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The last Plinian-type eruption of Volcan de Colima, Mexico,
occurred in 1915; this resulted in the removal of the top 100 m of the
edifice and the deposition of a tephra layer that blanketed the slopes
of the Colima Volcanic Complex (CVC). Road-cuts on the flanks of
the nearby Nevado de Colima edifice expose pre-1913 air-fall tephra,
pyroclastic flow and ash-rich surge deposits resulting from numerous
highly explosive events throughout the Holocene. The majority of the
pumice and scoria fallout deposits are medium-K subalkaline bas-
altic andesite and andesite in composition, defining a clear major
element differentiation trend. In contrast, three newly discovered
scorta_fallout deposits are high-K subalkaline, transitional to alka-
line, basaltic andesite in composition and are characterized by the
presence of phlogopite; these deposits have high MgO (up to 7-9 wt
% ), K50 (up to 26wt %) and P05 (up to 0-67 wt % ) con-
tents. They are also strongly enriched in fluid- and melt-mobile
large ion lithophile elements ( LILE; Rb, Ba, K, Sr and Th) and
lght REE (LREE; La, Ce, Pr and Nd) relative to the majority
of the Colima tephra_fallout deposits. Strontium and Nd isotope sys-
tematics reveal that the high-K mafic scoria have more radiogenic
Sr (V8 0Sr = 0-70365-0-70408) and less radiogenic Nd
("PNd/M Nd = 0-51279-0-51294) compared with the majority of
the subalkaline tephras (¥ Sr/°Sr=0-70338-0-70371 ~and
BNd/ M Nd = 0-51290-0-51295). Tivo-component mixing models,
using whole-rock geochemical data, indicate the importance of
magma mixing in the petrogenests of the Colima magmas, with add-
wtion of up to 50% by volume of an alkaline mafic magma compo-
nent in the most potassic magmas. This is supported by mineral
chemistry and lextural data, which reveal multiple episodes of
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decompression and magma mingling within a shallow crustal
magma storage region. The presence of these potassic tephra _fall de-
posits among the otherwise prevailing medium-K subalkaline stra-
tigraphy indicates that pulses of K-rich alkaline mafic magmas
periodically enter the CVC plumbing system on timescales of a_few

thousand years and may trigger Plinian explosive eruptions.
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INTRODUCTION

Volcan de Colima is the westernmost volcanic centre of the
Trans-Mexican Volcanic Belt (TMVB), which is associated
with the northeasterly subduction of the young Cocos and
Rivera plates under the North American plate (Fig. 1).
Volcan de Colima is considered one of North America’s
most active volcanoes (Cortés et al., 2010; Luhr et al., 2010)
and, owing to its relatively good exposure and preserved
volcanic record, has been the subject of many petrological,
geochemical and geophysical investigations (e.g. Luhr &
Carmichael, 1980, 19905; Medina-Martinez, 1983; Robin
et al., 1987, 1991; De la Cruz-Reyna, 1993; Luhr, 1993, 2002;
Robin & Potrel, 1993; Righter, 2000; Ferrari et al., 2001,
2012; Navarro-Ochoa et al., 2002; Zobin et al., 2002, 2008;
Saucedo et al., 2005, 2010; Atlas et al., 2006; Luhr et al.,
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Fig. 1. Location map of the Colima Volcanic Complex (CVC) in the western Trans-Mexican Volcanic Belt (TMVB). Also shown are the
Chapala and Tepic—Zacoalco Rift (TZR) Zones. Volcanoes in the TZR: Tq, Volcan Tequila; Ch, Volcan Ceboruco; Tp, Volcan Tepetiltic; S,
Volcan Sanganguey; LN, Las Navajas; SJ, Volcan San Juan. Cities: G, Guadalajara; C, Colima; M, Manzanillo.

2006; Valdez-Moreno et al., 2006; Reubi & Blundy, 2008;
Savov et al., 2008; Gardine, 2010; Varley et al., 2010).

The current activity of Volcan de Colima is character-
ized by effusive lava dome growth and blocky lava flows
with common (several times daily) small explosions, punc-
tuated by larger Vulcanian-type events producing ash col-
umns rising to 12km above sea level (Savov et al., 2008;
Reubi et al., 2014). However, Volcan de Colima can also
produce Plinian-type eruptions. The last such event
occurred in 1913, and prior to that in 1818 (Breton
Gonzalez et al., 2002). Exposed in road-cuts on the slopes
of the nearby extinct volcanic edifice of Nevado de
Colima are numerous Holocene tephra fallout and surge
deposits from such highly explosive eruptions (Fig. 2
Lubhr et al., 2010). Radiocarbon dating [183 charcoal dates
reported by Luhr et al. (2010)] and detailed stratigraphic
correlations involving granulometry, petrography and geo-
chemistry reveal that at least 25 Plinian deposits remain
preserved, spanning the past 30kyr (Luhr et al., 2010;

Crummy, 2013). During this time period there have also
been at least six gravitational collapse events resulting in
large debris-avalanche deposits to the south, SE and SW
of Volcan de Colima (Robin et al, 1987, Luhr &
Prestegaard, 1988; Luhr & Carmichael, 19904; Stoopes &
Sheridan, 1992; Komorowski et al., 1997; Cortés et al., 2009;
Norini e/ al., 2010).

In the first study of the Holocene tephra deposits of
Volcan de Colima, Luhr & Carmichael (1982) discovered a
distinct phlogopite-bearing scoria fallout deposit exposed
on the flanks of Nevado de Colima that was clearly different
in terms of its geochemistry and mineralogy when com-
pared with the rest of the known deposits, which are
medium-K, subalkaline in composition. 1o explain their ob-
servations, those researchers proposed that this tephra re-
sulted from direct mixing between a contemporaneously
erupting medium-K subalkaline Colima Volcanic Complex
(CVC) magma and a high-K alkaline magma similar in
composition to that of nearby alkaline cinder cones on the
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Fig. 2. Detailed map of the CVC showing the southerly trending volcanic chain from Volcan Cantaro in the north to Volcan de Colima in the
south. Tephra sample locations from Luhr ¢/ al. (2010) and this study are shown, as are the locations of the monogenetic alkaline cinder cones
(Luhr & Carmichael, 1981; Carmichael et al., 2006). Image is an ASTER image collected from NASAS ‘lerra satellite on 6 February 2003
(NASAs Earth Observatory). Red areas are forested areas, pink areas are farmland and blue areas are unvegetated. Inset map shows the loca-

tions of samples used in this study.

flanks of the CVC (Tig. 2); however, this hypothesis was
never fully explored. Based on their morphology, the ages
of the cinder cones were estimated at 1500 to >20000
years, coinciding with the explosive eruptions that formed
the Holocene CVC stratigraphy (Luhr & Carmichael,
1981). Subsequently, using *’Ar/Ar dating techniques

Carmichael et al. (2006) dated the alkaline cinder cones,
and reported ages of 45062 ka; these are much older than
the proposed mixed tephras that are subject of this study
and the study by Luhr & Carmichael (1982).

Through further field, petrological and geochemical stu-
dies we have discovered two additional phlogopite-bearing
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tephra fallout deposits that are similar to that described by
Luhr & Carmichael (1982). Here we present the results of
petrological and geochemical investigations of these little
known, but distinct, high-K mafic tephras, and explore
their relationship with the explosive subalkaline CVC
magmas and the high-K alkaline magmas similar to those
that erupted through pre-Holocene cinder cones on the
valley floor.

GEOLOGICAL SETTING

Volcan de Colima is the youngest, and currently active,
volcano of the CVC. Since activity began, at ~17 Ma
(Allan, 1986), volcanism has migrated south through four
volcanic centres: Volcan Cantaro, Nevado de Colima,
Paleofuego de Colima and Volcan de Colima (Luhr &
Carmichael, 1990a; Figs 1 and 2). The evolution of the
Nevado and Paleofuego volcanoes has been governed by
numerous gravitational collapse events partially destroying
what appear to have been large edifices and leaving rem-
nant caldera structures open to the south, SE and SW
(Robin et al., 1987; Luhr & Prestegaard, 1988; Luhr &
Carmichael, 1990a;  Stoopes &  Sheridan, 1992;
Komorowski et al., 1997; Cortés et al., 2009; Norini et al.,
2010). The last of these events destroyed the Paleofuego edi-
fice, leaving a semi-circular caldera, which hosts the cone
of the currently active Volcan de Colima (Fig. 2).

The CVC lies at the western end of the TMVB ~100 km
from the Pacific coast (Fig. 1). The TMVB is an ~1000 km
long, ~80-230 km wide, continental volcanic arc compris-
ing over 8000 volcanic centres stretching across central
Mexico in an east-west orientation (Gomez-Tuena et al.,
2007). The CVC sits within the Colima Rift Zone (CRZ),
an ~190km long, 20-65km wide zone trending NNE-
SSW from Lake Chapala to the Pacific coast (Fig. 1
Allan, 1986). The northern and southern parts of the CRZ
are separated by the Tamazula fault zone, which has been
interpreted as a basement structure that trends NE-SW,
extending for over 160km and crossing the CRZ at the
CVC (Garduno et al.,1998; Cortés et al., 2010; Norini et al.,
2010). Garduno et al. (1998) proposed that the volcanic ac-
tivity and recent evolution of the CVC is controlled by
the Tamazula fault, specifically the sector-collapse events,
which they suggested were triggered by displacement
along this fault. The CRZ is thought to have resulted
from extension caused by rollback of the Cocos and
Rivera plates (Ferrari et al., 2001; Soto et al., 2009; Yang
et al., 2009).

The tectonic setting of the western TMVB is complex
with convergent and extensional regimes resulting in
both subalkaline and alkaline magmatism (Luhr &
Carmichael, 1981, 1985; Allan, 1986; Ferrari & Rosas-
Elguera, 2000; Terrari, 2004; Goémez-Tuena et al., 2007;
Soto et al., 2009; Yang et al., 2009; Ferrari et al., 2012). 1o
the east and west of the Cantaro and Nevado volcanoes,

11 cinder cones erupted on the rift floor between 12 Ma
and 62ka (Fig. 2) (Luhr & Carmichael, 198]; Allan &
Carmichael, 1984; Carmichael et al., 2006). The two oldest
cones erupted at 12 and 0-5 Ma, producing <0-003 km® of
subalkaline basalt and basaltic andesite (Luhr &
Carmichael, 1981; Allan & Carmichael, 1984; Carmichael
et al., 2006). Nine of the cinder cones are alkaline, produ-
cing ~13km” of lava between 450 and 62ka (Luhr &
Carmichael, 1981, 1990¢; Allan & Carmichael, 1984;
Carmichael et al., 2006).

The CVC is dominated by the four subalkaline strato-
volcanoes, which have an estimated erupted volume of
~490 km®, comprising a volcanic apron of andesitic lava
flows, debris avalanche deposits, lahars and pyroclastic
flow and fall deposits (Cortés et al., 2005, 2010). The alka-
line magmas have a much lower total estimated volume of
~18km” less than 0-27% of the volume of the CVC sub-
alkaline edifices (Carmichael et al., 2006).

VOLCANIC STRATIGRAPHY

Throughout the 1990s and 2000s numerous field cam-
paigns by the late Jim Luhr and co-workers sampled and
described CVC eruption deposits preserved and exposed
on the flanks of Nevado de Colima and in quarries and
gullies on the rift floor (Fig. 2; Luhr & Carmichael, 1982;
Lubhr et al., 2010). Through detailed sampling of charcoal
discovered within ash horizons and tephra fallout deposits,
Luhr et al. (2010) defined a detailed eruptive stratigraphy
comprising five Plinian fallout deposits erupted between
~6000 a BP and the present day. Further field campaigns
carried out as part of this study have built on the work of
Lubhr et al. (2010) on the tephrochronology of the CVC, ex-
tending the stratigraphic record back through the
Holocene and Late Pleistocene (Crummy, 2013). To date,
eruption deposits have been described at 89 localities
across an area of ~500 km? including exposures in quar-
ries on the rift floor (Fig. 2). Based upon field relationships
and geochemical characteristics, these have been strati-
graphically subdivided into 15 Plinian tephra fallout units
separated by ash-rich pyroclastic flow and surge horizons
(units A to o; Fig. 3) following the nomenclature of Luhr
et al. (2010). The ages of these deposits coincide with the
age of Paleofuego prior to the formation of the currently
active Volcan de Colima. Based on the shape of the horse-
shoe scarp in which Volcan de Colima sits, the vent loca-
tion of Paleofuego can be assumed to be the same as that
of the current active vent, but was higher than that of
Volcan de Colima with a height of ~4100m above sea
level (Luhr & Carmichael, 1990a).

The majority of the tephra fallout deposits exposed on
the flanks of Nevado de Colima are medium-K subalkaline
basaltic andesite to andesite pumice-fall deposits (Fig. 4),
varying in thicknesses from 4cm to over lm at
distances of 4-10km from the vent (Fig. 2, Table 1I).
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Fig. 3. Composite stratigraphic section from road-cuts on the flanks of Nevado de Colima showing the GVC tephra fallout deposits. The Group
IT units, N, Fand D, are highlighted in bold. Ages are uncalibrated "*C: radiocarbon ages from Luhr e al. (2010).
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Fig. 4. (a) Total alkalis vs silica (TAS) and (b) KyO vs SiOj classifi-
cation diagrams after Le Maitre e/ al. (2002). The Group I CVC
tephra deposits are medium-K subalkaline basaltic andesites to andes-
ites, whereas the Group II units (white symbols) are typically high-
K subalkaline basaltic andesites to trachyandesites. The alkaline
cinder cone magmas are shoshonitic trachybasalts. The Group II de-
posits lie off the main CVC tephra trend on the KyO (b) and P,Oj5

(c) variation diagrams.

The largest (by volume) deposit is a high-silica andesite in
composition (unit Y), which, 10 km from the source vent,
has a thickness of 14m (section VI10-04, Fig. 2, Table 2)
(CGrummy, 2013).

Interbedded within the subalkaline tephra deposits, we
discovered three mineralogically and geochemically dis-
tinct scoria-fall units that are characterized by the pres-
ence of phlogopite, observed both in hand specimen and
in thin section, and typically elevated KoO (up to 2-6 wt
%) and P,Os5 (up to 0-67wt %) contents relative to the
majority of the subalkaline tephra units (Fig. 4). These de-
posits comprise units N, Fand D of the CVC stratigraphy,
which erupted at ¢. 7000, 12000 and 13 000 a Bp, respectively
(Fig. 3, Table 1). These units are high-K subalkaline, transi-
tional to alkaline, basaltic andesite to trachyandesite in
composition (Fig. 4).

Based on the distinctive mineralogical and geochemical
characteristics of the fallout deposits, we have divided the
CVC tephra into two groups: Group I comprises the bulk
of the subalkaline tephra fallout units, whereas Group II
comprises the high-K, phlogopite-bearing units N, F
and D.

Unit N is a distinctive orange-coloured, inversely
graded, basaltic trachyandesite to trachyandesite scoria
fall deposit, varying in thickness from 12 to 60 cm at 16
localities between 1 and 10km from the vent (Fig. 5a,
Table 1). Stratigraphically above and below the tephra fall-
out deposit of unit N are ash layers (Fig. 3). Radiocarbon
(**C) ages of charcoal fragments found in these ash hori-
zons constrain the age of unit N to between 6950 £ 50
and 7070 £60 a Bp (Luhr et al., 2010).

Unit F is a basaltic andesite scoria fall deposit that shows
a wide variation in thickness, from 3 to 90 cm, measured
at six localities at 2:5-8km from the vent (Fig. 5b,
Table 1). Unit F is a distinctive marker horizon as its
scoria clasts contain visible phlogopite phenocrysts. The
age of this unit is ¢. 12000 a BP based on radiocarbon
dating of charcoal found within the fall deposit, which
yielded ages of 11840£70 and 12080450 a Bp (Luhr
et al., 2010).

The oldest of the Group II deposits is unit D, which
erupted ~13000 a Bp This unit is a grey basaltic andesite
scoria fall deposit with thicknesses ranging from 32 to
180 cm, measured at nine localities 2:5—10km from the
vent (Fig. 5c, Table 1). Charcoal fragments from binding
ash layers yielded radiocarbon ages of 12460460 and
13350 £130 a P (Luhr ez al., 2010).

Unit N is well correlated across the northern CVC,
whereas units IFand D are less well correlated with only a
limited number of exposures on the lower flanks on the
castern side of Nevado de Colima (Fig. 5).

SAMPLING STRATEGY

Tephra samples were collected from 17 localities across the
CVC for petrological and geochemical analysis and granu-
lometry. Owing to a lack of radiocarbon dating and diffi-
culty correlating units, samples (n=21) from five of these
localities provide the focus for this study (Table 2).
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Table I: Field characteristics of the CVC eruption deposits

Unit  Eruption age (a 8p) Number of Deposit type  Colour (dry) Thickness (cm)  Max. Max. Composition
localities pumice (cm) lithic (cm)

Y 4460 + 40 28 Pumice fall Cream 48-140 17 7 Andesite

w 4480 £ 60 to 4540 + 60 23 Scoria fall Dark brown 8-28 6 5 Basaltic andesite

U 4740 + 40 to 4790+ 100 30 Scoria fall Dark orange 15-20 4 2 Basaltic andesite

S 5430 +50 to 5500 460 24 Scoria fall Dark brown-orange 12-46 4.5 2 Basaltic andesite

P 5980 +50 to 6150440 21 Pumice fall Cream 6-40 9 6 Basaltic andesite

N 6950 +50 to 7070 + 60 16 Scoria fall Orange 12-60 17 12 Basaltic andesite

L 7520 £50 to 7530+ 80 16 Scoria fall Dark brown 4-50 6 3 Andesite

J 7750 + 60 to 7760 +50 8 Pumice fall Pale orange-cream 7-15 6 3 Basaltic andesite

H 9770+ 60 to 10310+ 50 9 Scoria fall Dark grey or black 15-42 5 2 Basaltic andesite

F 11840+70 to 12080+130 6 Scoria fall Yellow 13-90 5 8 Basaltic andesite

D 12460 + 60 to 13350+ 130 9 Scoria fall Grey 32-180 65 5 Basaltic andesite

Group Il units (N, F and D) are in bold.

Representative bulk samples (300-1400 g) from each unit
were collected; sample sizes were varied to account for the
average grain size. Single pumice and scoria clasts from
the CVC tephra fallout deposits were selected from the
bulk sample for petrological and geochemical analysis.
All tephra samples were pre-washed with ultraclean water
(UHQ 18 M) and then ultrasonicated, and subsequently
dried overnight in an oven at ~90°C. Care was taken to
select fresh pumice samples and there was no evidence of
post-eruption alteration such as the presence of sericite,
chlorite, clay minerals or Fe-Mn oxides and hydroxides.

For each locality, clasts from each unit were selected for
polished thin section preparation for optical microscope,
scanning electron microscope (SEM) and electron micro-
probe (EPMA) investigation. Polished thin sections of
samples collected by Jim Luhr, on loan from the National
Museum of Natural History (Smithsonian Institution) in
Washington DC, USA, were also used.

The samples were then crushed and powdered using a
mechanical agate pestle and mortar. Pure quartz was
crushed between samples and the pestle and mortar were
cleaned with acetone to avoid contamination. For whole-
rock geochemical analysis, single clasts were used for the
very coarse deposits (units Y, S and P), and multiple repre-
sentative clasts for the finer deposits.

Our data are supplemented by whole-rock geochemical
data from Luhr & Carmichael (1981, 1982) and Luhr et al.
(2010) for the CVC tephra deposits, together with previously
unpublished data of Jim Luhr (Tables 3 and 4, and
Supplementary Data, Appendix 1; supplementary data are
available for downloading at http://www.petrology.oxford-
journals.org). The sample locations are given in Table 2.

The whole-rock major and trace element geochemical data-
sets for the alkaline cinder cones of Luhr & Carmichael
(1981), Carmichael et al. (2006), Maria & Luhr (2008),
Vigouroux et al. (2008) and Cai (2009) are also considered
here (see Supplementary Data, Appendix 2).

ANALYTICAL TECHNIQUES
Whole-rock major and selected trace element (Sr, Y, Zr,
Zn, Co, Cr, Cu, Li, Ni, Sc and V) abundances were deter-
mined by inductively coupled plasma atomic emission
spectrometry (ICP-AES) at Royal Holloway University of
London (RHUL; Table 3). Samples were prepared by
LiBO,y flux-fusion for the major elements and Sr, Y, Zr
and Zn, and by hydrofluoric—nitric (HF-HNO3) acid di-
gestion for the remaining trace elements (Co, Cr, Cu, Li,
Ni, Sc and V).

Whole-rock trace elements (Rb, Nb, Mo, Cs, Hf, Ta, T1,
Th and U) and rare earth elements (REE; La to Lu)
were analysed by inductively coupled plasma mass spec-
trometry (ICP-MS) at RHUL (Table 4) after HF-HNOg
acid digestion, at dilutions of ~1:1000. The ICP-MS data
are precise to <0-6%, whereas the ICP-AES data have
errors of ~1% (Crummy, 2013).

Strontium and Nd isotope analyses were carried out for
nine samples from the high-K mafic eruption deposits
(three from unit N, three from unit F and three from unit
D) and on 21 samples of the medium-K subalkaline
tephra fallout deposits (Table 5). The samples were ana-
lysed by thermal ionization mass spectrometry (TIMS)
on a Thermo Scientific TRITON-series instrument at the
University of Leeds. For #Sr/*°Sr analysis, the TIMS was
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Table 2: Locations of samples used in this study

'
VF11-09 .’_ L VF10:04 . N Locality Latitude Longitude
VF98-07 “VF95-09 ‘VF‘WEO ;
. B’i‘ ,;Qf VF99-03 : VF94-06 19°3310"N 103°30'37"W
VF10:08s 14 ’\ AVF0110 VF95-01 19°30°00""N 103°4241"W
VF10.07 '/' }k o F1AT. rer VF95-06 19°35'49"'N 103i'35'14"w
£ - o VF95-09 19°35'03"'N 103°35'40"W
age 97:;/3':01 -02 VF97-01 19°30'57"'N 103°38'45"W
VF97-03 19°32'27"N 103°34'53"W
:\YFF (? (?_ _(?36 VF97-05 19°38'27"'N 103°37°07"W
A VFe7-01 VF97-06 19°3715"N 103°36'57""W
N VF97-13 19°38'29"N 103°40'34""W
VF97-20 19°35'25"'N 103°33'52"W
VF98-02 19°34'55"'N 103°36'19"W
VF98-07 19°34'37"'N 103°36'28"W
VF98-10 19°36'51"'N 103°34'03"W
VF99-03 19°34'39"N 103°35'50""W
a VF99-05 19°34'63"N 103°37'12"W
: -’.’VF10-04 VF00-06 19°31'48""N 103°35'54""W
VFO01-01 19°34°49"N 103°35'49"W
VF01-02 19°32'36"N 103°33'32"'W
o “AVF02-01 , ,
B VF01-05 19°33'11”N 103°3406"" W
VE11-07 = e, VF01-10 19°34'12"'N 103°34'40"W
AVF(#'OS_' by VF02-01 19°34'34"'N 103°35'08"W
AVEQ1-02 VF10-01 19°33'38"N 103°3822"W
VF10-02 19°33'60"'N 103°37'52"W
AVEOTE VF10-03 19°34'22"'N 103°37°40"W
VF10-04 19°35'47"'N 103°3516"W
VF10-07 19°34'23"N 103°36'36"W

5
37 vF10-04 .1
o RV
& 1
¢
L e AVF02:01
VREITA7 e
VFO'-05 ",

AVF01-02

AVF00-06

VF95-01
A

Samples in bold were collected as part of the present
study. The other samples are from field campaigns led by
Jim Luhr from 1994 (VF94-XX) to 2002 (VF02-XX).

run in static mode with a ®Sr signal of 3-5 V, with collec-
tion of 200 ratios. The internal analytical precision was
always better than 5 x 10 ° (20). For "’ Nd/"**Nd analysis,
the TIMS system was run in static mode at 0-2-0-9V on
"Nd, until 240 ratios were collected. The internal analyt-
ical precision was always better than 9 x 10 ® (26). The ex-
ternal precision was monitored via USGS standard
BHVO-1 with Sr and Nd isotope ratios averaging
0-703492 £66 (n=12) and 0-512970 17 (n=38), respect-
ively. The NBS-987 and La Jolla standards were also run
to monitor the external precision on Sr and Nd, respect-
ively. The NBS-987 standard analyses (n=>58) averaged
0-71026 £4 and La Jolla standard analyses (n=23)
averaged 0-51184=£3 during the period of this study

¥T0Z ‘¥ JoquinoN uo 1s8anb Aq /610'speulnolpioxoABojoed)/:diy woly papeojumod

(C) o T (2010-2012). All measurements reported here have been
Fig. 5. Location maps for the Group II deposits: (a) unit N; (b) unit normalized to the literature values of NBS-987 (0-710248)
F; () unit D. and La Jolla (0-51185; Thirlwall, 1991).
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Table 3: Whole-rock major and compatible trace element data for the Group I and Group 11 tephra samples

Sample:  VF10-01U VF10-02U VF10-03U VF10-07U VFO1-01T VF10-07S VF10-07Q VF10-01S VF10-02S VF10-038 VF10-07M1 VF10-02P VF10-01P

Unit: u u u u u s S s S S S P P

Group: I I [ I [ I I I I I [ [ I

Age (a Bp): 4700 4700 4700 4700 4700 5500 5500 5500 5500 5500 5500 6000 6000

Reference: 1 1 1 1 2 1 1 1 1 1 1 1 1

Si0, 5634 5505 5580 5565 5417 5572 5706 5614 5856 6033 5860 5798 5611

TiO, 079 074 068 071 081 081 076 071 064 054 059 072 077

ALO; 18:63 1813 1761 1891 1936 1818  17-1 17:57 1721 1733 1980 1787 1851

FeO; 695 735 729 687 727 728 695 692 636 594 563 656 698

MnO 011 012 011 011 012 011 012 011 010 010 009 011 011

MgO 466 6:06 613 517 609 505 545 5-69 495 413 2:60 461 495

ca0 723 762 717 7:39 738 746 681 747 650 574 664 656 7-19 5

Na,0 410 385 405 402 341 415 439 416 435 437 473 427 420 g

K,0 1-00 084 095 094 067 1:02 115 1-01 112 128 1-10 112 098 2

P,Os 021 024 022 022 024 021 021 022 0-20 025 022 0-20 0-20 %%

Total 100 100 100 100 100 100 100 100 100 100 100 100 100 3
3
=

v 155 148 149 153 127 142 148 156 129 119 113 145 156 g

cr 102 198 177 157 199 112 122 172 143 126 2 107 116 é%

Co 21 2 23 21 27 21 19 21 17 16 13 19 21 3

Ni 44 69 75 58 79 54 42 68 44 49 13 38 49 é§

Cu 35 39 42 41 43 36 27 42 2 20 18 31 32 §§

Zn 69 61 69 59 70 73 75 63 7 85 66 70 66 EL

Rb - - - - 7 - - - - - - - - g

Sr 658 618 575 624 627 666 593 615 604 564 679 558 627 é;

Y 18 17 18 18 18 19 18 17 17 16 17 18 17 9

Zr 109 109 101 110 158 109 115 104 109 m 112 17 105 é;

Nb - - - - 9 - - - - - - - - Q

Ba - - - - 280 - - - - - - - - ]
S
g
<

Sample:  VF10-04M VF10-04N VF10-07M; VFO1-10D VF95-09G VF98-07D VF98-100 VF99-03R VF10-07D VF97-03BJ VF10-03N VF10-07B VF10-03M, %‘

Unit: Pi Ps P N N N N N N N N L L ES

Group: | I I I I I I I I 1 I I I %

Age (a 8p): 6000 6000 6000 7000 7000 7000 7000 7000 7000 7000 7000 7500 7500

Reference: 1 1 1 2 2 2 2 2 1 2 1 1 1

Si0, 59-47 5663 5808 5737 5682 5696 5748 5683 5629 5671 5575 6052  60-40

TiO, 048 071 070 081 085 086 083 085 080 079 091 056 055

AlLO; 18-98 1938 1902 1752 1780 1859 1809 1838 1844 1637 1986 1750 1755

FeOr 550 707 629 6:06 604 614 596 621 697 603 731 554 541

MnO 008 010 010 011 011 011 011 011 012 011 011 010 009

MgO 388 418 329 446 439 346 351 424 390 627 353 427 409

ca0 589 650 651 669 682 633 631 649 638 726 605 598 603

Na,0 432 424 467 411 422 416 421 3-99 412 425 367 423 449

K,0 122 099 114 215 215 2:50 258 211 243 164 220 111 1-24
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Table 3: Continued

Sample: VF10-04M VF10-04N VF10-07M5; VF01-10D VF95-09G VF98-07D VF98-100 VF99-03R VF10-07D VF97-03BJ VF10-03N VF10-07B VF10-03M,

Unit: Pi Ps P N N N N N N N N L L
Group: | | | Il Il Il Il Il Il 1] Il | |
Age (a Br): 6000 6000 6000 7000 7000 7000 7000 7000 7000 7000 7000 7500 7500
Reference: 1 1 1 2 2 2 2 2 1 2 1 1 1
P,05 0-16 0-19 0-20 0-43 0-46 0-49 0-52 0-44 0-65 0-28 0-59 0-18 0-15
Total 100 100 100 100 100 100 100 100 100 100 100 100 100
\ 102 137 133 122 163 165 162 149 150 157 141 108 m
Cr 105 71 39 131 102 68 67 1m 71 279 80 157 125
Co 14 17 15 21 20 18 18 20 17 26 17 15 16
Ni 37 33 21 54 44 35 36 48 36 100 34 49 49
Cu 25 29 27 42 45 47 44 44 49 36 52 22 22
Zn 53 68 70 85 75 80 81 76 78 67 102 60 70
Rb - - - 26 30 28 30 24 - 21 - - -
Sr 539 615 654 1247 1318 1466 1422 1282 1423 962 1308 636 628
Y 14 16 18 21 20 20 19 20 22 18 22 14 13
Zr 122 m 113 281 212 248 241 227 222 177 234 108 101
Nb - - - 2 6 4 3 8 - 5 - - -
Ba - - - 916 989 1036 1103 977 - 677 - - -

Sample: VF10-04F VF00-06Pi VF00-06Ps VF01-02Pi VF95-01B VF95-01C VF01-02Ni VF00-060s VF01-05N VF97-20D VF00-060i VF01-02Ns

Unit: F F F F D D D D D D D D
Group: 1] 1l 1l I 1] Il Il 1l Il 1l Il Il

Age (a Br): 12000 12000 12000 12000 13000 13000 13000 13000 13000 13000 13000 13000
Reference: 1 2 2 2 2 2 2 2 2 2 2 2

SiO, 5252 54-30 54-47 54-22 58-32 58-20 5661 54-46 55-09 57-06 55-15 55-35
TiO, 0-88 1-02 0-87 1-04 0-81 0-81 0-89 0-92 0-91 0-75 092 0-90
AlLO3 17-84 14-96 17-78 15-63 18-86 19-16 16-62 16-42 16-15 18-64 16-37 16-31
FeOr 859 717 717 7-34 6-38 6-35 673 7-07 6-96 6-18 6-96 6-94
MnO 012 011 013 0-13 013 012 0-12 013 0-12 011 013 0-12
MgO 7-63 7-59 6-57 7-89 293 2:89 521 6-09 6-17 4-93 5-91 592
Ca0 805 839 773 8-:04 6-49 6-52 7-32 812 8-:03 6-96 778 7-84
Na,O 339 2:88 362 253 4-44 441 363 373 349 4-05 376 354
K20 070 2:43 1-00 201 1-08 1-02 2:09 21 2:23 0-98 212 225
P,0s 0-28 0-63 0-28 0-67 0-26 0-24 0-45 0-52 0-50 0-21 0-49 0-49
Total 100 100 100 100 100 100 100 100 100 100 100 100

\Y 177 149 142 146 137 141 132 144 142 151 138 140
Cr 205 299 209 292 12 <3 101 146 159 92 143 148
Co 27 29 29 28 20 21 24 25 26 21 25 25

Ni 69 98 98 109 17 17 29 41 42 51 41 40
Cu 42 85 54 89 39 36 48 66 54 36 61 54

Zn 73 82 80 m 76 7 84 85 84 69 86 84

(continued)
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Table 3: Continued

VOLCAN DE COLIMA TEPHRA

Sample: VF10-04F VF00-06Pi VF00-06Ps VF01-02Pi VF95-01B VF95-01C VF01-02Ni VF00-060s VFO01-05N VF97-20D VF00-060i VF01-02Ns

Unit: F F F F D D D D D D D D
Group: Il Il Il I Il Il Il 1] Il Il Il Il
Age (a Bp): 12000 12000 12000 12000 13000 13000 13000 13000 13000 13000 13000 13000
Reference: 1 2 2 2 2 2 2 2 2 2 2 2

Rb - 19 8 16 15 12 21 23 24 12 22 21
Sr 578 2540 1033 2296 680 624 1288 1398 1395 619 1346 1381
Y 20 19 17 19 20 21 22 22 21 17 22 21
Zr 125 304 153 384 158 150 276 285 288 137 280 278
Nb - 9 4 6 3 7 5 5 5 <2 6 5
Ba - 1844 539 1769 430 39 812 842 808 461 812 820

References: 1, this study; whole-rock major and selected trace elements (Sr, Y, Zr, Zn, Co, Cr, Cu, Li, Ni, Sc and V)
analysed by ICP-AES at Royal Holloway University of London; 2, unpublished dataset of Jim Luhr; whole-rock major and
selected trace elements (Ba, Sr, Y, Zr, Zn, Co, Cr, Cu, Li, Ni, Sc and V) analysed by XRF.

SEM and EPMA investigations were carried out using
FEI Quanta 650 FEG-ESEM and JEOL 8230 instruments
at the University of Leeds. The analytical conditions for
the electron microprobe analysis of mafic minerals were
15kV accelerating potential and 15 nA beam current, and
15kV accelerating potential and 10 nA beam current for
plagioclase and glass analyses. The analytical conditions
were maintained similar to those used in the previous stu-
dies of Colima eruption deposits by Savov et al. (2008) and
Lubhr ez al. (2010).

WHOLE-ROCK GEOCHEMISTRY
AND CLASSIFICATION

Major elements

The majority of the tephra fallout deposits are medium-K
subalkaline basaltic andesite (54-2wt % SiOy) to andesite
615wt % SiOy) in composition (Fig. 4a; Table 3), and
follow a differentiation trend of increasing Ko,O and
Na,O and decreasing MgO, CaO, FeOp, TiOgy and P,Os
with increasing SiO, (Fig. 6). All whole-rock major elem-
ent data have been normalized to 100% on an anhydrous
basis. Samples with loss on ignition (LOI)>4wt % were
omitted owing to probable alteration during post-eruptive
weathering.

Scoria samples from the Group II units N, Fand D are
high-K subalkaline, transitional to alkaline, basalt to tra-
chyandesite in composition (52:5-58:3 wt % SiOy; Fig. 4;
Table 3). Unit F is the most mafic of the Group II units,
with SiOy varying from 52-5 to 54-5wt %. The SiOy con-
tents in units N and D range from 557 to 575 and 54-5 to
58:3wt %, respectively (Fig. 4a; Table 3). Overall, these
three eruption deposits follow a similar differentiation

trend to the majority of the subalkaline Group I units, of
increasing KoO and Na,O and decreasing MgO, CaO,
FeOt, TiOy and PyOj5 with increasing SiO, (Fig. 6). Many
of the samples, however, display characteristically elevated
KO (up to 2:6 wt %) and PyOj5 (up to 0-67 wt %) rela-
tive to the medium-K subalkaline CVC series (0-67—
148wt % KyO; 0-13-0-33 wt % P,Os5; Figs 4b, ¢ and 6).
Two samples from unit F (VF10-04F and VF00-06Ps) and
three samples from unit D (VIF95-01B, VF95-01C and
VF97-20D) are geochemically more similar to the Group
I medium-K subalkaline deposits: these samples do not
show the strong K,O and PyOs5 enrichments characteristic
of the Group II units to which these samples belong
(Figs 4 and 6).

The alkaline magmas that formed monogenetic cinder
cones on the Colima Rift floor were first described by
Luhr & Carmichael (1981) as primitive basanites to mine-
tte lamprophyres. The deposits are mafic, with SiO, con-
centrations of 47-3-50-7wt %, MgO concentrations of
62-154wt % and 2249wt % KyO (Luhr &
Carmichael, 1981; Carmichael et al., 2006; Maria & Luhr,
2008; Vigouroux et al., 2008; Cai, 2009). According to the
total alkalis—silica and K,O classification diagrams of Le
Maitre et al. (2002), they are shoshonitic, alkaline trachyba-
salts in composition (Fig. 4). Samples from the alkaline
cinder cones have high TiOy, FeO; MgO and CaO, and
low Al,O3 and Na,O relative to samples from the CVC
subalkaline tephra fallout deposits (Fig. 6).

Trace elements

The compatible trace elements in the CVC fallout deposits
follow an overall differentiation trend of decreasing Cr
and Ni with increasing SiOo (Fig. 6). Compatible trace

2165

¥T0Z ‘¥ JoquienoN uo 1s8anb Aq /610'sfeulnolpioxoABojoed)/:diy woly pepeojumoqd


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY VOLUME 55 NUMBER 11 NOVEMBER 2014

Table 4: Whole-rock trace element ICP-MS data for the Group I and Group II tephra samples

Sample: VF10-01U  VF10-02U  VF10-03U  VF10-07U  VF10-01S  VF10-02S  VF10-03S  VF10-02P  VF10-01P  VF10-04M  VF10-04N
Unit: u U U U S S S P P P P
Group: | | | | | | | | | | |

Age (a Bp): 4700 4700 4700 4700 5500 5500 5500 6000 6000 6000 6000
Reference: 1 1 1 1 1 1 1 1 1 1 1

Sc - - - - - - - - - - -

Rb 127 9-1 10-1 10-3 114 12-8 156 14-3 113 156 11-4
Sr - - - - - - - - - - -

Y - - - - . - - _ . _ -

Zr - - - - - - - - - - -

Nb 391 4-66 4-40 521 4-40 - 3568 319 342 2:97 327
Cs 0-48 0-44 0-38 0-35 0-43 0-68 0-61 0-58 0-44 0-64 0-43
Ba - - - - - - - - - - -

La 11-82 1074 10-58 10-76 10-41 10-48 11-61 10-78 11-18 10-95 893
Ce 25-16 22-36 22-82 23-11 2257 21-37 2396 2301 2334 21-97 19-71
Pr 356 310 315 325 302 3-08 317 317 326 2:81 267
Nd 15-99 1420 14-07 14-47 13-64 13-61 13-64 14-32 1475 11-96 11-93
Sm 3-66 3-42 342 337 331 326 310 3-40 350 274 292
Eu 114 1-04 1-00 1-00 0-96 0-96 0-88 175 103 0-79 0-87
Gd 328 292 291 298 289 2:83 267 293 301 2:26 2:64
Tb 0-54 0-51 0-563 0-50 0-49 0-48 0-45 0-51 0-50 0-40 0-44
Dy 278 273 266 259 255 2-48 2:38 273 269 210 2-40
Ho 0-56 0-56 0-65 0-60 0-54 0-53 0-49 0-57 0-54 0-42 0-561
Er 152 1562 1-49 1-49 1-45 1-44 134 151 143 118 136
Tm 0-23 0-24 0-23 0-24 0-22 0-21 0-21 0-2 0-23 0-18 0-21
Yb 1-54 1-59 1-62 1-59 1-61 1-563 1-47 1-70 1-49 129 163
Lu 0-22 0-22 0-24 0-22 0-22 0-22 0-21 0-24 0-22 0-21 0-20
Hf 272 3-00 2:62 198 2:56 273 313 297 257 3-:08 27
Ta 0-24 0-30 0-28 0-29 0-29 - 0-28 0-23 0-30 0-23 0-23
Pb - - - - - - - - - - -

Th 172 1-38 1-30 1-36 142 1-67 178 1-66 1-33 1-86 122
U 0-39 0-38 0-41 0-31 0-53 0-41 0-64 0-50 0-67 0-64 0-63
Sample: VF01-10D  VF95-09G  VF10-07D  VF97-03BJ VF10-03N  VF10-07B  VF10-03M2  VF10-04F  VF00-06Pi  VF00-06Ps  VFO01-02Pi
Unit: N N N N N L L F F F F
Group: 1l 1l ] 1] 1] | | ] ] 1] Il

Age (a Bp): 7000 7000 7000 7000 7000 7500 7500 12000 12000 12000 12000
Reference: 2 2 1 2 1 1 1 1 2 2 2

Sc 147 15-3 - 21-0 - - - - 26-3 25-4 27-0
Rb 26-4 270 26-7 20-6 26:0 139 139 69 20-6 90 171
Sr 1257 1333 - 933 - - - - 2548 990 2171

Y 20-94 20-29 - 18-68 - - - - 18-25 17-62 20-13
Zr 194 - - - - - - - 207 112 211
Nb 4-26 4-46 4-39 362 4-65 274 2:88 363 4-94 323 4-98
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VOLCAN DE COLIMA TEPHRA

Sample: VF01-10D  VF95-09G  VF10-07D VF97-03BJ VF10-03N  VF10-07B  VF10-03M2  VF10-04F VF00-06Pi VF00-06Ps  VFO01-02Pi
Unit: N N N N N L L F F F F
Group: Il Il Il Il Il | | 1] Il Il Il

Age (a Bp): 7000 7000 7000 7000 7000 7500 7500 12000 12000 12000 12000
Reference: 2 2 1 2 1 1 1 1 2 2 2

Cs 0-60 0-61 0-57 0-51 117 0-51 0-60 0-29 0-34 0-22 0-39
Ba 969 969 - 685 - - - - 1826 571 1667

La 3312 33-35 36:70 21-06 35-38 882 8-46 19-35 54-86 1861 61-01
Ce 68-55 70-25 81-25 45-25 7313 1829 1812 3814 110-68 36-96 116-48
Pr 8:80 9-01 10-68 582 10-64 251 241 597 13-84 503 15-34
Nd 36-11 37-30 4519 2517 44-84 11-09 10-64 2548 57-11 2158 62:84
Sm 7-19 707 818 5-43 8-:03 269 2-56 5-36 10-19 4-63 10-98
Eu 1-96 198 2:07 164 208 0-81 0-85 141 264 1-44 2:86
Gd 537 517 569 4-39 571 2:38 224 4-20 6-63 3-89 7-16
Tb 0-72 0-74 0-82 0-63 0-80 0-41 0-40 0-68 077 0-69 0-82
Dy 3-96 391 3-39 3-44 354 212 197 324 381 3-39 417
Ho 0-74 0-73 0-65 0-66 0-68 0-43 0-40 0-64 0-68 0-66 0-73
Er 197 1-90 176 176 1-84 1-15 114 177 1-66 179 1-84
Tm 0-28 0-28 0-26 0-25 0-27 0-18 0-17 0-26 0-23 0-25 0-25
Yb 177 1-68 1-88 158 1-86 1-30 113 179 1-36 159 147
Lu 0-28 0-26 0-28 0-25 0-26 0-18 0-17 0-25 0-21 0-25 0-23
Hf 534 5-23 5-60 3-89 5-68 270 257 318 5-98 324 6-30
Ta 0-26 0-26 0-29 0-24 0-33 022 0-20 0-22 025 0-19 0-25
Pb 961 977 - 717 - - - - 2117 771 21-76
Th 361 3-96 4-50 2:53 4-24 1-156 10 1-66 4-98 155 521
U 111 126 128 0-88 165 0-39 0-28 0-55 141 0-68 144
Sample: VFO01-02Ps VF01-05PA VF01-02Ni VF00-060s VF01-05N VF00-060i VF01-02Ns

Unit: F F D D D D D

Group: 1] Il Il Il Il 1] Il

Age (a BpP): 12000 12000 13000 13000 13000 13000 13000

Reference: 2 2 2 2 2 2 2

Sc 30-8 29-8 220 251 245 24-2 239

Rb 61 89 225 22:2 22:8 22:2 232

Sr 2544 1798 1229 1478 1346 1360 1320

Y 20-63 22-30 21-24 21-70 21-29 21-01 20-98

Zr 244 241 173 185 182 179 179

Nb 5-94 5-64 4-09 3-96 3-89 393 3-88

Cs 0-20 0-22 0-45 0-40 0-42 0-40 0-43

Ba 1606 1270 803 865 803 800 810

La 61-44 67-64 35-37 37-29 37-42 37-02 3653

Ce 134-72 107-04 73-85 81-13 79-48 78-21 77-84

Pr 16-14 17:70 972 10-70 10-47 10-32 10-33

Nd 64-96 70-71 42-31 46-78 45-43 44-63 44-06
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Table 4: Continued

Sample: VF01-02Ps VF01-05PA VFO01-02Ni VF00-060s VFO01-05N VF00-060i VFO01-02Ns
Unit: F F D D D D D
Group: Il 1] Il Il Il Il Il

Age (a 8r): 12000 12000 13000 13000 13000 13000 13000
Reference: 2 2 2 2 2 2 2

Sm 1117 1227 865 957 9-34 9-04 894
Eu 291 312 242 254 254 247 239
Gd 7-51 759 6-38 6-95 6-85 6-47 6-45
Tb 091 0-93 0-81 0-86 0-86 0-83 0-82
Dy 4-66 4-62 410 4-44 427 424 412
Ho 0-82 0-80 077 0-80 077 0-76 077
Er 2:05 2:00 1-99 2:07 1-93 1-97 1-94
Tm 0-28 0-28 027 0-28 0-28 0-26 027
Yb 170 1-68 1-67 1-69 1-65 163 1-64
Lu 0-26 0-25 0-26 0-26 0-26 0-25 0-25
Hf 715 710 473 5-09 5-02 504 493
Ta 0-31 0-29 0-24 0-23 0-23 0-23 022
Pb 2315 23-64 976 10-02 10-15 973 952
Th 550 570 379 4-24 431 411 4-09
U 169 1-46 122 127 1-33 128 127

References: 1, this study; 2, unpublished dataset of Jim Luhr.

elements abundances in units N, F and D are consistent
with this trend, whereas the alkaline cinder cone deposits
have higher and more variable compatible trace element
concentrations relative to the CVC subalkaline tephra
(Fig. 6).

Normal mid-ocean ridge basalt (N-MORB)-normalized
incompatible trace element abundance patterns reveal en-
richments in large ion lithophile elements (LILE; Rb, Ba,
K, Sr Th) relative to high field strength elements (HFSE:
Nb, Ta, Ti, Hf, Zr), consistent with those of typical subduc-
tion-related magmas characterized by addition of slab-
derived fluids to their mantle source (Fig. 7; Saunders
et al., 1991). However, in comparison with the majority of
the CVC medium-K subalkaline Group I deposits, units
N, Fand D have elevated incompatible trace element and
REE abundances (Fig. 7). Typically, unit I displays the
strongest LILE and light REE (LREE) enrichments
(Fig. 7). However, two samples from unit F (VF10-04F and
VF00-06Ps) are less enriched than the other unit F sam-
ples and again show more affinity to the Group I samples,
as observed in the major element plots (Fig. 7c). One
sample from unit N (VF97-03BJ) also reveals a trend to-
wards the Group I compositions (Fig. 7b). Unfortunately,
there are no ICP-MS trace element data for the unit D
samples that are geochemically similar to the Group I
units in terms of major element data.

The same variation in the units can be seen more clearly
on incompatible trace element variation diagrams (Fig. 8).
The majority of the Group II samples are strongly en-
riched in the fluid-mobile elements K, Sr and Ba. Unit F
shows the strongest enrichment in Sr and Ba, whereas
units N and D are less enriched than unit F, but more en-
riched than the Group I medium-K subalkaline units.
Two unit F, three unit D and one unit N sample are com-
positionally more similar to the Group I samples with less
enriched K, Sr and Ba (Fig. 8). These are the same samples
that have the major and trace element variations described
above.

The high-K, alkaline cinder cone magmas all display
characteristic subduction-related trace element abundance
patterns (Figs 7 and 8) with highly enriched LILE (Ba, K,
Sr) relative to HFSE (Ta, Nb, Hf, Ti) abundances (Luhr &
Carmichael, 1981; Carmichael et al., 2006; Maria & Lubhr,
2008; Vigouroux et al., 2008; Cai, 2009). The incompatible
element concentrations within the alkaline scoria cone sam-
ples are strongly enriched relative to the Group I medium-
K subalkaline samples, but overlap the Group II high-K
subalkaline transitional to alkaline deposits (Fig. 7).

Whole-rock isotope geochemistry
Strontium and Nd isotopes are widely used to fingerprint
magma source(s) and identify open- and closed-system
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Table 5: Whole-rock Sr and Nd isotopic ratios _for the CVC
tephra fallout deposits analysed as part of this study

Sample Unit 875 /88gr 2G error 3Nd/Nd 2G error
(x10°°) (x107)
VF95-09X Y 0-703627 +4 0-512940 +11
VF97-06D Y 0-703633 +6 05612912 +4
VF97-13B Y 0-703623 +6 0-5612916 +6
VF98-02W w 0-703582 +4 0-5612916 +6
VF95-06W w 0-703574 +6 0-512941 +8
VF10-01U u 0-703586 +4 0-512924 +6
VF10-02U u 0-703593 +4 0-512932 +6
VF10-04U u 0-703635 +5 0-512921 +7
VF10-07U U 0-703594 +4 0-512934 +4
VF95-06P S 0-703555 +4 0-512953 +3
VF95-09T S 0-703592 +4 0-512932 +6
VF10-03Q P 0-703577 +13 0-512948 +5
VF10-07M3 P 0-703604 +4 0-512927 +5
VF10-01P P 0-703564 +4 0-512948 +7
VF10-03Pi P 0-703557 +10 0-512902 +7
VF10-07D N 0-703723 +3 0-512908 +6
VF95-09G N 0-703711 +4 0-512916 +4
VF10-03N N 0-703711 +4 0-512922 +4
VF95-09E L 0-703597 +3 0-512909 +5
VF10-03M2 L 0-703604 +4 0-5612932 +8
VF10-03L J 0-703610 +4 0-512937 +6
VF00-06R H 0-703384 +3 0-512952 +5
VF94-06E H 0-703705 +5 05612913 +5
VF97-01Di H 0-703689 +5 0-5612913 +5
VF01-02Ps F 0-704084 +4 0-512791 +4
VF01-05PA F 0-704044 +4 0-512787 +5
VF10-04F F 0-703681 +4 0-512913 +5
VF95-01B D 0-703645 +5 0-512936 +5
VF01-02Ni D 0-703696 +4 0-512920 +10
VF01-05N D 0-703695 +4 0-512908 +5
1004-500 - 0-70385 +3 0-51286 +7
SAY-101B - 0-70383 +3 0-51287 +7
SAY-7E - 0-70417 +3 051277 +7
SAY-8H - 0-70381 +3 0-51283 +7

The Group Il deposits are in bold, and the alkaline cinder
cones from Cai (2009) are in italics.

processes occurring in the magma storage region, such as
magma mixing, crustal assimilation and fractional crystal-
lization (AFC; e.g. Tatsumi et al., 1992; Straub et al., 2010;
Verma & Luhr, 2010; Schmidt & Grunder, 2011). The ma-
jority of the CVC medium-K subalkaline tephra have
narrow ranges of whole-rock ¥’Sr/*Sr and "Nd/"**Nd,

VOLCAN DE COLIMA TEPHRA

varying from 0-70338 to 0-70371 and 0-51290 to 0-51295, re-
spectively (Table 5, Fig. 9a), consistent with previously
published whole-rock Sr—Nd isotope data for CVC lavas
(Valdez-Moreno et al., 2006; Verma & Luhr, 2010). The
Group I magmas show very little variation in ®Sr/*Sr
and "*Nd/"**Nd with increasing SiO, (Fig. 9b and c).

The high-K mafic Group II units display slightly higher
¥Sr/*%Sr and lower "*Nd/"**Nd than the majority of the
CVC tephras (Fig. 9). Units N and D of the high-K mafic
tephras display a narrow range in Y'Sr/*Sr and
"Nd/"*Nd, varying from 0-70365 to 0-70372 and 0-51291
to 0-51294, respectively (Table 5; Fig. 9). Unit I displays a
much wider range in ¥Sr/*°Sr (0-70368-0-70408) and
NN (0-51279-0-51291). However, there is a clear
distinction within unit I samples; two of the unit F sam-
ples, VF01-02Ps and VFO01-05PA, have more radiogenic
¥Sr/20Sr ratios of 0-70404 and 0-70408, and less radiogenic
"Nd/M*Nd ratios of 0-512787 and 0-512791, respectively.
These two samples have LOI values of 514 and 7-47, re-
spectively, indicating possible post-eruption alteration.
¥Sr/"°Sr could have been modified by interaction with
groundwater that had equilibrated with local crustal
rocks; however, Nd is immobile during weathering, there-
fore, the less radiogenic "“Nd/"**Nd ratios of these two
samples can be considered magmatic. As such, we believe
these values are primary and have not resulted from sec-
ondary alteration processes. The unit I sample that dis-
plays less radiogenic ¥Sr/*°Sr and more radiogenic
"Nd/"**Nd, similar to the Group I tephra compositions,
is VF10-04F, which is also compositionally similar to the
Group I samples in terms of whole-rock major and trace
element geochemistry, as described above.

Whole-rock ¥’Sr/*Sr and "®Nd/"**Nd data are available
for samples from only four of the local alkaline cinder
cones (Cai, 2009). These samples have more radiogenic
FSr/fSr (0-70381-0-70417)  and  less  radiogenic
MINA/MNA (0-51277-0-51287) relative to the medium-K
Group I eruption deposits and the majority of the high-K
Group II units (Fig. 9, Table 5).

PETROGRAPHY AND MINERAL
CHEMISTRY
Mineralogy

The Group I eruption deposits are typical arc basaltic
andesites to andesites with the mineral assemblage plagio-
clase 4+ clinopyroxene 4 orthopyroxene + amphibole 4 Fe—
Ti oxides £ olivine in varying amounts (Table 6). Scoria
and pumice are typically highly vesiculated with pheno-
cryst and microphenocryst (<03 mm after Wilcox, 1954)
phases making up 10-25vol. %. The groundmass com-
prises highly vesiculated glass with abundant microlites of
the same mineral phases, with the exception of amphibole,
which is absent from the groundmass. Gabbroic
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Fig. 6. Whole-rock major and compatible trace element variation diagrams for the CVC tephra fallout and alkaline cinder cone magmas.
Geochemical data are reported inTable 3 and Supplementary Data Appendix 1.
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glomerocrysts are present in all the samples (up to 2 vol.
%), comprising plagioclase, clinopyroxene, orthopyroxene
and commonly olivine and amphibole. The size of these
varies from <Imm to 5 mm.

Scoria from the Group II (high-K mafic) eruption de-
posits are basaltic andesite to trachyandesite in compos-
ition with phenocrysts and microphenocrysts —of
plagioclase 4 clinopyroxene + amphibole 4 olivine 4+phl
ogopite + Fe—T1 oxides in varying amounts (Table 6). The
groundmass typically comprises dark, highly vesiculated
glass, and contains abundant microlites of all the above
phenocryst phases except amphibole. All three units (N, I
and D) also contain up to lvol. % glomerocrysts of pre-
dominantly clinopyroxene and olivine and, less commonly,
of orthopyroxene and phlogopite. The Group II units are
mineralogically distinct from each other: unit N pheno-
crysts comprise predominantly plagioclase and clinopyrox-
ene, with up to lvol. % olivine, and trace amounts of
amphibole and phlogopite; scoria from unit F has a lower
crystallinity (7-12 vol. %) than units N and D, and a min-
eral assemblage dominated by clinopyroxene, olivine and
phlogopite with up to Ivol. % plagioclase and trace
amphibole, whereas unit D scoria has the highest crystal-
linity (10-15vol. %; Table 6) comprising predominantly

amphibole and plagioclase, with some clinopyroxene and
up to 1vol. % olivine and phlogopite.

Luhr & Carmichael (1981) described the alkaline cinder
cone magmas as forming a transitional series from basan-
ite to minette based on the appearance and increasing
abundance of phlogopite, sanidine, leucite and apatite.
The typical mineral assemblage of the basanites, as
defined by Luhr & Carmichael (1981), comprises pheno-
crysts and microphenocrysts of olivine 4 clinopyroxene +
(rare) plagioclase (labradorite Ans 79) + titanomagnetite
within a crystalline groundmass glass comprising the
same mineral phases. Leucite-basanites have the character-
istic mineral assemblage of olivine + clinopyroxene
phenocrysts, and microphenocrysts and groundmass crys-
tals of sanidine + leucite + titanomagnetite 4 apatite +
phlogopite (Luhr & Carmichael, 1981). The minettes
comprise  phenocrysts  of  olivine 4 clinopyroxene +
phlogopite + apatite and microphenocrysts (and ground-
mass crystals) of sanidine, leucite, titanomagnetite, apa-
tite and phlogopite (Luhr & Carmichael, 1981). The
crystallinity of scoria samples from the alkaline cinder
cones varies from 159 to 32:3vol. % (Luhr &
Carmichael, 1981).
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Fig. 8. Incompatible trace element variations highlighting the dis-
tinctions between the high-K (Group II) deposits and the Group I
tephra. The majority of the Group II units display elevated K, Sr
and Ba relative to the Group I deposits. One sample from unit N,
two from unit F and three from unit D display K, Sr, and Ba concen-
trations similar to those of the Group I deposits. Ti is used in (b) and
(c) as a proxy for Th, as an immobile element during secondary
weathering processes, as some of the unit D samples have no
ICP-MS data. (b) and (c) use XRF data. The data are reported in
Tables 3 and 4.

Mineral chemistry and textural
characteristics

Plagioclase

Plagioclase is the dominant mineral phase in the Group
I tephra samples, forming 2-15vol. %, occurring as
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Fig. 9. (a) ¥'Sr/*Sr vs ""Nd/"**Nd, (b) "*Nd/*'Nd and (c) ¥Sr/*sr
variation with SiO, for the CVC eruption deposits. The majority of
the Group 1II tephra have slightly more radiogenic ¥’Sr/**Sr and less
radiogenic "¥Nd/"*Nd than the Group T deposits. However, two unit
F sam]i)les display much more radiogenic *Sr/*®Sr and less radiogenic
"Nd/"*Nd ratios than the rest of the CVC tephra. Isotopic data for
the Group I and II deposits and the alkaline cinder cone magmas
are reported inTable 5.

cuhedral to subhedral microphenocrysts (<0-3 mm) and
phenocrysts up to 3 mm in length (Fig. 10). The abundance
of plagioclase in Group II tephra, however, varies
between units, from trace amounts in unit F to 10 vol. %
in unit N (Table 6). Plagioclase phenocrysts in Group II
scoria are typically euhedral to subhedral and up to 2 mm
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Table 6: Maineralogy of scoria_from the Group 11 tephra fallout deposits observed at the CVC

Unit Crystallinity Plag Cpx Opx Hbd Olivine Phlogopite Fe-Ti oxides
Y 10-15 5-10 O-trace O-trace 2-4 - - Trace-1
w 13-19 7-10 1-3 1-2 2-5 Trace-1 - 1

u 20-25 12-15 3-4 1-2 2-5 1-2 - 1

S 12-17 7-10 1-2 1 1-3 1-2 - 1

P 14-22 10-15 1-3 1-2 Trace Trace - 1

N 9-13 5-10 1-2 - Trace Trace-1 Trace 1

L 11-19 5-10 1 Trace 3-5 - - 1-2
J 11-16 7-10 1-2 1 1 - - 1-2
H 13-17 2-10 2-3 1-2 Trace-5 Trace-2 - 1

F 7-12 Trace-1 2-5 - Trace 1-3 1-2 1-2
D 10-15 1-3 Trace-2 - 3-7 Trace-1 1 1-3

The Group Il deposits are in bold. Crystallinity and abundances are given in volume % and were estimated from thin
sections on the optical microscope. Plag, plagioclase; Cpx, clinopyroxene; Opx, orthopyroxene; Hbd, hornblende.

in length. The Group II scoria have a high plagioclase
microphenocryst population relative to phenocrysts.
Microphenocrysts are euhedral and appear to be
unaltered.

In all GVC tephra samples (Group I and Group II),
plagioclase phenocryst core and rim compositions display
large variations in anorthite (An) content with core com-
positions ranging from Angg to Angy and rim compositions
ranging from Any to Angs (Table 7). Single plagioclase
phenocrysts in all samples can show large variations in
their core and rim An contents (up to 20 mol %; Fig. 10).
These compositional variations are reflected in the mineral
textures. Several types of plagioclase phenocryst are
observed in the Group I and Group II deposits displaying
sieve textures, normal zoning, reverse zoning, oscillatory
zoning and combinations of these with dissolution surfaces
and resorption textures (Fig. 10). Sieve-textured plagioclase
is common in samples from both groups (Fig. 10a and b).
These phenocrysts have undergone pervasive resorption,
leaving a porous, sieve texture, which was infilled by melt,
and has undergoine subsequent recrystallization giving
the crystals a patchy appearance (Fig. 10b). The An content
varies by up to 30mol % between the light and dark
patches. Phenocrysts displaying oscillatory zoning are also
common, with both large-scale, sawtooth oscillations (up
to 100 um width and 20mol % An amplitude) and fine
low-amplitude oscillations (Fig. 10c—e). Core-rim EPMA
analyses reveal that compositional changes in An content
are commonly coincident with changes in Fe,O5 (Fig. 10d
and e).

Clinopyroxene
Clinopyroxene (augite) is present in all Group I and
Group II tephra, varying in abundance from trace

amounts to 5vol. % and commonly occurring as pairs of
crystals or in glomerocrysts (Table 6). Crystals are typic-
ally ~0-5> mm across, but can be up to I'> mm, and are eu-
hedral to subhedral.

All clinopyroxene phenocrysts display core—rim chem-
ical variations reflected in their Mg##. Clinopyroxene
phenocrysts in tephra from the majority of the Group I
subalkaline deposits have cores with Mg#f varying from
0-73 to 0-83 and rims with Mg# varying from 074 to
0-84 ('Table 7). Tephra from the most mafic of the Group I
units (U and H) contains clinopyroxene phenocrysts with
cores with Mg## up to 0-88. Within the Group II samples,
core compositions are typically more magnesian than
the Group I clinopyroxene cores, with Mg# of up to
0-90 (Table 7). Rims are similar in composition to the
Group I clinopyroxenes, with Mg# ranging from 0-72 to
0-85.

Clinopyroxene phenocrysts in all samples are typically
subhedral displaying embayed edges. They exhibit complex
dissolution, resorption and recrystallization textures
including rounded and embayed growth zones, dissolution
surfaces cross-cutting multiple growth zones and patchy
sieve textures (Figs 11 and 12). Zoning is common in all
phenocrysts of normal, reverse and oscillatory types
(Figs 11 and 12). Resorption and dissolution surfaces are
commonly surrounded by growth zones displaying large
changes in Mg# coinciding with changes in CryOj
(Figs 11 and 12). Figure 1la shows a clinopyroxene pheno-
cryst (sample VF95-09L, unit P) from Group I with a
low-Mg core (Mg## 0-79), which is partially resorbed, sur-
rounded by a high-Mg growth zone (Mg# 0-86), and os-
cillatory growth to the rim. The high-Mg growth zone is
coincident with a large step increase in CroOj (Fig. 1la).
Similarly, Fig. 11b displays a clinopyroxene phenocryst

2173

¥T0Z ‘¥ JoquienoN uo 1s8anb Aq /610'sfeulnolpioxoABojoed)/:diy woly pepeojumoqd


http://petrology.oxfordjournals.org/

JOURNAL OF PETROLOGY VOLUME 55 NUMBER 11 NOVEMBER 2014

Fe,O, (wt.%)

0.4
(150pm) Rim

0.6

0.5

0.4

Fe,O, (Wt.%)

0.3

0.2
(275um) Rim

r0.6
0.5

0.4

Fe,0, (Wt.%)

0.3

0.2
(340pm) Rim

Fig. 10. Backscatter SEM images for plagioclases from units Y (a and by sample VF95-06Y) and U (c; sample VIF98-02U) of the Group I de-
posits, and unit D (d and e; samples VF0I-02Ns and VF01-05N, respectively) of the Group II deposits. Core—rim EPMA profiles are also
shown for (c), (d) and (e). Errors are within the symbol size. Sieve-textured plagioclase (a and b) is common in both Group I and II tephra
samples. The majority of plagioclase phenocrysts in all tephra samples display complex zoning, with changes in An composition reflected in
Fe,O5 (c—e). The core—rim EPMA data are reported in the Supplementary Data, Appendix 3.
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Fig. 11. Clinopyroxene phenocrysts from (a) unit P (sample VIF95-09L) and (b) unit H (sample VF10-03M2) of the Group I deposits. Also
shown are core—rim profiles for (a) and (b). Errors are within the symbol size. Compositional changes in Mg#£ are typically coincident with
equivalent changes in CryOg. The core—rim EPMA data are reported in the Supplementary Data, Appendix 3.

from the Group I tephra (VF10-03M2, unit L) which has a
rounded, high-Mg core (Mg# 0-84) surrounded by low-
Mg (Mg# 0-78) growth to the rim. The step decrease in
Mg## between the core and the surrounding growth zone
is also coincident with a step decrease in CryOs.

Similar complex zoning patterns are displayed by clino-
pyroxene crystals in the Group II deposits. Figure 12a
shows a clinopyroxene phenocryst (VF00-060, unit D)
with a sieve-textured, high-Mg core (Mg#f 0-87) and a
low-Mg overgrowth (Mg## 0-77). The sharp step decrease
in Mg# is coincident with a decrease in CryOs
Clinopyroxenes with a low-Mg core (Mg# 0-73-0-74)
that is resorbed and recrystallized are also common in the
Group II samples (Fig. 12b and ¢; VF01-05N and VF00-
060, unit D). Surrounding the patchy textured low-Mg
core is a high-Mg zone (Mg#t 0-85), overgrown by less
magnesian clinopyroxene to the rim (Mg#f 0-81). Again,
the step increase in Mg## is coincident with a step increase

in CryOs All zones display resorption textures with
rounded crystal edges and corners.

Orthopyroxene

Orthopyroxene is present in all of the Group I eruption de-
posits, varying in abundance from trace to 2 vol. %, but is
present in the Group II units only in glomerocrysts along
with clinopyroxene, olivine and rarely, phlogopite.
Phenocrysts display marked zoning and embayed rims,
and, similar to clinopyroxene crystals, are commonly
observed in crystal pairs or in glomerocrysts.
Orthopyroxenes are enstatite-rich in composition with
Mg#f ranging from 0-69 to 0-85 in cores and from 0-69 to
0-81 in rims ("Table 7).

The majority of the orthopyroxene phenocryst cores and
growth zones display strong or partial resorption such as
rounded corners and embayed crystal edges, sieve and
patchy textures, and dissolution surfaces cross-cutting
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Fig. 12. Backscatter SEM images from unit D, samples VF00-060i (a, ¢) and VF01-05N (b); and core-rim EPMA profiles of clinopyroxene
phenocrysts from Group II. Errors are within the symbol size. Compositional changes in Mg## are typically coincident with equivalent changes
in CryOs, as observed in the Group I clinopyroxene. The core—rim EPMA data are reported in the Supplementary Data, Appendix 3.
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multiple growth zones (Fig. 13). As observed in the clino-
pyroxene phenocrysts, large step increases and decreases
in Mg# are typically coincident with changes in CryOs
(Fig. 13).

Amphibole

Amphiboles are magnesiohastingsite in composition
(Leake et al., 1997), occurring as phenocrysts and/or micro-
phenocrysts in all of the CVC eruption deposits.
Abundances in the Group I deposits range from <l to
5vol. %, whereas amphibole in the Group II deposits
varies from trace amounts in units N and I to between 3
and 7 vol. % in unit D (Table 6).

Amphibole in the Group I eruption deposits occurs as
euhedral to subhedral phenocrysts with a prismatic habit,
typically up to 1’5 mm in length. They commonly appear
broken, and rims are generally sharp; however, hornblende
phenocrysts with strong reaction rims of pyroxene, plagio-
clase and Fe—Ti oxides are present in all units. Ghost horn-
blende, having completely altered to oxides, pyroxene and
plagioclase, is rare but does occur. Both altered and fresh
crystals occur together in units S and L of Group L.

Amphibole phenocrysts in unit D are typically up to
2mm in length and are subhedral with rounded edges.
Pyroxene, plagioclase and Fe—Ti oxide reaction rims sur-
rounding the amphiboles are rare; however, holes in the
centre are common and many phenocrysts appear broken
(Fig. 14a and b). Amphibole in units N and F occurs as an-
hedral microphenocrysts.

Olivine

Olivine is present in all Group I eruption deposits except
the more evolved units Yand L, and the intermediate unit
J (Table 6). Its abundance varies from trace amounts to
2vol. %, and it occurs as rounded and embayed pheno-
crysts up to I mm across and as microphenocrysts. Olivine
is more common in all three of the Group II units (up to
3vol. %), forming rounded and embayed phenocrysts up
to I mm across and microphenocrysts (Fig. 14c).

Core and rim Mg## values of olivine phenocrysts from
the Group I scoria typically display small variations, ran-
ging from 0-72 to 0-80 in cores and in rims (units W and
U; Table 7). Olivine phenocrysts from unit H are more
magnesian with Mg## 0-80-0-87 in cores and 0-77-0-83 in
rims. Olivine phenocrysts within the Group II eruption
deposits are typically more magnesian with Mg#£ of up
to 0-88 (Table 7). The core and rim Mg# values of the
olivines do not display large variations; for example, unit
D cores have Mg#£ of 0-85-0-87 and rims have 0-79-0-8l.
Weak zonation from core to rim is common, with less mag-
nesian rims (Fig. 14¢). Olivine is also common in glomero-
crysts, where it occurs together with clinopyroxene and,
less commonly, orthopyroxene and phlogopite.

Phlogopite

One of the diagnostic charateristics of the Group II
eruption deposits 1s the presence of phlogopite microphe-
nocrysts and/or phenocrysts. Phlogopite varies in abun-
dance from trace amounts in unit N to 2 vol. % in unit F
(Table 6). It occurs as microphenocrysts in units N and D,
and as up to Imm long phenocrysts in unit F (Fig. 14d).
Phlogopite also occurs in glomerocrysts together with
clinopyroxene, olivine & orthopyroxene. Phenocrysts and
microphenocrysts display very little compositional vari-
ation, with Mg## ranging from 0-76 to 0-82 (Table 7).

Fe—"Ti oxides

Fe—T1i oxides, including both titanomagnetite and ilmenite,
are common in the groundmass of all the CVC eruption
deposits, with abundances varying from ~1 to 3vol. %
(Table 6). Unit D of Group II has the highest abundance.
Fe—T1 oxides are also common in glomerocrysts and as in-
clusions in olivine and clinopyroxene crystals. The break-
down rims of amphibole phenocrysts also contain Fe—Ti
oxides.

Accessory minerals

The only accessory mineral observed in the CVC tephra is
apatite, which occurs as small euhedral (<30 um) inclu-
sions in amphibole phenocrysts and as microphenocrysts
in the groundmass in Group I and Group II tephra. Luhr
& Carmichael (1982) also reported spinel inclusions in
olivine and in the groundmass of scoria samples.

Groundmass

The groundmass of the Group I pumice and scoria typic-
ally comprises intermediate to felsic glass (54:1-75-8 wt %
Si0y; Fig. 14e, Table 7) with abundant microlites of plagio-
clase and pyroxene. Pumice and scoria clasts commonly
display colour variations reflecting heterogeneity of the
glass, with up to 20wt % variation in SiO, content
within a single pumice clast.

The groundmass of the Group II scoria is less evolved,
typically comprising intermediate to felsic glass ranging in
composition from 544 to 656wt % SiOy (Fig. lde;
Table 7). Units N and D show the widest range of glass
SiOy contents, with variations of up to 11wt % (Table 7;
Fig. 14e) and a distinctly streaky appearance. In contrast,
the groundmass glass of unit I scoria shows very little vari-
ation in Si1Oy (56-:8-59-1wt %) and does not have a streaky
appearance. These variations in glass chemistry are also
reflected in the TiO; and MgO concentrations (not
shown). The groundmass is typically highly vesiculated
and contains abundant microlites of plagioclase and clino-

pyroxene (Fig. 141).
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Fig. 13. Backscatter SEM images and EPMA core—rim profiles of orthopyroxene phenocrysts from Group I, samples VF98-02U from unit N
(a) and VFI0-03M2 from unit L. (b). Errors are within the symbol size. The SEM images and EPMA data reveal complex zoning patterns
and coincident compositional changes in Mg## and CryOs. The core-rim EPMA data are reported in the Supplementary Data, Appendix 3.

DISCUSSION

Magma mingling

Geochemical similarities between subalkaline and alkaline
magmas

The whole-rock major and trace element geochemical data
reveal that the high-K Group II units, N, F and D, have
elevated Ky,O, PyO5 and fluid-mobile incompatible elem-
ent contents that trend towards the shoshonitic alkaline
cinder cone magma compositions and away from the
Group I, medium-K subalkaline compositions (Figs 4, 6
and 7).

The variation of KoO and PyO5 with SiO, for the CVC
eruptive products shows that the high-K Group II eruption
deposits are compositionally intermediate between the
medium-K Group I and the high-K alkaline cinder cone
magmas (Fig. 4b and c¢). The subalkaline and alkaline

magmas define separate differentiation trends, and

therefore cannot be linked through fractional crystalliza-
tion from a common evolving parental melt. Two-compo-
nent mixing calculations between the most primitive and
most evolved Group I subalkaline magma compositions
and the most K-rich alkaline cinder cone magma suggest
that the Group II eruption deposits could contain large
amounts (up to 50%) of the alkaline magma component
(Fig. 15). The least and most evolved Group I samples
(VF01-0IT from unit U and VF97-05B from unit L), and
a high-K minette sample (LE-02; Vigouroux et al., 2008)
from La Erita cinder cone were used as end-member com-
positions ('Table 8).

The presence of an alkaline magma component in the
Group II magmas can also be shown through simple
mixing calculations using the whole-rock trace element
variations (Fig. 16; Table 9). As previously discussed, the in-
compatible trace element patterns of the Group II deposits
overlap those of the high-K alkaline cinder cone magmas.
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Fig. 14. Backscatter SEM images of (a, b) hornblende, (c) olivine, (d) phlogopite and (f) groundmass glass. Images (a)—(c) are from sample
VF00-060 from unit D, and (d) and (f) are from unit I, sample VF01-02Ps. (e) is a plot showing the variation in groundmass glass SiOy con-
tent in the Group I (grey) and Group II (black) units. Errors are within the symbol size. The range of glass SiOy data is reported in Table 7.
The groundmass is typically more heterogeneous and evolved in the Group I tephra than in the Group II tephra.
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Fig. 15. Whole-rock major element K,O (a) and P,O; (b) variation
with SiOy showing mixing lines between end-member compositions
after Langmuir et al. (1978). The subalkaline end-members are the
least and most evolved Group I samples (VFOL-0I'T from unit U and
VF97-05B from unit L), and the alkaline end-member is a high-K
minette sample (LE-02; Vigouroux et al., 2008) from La Erita cinder
cone (Table 8). The Group II deposits lie compositionally between
the Group I and alkaline cinder cone magmas, with potentially up to

50% alkaline magma component.

The trace element abundance patterns for calculated
mixed magma compositions (5%, 20% and 50% alkaline
component) broadly match those of the Group II deposits
(Fig. 16). They do not agree perfectly, however. For ex-
ample, the abundances representing a 50:50 alkaline—sub-
alkaline mixture agree well for the majority of trace
elements with the exception of Rb, Ba, Nb, P, Zr and HI,
which are all more enriched than in the Group II samples.
This may reflect the presence of small amounts of acces-
sory minerals in the alkaline melts, such as titanite, rutile,
zircon or apatite, which would result in relatively high
abundances of Nb, P, Zr and Hf (Cox et al., 1979; Pearce,
1982; Saunders et al., 1991). Rb and Ba are highly mobile
in fluids, therefore intense source metasomatism can cause
enrichments in the alkaline mixing endmember (e.g. the
Catalina Schist Mélange, Bebout & Barton, 1989; Papua

VOLCAN DE COLIMA TEPHRA

Table 8:  End-member compositions used in mixing calcula-
tions in Fig. 15

Sample: VF01-01T* VF97-05B* LE-02*
Unit: U Y Cinder cone
Age (a Bp): 4700 4400 -
Reference: 1 1 2

SiO, 54-17 61-47 4841
TiO, 0-81 0-43 147
Al,03 19-36 18:47 11-10
FeOt 7-27 479 7-27
MnO 0-12 0-10 0-12
MgO 6-09 2:16 12:40
Ca0 7-38 5-70 8-88
Na,O 341 4-95 2:55
K20 0-67 1-48 4-94
P,0s 0-24 0-24 1-34
Total 100 100 100

References: 1, Luhr et al. (2010); 2, Vigouroux et al.
(2008).

*Samples VF01-01T from unit U and VF97-05B from unit Y
are the least and most evolved end-members from the
Group | subalkaline samples; sample LE-02 from La Erita
cinder cone (Vigouroux et al., 2008) was used for the al-
kaline end-member, with the highest whole-rock K,O
content.

1000 -
Alkaline cones 5% Alkaline
---------- 20% Alkaline
100 ——-50% Alkaline
m
O et
o
=
z 10
<@
g Group I
©
@9
0.1ww\\\\\\\\d—\\\_\_\“‘
ERBEX2,3862 ENEFETES

Fig. 16. N-MORB normalized incompatible trace element abun-
dance diagram showing trace element patterns produced by mixing
between the subalkaline and alkaline magmas. The mixed compos-
itions are calculated using a representative basaltic andesite from
Group I (VFO0I-0IT) and an alkaline minette (SAY-7E from EIl
Carpintero Norte cinder cone; Cai, 2009; Table 9). The continuous
red line represents compositions consisting of a mixture 95% subalka-
line and 5% alkaline magma; the black dotted line represents 20% al-
kaline magma; the purple dashed line is a 50% alkaline—subalkaline
mixture. The Group II magmas (light grey field) have between 20
and 50% alkaline component. N-MORB normalizing values are
from Sun & McDonough (1989).
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Table 9: End-member compositions used in trace element

mixing calculations in Fig. 16

Sample: VF01-01T* SAY-7E*
Unit: u Cinder cone
Age (a Bp): 4700 -
Reference: 1 2

Rb 71 82:2
Ba 290 4657
Th 1356 7-00
K 5542 29718
Nb 4-14 1418
Ta 0-28 0-68
La 11-16 84-21
Ce 22-94 194-4
Sr 602 3327
Nd 13-85 9475
P 1031 5761
Sm 3561 15-83
Zr 104 682
Hf 293 17-13
Ti 4861 9832
Tb 0563 133
Y 17-19 26-88
Tm 0-26 0-237
Yb 1-60 179

References: 1, Luhr et al. (2010); 2, Cai (2009).

*Sample VF01-01T from unit U is used as a representative
basaltic andesite end-member; sample SAY-7E is the most
enriched of the alkaline cinder cone samples and is there-
fore used as the alkaline magma end-member.

TThere are no Tm data for SAY-7E, therefore Tm was
taken from a representative minette from San Isidro
cinder cone, sample VF99-07A (Maria & Luhr, 2008).

New Guinea, MclInnes et al., 2001; Izu—Bonin—Mariana
arc—basin system, Savov et al., 2007; Kamchatka arc xeno-
liths, Halama et al., 2009). Alternatively, a low degree of
partial melting could result in high concentrations of Rb
and Ba in the melt.

The alkaline—subalkaline magma mixing relationship
can also be explored by consideration of the ¥Sr/*®Sr and
"Nd/™**Nd isotope variations within Groups I and IL
Again, the Group II tephra compositions trend towards
those of the alkaline cinder cone magmas. The majority of
the Group II samples are isotopically similar to the Group
I medium-K subalkaline series; however, two unit I samples
have distinctly more radiogenic ¥’Sr/**Sr and less radiogenic
"Nd/"*Nd than the rest of the CVC tephra samples
(Fig. 9). Using two-component mixing calculations, the ma-
jority of the Group II eruption deposits are shown to fall

0.5130
Q
_00.51297 * LI~ 10%
Z
. 20%
2 A 30%
g 50%
- 0.5128 o
Dh 7%
0.5127 T T w
0.7035 0.7037 0.7039 0.7041 0.7043
“'Sr/*Sr

Fig. 17. Two-component mixing line between the end-member
magmas on a ¥Sr/*Sr vs "*Nd/™**Nd plot using end-member com-
{)ositions of a Group I basaltic andesite with the most radiogenic
Nd/M*Nd (sample VF95-06P) and an alkaline cinder cone minette
with the most radiogenic *Sr/*®Sr and least radiogenic ""Nd/"**Nd
(sample SAY-7E from El Carpintero Norte; Cai, 2009; Table 10). The
tick marks show the percentage of the alkaline component. The ma-
jority of the Group II samples have around 5% alkaline component
whereas the two unit F samples VF01-02Ps and VF01-05PA have up
to 50% of the alkaline component.

Table 10: Whole-rock isotopic data used in mixing calcula-
tions in Fig. 17

Sample: VF95-06P SAY-7E
Unit: S Cinder cone
Reference: 1 2

Sr (ppm) 639 3327

Nd (ppm) 13-66 94-75
87Sr /83y 0-70355 070417
BNd/"Nd 051295 051277

References: 1, Luhr et al. (2010); 2, Cai (2009).

*Sample VF95-06P from unit S is used as a representative
basaltic andesite Group | end-member with the most
radiogenic '“*Nd/'*Nd; sample SAY-7E is the alkaline
end-member with the most radiogenic ¥Sr/®Sr and least
radiogenic "Nd/ *®Nd.

along a mixing line involving up to 5% of the alkaline
magma component, whereas the two unit I samples have
~30% of the alkaline cinder cone component (Fig. 17;
Table 10). The range of variation in the cinder cone
magmas could equally be explained by mixing with a sub-
alkaline component similar to a typical Group I magma.

Mineralogical similarities between subalkaline and alkaline
magmas

The Group II tephra deposits are basaltic andesites, yet
are characterized by mineral assemblages including
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clinopyroxene, olivine and phlogopite, more akin to those
of the basanites and minettes of the alkaline cinder cones
(Luhr & Carmichael, 1981). In the alkaline cinder cone
magmas, plagioclase is absent, or present only in the
groundmass (Luhr & Carmichael, 1981). Geochemically,
unit F of Group II shows the strongest alkaline signature
(Figs 15 and 17), consistent with its mineralogy, which com-
prises an assemblage dominated by clinopyroxene, olivine
and phlogopite with minor plagioclase and a trace
amount of amphibole (Table 6). Units N and D have
weaker alkaline signatures, which, again, are reflected in
their mineralogy; unit N scoria comprises predominantly
plagioclase and clinopyroxene, with up to 1vol. % olivine,
and trace amounts of amphibole and phlogopite, whereas
Unit D scoria comprise predominantly amphibole and
plagioclase, with clinopyroxene and up to 1vol. % olivine
and phlogopite. The Group I tephra samples comprise pre-
dominantly plagioclase, clinopyroxene, orthopyroxene
and hornblende with olivine in the more mafic units.
These mineralogical differences, together with the geo-
chemical data, suggest that the Group II tephra resulted
from mixing between alkaline and subalkaline magmas at
a late stage in the eruption process, producing magma
with an overall subalkaline whole-rock major-element geo-
chemical signature but with mineralogical and trace elem-
ent characteristics of the alkaline magmas.

Further evidence to support this mixing hypothesis
comes directly from the mineral compositions and tex-
tures. Core compositions in clinopyroxene and olivine
phenocrysts within the Group II tephra are typically
more magnesian than in the Group I tephra samples
(Table 7), suggesting initial crystallization in a more mafic
melt, whereas rim compositions are similar to those in the
Group I tephra, indicating final equilibrium in similar
melt compositions. Large step changes in Mg## in growth
zones in clinopyroxene phenocrysts in both Group I and
Group II tephra are coincident with equivalent changes in
Cry0Os, indicating compositional changes as a result of
magma mingling (Streck, 2008). Similar compositional
changes are observed in the Group I orthopyroxene
phenocrysts (Fig. 13). Plagioclase phenocrysts in both
groups also display large compositional changes coincident
with dissolution and resorption surfaces (Fig. 10). These
changes in An content are commonly associated with
FeoOs, suggesting compositional changes in the melt as a
result of magma mingling (Ginibre et al., 20024, 20025).

Geochemical variations withan the Group 11 units

The Group II units, N, Fand D, display marked compos-
itional variations with some samples showing whole-rock
major and trace element concentrations and *’Sr/**Sr and
"Nd/**Nd ratios more akin to the Group I tephras
(Figs 4-9). These geochemical variations could be the
result of these samples being misinterpreted as belonging
to units N, I and D. The samples are from different
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localities across the CVC, and difficulties in correlating
the older, less well-exposed deposits could result in this
misclassification. However, based on radiocarbon ages of
binding ash horizons, stratigraphic correlations and field
characteristics, we believe that these samples do belong to
the Group II units N, F and D. Samples VF00-06Ps,
VF95-01B and VF95-01C were collected from phlogopite-
bearing scoria fall deposits. Sample VF10-04F (of unit F)
was collected from a scoria fall deposit underlying an ash
horizon that was dated at 11840 70 a BP corresponding
to an eruption age for unit F of ¢. 12000 a Bp. Similarly,
sample VF97-20D was collected from a scoria fall deposit
directly overlying an ash horizon from which a charcoal
sample yielded an age of 13350 £130 a BB, coinciding with
an eruption age of unit D of ¢. 13000 a B Sample VF97-
03B] was collected from a well-dated section; charcoal
from an overlying ash layer yielded an age of 6840 80 a
BP and charcoal from an underlying ash layer yielded an
age of 7190 £90 a sp (Luhr et al., 2010) giving an estimated
age for this deposit of ¢. 7000 a Bp coinciding with unit N.
However, the dated ash layers bind three scoria fall and
two ash deposits; therefore there is a degree of uncertainty
in the correlation of this unit.

Based on the geochemical and mineralogical evidence of
mixing between subalkaline and alkaline magmas, a plaus-
ible explanation for the geochemical distinctions revealed
within the Group II units is that the more enriched sam-
ples represent more alkaline components of a mingled
magma, whereas the more depleted samples represent the
subalkaline end-member. Physical mixing between the
two magma types within the crustal magma storage
region of the CVC magmatic system could result in a
mingled magma being erupted from the principal CVC
vent, resulting in tephra fallout with some high-K, more al-
kaline clasts, and some geochemically more subalkaline
clasts. Unit N displays less internal variation than units F
and D, potentially reflecting a more well-mixed magma.
This 1s consistent with the mineralogical data, as unit N
has a mineral assemblage more similar to the Group I
tephra than to units D and F.

Magma storage and shallower crustal
processes

Although the CVC has been the focus of numerous petro-
logical and geochemical studies (e.g. Luhr & Carmichael,
1980, 1990b; Medina-Martinez, 1983; Robin e/ al., 1987,
1991; De la Cruz-Reyna, 1993; Luhr, 1993, 2002; Robin &
Potrel, 1993; Righter, 2000; Navarro-Ochoa et al., 2002;
Saucedo et al., 2005, 2010; Atlas et al., 2006; Luhr ef al.,
2006; Valdez-Moreno et al., 2006; Reubi & Blundy, 2008;
Savov et al., 2008), very few have attempted to define the
nature of the magmatic plumbing system beneath the
CVC. Based on the water content of melt inclusions in
plagioclase, pyroxene and hornblende phenocrysts within
Colima lavas, Atlas et al. (2006) proposed that these melt
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inclusions were trapped at depths of <12 km, and that en-
trapment continued throughout the period of magma
ascent. Those researchers showed that water contents in
the melt inclusions vary negatively with SiOy and KyO;
therefore, they concluded that plagioclase crystallization
must have occurred during degassing under vapour-satu-
rated conditions. Based on the lack of erupted rhyolitic
magmas at the CVC, Atlas et al. (2006) suggested that
evolved, degassed magmas stagnate in sills, and are remo-
bilized by more mafic, less degassed magmas rising to-
wards the surface. Atlas et al. (2006) therefore concluded
that the CVC magmas evolved in conduits or inter-fin-
gered dykes in the upper crust, rather than in a large strati-
fied magma chamber.

Reubi & Blundy (2008) also studied melt inclusions in
plagioclase, orthopyroxene and clinopyroxene phenocrysts
in andesitic lavas from Volcan de Colima, which erupted
between 1998 and 2005. They discarded the concept of a
shallow magma chamber beneath the CVC, proposing in-
stead lower crustal evolution of the Colima magmas
rather than melt evolution in the upper crust, as proposed
by Atlas et al. (2006). Their model is similar to the hot
zone model of Annen et al. (2006), in which gabbroic sills
are emplaced in the lower crust where the magma evolves
through differentiation and crustal assimilation. Reubi &
Blundy (2008) concluded that the Colima andesites
formed through the incorporation of mafic gabbroic clots
into evolved dacitic melts.

The above model requires further testing, as there are
many aphyric and crystal-poor andesites erupted in vol-
canic arcs, including the CVC. In addition, whole-rock
major and trace element (REE, HFSE) and radiogenic
isotope (Sr, Nd, Pb) compositions of CVC andesites show
remarkable similarities (this study; Valdez-Moreno et al.,
2006; Savov et al., 2008; Luhr et al., 2010; Verma & Luhr,
2010) over multiple eruptions; these are hard to explain by
physical magma mixing (with exactly the same propor-
tions) at shallow depths. Furthermore, the Reubi &
Blundy (2008) model is based on a lack of intermediate
glass compositions in Colima andesites. In contradiction
to this, we have found that the medium-K subalkaline bas-
altic andesite (Group I) tephra samples from our study
have mafic to felsic (54:1-75-8wt % SiOy n=343;
Fig. 14¢; Table 7) groundmass glass compositions, with the
majority of analyses comprising intermediate compositions
from 56 to 65 wt % SiOy (n =228 from 30 samples).

Insights from mineral chemistry and textural characteristics
The complex zoning patterns observed in the plagioclase,
clinopyroxene and orthopyroxene phenocrysts and micro-
phenocrysts imply a complex crystallization history, invol-
ving multiple phases of growth and continually changing
conditions (pressure, temperature, HoO content, fO,, and
melt composition) within the magmatic plumbing system.
Such changes in conditions can be a result of local magma

mixing owing to convective overturn in a magma cham-
ber, mafic magma recharge or depressurization under
water-undersaturated conditions (Nelson & Montana,
1992; Blundy & Cashman, 2001; Ginibre et al., 2002a,
2002b; Annen et al., 2006; Ginibre & Worner, 2007; Streck,
2008). The presence of multiple types of zoning and
morphologies within a single eruption deposit can be
attributed to crystal growth at different times and in differ-
ent parts of the magmatic plumbing system; that is, early,
deep crystallization versus late, shallow crystallization.
Strong disequilibrium textures, such as sieve textures,
patchy zoned phenocrysts and cores, and dissolution sur-
faces, indicate repeated destabilization of phenocrysts
during crystallization. The rounded and irregular rims dis-
played by sieve-textured plagioclase phenocrysts (Fig. 10a)
indicate that the minerals were not in equilibrium with
the final melt composition. Sieve textures can be the result
of rapid crystal growth that forms boxy-like cellular, regu-
lar patterns (Streck, 2008); however, in this case the
patchy zonation is irregular and displays cross-cutting re-
lationships, suggesting that the phenocrysts have under-
gone pervasive resorption and recrystallization (Ginibre
& Worner, 2007). The crystal morphology reveals that the
more sodic plagioclase is the original mineral composition,
which underwent dissolution, followed by precipitation of
a more calcic composition infilling holes in the original
crystal. Pervasive resorption can result from temperature
increase owing to mafic magma recharge, which, if mech-
anical mixing occurred, would cause growth of more
calcic plagioclase (Ginibre & Worner, 2007). Alternatively,
it could result from depressurization under water-under-
saturated conditions, which would destabilize the plagio-
clase causing dissolution, following which more calcic
plagioclase would precipitate (Nelson & Montana, 1992;
Ginibre & Worner, 2007). If resorption and recrystalliza-
tion resulted from mafic magma recharge, differences in
anorthite content between the original and overgrown
plagioclase would be expected to correlate with changes
in other elements such as Fe and Mg (e.g. Smith e al.,
2009). However, in the sieve-textured plagioclase pheno-
crysts within the Group I and II tephra, there is no major
difference in Fe and Mg content between the original
more sodic, albite-rich plagioclase and the overgrown
more anorthitic plagioclase, suggesting that this texture is
not the result of magma mixing, but of depressurization.
Similar patchy sieve textures are also observed in
growth zones in the clinopyroxene phenocrysts in the
CVC tephra. Large-scale resorption and dissolution is
commonly attributed to magma mixing; however,
Crabtree & Lange (2011) showed that such textures can
also result from large degrees of undercooling caused by
degassing. At large undercoolings, crystal growth rates are
higher, resulting in diffusion limited growth, producing
crystals with skeletal, dendritic and hopper textures
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(Humphreys et al., 2006; Crabtree & Lange, 2011).
Subsequent crystallization can form patchy textures and
reverse or normal zoning. EPMA analyses together with
back-scattered electron (BSE) images show that the
strong resorption events with step increases in Mg#f
observed in clinopyroxene phenocrysts in the GCVC tephra
coincide with increases in CryOs5 (Figs 11 and 12), indicat-
ing that these events are linked to destabilization and re-
crystallization in a more mafic melt (Streck, 2008).
Clonversely, resorption events with step decreases in Mg#£
and coinciding decreases in CryOs, as observed between
the dark, high-Mg zone, and the low-Mg growth to the
rim (Figs 1lb and 12a), indicate resorption and re-equili-
bration in a more evolved melt. Small-scale oscillations in
Mg##, but not Cr, in the outer growth zone (Figs lla
and 12a) could indicate fluctuations in pressure, tempera-
ture, volatile content and fOo (Streck, 2008). Embayed
crystal edges indicate that the clinopyroxene phenocrysts
were not in equilibrium with the final melt composition
(Streck, 2008).

Figure 18 is a schematic representation of the CVC mag-
matic plumbing system based on the interpretation of the
petrological data presented here. A shallow-level magma
storage region is indicated by the presence of plagioclase
phenocrysts with small-scale oscillatory zoning and em-
bayed rims, which suggest thermal convection in a
magma chamber (Ginibre et al, 2002g¢; Ginibre &
Worner, 2007). The presence of amphibole phenocrysts
with breakdown rims is indicative of water loss, owing to
slow magma ascent rates allowing time for sufficient degas-
sing, as observed in Colima lava and dome samples
(Valdez-Moreno et al., 2006; Savov et al., 2008), and/or to
long residence times in a shallow magma chamber
(Browne & Gardner, 2006; Rutherford, 2008).

Rapid ascent rates from the magma storage region for
the CVC explosive eruption deposits are revealed by the
highly vesiculated nature of the groundmass and the oc-
currence of hornblende phenocrysts with stable, sharp
crystal edges, much like those in the highly explosive 1913
tephra (Luhr et al., 2006). The presence of amphibole
phenocrysts with breakdown rims is therefore attributed
to their long residence times in a shallow-level magma stor-
age region. The majority of scoria and pumice samples
from the CVC tephra fallout deposits studied here exhibit
both stable and unstable amphibole phenocrysts. The
observed juxtaposition of stable and unstable amphibole
phenocrysts within the same thin section implies late-
stage magma mixing events (Rutherford, 2008), which
may have triggered the explosive eruptions (e.g. Pallister
etal., 1992).

Magma mixing or mingling in the magmatic plumbing
system of the CGVC is also revealed by the nature of the
1913 eruption and its deposits (Robin & Potrel, 1993; Luhr,
2002; Luhr et al., 2006, 2010; Saucedo et al., 2010; Reubi
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et al., 2014). The more mafic nature of the 1818 and the 1913
eruptions compared with pre- and post-1913 lavas led
Luhr (2002) to conclude that the proposed 100 year erup-
tion cycle of explosive activity at Volcan de Colima termin-
ates with the injection of a hot, mafic magma that is deep
in origin and is capable of triggering an explosive Plinian
eruption (e.g. Pallister et al., 1996).

The explosive GVC eruption deposits reveal the pres-
ence of a complex magmatic plumbing system beneath the
CVC, involving multiple magma storage levels from the
base of the crust to a shallow-level upper crustal magma
storage region (Fig. 18). This is supported by recent geo-
physical studies, which have imaged two potential magma
storage regions beneath Volcan de Colima at ~5km and
15-30 km depth (Gardine, 2010; Lopez-Loera, 2012).

High-K magmas as a trigger of Plinian
eruptions
The appearance of the distinct mafic high-K Group 11
eruption deposits within the medium-K subalkaline stra-
tigraphy suggests that pulses of alkaline magma periodic-
ally intercept and become incorporated into the
magmatic plumbing system of the CVC. These primitive
magmas could potentially trigger the explosive eruption
of CVC magmas. Scoria from the 1913 Plinian eruption of
Volcan de Colima is streaky, showing evidence of magma
mingling (Robin & Potrel, 1993; Luhr, 2002; Luhr et al.,
2006, 2010; Saucedo et al., 2010; Reubi et al., 2014). The ma-
jority of the CVC pumices and scoria are streaky with
large wvariations in groundmass glass composition
(Fig. 14e). This, together with the petrological evidence of
magma mingling revealed by mineral chemistry and
zoning patterns, indicates that magma mingling is a dom-
inant process at the CVC. Similar processes are observed
in arc volcanoes worldwide. For example, recent studies of
lavas and pyroclastic deposits from the Old and Young
Shiveluch Volcanoes in Kamchatka have suggested that
the input of primitive magma into the lower levels of the
magma chamber triggers explosive Plinian eruptions
(Gorbach & Portnyagin, 201l; Gorbach et al., 2013).
Shiveluch is a dominantly andesitic stratovolcano charac-
terized by explosive Plinian eruptions and lava dome
growth. Similar to the CVC, interbedded within the dom-
inantly intermediate eruption deposits are the products of
single mafic eruptions (Gorbach & Portnyagin, 2011). It is
these that have been linked to small injections of more
primitive magma at depth. Older eruptions dated at 3600
and 7600 "*C a Bp are of potassic basalt and basaltic andes-
ite, respectively. Gorbach & Portnyagin (2011) suggested
that these eruptions, and those older than ¢. 10000 a Bp,
were related to more active replenishment of the magma
chamber system by deep magma inputs.

The appearance of primitive, high-K magmas at pre-
dominantly intermediate to felsic arc volcanoes is not
unique to the GVC and Kamchatka. Primitive magmas
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have erupted in monogenetic cones alongside more evolved
arc volcanoes, for example, in the Izu—Bonin—Marianas
arc (shoshonite volcanic province: see Stern et al., 2003,
and references therein), the Sunda—Banda Arc, Indonesia
(Wheller et al., 1987, Macpherson et al., 2010), the
Cascades, and along the TMVB (e.g. Hasenaka &
Carmichael, 1985; Lange & Carmichael, 1990, 1991
Hasenaka et al., 1994; Carmichael et al., 1996; Goémez-
Tuena et al., 2003, 2007, Straub et al., 2013; Diaz-Bravo
et al., 2014). The presence of high-K tephra layers that
show clear geochemical and petrological evidence for
physical magma mingling between medium-K, subalka-
line and shoshonitic alkaline magmas within the predom-
inantly medium-K subalkaline CVC eruptive stratigraphy
reveals a link between these two distinct magma types.
This magma mingling process may be a common occur-
rence in volcanic arc settings, which the well-preserved
eruptive stratigraphy of the CVC provides a means to ex-
plore further.

The evolution of the CVC stratovolcanoes has been gov-
erned by large sector-collapse events producing debris
avalanche deposits to the SE, south and SW of the CVC
(Robin et al., 1987; Luhr & Prestegaard, 1988; Luhr &
Carmichael, 1990a;  Stoopes &  Sheridan, 1992;
Komorowski et al., 1997; Cortés et al., 2009; Norini et al.,
2010). The five most recent debris-avalanche deposits have
been dated through radiocarbon techniques and yielded
ages of 2550 £110, 3600 £120, 7040 +160, 9671 88 and
18520 £260 a Bp (Stoopes & Sheridan, 1992; Komorowski
et al., 1997; Cortés et al., 2009). There appears to be no
clear temporal link between these large collapse events
and the high-K mafic magma pulses that erupted at c.
7000, ¢. 12000 and ¢. 13000 a B2 However, there may have
been more, deeper injections of mafic, high-K magma
that have not been preserved in the stratigraphic record,
or were low in volume, but that nevertheless induced
instabilities such as higher temperatures and high volatile
contents, which may have been the trigger for such large
sector-collapse events. Further investigations into the links
between mafic magma injections and large sector-collapse
events at Volcan de Colima may provide an analogue for
subalkaline caldera systems such as Santorini (Druitt &
Francaviglia, 1992) or Long Valley Caldera, California
(Hildreth, 2004), where long-term tephra records are not
preserved.

SUMMARY AND CONCLUSIONS

Field, geochemical and petrological investigations of the
tephra fallout deposits of Volcan de Colima have revealed
the presence of three distinct high-K mafic scoria fall de-
posits (Group II) that have characteristics intermediate
between those of the medium-K subalkaline basaltic an-
desite and andesite tephra deposits (Group I) with which
they are interbedded, and alkaline mafic magmas similar
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to those that formed monogenetic cinder cones on the
Colima rift floor. These high-K mafic magmas represent
mixtures between subalkaline and alkaline magmas, with
up to 50% of the alkaline magma component.

Evidence from the mineral compositions and zoning pat-
terns of phenocrysts within the CVC Group I and Group
IT eruption deposits reveals multiple magma mixing
events in the magmatic plumbing system. Group II tephra
contain phenocrysts that are also observed in the Group I
samples, revealing a shared provenance. This suggests
physical mixing between the alkaline and subalkaline
magmas, and that the Group II high-K mafic magmas
are evolving within the subalkaline magma storage region
beneath the CVC. This study reveals that the magmatic
plumbing system of the CVC is an open system with
common magma mingling and mixing events, and that
the alkaline and subalkaline activity is inter-related. This
may well be the case in many other arc settings where
both alkaline and subalkaline magmas are erupted; that
is, the Izu—Bonin—Mariana arc (shoshonite volcanic prov-
ince: see Stern ef al., 2003, and references therein), the
Sunda—Banda Arc, Indonesia (Wheller et al., 1987) and
central Kamchatka (Koloskov et al., 1999).

The presence of the high-K mafic scoria fall deposits
within the dominantly medium-K subalkaline tephra
record at ~7000, 12000 and 13000 a Bp indicates that
pulses of alkaline mafic magmas rise and periodically
intercept the well-established magmatic plumbing system
of the CVC on timescales of a few thousand years and
may contribute to the onset of highly explosive Plinian
eruptions. Future petrological and geochemical monitoring
of the near-terminal (post-1913) 100 year CVC cycle
should be able to detect the arrival of even low volumes of
alkaline, mafic, hot, volatile-rich magma into the CGVC
conduit. These are magma properties that are not easily
recognized by geophysical monitoring techniques, but de-
serve the full attention of the local civil protection authori-
ties and the monitoring community as potentially unique
tracers of future highly explosive eruptions.
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