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ABSTRACT

The Amazcala caldera is 30 km northeast of
Queretaro City, Mexico, in the central sector of the
Mexican Volcanic Belt. Itis 14 x 11 km in size and was
active from 7.3 to 6.6 Ma. The first caldera event was
the Ezequiel Montes Pumice, which was a widespread
grey pumice-fall sequence of coarse to fine lapilli,
with thicknesses from <1 to ~ 43 m. Coolon ignimbrite
was next in the evolution of the caldera and consisted
mostly of dense pyroclastic density current deposits
interbedded with pumice-fall lapilli and minor dilute
pyroclastic density current deposits. Several rhyolitic
domes form the rim of the caldera, some of which
have associated pumice fall and pyroclastic density
current deposits. The rim domes still preserve aphyric
obsidian, named as Rim Dome Obsidian. A 4 x 2
km intra-caldera lava dome represents the last cal-
dera event, but lacks preserved obsidian. All caldera
products are peralkaline rhyolites with chemical char-
acteristics of comendites. A correction of Na,O and
K,O was necessary because of secondary hydration
of glasses in pumice deposits. This correction process
could also be applied in similar weathered or devitri-
fied volcanic deposits at other localities. ALO,, K,O,
Fe,0,, and most REE (except La, Ce) and Y remain
pr;—wtically unchanged from the ecarliest caldera
unit (Ezequiel Montes Pumice) to the last analyzed
caldera unit (Rhyolitic Dome Obsidian), and Ba, Sr,
La, P,0O, markedly decrease from Ezequiel Montes
Pumice to Rhyolitic Dome Obsidia, whereas HFSE
Th, Nb, Zr, and TiO, slightly increase from Ezequiel
Montes Pumice to Rl—lyolitic Dome Obsidian; that is,
from pre-caldera collapse to post-caldera collapse.
Comparing Amazcala units with calc-alkaline mafic
lavas of the area, either pre- or post-caldera, HFSE,
REE, and Th are markedly enriched in the Amazcala
caldera products. In contrast, Ba, Sr, P,O,, and TiO,
are strongly depleted in the Amazcala units with
respect to the mafic rocks. These data suggest a very
efficient fractional crystallization process of possible
parental mafic magmas. All caldera products are
enriched in HFSE, LILE and REE, in particular Nb,
Th, Zr and REE, suggesting an input from the fertile
mantle during a pulse of continental intra-arc exten-
sion in the central sector of the Mexican Volcanic
Belt. Amazcala caldera comendites have similar
chemical signatures than other caldera comendites at
extensional settings within the western sector of the
Mexican Volcanic Belt, and with comendites within
continental rifts, such as the Kenya rift in Africa.

Keywords: caldera, comendite, peralkaline
rhyolite, continental extension, Na-loss and
K-enrichment correction.

RESUMEN

La caldera de Amazcala estd ubicada a 30 km al NE de
la Ciudad de Querétaro, México, en el sector central del
Cinturén Voleanico Mexicano. Mide 14 x 11 km y estuvo
actia entre 7.3 y 6.6 Ma. El primer evenlo de la caldera
Jue la erupcion de la Pomez Ezequiel Montes, que consiste
en una secuencia de depdsilos de caida de lapilli grueso a fino
de pomez gris con amplia distribucion y espesores de < 1 a
~ 43 m. La ignimbrita Colon fue el siguiente evento en la
evolucion de la caldera y consiste sobre todo en depésitos de
corrientes pirocldsticas de densidad intercaladas con depisitos
de caida de lapilli de pomez y de corrientes piroclasticas de
densidad diluidos menores. Varios domos rioliticos forman el
anillo de la caldera, algunos de ellos asociados a depisitos de
caida de lapilli gruesos de pomez y de corrientes prrocldsticas
de densidad menores. Los domos del anillo aiin conservan
obsidiana afirica, roca que se denominé como Obsidiana de
Domo del Anillo. El tltimo evento de la caldera estd repre-
sentado por un gran domo de riolita intra-caldera de 4 x 2
km, pero sin obsidiana preservada. Todos los productos de la
caldera son riolitas hiperalcalinas con caracteristicas quimicas
de comendilas. Fue necesario realizar una correccion de ,‘\“"(12()
9 K0 por la hidratacion secundaria en el vidrio de los depi-
silos de pomez. Esta correccion podria aplicarse en depésitos
volednicos similares, alterados o devitrificados de otros lugares.
ALO,, K,0, I¢,0,, y la mayoria de los REE (excepto
La, Ce) ¢ Y permanecen prdcticamente sin cambio desde
la primera unidad de la caldera (Pomez Ezequiel Montes)
hasta la dltima unidad analizada (Domos de Obsidiana del
Amnillo), y Ba, Sy La, P,0, se empobrecen notoriamente de
Pimez Ezequiel Montes a Domos de Obsidiana del Anillo,
es decir; de antes del colapso caldérico a después del colapso.
Comparando las unidades de Amazeala con lavas mdficas
del drea, ya sean pre-caldera o post-caldera, HFSE, REE
y Th estdn marcadamente enriquecidos en los productos de
Amazcala. En contraste, Ba, Sr; PO,y Ti()2 estdn fuerte-
mente empobrecidos en las unidades de Amazcala con respecto
a las rocas mdficas. Estos datos sugieren un eficiente proceso
de cristalizacion fraccionada de un posible magma parental
mdfico. Todos los productos de la caldera estdn enriquecidos
en HFSE, LILE y REE, en particular Nb, Th, Jry REE,
sugiriendo una incorporacion de magma proveniente del manto
Jeértil durante un pulso de extension intra-arco en el sector
central del Cinturon Volednico Mexicano. Las comenditas de
la caldera de Amazcala poseen una firma quimica similar a la
de comenditas de otras calderas en regimenes lectonicos exten-
stonales en el Cinturn Volednico Mexicano, y con comenditas
de rift continentales como las del Rift de Kenia en Africa.

Palabras clave: caldera, comendita, riolita
hiperalcalina, extension extension con-
tinental, correccion por pérdida de Na y
enriquecimiento de K.
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1.1. SUMMARY OF THE GEOLOGY OF THE AMAZCALA
CALDERA

1. Introduction

INTRODUCTION
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The Amazcala caldera is located 30 km to the
NE of Querétaro City, at the northern part of the
Mexican Volcanic Belt (MVB; Figure 1). Itisa 14
x 11 elliptical structure (Figure 2) that was active
from 7.3 — 6.6 Ma ago (Aguirre-Diaz and Lopez-
Martinez, 2001). The caldera is one of several cal-
deras identified in the central sector of the MVB
(Figure 1), including, from north to south, Apaseo
(Aguirre-Diaz and Loépez-Martinez, 2000), Los
Agustinos  (Aguirre-Diaz et al, 1998, 1999),
Huichapan (Milan et al., 1993; Aguirre-Diaz and
Lopez-Martinez, 2009), Amealco (Sanchez-Ru-
bio, 1978; Aguirre-Diaz, 1996, 2001a), and Los
Azufres (Pradal and Robin, 1994) and Zitacuaro
(Capra et al., 1997). At 480 km from the Middle
America Trench, the Amazcala caldera is the
farthest inland caldera in the central sector of the
MVB. Its age at 7.3 — 6.6 Ma makes it the oldest
caldera of this volcanic province so far reported.
This work focuses on the geochemical description
of the Amazcala caldera products, and includes,
for comparison, pre-caldera and post-caldera
andesites and basalts of the Amazcala region. We
emphasize the hyperalkaline nature of all caldera
products and provide a plausible explanation
about their source and emplacement in the central
part of the MVB. The caldera was identified by
Aguirre-Diaz and Lopez-Martinez (2001) and this
is the first time that a complete set of major and
trace element geochemistry data for this volcanic
center is reported. The peralkaline nature of the
caldera products is an anomaly within the tectonic
setting where the caldera was formed, both in
space and time, within the central sector of the
MVB, which is mostly calc-alkaline. The case of
the Amazcala caldera is particularly noteworthy,
with typical orogenic andesites and basalts just
before and after the Amazcala caldera event.

The following summary is based on the work of
Aguirre-Diaz and Lopez-Martinez (2001). The
geological map of the Amazcala caldera and stra-
tigraphy are shown in Figure 3. All reported ages
are “Ar-*’Ar analyses. The initial activity of the
caldera occurred at about 7.3 Ma ago in the form
of Plinian columns that formed the Ezequiel Mon-
tes Pumice (EMP), which is a widespread pumice
fallout with two dispersal axes, one to the south-
west and the other to southeast, accounting for a
minimum dense rock equivalent (DRE) volume
of 4.4 km®. Detalils of physical parameters of this
large explosive event are described in Hernandez
et al. (2009). EMP was followed by the climactic
eruptions of several PDCs that formed the Colon
ignimbrite. The ignimbrite is over 80 m thick at
its type locality, Colon (Figure 3), and is primarily
a massive, poorly welded ignimbrite, with thin
and densely welded ignimbrites that occur to the
west of the caldera. A sanidine *Ar-*?Ar age on
the Colon ignimbrite yielded 7.3 £ 0.5 Ma. This
unit accounts for a minimum DRE volume of 27.5
km®. After Colon ignimbrite, several lava domes
were emplaced along a ring fracture that traces the
caldera rim. Some of these domes are related to
pumice fallouts with a local extent and minor-vol-
ume ignimbrites that make a pyroclastic fan deposit
next to the dome. Lavas and pyroclastic deposits
associated with the domes are nearly aphyric, with
less than 0.1 vol. % of quartz and sanidine. Within
the domes 1s observed flow-banded, pristine,
aphyric obsidian, referred here to as Rim Dome
Obsidian (RDO). The last caldera event was the
emplacement of an intra-caldera lava dome, 4 x 2
km in size, which was cut by normal faulting along
its center, forming a small apical graben with a
NE orientation. The dome and the graben formed
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m Index map of the Mexican Volcanic Belt province and of the calderas at the central sector of it, including the Amazcala caldera,
which is the northernmost caldera of the volcanic province. Calderas: Ag: Agustinos, Ap: Apaseo, Am: Amealco, DHCC: Donguinyo-
Huichapan caldera complex; SMM: Santa Maria Macua, SP, San Pedro (Temascalcingo), LM: La Muerta, LC: La Catedral; volcanic complexes:
Az: Azufres, volcanoes: PH: Palo Huérfano, L): La Joya, EZ: El Zamorano; cities: G: Guadalajara, SMA: San Miguel de Allende, Qro: Querétaro,
P: Pachuca, M: Mexico City, Ta: Taxco, Zi: Zihuatanejo, CHTF: Chapala-Tula Fault System; TSMA: Taxco-San Miguel de Allende Fault System;
TENF: Tenochtitlan Fault System.

during the resurgence of the caldera, following the
model of Smith and Bailey (1968). The dome con-
sists entirely of devitried rhyolite with distinct flow
banding, containing chatoyant sanidine (3 vol. %)
and quartz (3 — 5 vol. %). It yielded a **Ar-"’Ar age
of 6.6 £ 0.3 Ma on a sanidine separate.

The caldera products overlie middle Miocene
andesitic lava flows, andesitic domes, lacustrine
deposits, Oligocene (30 — 31 Ma) ignimbrites, and
crystal-rich rhyolitic domes (Figure 3). Caldera
products are overlain by lacustrine deposits, and by
andesitic and basaltic lavas erupted from nearby
modest-sized shield volcanoes (< 400 m in height)
and cinder cones, such as Cenizas (5.2 £ 0.2 Ma),

Cimatario (5.6 = 0.4 Ma), and San José¢ El Alto,
which are post-Colén ignimbrite (Figure 3).

2. Analytical techniques

Whole rock pumices and lavas were crushed using
an alumina ceramic container and a shatter box.
Homogenous powders with =200 mesh particle
sizes were used during instrumentation. X-Ray
Fluorescence (WD-XRF) analyses were performed
for major elements and the trace elements Rb, Sr,
Ba, Zr, Nb, V, Cr, Co, Ni, Cu, Zn, Th, and Pb,
using a SIEMENS SRS3000 sequential X-Ray
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Digital topographic shaded-relief image of the north-central MVB showing the Amazcala caldera outlined by rim lava domes.
Other calderas and principal geological features in the region, including main faults, volcanoes and domes are also shown. Volcanoes:
EZV-El Zamorano, PHV-Palo Huérfano, LJV-La Joya, SPV-San Pedro, SJV-San José, ChV-Chichimequillas, SMV-San Martin, CV-Cimatario.
Domes: PBD: Pefia de Bernal, LTD-La Trinidad, LLD-La Laja. Cities (black squares): S.M. de Allende-San Miguel de Allende; SJR:San Juan
del Rio.

spectrometer at the Geochemical Department of
the Institute for Geology of the National Autono-
mous University of Mexico (UNAM). Details of
the technique and data precision are explained in
Lozano-Santacruz and Bernal (2005). Major cle-
ments were determined in fused beads, prepared
with a Li,B,O-LiBO, mix (1:1) using a Fluxy
machine designed by Claisse and equipped with
Pt-5% Au crucibles and molds. Trace elements
were analyzed using pressed pellets at 30 tons for
30 seconds. Ferrous iron was determined titrimet-
rically following the procedure of oxidation of

ferrous iron to ferric iron in the presence of excess
ammonium metavanadate in aqueous solution
(Johnson and Maxwell, 1981).

Inductively Coupled Plasma Mass Spectrometry
(IGP-MS) was used to determine the lanthanides.
Analyses were performed by Ofelia Morton (Ph.D.)
at the Institute for Geophysics of UNAM, using a
quadru-pole VG-Elemental model PQ3. For the
ICP-MS analysis, 0.2 g of dried powder rock was
digested by a strong acid digestion in a microwave
furnace. Microwave heating was performed with a
commercial CEM sample preparation system. Acid
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digestion was carried out in Teflon capsules using
a mixture of HNO,, HF and HCL at controlled
pressure conditions (120 psi). Detection limits are
calculated as the concentration equivalent to three
times the standard deviation of five replicates of
the blank solution. For all elements, it is higher
than 50 ppb. Calibration was performed with a
1, 10, 100 and 200 ppb multiclemental standard
solution (SPEX- High Purity) and a blank solution
of deionized water, all containing HNO, at 2%.
Matrix effects and instrumental drift can be elim-
inated by the use of In 115 (10 pph) as internal
standard. The validity of the analytical procedure
has been assessed on accuracy and precision tests.
These were calculated by comparison of measured

Highway
52 % 40Ar/3%r age
Isopach in m \ Volcano
100° 00' ( \ Caldera outline

~L_>y

//// Apical graben

m Geologic map of the Amazcala caldera (from Aguirre-Diaz and Lopez-Martinez, 2001).

and reference values (JA-2). All elements have
better precision than 10% RSD (relative standard
deviation). Data obtained for JA-2 showed good
agreement with certified values.

3. Results

The whole-rock major and trace element data
are presented in Table 1. By looking at the vol-
atiles-free data, all caldera products classify as
high-silica rhyolites, with K,O values varying from
> 3 to < 8 wt.% (figures 4a and 4b). For compar-
ison, basalts of San José El Alto volcano, basaltic
andesites of Cenizas and Cimatario volcanoes, and

ANALYTICAL TECHNIQUES /

RESULTS

©
)
]
1=
(o}
9)
L
T
O
N
©
S
<
)
<
-
L
(<]
>
1S
e
-
£
a
<
1%
(o}
o
(&)




@ | Boletin de la Sociedad Geoldgica Mexicana | 2018

Table 1. Whole-rock XRF and ICP-MS analyses. Continued on the next page.

Sample Qro-39 Qro-4 Qro-19 Qro-65 Qro-67 Qro-85 Qro-86 Qro-66

San José Cenizas Cimatario RDO Las | RDO Las RDO RDO Las Palmas
basalt andesite andesite Palmas Palmas Ajuchitlan | Leoncitos punice

Unit

RESULTS

Lat. N | 20°40.900 [ 20° 35.809 | 20° 32.426 |20° 43.058 [20° 42.832'|20° 42.800' | 20° 42.312
Long. W |100° 21.75"[ 100° 4.075 | 100° 20.675 | 100° 8.019 | 100° 4.341 | 100° 4.142 [ 100° 1.604

SiO, 49.53 54.92 51.75 75.46 75.57 75.80 75.85 75.36 69.83
TiO, 1.61 2.07 1.66 0.15 0.14 0.15 0.15 0.15 0.16
AL O; 17.41 16.85 17.22 10.90 10.99 11.02 11.02 11.06 12.03
Fe, 03 5.61 4.33 2.14 1.30 1.45 1.45 1.41 1.18 247
FeO 4.17 443 7.43 1.69 1.43 1.43 1.43 1.69 0.91
MnO 0.17 0.14 0.15 0.04 0.04 0.05 0.05 0.05 0.04
MgO 6.74 3.71 5.77 0.00 0.00 0.00 0.00 0.00 0.76
CaO 10.12 7.48 8.57 0.15 0.16 0.16 0.17 0.17 0.49
Na,O 3.30 2.87 3.03 5.11 4.93 4.90 4.97 5.01 1.44
K,0 0.45 1.23 0.91 4.36 443 4.55 4.50 4.52 5.42
P,04 0.26 0.33 0.43 0.02 0.02 0.02 0.02 0.01 0.03
LOI 0.22 0.32 0.16 0.60 0.63 0.61 0.46 0.54 5.92
SUM 99.58 98.68 99.23 99.78 99.79 100.13 100.02 99.74 99.49
Rb 12 19 16 233 213 212 213 213 227
Sr 497 533 560 1 1 1 1 1 1
Ba 431 851 559 11 11 11 11 11 11
Y 26 30 47 174 159 160 160 159 225
Zr 150 189 278 1819 1577 1587 1579 1580 1921
Nb 3 12 10 72 63 64 63 64 69
v 45 216 184 7 5 5 4 5 5
Cr 10 53 129 19 14 12 13 14 14
Co 9 27 36 3 3 3
Ni 19 61 27 2 6 1 3 4 4
Cu 3 23 18 3 3 8
Zn 68 103 97 325 297 301 297 297 345
Th 11 6 5 49 45 46 46 45 50
Pb 22 8 5 43 39 38 37 40 39
La 12 19 22 52 49 55 58 53 65
Ce 33 42 49 143 132 152 161 143 159
Pr 5 6 7 19 18 16 22 19 22
Nd 22 23 29 84 77 74 84 70 104
Sm 6 5 6 21 19 21 25 21 34
Eu 2.4 1.8 2.0 0.5 0.5 0.5 0.6 0.5 1.2
Gd 6 7 9 24 22 25 28 24 38
Tb 1.0 0.9 0.9 4.2 3.7 4.4 52 4.1 7.1
Dy 7 5 5 28 25 29 33 27 53
Ho 1.3 1.0 1.0 5.6 4.9 59 7.2 5.5 10.1
Er 4 3 3 17 15 18 21 17 33
Tm 0.4 0.4 0.4 24 2.2 2.6 32 2.5 4.8
Lu 0.6 0.3 0.4 2.4 22 2.6 3.1 2.4 5.5
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Table 1. (Continuation) Whole-rock XRF and ICP-MS analyses.

Sample Qro-6a Qro-36 Qro-5C Qro-5D Qro-12 Qro-17B Qro-32 Qro-38

Colén Colén EMP - up EMP-low EMP pre-caldera | pre-caldera
ignimbrite ignimbrite | Ezequiel M | Ezequiel M

Unit EMP Griega

Balvanera | andesite N | andesite E

RESULTS

Lat. N 20°46.617 20°41.14 20°42.015 | 20°42.015 | 20°39.812 | 20°32.351 | 20°48.200 | 20°42.21
Long. W | 100° 3.555 100° 14.33 | 99°58.274 | 99°58.274 |[100° 14.170 | 100° 28.769 [100° 11.200 | 100° 15.26

Sio, 73.86 73.94 72.19 70.67 73.82 74.33 62.00 60.94
TiO, 0.14 0.14 0.14 0.16 0.13 0.14 0.97 0.95
Al O, 11.00 10.58 11.32 10.19 10.97 10.82 17.61 16.19
Fe,0; 2.40 2.29 1.82 1.77 1.73 2.58 2.60 5.58
FeO 0.78 1.04 1.30 1.17 1.17 0.39 2.48 0.39
MnO 0.03 0.05 0.03 0.03 0.03 0.03 0.09 0.10
MgO 0.32 0.00 0.33 0.05 0.13 0.08 2.54 3.33
Ca0 0.35 0.28 0.42 2.63 0.29 0.32 5.66 5.68
Na,O 1.50 3.58 1.33 1.58 1.06 1.80 3.70 3.54
K,0 6.26 5.37 6.67 6.59 7.51 6.86 1.71 2.52
P,05 0.01 0.01 0.01 0.01 0.03 0.05 0.28 0.28
LOI 3.73 3.36 4.65 5.84 3.69 2.95 0.58 0.52
SUM 100.38 100.64 100.21 100.68 100.56 100.35 100.22 100.02
Rb 238 257 214 212 212 208 25 42
Sr 26 1 21 33 6 9 954 904
Ba 44 50 32 31 55 26 520 746
Y 193 177 187 178 181 180 38 26
Zr 1335 2005 1367 1248 1231 1184 187 224
Nb 55 73 55 51 51 50 13 11
\% 2 5 3 2 3 5 93 108
Cr 12 17 17 12 10 2 34 64
Co 6 3 5 2 5 13 13
Ni 0.5 3 4 5 0.5 4 11 16
Cu 10 3 13 6 16 7 19 38
Zn 307 328 307 282 283 270 70 80
Th 38 55 43 36 38 28 7 9
Pb 41 46 35 34 34 35 14 11
La 70 56 8 na 103 106 1 26
Ce 83 158 19 na 181 131 3 62
Pr 16 20 3 na 23 24 0 9
Nd 52 85 9 na 75 75 2 36
Sm 16 26 3 na 22 2 0.4 8
Eu 0.3 0.7 0.1 na 0.4 0.1 0.2 2.4
Gd 20 30 3 na 26 26 0.4 6
Tb 0.6 5.6 0.9 na 5.8 5.7 0.1 1.0
Dy 23 36 4 na 29 28 0.3 6
Ho 0.8 7.8 1.0 na 5.9 5.8 0.1 1.1
Er 14 23 3 na 17 17 0.2 3
Tm 1.8 34 0.4 na 22 2.1 0.1 0.5
Lu 2.0 33 0.5 na 2.4 2.3 0.1 0.5
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andesites (pre-caldera lava plateaus) of the Amaz-
cala region, are also plotted. From the alumina
saturation index plot (Figure 4c), it is observed a
trend from peraluminous to peralkaline with time,
from the EMP and Colén ignimbrite to the RDO,
whereas the peripheral andesites and basalts are
metaluminous, as expected for orogenic andesites
of the MVB (Gill, 1981; Wilson, 1989). The K, O-
K,0/Na,O plot shows that the rhyolites of the
Amazcala caldera are potassic rhyolites, with the
smallest K,0/Na,O values for the RDO (Figure
4d). The RDO are comendites, following the clas-
sification of Macdonald (1974) and Macdonald et
al. (2011) for peralkaline rocks (Figure 4h). How-
ever, although the EMP and Colén ignimbrite also
fall into the comendite field of Macdonald’s (1974)
classification, they are not peralkaline, so they can-
not be classified as comendites.

Pumices show megascopic evidence for weather-
ing, and in particular, hydration of glass; while the
obsidian of RDO is pristine and shiny glass (Iig-
ure D). The raw chemical data suggest that there
is something wrong with the vesiculated glasses
of Amazcala caldera (pumices), as they are highly
enriched in K,O and highly depleted in Na,O
with respect to the comagmatic dense glasses,
such as the obsidians of the RDO. Apparently, the
pumices of both EMP and Colén ignimbrite were
modified by weathering, in this case hydration of
glass, whereas the dense glasses (obsidian) were
less affected by secondary processes and were able
to retain their original chemical characteristics.
This secondary hydration problem was corrected
as explained below.

3.1. Na,0-LOSS AND K,O-ENRICHMENT IN GLASSES

It has been shown that silicic glasses can change
their original alkali contents by hydration and
devitrification (Lipman 1965; Noble 1970; Conrad
1984; White e al., 2003). Noble (1970) describes
this problem in particular for comendites. Loss
of Na and the concomitant enrichment of K is
the common observation for hydrated and devit-
rified glasses. In the Amazcala case, the glasses

analyzed are mostly non-devitrified, but pumices
are hydrated. The loss of ignition (LOI) values
shows that hydration is particularly high in the
pumices, and low in the obsidians (Table 1). Na,O
and K,O are the most affected components of
Amazcala glasses (Table 1). This is shown in the
total alkali-silica (TAS) and in the SiO,-K,O plots
(Figures 4a and 4b). In particular, the SiO,-K,O
plot (Figure 4b) shows an unusual enrichment of
K,O up to almost 8 wt.%. In contrast, elements
apparently not affected by hydration, such as Al or
Fe, change little with respect to SiO, (Table 1). In
order to have useful data for Na and K to be used
in the classification diagrams, a correction must be
applied to the measured values of Na,O and K,O
wt.%.

The effect of total water (assumed here to mostly
account for the LOI content) in the Na,O and
K,O is shown in Figure 6, in which two trend lines
are plotted for each component. It can be observed
that RDO remained practically unchanged with
LOI variation; thus, their Na,O and K,O values
were used as the reference “unchanged” values
with hydration. The relative difference in percent
of the pumice glass with respect to obsidian was
used to obtain the correction factor to be applied
(CF%). The average measured values of Na,O
and K,O wt.% of the five RDO samples listed in
Table 1 were used in this correction. The correc-
tion factors to be applied were calculated by means
of the equations of the best-fit, squares-regression
curves from the plots of Na,O and K,O measured
with their corresponding CF% (Figure 7). Table 2
summarizes the correction procedure. All glasses
of Amazcala caldera were corrected, including
the RDO. However, as shown in Table 2 and as
expected, the correction needed for the RDO was
practically zero. In contrast, the pumiceous units
needed higher correction values (EMP, Palmas
pumice, and Colon ignimbrite). Table 3 shows the
corrected values and the re-calculation of all the
other major elements on the basis of this correc-
tion. These new calculated values were normalized
volatiles-free and the normalized data were used
in all the plots shown next in this work. Figures 4e
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Table 2. Correction factors to compensate glass hydration for Na,0 and K,O in glasses of Amazcala caldera.

3
w Sample Unit Na,0 raw | K,O raw ;‘::(;gé Difference’ Diffeyrence4 Diff %’ Corrected’ | Corrected’
[ s Na,O K,0 Na,O
— K,O0
a Qro45 RDO' of La Zorra dome 5.11 436 4.98 -0.13 0.62 -0.0254  0.1422  -0.1536  0.1322 4.32 4.94
I&J Qro65  RDO of Las Palmas dome 4.93 4.43 4.98 0.05 0.55 0.0101 0.1242  -0.0776  0.1178 4.55 4.95
Qro67  RDO of Las Palmas dome 4.9 4.55 4.98 0.08 0.43 0.0163 0.0945  -0.0647 0.0937 4.58 4.98
Qro85 RDO of Ajuchitlan dome 4.97 4.5 4.98 0.01 0.48 0.0020 0.1067  -0.0948  0.1037 4.50 4.97
Qro86 RDO of Leoncitos dome 5.01 4.52 4.98 -0.03 0.46 -0.0060  0.1018  -0.1117  0.0997 4.45 4.97
QRO5C EMP? type section 1.33 6.67 4.98 3.65 -1.69 2.7444  -0.2534  2.6982 -0.2517 4.92 4.99
QRO12 EMP La Griega 1.06 7.51 4.98 3.92 -2.53 3.6981 -0.3369  3.1789 -0.3589 4.43 4.81
QRO17B EMP Balvanera 1.8 6.86 4.98 3.18 -1.88 1.7667  -0.2741  2.0571 -0.2771 5.50 4.96
Qro 66 Las Palmas pumice 1.44 5.42 4.98 3.54 -0.44 2.4583 -0.0812  2.5298  -0.0643 5.08 5.07
QRO6a Colén ignimbrite 1.5 6.26 4.98 3.48 -1.28 2.3200  -0.2045  2.4433  -0.1944 5.17 5.04
Qro 36 Colon ignimbrite 3.58 5.37 4.98 1.40 -0.39 0.3911 -0.0726  0.6003  -0.0560 5.73 5.07

' RDO: Rim dome obsidian;

2 EMP: Ezequiel Montes Pumice;

3 Average of raw values of Na,0 and K,0 wt% of RDO;

* Difference between average values of RDO and pumices for Na,0 and K,O in wt.% ;
s> Differences shown in percent of wt.% ;

¢ Correction factor applied for all glasses, obtained from best-fit curve (see Figure 8);
7 Corrected values in wt.% for all glasses applying the correction factor.

and 4f show the new TAS classification plot of Le
Bas et al. (1986) and the SiO,-K,O classification
plot of Peccerillo and Taylor (1976) using the cor-

are comendites, following the classification of
Macdonald (1974) and Macdonald ¢t al. (2011) for
peralkaline rocks (Figure 4h).

rected values. The unusual 8 wt.% values of K,O The multi-element plot (Figure 8a), using key
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in the uncorrected plot (Figure 4a) changed to the
more realistic values of about 5 wt.% for peralka-
line rhyolites in the corrected plot (Figure 4f). By
using the corrected values, it is also avoided the use
of erroneous classification schemes and other geo-
chemical misinterpretations. For instance, in the
alumina-saturation classification, the Amazcala
pumices would be peraluminous instead of peral-

kaline (see below) and therefore, they would not be
comendites as defined by Macdonald (1974).

3.2. CLASSIFICATION AND CHEMICAL
CHARACTERISTICS WITH CORRECTED VALUES

All caldera products are high-silica rhyolites (SiO,
= 73-75 wt.%) and K,O values around 5 wt.%
(figures 4e and 4{). The alumina saturation index
plot using the corrected values (Figure 4g) shows
a peralkaline composition for all of the Amazcala
caldera rocks, whereas the peripheral andesites and
basalts are metaluminous. By using the corrected
values, it is now clear that all Amazcala products

trace elements and the element order proposed by
Thompson et al. (1983) and Rock (1987), empha-
sizes the differences between the peralkaline rocks
of the Amazcala products with respect to the
metaluminous rocks (andesites and basalts) of the
area. It is evident the relative enrichment of the
LIL elements Rb, K, Th, of practically all REE,
and of the HFSE Nb, Zr, and Y of the Amazcala
caldera units. In contrast Ba, Sr;, P and Ti are
depleted in all the caldera products. From this dia-
gram it is also noticeable that the patterns of the
andesites and basalts do not show strong deple-
tions or enrichments as the peralkaline rocks do,
and andesites and basalts show moderate negative
anomalies for Nb, which are more typical charac-
teristics of orogenic andesites (Gill, 1981). In the
rare earths elements (REE) chondrite-normalized
plot (Figure 8b), it is observed an enrichment of all
REE (except Eu) in all the caldera products with
respect to the andesites and basalts of the region.
A deep Eu negative anomaly and flat patterns
characterize the caldera products, whereas the
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andesites and basalts show a negative slope, with
a little or non-existent Eu negative anomaly, as
expected for andesites from volcanic arcs (Wilson,
1989).

The HFSE, in particular, show drastic enrich-
ments with respect to the peripheral andesites
and basalts, as shown in four La-HFSE variation
diagrams (Figure 9). It is clear a separation into
two groups, the HFSE-poor rocks (andesites and
basalts), and the HFSE-rich rocks (Amazcala).
Amazcala rocks are markedly richer in Zr (1500
— 2000 ppm) compared to the peripheral andesites
and basalts (100 — 200 ppm), and have relatively
higher values in Nb (70 vs. 10 ppm), Y (150 — 200

lasses; a) pumice clast of Ezequiel Montes Pumice (EMP) showing that is relatively more
weathered than the RDO; b) obsidian from the Rim Lava Domes (RDO) showing it is a pristine fresh glass.

vs. 20 — 30 ppm), and Th (10 vs. 30 — 50 ppm).
The andesite-basalt group cluster tightly in the low
end of the diagrams, independently of whether
they are pre- or post-caldera.

The enrichment with time of some clements and
the depletion in others can be observed by using
multi-element histogram plots normalized to a
relatively less evolved rock or to an earlier rock in
the co-magmatic sequence (Hildreth, 1979). For
instance, from EMP to Colon ignimbrite, Rb, Th,
Nb, Zr, Y slightly increase, with a marked enrich-
ment in Sr, whereas La, Ce, P and Th decrease,
and the others remain practically unchanged (Fig-
ure 10a). Irom Colén ignimbrite to RDO these
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plot.
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variations are more notorious, and Th, Nb, Ce,
Nd, P, Sm, Zr, Th, and Tm increase, whereas Ba
and Sr substantially decrease, and the rest of the
elements practically do not change (Figure 10b),
as well as from EMP to RDO (Figure 10c). In gen-
eral, the RDO are the most representative evolved
rocks of the Amazcala caldera and are used in
a comparison with the less evolved rocks in the
area, including the pre-caldera andesites and the
post-caldera andesites and basalts (Figures 10d,
10e and 10f). All caldera products are enriched in
the LILE, HFSE (except T1) and the REE, and
are drastically depleted in Ba, Sy, P and Ti. Some

elements are highly enriched, such as Rb, K, Nb,
Th, Zr and Y, and in lesser extent the REE. These
patterns are observed in all three major caldera
units, EMP, Colon ignimbrite and RDO.

By looking at the most mafic units that may rep-
resent the parental magmas for Amazcala caldera,
that is, San José basalt and Cenizas basaltic andes-
ite, it is observed that Cenizas lavas are much more
enriched in most key elements than the San José
basalt (Figure 11). For instance, Nb is about 4 times
larger in Cenizas. Cenizas basaltic andesite is also
enriched in many other key elements, such as Rb,
K, La, Ce, S, Nd, P, Zr, T1, and Y (Figure 11), and
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Correction factor (CF) for glass hydration in the Amazcala caldera glasses. a) Na,0-CF and b) K,O-CF plots, where Na,O and
K,O are the measured unnormalized values in wt.% of Table 1, and the correction factor represents the relative difference in wt.% of the
measured Na,O and K,O contents between the glasses and the unchanged reference values for Na,O and K,O (the average of the Na,0
and K,0 measured values for the RDO of Table 1). The best-fit curve for each plot and corresponding equations are also indicated. See

Table 2 for the calculation procedure.

it is only depleted in Th and Tb, with Ba and Sm
showing small depletions. Particularly important
to notice are the HFSE (Nb, Zr, Tiand Y), and the
LILE (except Th), which are relatively abundant
in the Cenizas basaltic andesite with respect to San
José basalt. Cenizas vent is closer to the Amazcala
caldera than the vent of San José¢ basalt (Figure 3).
Therefore, it seems that Cenizas basaltic andesites
could better represent the parental magmas for
the Amazcala caldera products because they are

next to the caldera and are already enriched in the
HFSE and LILE as the units of Amazcala caldera.

4. Discussion

Amazcala is a relatively well-preserved structure,
with a clear caldera outline marked by the rim and
central lava domes (figures 2 and 3). The erupted
pumice and lavas are still glassy at several places,

in spite of their age of 7.3 — 6.6 Ma. However,
a correction for hydration of glass was neces-
sary for the pumices. The caldera products have
chemical characteristics that are not observed in
most known silicic calderas of the MVB, which
are predominantly calc-alkaline, like Humeros,
Huichapan, and Amealco calderas (Ferriz and
Mahood, 1984; Milan et al., 1993; Aguirre-Diaz,
1996, 2001a, 2001b; Aguirre-Diaz et al., 1997,
1998; Aguirre-Diaz and Lopez-Martinez, 2009),
as expected for a continental margin volcanic arc.
However, there are the cases of La Primavera and
Las Navajas peralkaline calderas in the western
sector of the volcanic province (Mahood, 1981;
Nelson and Hegre, 1990) that are mentioned
later in this section. All products of the Amazcala
caldera are K O-rich, high-silica rhyolite. The
Amazcala caldera erupted initially > 8.8 km* (4.4
km? as dense rock equivalent) of peralkaline pum-
ice, and then > 36.7 km?* (27.5 km® as dense rock
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Table 3. Whole-rock chemical analyses of the Amazcala caldera area using corrected values in Amazcala glasses. Continued on next

page.

Corrected values in wt.%

Qro39 San José basalt 495 1.61 174 5.61

QRO4 Cenizas andesite 549 207 169 433

QRO19 Cimatario andesite 51.8 1.66 172 2.14

Qro45 RDO La Zorra 755 0.15 109 1.30

Qro65 RDO Las Palmas 75.6 0.14 11.0 1.45

Qro67 RDO Las Palmas 75.8 0.15 11.0 1.45

Qro85 RDO Ajuchitlan 759 0.15 11.0 141

Qro86 RDO Leoncitos 754 0.15 11.1 1.18

QROS5C EMP type sectionup  72.2  0.14 113 1.82

Qrosp  EMPbpesection 0600 100 177
bottom

QROI2 EMP La Griega 738 013 110 1.73

alvanera . L . .

QRO17B EMP Bal 743 0.14 10.8 2.58

Qro 66 Las Palmas pumice 69.8 0.16 12.0 247

QRO6a Colén ignimbrite 39 14 119 240
pumice

Qro 36 Colén ignimbrite .35 14 106 229
pumice

Qro3p  Precaldemaandesite o 5 007 176 260

north
Qro3g  [recalderaandesite o005 165 58

west

equivalent) of peralkaline pyroclastic flows (Figure
4g). It was followed by the emplacement of per-
alkaline domes that formed the caldera rim rich
in obsidian, which were accompanied by more
pumice eruptions, which were also peralkaline.
These peralkaline rhyolites are comendites in the
classification of Macdonald (1974) and Macdon-
ald et al. (2011) of peralkaline rhyolites (Figure 4h),
which are rare to occur in a subduction-related
volcanic arc and are more typical for intra-plate
or continental-rift settings (e.g, Leat et al., 1984;
Macdonald et al., 1987, 201 1; Wilson, 1989; White
et al., 2006; Parker and White, 2008; Macdonald,
2012; Vidal-Solano ¢t al., 2013).

The strong depletions in Ba and Sr in the Amaz-
cala products (Figure 8a) suggest a highly efficient
crystal fractionation process of feldspar from
mafic magmas represented by the San José basalt
or Cenizas basaltic andesite. Apatite and Fe-Ti
oxides and/or pyroxene fractionation apparently
also occurred based on the strong depletions of
P and Ti (Figure 8a). The fact that the Amazcala

4.17
4.43
7.43
1.69
1.43
1.43
1.43
1.69
1.30

1.17

1.17
0.39
0.91

0.78

1.04

248

0.39

Corrected valuesinwt.% |

0.17 6.74 10.12 330 045 026 022 99.6
0.14 371 748 287 123 033 032 987
0.15 5.77 857 3.03 091 043 -0.16 989
0.04 0.00 0.15 511 436 002 060 9938
0.04 0.00 0.16 493 443 0.02 063 9938
0.05 0.00 0.16 490 455 0.02 061 100.1
0.05 0.00 0.17 497 450 0.02 046 100.0
0.05 0.00 0.17 5.01 452 001 054 99.7

0.03 033 042 492 499 0.01 465 1021
0.03 0.05 263 527 500 0.01 584 1028
003 0.13 029 443 481 0.03 3.69 1012
0.03 0.08 032 550 496 005 295 1022
004 0.76 049 508 507 0.03 592 1028
0.03 032 035 517 5.04 0.01 373 1028
0.05 0.00 028 573 507 0.01 336 1025
009 254 566 370 171 028 0.58 100.2
0.10 333 568 354 252 028 052 100.0

products are practically aphyric and enriched
in Zr, suggests that zircon never crystallized and
was preserved dissolved in the melt through all
the fractionation process, possibly because the
magma was water-saturated (Harrison and Wat-
son, 1983), or because Na,O + K, O content in the
magma was in excess of 7 wt.% (Carmichael ez al.,
1974), or a combination of both situations. This
1s confirmed by the Pearce Element Ratio (PER)
diagrams. Following the adaptation of PER dia-
grams for evolved rocks of Bradshaw (1992) and
Figure 12, three main fractional crystallization
trends are evident. Assuming an initial magma
similar in composition to the most mafic rock in
the area (San José basalt), it is inferred that crystal
fractionation of magnetite (or Fe-T1 oxides) and
clinopyroxene could have formed andesitic mag-
mas similar to the pre-caldera and post-caldera
andesites; then, by removal of plagioclase and
pyroxene, the earliest rhyolitic magmas of Amaz-
cala caldera represented by EMP were formed;
and finally, subsequent removal of feldspar and
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Table 3. (Continuation) Whole-rock chemical analyses of the Amazcala caldera area using corrected values in Amazcala glasses.

DISCUSSION / REGIONAL TECTONIC

Ll

Normalized values volatiles-free in wt. % U

Qro39 San José basalt 498 1.62 175 564 420 0.17 678 10.18 332 045 026 100.0 =

QRO4 Cenizas andesite  55.8 2.10 17.1 440 450 0.5 377 7.60 292 125 034 100.0 S

QRO19  Cimatario andesite 522 1.68 17.4 2.16 750 0.16 582 865 3.06 091 044 100.0 &
Qrods RDO La Zorra 761 0.5 110 131 170 004 000 015 515 440 002 100.0
Qro65 RDO LasPalmas 762 0.4 111 146 144 004 000 016 497 447 002 100.0
Qro67 RDO LasPalmas 762 0.5 111 146 144 005 000 016 492 457 002 100.0
Qro8s RDO Ajuchitlin 762  0.15 11.1 142 144 005 000 0.17 499 452 002 100.0
Qro86 RDO Leoncitos 760 0.5 111 119 170 005 000 0.7 505 456 001 100.0
QROSC  EMPtypesectionup 74.1 015 11.6 1.86 133 003 034 043 505 512 001 100.0
QRO5D EMP];?:;E?C“"“ 729 016 105 183 121 003 005 271 543 516 0.0l 100.0
QRO12 EMP La Griega 757 013 112 177 120 003 0.3 030 454 494 003 100.0
QRO17B EMP Balvanera 749 014 109 260 039 003 008 033 555 500 005 100.0
Qro66  LasPalmaspumice  72.1 0.17 124 255 094 004 078 051 525 524 003 100.0
QRO6a Colénignimbrite )5 014 111 243 079 003 032 035 521 509 001 1000

pumice
Qro 36 Colén ignimbrite ) 14 107 231 105 005 000 028 578 S511 001 100.0
pumice
Pre-caldera andesite
Qro32 N 622 097 177 261 249 009 255 568 371 172 028 100.0
Pre-caldera andesite

Qro 38 . 612 095 163 560 039 0.0 335 571 356 253 028 100.0

Fe-T1 oxides formed the Colon ignimbrite and 5. Regional tectonic significance

RDO magmas. By looking only to the caldera

products, it is evident that the Ba-, La- Sr-, P-poor-
est rocks are the RDO and associated Las Palmas
pumice (Figure 10), which were compatible
elements during fractionation of plagioclase and
apatite, indicating extreme removal of plagioclase,
K-feldspar, Fe-T1 oxides, and apatite during evo-
lution of the sub-caldera magma chamber. Other
peralkaline calderas have shown that crystal frac-
tionation process is an important factor for the
final chemistry of the resulting peralkaline rocks,
either comendites, trachytes or pantellerites; for
instance, the Kenya peralkaline province (e.g, Leat
et al., 1984; Macdonald, 2012), Trans-Pecos, Texas
(eg, White et al., 2006; Parker and White, 2008)
and the Gardar Province of Greenland (e.g, Mac-
donald et al., 2014).

On the regional tectonic view, the peralkaline
nature of the Amazcala caldera suggests an
extensional tectonic setting in central Mexico. It is
known that comendites are common at intraplate
or continental rift settings (e.g, Rytuba and Mckee,
1984; Wilson, 1989; Leat et al., 1984; White e/ al.,
2006; Parker and White, 2008; Macdonald, 2012).
In Sonora, Mexico, there are reports of comen-
dites and other peralkaline rocks related with the
break-up of Baja California from mainland Mex-
ico (Vidal-Solano et al., 2005, 2008, 2013). In the
western sector of the MVB there are reports of
comendites in the La Primavera caldera (Mahood,
1980, 1981), of peralkaline ignimbrites near
Guadalajara (Figure 1, Mahood et al., 1985), and
pantellerites in the Las Navajas summit caldera at
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Chondrite—normalized plots of the Amazcala caldera rocks showing contrasting enrichment or depletion of key elements in the
Amazcala caldera rhyolites relative to the peripheral andesites and basalts. a) Multielement plot using the element order recommended
by Rock (1987) and the normalizing values of Thompson et al. (1982), showing the enrichment in Rb, Th, Nb, Zr, and Y, and in all the
REE, except Eu in the caldera units, and strong depletions in Ba, Sr, P, and Ti. b) REE plot showing a flat pattern with a deep Eu-anomaly
for the Amazcala caldera rocks, more typical for intraplate evolved volcanism, whereas the andesites and basalts show a negative slope
and a small Eu anomaly more common for orogenic andesites (normalizing values of Taylor and McLennan, 1985).
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m Element-element variation plots showing La vs. the HFSE. The Amazcala comendites are highly enriched in Th, Nb, Zr and Y
with respect to the peripheral andesites and basalts. Zr in particular reaches up to 2000 ppm in Amazcala rocks. Note that the peripheral
andesites and basalts are relatively poor in the HFSE and cluster in the lower ends of each plot.

Nayarit State (Nelson and Hegre, 1990). Mahood
etal. (1985) and Nelson and Hegre (1990) infer that
the peralkaline nature of the western MVB per-
alkaline rhyolites was related with an extensional
regime that was interpreted as a rift-rift-rift tectonic
setting by several authors (Luhr et al., 1985; Allan
et al., 1991; Garduno and Tibaldi, 1991; Moore et
al., 1994; Luhr, 1997). La Primavera caldera was
formed near the triple junction, and Las Navajas
caldera within the NW-oriented Tepic-Zacoalco
rift, where alkalic mafic volcanism 1s well docu-
mented (Nelson and Carmichael, 1984; Nelson
and Livieres, 1986; Moore et al., 1994). However,
Righter and Rosas-Elguera (2001), among other
authors, disagree with the continental-rift expla-
nation for the alkaline mafic lavas of the western
MVB, and prefer to explain these mafic rocks as

the product of metasomatized mantle within a
subduction zone setting. High-silica alkalic rocks,
such as peralkaline rhyolites may have evolved
through more complex magmatic processes
linked with particular tectonic environments.
Comendites of the La Primavera caldera are
here compared with those of Amazcala by means
of a multielement diagram (Figure 13a). The
comendites of Amazcala are even more enriched
in the LILE and HI'SE and more depleted in Ba,
Sr, P and Ti than comendites of La Primavera,
indicating a richer LILE-HFSE source for the
comendites of Amazcala and extremer crystal
fractionation. In contrast, the rhyolitic lavas of
Amealco caldera, which is at the central sector
of the MVB (Aguirre-Diaz, 1996), show typical
values for calc-alkaline rhyolites with an orogen-
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m Enrichment and depletion histogram plots of the Amazcala caldera comendites. a) Chemical variation from the first-erupted
product, Ezequiel Montes Pumice (EMP-sample Qro12), to the next product, Colon ignimbrite (sample Qro6a). b) Chemical variation from
the Colon ignimbrite (Qro6a) to the successive rim dome obsidian (samples Qro65, Qro67, and Qro85). c) Total variation from the EMP
(first erupted product) to the RDO (last erupted product). d) Variation between the most primitive rocks nearby Amazcala caldera, the
San José basalt to the RDO. e) Variation of RDO with respect to the Cenizas basaltic andesite. f) Variation from the pre-caldera andesites
to the RDO.
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m Enrichment-depletion histogram plot of the post-caldera mafic rocks, Cenizas basaltic andesite with respect to San José

basalt. Note that Cenizas unit is enriched in LILE and HFSE with respect to San José basalt, and thus, Cenizas may better represent the

parental magma for the Amazcala comendites.

ic-like signature. Rhyolites of Amealco are poorer
in the LILE and HFSE and do not show the strong
depletions in Ba, Sr, P and T1 as the comendites of
Amazcala. Particularly, rhyolites of Amealco show
the typical Nb depletion for orogenic-type rocks
(e.g, Wilson, 1989), which is not observed in the
Amazcala rocks. In a more global view, it is also
compared comendites of Amazcala with those
of the Menengai caldera (Figure 13b), which is
clearly within a continental rift setting, the Kenya
rift (Leat et al., 1984; Macdonald ¢t al., 1987, 2011;
Macdonald, 2012). The comendites at Amazcala
have a similar pattern than that of the comendites
of Menengai, suggesting that similar petrogenetic
processes occurred in both cases, and that the
magmas were derived from a source enriched in
HFISE, LILE and REE.

Therefore, the comendites of the Amazcala cal-
dera have the signature of magmas generated at a
continental rift, but the Amazcala caldera activity
1s bracketed between subduction-related, calc-al-
kaline volcanism, represented by the pre-caldera
andesites and the post-caldera San José¢ basalt and
Cenizas basaltic andesite. There are pre-caldera
andesites and dacites that span a long time of
calcalkalic-metaluminous activity in the Amazcala

caldera region, from at least 12 to 7.5 Ma, repre-
sented by large andesitic-dacitic stratovolcanoes,
such as Palo Huérfano, La Joya, El Zamorano,
Chichimequillas, and San Martin (Figure 2;
Pérez-Venzor et al., 1996; Valdez-Moreno et al.,
1998; Aguirre-Diaz and Loépez-Martinez, 2001;
Verma and Carrasco-Nuiiez, 2003; Aguirre-Diaz
et al., 2005; Aguirre-Diaz, 2008), and by wide-
spread andesitic and basaltic-andesitic plateaus
erupted from shield volcanoes (Cerca et al., 2000;
Aguirre-Diaz et al., 2005; Aguirre-Diaz, 2008).
Post-caldera andesites and basalts are represented
by the units of Cimatario and Cenizas with an age
range of 5.6 to 5.2 Ma, and by undated, but strati-
graphically younger than Colon ignimbrite, San
José basalt (Aguirre-Diaz and Lopez-Martinez,
2001). In this group, it can be also included wide-
spread plateau andesites dated at 6.2 Ma (Val-
dez-Moreno et al., 1998; Aguirre-Diaz, 2008) that
crop out to the north-northwest of Querétaro City
(Figure 2).

There is no clear morphological evidence for a
continental rift in the Amazcala region, as hap-
pens in the Tepic-Zacoalco rift in the western
MYVB or the rift-rift-rift junction of Guadalajara,
or the Gulf of Baja California rift at NW Mexico.
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m Pearce element ratio diagram for evolved rocks (after Bradshaw, 1992), designed to note the trends caused by crystal
fractionation of K-feldspar, orthopyroxene (opx), plagioclase (plag), clinopyroxene (cpx) and Fe-oxides (mt). Rhyolites of the Amazcala
caldera may have been originated by crystal fractionation of plagioclase, clinopyroxene and Fe-oxides from andesites represented by
the pre-caldera andesites, which in turn could have been the differentiates of a most primitive magma, such as the San José basalt.

The structural studies in the central MVB show
two large normal fault systems in the central MVB
(Figure 1), the ENE Chapala-Tula fault system
(Johnson and Harrison, 1990), and the NNW Tax-
co-San Miguel de Allende fault system (Demant,
1978; Aguirre-Diaz et al., 2003). These two systems
intersect in the Querétaro City-Amazcala caldera
zone and form a complex mosaic of grabens and
horsts in the area (Figure 14; Aguirre-Diaz et al.,
2000, 2005). Regional NNW and ENLE faults
continue to the East of the Amazcala caldera to
the Aljibes graben and Valle del Mezquital in the
State of Hidalgo (Suter ez al., 1995a, 2001). These
faults extend also to the south of Amazcala to the
Acambay graben and Perales Fault in the State of
Mexico (Suter et al., 1995b, 2001; Landrige et al.,
2013; Ortuno et al., 2015; Lacan et al., 2018). It is
not clear yet if these extensional features, particu-
larly those in the vicinity of Querétaro City, could
be related with the peralkaline pulse of Amazcala

caldera. There are other silicic domes of about the
same age as those of the Amazcala caldera and
relatively close to this center clearly aligned with
the regional normal fault systems of the region,
suggesting that their emplacement was fault-con-
trolled (Figure 14). There is structural evidence
suggesting that extension was episodically active
in this region (Suter et al., 1995a, 1995b, 2001;
Pérez-Venzor et al., 1996; Aguirre-Diaz et al., 2000;
Nieto-Obregén et al., 2000; Aguirre-Diaz et al.,
2005), and some of these episodes may have been
related to volcanic pulses, either silicic or mafic. It
1s common to observe thick (over 200 m) sequences
of lacustrine deposits interbedded with andesite
lavas and silicic ash and lapilli fall deposits in the
Amazcala area and its surroundings (Kowallis e
al., 1998; Aguirre-Diaz and Carranza-Castafieda,
2000a; Cerca et al., 2000; Aguirre-Diaz et al.,
2005; Garreon-Freyre et al, 2016). Many of these
paleo-lakes were formed by subsidence caused by
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Chondrite-normalized multielement diagrams of the Amazcala caldera compared with rhyolites of other calderas. For
Amazcala caldera it was used the RDO as most representative. a) Comparison with calc-alkaline rhyolites of Amealco caldera (Aguirre-
Diaz, 1996, 2001b) and comendites of La Primavera caldera (Mahood, 1980, 1981). b) Comparison with comendites of a typical
continental-rift setting, the Menengai caldera at the Kenya rift (Leat et al., 1984). Note that both cases show very similar patterns, with
some differences in Zr, Y and the HREE at the end of the diagram, where Amazcala is even richer in these than Menengai.
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m Thematic Mapper Landsat image of the Amazcala-Querétaro region showing the Amazcala caldera outlined by the rim lava
domes as well as the NNW and ENE fault systems (red lines) and volcanoes and domes mentioned in text.
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normal faulting, such as the Querétaro graben
(Aguirre-Diaz et al, 2005; Aguirre-Diaz, 2008;
Carreon-Ireyre et al., 2016) or the Celaya depres-
sion (Cerca et al., 2000). The interbedding of lake
deposits with volcanic rocks that span an age of
at least 12 to 3 Ma (Aguirre-Diaz and Carran-
za-Castaneda, 2000a, 2000b; Aguirre-Diaz et al.,
2005) indicate that faulting, subsidence, and lake
formation occurred repeatedly concurrently with

the development of the central MVB, but most of
this volcanism is calcalkalic andesites and basaltic
andesites.

Alternatively, Amazcala is the farthest inland
caldera from the Middle America trench (Figure
1), with a trench-caldera distance of about 480
km (Aguirre-Diaz, 2001b). This large distance
may result in magmas richer in alkaline elements,
as have been proposed for continental margin
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Caldera rim domes

Colén ignimbrite

Ezequiel Montes Pumice

LILE and HFSE
enriched magma

m Conceptual model of the subcaldera magma chamber of the Amazcala caldera. It is inferred a previous input, or inputs,
of magma from fertile mantle (enriched in HFSE, REE and LILE) reached to shallow levels in the crust. During this ascend and within
the last stages at the subcaldera magma chamber, the magma evolved by extreme crystal fractionation of feldspar, apatite, and Fe-Ti
oxides (and perhaps clinopyroxene), leaving a final product with little crystal contents, almost 100% melt. This magma erupted first and
formed the EMP unit during Plinian fall eruptions (pre-caldera collapse), then as massive pumiceous pyroclastic density currents that
originated the Colon ignimbrite (syn-collapse), and finally mostly as effusive lavas along the ring fracture that formed the obsidian-rich
lava domes (RDO) of the caldera rim (post-collapse).

volcanic belts (Coney and Reynolds, 1977). The
explanation for this enrichment is that as farther
from the trench, the magmas generate at deeper
zones of the subducted slab, and these magmas
must cross a thicker continental crust, and/or
stagnate in the bottom of the crust and develop
a MASH (melting, assimilation, storage, and
homogenization) process (Hildreth and Moorbath,

1988). This favors a larger crustal contamination,
particularly of the most mobile elements, such
as K, Na, Rb, Th, and other alkaline elements.
Mid-Tertiary alkaline rhyolites of Eastern Chi-
huahua and Trans-Pecos Texas are an example of
this idea (Barker, 1979; McDowell and Clabaugh,
1979; Cameron and Cameron, 1985). Perhaps this
was the case in Amazcala caldera, and this would
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explain why it is bracketed between orogenic type
andesites and basalts, and why there are no alka-
line basalts in the area.

The problem is to explain why only the rhyolites
of Amazcala have a peralkaline nature, and why
this nature is highly enriched in the HFSE, such as
Nb, Zr, and Y. Nb, in particular, generally becomes
more depleted if partial melting involves the con-
tinental crust (Gill, 1981; Wilson, 1989). Figure
15 shows a conceptual model of the extreme
crystal fractionation process within the subcaldera
magma chamber of Amazcala that removed prac-
tically all crystals of the caldera products, leaving
aphyric magmas, and explaining the drastic deple-
tions in Ba, Sr, P, and in lesser extent T1. Crystal
fractionation combined with crustal contamina-
tion would produce rhyolites enriched in LILE
but poor in HFSE. HFSE-rich evolved magmas
must be derived from HFSE-enriched parental
magmas, such as the fertile lithospheric mantle.
Cenizas basaltic andesite is already enriched in
some LILE, REE and HFSE with respect to the
other mafic rocks in the Amazcala area (Figure
11), but still it shows the typical depletions in key
elements of HFSE, such as Nb, as well as smaller
contents of LILE and REE with respect to the
peralkaline rocks of Amazcala (figures 8 and 9).
Therefore, the LILE- and HFSE-rich nature of
Amazcala comendites could be related to a pulse
of fertile mantle that may have occurred locally
at the Amazcala area. Eventually this enriched
magma formed the magma chamber of Amazcala
caldera at shallow depths (Figure 15), and while
ascending the enriched magma became depleted
in Ba, Sr, P, and T1 by crystal fractionation of feld-
spar, apatite and Fe-T1 oxides and/or pyroxenes.
Crystal fractionation increased from the ecarliest
erupted phase, the EMP Plinian fallouts, to the
caldera collapse event marked by the massive
eruption of PDCs that formed Colén ignimbrite,
to the last-erupted and most evolved phase, the
rim lava domes rich in obsidian Extreme crystal
fractionation and crustal assimilation processes
of a magma originated within a continental rift
setting to produce peralkaline rocks similar to

those of the Amazcala caldera have been reported
at the Kenya Rift (Leat e al., 1984; Macdonald e
al., 1987, 2011; Macdonald, 2012), Trans-Pecos,
Texas (White ¢t al., 2006; Parker and White, 2008),
the Gardar Province of Greenland (Macdon-
ald et al., 2014), and the Gulf of California Rift
(Vidal-Solano et al., 2005, 2008, 2013). Therefore,
the Amazcala caldera comendites may have been
related to a continental rift at the time range of
7.3 — 6.6 Ma in the Amazcala arca.

6. Conclusion

Amazcala caldera, located at the central sector of
the MVB, erupted at 7.3 — 6.6 Ma and produced
peralkaline rhyolites, more precisely comendites, in
the form of pre-caldera collapse widespread pum-
ice-fallouts, syn-collapse ignimbrite-forming mas-
sive pyroclastic density currents, and post-collapse
rim and central lava domes. Comendites of the
Amazcala caldera could be explained by extreme
crystal fractionation from an already enriched
magma chamber in HFSE and REE. The extreme
enrichment in the HFSE and the REE is difficult
to explain by differentiation processes alone. Nb in
particular is usually depleted in subduction-related
magmas or in the melt formed during partial melt-
ing of the crust. Thus, the occurrence of HFSE-
and REE- rich rocks suggests that the source was
already enriched in these elements. In this case,
the most possible source is a fertile mantle in an
intraplate-type setting. However, the Amazcala
caldera lies within the central sector of the MVB,
a subduction-related continental margin arc, and
the Amazcala products occur between andesites
and basalts with orogenic compositions depleted
in Nb and other HFSE, and in REE, particularly
the heavy REE. Amazcala caldera products chem-
ically resemble more the Kenya Rift comendites
and to extensional-related comendites of the west-
ern sector of the MVB, but there is not a clear
evidence for a rift or a graben in the Amazcala
caldera area. Instead, there are normal faults sys-
tems of regional extent, NNW- and ENE-oriented
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that were episodically active since their formation,
probably from Miocene to present, and these
faulting events could have been accompanied with
volcanism. The comendite pulse of Amazcala
may be related to an extensional episode at about
7.3 — 6.6 Ma in this region. It is unknown if this
probable extensional-related peralkaline magma-
tism was local or more widespread in the central
sector of the MVB. With the available studies
of the central MVB, the most common volcanic
rocks have a compositional range of basalt to
rhyolite, lacking this peralkaline signature. There
are still several other silicic volcanic complexes in
this sector of the MVB to be studied, which will
determine if this type of magmatism was local
for Amazcala caldera or if it can be considered a
more regional event.
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