
Journal of Volcanology and Geothermal Research 177 (2008) 1077–1091

Contents lists available at ScienceDirect

Journal of Volcanology and Geothermal Research

j ourna l homepage: www.e lsev ie r.com/ locate / jvo lgeores
The eruptive history of the Mascota volcanic field, western Mexico: Age and volume
constraints on the origin of andesite among a diverse suite of lamprophyric and
calc-alkaline lavas

Steven E. Ownby, Rebecca A. Lange ⁎, Chris M. Hall
Department of Geological Sciences, University of Michigan, Ann Arbor, MI, USA
⁎ Corresponding author.1100 N. University 2534 C.C. L
1005, USA. Tel.: +1 734 764 7421; fax: +1 734 763 4690.

E-mail address: becky@umich.edu (R.A. Lange).

0377-0273/$ – see front matter © 2008 Elsevier B.V. Al
doi:10.1016/j.jvolgeores.2008.08.002
a b s t r a c t
a r t i c l e i n f o
Article history:
 The Mascota volcanic field i

Received 28 November 2007
Accepted 7 August 2008
Available online 15 August 2008

Keywords:
eruption rates
geochronology
minette
andesite
Jalisco Block
s located in the Jalisco Block of western Mexico, where the Rivera Plate subducts
beneath the North American Plate. It spans an area of ∼2000 km2 and contains ∼87 small cones and lava
flows of minette, absarokite, basic hornblende lamprophyre, basaltic andesite, and andesite. There are no
contemporary dacite or rhyolite lavas. New 40Ar/39Ar ages are presented for 35 samples, which are combined
with nine dates from the literature to document the eruptive history of this volcanic field. The oldest lavas
(2.4 to 0.5 Ma) are found in the southern part of the field area, whereas the youngest lavas (predominantly
b0.5 Ma) are found in the northern portion. On the basis of these ages, field mapping, and the use of ortho
aerial photographs and digital elevation models, it is estimated that a combined volume of 6.8±3.1 km3

erupted in the last 2.4 Myr, which leads to an average eruption rate of ∼0.003 km3/kyr, and an average
volume per eruptive unit of b0.1 km3. The dominant lava type is andesite (2.1±0.9 km3), followed by
absarokite (1.6±0.8 km3), basaltic andesite (1.2±0.5 km3), basic hornblende lamprophyre (1.0±0.4 km3), and
minette (0.9±0.5 km3). Thus, the medium-K andesite and basaltic andesite comprise approximately half
(49%) of the erupted magma, with twice as much andesite as basaltic andesite, and they occur in close spatial
and temporal association with the highly potassic, lamprophyric lavas. There is no time progression to the
type of magma erupted. A wide variety of evidence indicate that the high-MgO (8–9 wt.% ) basaltic andesites
(52–53% wt.% SiO2) were formed by H2O flux melting of the asthenopheric arc mantle wedge, whereas the
mafic minettes and absarokites were formed by partial melting (induced by thermal erosion) of depleted
lithospheric mantle containing phlogopite-bearing veins. There is only limited differentiation of the potassic
magmas, with none more evolved than 55.4 wt.% SiO2 and 4.4 wt.% MgO. This may be attributable to rapid
crystallization of the mantle-derived melts in the deep crust, owing to their low volumes. Thus, the andesites
(58–63 wt.% SiO2) are notable for being both the most voluminous and the most evolved of all lava types in
the Mascota volcanic field, which is not consistent with their extraction from extensively crystallized (60–
70%), low-volume intrusions. Instead, the evidence supports the origin of the andesites by partial melting of
amphibolitized, mafic lower crust, driven by the emplacement of the minettes, absarokites, and the high-Mg
basaltic andesites.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Jalisco Block of westernMexico is notable for the occurrence of
four volcanic fields (Mascota, Los Volcanes, Ayutla, Tapalpa) that
feature highly potassic scoria cones and lava flows, includingminettes,
absarokites, and basic hornblende lamprophyres, in close spatial
proximity to cones and flows of basaltic andesite and andesite. These
four volcanic fields define a linear trend that parallels the main axis of
theMexican Volcanic Belt, but are located ∼70 km closer to the trench,
ittle Bldg, Ann ArborMI 48109-
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where the Rivera Plate subducts beneath the North American Plate
(Fig. 1). The diverse lamprophyric and calc-alkaline lavas of the Jalisco
Block have been the focus of numerous petrologic studies (Wallace
and Carmichael, 1989; Lange and Carmichael, 1990, 1991; Wallace and
Carmichael, 1992; Carmichael et al., 1996; Luhr, 1997; Righter and
Rosas-Elguera, 2001), and yet the association of the potassic
lamprophyres with the basaltic andesites/andesites has remained an
enigma as there is no plausible combination of crystal fractionation of
observed phenocrysts, coupled with assimilation, that connects the
two distinct groups of magmas (Wallace and Carmichael, 1992;
Carmichael et al., 1996).

The Mascota volcanic field appears to be the youngest of the four
potassic volcanic fields in the Jalisco Block, with most reported ages
b1 Ma (Lange and Carmichael, 1991; Carmichael et al., 1996). This
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Fig. 1. Tectonic setting of western Mexico, modified from Delgado-Granados (1993). Numbered triangles in the Tepic-Zacoalco and Colima rifts refer to the central volcanoes: (1) V.
Tequila, (2) V. Ceboruco, (3) V. Tepetiltic, (4) V. Sanganguey, (5) V. San Juan, (6) V. Colima, and (7) V. Tancítaro. The letters T, A, LV, and M refer to the towns of Tapalpa, Ayutla, Los
Volcanes, and Mascota, respectively. The solid rectangle outlines the Mascota volcanic field, whereas the dashed square outlines the Michoacán-Guanajuato volcanic field (MGVF).
Large cities are denoted by a black square.
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study addresses the temporal and spatial relationship between the
highly potassic lavas (minettes, absarokites, and basic hornblende
lamprophyres) and the calc-alkaline (basaltic andesite and andesite)
cones and flows in the Mascota volcanic field through a combination
of 40Ar/39Ar dating and volume analysis on individual eruptive units
with GIS (Geographic Information System) tools. These data are used
to constrain eruption rates and proportions of lava types, which are
then used to examine the origin of the various lava types. We
specifically address why the potassic magmas exhibit such a limited
differentiation trend that terminates at 4.4 wt.% MgO and 55.4 wt.%
SiO2, whereas the calc-alkaline trend extends continuously to andesite
(≤63 wt.% SiO2; ≥2 wt.% MgO), with andesite the most voluminous
lava type erupted in the Mascota volcanic field.

2. Tectonic setting

The Mascota volcanic field is located in the Jalisco Block in west-
central Mexico (Fig. 1). The Jalisco Block is bounded by the Middle
America Trench and by two arms of a continental triple junction, the
Tepic-Zacoalco rift and the Colima rift. The Tepic-Zacoalco rift is a
250 km long and 45–65 kmwide series of grabens (Allan,1986; Ferrari
et al., 1994; Rosas-Elguera et al., 1997, Ferrari and Rosas-Elguera, 2000)
containing five medium-sized andesitic stratovolcanoes, two rhyolitic
centers, as well as numerous cinder cones, fissure-fed lava flows, and
small domes (Fig. 1; Nelson, 1980; Nelson and Livieres, 1986; Deremer,
1986; Wallace and Carmichael, 1994; Luhr, 2000; Frey et al., 2004;
Lewis-Kenedi et al., 2005). Rifting is thought to have initiated at ∼5–
3 Ma (Ferrari et al., 2001), which corresponds in time with a
voluminous pulse of rhyolitic volcanism (600–1200 km3) along the
entire length of the Tepic-Zacoalco rift (Frey et al., 2007). The 50–
65 kmwide Colima Rift is the eastern boundary of the Jalisco Block and
has undergone 1.5–3.3 km of extension since the early Pliocene (Allan,
1986; Allan et al., 1991; Bandy et al., 1991). It contains the large
(∼450 km3) Colima-Nevado composite volcano (Luhr and Carmichael,
1980), as well as 11 small scoria cones (∼1.3 km3 total; Carmichael
et al., 2006) that erupted basanite, leucite–basanite, andminette (Luhr
and Carmichael, 1981).

Volcanism in the western portion of the Mexican Volcanic Belt
(MVB) is related to subduction of the Rivera Plate under the North
American Plate. The Rivera Plate is a fragment of the Farallon Plate that
broke up at ∼28 Ma when the Pacific–Farallon spreading ridge
intersected the west coast of North America (Atwater, 1970). As a
consequence, the Rivera Plate has had a complex history of motion
related to plate reorganization events, especially over the last 10 Myr
(DeMets and Traylen, 2000). For example, between 2.6 Ma and 1 Ma,
convergence between the Rivera and North American Plates ceased
entirely with dextral shear occurring along the trench (DeMets and
Traylen, 2000). Since ∼1 Ma, the Rivera Plate has resumed normal
subduction at a rate between 4 and 5 cm/yr, and a dip angle of ∼50°
(Pardo and Suarez, 1993, 1995; DeMets and Traylen, 2000).

The Mascota volcanic field, including the area around the town of
San Sebastian to the north and the town of Talpa de Allende to the
south, spans an area of ∼2000 km2 and is oriented north–south
(Fig. 2). It is located 60–100 km above the subducting slab and 120–
160 km from the Middle American Trench. It lies in a series of
northwest-trending grabens within the Jalisco Block (Fig. 2). These
grabens are 2–5 km wide with up to 900 m of relief cutting the
basement, which consists of Cretaceous ash-flow tuffs, metamor-
phosed sediments, and granitoid plutons (Wallace and Carmichael
1989; Lange and Carmichael, 1991; Righter et al., 1995). Most of the
volcanism in the Mascota region erupted along extensional faults.

3. Petrologic classification

Petrologic investigations of the Mascota lavas are presented in
Lange and Carmichael (1990, 1991) and Carmichael et al. (1996). These



Fig. 2.Hillshademap of theMascota volcanic field. Outlines with white hatching are lava flows based on field mapping, ortho air photographs, and digital elevationmodels. Areas and
volumes were calculated using ArcGIS. White dots represent dated samples with the ages identified for each in kyr. Underlined dates are from Lange and Carmichael (1991) and
Carmichael et al. (1996); all other dates are from this study. Cities are shown in the black squares. The white dashed boxes refer to Fig. 3a and b.
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studies used classification systems that are briefly summarized here.
The terms basaltic andesite and andesite refer to calc-alkaline
hypersthene-normative orogenic lavas that have between 53–57 and
57–63 wt.% SiO2, respectively (Gill, 1981). However, to be consistent
with Lange and Carmichael (1990), we define the boundary between
basaltic andesite and andesite at 58 wt.% SiO2.

The potassic lavas are classified as minettes, absarokites, and basic
hornblende lamprophyres (Carmichael et al., 1996). Minettes are
defined by the presence of phlogopite phenocrysts and the absence of
plagioclase phenocrysts; augite and olivine phenocrysts may also
occur. The minettes of the Mascota region have high K2O (4–6 wt.%)
concentrations and high-Mg# (0.8–0.9) values, and their SiO2 content
ranges from 48–53 wt.% (Lange and Carmichael, 1991; Carmichael
et al., 1996). The absarokites also have high-K2O (2–4 wt.%) contents,
high-Mg# (0.8–0.9) values, and their SiO2 content ranges from 48–
52 wt.%. They are distinct from the minettes due to the absence of
phlogopite phenocrysts; however, like the minettes, they contain
phenocrysts of olivine and augite, and no plagioclase. Basic



Table 1
Previously published ages

Sample # Latitude (N) Longitude (W) Age References

MAS-5 20°31.000′ 104°45.500′ 0.17±0.04 1
B95-1 20°26.787′ 104°45.315′ 1.93±0.10 1
B95-2 20°24.585′ 104°38.746′ 1.77±0.12 1
B95-4 20°11.870′ 104°24.460′ 2.94±0.06 1
MAS-195 20°49.167′ 104°53.083′ 1.52±0.12 2
MAS-311 20°49.587′ 104°48.455′ 44.7±2.2 2
MAS-318 20°52.000′ 104°45.283′ 0.33±0.12 2
MAS-198 20°53.317′ 104°53.517′ 0.48±0.02 2
MAS-141 20°52.350′ 104°44.300′ 0.26±0.06 2
MAS-4 20°33.717′ 104°46.600′ 0.282±0.10 3
MAS-11 20°33.367′ 104°46.600′ 0.489±0.08 3
MAS-18 20°31.783′ 104°41.817′ 0.061±0.19 3
MAS-39 20°41.250′ 104°46.333′ 0.068±0.08 3
MAS-3 20°33.500′ 104°46.450′ 0.076±0.10 3

1 = Bandy et al. (2001), 2 = Lange and Carmichael (1991), 3 = Carmichael et al. (1996).
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hornblende lamprophyres (also called kersantites in Lange and
Carmichael, 1991) are similar in silica content to basaltic andesite
(∼52–56 wt.% SiO2), but are characterized by higher K2O (≤3.8 wt.%)
Table 2
Whole-rock major element (wt.%) compositions of dated samples

Sample SiO2 TiO2 Al2O3 Fe2O3 FeO MnO M

Absarokites
LV-1342 48.11 1.17 11.86 2.96 5.20 0.12 16
MAS-522 49.73 1.03 13.18 3.69 4.05 0.11 13
MAS-1022 49.40 0.99 14.84 3.06 4.88 0.12 11
MAS-482 49.23 1.81 12.26 5.39 2.72 0.13 11
MAS-415 51.29 1.15 14.23 6.753 0.12 9
MAS-419 51.70 1.09 14.97 5.03 2.31 0.12 8
MAS-302 51.74 1.23 13.00 6.84 0.58 0.12 9

Minettes
MAS-32 47.92 2.24 11.71 7.213 0.11 7
MAS-105 50.63 1.65 13.05 5.86 1.72 0.12 8
MAS-126 52.52 1.50 14.46 5.11 2.35 0.11 4
MAS-122 53.90 1.35 14.46 5.19 1.04 0.09 6
MAS-123 55.23 1.29 14.64 5.463 0.06 4

Basic hornblende lamprophyres
MAS-92 52.10 1.25 16.52 4.32 2.86 0.13 6
MAS 119 52.20 1.03 16.43 5.42 1.95 0.11 6
MAS-148 52.35 1.05 15.59 5.39 2.02 0.11 5
MAS-147 53.92 1.00 16.34 5.71 1.43 0.12 4
MAS-112 54.48 0.85 15.09 5.00 0.88 0.10 5
MAS-4052 55.25 0.83 17.32 4.04 2.06 0.11 5
MAS-1a2 55.44 0.96 16.51 3.84 2.19 0.11 5

Basaltic andesites
MAS-3041 52.66 1.00 17.40 3.78 2.84 0.12 5
MAS-420 52.67 1.60 17.47 3.07 3.96 0.13 5
MAS-151 53.64 0.76 16.95 2.71 3.88 0.11 7
MAS-411 54.66 0.76 17.44 2.80 3.65 0.12 7
MAS-3091 55.05 0.85 17.71 2.35 4.07 0.10 5
MAS-1792 55.48 0.91 16.91 3.17 2.81 0.10 5
MAS-1271 55.55 0.64 16.44 2.07 4.33 0.12 7
MAS-50 55.95 0.73 16.80 3.03 2.87 0.10 5
MAS-1321 56.17 0.70 16.99 1.49 3.96 0.11 5
MAS-144 57.02 1.02 18.38 2.43 4.11 0.11 3
MAS-200 57.04 0.71 18.39 2.51 3.21 0.10 4
MAS-178 57.32 0.70 17.50 3.15 2.59 0.10 4
MAS-409 57.85 0.76 17.36 5.103 0.09 3

Andesite
MAS-121 58.60 0.50 17.55 2.11 2.99 0.09 4
MAS-413 62.64 0.63 17.25 3.823 0.06 2
MAS-103a2 59.19 0.59 19.04 3.12 1.94 0.10 2

Notes 1Wet chemical analyses from Lange and Carmichael (1990). 2Wet chemical analyses fr
Laboratories of Ancaster, Ontario. LOI/H2O refers to loss on ignition for the ICP analyses and H
ICP-MS, the wt.% concentrations are corrected for the LOI.
contents as well as a phenocryst assemblage that includes hornblende
(in addition to olivine, augite, and infrequently, phlogopite) and no
plagioclase.

4. Previous work

The basaltic andesites from the Mascota volcanic field were first
described by Lange and Carmichael (1990) and compared to basaltic
andesites from the Michoacán and Guanajuato Volcanic Field (MGVF),
further to the east in the western MVB (Fig. 1). The Mascota basaltic
andesites are not notably enriched in K, despite their close spatial
association with potassic lamprophyres. However, they are relatively
hydrous and oxidized relative to basaltic andesites from the MGVF, as
evidenced by the lack of plagioclase phenocrysts as an early crystal-
lizing phase and oxygen fugacities ranging up to three log units above
the Ni–NiO buffer (Lange and Carmichael, 1990).

The petrology of the entire suite of lavas from theMascota volcanic
field is presented in Carmichael et al. (1996). The minettes and
absarokites are characterized by significant enrichments in the arc
signature, including high K, Ba, Sr, P, and LREE concentrations. On the
basis of major and trace elementmodeling, theminette and absarokite
gO CaO Na2O K2O P2O5 LOI Total ΔNNO

.44 7.25 2.38 1.90 0.55 0.95 98.89 1.6

.16 7.10 2.95 2.75 0.51 0.67 98.93 2.5
.63 8.30 3.53 1.40 0.44 0.66 99.25 1.7
.85 8.24 2.78 3.58 1.02 0.82 99.83 2.5
.36 8.05 3.11 2.38 0.71 1.15 99.05
.53 7.69 3.34 3.10 0.63 0.97 98.74 4.3
.53 8.24 3.21 4.32 0.72 0.33 99.86 7.9

.69 11.91 2.80 4.82 1.61 5.39 98.90
.96 7.29 2.71 5.26 1.31 1.24 98.76 5.1
.40 8.55 3.90 4.61 1.21 1.03 98.98 4.0
.09 7.48 3.45 4.80 0.90 1.80 98.88 5.9
.46 6.80 4.06 4.08 1.00 1.13 98.88

.15 8.21 3.80 3.05 0.73 0.36 99.49 3.5

.40 8.21 3.87 2.28 0.73 2.36 98.88 4.8

.42 8.28 4.08 3.08 0.92 1.33 98.55 4.6

.28 7.65 4.55 2.93 0.72 0.34 98.83 5.5

.97 7.92 4.39 3.26 0.69 0.63 98.74 6.2

.99 7.09 4.21 2.06 0.23 0.66 99.85 4.2

.27 7.16 4.34 2.84 0.53 1.03 100.22 3.8

.14 8.07 4.32 1.71 0.42 1.01 98.78 3.2

.54 8.02 4.16 1.77 0.49 0.73 99.35 2.1
.03 7.78 4.05 0.92 0.23 0.12 98.49 1.9
.07 7.75 3.96 1.07 0.26 0.39 99.93 2.2
.96 7.16 4.25 1.26 0.17 0.87 99.80 1.5
.64 7.01 4.14 2.15 0.37 0.60 99.29 2.9
.76 6.53 3.83 0.92 0.12 0.97 99.28 1.2
.58 6.93 4.94 1.68 0.40 0.45 99.31 2.7
.94 6.87 4.22 1.42 0.28 0.79 98.94 0.5
.80 7.13 4.20 1.46 0.31 1.57 100.43 1.6
.35 7.28 4.43 1.22 0.24 0.14 99.83 2.2
.47 7.19 4.51 1.54 0.32 0.22 99.67 3.1
.24 5.69 5.27 2.65 0.36 0.87 98.95

.52 6.45 4.53 1.21 0.20 0.11 99.10 1.9

.65 5.64 4.05 1.61 0.24 1.03 99.82

.69 6.51 4.03 0.97 0.18 1.19 99.55 3.9

om Carmichael et al. (1996). The remaining samples were analyzed by ICP at Activation
2O+ and H2O− for wet chemical analyses. 3FeO is total Fe as FeO. For samples analyzed by
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lavas were shown to be the products of partial melting of
metasomatized peridotite containing variable amounts of phlogopite
and apatite. The minettes have exceptionally high oxygen fugacities
that range up to five log units above the Ni–NiO buffer. The high
oxidation states of theminette magmas fromMascotawere confirmed
by the high Fe3+/FeT ratios (77–87%) measured in their pristine
phlogopite phenocrysts (Feldstein et al., 1996). Carmichael et al. (1996)
concluded that the minettes are derived from a source region that
contains a higher proportion of a phlogopite–apatite–clinopyroxene
vein assemblage compared to the source for the absarokites.

Hesse and Grove (2003) performed phase-equilibrium experi-
ments on one of the most primitive and K2O-poor (1.4 wt.%)
absarokites in the Mascota volcanic field (MAS-102). They determined
that the absarokite magma (∼49 wt.% SiO2) could have equilibrated
with a depleted lherzolite or harzburgite residue between 1.4 and
1.7 GPa (∼45–58 km depth), at temperatures of 1380–1220 °C with 1–
6 wt.% H2O. Additional phase-equilibrium experiments have been
performed on Mascota lavas at low pressures (b300 MPa) under
water-saturated conditions. Righter and Carmichael (1996) studied
two different minette samples, whereas Moore and Carmichael (1998)
studied one andesite and one basaltic andesite. The experimental
results indicate that the phenocrysts in the lamprophyres and the
calc-alkaline basaltic andesites and andesites crystallized under
hydrous conditions, typically with N4 wt.% H2O.

Two paleomagnetic studies on 16 lavas from the Mascota volcanic
field discovered four reversely magnetized and 12 normally magne-
tized lava flows (Maillol and Bandy, 1994; Maillol et al., 1997). The four
flows with reverse polarity are likely older than 0.78 Ma (Normal
Polarity Chron C1n; Cande and Kent, 1995), and they are confined to
the southernmost part of the volcanic field. The directions determined
from these sites indicate no significant recent regional displacement
or rotations of the Jalisco Block from the North American Plate (Maillol
et al., 1997).

The geochronology of the Mascota volcanic field is poorly known
with only nine K–Ar dates, mostly on minette lavas ranging from
0.068Ma to 1.93Ma (Table 1; Lange and Carmichael, 1991; Carmichael
et al., 1996; Bandy et al., 2001). The lack of extensive geochronology,
especially on the basaltic andesites and andesite lavas, has prevented
evaluation of the temporal relationship between the potassic and calc-
alkaline lavas, which motivates the study presented here.

5. Geochemistry

New whole-rock compositions are reported for 23 samples
(Table 2), which had not been analyzed in previous studies. These
include three absarokites, five minettes, five basic hornblende
lamprophyres, eight basaltic andesites, and two andesites. These are
in addition to the reported analyses for 46 other samples by Lange and
Carmichael (1990, 1991) and Carmichael et al. (1996) from the
Mascota volcanic field. Thus, 69 of the ∼87 eruptive units have now
been analyzed for their whole-rock major and trace elements.

6. Eruptive volumes

The total volume of magmas erupted in the Mascota volcanic field
was determined from the geological field map (Fig. 3) combined with
analysis of ortho aerial photographs (2 m resolution) and digital
elevationmodels (50 m resolution) using GIS software. Areas of cinder
cones and lava flows were calculated by first creating an outline
around each feature in ArcMAP 9.0. The outlined shapefiles were then
clipped from a Triangulated Irregular Network (TIN) created from the
DEMs. Areas were calculated using the 3D Analyst tool in ArcGIS. The
volumes of cinder and lava cones were calculated in ArcScene as the
volume between a TIN created from the DEM (representing the top
surface of the cone) and a flat plane taken at the lowest point of the
cone (representing the bottom of the cone) (Frey et al., 2004; Lewis-
Kenedi et al., 2005; Ownby et al., 2007). Calculating the volumes of
individual lava flows in the area requires a different approach since
run out distances range up to 2 km, over undulating topography. For
these lava flows, the maximum and minimum thicknesses were
determined in ArcGIS from profiles along the lava flow (with a broad
baseline taken into account) and multiplied by the area to calculate a
range of volumes for the flow or group of flows. Thicknesses range
from 100 m for two andesite lava flows to 2 m for an absarokite.
Table 3 reports the average volume and error of each unit.

6.1. Volume errors

Errors on the volume calculations are given in Table 3 and range
between 20% and 100% for individual lava flows. A summary of the
major sources of error is given below. Many of the ∼87 eruptive units
in the Mascota volcanic field are lava flows that have erupted along
normal faults, which correspond to topographic lows and the location
of rivers, causing the original flow margins to be obscured. In the
northern portion of the field area near the town of San Sebastian, the
lavas flow for distances up to 2 km down steep, undulating
topography causing flow boundaries to be poorly defined along
some sections of the lava flow and the thicknesses to vary along the
length of the flow. When appropriate, overlapping lava flows were
grouped together, thus preventing an accurate estimate for individual
flow volumes, but providing a better estimate of the total magma
production for the volcanic field.

6.2. Volume results

Minimum and maximum volumes were calculated for 87 eruptive
units, which included 11 absarokites, 13 andesites, 15 basic horn-
blende lamprophyres, 20 minettes, and 28 basaltic andesites (Table 3).
The total volume of magma erupted in this area is 6.8±3.1 km3 and the
lavas cover 211 km2 or 10.6% of the 2000 km2

field area. The potassic
volcanism (absarokites, 1.6±0.8 km3; minettes, 0.9±0.5 km3; basic
hornblende lamprophyres, 1.0±0.4 km3) cover a total of 123 km2 and
yield a total volume of 3.5±1.7 km3. The coeval calc-alkaline lavas
(basaltic andesites, 1.2±0.5 km3; andesites, 2.1±0.9 km3) cover an area
of 89 km2 and a total volume of 3.3±1.4 km3.

7. Argon geochronology

40Ar/39Ar dating was performed at the Argon Geochronology
Laboratory at the University of Michigan. Hall and Farrell (1995)
provide a detailed description of the analytical method used, and
therefore only a brief description of the procedure is given below.
Fragments of 1–2 mm size were handpicked under a binocular
microscope, cleaned ultrasonically with deionized water, packaged in
99.5% aluminum foil, and irradiated at the University of Michigan's
Phoenix-Ford Nuclear Reactor. The Fish Canyon Tuff biotite standard
FCT-3 was used to monitor the neutron flux and K2SO4, KCl, and CaF
salts were used to correct for Ca, K, and Cl interferences. Ages were
calculated using the decay constants from Steiger and Jager (1977).
Mass discrimination for the Daly and Faraday detectorswasmonitored
daily via an on-line atmospheric air pipette. Gas was extracted using a
Coherent Innova 5 W continuous argon-ion laser.

7.1. Age results

A total gas age, an isochron age and, for a majority of the samples, a
plateau age are reported in Table 4. All reported plateau ages have
N70% of the 39Ar released in seven or more contiguous steps and have
a MSWD of b1.8. Gas spectra and isochron diagrams for each sample
are given in the Data Repository. Despite the effort to collect the
freshest samples possible from the interior of lava flows, the results of
the argon dating show that some of the specimens exhibit disturbed
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argon release spectra. As expected, the highly potassic lavas gavemore
precise results than the calc-alkaline lavas of similar age. This is
because the higher potassium content of the samples yielded more
radiogenic 40Ar, making the measurement more robust. For example,
the absarokite sample, MAS-48, yielded a plateau age of 795±6 ka (1σ)
on only 10 mg of sample with none of the gas fractions excluded. In
addition, the same sample yielded an isochron age of 799±7 ka (1σ)
with all 13 steps included (Fig. 4). Two phlogopite mineral separates
(MAS-32 andMAS-105) were dated, but they did not yield precise ages
despite having between 9 and 10 wt.% K2O (Table 1); both exhibit
severe argon loss in their argon spectra (Data Repository). All of the
absarokites, minettes, and hornblende lamprophyres yielded plateau
ages, whereas four of the 16 basaltic andesite and andesite samples
did not. The highly potassic samples consistently yield excellent
plateau ages, owing to the presence of sanidine as a significant
component in the groundmass feldspars.

7.2. Accuracy of ages

The accuracy of our 40Ar/39Ar dates can be evaluated by
comparison with the paleomagnetic results from Maillol et al.
(1997) on 10 lavas that were dated in this study (Table 5). In all
cases the observed magnetic inclinations match the revised geomag-
netic polarity timescale of Cande and Kent (1995) for a given time
period. In addition, Bandy et al. (2001) obtained K–Ar ages on two
lavas, which have also been dated in this study. Bandy et al. (2001)
obtained an age of 166±38 ka on sample MAS-1a (163±13 ka; Table 5)
and an age of 1.93±0.10 Ma on sample MAS-409 (1.935±0.012 Ma;
Fig. 3. (a) Geological map of the southern area of the Mascota volcanic field. (b) Geological m
map are summarized in Tables 2 and 3.
Table 5). The excellent reproducibility between laboratories and
methods confirms the accuracy of the argon ages presented in Table 4.

8. Summary of the eruptive history of the Mascota volcanic field

The Mascota volcanic field (∼2000 km2) has produced a total of
∼7±3 km3 of magma over the last ∼2.4 Myr, which is much less than
the volume approximated by Ferrari et al. (2001) of 54.5 km3. The
revised, measured volume yields an average eruption rate of ∼0.003±
.001 km3/kyr, which is more than an order of magnitude lower than
those documented along the main axis of the MVB along the Tepic-
Zacoalco Rift (Fig. 1) in the Ceboruco-San Pedro and Tequila volcanic
fields (0.08 and 0.13 km3/kyr, respectively; Frey et al., 2004; Lewis-
Kenedi et al., 2005), which each span an area of ∼1600 km2. The
Mascota eruption rate is also considerably less than that documented
for the Tancítaro volcanic field (0.27 km3/kyr over 4000 km2; Ownby
et al., in review—a) in the MGVF segment of the MVB (Fig. 1). Thus any
model for the origin and evolution of the Mascota lavas must be
consistent with their remarkably low volumes and overall low
eruption rate over the last 2.4 Myr.

The eruptive history of the Mascota volcanic field is summarized
schematically in Fig. 5. Both potassic and calc-alkaline lavas date back
to ∼2.4 Ma, and the frequency of eruptions for both magma types has
increased since ∼0.5 Ma. The coeval eruption of both potassic and
calc-alkaline lavas parallels their close spatial relationship in the field
(Fig. 3a and b). Moreover, their relative volumes are broadly equal,
∼49% calc-alkaline volcanism (basaltic andesite and andesite) and
∼51% potassic volcanism (minettes, absarokites, and basic hornblende
ap of the northern area of the Mascota volcanic field. Data for the samples shown on this



Fig. 3 (continued ).
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lamprophyres). The outstanding question is what is the relationship
between these two broad categories of magmas, and why do they
occur in such close spatial and temporal association, not only in the
Mascota volcanic field, but also in the Los Volcanes, Ayutla, and
Tapalpa volcanic fields (Wallace and Carmichael, 1992; Righter and
Rosas-Elguera, 2001). In the following sections, we use all available
evidence, including whole-rock compositions, phase-equilibrium
studies, phenocryst assemblages, and eruptive history (ages and
relative volumes of lava types) to deduce the petrogenesis of the entire
Mascota suite. In doing so, we divide the suite of lavas into three
groups: (1) mafic minettes and absarokites, (2) felsic minettes and
basic hornblende lamprophyres, and (3) basaltic andesites and
andesites.

9. Petrogenesis of the mafic minettes and absarokites

9.1. Phlogopite-bearing veins in a peridotite matrix

Of all the lava types within the Mascota volcanic field, the origin of
the minettes and absarokites are the best understood, owing to the
previous petrologic and experimental studies of Carmichael et al.
(1996), Luhr (1997), and Hesse and Grove (2003). Carmichael et al.
(1996) concluded that the continuum in composition between the
absarokites and minettes reflects the relative contribution of a
phlogopite-bearing vein component vs. a lherzolite/harzburgite host
matrix. In other words, the continuum is best described by the vein
plus wallrock melting mechanism presented by Foley (1992). Thus,
minettes are formed by preferential melting of the phlogopite–
apatite–clinopyroxene vein assemblage, with a smaller contribution
from the peridotite wallrock, explaining their high K, Ba, Sr, Ti and
ΔNNO values (as well as high P2O5 and LREE; Carmichael et al., 1996).
In contrast, the absarokites are formed by a greater melt contribution
from the lherzolite/harzburgite matrix, such that the most K-poor of
the absarokites (e.g., MAS-102) may have formed from a source
without modal phlogopite.

9.2. Origin in the lithospheric or asthenospheric mantle?

There are two alternative models for the location of the
phlogopite-bearing veins within the mantle beneath the Jalisco
block: (1) the convecting asthenosphere (arc mantle wedge),
advocated by Luhr (1997), and (2) the shallow, lithospheric mantle
(≤70 km) above the mantle wedge, favored in this study. These two
alternative models are outlined below, and available evidence is used
to discriminate between them.

Luhr (1997) presents a model in which phlogopite-bearing veins
are formed in the asthenosphere from the release of fluids from the
subducting slab. As the veined arc mantle wedge is dragged down-
ward by slab-induced convection, the phlogopite-bearing veins began
to partially melt at ∼100 km depth to form the minette magmas. Luhr
(1997) argues that higher-degree partial melts of the asthenosphere,
involving less phlogopite and more peridotite, form the high-Mg calc-
alkaline liquids, with the absarokites intermediate between them in
terms of source region lithologies and degree of peridotite melting.
The final step in Luhr's model is convective upwelling of the mantle
wedge in the back-arc region, which is unaffected by slab-derived
fluids. Decompressionmelting of this mantle produces intraplate-type
alkaline basalts. These OIB (ocean island basalt)-like lavas are found in



Table 3
Areas and volumes of lavas in the Mascota volcanic field

Sample Area km2 Volume km3 Sample Area km2 Volume km3

Absarokite Basaltic andesite
M30 0.44 0.01±0.01 M8 4.12 0.08±0.02
M33 9.43 0.38±0.19 M16 0.46 0.05±0.01
M48 0.43 0.02±0.01 M19 0.43 0.02±0.01
M52 9.35 0.56±0.38 M21 0.79 0.02±0.01
M102 2.85 0.07±0.02 M22 1.35 0.06±0.02
M114 0.71 0.01±0.01 M36 0.74 0.01±0.01
LV-134 6.26 0.12±0.06 M37 0.88 0.02±0.01
M189 2.92 0.10±0.04 M41 1.15 0.04±0.02
M199 1.87 0.03±0.01 M42 1.39 0.02±0.01
M415 4.67 0.19±0.10 M45 0.83 0.01±0.01
M419 1.81 0.08±0.01 M50 2.34 0.15±0.08

40.74 1.57±0.84 M121 0.62 0.02±0.01
Basic hornblende lamprophyre M127 1.20 0.02±0.01
M1a 3.10 0.11±0.04 M128 6.56 0.08±0.02
M9 0.40 0.04±0.01 M130 2.74 0.04±0.01
M23 0.39 0.04±0.01 M132 1.27 0.05±0.02
M24 1.35 0.03±0.01 M134 2.88 0.06±0.03
M43 2.11 0.11±0.06 M144 1.65 0.04±0.01
M112 1.50 0.04±0.01 M149 2.80 0.04±0.02
M119 3.04 0.12±0.06 M151 1.23 0.04±0.02
M147 3.63 0.03±0.01 M179 0.35 0.01±0.01
M148 1.67 0.01±0.01 M180 0.28 0.01±0.01
M169 1.83 0.07±0.03 M195 1.74 0.03±0.01
M173 0.94 0.01±0.01 M200 1.70 0.05±0.02
M320 5.69 0.04±0.02 M304 0.80 0.01±0.01
M405 7.37 0.09±0.02 M309 0.79 0.01±0.01
M409 1.02 0.13±0.03 M408 1.56 0.03±0.01
M410 5.15 0.16±0.04 M420 8.24 0.21±0.11

39.20 1.03±0.37 50.89 1.23±0.55
Minette Andesite
M3 0.47 0.02±0.01 M12 9.33 0.70±0.23
M4 0.13 0.00±0.01 M17 1.31 0.09±0.01
M11 2.62 0.04±0.01 M38 3.13 0.12±0.04
M15 0.59 0.04±0.01 M47 0.43 0.03±0.01
M18 7.07 0.14±0.07 M101 2.67 0.13±0.03
M32 1.31 0.01±0.01 M103 3.10 0.19±0.12
M39 0.58 0.04±0.01 M109 0.81 0.01±0.01
M49 4.78 0.07±0.03 LV139 3.90 0.20±0.04
M105 0.20 0.00±0.01 M139 1.60 0.04±0.01
M122 0.99 0.01±0.01 M172 1.16 0.07±0.01
M123 1.34 0.02±0.01 M176 0.49 0.01±0.01
M126 0.75 0.03±0.01 M178 8.15 0.49±0.32
M133 2.82 0.06±0.02 M413 1.83 0.05±0.04
M140 2.31 0.04±0.01 37.91 2.13±0.88
M141 5.09 0.02±0.01
M166 0.73 0.05±0.02
M167 1.27 0.02±0.01
M170 0.89 0.02±0.01
M198 0.19 0.00±0.01
M407 8.57 0.28±0.23

42.70 0.91±0.52
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the Jalisco block near the Los Volcanes volcanic field (Righter and
Carmichael, 1992) and within the Ayutla volcanic field (Righter and
Rosas-Elguera, 2001), and their occurrence demonstrates that the
asthenosphere beneath the Jalisco block is more similar to the mantle
source of enriched-mid-ocean ridge basalts (E-MORB) than that for
normal MORBs.

An alternative model to that provided by Luhr (1997) is that the
phlogopite-bearing veins are not located in the asthenosphere but
rather in the lithospheric mantle beneath the Jalisco block and pre-
date Plio-Quaternary subduction of the Rivera plate. Metasomatism
of the Jalisco block lithosphere, via the introduction of slab-derived
fluids, may have occurred during Cretaceous subduction beneath the
Jalisco block. Most of the bedrock in the Jalisco block is made of
granitoids, dikes, and ignimbrites related to Cretaceous–Paleogene
subduction (108–59Ma) (Gastil et al.,1979; Zimmermann et al.,1988;
Wallace and Carmichael, 1989; Schaaf et al., 1995; Righter et al., 1995;
Rosas-Elguera et al., 1997; Frey et al., 2007). Cretaceous metasoma-
tism of the lithosphere is recent enough (forming phlogopite+
clinopyroxene+apatite veins) that it will not produce a marked
isotopic contrast between magmas derived from lithosphere vs. the
asthenosphere (Schmidt et al., 1999). Therefore, the slight increase in
ɛSr of ∼20–30 seen in the lamprophyres over the calc-alkaline
magmas in western Mexico (Luhr, 1997) is consistent with a
Phanerozoic lithospheric source that was metasomatized during
Cretaceous subduction.

Note that the low Yb concentrations (1–2 ppm) in the Mascota
minettes and absarokites do not require residual garnet, which was
one of the main reasons why Luhr (1997) invoked an asthenospheric
source region. Instead, low Yb can be produced by partial melting
depleted lithospheric mantle, which has undergone previous melting
events in the spinel lherzolite field, thus stripping Yb and other
incompatible elements from the mantle minerals. This is supported by
the similarly low Yb values (1–2 ppm) found in Pliocene minettes and
absarokites in the Sierra Nevada, which were shown by Lee et al.
(2000) and Farmer et al. (2002) to have formed by partial melting of
metasomatized Proterozoic spinel lherzolite in the shallow litho-
sphere (b60 km), after delamination of underlying Phanerozoic
lithosphere.

9.3. Major element and experimental evidence supports a lithospheric
source

Additional evidence based on major elements and experimental
petrology also places the mantle source of the minettes and
absarokites in the lithosphere. For example, if the minettes, absar-
okites, and high-Mg calc-alkaline magmas all formed in the astheno-
sphere, they should plot as a continuum on various major element
diagrams, with the calc-alkaline magmas as one end-member
(derived mostly from peridotite), the minettes as the other (derived
mostly from the vein component), and the absarokites intermediate
between the two. However, this is not observed in a plot of Na2O vs.
CaO (Fig. 6) for all Mascota samples with N7 wt.% MgO. Most revealing
is the elevated Na2O concentrations in the high-Mg basaltic andesites
relative to the minettes and abarokites, over a similar range of CaO
contents.

In mantle-derived melts, the source of both Na and Ca is primarily
clinopyroxene (and possibly amphibole). Na is incompatible relative to
most mantle phases, including clinopyroxene, and preferentially
partitions into the melt phase. Therefore, the lower Na2O concentra-
tions of the absarokites relative to the high-MgO basaltic andesites
reflect either: (1) higher overall degrees of melting of a similar mantle
or (2) melting of a more depleted mantle, which has undergone
previous melting event(s). The first option is inconsistent with the
Luhr (1997) model, which argues for a higher degree of mantle
melting to form the calc-alkaline magmas compared to the minettes
and absarokites. Therefore, a more likely explanation of the lower
Na2O concentrations in the absarokite magmas is that they originated
from a more depleted mantle compared to that from which the calc-
alkaline magmas formed.

This scenario is fully consistent with experiments by Hesse and
Grove (2003) on the most K-poor absarokite fromMascota (MAS-102).
They show that this liquid (∼49 wt.% SiO2) could have equilibrated
with a harzburgite residue at ∼1.4–1.7 GPa between 1220 and 1380 °C,
with 1–6 wt.% H2O. Equilibration with a harzburgitic (i.e., depleted)
mantle (that elsewhere contained veins of a phlogopite-bearing
assemblage) is consistent with the lower Na2O concentrations of the
absarokites compared to the high-Mg calc-alkaline melts (Fig. 6).
Moreover, the Hesse and Grove (2003) experiments place absarokite-
mantle equilibration at ∼45–55 km (lithospheric depths), with
temperatures that may have been as low as 1220 °C.

A relatively shallow depth (≤70 km) for the phlogopite-bearing
vein assemblage, required to be in the mantle source region of the



Table 4
40Ar/39Ar dates from the Mascota volcanic field

Sample Latitude Longitude Lava type Total Gas Plateau MSWD % 39Ar Steps Correlation MSWD (40Ar/36Ar)i Pts

MAS-132 20°48.23′ 104°55.54′ BA 18±24 −7±25 1.76 100 1 13 −75±52 1.60 300.2±2.5 13
MAS-126 20°38.68′ 104°46.81′ Min 0±9 5±11 2.06 100 1 13 38±23 1.84 283.3±5.6 13
MAS-105 20°32.17′ 104°43.47′ Min 89±19 73±14 1.32 100 1 12 71±22 1.37 311.1±21.0 12
MAS-309 20°47.36′ 104°48.30′ BA 103±28 82±24 1.47 100 1 13 78±62 1.56 293.1±3.4 13
MAS-1a 20°30.62′ 104°45.38′ Lamp. 150±13 163±13 1.55 100 1 13 174±19 1.59 291.9±3.3 13
MAS-178 20°34.64′ 104°53.59′ BA 180±31 166±27 1.31 100 1 13 173±44 1.43 295.1±1.8 13
MAS-9 20°34.50′ 104°45.54′ Lamp. 196±11 180±9 1.26 95 1 11 150±11 0.85 279.5±15.1 8
MAS-148 20°45.83′ 104°51.68′ Lamp. 189±7 197±9 1.72 81 4 13 206±14 1.88 273.4±33.0 10
MAS-179 20°34.24′ 104°53.39′ BA 71±29 na 248±39 1.97 288.8±0.9 13
MAS-151 20°49.16′ 104°58.39′ BA 242±28 257±24 0.85 100 1 13 265±27 0.79 288.3±5.8 13
MAS-200 20°53.82′ 104°54.14′ BA 121±23 na 267±23 0.62 286.4±1.5 13
MAS-102 20°35.24′ 104°41.82′ Abs. 374±16 350±17 1.58 100 1 13 213±38 0.71 336.9±14.2 13
MAS-147 20°51.45′ 104°47.55′ Lamp. 386±8 378±7 1.49 100 1 13 340±9 1.62 295.4±1.2 13
MAS-41 20°33.14′ 104°52.00′ BA 245±45 385±35 1.09 94 3 13 364±20 1.21 295.1±4.8 11
MAS-119 20°28.94′ 104°52.40′ Lamp. 445±18 403±15 1.4 100 1 13 396±13 0.96 310.8±6.5 13
MAS-127 20°43.90′ 104°53.41′ BA 299±38 413±32 1.22 70 1 9 485±38 0.27 283.6±4.1 9
MAS-103 20°32.24′ 104°43.72′ And. 405±32 474±29 1.48 81 4 10 523±34 1.06 274.0±10.6 7
MAS-304 20°51.90′ 104°52.86′ BA 484±17 488±11 1.45 100 1 13 459±14 1.47 291.1±4.1 13
MAS-50 20°27.66′ 104°51.18′ BA 505±29 497±19 0.50 100 1 13 499±20 0.54 294.6±2.7 13
LV-134 20°27.01′ 104°40.07′ Abs. 573±32 568±30 1.40 100 1 12 540±52 1.43 300.1±4.4 12
MAS-30 20°25.48′ 104°41.79′ Abs. 582±12 576±8 1.48 100 1 13 589±9 1.30 286.0±9.2 12
MAS-419 20°29.46′ 104°47.36′ Lamp. 643±15 635±11 1.20 100 1 13 632±11 1.13 301.3±4.2 13
MAS-52 20°29.48′ 104°47.14′ Abs. 675±14 661±8 1.05 100 1 12 649±10 0.56 309.2±5.9 12
MAS-48 20°26.11′ 104°51.65′ Abs. 789±9 795±6 1.14 100 1 13 799±7 1.13 292.4±2.7 13
MAS-121 20°28.67′ 104°53.10′ And. 904±48 915±48 1.63 100 1 13 965±58 1.53 285.5±5.8 13
MAS-32 20°25.32′ 104°42.47′ Min. 906±72 982±79 1.49 90 3 13 741±199 1.46 297.8±1.7 11
MAS-144 20°55.52′ 104°43.53′ BA 316±45 na 1073±86 0.37 281.6±1.7 13
MAS-405 20°26.55′ 104°43.41′ Lamp. 1087±27 1104±18 1.17 100 1 12 1151±24 1.16 289.8±4.9 12
MAS-415 20°26.04′ 104°47.41′ Abs. 1448±10 1416±8 0.68 96 4 13 1409±10 0.63 310.2±14.7 10
MAS-112 20°26.89′ 104°51.00′ Lamp. 1611±24 1597±16 0.83 100 1 12 1591±17 0.82 304.0±8.9 12
MAS-123 20°30.36′ 104°53.09′ Min 1614±8 1613±6 1.07 100 1 13 1577±7 1.16 297.8±6.1 13
MAS-420 20°30.46′ 104°47.28′ BA 1607±59 1618±37 1.25 100 1 12 1655±44 1.65 291.8±5.4 12
MAS-409 20°27.97′ 104°44.25′ Lamp. 1934±15 1935±12 1.11 100 1 13 1934±13 1.20 296.4±3.2 13
MAS-122 20°29.37′ 104°52.62′ Min. 2159±8 2159±6 0.81 100 1 13 2158±6 0.83 297.9±3.2 13
MAS-413 20°26.89′ 104°45.28′ BA 2268±8 na 2354±42 9.71 284.7±3.8 13

All ages are in ka and errors are 1 sigma, Abs = absarokite, BA = basaltic andesite, Lamp = basic hornblende lamprophyre, And = andesite, Min = minette.
Preferred ages are in bold (plateau ages except when not determined and then correlation ages).
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minette magmas, is also consistent with experiments conducted by
Esperanca and Holloway (1987) on an olivineminette liquid (∼48wt.%
SiO2). Their results show this liquid in equilibrium with phlogopite
and clinopyroxene (vein assemblage) at 2 GPa and 1175 °C. Thus, the
vein plus wallrock melting scenario proposed by Foley (1992), which
explains the minette–absarokite compositional continuum erupted in
the Mascota volcanic field, is fully supported by phase equilbrium
experiments to be located within the shallow lithospheric mantle
beneath the Jalisco block.

Finally, a more refractory, Mg-rich lithospheric source for the
absarokites (compared to the calc-alkaline melts) is further consistent
with the tendency of this lava type (not just in Mexico, but in the
Sierra Nevada; Feldstein and Lange, 1999) to contain cumulates of
olivine, driving their bulk MgO concentrations up to 16 wt.%. This is
not observed in either the calc-alkaline melts or minettes of Mascota,
and is a puzzling feature if absarokites are an intermediate between
the minettes and calc-alkaline melts.

In summary, the bulk of the available evidence points to a
relatively enriched asthenosphere (similar to the source region for
E-MORBs) beneath the Jalisco block, capable of producing intraplate
alkaline basalts via decompression, and a relatively depleted litho-
spheric mantle (owing to prior melting events), which was metaso-
matized by slab-derived fluids in the Cretaceous. We concur with Luhr
(1997) that the calc-alkaline high-Mg basaltic andesites were
generated by flux melting of the asthenospheric arc mantle wedge
via slab fluids, and that the OIB-like basalts (found elsewhere in the
Jalisco block, but not in Mascota) were formed by decompressional
melting of this same asthenosphere, but with only a minor contribu-
tion from slab fluids. We differ from Luhr (1997) in our conclusion that
the source region of the minettes and absarokites was not the
asthenosphere, but rather depleted Phanerozoic lithosphere beneath
the Jalisco block, which was metasomatized in the Cretaceous to form
phlogopite-bearing veins.

9.4. Tectonic trigger for the potassic volcanism?

The next question is what triggered partial melting of the
lithospheric mantle beneath the Jalisco Block in the Quaternary-
Pliocene, especially if the initial metasomatism occurred in the
Cretaceous. One possibility is that the Quaternary-Pliocene volcanism
in Mascota is directly related to the on-going subduction of the Rivera
Plate beneath the Jalisco Block. In this scenario, convection of the arc
mantlewedge leads to thermal erosion of the lithosphere immediately
above the region where H2O-flux melting of the asthenospheric
mantle occurs. Thermal erosion may induce partial melting within the
lithosphere, especially of less refractory phlogopite-bearing veins.

Another possibility is that the Mascota volcanism is not only
related to on-going subduction, but additionally reflects the influx of
asthenospheric mantle flowing around the Rivera plate, originating at
the tear between the Rivera and Cocos plates (Fig. 1), and moving to
the northwest beneath the Jalisco block. This scenario is consistent
with a time-progressive pattern to the occurrence of potassic
magmatism in the Jalisco block, younging to the northwest (Bandy
et al., 2001; Ownby et al., in review—b). This hypothesis is examined
more fully in a separate study (Ownby et al., in review—b), and the
proposed mechanism is broadly similar to the toroidal mantle flow
around the Juan de Fuca plate in the northwestern United States,
postulated by Zandt and Humphreys (2008).



Table 5
Comparison with paleomagnetic results

Sample # Preferred age Paleomagnetic sample # Polarity Polarity

This study This study Maillol et al. (1997) Maillol et al.
(1997)

Cande and Kent
(1995)

MAS-1 163±13 ka MAS-5 Normal Normal
MAS-178 166±27 ka MAS-7 Normal Normal
MAS-9 180±9 ka MAS-6 Normal Normal
MAS-151 257±24 ka MAS-15 Normal Normal
MAS-41 385±35 ka MAS-1 Normal Normal
MAS-50 497±19 ka MAS-13 Normal Normal
MAS-112 1597±16 ka MAS-12 Reverse Reverse
MAS-123 1613±6 ka MAS-2 Reverse Reverse
MAS-122 2159±6 ka MAS-4 Reverse Reverse
MAS-413 2354±42 ka MAS-16 Reverse Reverse

1086 S.E. Ownby et al. / Journal of Volcanology and Geothermal Research 177 (2008) 1077–1091
10. Petrogenesis of the felsic minettes and
hornblende lamprophyres

The potassic magmas in the Mascota volcanic field are not
restricted to high-MgO liquids, but also extend to felsic minettes
that range down to 4.4 wt.%MgO and up to 55 wt.% SiO2, and with K2O
contents that remain high (4–6wt.%), as shown in Fig. 7. This degree of
differentiation is also seen in the hornblende lamprophyres (2–4 wt.%
K2O), which have ≥4.4 wt.% MgO and ≤55 wt.% SiO2 concentrations.
From the phase-equilibrium experiments of Righter and Carmichael
(1996) on the minettes from Mascota, crystallization of olivine,
phlogopite, and augite can produce residual liquids that continue to
have K2O concentrations N4 wt.%, even as MgO decreases and SiO2

increases (Fig. 8). Thus, the felsic minettes are likely simple dif-
ferentiates of the more mafic mantle-derived varieties.

Similarly, the hornblende lamprophyres are plausible differenti-
ates of the absarokites (Lange and Carmichael, 1991). It is implausible
that the hornblende lamprophyres represent magma mingling
between mafic minettes and andesites, because such mingling
between relatively hotter and cooler liquids would induce significant
crystallization of the more mafic minette magma (e.g., olivine and/or
phlogopite), and yet many of the hornblende lamprophyres are
Fig. 4. (a) Total gas and plateau age spectra and (b) inverse isochron diagrams shown for
absarokite sample MAS-48. All errors are reported as 1σ.
relatively crystal poor with sparse phenocrysts of only augite and
hornblende (e.g., MAS-9; Carmichael et al., 1996). A puzzling question
is why differentiation of the potassic magmas does not extend beyond
liquids more evolved than N55.4 wt.% SiO2 and b4.4 wt.% MgO,
whereas the calc-alkaline suite ranges continuously up to 63 wt.% SiO2

and down to 2.5% MgO (Fig. 7).

10.1. Limited crystal–liquid differentiation within dikes and sills in the
deep crust

Differentiation of the mafic minettes and absarokites to the felsic
minettes and basic hornblende lamprophyres may have occurred by
crystal–liquid differentiation within dikes and sills in the lower crust.
However, none of the potassic magmas exceed 55.4 wt.% SiO2 or drop
below 4.4 wt.%MgO (Fig. 7), which suggests that residual liquids could
only escape from crystallizing mafic intrusions, in sufficient volume to
erupt, over a limited interval of crystallization.

This possibility is examined using the phase-equilibrium experi-
ments from Righter and Carmichael (1996) on a mantle-derived
olivineminette (MAS-4a). As shown in Fig. 8, the SiO2 concentration of
the residual liquid increases from ∼49.5 to 61.7 wt.% over a crystal-
lization interval of ∼50%, whereas the MgO concentration decreases
from ∼9.5 to 1.0%, while the K2O concentration remains at levels
N5 wt.%. Thus, it is possible for crystallization of an olivine minette to
produce potassic liquids with ≥60 wt.% SiO2 and ≤1 wt.% MgO, and yet
such evolved, potassic liquids are completely absent from the Mascota
volcanic field. In fact, the data in Fig. 8 suggest that there is a
crystallization threshold below ∼35%, beyond which residual liquids
are unable to escape cooling minette sills and dikes in sufficient
volume to erupt. The low magma emplacement rate of these potassic
magmas is expected to lead to their rapid crystallization within the
lower crust. This may explain the clear limit to the differentiation of
these potassic magmas, which is in marked contrast with the more
extended differentiation observed for the calc-alkaline liquids.

11. Differentiation of the calc-alkaline suite: basaltic andesites
through andesites

11.1. Distinguishing features of the andesites

The basaltic andesites and andesites of the Mascota volcanic field
have a collective volume of ∼3.3±1.4 km3 and span a complete
continuum in composition that extends up to∼63wt.% SiO2 and down
to ∼2.5 wt.% MgO, which is illustrated in Fig. 7. This calc-alkaline trend
is notable in that it extends to higher SiO2 concentrations and lower
MgO concentrations compared to the potassic lavas. Thus, andesite is
unique among the five lava types erupted in theMascota volcanic field
in that it is both the most evolved and the most voluminous.
Moreover, there is a 2:1 ratio in terms of the erupted volume of
the andesite magmas (2.1±0.9 km3) vs. the basaltic andesite magmas



Fig. 5. Eruption frequency for the different lava types in the Mascota volcanic field.
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(1.2±0.5 km3). In fact, of the entire erupted volume of magmas in the
Mascota volcanic field, approximately one-third are the calc-alkaline
lavas with N56 wt.% SiO2 (Fig. 7). Thus, any model to explain the
extended differentiation of the calc-alkaline suite to high-silica
andesites, in direct contrast to the limited differentiation of the
potassic magmas, must be consistent with the relative volumes of
eruption. It must additionally reflect the absence of any trend among
the Mascota calc-alkaline suite for silica content to increase with time
(Fig. 5).

An additional feature of the Mascota andesites is their general
paucity of plagioclase phenocrysts. Results of phase-equilibrium
experiments on a representative andesite (Moore and Carmichael,
1998) show that the absence of plagioclase could only occur if the
magmas crystallized at high water contents (N5.5 wt.% for most
andesites), and therefore at pressures N250 MPa. Initial crystallization
at such high water concentrations, along with their sparse pheno-
crysts, indicates that the andesites ascended rapidly through the
upper crust, without stalling and degassing. All of these observations
strongly argue against crystal–liquid differentiation within the upper
crust to explain the compositional continuum of the Mascota basaltic
andesites and andesites. Instead, the evidence strongly points to the
origin of the andesites within the deep crust, which ascend into the
upper crust as crystal-poor liquids.

11.2. Evidence for partial melting of mafic amphibolite to form the
andesites

The high-Mg basaltic andesites, with 8–9 wt.% MgO and 52–53
wt. % SiO2, are plausible partialmelts of the arcmantlewedgefluxed by
Fig. 6. Plot of wt.% Na2O vs. wt.% CaO for all high-MgO (N7 wt.%) lavas in the Mascota
volcanic field. The open circles are basaltic andesites, the solid boxes are absarokites,
and the boxes around the crosses are minettes. The absarokites do not fall in between
the basaltic andesites and minettes in this plot. Instead, there is overlap among the
absarokites and minettes, whereas the basaltic andesites contain notably higher Na2O.
These data are consistent with a lithospheric (depleted) source for the absarokites and
minettes and an asthenospheric source for the high-Mg basaltic andesites.
H2O-rich slab fluids, as argued previously by Luhr (1997) and
Carmichael (2002). The differentiation of these high-Mg calc-alkaline
magmas to form a basaltic andesite continuum (e.g., 52–57wt.%) likely
occurs by crystal–liquid differentiation in sill-like bodies in the lower
crust, analogous to the processes inferred to explain the limited
differentiation of the potassic magmas. The crystallization of hydrous
high-Mg basalts from two phase-equilibrium studies at contrasting
pressures is shown in Figs. 9–12.

In Figs. 9–10, the experiments of Sisson and Grove (1993) at 0.2 GPa
under water-saturated conditions are illustrated for two basalts (9.8
and 7.5 wt.% MgO). In Figs. 9a and 10a, the increase in SiO2 of the
coexisting liquid is shown as a function of temperature and percent
crystallinity. In Figs. 9b and 10b, the percent crystallization of each
mineral phase is shown. In Figs. 11 and 12, similar results are shown
from the experiments of Müntener et al. (2001), which were
performed at significantly higher pressures (1.2 GPa), with initial
melt water concentrations of 3.8 and 5.0 wt.%. The results on the four
different samples illustrate three key features: (1) SiO2 content
Fig. 7. Plot of (a) MgO vs. SiO2 and (b) K2O vs. SiO2 for all the lava types erupted in the
Mascota volcanic field. Lavas with b56 wt.% SiO2 comprise ∼2/3 of the erupted volume,
whereas lavas with ≥56 w t% SiO2 comprise ∼1/3 of the total volume. The plots illustrate
the limited differentiation of the potassic lavas, with none extending beyond 56 wt.%
SiO2 or 4 wt.% MgO.



Fig. 8. Plot of (a) liquid SiO2 wt.% and (b) liquid MgO wt.% vs. crystallization % from the
phase-equilibrium experiments of Righter and Carmichael (1996) on olivine minette,
MAS-4. The results show that 50% crystallization can readily form coexisting liquids
with N61 wt.% SiO2 and b2 wt.% MgO. The absence of any potassic lavas more evolved
than 55.5% SiO2 and 4.4 wt.% MgO suggests a crystallization threshold of ∼28–34%,
beyond which residual liquids are unable to erupt in the Mascota volcanic field.

Fig. 9. Plot of (a) liquid SiO2 wt.% and (b) mineral crystallization % vs. temperature for
the phase-equilibrium experiments of Sisson and Grove (1993) on a basalt with 9.8 wt.%
MgO, under water-saturated conditions at 0.2 GPa (∼4.8 wt.% H2O in the melt). After
49% crystallization, there is no hornblende, and liquid SiO2 concentration has increased
only ∼4 wt.%.

Fig. 10. Plot of (a) liquid SiO2 wt.% and (b) mineral crystallization % vs. temperature for
the phase-equilibrium experiments of Sisson and Grove (1993) on a basalt with 7.5 wt.%
MgO, under water-saturated conditions at 0.2 GPa (∼4.9 wt.% H2O in the melt). An
increase in liquid SiO2 content into the andesite range occurs only after N20%
hornblende crystallization (by 965 °C).
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increases only moderately after ∼35% crystallization of hydrous basalt,
(2) a rapid increase in SiO2, into the andesite range, only occurs after
20–25% hornblende (and/or garnet) crystallization, and (3) when
hornblende begins to crystallize, it does so rapidly, with ∼25% crys-
tallizing over a narrow temperature drop of ∼30 degrees.

These results point out a feature that has long been recognized,
namely the critical role that hornblende appears to play in the
differentiation of hydrous calc-alkaline suites that typify subduction
zones (e.g., Holloway and Burnham, 1972; Arculus and Wills, 1980;
Allen and Boettcher, 1983; Foden and Green, 1992; Pedford and
Gallagher, 2001; Carmichael, 2002; Barclay and Carmichael, 2004;
Davidson et al., 2007). This has long been viewed as puzzling because
hornblende is rarely a phenocryst phase in erupted arc basalts and
basaltic andesites, and it is equally rare as an early cumulate phase in
mafic intrusions in arc settings. The most common lithology in
exposed sections of island-arc lower crust (e.g., Kohistan arc, Pakistan
and Talkeetna arc, Alaska) is gabbronorite where hornblende occurs
primarily as a secondary phase replacing clinopyroxene or as a late-
stage intercumulus phase (e.g., Burns et al., 1991; Greene et al., 2006;
Jagoutz et al., 2007). In the Kohistan arc, mafic garnet granulite also
occurs and is interpreted as the restite after partial melting of
hornblende gabbronorite (e.g., Garrido et al., 2006). Overall, these
observations support the proposal that hornblende–liquid differentia-
tion of a mafic parent to produce andesite occurs most often by partial
melting of amphibolitized lower crust (e.g., Pedford and Gallagher,
2001) and not fractional crystallization.

11.3. Relative eruptive volumes and the origin of andesite from Mascota

The unique spatial and temporal overlap of both potassic and calc-
alkaline lavas in the Mascota volcanic field provide two additional
lines of evidence to support a partial melting origin of hornblende
gabbro (or mafic amphibolite) to form andesite. First, there is the



Fig. 12. Plot of (a) liquid SiO2 wt.% and (b) mineral crystallization % vs. temperature for
the phase-equilibrium experiments of Müntener et al. (2001) on a basalt with 10.8 wt.%
MgO at 1.2 GPa (∼5.0 wt.% H2O in the initial melt). An increase in liquid SiO2 content
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limited differentiation exhibited by the potassic lavas in the Mascota
volcanic field (Fig. 7), despite the clear evidence from experiments
(Fig. 8) that∼50% crystallization of high-Mgminettes readily produces
evolved liquids with N60 wt.% SiO2 and b2 wt.% MgO. Moreover, the
basic hornblende lamprophyres contain hornblende phenocrysts and
yet fractionation of this phase has not produced liquids along this
trend (i.e., with K2O N2 wt.%) with N56 wt.% SiO2. Thus, the field
evidence shows that none of the potassic magmas were able to
undergo differentiation beyond the point of producing eruptible
liquids with N55.4 wt.% SiO2 and b4.4% MgO. By comparison to the
experiments of Righter and Carmichael (1996), this appears to indicate
a crystallization threshold of ≤35% in lower crustal sills, beyond which
evolved liquids cannot escape in sufficient volume to erupt. If this
same ∼35% crystallization threshold is applied to the calc-alkaline
mafic liquids (52–53 wt.% SiO2 and 8–9 wt.% MgO), which erupted in
similarly low volumes as the minettes and absarokites, the experi-
ments in Figs. 9–12 suggest an equally limited degree of differentia-
tion as seen for the potassic liquids, with eruptible residual liquids
confined to the basaltic andesite category and not extending to
andesites.

A second key line of evidence from the Mascota volcanic field
comes from the relative volumes of the five different lava types, with
andesite themost voluminous of all (∼2 km3), representing nearly 30%
of the entire volcanic field, and double the volume of its presumed
parental liquids, the basaltic andesites (∼1 km3). This inverted
proportion between the evolved and parental liquids is not seen
with the potassic magmas in the Mascota volcanic field, where the
mafic potassic lavas are more voluminous than their more evolved
products. Therefore, the relatively high volume of the andesite lava
type is inconsistent with 60–70% crystallization of small-volume calc-
alkaline mafic liquids. Instead, the volumetric dominance of andesite
Fig. 11. Plot of (a) liquid SiO2 wt.% and (b) mineral crystallization % vs. temperature for
the phase-equilibrium experiments of Müntener et al. (2001) on a basalt with 10.8 wt.%
MgO at 1.2 GPa (∼3.8 wt.% H2O in the initial melt). An increase in liquid SiO2 content
into the andesite range occurs only after ∼25% garnet+hornblende crystallization (by
1070 °C).

into the andesite range occurs only after ∼25% hornblende crystallization (by 1070 °C).
is more consistent with its origin by partial melting of amphibolitized
mafic lower crust, especially if all three mantle-derived melts that
occur in the Mascota volcanic field (minettes, absarokites, and high-
Mg basaltic andesites) are the driving force for partial melting of pre-
existing amphibolitized mafic lower crust.

The injection of small-volume, yet hot (1250–1350 °C) and hydrous
(2–5 wt.% H2O), mafic magmas into the lower crust (∼700–750 °C) is
expected to induce partial melting of any amphibolitized rock volume
immediately surrounding the intrusions. For example, if a melt at
1250 °C is injected as a sill into crust at 750 °C, then temperatures of
1000 °C will be instantaneously achieved at the sill boundary. If the
sill-like intrusion continues to fill with melt at 1250 °C, then the
volume of rock immediately adjacent to the sill will reach tempera-
tures that begin to exceed 1000 °C, at least temporarily, and partial
melts of andesite may form, according to the experimental results in
Figs. 9–11.

The evidence fromMascota is that evenwith relatively lowmagma
emplacement rates into the lower crust (inferred from the low overall
eruption rate), partial melting of hydrated mafic lower crust is viable,
but over a relatively small rock volume. In other words, although the
total volume of andesite generated is low (compared to most arc
settings), the conditions required to generate this magma type (e.g.,
temperatures of ∼950–1050 °C) aremet locally and episodically over a
small rock volume in the deep crust immediately adjacent to newly-
injected mafic intrusions. The absence of lower-degree partial melts of
mafic amphibolite that are more felsic than andesite (e.g., dacite) in
the Mascota volcanic field may reflect the difficulty of erupting melts
that do not form in sufficient volumes.

The origin of the Mascota andesites by partial melting of
hornblende-bearing lower crust, driven by the injection of hot,
mantle-derived melts (both potassic and calc-alkaline) into the deep
crust, explains their unique position as both the most voluminous lava
type and the most evolved lava type within the Mascota volcanic field.
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It also explains why the potassic lavas do not extend to similar degrees
of differentiation. Because the composition of the Mascota andesites
are typical of those found in subduction zones globally, partial melting
of amphibolitized mafic lower crust may be a commonmechanism for
the formation of andesites in arc settings, generally.
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