dJ 3.40 3.11 3.49 2.23 2.40 2.72+£0.60
(KZO)“GIJ 0.837 0.948 1.365 0.391 0.505 0.508 + 0.255
(P,0),, 0.247 0.238 0.434 0.133 0.149 0.156 £ 0.068
(Na,0+K,0),, 423 4.05 485 2.62 2.90 3.29+092

Q 0.0244 0.330 0.216 0.164 2.840 -—

Or 4.95 5.60 8.07 231 2.98 3.00 £ 1.51
Ab 28.7 26.3 27.3 18.8 20.1 22.7+48

An 34.8 35.1 30.5 35.9 41.4 359+58

Di 10.3 9.7 10.4 19.2 7.0 122 +58
Hy 10.8 12.4 7.9 10.8 19.3 122+7.1

ol 5.4 5.5 7.2 8.1 1.8 52+52

Mt 2.219 2.415 2.967 2.549 2.145 2.409 + 0.294
I 2.15 2.06 3.16 1.77 1.33 1.80 + 0.45
Ap 0.573 0.550 1.006 0.309 0.346 0.361 £ 0.158
Mg# 52.1 51.5 55.3 58.0 56.7 56.0 + 6.5
FeO"/MgO 1.99 2.07 1.82 1.60 1.66 1.72 £ 0.47
Ba 397 409 433 314 495 348 + 137
Co 33.0 46.7 25.0 352+ 12.6
Cr 81.9 85.9 82.5 137.7 79.4 332+221
Cu 76 129 53 165 102 111 £ 56

Nb 4.04 4.51 26.09 4.11 6.44 3.86 +1.70
Ni 33.7 44.2 54.7 60.4 46.9 264 +£15.7
Rb 12.4 14.0 16.0 8.8 9.2 10.3 +4.7

Sr 592 543 589 406 742 523 £131
Th 1.244 1.075 1.560 0.471 0.780 0.474 £ 0.212
U 0.517 0.462 0.555 0.351 0.276 0.321 £0.176
A% 250 278 216 303 164 259 + 60

Y 21.4 232 36.0 18.0 14.9 18.0+4.5

Zn 71.50 75.41 73.44 + 3.46
Zr 99.4 97.7 185.3 53.0 45.4 51.8 +204
La 9.89 10.48 21.13 4.43 14.10 6.56 + 2.62
Ce 23.4 24.4 42.4 11.1 27.0 14.8 £ 5.0

Pr 2.86 3.74 1.12 2.40 2.86 2.32+0.54
Nd 15.19 15.65 25.15 8.25 15.38 9.35+2.24
Sm 3.832 3.900 6.007 2.430 3.360 2.485+0.413
Eu 1.221 1.346 1.683 0.904 1.110 0.919 +0.129
Gd 4.11 4.29 5.99 3.12 3.02 3.05+0.69
Tb 0.607 0.704 0.453 0.413 0.446 + 0.092
Ho 0.794 0.878 0.610 0.504 0.584 + 0.151
Er 2.221 2.360 3.313 1.797 1.541 1.767 £ 0.426
Tm 0.3800 0.3567 0.2433 0.2167 0.2137 £ 0.0307
Yb 1.958 2.223 2.886 1.550 1.489 1.547 £ 0.271
Lu 0.3015 0.3157 0.2400 0.2167 0.2348 + 0.0437
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Table 5. Geochemical composition of intermediate volcanic rock samples from the eastern part of the Mexican Volcanic Belt (E-MVB)
obtained from Statistica, DODESSYS (Verma and Diaz-Gonzélez, 2012), and UDASYS (Verma et al., 2013a).

. Derrumbadas ~ Los Humeros Acoculco Cofre Perote &  PalmaSola  Southern

Chemical parameter oy . E-MVB
area caldera caldera Citlaltepetl area volcanic area

Long. (°W): -97.2486 -97.2562 -98.1404 -97.2995 -96.6541 -97.0550 See
Lat. (°N): 19.4144 19.3855 19.7702 19.4324 19.7298 19.7619 Figure 1
No. of samples (data) 10 (<10) 55 (<55) 5(<5) 22 (<22) 10 (<10) 13 (<13) 115 (<115)
(SiOz)adj 56.66 57.00 55.41 60.34 54.60 55.35 57.09 £ 3.30
(TiOz)adJ 0.974 1.337 1.128 0.942 1.314 1.542 1.247 +0.341
(ALO),, 16.62 17.78 17.44 17.15 17.27 17.45 17.35 £ 0.90
(Fe,0,),, 1.672 1.840 1712 1525 2.046 1.983 1.781 +0.316
(FeO)zmlj 5.13 523 533 4.13 6.47 5.70 5.09 +1.01
(MnO)adJ 0.122 0.115 0.123 0.096 0.176 0.135 0.1192 + 0.0280
(MgO)Mlj 5.64 3.51 5.21 3.14 4.61 3.83 3.77 £ 1.42
(CaO)amlj 7.28 6.83 8.02 5.95 7.71 6.82 6.87 £ 1.49
(NaZO)ad) 3.84 4.09 3.79 4.09 3.69 4.22 4.06 £ 0.55
(KZO)adI 1.754 1.925 1.528 2.362 1.729 2.359 1.814 + 0.446
(PZOS)adj 0.310 0.333 0.310 0.267 0.382 0.615 0.320 + 0.084
(Na,0+ KZO)adj 5.60 6.02 532 6.45 5.42 6.58 6.04 +£1.03
Q 4.87 5.74 2.89 9.97 2.75 2.62 5.62+4.24
Or 10.37 11.38 9.03 13.96 10.22 13.94 10.72 + 2.64
Ab 32.5 34.6 32.1 34.6 31.2 35.3 343+47
An 229 24.4 26.1 21.4 25.4 21.6 23.6+£54
Di 9.01 5.96 9.47 5.16 8.48 6.73 6.70 £ 3.61
Hy 12.70 11.72 15.13 10.25 15.22 11.14 11.89 +4.02
Ol 2.63 0.14 0 0.007 0.33 1.19 -—
Mt 2.42 2.67 2.48 2.21 2.97 2.88 2.58 +0.46
I 1.85 2.54 2.14 1.79 2.50 2.93 2.37 £0.65
Ap 0.718 0.772 0.719 0.618 0.884 1.426 0.742 + 0.195
Mg# 63.8 53.9 63.5 559 54.6 51.2 559+6.8
FeO'/MgO 1.42 2.05 1.33 1.93 2.06 2.98 1.87 +0.54
Ba 659 572 456 531 715 588 + 204
Co 22.8 23.0 23.6 24.7 20.3 22672
Cr 169 24 97 87 96 23.7+18.1
Cu 26.0 30.2 31.8 50.9 37.0 £23.1
Nb 11.1 12.5 11.5 20.9 30.1 11.68 + 4.41
Ni 74 11 61 43 41 35.8£32.0
Rb 39.5 44.4 28.5 39.9 59.6 38.3+15.9
Sr 627 394 587 559 646 525+ 168
Th 8.5 5.9 4.9 9.3 6.69 +4.29
U 1.8 1.4 2.8 1.92 £1.26
\Y% 99 165 142 188 158 + 52
Y 23.0 24.6 25.7 25.8 31.5 253 +5.8
Zn 76.1 86.3 81.4 88.7 82.9+115
Zr 180 208 200 193 325 211 + 84
La 21.7 24.5 19.3 30.3 44.0 251+95
Ce 50.2 50.8 43.4 59.9 85.6 53.9+19.8
Pr 5.30 5.84 5.26 7.60 12.7 427 +2.44
Nd 22.7 24.4 21.7 30.5 43.0 27.3+9.2
Sm 4.63 5.31 4.44 6.16 8.69 5.80 + 1.87
Eu 1.50 1.52 1.29 1.84 2.35 1.75 £ 0.54
Gd 4.64 5.19 4.14 5.52 8.17 542 +1.67
Tb 0.62 0.78 0.65 0.82 1.10 0.819 +0.238
Ho 0.67 0.87 0.67 0.91 1.14 0.873 £ 0.224
Er 2.07 2.54 1.88 2.48 3.36 2.39 +£0.55
Tm 0.35 0.35 0.25 0.45 0.362 + 0.093
Yb 2.23 2.34 1.69 2.32 2.85 2.35+£0.54
Lu 0.43 0.35 0.27 0.35 0.40 0.345 + 0.074
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Table 6. Geochemical composition of intermediate volcanic rock samples from the Central American Volcanic Arc (CAVA) obtained
from Statistica, DODESSYS (Verma and Diaz-Gonzélez, 2012), and UDASYS (Verma et al., 2013a).

Chemical parameter Guatemala El Salvador Honduras Nicaragua Costa Rica (NW) CAVA

Long. (°W) and Lat. (°N):

No. of samples (data) 119 (<119) 48 (<48) 27 (£27) 26 (<26) 193 (<193) 413 (<413)
(810,),, 56.18 57.38 53.79 55.18 55.32 54.49 + 1.61
(TiOz)adj 0.855 0.863 1.052 1.166 0.602 0.637 +0.070
(Alz()_s)adj 18.52 18.04 17.92 16.59 19.54 18.76 + 1.12
(Fezol)ad} 1.891 1.930 2.086 2.220 1.784 1.874 £ 0.219
(FeO)adj 591 5.87 6.81 7.23 5.79 6.00 + 0.84
(MnO)aLlJ 0.1482 0.1622 0.1675 0.1848 0.1665 0.1600 + 0.0206
(MgO),_“lj 3.69 3.16 4.63 4.45 4.11 3.95+1.04
(CaO)Mj 7.63 7.09 8.72 8.67 8.85 8.28 £1.25
(Na,0),,, 3.69 3.72 3.22 3.05 3.08 3324047
(KZO)Hdj 1.285 1.556 1.273 1.050 0.590 0.646 +0.170
(13’205),‘ldj 0.2053 0.2424 0.3345 0.2110 0.1690 0.1901 + 0.0402
(Na,0+ K,0),, 497 5.28 449 4.10 3.67 426+ 0.81

Q 6.31 8.21 3.66 7.14 7.85 6.40 + 3.53
Or 7.60 9.20 7.52 6.20 3.48 3.82+1.01
Ab 31.21 31.47 27.21 25.85 26.07 28.05 + 4.00
An 29.7 27.7 30.7 28.4 37.3 32.8+55

Di 5.59 491 8.50 10.85 4.49 5.35+2.97
Hy 14.55 13.39 16.31 15.60 16.51 15.61 +2.85
Ol 0.0280 0.068 0.297 0 0 -—

Mt 2.741 2.798 3.025 3.218 2.586 2.716 £ 0.318
I 1.623 1.639 1.997 2.215 1.143 1.210 £ 0.133
Ap 0.476 0.562 0.775 0.489 0.392 0.441 +0.093
Mg# 52.0 48.2 54.2 514 55.1 532+54
FeO"/MgO 2.19 2.62 1.98 2.21 1.89 2.00 +0.54
Ba 541 663 658 806 505 541 + 126
Co 233 34.4 21.5 22.2+52

Cr 39.0 14.7 65.3 59.1 30.7 27.1+£20.5
Cu 42.1 106.1 95.2 157.2 71.1 74.2 £ 38.7
Nb 3.60 3.45 9.30 6.87 3.75 3.51+0.76
Ni 23.3 9.4 46.1 29.9 224 21.3 £ 14.8
Rb 23.0 29.6 24.3 254 10.4 114 +3.32
Sr 498 437 558 443 678 597 £ 116
Th 1.622 2.080 1.635 1.421 0.941 0.996 + 0.352
U 0.715 1.053 0.627 1.114 0.363 0.384 £ 0.126
v 184 167 229 253 148 166 + 55

Y 24.7 29.4 354 26.1 15.8 16.4 +2.32
Zn 93.5 80.5 80.1+8.8

Zr 113.8 119.5 128.5 100.7 50.5 53.4+12.5
La 10.85 13.86 18.51 7.81 11.37 10.90 £ 2.82
Ce 22.3 28.0 36.6 18.8 23.5 229+5.1

Pr 3.67 3.83 3.13 3.11+0.48
Nd 15.06 17.80 23.49 12.66 13.19 13.23 £1.92
Sm 3.768 4.504 5.621 3.597 3.022 2.984 +0.354
Eu 1.117 1.246 1.508 1.198 1.038 1.022 +0.098
Gd 3.948 4.655 5.569 4.246 2951 2.970 £0.373
Tb 0.6471 0.7333 0.6875 0.4538 0.4467 + 0.0429
Ho 0.831 0.910 0.552 0.549 + 0.046
Er 2.403 2.707 3.278 2.510 1.576 1.557 £ 0.153
Tm 0.4350 0.3825 0.2382 0.2296 + 0.0204
Yb 2.171 2.549 2.666 2.300 1.561 1.508 + 0.140
Lu 0.3415 0.3867 0.3488 0.2417 0.2354 + 0.0235
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Table 7. Geochemical composition of acid volcanic rock samples from the eastern part of the Mexican Volcanic Belt (E-MVB) obtained
from Statistica, DODESSYS (Verma and Diaz-Gonzélez, 2012), and UDASYS (Verma et al., 2013a).

Chemical parameter Derrumbadas area  Los Humeros Acoculco Cofre Perote &  Palma Sola area Southern E-MVB
caldera caldera Citlaltepetl volcanic area
Long. (°W): -97.4776 —97.4189 —98.2186 -97.2716 —96.4100 See
Lat. (°N): 19.2933 19.6583 19.9558 19.2131 19.6630 Figure 1
No. of samples (data) 10 (<10) 53 (<53) 1(=D) 25 (<25) 1 (1) 0 90 (<90)
(5i0,), 72.81 71.53 76.90 65.10 65.96 69.82 £4.44
(TiO,), 0.112 0.391 0.15 0.623 0.37 0.434 +0.263
(ALO,), 15.14 14.70 12.36 16.80 16.88 1531+ 1.45
(Fe,0,), 0.663 0.782 0.40 1.172 1.08 0.889 +0.368
(FeO),; 1.326 1.564 0.79 2.804 2.15 1.90 + 0.86
(MnO),, 0.050 0.046 0.053 0.0774 0.130 0.059 +0.025
(MgO),,; 0.200 0.555 0.07 1.639 1.60 0.74 +£0.59
(Ca0), 1.493 1.457 0.43 4.659 3.42 2.38+1.70
(Na,0),, 4.497 4.354 391 4.497 5.69 4.41+0.55
(K,0),4 3.633 4.516 4.92 2.442 2.51 3.77+1.12
(P,0,), 0.073 0.103 0.015 0.189 0.210 0.122 +0.074
(Na,0+K,0),, 8.13 8.87 8.84 6.94 8.20 8.23+0.98
0] 28.6 24.6 34.0 17.0 13.5 22.8+7.1
Oor 21.5 26.7 29.1 14.4 14.8 22.3+6.6
Ab 38.1 36.8 33.1 38.1 48.2 37.3+4.7
An 6.9 6.1 1.6 18.4 13.1 9.9+6.8
Di 0 0.337 0.34 2.887 2.02 —
Hy 2.29 2.88 0.98 5.96 5.70 3.76 £2.26
ol 0 0 0 0 0 0
Mt 0.96 1.13 0.57 1.70 1.56 1.29+0.53
1 0.212 0.743 0.29 1.183 0.70 0.82 +0.50
Ap 0.169 0.239 0.040 0.438 0.49 0.283 +0.172
Mg# 20.7 34.6 13.8 50.1 57.1 38.6+13.2
FeO"/MgO 10.1 5.5 16.2 2.5 1.9 3.46 £ 1.39
Ba 976 742 61 2688 834+ 150
Co 2.0 2.0 1.0 9.6 1.96 + 1.47
Cr 5 6 10 18 6.00 = 1.88
Cu 1 4 1 16 142+ 1.24
Nb 13.5 129 423 26.5 13.05+2.11
Ni 4 6 8 7 5.14+1.42
Rb 107.4 111.5 167.0 66.2 110.9+18.4
Sr 219 123 5 906 141 + 88
Th 18.7 6.5 17.8+4.8
U 4.8 4.6 4.83+0.73
A% 7.0 33 4 90 21.9+17.5
Y 7.0 26.6 432 16.9 22.6+9.0
Zn 67.0 422 54.0 434 541+152
Zr 117 251 173 81 218+94
La 8.8 32.8 16.2 46.3 28.6 +13.1
Ce 19.1 60.6 20.8 72.8 52.5+£224
Pr 2.22 5.01 2.82 9.23 427+243
Nd 8.5 24.0 9.5 343 212492
Sm 1.60 4.61 1.61 5.96 4.04+1.73
Eu 0.38 0.63 0.14 1.61 0.603 +0.401
Gd 1.28 4.39 1.4 4.68 3.66 = 1.80
Tb 0.21 0.69 0.26 0.58 0.589 +0.248
Ho 0.20 0.75 0.31 0.49 0.532 +0.309
Er 0.47 2.45 0.96 1.19 1.66 +1.03
Tm 0.10 0.34 0.12 0.244 +0.139
Yb 0.49 2.73 1.02 1.00 2.22+1.02
Lu 0.10 0.47 0.16 0.15 0.384 +0.165
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Table 8. Geochemical composition of acid volcanic rock samples from the Central American Volcanic Arc (CAVA) obtained from
Statistica, DODESSYS (Verma and Diaz-Gonzalez, 2012), and UDASYS (Verma et al., 2013a).

Chemical parameter Guatemala El Salvador Honduras Nicaragua Costa Rica (NW) CAVA

Long. (°W) and Lat. (°N): See Figure 1.

No. of samples (data) 11 (<11) 17 (£17) 2(£2) 5(<5) 1(=1) 36 (<36)
(8i0,),, 66.77 67.68 69.15 67.72 63.74 67.38 +3.18
(Ti0,),, 0.506 0.490 0.449 0.489 0.362 0.489 +0.154
(ALO)),, 16.32 16.09 15.39 15.79 17.46 16.17+0.83
(Fe,0)), 1.156 1.276 1.141 1.124 1.541 1.218 £0.326
(Fe0),; 2.76 2.82 2.69 2.73 3.85 2.81+0.84
(MnO),, 0.1101 0.1214 0.0765 0.1268 0.2283 0.1222 +0.0225
(MgO),; 1.33 1.07 0.65 1.26 1.91 1.18 £0.54
(Ca0),, 3.83 3.16 2.39 4.11 6.25 3.51+1.30
(Na)0),; 4.20 4.32 5.05 4.07 3.89 4.28 £ 0.60
K,0),, 2.87 2.83 2.81 2.44 0.76 2.73 +0.89
(P,0)),4 0.156 0.144 0.197 0.139 0.0010 0.147 +£0.081
(Na,0+K,0),, 7.07 7.14 7.86 6.51 4.66 7.00 +0.93

0 20.4 224 22.0 233 20.0 21.8+5.6

or 17.0 16.7 16.6 14.4 45 16.1+53

Ab 355 36.5 42.7 344 329 36.2+5.1

An 16.3 13.8 10.1 17.4 27.9 15.2+53

Di 1.42 0.75 0.41 1.72 2.55 e

Hy 6.10 5.85 4.81 5.81 9.11 5.95+2.29
ol 0 0 0 0 0 0

Mt 1.68 1.85 1.65 1.63 2.23 1.77 + 0.47

1 0.961 0.931 0.853 0.928 0.688 0.929 +0.293
Ap 0.362 0.333 0.455 0.322 0.0023 0.340 +0.188
Mgt 45.0 38.6 252 45.0 46.9 409+7.8
FeO"/MgO 3.11 425 8.69 3.01 2.74 3.55+0.99
Ba 852 1036 937 1255 592 1018 197
Co 8.4 84+52

Cr 4.05 4.00 5.56 2.483 4.17+2.28
Cu 9.00 13.04 6.87 10.49 +3.54
Nb 5.55 4.40 5.73 5.03+1.33
Ni 3.45 3.44 3.77 0.86 331+1.21
Rb 74.2 60.4 223 425 16.4 51.6+22.2
Sr 322 305 302 388 623 339+ 125

Th 5.72 291 1.00 4.78+1.97
U 2.19 1.56 0.55 1.90 +0.73
v 51.8 12.0 25.0 42.9+358
Y 193 30.8 41.8 20.5 27.6+9.8

Zn 94 —

Zr 179 165 187 145 61 162 +53

La 16.63 18.90 19.82 12.68 17.02+£3.22
Ce 34.02 35.57 38.77 29.01 29.88+1.76
Pr 5.34 497 4.05 4.97 £ 0.66
Nd 15.5 23.5 22.7 17.0 20.3+6.1
Sm 3.66 5.71 5.40 3.94 515+1.77
Eu 0.73 1.47 1.36 1.27 1.21+0.52
Gd 3.80 5.02 5.29 3.74 4.77+1.53
Tb 0.520 0.825 0.566 0.731 +£0.315
Ho 0.730 1.310 0.688 0.909 + 0.348
Er 222 3.20 4.56 2.03 327+ 1.34
Tm 0.560 0.326 0.443 +0.165
Yb 1.92 3.36 3.34 2.19 2.81+1.03
Lu 0.310 0.490 0.355 0.419+0.169
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Figure 3. Chondrite-normalized REE patterns (chondrite values from McDonough and Sun, 1995) for average concentrations of basic,
intermediate, and acid rocks from (a) La Malinche area, (b) Las Derrumbadas area, (c) Los Humeros area, and (d) E-MVB crustal
rocks. The adjusted silica (SiO,),, values are also given in each plot. Approximate locations of these areas are given in the text in terms

of coordinates.

The Sr-Nd isotope data from the E-MVB and CAVA
are plotted in the conventional bivariate diagram (Figure
5), which also includes data from numerous island
arcs and continental rifts (unpublished compilation of
the author) as well as the mixing curve of basalts and
sediments from the subducting slab (Verma, 2000b) and
Mexican lower and upper crusts. The CAVA average data
for basic, intermediate, and acid magmas plot close to each
other and are shifted towards the down-going slab mixing
curve, as are most of the island arc data. The samples
from the E-MVB plot within the “mantle array”, close
to the continental rift samples (Figure 5). Furthermore,
the average values for basic, intermediate, and acid
E-MVB rocks show significantly different compositions,

126

although all three compositions plot within the mantle
array, away from the down-going slab. The acid rock
composition is similar to the Mexican lower crust (Figure
5). These isotopic characteristics of the E-MVB magmas
are inconsistent with their derivation from the same
source; instead, they require that the basic and acid rocks
originated from different sources (the basic rocks mainly
in the mantle and the acid rocks in the underlying crust).
The intermediate rocks may represent a mixture of these
two types of magmas. The available geochemical evidence
favors this general model for the E-MVB, although locally
fractional crystallization may play a dominant role at some
specific volcanic centers.
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Figure 4. Multielement primitive mantle normalized diagram (normalizing values from Sun and McDonough, 1989) for average
concentrations of basic, intermediate, and acid rocks from (a) E-MVB for volcanic as well as crustal rocks and (b) CAVA for volcanic

rocks. The adjusted silica (SiO,),; values are also given in each plot.
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Figure 5. Conventional Sr-Nd isotope diagram for the E-MVB
and CAVA rocks. The trace of the “mantle array” is from Faure
(1986); the trace of the “Downgoing slab” is from Verma (2000b),
in which the numbers 2% to 20% indicate the amount of
sediment in the basalt-sediment mixture; other numerous island
arc, continental rift, and Mexican lower and upper crust data are
also shown for reference (Verma SP, unpublished compilation);
the average values for basic, intermediate, and acid rocks from
both the E-MVB and CAVA are shown using larger symbols.

4.2. Application of multidimensional diagrams

Appropriate multidimensional discrimination diagrams,
specifically proposed for a given magma type, were applied
to the compiled data from both areas. The respective plots
are presented in Figures 6 to 11 for basic rocks, Figures

12 to 17 for intermediate rocks, and Figures 18 to 22 for
acid rocks. The results are summarized in Tables 9 and 10,
11 and 12, and 13 and 14 for basic, intermediate, and acid
rocks, respectively.

4.2.1. Basic rocks
Three sets of five diagrams each indicated a continental rift
tectonic setting for the E-MVB (Figures 6, 8, and 10; Table
9) and an arc setting for the CAVA (Figures 7, 9, and 11;
Table 10). Application of major element-based diagrams
(Verma et al., 2006b) to basic rock data from the E-MVB
showed that 44 to 50 out of 51 samples (equivalent to about
86% to 98%; see the first part of Table 9) plotted in the
continental rift field. The remaining few samples (7 to 1)
were distributed among the three remaining tectonic fields
(Figure 6; Table 9). Therefore, a continental rift setting is
clearly indicated by these diagrams (Figures 6a-6¢, 6e),
and the diagram from which this setting is absent (Figure
6d) can be considered as an inapplicable diagram (Table
9). The other two sets of diagrams based on log-ratios of
immobile elements (Figures 8 and 10; Agrawal et al., 2008;
Verma and Agrawal, 2011) confirm this conclusion because
most samples plot in the tectonic field of continental rift
(see the second and third parts of Table 9).

The same three sets of diagrams (Figures 7, 9, and
11; Verma et al., 2006b; Agrawal et al., 2008; Verma and
Agrawal, 2011) indicated an arc setting for basic rocks
from the CAVA, because most samples plotted in this field
(Table 10). These diagrams (Figures 7, 9, and 11) cannot
discriminate island arc from continental arc because, for
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Figure 6. Application of the set of five multidimensional DF1-DF2 diagrams based on linear discriminant analysis of log-transformed
major element ratios for the discrimination of four tectonic settings (arc, continental rift, ocean island, and mid-ocean ridge) for basic
magmas from the eastern part of the Mexican Volcanic Belt (E-MVB). See the subscript m2 in all these diagrams (Verma et al., 2006b).
Symbols are explained in insets. The letter B after the name of the tectonic field represents basic and ultrabasic rocks. (a) Four tectonic
settings IJA-CR-OI-MOR; (b) three tectonic settings IA-CR-OI; (c) three tectonic settings IA-CR-MOR; (d) three tectonic settings
IA-OI-MOR; (e) three tectonic settings CR-OI-MOR.
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Figure 7. Application of the set of five multidimensional DF1-DF2 diagrams for basic magmas from the Central American Volcanic Arc
(CAVA). More details are given in Figure 6.
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Figure 8. Application of the set of five multidimensional DF1-DF2 diagrams based on log-ratios of immobile trace elements (see
the subscript t1 in all these diagrams; Agrawal et al., 2008) for basic rock samples from the eastern part of the Mexican Volcanic Belt

(E-MVB). The symbols are shown as an inset in (a). (a) Three tectonic settings IA-CR+OI-MOR; (b) three tectonic settings IA-CR-OI;
(c) three tectonic settings IA-CR-MOR; (d) three tectonic settings IA-OI-MOR; (e) three tectonic settings CR-OI-MOR.
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Figure 9. Application of the set of five multidimensional DF1-DF2 diagrams for basic rock samples from the Central American Volcanic
Arc (CAVA). More details are given in Figure 8.
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Figure 10. Application of the set of five multidimensional DF1-DF2 diagrams based on log-ratios of immobile major and trace elements
(see the subscript t2 in all these diagrams; Verma and Agrawal, 2011) for basic rock samples from the eastern part of the Mexican

Volcanic Belt (E-MVB). The symbols are shown as insets in (a). (a) Three tectonic settings IA-CR+OI-MOR; (b) three tectonic settings
IA-CR-OI; (c) three tectonic settings IA-CR-MOR; (d) three tectonic settings IA-OI-MOR; (e) three tectonic settings CR-OI-MOR.
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Figure 11. Application of the set of five multidimensional DF1-DF2 diagrams for basic rock samples from the Central American
Volcanic Arc (CAVA). More details are given in Figure 10.
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Table 9. Application of multidimensional diagrams for tectonic discrimination of basic rock samples from the eastern part of the
Mexican Volcanic Belt (E-MVB).

Reference; figure type §; figure no.Discrimination diagram §

Total no. of samplesPredicted tectonic affinity and number of discriminated samples (%)

(%) IAB CRB+OIB CRB OIB MORB

Verma et al. (2006b); major IAB-CRB-OIB-MORB 51 (100) 3(6) — 44 (86) 1(2) 3(6)
element log-ratios; Figure 6 1op_crp_oIB 51 (100) 102) — 50 (98) 0(0) —

IAB-CRB+MORB 51 (100) 2(4) — 46 (90) — 3(6)

IAB-OIB-MORB * 51 (100) 7 (14) — — 29 (57) 15 (29)

CRB-OIB-MORB 51 (100) — — 47(92) 1(2) 3(6)
Agrawal et al. (2008); log- IAB-CRB+OIB-MORB 38(100) 3(8) 31(82) —-— —-— 4 (10)
ratios of immobile trace IAB-CRB-OIB 38 (100) 9(24) - 24 (63) 5(13) —
elements; Figure 8

IAB-CRB+MORB 38 (100) 3(8) — 31(82) — 4(10)

IAB-OIB-MORB * 38 (100) 3(8) — — 29 (76) 6 (16)

CRB-OIB-MORB 38 (100) — — 32(84) 103) 5(13)
Verma and Agrawal (2011); TIAB-CRB+OIB-MORB 23 (100) 3(13) 14 (61) —_— - 6 (26)
log-ratios of immobile major  14p_cpp_O1B 23 (100) 5(22) — 15 (65) 3(13) —
and trace elements; Figure 10

IAB-CRB+MORB 23 (100) 2(9) — 16 (69) — 5(22)

IAB-OIB-MORB * 23 (100) 3(13) — — 10 (44) 10 (43)

CRB-OIB-MORB 23 (100) — — 12 (52) 5(22) 6 (26)

§The groups discriminated in discriminant function-based multidimensional DF1-DF2 diagrams are as follows (B in the tectonic names stands for basic
rocks): island arc (IA), continental arc (CA), continental rift (CR), ocean island (OI), and mid-ocean ridge (MOR); the numbers in the parentheses are
the percentages of samples plotting in a given field: the correct discrimination (also called % success) can be seen in the column with italic boldface
numbers; *: inapplicable diagram.

Table 10. Application of multidimensional diagrams for tectonic discrimination of basic rock samples from the Central American
Volcanic Arc (CAVA).

Reference; figure type Discrimination diagram §  Total no. of Predicted tectonic affinity and number of discriminated samples (%)

§; figure no. samples (%) IAB CRB+OIB CRB OIB MORB

Verma et al. (2006b); major IAB—CRB-OIB-MORB 180 (100) 141 (783) —- 19 (10.6) 0(0) 20 (11.1)

element log-ratios; Figure 7
IAB-CRB-OIB 180 (100) 134(745)  —— 35(19.4) 11 (6.1) _—
IAB-CRB+MORB 180 (100) 140 (77.8) - 21(11.7) - 19 (10.5)
TAB-OIB-MORB 180 (100) 146 (81.1) - — 14 (7.8) 20 (11.1)
CRB-OIB-MORB * 180 (100) — - 136 (75.6) 0(0) 44 (24.4)

Agrawal et al. (2008); IAB-CRB+OIB-MORB 61 (100) 31(51) 4(6) -— — 26 (43)

log-ratios of immobile trace

clements; Figure 9 IAB-CRB-OIB 61 (100) 23 (38) — 25 (41) 13 (21) —
IAB-CRB+MORB 61 (100) 31 (51) . 4(6) . 26 (43)
IAB-OIB-MORB 61 (100) 31 (51) -— -— 2(3) 28 (46)
CRB-OIB-MORB 61 (100) -— -— 5(8) 0(0) 58 (92)

Verma and Agrawal (2011); IAB-CRB+OIB-MORB 74 (100) 42 (57) 9(12) -— -— 23 (31)

log-ratios of immobile major

and trace elements; Figure 11 IAB-CRB-OIB 74 (100) 57(77) - 17.(23) 0(0) -—-
IAB-CRB+MORB 74 (100) 42 (57) —-— 9(12) -— 23 (31)
IAB-OIB-MORB 74 (100) 41 (55) —-— -— 5(7) 28 (38)
CRB-OIB-MORB * 74 (100) — — 11 (15) 0 (0) 63 (85)

§ The groups discriminated in discriminant function-based multidimensional DF1-DF2 diagrams are as follows (B in the tectonic names stands for
basic rocks): island arc (IA), continental arc (CA), continental rift (CR), ocean island (OI), and mid-ocean ridge (MOR); the numbers in the parentheses
are the percentages of samples plotting in a given field: the correct discrimination (also called % success) can be seen in the column with italic boldface
numbers; *: inapplicable diagram.
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constructing them, most data were compiled from island
arcs. The continental arc field, to which the CAVA is likely
to belong, is not well represented in them, which may
be the reason why the percent success for the arc field is
relatively low (Table 10). Nevertheless, an arc affinity for
the CAVA rocks is confirmed from these diagrams.

4.2.2. Intermediate rocks

Three sets of five diagrams each indicated a transitional
continental rift to collision tectonic setting for the E-MVB
(Figures 12, 14, and 16; Table 11) and a continental arc
setting for CAVA (Figures 13, 15, and 17; Table 12). In the
major element-based diagrams for the E-MVB, the overall
%prob estimates for continental rift and collision fields
were about 37.0% and 38.6%, respectively (Table 11). In
the immobile major and trace element-based diagrams
(Figure 14), the E-MVB intermediate rock samples gave
%prob of about 32% and 44%, respectively, for continental
rift and collision tectonic settings, whereas in the final set
of immobile trace element-based diagrams (Figure 16), the
E-MVB rocks provided %prob value of about 50% for the
continental rift field, followed by only about 24% for the
collision tectonic setting (Table 11). Thus, a continental
rift or a transitional rift to collision setting is indicated by
these diagrams.

For the CAVA intermediate rocks, the major element-
based diagrams (Figure 13) indicated a continental
arc setting with the %prob value of 57.0% followed by
island arc with 38.4% (Table 12). The %prob value for
the continental arc setting was higher (60.0% and 66.6%,
respectively, for Figures 15 and 17; Table 12) for the other
two sets of diagrams based on immobile elements. Thus,
the expected continental arc setting is clearly indicated by
all diagrams for intermediate magma.

4.2.3. Acid rocks

The indications from multidimensional diagrams for the
E-MVB acid rocks are less clear (Figures 18, 20, and 22).
The first set based on log-ratios of major elements does not
provide a consistent result; the %prob values are distributed
among three tectonic settings (27.6% to 35.4%; Table 13).
The second set of diagrams based on immobile major
and trace elements indicates a transitional within-plate
to collision tectonic setting, with %prob values of 40.1%
to 49.0%, whereas the third set indicates a transitional
continental arc to collision setting, with 39% to 45% (Table
13).

These diagrams, however, seem to work well as
documented in the original paper (Verma et al., 2013b)
and also for the CAVA acid rocks (Figures 19 and 21; Table
14). The first set of diagrams gave a %prob value of 60.6%
(see the first part of results in Table 14). The other two sets
of diagrams (Figure 19 and not shown) also indicated a
continental arc setting for the CAVA acid rocks (with
%prob values of 47% and 49%), although for the last

set only two samples with complete data were available.
Strictly speaking for such a small number of samples,
%prob value for acid rocks should not be calculated or
reported (Table 14).

If the diagrams for acid rocks perform well, what could
be the reason for inconsistent results for the E-MVB? The
acid rocks in the E-MVB may have originated mostly in
the heterogeneous continental crust (Figures 3-5) and may
therefore indicate the tectonic setting of presumably much
older crustal rocks. A dominantly crustal origin for acid
rocks was shown for the Sierra de Chichinautzin (Verma,
1999; Velasco-Tapia and Verma, 2013) and Sierra de Las
Cruces (Velasco-Tapia, 2014), both located in the central
part of the MVB. A larger crustal component in acid rocks
from the Los Humeros caldera in the E-MVB than basic
and intermediate rocks has also been documented (Verma,
2000a). It can also be postulated that the collision of the
Yucatan block with southern Mexico during the Miocene
envisioned for southern Mexico (Kim et al., 2011) may
have affected the E-MVB as well.

In summary, the basic rocks from the E-MVB indicate
a continental rift setting. The intermediate rocks are
consistent with a continental rift or a rift to collision
transitional setting. Although the acid rocks provide a less
consistent result, they may also indicate a transition from
rift (or arc) to collision setting. All types of volcanic rocks
from basic to acid from the CAVA indicate a continental
arc setting, which once again confirms good performance
of these 45 diagrams for tectonic discrimination. Their use
in geological research is therefore recommended.

4.3. Application of discordancy and significance tests
An objective comparison of the different magma types
from these two provinces (E-MVB and CAVA) may throw
light on the results of tectonomagmatic discrimination
diagrams. The conventional chemical parameters as well
as the log-ratios were evaluated from the Fisher F and
Student t tests (Verma, 2005; Verma et al., 2013a) applied
to discordant outlier-free data (Verma and Diaz-Gonzélez,
2012). The application of the F test prior to the t test is
simply to decide the correct version of the t test (Verma et
al., 2013a). In fact, for the t test option, UDASYS internally
applied the F test and chose the correct version of the t test.
The results of the t test applied as both “one-sided” and
“two-sided” versions at the strict 99% confidence level are
presented in Tables 15, 16, and 17, for basic, intermediate,
and acid rocks, respectively.

The conventional parameters include all major elements
from (SiO,), 4 1O (P,0,), & REEs from La to Lu, and most
common trace elements from Ba to Zr (Tables 15-17).
The log-ratios are those used in the multidimensional
discrimination diagrams. The first block of ratios from
In(TiO,/Si0,) to In(P,0.,/Si0,) is for major element-based
diagrams for all kinds of igneous rocks (Verma et al.,
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Table 11. Application of multidimensional tectonic discrimination diagrams (Verma SP and Verma SK, 2013) to intermediate rocks
from the eastern part of the Mexican Volcanic Belt (E-MVB).

Area; rocks; figure Figure type § Iﬁ:ilber Number of discriminated samples
name §; figure no. .
Arc Within-plate Collision
of samples
IA+CA _ _ — _
IA[X =S CA[X £ 5] CR+OI[ X £ §] Col[ X £ 5]
¥ [Peql ©
-+ Col
[‘x £S5 ] [P‘A] (S] [Pc,\] (C] [PCR+OI] C)
(Piacca) ©
Eastern part of the 20 [0.602 + 0.133] 47[0.734 + 0.181] 48 [0.753 + 0.161]
Mexican Volcanic [A+CA-CR+OL-Col 115 (0.3965 - 0.8559) - o (0.4126-0.9864) (0.3558-0.9826)
Belt (E-MVB); 30.656 + 0.199] 55[0.699 + 0.152] 57 [0.815 + 0.147]
intermediate rocks; all  JA-CA-CR+OI 115 J— . =4 . - - =Y I
major elements (mint); (0.5279-0.8852) (0.4429-0.9758) (0.4810-0.9926)
Figure 12
g IA-CACol s - 2[0.658 + 0.224] 43[0.579 % 0.088] . 70 [0.735 + 0.166)
(0.5000, 0.8164) (0.4325-0.7953) (0.4640-0.9940)
13 [0.571 + 0.162] 48 [0.755 + 0.165) 54 [0.779 +0.181]
[A-CR+OI-Col 15 - (0.3625-0.8500) T (0.4619-0.9873) (0.3908-0.9863)
2410587 £0.095] 50 [0.688 + 0.179] 41 [0.695 + 0.150]
CA-CR+OL-Col 15 - - (0.4142-0.7875) (0.4186-0.9793) (0.3735-0.9458)
ENVBLLAL (on) (sprob) 75 (20112:0393) (18} (107095} {122}{77.4386} {202}{151.5928} {213} {158.1203}
%) [%prob] [--] [3.0%) [21.5%)] [37.0%) [38.6%]
diagrams
Eastern part of the 3[0.716 + 0.136] 10 [0.663 + 0.195] 15[0.618 + 0.122]
Mexican Volcanic [A+CA-CR+OI-Col 28 (0.5649-0.8293) o T (0.4153-0.9760) (0.3759-0.7941)
Belt (E-MVB);
intermediate rocks; A_CA_CR4OI 28 o 0 12 [0.604 + 0.142] 16 [0.659 + 0.194] o
immobile major and (0.4140-0.7969) (0.3604-0.9996)
trace elements (mtint); 8[0.595 +0.181] 20 [0.663 + 0.167]
Figure 14 [A-CA-Col 28 - 0 (0.4091-0.9510) o (0.4286-0.9899)
3[0.592 + 0.109] 10 [0.685 + 0.196] 15[0.629 + 0.118]
[A-CR+OI-Col 28 o (0.4932-0.7085) o (0.4445-0.9708) (0.4016-0.7949)
9[0.667 +0.191] 7[0.710 +0.174] 12 [0.658 + 0.093]
CA-CR+OI-Col 8 - - (0.4083-0.9966) (0.4580-0.9966) (0.4909-0.8312)
E-MVB 1b. All
immobile major and  {Zn} {Zprob} {140} {3} {2.1479} {3} {1.7772} {29} {18.1030} {43} {28.9901} {62} {39.8503}
trace element-based [%prob] [-—-1 [2.2%] [22.0%] [31.9%] [43.9%]
diagrams
Eastern part of the 7 [0.591 +0.193] 18 [0.707 + 0.186] 5 [0.645 + 0.190]
Mexican Volcanic Belt IA+CA-CR+OI-Col 30 (0.4347-0.9976) T o (0.4110-0.9842) (0.5141-0.9773)
(E-MVB); intermediate 2[0.633 +£0.279] 8 [0.660 + 0.150] 20 [0.819 +0.191]
rocks; immobile IA-CA-CR+OI1 30 N . - y - - =4 I
trace elements (tint); (0.4350, 0.8300) (0.4649-0.9402) (0.5246-0.9966)
Figure 16
g JA-CA-Col 30 L 1 10 [0.645 + 0.118] o 19 [0.739 + 0.189]
(0.8384) (0.4589-0.7872) (0.3606-0.9931)
4[0.593 +0.277) 18 [0.722 + 0.169] 8[0.570 +0.181]
IA-CR+OI-Col 30 T (0.3724-0.9975) o (0.4503-0.9755) (0.3962-0.9779)
12 [0.587 + 0.183] 13 [0.757 + 0.164] 5[0.616 + 0.209]
CA-CR+OI-Col 30 - - (0.3431-0.9955) (0.4404-0.9753) (0.4301-0.9578)
E-MVB Ic. All
immobile trace {Zn} {Zprob} {150} {7} {4.1379} {7} {4.4735} {30} {18.7736} {69} {51.9352} {37} {24.9081}
element-based [%prob] [-—-1] [5.1%] [21.2%] [49.8%] [23.9%]
diagrams

§ “Figure name” corresponds to one of the three sets of diagrams based on major elements, immobile major and trace elements, and immobile trace
elements, respectively, whereas “figure type” gives the tectonic fields being discriminated where the tectonic groups are as follows: IA-island arc,
CA-continental arc, CR-continental rift, and OI-ocean island together as within-plate, Col-collision; X S —mean # one standard deviation of the
probability estimates for all samples discriminated in a given tectonic setting, reported in []; ® probability estimates for different tectonic groups are

summarized after the number of discriminated samples as follows: [ ]-range of probability values estimated for IA+CA combined setting, [p,,]-for

pIA+CA
IA, [p,]-for CA, [pey.ol-for CR+OL, and [p, ]-for Col. Boldface font shows the expected or more probable tectonic setting; the final row gives a
synthesis of results as {Zn} {Zprob} [%prob] where {Zn}-number of samples plotting in all five diagrams are reported in the column of total number of
samples whereas the sum of samples plotting in a given tectonic field are reported in the respective tectonic field column, {Eprob}-sum of probability
values for all samples plotting in a given tectonic field are reported in the respective tectonic field column, [%prob]-total probability of a given tectonic

setting expressed in percent after assigning the probability of IA+CA to IA and CA (see text for weighing factors).
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Table 12. Application of multidimensional tectonic discrimination diagrams (Verma SP and Verma SK, 2013) to intermediate rocks
from the Central American Volcanic Arc (CAVA).

Area; rocks; figure
name §; figure no.

Figure type §

Total
number
of samples

Number of discriminated samples

Arc
TIA+CA

(X *S]
)@

(Puaca

A[X £S5
[p,] ©

CA[X £ 8]

[p.,] ©

Within-plate CR+OI

[X £ 810l
®

Collision Col

(X *£S]
[Pyl ©

Central American
Volcanic Arc
(CAVA); intermediate
rocks; all major
elements (mint);
Figure 13

CAVA 1la. All major
element-based
diagrams

Central American
Volcanic Arc
(CAVA); intermediate
rocks; immobile
major and trace
elements (mtint);
Figure 15

CAVA 1b. All
immobile major and
trace element-based
diagrams

Central American
Volcanic Arc
(CAVA); intermediate
rocks; immobile

trace elements (tint);
Figure 17

CAVA 1c. All
immobile trace
element-based
diagrams

IA+CA-CR+0OI-Col

IA-CA-CR+0I

IA-CA-Col

IA-CR+0OI-Col

CA-CR+0I-Col

{Zn} {Zprob}
[%prob]

IA+CA-CR+0I-Col

IA-CA-CR+0I

TA-CA-Col

IA-CR+0OI-Col

CA-CR+0I-Col

{Zn} {Zprob}
[%prob]

IA+CA-CR+0I-Col

TA-CA-CR+OI

TA-CA-Col

TA-CR+OI-Col

CA-CR+0I-Col

{Zn} {Zprob}
[%prob]

413

413

413

413

413

2065

185

185

185

185

185

925

196

196

196

196

196

980

389 [0.911 +0.132]
(0.3504-0.9992)

{389} {354.2382}
-]

176 [0.906 + 0.099]
(0.3860-0.9962)

{176} {159.4445}
(-]

185 [0.891 + 0.096]
(0.5140-0.9964)

{185} {164.8031}
(-]

108 [0.664 + 0.165]
(0.3918-0.9779)

105 [0.681 + 0.174]
(0.4000-0.9915)

376 [0.915 + 0.125]
(0.4303-0.9996)

{589} {487.2821}
[38.4%]

47(0.702 +0.113)
(0.5287-0.9932)

43 [0.668 + 0.109]
(0.4458-0.9723)

172 [0.882 + 0.090]
(0.5176-0.9955)

{262} {213.4546}
[36.3%]

43 [0.679 + 0.134]
(0.4357-0.9218)

40 [0.685 + 0.109]
(0.4839-0.9065)

179 [0.730 + 0.167]
(0.4123-0.9966)

{262} {187.2098}
[29.5%]

286 [0.643 + 0.096]
(0.3869-0.9938)

306 [0.645 + 0.090]
(0.3777-0.8714)

385 [0.889 + 0.146]
(0.4113-0.9996)

{977} {723.3053}
[57.0%]

137 [0.697 + 0.075]
(0.3803-0.8916)

134 [0.688 + 0.086]
(0.4200-0.8971)

176 [0.940 + 0.096]
(0.4270-0.9997)

{447} {352.9250}
[60.0%]

148 [0.835 +0.112]
(0.5130-0.9522)

152 [0.813 +0.103]
(0.4341-0.9233)

189 [0.928 +0.092]

(0.4578-0.9993)

{489} {422.5776}
[66.6%]

18 [0.735 + 0.180]
(0.3820-0.9827)

19 [0.662 + 0.191]
(0.3922-0.9862)

21[0.708 + 0.196]
(0.3627, 0.9867)

21[0.735 +0.150]
(0.4636-0.9465)

{79} {56.1179}
[3.4%]

2[0.766 + 0.260]
(0.5820, 0.9494)

1(0.9933)

3[0.662 + 0.244]
(0.4608-0.9335)

3[0.705 + 0.203]
(0.5181-0.9209)

{9} {6.6269}
[0.9%]

7[0.737 £ 0.157]
(0.5440-0.9136)

5[0.736 % 0.190]
(0.4273-0.9468)

9[0.715 +0.177]
(0.4070-0.9439)

5[0.819 +0.136]
(0.5903-0.9170)

{26} {19.3705}
[2.4%]

6[0.602 +0.110]
(0.4942-0.8019)

2[0.688 +0.100]
(0.6175, 0.7589)

16 [0.641 £ 0.171]
(0.3909-0.9029)

7 [0.546 + 0.062]
(0.4721-0.6282)

{31} {19.0617}
[1.2%]

7 [0.704 + 0.110]
(0.5847-0.8987)

81[0.597 +0.187]
(0.4291-0.9576)

10 [0.645 + 0.120]
(0.5110-0.8211)

6 [0.862 + 0.144]
(0.5828-0.9978)

{31} {21.3202}
[2.8%]

410.698 +0.108]
(0.5776-0.8046)

4[0.666 + 0.107]
(0.5710-0.8136)

8[0.661 +0.118]
(0.4774-0.8223)

2[0.556 + 0.086]
(0.4945-0.6168)

{18} {11.8571}
[1.5%]

For explanation see footnote of Table 11.
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Figure 12. Application of the set of five multidimensional DF1-DF2 diagrams based on log-ratios of major elements (see the subscript
mint in all these diagrams; Verma SP and Verma SK, 2013) for intermediate rock samples from the eastern part of the Mexican Volcanic
Belt (E-MVB). The tectonic settings being discriminated are of island arc (IA), continental arc (CA), combined continental rift and
ocean island (CR+OI), and collision (Col). The symbols are shown as inset in (a). (a) Three tectonic settings IA+CA-CR+OI-Col; (b)

three tectonic settings IA-CA-CR+OI; (c) three tectonic settings IA-CA-Col; (d) three tectonic settings IA- CR+OI-Col; (e) three
tectonic settings CR-CR+OI-Col.
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Figure 13. Application of the set of five multidimensional DF1-DF2 diagrams based on log-ratios of major elements for intermediate
rock samples from the Central American Volcanic Arc (CAVA). More details are given in Figure 12.
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Table 13. Application of multidimensional tectonic discrimination diagrams (Verma et al., 2013b) to acid rocks from the eastern part

of the Mexican Volcanic Belt (E-MVB).

Area; rocks; figure name  Figure type § Total Number of discriminated samples
$; figure no. n;lmber Arc Within-plate Collision
O
samples IA+CA 1A CA CR+0I Col
(X x5] (X x5] (Xx5] (X*5] (X 5]
(plA+CA) @ [PlA] @ [PCA] @ [pCR+0[] ® [pCM] ®
Eastern part of the IA+CA-CR+0I-Col 86 26 [0.803 +0.1887 25[0.577 + 0.154] 351[0.796 + 0.199]
) ) - _Col - -
Mexican Volcanic Belt (0.3890-0.9805) (0.4147-0.9337) (0.3597-0.9873)
(E-MVB); acid rocks; all LA CA_CRAOL o6 o 31[0.838 £0.129]  55[0.791 +0.176]
major elements (macid); (0.4944-0.9524) (0.5080-0.9958)
Figure 18 53 [0.839 + 0.129] 33[0.883 % 0.149]
IA-CA-Col 86 — 0 —
(0.5154-0.9547) (0.5092-0.9995)
14 [0.603 + 0.171] 29 [0.626 + 0.113] 43 [0.749 + 0.179]
IA-CR+0I-Col 86 — —
(0.3798-0.8442) (0.4930-0.8833) (0.3939-0.9714)
26[0.822+0.194] 26 [0.550 + 0.149] 34[0.788 +0.173]
CA-CR+0I-Col 86 - —
(0.3852-0.9926) (0.3504-0.9140) (0.4446-0.9777)
E-MVB 2a. All major
clement-based diagrams {Zn} {Zprob} 430} {26} {20.8880} {14} {8.4422} {110} {91.8057} {135} {90.3711} {145} {116.0108}
[%prob] [---] [3.1%] [33.9%] [27.6%] [35.4%]

Eastern part of the

Mexican Volcanic Belt ~ [AT*CA-CR+OI-Col 48

(E-MVB); acid rocks;

immobile major and IA-CA-CR+OI 48

trace elements (mtacid);

Figure 20 IA-CA-Col 48
TIA-CR+0I-Col 48
CA-CR+OI-Col 48

E-MVB 2b. All immobile
major and trace element- (31 {3 prob}

based diagrams [%prob]

Eastern part of the

Mexican Volcanic Belt ~ [A+CA-CR+OI-Col 14

(E-MVB); acid rocks;

immobile trace elements A-CA-CR+OI 14
(tacid); Figure 22
IA-CA-Col 14
TIA-CR+0I-Col 14
CA-CR+0OI-Col 14
E-MVB 2c. All immobile
trace element-based {Zn} {Zprob} (70}
diagrams [%prob]

{240}

7 [0.437 +0.127]
(0.3684-0.7194)

{7} {3.0601}
(]

5[0.561 + 0.055]
(0.5821-0.7075)

{5} {3.2526}
(]

{0} {0}
[0%]

{o} {0}
[0%]

9[0.600 + 0.085]
(0.5327-0.8098)
10 [0.550 + 0.067]
(0.5012-0.7291)

8[0.495 + 0.130]
(0.3984-0.8070)

{27} {14.8625}
[10.9%]

10 [0.940 + 0.071]
(0.7585-0.9893)
6 [0.787 +0.073]
(0.6460-0.8436)

5[0.727 + 0.046]
(0.6680-0.7764)

{21} {17.7626}
[39%]

17 [0.574 + 0.160]
(0.3788-0.9754)
39 [0.808 + 0.193]
(0.4907-0.9965)

21[0.616 +0.125]
(0.4592-0.9566)
22[0.534 + 0.148]
(0.3524-0.9497)

{99} {65.9471}
[40.1%]

3[0.471 + 0.100]
(0.3727-0.5719)
4[0.724 + 0.066]
(0.6583-0.8067)

410.696 + 0.097
(0.5878-0.8162
3[0.456 + 0.091
(0.3839-0.5581

{14} {8.4581}
[16%]

24[0.726 + 0.193]
(0.3699-0.9791)

380.819 +0.197]
(0.4857-0.9988)
27 [0.685 + 0.167]
(0.4709-0.9650)
18 [0.758 + 0.119]
(0.5447-0.9643)

{107} {80.6608}
[49.0%]

6 [0.767 % 0.151]
(0.5191-0.9250)

8[0.759 +0.171]
(0.5017-0.9461)
10 [0.887 + 0.148]
(0.4952-0.9999)
6[0.776 + 0.148]
(0.5491-0.9346)

{30} {24.1951}
[45%)

For explanation see footnote of Table 11.
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Table 14. Application of multidimensional tectonic discrimination diagrams (Verma et al., 2013b) to acid rocks from the Central

American Volcanic Arc (CAVA).

Area; rocks; figure
name §; figure no.

Figure type §

Total
number
of
samples

Number of discriminated samples

Arc
IA+CA
(X £S5

(Pracca) ©

1A

(X *S]
[p,] ©

CA

(X £S5
[p,] ©

Within-plate
CR+OI

[X £S]
[pCRAO]] @

Collision
Col

[X £S5
[Pea] ©

Central American
Volcanic Arc
(CAVA); acid rocks;
all major elements
(macid); Figure 19

CAVA 2a. All major

element-based
diagrams

Central American
Volcanic Arc
(CAVA); acid rocks;
immobile major
and trace elements
(mtacid); Figure 21

CAVA 2b. All

immobile major and
trace element-based

diagrams

Central American
Volcanic Arc
(CAVA); acid rocks;
immobile trace
elements (tacid);

no figure (only two
samples)

CAVA 2¢. All
immobile trace
element-based
diagrams

IA+CA-CR+0OI-Col

TA-CA-CR+0I

TA-CA—Col

TA—CR+OI-Col

CA-CR+OI-Col

{Zn} {Zprob}
[%prob]

IA+CA-CR+OI-Col

TA-CA-CR+OI

IA-CA—Col

TA-CR+OI-Col

CA-CR+0OI-Col

{Xn} {Zprob}
[%prob]

TIA+CA—CR+0I-Col

IA-CA-CR+0I
TA-CA—Col
TA-CR+0OI-Col
CA-CR+0OI-Col

{Xn} {Zprob}
[%prob]

36

36

36

36

36

180

13

13

65

10

27[0.824 +0.119]
(0.5712-0.9900)

27} {22.2407}
[—1

11 [0.741 + 0.160]
(0.4711-0.9231)

{11} {8.1481}
[—1

210.775 +0.275]
(0.5810-0.9693)

{2} {1.5504}
[—

30.692 + 0.262]
(0.4324-0.9562)

410.614 +0.242]
(0.4267-0.9664)

15 [0.705 + 0.194]
(0.4326-0.9997)

{22} {15.1031}
[14.4%]

51[0.778 +0.103]
(0.6435-0.8759)

510.791 + 0.085]
(0.6841-0.8695)

6[0.880 = 0.128]
(0.6388-0.9721)

{16} {13.1188}
[37%]

1(0.9286)
1(0.9326)
1(0.9998)

{3} {2.8610}
[41%]

25 [0.766 + 0.103]
(0.5102-0.9039)

26 [0.826 + 0.072]
(0.7057-0.9483)

2710.855 % 0.116]
(0.5912-0.9976)

{78} {63.6863}
[60.6%]

7[0.641 =0.107]
(0.4800-0.7790)

6 [0.578 = 0.099]
(0.4849-0.7347)

12 [0.748 + 0.164]
(0.4824-0.9353)

{25} {16.9290}
[47%]

1(0.8474)
1 (0.8608)

210.834+0.231]
(0.6709-0.9974)

{4} {3.3765}
[49%]

7[0.612 % 0.109]
(0.3980-0.7101)

80.793 + 0.185]
(0.5054-0.9799)

17[0.581 +0.119]
(0.3742-0.7615)

7[0.599 = 0.082]
(0.4512-0.6792)

{39} {24.6994}
[18.3%]

1(0.8502)

2 [0.5005 = 0.0109]
(0.4929-0.5082)

1(0.5702)

{4} (2.4214}
[5%l]

0

0

1 (0.8908)
0

{1} {0.8908}
[10%)]

2[0.662 + 0.281]
(0.4631-0.8608)

6 [0.696 +0.151]
(0.4823-0.8969)

410.572 +0.204]
(0.3702-0.8561)

2[0.626 + 0.285]
(0.4246-0.8281)

{14} 9.0403}
[6.7%]

20.520 + 0.062]
(0.4767-0.5639)

2 [0.628 + 0.245]
(0.4549-0.8011)

510.552 % 0.096]
(0.4385-0.6946)

0

{9} {5.0557}
[11%]

0

0

{0} {0}
[0%]

For explanation see footnote of Table 11.
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Table 15. Application of significance tests (software: UDASYS; Verma et al., 2013a) to the traditional as well as log-transformed chemical
data for basic volcanic rock samples from the eastern part of the Mexican Volcanic Belt (E-MVB) and the Central American Volcanic
Arc (CAVA).

Parameter § Group A GroupB nA nB df Sign  t_calc t_crit ' HO ‘ QL_t One- t_.crit Two- Hp Two- QL_t Two-
(E-MVB) (CAVA) (E-MVB) (CAVA) One-Sided One-Sided Sided Sided Sided Sided
(SiO0 )ad] Grl Grll 50 175 71.319 - 5.9979067  2.3797593 false >99.9 2.6465090 false >99.9
(TiO )ndJ Grl Grll 50 178 69.253  + 11.8649599 2.3813891 false >99.9 2.6486740 false >99.9
(ALO )ad, Grl Grll 50 176 132.875 - 8.8562374  2.3547333  false >99.9 2.6133329 false >99.9
(Fe, S)ad] Grl Grll 50 178 66.556  + 3.4022749  2.3836736 false 99.94 2.6517095 false 99.89
(Feo)mj Grl Grll 50 179 73809  + 3.1978572  2.3779185 false 99.9 2.6440644 false 99.8
(Mn )ad’ Grl Grll 49 174 89.631 - 22548417  2.3686548  true 98.67 2.6317722  true 97.34
(MgO )ad] Grl Grll 50 178 78.886  + 5.9897185  2.3745322 false >99.9 2.6395690 false >99.9
(CaO)ndJ Grl Grll 50 176 133.820 - 6.7680069  2.3545306 false >99.9 2.6130649 false >99.9
(Na, )MJ Grl Grll 50 179 101.561 + 7.3732306  2.3636098 false >99.9 2.6250852 false >99.9
(K 5 )adJ Grl Grll 50 172 74.952 + 52114068  2.3771155 false >99.9 2.6429981 false >99.9
(P, J)ad’ Grl Grll 50 171 55852 + 6.7160112  2.3949760 false >99.9 2.6667422  false >99.9
(Fe,O )adJ Grl Grll 50 179 74112+ 3.6886464  2.3777032  false 99.97 2.6437785  false 99.95
(Na,0+K O)ﬂdl Grl Grll 50 176 107.443 + 7.7770339  2.3615413  false >99.9 2.6223451 false >99.9
Mg # Grl Grll 50 174 84.242 + 5.1321007  2.3714116 false >99.9 2.6354285 false >99.9
La Grl Grll 47 126 57.003  + 7.9217222  2.3935509  false >99.9 2.6648454 false >99.9
Ce Grl Grll 47 128 57236  + 8.4288136  2.3932699 false >99.9 2.6644715 false >99.9
Pr Grl Grll 34 42 44115  + 7.0575430  2.4138980 false >99.9 2.6919622 false >99.9
Nd Grl Grll 47 115 61.532 + 7.9808820  2.3884762 false >99.9 2.6580943 false >99.9
Sm Grl Grll 47 115 68.167  + 7.6457250  2.3822870  false >99.9 2.6498669  false >99.9
Eu Grl Grll 47 118 61.045 + 8.6075117  2.3889842  false >99.9 2.6587699  false >99.9
Gd Grl Grll 42 107 147.000 + 6.7256834  2.3519815 false >99.9 2.6096931 false >99.9
Tb Grl Grll 47 53 71.196  + 10.3872197 2.3798538  false >99.9 2.6466345 false >99.9
Dy Grl Grll 24 99 63.818 + 7.9668005  2.3861947 false >99.9 2.6550606  false >99.9
Ho Grl Grll 43 48 89.000 + 6.5088656  2.3689600 false >99.9 2.6321768 false >99.9
Er Grl Grll 34 108 97929 + 2.2872265  2.3650134  true 98.78 2.6269450  true 97.57
Tm Grl Grll 28 40 66.000 + 4.6999039  2.3841680 false 99.69 2.6523665 false 99.39
Yb Grl Grll 47 122 141.994 + 2.6213912  2.3528932  false 99.51 2.6108990 false 99.03
Lu Grl Grll 47 63 108.000 + 4.1788075  2.3613574 false 99.9 2.6221015 false 99.81
Ba Grl Grll 41 143 182.000 + 0.9192091  2.3470208  true 81.97 2.6031356  true 63.93
Be Grl Grll 11 38 10998  + 4.1632740  2.7181636 false 99.92 3.1059107 false 99.84
Co Grl Grll 42 29 69.000 + 1.7030752  2.3815958 true 95.35 2.6489486  true 90.69
Cr Grl Grll 45 138 54530 + 5.1596518  2.3966879 false >99.9 2.6690212 false >99.9
Cs Grl Grll 33 73 42974 + 5.3700870  2.4163080 false >99.9 2.6951790 false >99.9
Cu Grl Grll 21 81 99.689 - 9.4430770  2.3643201 false >99.9 2.6260264 false >99.9
Ga Grl Grll 15 6 19.0 + 3.1943765  2.5395227 false 99.76 2.8609639 false 99.52
Hf Grl Grll 37 62 97.000 + 13.0160618 2.3653895 false >99.9 2.6274436 false >99.9
Nb Grl Grll 45 104 125.537 + 5.5926836  2.3564105 false >99.9 2.6155522  false >99.9
Ni Grl Grll 44 137 53333  + 5.0955890  2.3983144 false >99.9 2.6711870 false >99.9
Pb Grl Grll 14 71 83.000 + 2.2296504  2.3720987  true 98.58 2.6363399  true 97.15
Rb Grl Grll 41 144 47.021  + 6.0986364  2.4083027 false >99.9 2.6844978 false >99.9
Sb Grl Grll 14 3 2.023 - 1.0750052  6.8720722  true 80.39 9.7913502  true 60.77
Sc Grl Grll 17 115 130.0 - 2.1955833  2.3578186  true 98.5 2.6174183  true 97.0
Sr Grl Grll 46 150 54457  + 45839119  2.3967848 false 99.81 2.6691502 false 99.63
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Parameter § GroupA  GroupB nA nB df Sign t_calc t_crit . HO ) C‘L_t One— t_'crit Two— H.O Two— CL_t Two—
(E-MVB) (CAVA) (E-MVB) (CAVA) One-Sided One-Sided Sided Sided Sided Sided
Ta Grl Grll 37 37 38925 + 10.6755706 2.4260466 false >99.9 2.7081883 false >99.9
Th Grl Grll 35 87 36.517  + 9.8440329  2.4329082 false >99.9 27173645 false >99.9
Grl Grll 35 83 39.405 + 9.1444128  2.4247837 false >99.9 2.7065002 false >99.9
Grl Grll 23 103 50.517 - 3.4461650  2.4024532 false 99.94 2.6160510 true 98.93
Grl Grll 46 131 162.981 + 5.3522845  2.3494495 false >99.9 2.6063454 false >99.9
Zn Grl Grll 21 36 21.871 + 3.3069123  2.5094988 false 99.84 2.8203455 false 99.68
Zr Grl Grll 46 136 180.0  + 10.0226666 2.3498862 false >99.9 2.6069102 false >99.9
In(TiO,/Si0,) Grl Grll 50 180 90.165 + 14.1560942 2.3683997 false >99.9 2.6314339 false >99.9
In(A1,0,/Si0,) Grl Grll 50 180 100.765 - 6.2156682  2.3639088 false >99.9 2.6254814 false >99.9
In(Fe,0,/Si0,) Grl Grll 50 180 70.108  + 4.1106305  2.3807028 false 99.95 2.6477623 false 99.89
In(FeO/Si0,) Grl Grll 50 180 74.463 + 3.9575702  2.3774555 false 99.97 2.6434496 false 99.93
In(MnO/Si0,) Grl Grll 49 177 82299 - 0.2673031  2.3724961 true <50 2.6368671 true <50
In(MgO/8i0,) Grl Grll 50 178 102.796 + 7.3778924  2.3631557 false >99.9 2.6244836 false >99.9
In(Ca0O/Si0O,) Grl Grll 50 177 103.416 — 3.8451985 23629316 false 99.97 2.6241867 false 99.94
In(Na,0/Si0,) Grl Grll 50 179 123.667 + 9.5497077  2.3568703 false >99.9 2.6161607 false >99.9
In(K,0/8i0,) Grl Grll 50 174 107.557 + 6.7614014  2.3615035 false >99.9 2.6222950 false >99.9
In(P,0/Si0,) Grl Grll 47 179 84.844 + 10.2241281 2.3710861 false >99.9 2.6349966 false >99.9
In(La/Th) Grl Grll 37 94 100.275 - 7.2873068  2.3640948 false >99.9 2.6257279 false >99.9
In(Sm/Th) Grl Grll 37 88 88.321 - 10.2919152  2.3692932 false >99.9 2.6326187 false >99.9
In(Yb/Th) Grl Grll 37 91 126.000 — 12.3172009 2.3562988 false >99.9 2.6154045 false >99.9
In(Nb/Th) Grl Grll 37 67 101.856 + 1.3415380  2.3635004 true 90.86 2.6249402  true 81.73
In(Nb/(TiO,),,,) Grl Grll 46 106 147.036 + 7.4447517 23519751 false >99.9 2.6096847 false >99.9
In(V/(TiO,),,) Grl Grll 22 105 89.309 - 11.6418532 2.3688100 false >99.9 2.6319780 false >99.9
In(Y/(TiO,),,) Grl Grll 46 133 177.000 — 10.2619195 2.3476082 false >99.9 2.6039119 false >99.9
In(Zr/(TiO,),,) Grl Grll 46 142 126.814 + 7.2747394  2.3561045 false >99.9 2.6151473 false >99.9
%(Ohfi?/ Grl Grll 50 179 80.122 - 5.2895353  2.3737745 false >99.9 2.6385635 false >99.9
In(P,04TiO,),, Grl Grll 47 180 95.188 + 4.1501677  2.3661446 false 99.92 2.6284443 false 99.84
In(Ni/(TiO,),,;) Grl Grll 46 135 179.000 + 0.5939694  2.3473693 true <50 2.6035961 true <50
In(La/Yb) Grl Grll 47 122 71.720  + 9.4735982  2.3794542 false >99.9 2.6461037 false >99.9
In(Ce/Yb) Grl Grll 47 121 166.000 + 11.7878820 2.3490264 false >99.9 2.6057862 false >99.9
In(Sm/Yb) Grl Grll 47 120 55.906 + 8.9245997  2.3949074 false >99.9 2.6666510 false >99.9
In(Nb/Yb) Grl Grll 43 98 123.506 + 10.4227722 2.3569105 false >99.9 2.6162139 false >99.9
In(Th/Yb) Grl Grll 37 91 126.000 + 12.3172009 2.3562988 false >99.9 2.6154045 false >99.9
In(Y/Yb) Grl Grll 41 126 165.000 + 4.8657890  2.3491648 false 99.18 2.6059691 false 98.36
Ln(Zr/Yb) Grl Grll 43 120 132.876 + 16.2121853 2.3547330 false >99.9 2.6133326 false >99.9

§ The subscript adj refers to the adjusted data from the SINCLAS or IgRoCS computer programs (Verma et al., 2002; Verma and
Rivera-Gomez, 2013a). The outcome of the Students t test: One-Sided H false means that this parameter for one group is either
higher or lower than for the other group at 99% confidence level (CL); One-Sided H, true means that this parameter for one group is
not higher or lower than the other group at 99% confidence level; Two-Sided H, false means that this parameter shows a significant
difference between the two areas or groups at 99% confidence level; Two-Sided H, true means that this parameter does not show a
significant difference between the two areas or groups at 99% confidence level. Remember also that instead of “true” or “false”, the
outcome could have been stated, respectively, as “accept” or “reject’, or even as “valid” or “invalid”
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Table 16. Application of significance tests (software: UDASYS; Verma et al., 2013a) to the traditional as well as log-transformed chemical
data for intermediate volcanic rock samples from the eastern part of the Mexican Volcanic Belt (E-MVB) and the Central American
Volcanic Arc (CAVA).

Parameter § GroupA  GroupB nA nB daf Sign t cale t_crit ) ggei CALft One— tﬁcrit Two— HO Two— C'Lft Two—
(E-MVB) (CAVA) (E-MVB) (CAVA) One-Sided Sided Sided Sided Sided Sided
(8i0,),, Gr2 Grl2 115 388 155.999 + 49766946 2.3504911 false  98.99 2.6077224 false 97.98
(Ti0,),; Gr2 Grl2 115 404 148.434 + 14.0827705 2.3517317 false  >99.9 2.6093628 false >99.9
(ALO)),, Gr2 Grl2 111 406 239.011 - 13.3818891 2.3420713 false  >99.9 2.5965973 false >99.9
(Fe,0)), Gr2 Grl2 114 406 150.218 - 2.9633574 2.3514278 false  99.82 2.6089610 false 99.65
(Fe0),; Gr2 Grl2 110 406 158.137 — 8.4937026 2.3501622 false >99.9 2.6072876 false >99.9
(MnO),, Gr2 Grl2 113 395 154.965 - 14.4886352 2.3506534  false  >99.9 2.6079371 false >99.9
(MgO),,; Gr2 Grl2 113 406 149.364 — 0.9761996  2.3515724 true  83.45 2.6091522 true 66.9
(Ca0),, Gr2 Grl2 115 406 166.013 — 9.1676358  2.3490246  false >99.9 2.6057839 false >99.9
(Na)0),; Gr2 Grl2 114 406 167.300 + 12.7641481 2.3488490 false >99.9 2.6055517 false >99.9
XK,0), Gr2 Grl2 100 404 165.973 + 16.4500703 2.3490301 false >99.9 2.6057911 false >99.9
®,0.),4 Gr2 Grl2 107 381 144.026 + 13.1698130 2.3525155 false >99.9 2.6103994 false >99.9
(Fe,0,),,, Gr2 Grl2 110 406 156.862 — 7.6883922 2.3503573 false  >99.9 2.6075455 false >99.9
(Na,0+K,0),, Gr2 Grl2 115 405 165.494 + 16.1965612 2.3490961  false = >99.9 2.6058784 false >99.9
Mg # Gr2 Grl2 110 406 153.376 + 3.9473253  2.3509073 false  99.95 2.6082728 false 99.9
La Gr2 Grl2 45 322 46.620 + 9.5379856  2.4090322  false >99.9 2.6854706 false >99.9
Ce Gr2 Grl2 46 327 47.118 + 10.0007800 2.4081295 false >99.9 2.6842668 false >99.9
Pr Gr2 Grl2 30 228 29.539 + 7.1067139  2.4594326 false >99.9 2.7529135 false >99.9
Nd Gr2 Grl2 45 301 47765 + 9.2147966  2.4069850 false >99.9 2.6827408 false >99.9
Sm Gr2 Grl2 46 282 51.707 + 8.3341038  2.4006467 false >99.9 2.6742934 false >99.9
Eu Gr2 Grl2 48 282 49.123  + 8.5812408 2.4046829 false >99.9 2.6796718 false >99.9
Gd Gr2 Grl2 36 271 38.732  + 7.1988719  2.4265641 false >99.9 2.7088801 false >99.9
Tb Gr2 Grl2 48 231 52495 + 9.2645170  2.3994986 false  >99.9 2.6727641 false >99.9
Dy Gr2 Grl2 16 258 15.726  + 5.0662075 2.5884309 false >99.9 2.9275214 false >99.9
Ho Gr2 Grl2 37 217 41.465 + 7.1535435 2.4197080 false  >99.9 2.6997190 false >99.9
Er Gr2 Grl2 32 260 43532+ 4.6832814 24151134 false  99.82 2.6935844 false 99.63
Tm Gr2 Grl2 30 173 31420 + 7.1630354 2.4510682 false  >99.9 2.7416900 false >99.9
Yb Gr2 Grl2 48 261 63.623 + 6.8120178 2.3863824  false >99.9 2.6553102 false >99.9
Lu Gr2 Grl2 47 235 62.015 + 6.9883736 2.3879795 false >99.9 2.6574337 false >99.9
Ba Gr2 Grl2 52 335 59.686 + 1.1485061 2.3904487 true  87.24 2.6607179 true 74.48
Be Gr2 Grl2 8 33 39.000 + 4.6595165 2.4258483 false  99.85 2.7079232 false 99.7
Co Gr2 Grl2 47 159 64.573 - 0.0404038  2.3854770 true <50 2.6541065 true <50
Cr Gr2 Grl2 34 284 52491 - 2.0720702  2.3995030 true  97.84 2.6727700 true 95.68
Cs Gr2 Grl2 27 228 27.145  + 5.9762028 2.4718533 false >99.9 2.7696022 false >99.9
Cu Gr2 Grl2 26 179 53386 - 7.0705327 2.3982409 false  >99.9 2.6710891 false >99.9
Ga Gr2 Grl2 10 4 12.0 + 3.2595011  2.6809892 false  99.66 3.0545228 false 99.32
Hf Gr2 Grl2 30 203 29.535 + 7.6804066 2.4594522 false  >99.9 2.7529398 false >99.9
Nb Gr2 Grl2 50 249 52781 + 12.2739797 2.3990890 false  >99.9 2.6722186 false >99.9
Ni Gr2 Grl2 46 280 49.249 + 2.7023849 2.4044762 false  99.53 2.6793963 false 99.06
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Parameter § GroupA  GroupB nA nB af Sign  t cale t_crit ] ggei C'LJ One-— ticrit Two— Hp Two— C'LJ Two-—
(E-MVB) (CAVA) (E-MVB) (CAVA) One-Sided Sided Sided Sided Sided Sided
Pb Gr2 Grl2 18 216 17.665 + 6.1021428 2.5570749 false  >99.9 2.8848199 false >99.9
Rb Gr2 Grl2 55 333 61.664 + 9.8058766 2.3883398  false >99.9 2.6579129 false >99.9
Sb Gr2 Grl2 12 7 6.159 - 2.6248513  3.1157483 true  98.08 3.6685403 true 96.16
Sc Gr2 Grl2 16 285 299.000 — 1.7410029  2.3389085 true  95.86 2.5924202 true 91.73
Sr Gr2 Grl2 61 336 71332 - 3.2152371 23797493  false  99.9 2.6464957 false 99.8
Ta Gr2 Grl2 30 170 29.099 + 6.3432040 2.4615559  false >99.9 2.7557644 false >99.9
Th Gr2 Grl2 31 283 30.127 + 7.1884610 2.4567009 false  >99.9 2.7492467 false >99.9
Gr2 Grl2 29 282 28372 + 6.0866295 2.4652118  false >99.9 2.7606752 false >99.9
Gr2 Grl2 37 218 54872 - 0.9956984  2.3962373  true  83.79 2.6684212 true 67.58
Gr2 Grl2 59 310 89.938 + 7.2123584  2.3685080 false  >99.9 2.6315774 false >99.9
Zn Gr2 Grl2 27 134 159.000 + 1.0056211  2.3500320 true  84.18 2.6071156 true 68.37
Zr Gr2 Grl2 58 333 61.436 + 11.8831462 2.3885753  false  >99.9 2.6582260 false >99.9
In(TiO,/Si0,) Gr2 Grl2 115 413 174971 + 13.9763792 2.3478563  false  >99.9 2.6042397 false >99.9
In(A1,0,/Si0,) Gr2 Grl2 115 413 192.100 - 9.8147537 2.3459283  false >99.9 2.6016920 false >99.9
In(Fe,0,/Si0,) Gr2 Grl2 115 413 147.639 - 3.5994572  2.3518695 false  99.97 2.6095451 false 99.95
In(FeO/Si0,)  Gr2 Grl2 115 406 144.006 - 7.0039468 2.3525191 false  >99.9 2.6104041 false >99.9
In(MnO/8i0,) Gr2 Grl2 115 405 132,122 - 11.7915869 2.3548966 false  >99.9 2.6135490 false >99.9
In(MgO/Si0,) Gr2 Grl2 114 406 149.946 - 1.8125967 2.3514737 true  96.41 2.6090217 true 92.81
In(Ca0/Si0,) Gr2 Grl2 115 405 152.753 - 7.9108425 2.3510083 false >99.9 2.6084062 false >99.9
In(Na,0/Si0,) Gr2 Grl2 110 406 204.730 + 155046203 2.3447148 false >99.9 2.6000889 false >99.9
In(K,0/Si0,) Gr2 Grl2 110 403 317.291 + 22.0803477 2.3381823  false >99.9 2.5914611 false >99.9
In(P,04/Si0,) Gr2 Grl2 113 386 166.111 + 12.5183097 2.3490111  false >99.9 2.6057660 false >99.9
In(La/Th) Gr2 Grl2 32 281 46.046 - 11.2692078 2.4100996 false  >99.9 2.6868943 false >99.9
In(Sm/Th) Gr2 Grl2 30 261 289.000 — 13.7437146 2.3393444  false >99.9 2.5929959 false >99.9
In(Yb/Th) Gr2 Grl2 30 281 32321 - 13.7591049 2.4474219 false >99.9 2.7368011 false >99.9
In(Nb/Th) Gr2 Grl2 32 211 44.034 - 0.9638711  2.4140642 true  82.93 2.6921840 true 65.87
In(Nb/(TiO,),,) Gr2 Grl2 60 254 78.142 + 10.3226780 2.3750007 false  >99.9 2.6401907 false >99.9
In(V/(TiO,),,) Gr2 Grl2 35 218 56.566 — 11.6902043 2.3940846 false >99.9 2.6655557 false >99.9
In(Y/(TiO,),,) Gr2 Grl2 60 316 80.582 — 8.9063023  2.3734987 false >99.9 2.6381974 false >99.9
In(Zr/(TiO,),,) Gr2 Grl2 59 335 77.196 + 9.7771024  2.3756093  false  >99.9 2.6409986 false >99.9
In(MgO/TiO,),, Gr2 Grl2 110 406 164.453 — 14.0819241 2.3492412 false  >99.9 2.6060702 false >99.9
In(P,0/TiO,),, Gr2 Grl2 98 387 305.568 — 1.7372725 2.3386377 true  95.83 2.5920626 true 91.67
In(Ni/(TiO,),,;) Gr2 Grl2 48 293 58.524 - 0.7033540 2.3917566 true  73.69 2.6624578 true 47.38
In(La/Yb) Gr2 Grl2 48 307 65.909 + 13.1721846 2.3842501 false >99.9 2.6524758 false >99.9
In(Ce/Yb) Gr2 Grl2 48 305 67.150 + 14.6977668 2.3831538 false  >99.9 2.6510187 false >99.9
In(Sm/Yb) Gr2 Grl2 48 292 54244 + 9.4483890 2.3970705 false  >99.9 2.6695306 false >99.9
In(Nb/Yb) Gr2 Grl2 42 228 49.408 + 13.5943507 2.4042166 false >99.9 2.6790503 false >99.9
In(Th/Yb) Gr2 Grl2 30 281 32321 + 13.7591049 2.4474219 false >99.9 2.7368011 false >99.9
In(Y/Yb) Gr2 Grl2 43 304 49492 + 2.1640670  2.4040795 true  98.23 2.6788676 true 96.47
Ln(Zr/Yb) Gr2 Grl2 41 304 343.000 + 18.0841603 2.3372924  false >99.9 2.5902857 false >99.9

For more information see footnote of Table 15.
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Table 17. Application of significance tests (software: UDASYS; Verma et al., 2013a) to the traditional as well as log-transformed chemical
data for acid volcanic rock samples from the eastern part of the Mexican Volcanic Belt (E-MVB) and the Central American Volcanic
Arc (CAVA).

Parameter § GroupA  GroupB nA nB af Sign  t calc tarclgt gg% CL_t One— t_'crit Two— HO Two— CL_t Two—
(E-MVB) (CAVA) (E-MVB) (CAVA) Sided Sided Sided Sided Sided Sided
(8i0,),, Gr3 Grl3 90 36 124.000  + 3.0026890 2.3567873 false 99.84 2.6160510 false 99.68
(Ti0,),; Gr3 Grl3 90 36 106.731 - 1.4627060  2.3617795 true  92.67 2.6226606  true 85.35
(ALO)),, Gr3 Grl3 91 35 105.545 - 4.1356673  2.3621833 false  99.92 2.6231955  false 99.84
(Fe,0)), Gr3 Grl3 91 36 125.000 - 4.6853485  2.3565411 false 99.53 2.6157251 false 99.06
(Fe0),; Gr3 Grl3 90 36 124.000 - 5.4067230 2.3567873 false >99.9 2.6160510 false >99.9
(MnO),, Gr3 Grl3 90 35 48.228 - 9.9892707 2.4061844 false >99.9 2.6816734 false >99.9
(MgO),, Gr3 Grl3 83 36 117.000 - 3.8258521  2.3586307 false 99.97 2.6184909 false 99.94
(Ca0),, Gr3 Grl3 90 34 77.765 - 3.9521398  2.3752410 false 99.97 2.6405098 false 99.93
(Na,0),; Gr3 Grl3 91 36 125.000 + 1.2162072  2.3565411 true  88.69 2.6157251  true 77.38
X,0), Gr3 Grl3 91 36 125.000 + 49717934 23565411 false 99.1 2.6157251 false 98.2
(P,0)),, Gr3 Grl3 91 34 123.000 - 1.6095940 2.3570377 true  94.5 2.6163823  true 88.99
(Fe,0,),,, Gr3 Grl3 90 36 124.000 - 5.3062489  2.3567873 false >99.9 2.6160510 false >99.9
(Na,0+K,0),,  Gr3 Grl3 90 36 124.000  + 6.4066495 23567873 false >99.9 2.6160510 false >99.9
Mg # Gr3 Grl3 91 36 106.664 - 1.2488868  2.3618019 true  89.28 2.6226903  true 78.56
La Gr3 Grl3 29 14 34316 + 4.4811929  2.4400567 false 99.93 2.7269330 false 99.85
Ce Gr3 Grl3 29 13 36.755 + 43934208 2.4321876 false 99.94 2.7164004 false 99.87
Pr Gr3 Grl3 16 3 17.0 - 0.3601082  2.5669522 true <50 2.8982604 true <50
Nd Gr3 Grl3 29 10 37.000 + 0.2783105 2.4314572 true <50 27154234  true <50
Sm Gr3 Grl3 29 8 35.0 - 1.6107406  2.4377385 true  94.19 2.7238535  true 88.38
Eu Gr3 Grl3 29 10 37.000 - 3.8059346  2.4314572 false  99.97 2.7154234  false 99.94
Gd Gr3 Grl3 25 8 31.000 - 1.5699752  2.4528428 true  93.67 2.7440702  true 87.34
Tb Gr3 Grl3 29 6 33.000 - 1.2239249  2.4448100 true  88.52 2.7333006  true 77.04
Dy Gr3 Grl3 16 3 17.0 - 1.9102035 2.5669522 true  96.34 2.8982604  true 92.69
Ho Gr3 Grl3 16 8 22.0 - 3.2689220 2.5083545 false 99.82 2.8187994 false 99.65
Er Gr3 Grl3 15 2 15.0 - 1.8707205  2.6024840 true  95.95 2.9467167  true 91.9
Tm Gr3 Grl3 29 10 37.000 - 1.5503172  2.4314572 true  93.52 2.7154234  true 87.04
Yb Gr3 Grl3 29 5 32.000 - 0.4396106  2.4486949 true <50 2.7385076  true <50
Lu Gr3 Grl3 90 36 124.000  + 3.0026890 23567873 false 99.84 2.6160510 false 99.68
Ba Gr3 Grl3 38 19 55.0 - 3.9201385 2.3960813 false 99.97 2.6682150 false 99.95
Co Gr3 Grl3 25 9 8.459 - 3.6750666 2.8593663 false 99.72 3.3030861 false 99.43
Cr Gr3 Grl3 17 10 25.0 + 2.2576468  2.4850622 true  98.35 27874162  true 96.7
Cs Gr3 Grl3 13 2 1.021 + 2.8604545 31.8211700 true  89.3 63.6605000 true 78.6
Cu Gr3 Grl3 12 4 3.249 - 5.0283106 42734100 false 99.38 54176040  true 98.75
Hf Gr3 Grl3 14 5 17.0 + 3.1062036  2.5669522 false  99.68 2.8982604 false 99.36
Nb Gr3 Grl3 46 13 57.000 + 12.9468979 2.3935544 false >99.9 2.6648502  false >99.9
Ni Gr3 Grl3 14 14 26.0 + 3.6894620 2.4786262 false  99.95 2.7787488 false 99.9
Rb Gr3 Grl3 48 19 65.0 + 11.1907409 2.3850803 false >99.9 2.6535726  false >99.9
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Table 17. (Continued).

GroupA  GroupB nA nB terit Ho CL_tOne- t crit Two— HO Two— CL_tTwo—

Parameter § (EEMVB) (CAVA) (E-MVB) (cava) 4 Sign ¢t cale One- One— qided Sided Sided  Sided

Sided Sided

Sc Gr3 Grl3 13 5 4.262 - 2.5428073  3.6228458 true  97.0 44164113  true 93.99
Sr Gr3 Grl3 47 22 67.000 - 7.5825579  2.3832844 false >99.9 2.6511923  false >99.9
Ta Gr3 Grl3 14 2 14.0 + 5.1602266  2.6245068 false >99.9 2.9768513 false >99.9
Th Gr3 Grl3 14 8 20.0 + 7.2448974 25279932 false  >99.9 2.8453151 false >99.9

Gr3 Grl3 14 8 20.0 + 9.0217927  2.5279932 false >99.9 2.8453151 false >99.9

Gr3 Grl3 26 12 13.501 - 1.9284075 2.6368443 true  96.25 29937723  true 92.49

Gr3 Grl3 48 18 64.000 - 1.9659858  2.3860201 true  97.32 2.6548284  true 94.64
Zr Gr3 Grl3 48 22 64.816 + 3.1328250  2.3852506 false  99.87 2.6538055 false 99.74
In(TiO,/SiO,) Gr3 Grl3 91 36 121.715 - 2.8897804 23573654 false 99.77 2.6168160 false 99.54
In(AL,O,/SiO,)  Gr3 Grl3 91 36 105.118 - 3.5978191 2.3623309 false 99.97 2.6233910 false 99.94
In(Fe,0,/Si0,)  Gr3 Grl3 91 36 106.644 - 5.1644041 23618089 false >99.9 2.6226995 false >99.9
In(FeO/SiO,) Gr3 Grl3 90 36 99.640 - 5.5763360 2.3643394 false >99.9 2.6260519  false >99.9
In(MnO/Si0,)  Gr3 Grl3 89 35 69.076 - 7.8562375 2.3815338 false >99.9 2.6488662 false >99.9
In(MgO/Si0,)  Gr3 Grl3 91 36 110.843 - 3.7602242 23604475 false  99.97 2.6208964  false 99.95
In(Ca0/Si0,) Gr3 Grl3 91 34 104.778 - 4.6507041  2.3624494 false 99.61 2.6235480 false 99.22
In(Na,0/Si0,)  Gr3 Grl3 91 36 125.000  + 0.0736105  2.3565411 true <50 2.6157251  true <50
In(K,0/Si0,) Gr3 Grl3 90 35 123.000  + 4.9635284  2.3570377 false 99.12 2.6163823 false 98.25
In(P,0,/SiO,) Gr3 Grl3 87 36 47.178 - 0.3606840  2.4080209 true <50 2.6841220  true <50
In(La/Th) Gr3 Grl3 13 5 4.223 - 2.6498122  3.6398800 true  97.3 4.4420587  true 94.61
In(Sm/Th) Gr3 Grl3 13 3 2.045 - 2.8270116  6.7729756 true  94.72 9.6145188  true 89.43
In(Yb/Th) Gr3 Grl3 14 5 4.132 - 3.5877805 3.6815744 true  98.91 4.5049712  true 97.82
In(Nb/Th) Gr3 Grl3 13 7 18.0 - 5.1622933  2.5523976 false >99.9 2.8784619 false >99.9
In(Nb/(TiO,),,) Gr3 Grl3 48 13 59.000 + 6.1876595 23912145 false >99.9 2.6617365 false >99.9
In(V/(TiO,),,) ~ Gr3 Grl3 27 12 14.225 - 0.4207192  2.6192512 true <50 2.7154234  true <50
In(Y/(TiO,),,)  Gr3 Grl3 47 17 58.906 + 29725994 2.3913213 false  99.79 2.6618786 false 99.57
In(Zr/(TiO,),,)  Gr3 Grl3 48 20 66.000 + 7.9608291 23841680 false >99.9 2.6523665 false >99.9
In(MgO/TiO,),,  Gr3 Grl3 91 36 125.000 - 2.8714834 23565411 false 99.76 2.6157251 false 99.52
In(P,0/TiO,),, Gr3 Grl3 88 34 42.844 + 1.4388027  2.4165904 true  92.12 2.6955560  true 84.25
In(Ni/(TiO,),,) ~ Gr3 Grl3 14 14 26.0 + 6.2762243 24786262 false >99.9 2.7787488  false >99.9
In(La/Yb) Gr3 Grl3 27 10 35.0 + 6.2595748  2.4377385 false >99.9 2.7238535 false >99.9
In(Ce/Yb) Gr3 Grl3 28 10 36.000 + 49151405  2.4345054 false 99.75 2.7195016  false 99.51
In(Sm/Yb) Gr3 Grl3 27 8 32.904 + 1.1246996  2.4451741 true  86.56 2.7337885  true 73.13
In(Nb/Yb) Gr3 Grl3 21 5 24.0 + 3.9245522  2.4921631 false 99.97 2.7969494 false 99.93
In(Th/Yb) Gr3 Grl3 14 5 4.132 + 3.5877805 3.6815744 true 9891 4.5049712  true 97.82
In(Y/Yb) Gr3 Grl3 20 9 27.0 + 0.9083106  2.4726494 true  81.25 2.7706877  true 62.49
In(Zr/Yb) Gr3 Grl3 21 10 29.0 + 2.6924279 24620517 false 99.42 2.7563496  true 98.83

For more information see footnote of Table 15.
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2006b, 2012, 2013b; Verma SP and Verma SK, 2013), the
second block from In(La/Th) to In(Nb/Th) is for immobile
trace element-based diagrams for basic and ultrabasic
rocks (Agrawal et al., 2008), the third block from In(Nb/
(TiOZ)adj) to ln(Ni/(TiOZ)adj) is for immobile major and
trace element-based diagrams for all kinds of igneous
rocks (Verma and Agrawal, 2011; Verma SP and Verma
SK, 2013; Verma et al., 2013b), and the last block from
In(La/YDb) to In(Zr/Yb) is for immobile trace element-
based diagrams for intermediate and acid igneous rocks
(Verma SP and Verma SK, 2013; Verma et al., 2013b).

Groups A and B are consistently used for the E-MVB
and CAVA, respectively (Tables 15-17). Group numbers
Grl, Grll, etc. are arbitrarily assigned as required by the
computer program UDASYS. The number of samples for
a given element or parameter in each group is shown in
nA and nB columns. The degrees of freedom (df) column
gives the respective value for assignment of critical t values
(“t_crit One-Sided” and “t_crit Two-Sided”; Tables 15-17)
as programmed in the UDASYS software. The minus sign
in the “Sign” column and “false” in the column “HO One-
Sided” indicate that the parameter evaluated for Group
A (E-MVB) shows a statistically lower concentration or
value than for Group B (CAVA), whereas the plus sign and
“false” in the column “HO One-Sided” indicates just the
opposite, i.e. the parameter for the E-MVB has a higher
value than for CAVA. Finally, the outcome of “false” in the
column “HO Two-Sided” signifies that the parameter in
the E-MVB and CAVA has significantly different values,
whereas “true” in the column “HO Two-Sided” indicates
that the parameter in the E-MVB and CAVA does not have
significantly different values.

4.3.1. Basic rocks

This type of rocks from the E-MVB and CAVA showed
statistically significant differences for most (43 out of 50)
chemical elements and (25 out of 28) log-ratio parameters
(see “false” in columns “HO One-Sided” and “HO Two-
Sided” in Table 15). For conventional chemical elements,
the only exceptions were for MnO, Er, Ba, Co, Pb, Sb,
and Sc; in fact, most of these conventional parameters
showed significant differences at the 95% confidence level
(for five of these elements, see values of >95 in the last
column of Table 15). For log-ratios, only three parameters
did not show statistically significant differences between
the E-MVB and CAVA (Table 15). Because most log-
ratio parameters showed significant differences, the
E-MVB and CAVA samples plotted in different fields in
the discrimination diagrams (Verma et al.,, 2006b, 2012,
2013b; Agrawal et al., 2008; Verma and Agrawal, 2011;
Verma SP and Verma SK, 2013).

4.3.2. Intermediate rocks

Significant differences exist also for intermediate magmas
from the E-MVB and CAVA for most (42 out of 50)

elements and (23 out of 28) log-ratio parameters (Table
16). The elements with no difference are (MgO), & Ba, Co,
Cr, Sb, Sc, V; and Zn, whereas the ratios are In(MgO/SiO,),
In(Nb/Th), In(P,0,/TiO,) ;. In(Ni/(TiO,),,), and In(Y/
Yb). For intermediate rocks somewhat more parameters
were similar for the E-MVB and CAVA than for basic
rocks. Nevertheless, the similarities and differences among
the log-ratio parameters can also explain the behavior
of the E-MVB and CAVA samples in multidimensional
diagrams.

4.3.3. Acid rocks

The E-MVB and CAVA showed a lesser number (26 out
of 45) of chemical elements and (17 out of 28) log-ratio
parameters for acid rocks for which significant differences
were observed in their concentrations or values (Table 17).
Smaller number of samples with statistically significant
differences than for basic and intermediate rocks may be
partly due to a very small number of samples of acid rocks
compiled from the CAVA (only 2-36; Table 17).

5. Future work

The existing diagrams have been extensively used and
tested in the original articles (Verma et al., 2006b, 2012,
2013b; Agrawal et al,, 2008; Verma and Agrawal, 2011;
Verma SP and Verma SK, 2013), as well as in numerous
papers (e.g., Sheth, 2008; Van Kranendonk and Sonntag,
2012; Pandarinath and Verma, 2013; Polat, 2013; Verma,
2013; Verma and Oliveira, 2013, 2014; Verma SK and
Verma SP, 2013; Pandarinath, 2014a, 2014b; Velasco-
Tapia, 2014; Verma SK et al., 2015; Verma SP et al., 2015).
Nevertheless, more work is still needed to fill the gap in
these new, efficient, and statistically coherent geochemical
tools for better elucidating geological processes. One such
need is to distinguish the island and continental arcs in
the discrimination diagrams for basic and ultrabasic
magmas. This task can now be easily accomplished
from an appropriate, representative database, because it
has been recently shown (Verma et al., 2013a) from an
extensive compilation of data that magmas from these two
very similar tectonic settings have statistically significant
differences for several log-ratio parameters.

New multidimensional diagrams for sedimentary
rocks are also very much needed to complement the
geological inference from igneous rocks. Two such
diagrams to discriminate three tectonic settings have
recently been proposed for siliciclastic sediments (Verma
and Armstrong-Altrin, 2013), but more work will certainly
help to discriminate five tectonic settings (island arc,
continental arc, continental rift, ocean island, and collision)
from sedimentary rock data. Similarly, the discrimination
of conventional settings of active and passive continental
margins is also of much interest.

Only the additive log-ratio (alr) transformation of
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Aitchison (1986) has so far been used for discrimination
diagrams (Verma et al., 2006b, 2012, 2013b; Agrawal et al.,
2008; Verma and Agrawal, 2011; Verma SP and Verma SK,
2013). The other two types of log-ratio transformations (the
centered log-ratio (cIr) of Aitchison (1986) and isometric
log-ratio (ilr) of Egozcue et al. (2003)) should also be
evaluated and compared with the results of alr. Although
from the same database exactly the same diagrams are
obtained, the fulfillment of the multinormality condition
required for linear discriminant analysis (Morrison,
1990) could result in slightly different databases, which
would warrant the use of all three types of log-ratio
transformations (Aitchison, 1986; Egozcue et al., 2003;
Verma, unpublished data). Finally, new multidimensional
diagrams for the classification of altered rocks are very
much needed. Work with the ilr transformation is in
progress, and soon new diagrams would be available for
a more consistent nomenclature of altered igneous rocks.

6. Conclusions
The use of the conventional multielement and new
multidimensional diagrams is successfully documented
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