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Abstract

Although the majority of young volcanic rocks in island arcs typically have ***U excesses, continental arc rocks display both
2381 and >*°Th excesses. In fact, there is a global correlation between the sense of U-series disequilibria and crustal thickness that
suggests that crustal thickness may somehow influence the processes that fractionate U from Th. At Cotopaxi Volcano, Ecuador,
(***U)/(**°Th) values of 1.03—1.14 in rhyolites are attributed to accessory phase fractionation, whereas (>**U)/(**°Th) values of
0.96—1.07 in andesites can be explained by several potential processes, including melting of garnet-bearing lower crust. The
Cotopaxi rocks have non-fractionated HFSE ratios and La/Yb values that are consistent with melting of a garnet-bearing lithology,
and we suggest a model of lower crustal melting and assimilation to account for the range of U-series data in the Cotopaxi
andesites. Mantle like ®’Sr/%°Sr and '**Nd/'**Nd values indicate that the assimilant was a relatively juvenile and/or mafic
component. The rhyolites contain apatite and allanite, fractionation of which can generate >**U excesses during crystallization, and
modeling shows that 70—90% crystallization of an assemblage containing these phases could generate the observed **U excesses.
These data suggest that multi-level AFC processes contribute to magma evolution at Cotopaxi Volcano as magma traverses the
continental crust of the Northern Volcanic Zone. On the basis of the 2>°U-22°Th—??°Ra data, the time for assimilation and ascent of
the andesites was <8000 yr, whereas the rhyolites may have resided in the crust for 70—100ky. The modification of U-Th isotopic
signatures may be a common feature of differentiated magmas in continental arc settings and such potential effects should be
considered along with interpretations involving variable mantle sources and melting regimes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The magnitude of disequilibrium in the ***U decay

chain provides a potent means of assessing the dynamics

101 of magmatic processes, and as the compilation of global
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are often characterized by *°Th excesses, volcanic arc
rocks are often characterized by both **U and **°Th
excesses. The majority of young island arc rocks have
238U excesses that are typically attributed to addition of
fluids from the subducting plate to the mantle wedge [1—
8]. 238U excesses of up to 45% ((***U)/(**°Th)=1.45)
in island arc lavas indicate that transfer time of U from
the slab into the mantle wedge and to the surface (U-
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recycling) can be quite short, due in part to the thin
oceanic crust (10—15km) above most island arcs.

In continental arcs where the crust is thick (e.g., the
Central Andes), it might be expected that magma
ascent, storage and U-recycling times would be longer
than in island arcs. This conjecture is supported by the
abundance of calderas and highly evolved rocks that
exist primarily in continental arcs. Longer recycling
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Fig. 1. (A) Compilation of global U~Th data, showing a correlation between (**°Th)/(***U) and crustal thickness (km). Pressure is given in GPa. Data
compiled from Turner et al. [2], and references therein. (B) The same data from part 1 (A), filtered to show only basalt, (C) andesite, (D) dacite and E)
rhyolite. The black solid lines represent continental arcs, and the gray lines represent island arcs.
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times and continual ingrowth of ***Th would result in
continental arc lavas being closer to equilibrium (i.e.,
(P*U/*°Th)=1.0) than their island arc counterparts.
Continental arc rocks should therefore be closer to
equilibrium simply due to the effect of ageing, and
crustal thickness should correlate inversely with
magnitude of ***U excesses. Continental arc rocks,
however, often have significant **°Th excesses [9—11].
In fact, an overview of global U-series data shows that,
in the most general sense, the degree of *°Th excess is
greatest in volcanic arcs where the crust is also thick
(Fig. 1). This is not what would be predicted if ageing
were the only process acting on source-derived U-
series fractionation. Fig. 1 also illustrates that the
maximum 2**U excesses are not as great in continental
arcs as they are in island arcs, and that basalts and
andesites from island arcs primarily have ***U excesses
(Fig. 1B,C), whereas continental arcs may have ***U
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excesses as well as ?°Th excesses in a given volcano
(Fig. 1C).

These observations suggest that crustal thickness
may influence the degree of disequilibrium in basalts
and andesites by dampening **®*U excesses and
generating °°Th excesses. This trend may reflect
preferential retention of U in residual garnet or Al-rich
clinopyroxene in the crust or mantle at pressures greater
than 1.5 GPa where Dy /D, >>1 for both minerals [12].
Residual garnet and pyroxene could produce significant
U-Th fractionation in low degree partial melts, whereas
mineral fractionation will only produce U-Th disequi-
librium at relatively high degrees of crystallization (i.e.,
low melt fraction), particularly if D values are low. In
rhyolite, U-Th fractionation could be caused by very
small degrees of crystallization of accessory phases that
have very high D values [13]. In this paper, we explore
the potential causes of *°Th and ***U excesses in
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continental arc lavas, and present data from Cotopaxi
Volcano, Ecuador to show that crustal processes can
create variable ***U and #*°Th excesses. This work also
illustrates the complexities involved in interpreting U-
series data in continental arc rocks. Cotopaxi Volcano is
ideal for this study because 1) compositionally diverse
magmas are represented, 2) both rhyolite and andesite
have been modified by crustal interaction, and 3) the
Cotopaxi rocks have excesses of >*°Th and 2**U.

2. Background
2.1. U-series systematics

Comprehensive introductions to U-series systematics
are given by Bourdon et al. [14], and Ivanovich and
Harmon [15]. 2*®U decays in several steps to **°Th,
which decays to **°Ra. Any geologic process that
fractionates U, Th and/or Ra from each other causes
radioactive disequilibrium in the system, and the system
will then return to radioactive secular equilibrium
through either net ingrowth or decay of ***Th and/or
22°Ra. The return to equilibrium is time dependent and
effectively takes place over approximately five half-
lives of the daughter isotope. For **°Th, equilibrium is
attained after approximately 350ka, whereas for **°Ra
equilibrium is attained after 8000 yr. This characteristic
allows us to constrain the time since fractionation of the
U, Th and Ra nuclides.

2.2. Cotopaxi Volcano and the Northern Volcanic Zone

Cotopaxi Volcano (1°15’S, 78°25’'W; 5800m) is
located in the Northern Volcanic Zone (NVZ) of the
South American Andes, ~60km southwest of the capital
city of Quito in central Ecuador (Fig. 2). The NVZ is the
northernmost zone of active volcanism in the Andean
Cordillera, and extends from 5°N-2°S. Lava flows and
pyroclastic fall deposits that are traceable to the
Cotopaxi vent were erupted between 7.2ka ago and
1877 AD, as recorded by '*C ages of soil and peat units.
Cotopaxi has erupted only andesite since approximately
4.5ka, whereas between 7.2 and 4.6ka, andesite
eruptions were punctuated by rhyolite events [16,17,
also M. Hall and P. Mothes, pers. com.].

The basement geology of the NVZ is complicated by
the presence of accreted mafic terrain (Pinon—Macuchi
island arc) of the Northern Andean Block (NAB). A
major tectonic boundary—the Dolores—Guayaquil
megashear—separates this terrain from the rest of
Ecuador [18]. Gravity data show that the crust of the
NVZ ranges in average thickness from ~20km near the

coast to approximately 70km underneath the Andean
Cordillera [18]. The sub-arc basement is believed to
comprise eclogite facies rocks similar to those of the
Raspas UHP complex that are exhumed in SW Ecuador
(Fig. 2) [19,20]. This terrain is interpreted to be the
metamorphosed equivalent of the Macuchi island arc
terrain of western Ecuador.

3. Analytical methods

Samples collected from Cotopaxi Volcano were
chosen for analyses to reflect the range of ages and
compositions of pyroclastic deposits. Pyroclastic falls
were used almost exclusively; lava flows were used only
when eruption ages could be accurately determined. The
benefit of using pyroclastic falls instead of lava flows is
that pyroclastic falls are regional topography-blanketing
deposits that form a more continuous and complete
stratigraphy. Geochemical data from pyroclastic falls
can be suspect due to the effects of alteration, however a
series of leaching experiments showed the degree of
alteration to be minimal, and not affecting the conclu-
sions of this research [17].

Samples were analyzed for trace and major elements
at the GeoAnalytical Lab in Pullman, Washington and
for Sr and Nd isotopes at the Keck Geochemistry lab at
UCLA. A subgroup of samples was chosen for mineral
separates and analyzed for U-Th—Ra disequilibria, and
Table Mountain Latite (TML) was run as a comparative
rock standard. Minerals were separated using methylene
iodide, and individual separates were then hand-picked
to ensure the highest possible purity. The glass fractions
were ground and put in heavy liquids to separate
accessory minerals. The analytical techniques for the
U-Th separation followed the methods described in
George et al. [21], and the 2*®*U—**Th measurements
were performed using a ThermoFinnigan Neptune multi-
collector ICP-MS at the University of Bristol, UK. A
total of fifteen whole rocks (ten andesites and five
rhyolites) were analyzed for 2**U—>*"Th disequilibria, in
addition to minerals and glass from two of the rhyolites
and two of the andesites. Blanks were analyzed to
monitor contamination. Four andesites with eruption
ages between 128 and ~1000 yr old were subsequently
analyzed for 2?°Ra concentrations that were then used to
calculate **°Ra/**°Th disequilibria. Ra purification
followed the methods described in Turner et al. [6] and
the analyses were performed on a ThermoFinnigan
Triton thermal mass spectrometer at the University of
Bristol.

Seven zircon grains, each one at least 40—60um in
diameter were separated from the most evolved
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Cotopaxi rhyolite (CTX-17), mounted in epoxy with
zircon standards AS-3 and 91-500, highly polished and
Au-coated in preparation for 2**U—>*"Th analyses using
the Cameca IMS 1270 ion microprobe. Zoning patterns
were imaged using a LEO 1430VP scanning electron
microscope cathodoluminescence detector. Following
the procedure outlined in Reid et al. [22], microprobe
ion analyses were conducted using a 10nA primary '°O-
beam and a spot size of ~ 30mm. The U/Th ratios were
measured by calibrating with UO™ and ThO™. The same
grains were also analyzed for U-Pb ages using the
method described in Dalrymple et al. [23]. U-Pb ages
were corrected for initial U-Th disequilibrium using the
method of Schaerer [24].

4. Results
4.1. Petrography

The most mafic andesites (56—57wt.% SiO,) from
Cotopaxi have glomerocrysts that contain intergrown
orthopyroxene, clinopyroxene and plagioclase. Plagio-
clase and pyroxene also exist as individual grains, and
several populations of plagioclase can be identified on
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these samples are very resorbed and altered, and none of
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Si0O, andesites, the plagioclase grains in these rocks are
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librium textures.

The Cotopaxi rhyolites are nearly aphyric and
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A U-Th whole rock data
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present only in the most evolved rhyolite, and does not
occur in conjunction with the amphibole. Apatite is
present as small needles in all the rhyolites, and allanite
(or chevkinite) crystals<100um in length were found
only in the most evolved rhyolite. Zircon grains are 30—
70um in diameter, and are subhedral or anhedral,
rounded crystals.

4.2. Geochemistry

In general, the medium-K,O andesites and rhyolites
(Fig. 3A) from Cotopaxi have trace element character-
istics that reflect their subduction zone origin (Fig. 3B).
The full data set for Cotopaxi Volcano is presented in
Garrison [17] and the data for this paper are reproduced
as an electronic supplement (Table A.l.a, b) 1.' In

! See Tables A.l.a and A.1.b in the online version of this paper.

general, the Cotopaxi andesites are chemically similar to
each other (Fig. 3B), however the rhyolites have
elevated La/Yb and U/Th ratios (Fig. 3C, D). Andesite
U/Th ratios do not vary systematically with trace
element or major element concentrations, including
ratios involving fluid mobile elements (i.e., Ba/Th)
(inset, Fig. 3D).

4.3. Th isotope disequilibria

4.3.1. Whole rocks

Of the ten andesite whole rocks analyzed for U-
series isotopes, seven have age-corrected equilibrium
U-Th values or **°Th excesses of 1-4%, (Fig. 4A,
Table la), and three have *®U excesses of 3—7%.
These data form a linear array on an equiline (Th
isochron) diagram. If taken as an isochron, this
equates to an age of 78.0"52ka (Fig. 4A). Absolute
U and Th concentrations in the andesites vary by
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Table la
U-series data for Cotopaxi: whole rocks
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U-Th—Ra results for Cotopaxi whole rocks

Sample U Th 22Ra 20 3°Th/**’Th) 20 *B®U/P'Th) 20 24y/28y 2%%Ra/?Th
(ug/g) (ug/g) (fg/g)
Andesite whole rocks
CTX-20a 0.57 152 491 0.005  1.146 0.003  0.991 0.005  1.006 1.364
CTX-21 1.43 4.03 0.009 1.115 0.003  0.967 0.008  1.006
CTX-22 1.83 5.00 715 0.007  1.125 0.002  0.986 0.006  1.004 1.128
CTX-25 1.84 5.02 0.014 1.155 0.002  0.963 0.012  1.004
CTX-26 0.74 206 710 0.013  1.122 0.005  0.978 0.013  1.007 2.732
CTX-28 0.84 228 561 0.007  1.137 0.002  0.983 0.006  1.007 1.926
CTX-29 1.51 3.85 0.008 1.124 0.002  1.060 0.007  1.008
CTX 34M 1.63 4.11 0.005 1.173 0.003  1.027 0.005  1.007
CTX-61 1.01 2.49 0.016 1.154 0.004  1.067 0.014  1.004
CTX-122 1.17 3.11 0.005  1.145 0.003  0.998 0.005  1.006
TML*® 10.00  29.00 992 0.007  1.068 0.001  1.013 0.006  1.005 1.009
Rhyolite whole rocks
CTX-15 3.05 7.29 0.008 1233 0.005  1.032 0.008  1.005
CTX-17 3.67 7.99 0.009 1295 0.006  1.076 0.009  1.008
CTX-19 3.01 7.08 0.013 1228 0.004  1.052 0.011  1.004
CTX-42 321 7.51 0.009 1262 0.002  1.026 0.007  1.002
CTX-67 3.98 7.68 0.009 1389 0.005  1.132 0.008  1.003

All data are decay corrected.
# TML — Table Mountain Latite.

more than a factor of three. The four samples
analyzed for **’Ra—>*°Th disequilibria (CTX-22,
CTX-26, CTX-20a and CTX-28) have (**°Ra)/
(**°Th) from 1.13-2.73 (Fig. 4B, Table la) and
9Th excesses of 1-2%. There is no correlation
between the *°Th and 2*®U excesses and mineral
percentages or eruption ages [17].

Table 1b
U-series data for Cotopaxi: mineral separates

The five Cotopaxi rhyolites have ***U excesses of 3—
14% (Fig. 4A). In general, (**°Th)/(**?Th) of the
rhyolites are more variable than those of the andesites.
The absolute U and Th concentrations are also higher
than those of the andesites. The rhyolite whole rock data
taken together form a linear array that equates to an age
of 74.1733ka (Fig. 4A).

U-Th results for Cotopaxi mineral separates

Sample U Th (38U /*2Th) 20 (**°Th/*?Th) 20 (**U/*°Th) 20 24y /38Th
(ppm) (ppm)
CTX 25
Whole rock 1.84 5.02 1.112 0.014 1.155 0.002 0.963 0.012 1.004
Glass 1.61 441 1.106 0.008 1.154 0.002 0.959 0.007 1.007
Pyroxene 0.14 0.38 1.088 0.004 1.150 0.003 0.946 0.005 1.011
CTX 28
Whole rock 0.84 2.28 1.117 0.007 1.137 0.002 0.983 0.006 1.007
Plagioclase 0.03 0.08 1.145 0.015 1.185 0.018 0.966 0.019 1.012
Glass 1.43 3.85 1.130 0.007 1.146 0.002 0.986 0.006 1.005
Pyroxene 0.18 0.56 0.969 0.004 0.927 0.003 1.045 0.006 0.935
CTX-17
Whole rock 3.67 7.99 1.394 0.009 1.295 0.006 1.076 0.009 1.008
Plagio clase 0.33 0.80 1.232 0.006 1.204 0.003 1.023 0.005 1.003
Glass 3.74 8.19 1.386 0.007 1.283 0.002 1.080 0.006 1.003
CTX 42
Whole rock 3.21 7.51 1.295 0.009 1.262 0.002 1.026 0.007 1.002
Plagioclase 0.17 0.49 1.047 0.006 1.087 0.008 0.963 0.009 1.011
Glass 3.48 8.29 1.273 0.008 1.225 0.002 1.039 0.007 1.008

All data are decay corrected.
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Table 2
U-Th results for zircon grains from sample CTX-17

(*U/*2Th) 20 (**°Th/**>Th) 20 (3*U/*°Th) 20

CTX zircon 1-1 4.107 0.015 3.601 0.261 1.141 0.083
CTX zircon 2-1 6.616 0.188 5.739 0.484 1.153 0.103
CTX zircon 3-1 8.716 0.069 8.242 0.820 1.058 0.106
CTX zircon 3-2 7.525 0.027 6.751 0.522 1.115 0.086
CTX zircon 4-1 6.961 0.082 6.551 1.379 1.063 0.224
CTX zircon 5-1 3.574 0.040 3.279 1.155 1.090 0.384
CTX zircon 6-1 23.735 0.351 21.270 1.453 1.116 0.078
CTX zircon 7-1 3.888 0.058 3.755 1.043 1.035 0.288

4.3.2. Mineral and glass separates

Mineral and glass separates were analyzed for two of
the Cotopaxi andesites (samples CTX-25 and CTX-28)
and two of the Cotopaxi rhyolites (CTX-17 and CTX-
42) (Table 1b). In each sample, the whole rock point lies
at the end of the array with the highest ***U excess, and
mass balance dictates the presence of a high-U phase
that was not analyzed but was present in the whole rock.

4.3.2.1. CTX-25 (andesite). Glass and pyroxene
separates have a range in (**°Th)/(***Th) of 1.15—
1.16, and have *°Th excesses of 4% (glass) to 5%
(pyroxene) (Fig. 4C). A line regressed through these
points and the whole rock corresponds to an age of
28" 13ka with an initial *°Th ratio of 1.16. The *C
eruption age for this sample is 2.0+0.1ka.

4.3.2.2. CTX-28 (andesite). This sample represents
the most recent eruption of Cotopaxi in 1877 A.D.
Glass, plagioclase and pyroxene separates have a range
in (**°Th)/(***Th) of 0.9-1.19, and have **°Th
excesses of 1% to 3%, with the exception of the
pyroxene separate that has a **U excess of 5% (Fig.
4C). This pyroxene also has a significantly low *uy/
(***U) 0 0.95. A line regressed through the points has a
slope of >1 and therefore has no age significance.

4.3.2.3. CTX-17 (rhyolite). Glass and plagioclase
separates from the oldest analyzed rhyolite have **U
excesses of 8% and 2%, respectively (Fig. 4D). An
essentially two-point isochron regressed through the
CTX-17 mineral data corresponds to an age of
81.0° 7 ka, considerably older than the 4c eruption
age of 7270+80 yr. The initial (***Th)/(***Th) for this
array is 1.17.

4.3.2.4. CTX-42 (rhyolite). Glass and plagioclase
separates in sample CTX-42 have a similar distribution
to sample CTX-17, but the glass has a 4% ***U excess
and the plagioclase has a **°Th excess of 4%. An

isochron regressed through these points corresponds to
an age of 124" Zoka. The initial (***Th)/(***Th) for this
sample is 1.16 (Fig. 4D). The age implied from U-series
data is considerably older than the eruption age of 6300+
70 yr. A line regressed through the glass and plagioclase
for samples CTX-17 and CTX-42 can be fit by a single
regression line, with an age of ~74ka that is nearly
identical to the isochron formed by the rhyolite whole
rocks.

4.4. Zircon data

The data for zircon grains from Cotopaxi rhyolite
CTX-17 (age 7ky) show that three of seven zircon
grains are within error of (***U)/(**°Th) secular equi-
librium (Table 2, Fig. A.1%), and U-Pb dating of these
zircons give Proterozoic ages of 0.8—1.2Ga [17]. The
four zircons that are out of (***U)/(**°Th) equilibrium
have a range in (***U)/(***Th) of 4.1-23.7. U-Pb dates
obtained for the same zircons yield average Tera—
Wasserburg ages [26] of 18—30Ma [17]. The reason for
the discordant zircon ages (U-Pb vs. U-Th) is most
likely that the spots included very young rims on old
cores. The U—-Th method better detects the younger rim
growth than does the U-Pb method but neither set of
ages uniquely defines the timing of growth in these
hybrid grains.

5. Discussion
5.1. The link between crustal thickness and assimilation

A relationship between crustal thickness and magma
composition in arc rocks was noted by Plank and
Langmuir [27] and by Leeman [28] who showed that
crustal thickness is positively correlated with the
percentage of evolved rocks (i.e., andesites, dacites and

2 These data are plotted on an equiline diagram in Fig. A.1 of the
online electronic supplement.
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thyolites) and with ®’Sr/®°Sr of the magmatic rocks.
These observations support a generally-held view that
crustal assimilation plays a role in arcs where magma
must traverse very thick continental crust, as in the
Central Andes [29-31], although even magmas that
traverse thinner crust have traces of contamination (e.g.,
Lesser Antilles, [31]). Crustal assimilation at Cotopaxi
Volcano is evident from the presence of micro-xenoliths
in the andesites and Precambrian zircon grains in the
rhyolites. Assimilation is also evident in the andesites by
the (3*U)/(*®U) of the pyroxene separate in sample
CTX-28 that could only result from alteration of the
pyroxene. The correlation that we have discovered
between crustal thickness, nature and degree of
BOTh—23U disequilibrium (Fig. 1A), suggests that
there is a link between Th—-U fractionation and
assimilation. Given that the basic difference between
island and continental arcs is not the type of sediment,
fluid or lithosphere on the downgoing plate, but the
thickness and type of crust of the overriding plate, it
seems logical to consider the differences between thick
and thin crust, and the fundamental processes that
fractionate U from Th.

5.2. Fractionation of U from Th: source effects versus
process effects

U-series disequilibria in young, volcanic arc rocks
reflect either initial source melting processes or
subsequent differentiation processes (i.e., source and
process effects, respectively). Distinguishing between
these processes is important when extracting age
information. For example, U-series data are commonly
used to estimate ascent rates and residence times of
magma in island arcs where assimilation is shown to be
negligible [5—7,32,33], a reasonable assumption in most
island arcs. If, however, initial 2*®U excesses are
modified by a process such as crustal assimilation,
then the use of U-series data for isochrons becomes more
complicated due to the assimilation and homogenization
processes that take place in most continental arc
volcanoes [34]. 2*®U excesses are typically associated
with fluid addition from the slab to the mantle wedge,
however the causes of *°Th excesses are more complex.
In terms of source processes, variable amounts of
sediment and fluid addition to the mantle wedge have
been used to explain **°Th excesses in lavas from
Nicaragua [37,38], Crater Lake [39] and Alaska [21],
whereas the process effects of assimilation and AFC
have been used to explain *°Th excesses at Parinicota
[11], the Cascades [9], the Himalaya [40] and the Central
Andes [35].

5.3. Origin of *°Th excesses in continental arc
andesites

239Th excesses in continental arc andesites have been
explained by source and process effects. In general, the
range of possible processes that could generate *°Th
excesses in arc lavas includes: 1) fractional crystalliza-
tion from a mantle derived magma, of minerals that have
Dy> Dy, 2) dynamic melting of heterogeneous mantle
in which Dy>Dryy,, and 3) assimilation of 2307Th-
enriched crustal melts (including slab melts) by mantle
derived magma. Garnet and Al-clinopyroxene preferen-
tially retain U over Th during melting [36] and the
presence of these minerals in the melting regime, lower
crust or as crystallizing phases may generate B0Th
excesses [11,36,40—45]. Alternatively, mantle hetero-
geneities can result from variable sediment contribution,
fluid addition and mineralogical heterogeneities. Sedi-
ment input does vary from arc to arc, and it has been
argued that sediment-rich sources are less sensitive to
the effects of fluid addition, which results in smaller
B8U excesses [46]. To fully assess this effect, the
sediment flux of individual arcs would need to be
quantified to determine if in fact the sediment input does
significantly alter >*°Th excesses. Published data show
that continental arc sediments generally have lower Th
concentrations and higher (***U/?*°Th) than island arc
sediments on a worldwide basis (Fig. A.2).* Regardless,
the concentrations of Th and U in the mantle wedge are
controlled by the conditions at the slab/mantle wedge
interface (i.e., distribution coefficient values, solubili-
ties, oxidation states) as well as by their initial con-
centrations in the sediment.

5.4. Possible causes of Z*’Th—""*U disequilibria in
Cotopaxi andesites

There exist published U-Th disequilibria data for
only one other NVZ volcano, Nevados del Ruiz [25].
Two andesites from that volcano have ***U excesses
of 1-2%. In contrast, the Cotopaxi andesites range
from **°Th excesses of 3.6% to ***U excesses of
6.7%. In this respect, whereas the ***U-enriched
andesites of Cotopaxi are similar to the Nevado del
Ruiz lavas, the ?*Th-enriched andesites are more
similar to the andesites from the Cascades volcanoes
(e.g., Mount St. Helens, Crater Lake, Mount Shasta) in
that they also have **°Th excesses and petrographic

3 See Fig. A.2 in the online electronic supplement. Data are from
Plank and Langmuir [27].
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textures indicative of non-equilibrium conditions that
characterize magma mixing and/or assimilation [47].

Geochemical data from Ecuadorian volcanoes
suggest that melting of a garnet-bearing source
contributes to the geochemical signature of NVZ
lavas [48—51]. This source could be in the slab or in
the Ecuadorian crust, and in fact this regional NVZ
characteristic has prompted some researchers to
suggest that slab melting is ubiquitous beneath most
of Ecuador [52]. This is inferred on the basis of La/
Yb values in the NVZ which are >5, compared with
most island arcs and continental arcs with thin crust
(e.g., the SVZ, New Hebrides) that have La/Yb<5
[53]. Cotopaxi La/Yb values range from 7—15 (Tables
A.l.a,b; Fig. 3C), however it has been pointed out
that there is no evidence for a flat-slab geometry
beneath Ecuador (a requirement for NVZ slab
melting) and patterns in regional geochemistry are
not consistent with slab melting in the NVZ [54]. In
the case of Ecuador, melting of garnet-bearing lower
crust is more likely to be responsible for the high La/
Yb lavas. At Cotopaxi, the restricted range in trace
element variation and the broad range in **°Th and
28U values make it difficult to explain these data
using a single source or process. To produce the
observed variation in 2**U-?*°Th disequilibria from
such a temporally narrow (ca. 6000 yr) and spatially
restricted suite of volcanic rocks must require either a
very heterogeneous mantle or a combination of source
and process effects. Given the abundant evidence of
assimilation and mixing in the Cotopaxi andesites, a
multi-process hypothesis is quite reasonable. The
potential effects of fractional crystallization, heteroge-
neous mantle melting and lower crustal assimilation
on Cotopaxi U-series disequilibria are discussed
below.

5.4.1. Fractional crystallization

Minerals that have Dy/Dt,>1 and could produce
#30Th excesses during crystallization are garnet, zircon
and high-Al,O; pyroxene, none of which have been
observed in the Cotopaxi andesites. La/Yb values do
not correlate with SiO, content (Fig. 3C), and Zr
concentrations are positively correlated with wt.% SiO,.
These observations argue against garnet fractionation
and zircon precipitation, respectively, during evolution
of the andesite magma suite. The andesite pyroxenes are
low-Al,O3 (<2.0wt.%, [17]), which could create small
238U excesses during fractionation, not **°Th excesses
[12]. Based on these observations, it is unlikely that the
39T excesses in the Cotopaxi andesites are the result of
crystal fractionation.

5.4.2. Heterogeneous mantle

Most trace element variations in continental arc
andesites can be explained by differentiation processes
[55], however mantle heterogeneities have been inferred
from some data sets, as is the case in Nicaragua [56,38].
Mantle wedge heterogeneities are typically recognized
by variable HFSE ratios within a suite of volcanic rocks.
In fact, the trace element data for Cotopaxi Volcano
reflect limited compositional variation throughout
6000 yr of eruptive history; Ti/Zr, Nb/Y and other
HFSE ratios in the Cotopaxi andesites are not signifi-
cantly fractionated (Fig. 3B). The Cotopaxi ®’Sr/**Srand
"Nd/'Nd values are nearly identical for all the
analyzed samples, which also argues against long-lived
source heterogeneity [17], although U-Th isotopes may
reflect recent modifications to the mantle wedge that are
independent of Sr and Nd isotopes. Taken together, these
data suggest that mantle variations are either effectively
homogenized during ascent and storage, which would
not explain the variable (**°Th)/(***U) values, or not
initially imparted to the mantle-derived magmas.

5.4.3. Assimilation of crust or crustal melts

Regional studies of 8'*0 and Sr isotope data from the
NVZ are consistent with up to ~20% assimilation of
mafic crust [57,58], and the average Cotopaxi ®’Sr/*Sr
of 0.70420 [17] in the rhyolites and andesites is
permissive of assimilation of a mafic or juvenile com-
ponent. Bulk addition of crust would not be expected to
create disequilibria since (***U)/(**°Th)=1 in crust
>350ka old, so assimilation would create disequilibrium
only if the assimilant is a 2*°Th or »**U-enriched partial
melt. Formation of a >*°Th-enriched partial melt requires
anatexis of a lithology that has a refractory phase that
retains U over Th, i.e., garnet, Al-rich clinopyroxene or
accessory phases (i.e., zircon, allanite).

There are many crustal lithologies that typify the
Ecuadorian crust, however on the basis of age and
radiogenic Sr isotope ratios, only a few are considered as
candidates for assimilation. These include the accreted
mafic rocks of the Macuchi island arc terrain, and the
eclogite/garnet amphibolite lithologies similar to that of
the Raspas UHP terrain (Fig. 1). Numerical models have
shown that underplating of basalt provides sufficient
heat to induce melting of the lower crust [59—62], and it
has been shown that *°Th excesses can be generated in
mafic magmas by melting of garnet-bearing lithologies.
[40,43]. Although some models of lower crustal melting
show that high melt fractions (10—40%) do not generate
significant **°Th excesses [45], at degrees of partial
melting less than 10%, the degree of *°Th enrichment
increases significantly.
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5.5. Modeling of *°Th—""*U disequilibria in Cotopaxi
andesite

To test the hypothesis that lower crustal melting
could create *°Th excesses in the Cotopaxi rocks,
equilibrium melting calculations were used to model
melting of four lower crustal lithologies of the Raspas
UHP complex: eclogite, amphibolite, garnet amphib-
olite and metapelitic garnet-schist. Thermobarometry
measurements on minerals in the Raspas UHP terrain
give maximum pressures of nearly 2.0GPa (~60km)
[20]. This terrain has Sr isotope values of 0.70306—
0.70649 [19,20], which makes it a good candidate for
an assimilant in the NVZ. This outcrop contains 80%
metapelitic garnet-schist and 20% garnet amphibolite,
amphibolite and eclogite. Accessory zircon and
apatite have been reported in the metapelitic schist.
Pyroxenes from the Raspas eclogite are high-Al,O5
(~9-15wt.%) [20] and therefore would have Dy/
Dt,>1 at pressures that pertain to the lower crust
(60kbar).

Distribution coefficients (D values) and mineral
proportions for batch melting calculations are taken
from published literature [63—66], and are given in
Table 3a. Melting curves plotted in Fig. 5 illustrate
38U and 2°Th excesses versus degree of melting.

Table 3a
Modal proportions® and D values for lithologies used in melting
calculations

Mineralogy Modal % Dy Dy,

Pelitic schist
Quartz 68 0 0
Garnet 11 0.023 0.01
Phengite 21

Eclogite
Garnet 27 0.023 0.01
Pyroxene 39 0.0007 0.0015
Amphibole 23 0.007 0.022
Apatite 0.2 0.01 1.6
Others 10.8

Garnet amphibolite
Garnet 10 0.023 0.01
Ampbhibole 50 0.007 0.022
Zoisite 30
Omphacite 10

Amphibolite
Amphibole 40 0.007 0.022
Plagioclase 60 0.001 0.001

Distribution coefficient values and mineral proportions used for
modeling lower crustal melting of the Raspas UHP complex.
Distribution coefficients are from [64—66]. These values are given in
Fig. 6B.
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Fig. 5. Model of lower crustal melting, using four lithologies of the
Raspas UHP terrain, and showing F (% melt) vs. (**U)/(**°Th).
Distribution coefficients (Table 3a) are from [64—66]. The gray shaded
region represents the total observed range in (23 8U)/(23 0Th) for the
Cotopaxi andesites. 2°Th excesses are produced by melting of pelitic
schist and eclogite lithologies, whereas **5U excesses are produced by
melting of amphibolite and garnet amphibolite lithologies.

Melting of eclogite produces the highest **°Th
excesses, up to 13% at 3% melt, whereas melting of
pelitic schist produces ***Th excesses of up to 5%. On
the basis of this modeling, we propose that low degree
(3—10%) melting of eclogitic lower crust can generate
239Th excesses, and that these excesses may partially
overprint initial fluid-imparted ***U excesses. Melting
of garnet amphibolite and amphibolite, on the other
hand, produce ***U excesses of up to 20%. Interest-
ingly, this suggests that some degree of ***U excess in
arcs can be produced by lower crustal melting and not
solely by fluid addition to the mantle wedge. Lack of a
correlation between U/Th and SiO, content among the
Cotopaxi andesites (Fig. 3B) rules out simple mixing
between 2*®U-enriched magma and *°Th-enriched
lower crustal melts, however it is likely that SiO,
contents have been subsequently modified during
ascent and crystallization.

In summary, it is concluded that there is minimal
evidence for heterogencous mantle melting in the
Cotopaxi andesites, and that mineral fractionation is
unlikely to produce the observed U-Th variation.
Alternatively, lower crustal melting of eclogite and
garnet-bearing pelitic schist can account for the
observed range of 2**U-**°Th values in the
Cotopaxi lavas.
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5.6. Source of “3U excesses in the Cotopaxi rhyolite

Most arc rhyolites have equilibrium values or ***U
excesses of only a few percent (Fig. 1D, [39]), which
makes the ***U excesses of 4—14% in the Cotopaxi
rhyolites seem unusually high. These excesses are
higher than those of the Cotopaxi andesites, which
rules out closed system crystallization of the rhyolite
from **°Th-enriched Cotopaxi andesites, despite the
fact that the rhyolites and andesites have the same
#7Sr/*°Sr values of 0.70420. Fluid addition at a later
stage of rhyolite formation (i.e., ***U-rich meteoric
water) is unlikely on the basis of the fluid sensitive
element ratio Ba/Th that is lower in the rhyolites
than in the andesites (Fig. 3D inset). The presence
of accessory allanite and apatite in the rhyolite
points to a possible mechanism for generating ***U

559

excesses, since both minerals retain Th over U
during crystallization.

It has been shown that the high D values of accessory
phases in rhyolitic melt allow for significant U-Th
fractionation by small quantities (<<1%) of accessory
minerals [66]. Both allanite and apatite are visible in thin
section, and fractionation of apatite is evidenced by an
inverse correlation between P,Os and SiO, (Table A.1.).
Trace element trends are consistent with 70—-80%
crystallization of an assemblage containing <0.05%
apatite (Fig. 6A). Raleigh crystallization models were
used to calculate **U excesses produced by fraction-
ation of apatite and allanite, using D values listed in
Table 3b. On the basis of petrographic analyses and SEM
imaging, the collective percentage of apatite, zircon and
allanite in the Cotopaxi rhyolite is estimated to be
~0.051% by volume. Fractionation curves were
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Fig. 6. (A) Graph of U/Th versus La/Sm. This shows that the majority of the Cotopaxi rhyolites (white squares) can be produced by fractionation of
40-80% crystallization from the lowest U/Th andesite. (B) Modeled variation in (**®*U)/(*°Th) with F (% melt) during crystallization of zircon,
apatite and allanite. D values are from [63—65]. The gray shaded region represents the observed (***U)/(***Th) range in the Cotopaxi data. D values

are listed in Table 3b.
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Table 3b

D values of minerals used in Rayleigh fractionation calculations
Mineral Dy Dy,
Apatite 1.8 17
Zircon 100 16
Allanite 12 648
Quartz 0 0
Amphibole 0.102 0.26
Plagioclase 0.001 0.001

Distribution coefficient values and mineral proportions used for
modeling fractionation of allanite and apatite to produce the ***U
excesses in the Cotopaxi rhyolite. Distribution coefficients are from
[64—66]. The modal proportions for the rhyolite calculations vary
depending on the model curve. These values are given in Fig. 6B.

modeled for apatite, allanite and zircon, as well as
combinations of zircon+apatite and zircon+apatite+
allanite (Fig. 6B). These curves show that 30-90%
crystallization of the assemblage allanite (0.001%)+
apatite (0.05%)-+plagioclase, quartz, biotite and mag-
netite (99.949%) is required to generate the range of
238U excesses in the rhyolites, while simultaneously
reproducing major and trace element compositions [17].

In summary, the ***U excesses observed in the
Cotopaxi rhyolites are unlikely to be the result of fluid
addition or differentiation of parental ***U-enriched
andesites. Crystallization models show that the observed
range in 2>*U excesses can be explained by fractionation
of apatite and allanite from rhyolitic melt.

5.7. Cotopaxi whole rock isochrons: age significance?

Whole rock isochrons potentially reflect the time
between U—Th fractionation and eruption under ideal
closed system conditions, however research on conti-
nental arc volcanoes has shown that linear arrays on
equiline diagrams may represent mixing lines between
different generations of magma batches, crystals or
cumulate material (Mt. Shasta, [9]; Mount St. Helens,
[67]), or cryptic assimilation [39]. The slope of the
Cotopaxi andesite whole rock data on the equiline
diagram corresponds to an apparent age of 7875 2ka (Fig.
4A), however there is strong evidence in the Cotopaxi
andesites for open system processes (micro-xenoliths,
enclaves, mineral textures). Because of this it may not be
practical to determine an ascent rate from the andesite
data, although we can say with certainty that assimilation
happened less than 350ka ago. There is a contradiction
between the slope of the *°Th apparent isochron* (Fig.

4 We use the term “apparent isochron” to infer that although the data
form an array and it is possible to calculate an age, this age may not
have age significance due to open system processes.

4A) and the presence of *°Ra excesses (Fig. 4B), which
can be reconciled if the andesite whole rock array is not
attributed to ageing, but instead to magma mixing or
assimilation of a lower crustal melt.

The rhyolite whole rocks form a more pronounced
isochron on the equiline diagram (albeit this is on the
basis of essentially two points) than the andesite group
(Fig. 4A). The presence of Precambrian zircon indicates
that crustal assimilation played a role in magmagenesis;
whether by assimilation of crust before or during
rhyolite formation is not clear. If the whole rocks are
considered as an isochron, it corresponds to a residence
time of 74733 ka since formation of allanite and apatite.
This timeframe is not unreasonable for rhyolite from
continental arc volcanoes [22,69], and could in fact be
an underestimate if crystallization was protracted.

5.8. Cotopaxi mineral isochrons

Mineral isochrons should reflect the age of crystals
that formed in a batch of magma, which may in turn
reflect the residence time of that particular batch of
magma in the crust. As already noted, apparent
isochrons can result from mixing between crystals
from new and old magma batches and entrainment of
cumulate material [67,68].

5.8.1. Andesites

Of the two mineral isochrons from the Cotopaxi
andesites, only one could have age significance:
sample CTX-25 reflects an apparent isochron age of
28" 13ka (glass, pyroxene, whole rock), greater than
the eruption age of 2050 yr (Fig. 4C). Given the
textural evidence for assimilation and mixing, it is
quite likely that this linear array reflects mixed age
populations of plagioclase and pyroxene with older re-
entrained crystals and granulite fragments. This may
also explain why the pyroxene from andesite CTX-28
has lower (**°Th)/(***Th) than the whole rock, and a
(P*U)/(**®U) of 0.95 that can only result from
alteration and re-entrainment of these crystals. The
0'%0 value of 6.49+0.42%0 for sample CTX-25 is
elevated above upper mantle values (~+5.5%0; [70]),
consistent with assimilation of crust.

5.8.2. Rhyolites

Mineral and glass isochrons for two of the Cotopaxi
rhyolites give ages of 76+4ka (CTX-17) and 112" 13ka
(CTX-19), much greater than their respective eruption
ages of 7.2 and 6.3ka (Fig. 4D). CTX-17 is within error
of the whole rock isochron age of ~74ka. These
isochrons potentially reflect residence times of ~70—
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100ka, assuming that any significant crustal assimila-
tion took place prior to crystallization of plagioclase in
the rhyolite, and that the plagioclase crystals are in
equilibrium with the glass. It is interesting that the
plagioclase, glass and whole rocks from both samples
fall along the same line, which implies that they could
have crystallized from the same magma. If contamina-
tion is minimal or does not appreciably change the
(**°Th)/(***Th) of the rhyolite, then these isochrons
may indeed represent differentiation/assimilation times
of the rhyolite on the order of 70—100ka. This would
represent the minimum residence time since the
precipitation of major mineral phases. Longer residence
times for large volume magma chambers are not
unknown; it has been shown that rhyolite in very large

systems may “reside” in the crust for as long as 200—
300ka [22,69,71]. Thus, the rhyolite mineral isochrons
are believed to represent approximate residence times of
~10%-10° yr.

6. Petrogenetic model

The U-series characteristics of the Cotopaxi rocks
leads to our proposed petrogenetic model of 1) lower
crustal melting and assimilation, followed by 2)
generation of the rhyolites by crystal fractionation

(Fig. 7).

1). Low to moderate degree (<20%) melting of
eclogite or pelitic schist in the lower crust

238 exesses caused by

U-enrichment
due to fluid addition

(230Th)/(232Th)
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ageing

U-enriched
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|
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Fig. 7. (A) Petrogenetic model illustrating multi-level open system processes at Cotopaxi Volcano. Mantle wedge magmas with initial ***U excesses
(step 1) assimilate lower crustal melts that have ***Th excesses (step 2). This creates the range of 22*U and ***Th excess in the andesite. Crystallization
of accessory phases during rhyolite formation in the upper crust creates >**U excesses in the rhyolites (step 3). (B) Schematic illustration of the effects

of steps 1, 2 and 3 on the equiline diagram.
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generates magmas that have **°Th excesses.
Mixing of these melts with mantle wedge basalt
overprints mantle-derived **®U excesses and
creates the observed range of 2*®U and **°Th
values in the Cotopaxi andesites. *°Ra excesses
in the andesites also suggest that the linear array
defined by the andesite whole rock data is better
explained by mixing and not solely by ageing. If
the 2*Ra excess is due to fluid addition from the
slab, then this puts a constraint on the time from
fluid addition of <8000 yr [72]. On the other
hand, if the **°Ra excess is due to lower crustal
melting (i.e., amphibole dehydration, [73]) then
the timing of lower crustal assimilation can be
similarly constrained. On the basis of glomer-
ocryst mineralogy, early differentiation in the
andesite was dominated by pyroxene and plagio-
clase fractionation. Fragments of metamorphic
rock (micro-xenoliths) in the least evolved
andesites are consistent with assimilation of
crust. Pervasive resorption textures in the plagio-
clase grains are evidence for repeated episodes of
mixing and recharge.

2). As the andesite magma ascends, differentiation
occurs through crystallization of plagioclase,
amphibole, quartz, magnetite, biotite and the
accessory phases apatite, allanite, and zircon.
After approximately 60—90% crystallization, pre-
cipitation of apatite and allanite generates ***U
excesses in the Cotopaxi rhyolites. The high Dry,/
Dy of apatite and allanite produces the observed
238U excesses of up to 14%. On the basis of the
mineral and whole rock data, the time scale of
rhyolite formation at Cotopaxi is on the order of
70—100ka. Furthermore, similarities in the slopes
between the rhyolite whole rock and mineral
isochrons suggest that the eruptions may be
related to the same batch of magma. If this is the
case, the occurrence of punctuated rhyolite
eruptions from a single magma chamber would
be required.

7. Summary and conclusions

The U-series data from Cotopaxi Volcano are
consistent with a petrogenetic model of multi-level
differentiation that includes lower crustal melting and
assimilation of eclogite and/or garnet-bearing pelitic
schist followed by rhyolite formation and preferential
retention of Th by accessory mineral phases. Evident
open system processes in the andesite (i.e., entrainment
of cumulates and mixing of crystal populations) do not

permit for age information to be extracted from the
equiline diagram, however the **°Ra excesses are
consistent with a time scale for assimilation and ascent
of the andesite of <8000 yr. The onset of accessory
phase fractionation during formation of the rhyolite
creates ~**U excesses of 4—14%. On the basis of the
whole rock and mineral data, an approximate residence
time for the rhyolite is inferred to be on the order of
~75-100ka.

When considered in the context of this model, the
correlation between crustal thickness and sense of
disequilibrium may reflect the modification of mantle
melts by lower crustal melting of pelitic schist or
eclogite facies rock. This is not to say that lower crustal
melting occurs at all arcs with thick crust, or that
mantle garnet does not contribute to *°Th excesses in
other arcs. Indeed, magma composition depends on a
wide range of variables, some of which will create U-
series disequilibria. There is a global correlation
between 233U excess and crustal thickness, and we
suggest in a general sense that this correlation is linked
to crustal processes. Lower crustal melting and
assimilation is one process that can account for this
trend, and at Cotopaxi Volcano, there is little evidence
for mantle heterogeneity and reasonable evidence for
lower crustal residual garnet. The results of this
research have important implications for interpreting
U-series data in continental arcs, including: 1) **°Th
excesses in continental arc andesites can be generated
by small degrees of lower crustal melting and
assimilation that is consistent with previous numerical
modeling and 2) U excesses in rhyolites may be
caused by accessory phase fractionation, rather than
being inherited from parents which have ***U excesses
from fluid addition to the mantle wedge.
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