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Abstract

Young trachyandesite lavas from minor volcanic centers in the Central Andes record the magma differentiation processes
at the base of the lower continental crust. Here we report U-series disequilibrium data for the historical lavas from the Anda-
gua Valley in Southern Peru to define the time-scale and processes of magmatism from melting in the mantle wedge to dif-
ferentiation in the crust. The Andagua lavas show (230Th)/(238U), (231Pa)/(235U), and (226Ra)/(230Th) above unity except for
one more evolved lava with 230Th depletion likely owing to fractional crystallization of accessory minerals. The 226Ra excess
indicates that the time elapsed since magma emplacement and differentiation in the deep crust is within 8000 years. Based on
the correlations of U-series disequilibria with SiO2 content and ratios of incompatible elements, we argue that the Andagua
lavas were produced by mixing of fresh mantle-derived magma with felsic melt of earlier emplaced basalts in the deep crust.
Because of the lack of sediment in the Chile-Peru trench, there is no direct link of recycled slabs with 230Th and 231Pa excesses
in the Andagua lavas. Instead, 230Th and 231Pa excesses are better explained by in-growth melting in the upper mantle fol-
lowed by magma differentiation in the crust. Such processes also produced the 226Ra excess and the positive correlations
among (226Ra)/(230Th), Sr/Th, and Ba/Th in the Andagua lavas. The time-scale of mantle wedge melting should be close
to the half-life of 231Pa (ca. 33 ka), while it takes less than a few thousand years for magma differentiation to form interme-
diate volcanic rocks at a convergent margin.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Subduction of the Nazca plate beneath the South Amer-
ican Plate since the mid-Oligocene has resulted in a thick-
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ened continental crust in the Andean orogenic belt
(Mamani et al., 2010). This is a major tectono-magmatic
zone of modern crustal growth as marked by numerous
active volcanoes and giant caldera systems (Delph et al.,
2017). Because the Andes Mountain belt is one of the lar-
gest subduction zones with a wide distribution of intermedi-
ate and silicic igneous rocks (Mamani et al., 2010), studies
of Andean magmatism shed light on intra-crustal differenti-
ation processes and crustal growth at convergent margins.
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Multiple models, such as MASH (mixing, assimilation,
storage and homogenization), AFC (assimilation and frac-
tional crystallization), and magma mixing, have been pro-
posed to address how the evolved igneous rocks in the
Andes formed (e.g. DePaolo, 1981; Hildreth and
Moorbath, 1988; Sørensen and Holm, 2008). Although
recent seismic imaging studies (Delph et al., 2017) show
areas of low seismic velocity at the crust-mantle transition
which is interpreted as a MASH zone in the plumbing sys-
tem beneath the thick continental crust in the Central Vol-
canic Zone (CVZ) (Delph et al., 2017), the processes and
time-scales of mantle melting and magmatism in a cordil-
leran system are still not well understood.

U-series disequilibria provide a unique tool to constrain
the magmatic processes at convergent margins because
radioactive disequilibria between U-series parent-daughter
nuclides will return to secular equilibrium after 5 times the
half-life of the daughter (e.g. Bourdon and Sims, 2003;
Lundstrom, 2003; Turner et al., 2003 and references
therein). Most young subduction zone lavas have (226Ra)/
(230Th) and (231Pa)/(235U) (the parentheses stand for
radioactivity ratio) greater than unity. While the majority
of young lavas have excesses of 238U over 230Th, 230Th
excesses over 238U are also observed in a substantial number
of samples (e.g. Bourdon et al., 1999; Turner et al., 2000;
Sigmarsson et al., 2002; Thomas et al., 2002; Bourdon
et al., 2003; Dosseto et al., 2003; George et al., 2003;
Turner et al., 2003; Reagan et al., 2008; Huang et al.,
2011, 2016; Reubi et al., 2011; Avanzinelli et al., 2012).

The generation and temporal implications of U-series
disequilibria in subduction zone lavas are still debated. It
has been suggested that U-series disequilibria observed in
subduction zone lavas could be inherited from the mantle
source modified by flux from the subducted slab (such as
via hydrous fluid or sediment melt) (e.g. Bourdon et al.,
2003; Turner et al., 2003; Avanzinelli et al., 2012). If so,
the time-scale from subducted material addition to the
mantle wedge to magma eruption should be within five
half-lives of the daughter nuclide of each parent daughter
pair (e.g. Turner et al., 2001). However, it has also been
recently proposed that in-growth melting in the mantle
wedge could produce U-series disequilibria in subduction
zone lavas (Huang et al., 2011, 2016; Reubi et al., 2011).
In this view, the U-series disequilibrium signatures in con-
vergent margin magmas reflect a series of processes includ-
ing metasomatism and partial melting of the mantle wedge
followed by magma ascent in the mantle and time-
dependent differentiation in the crust. In particular, assess-
ing variations in U-series disequilibria with magmatic dif-
ferentiation indices (such as SiO2) provides an effective
method to distinguish source signatures from those devel-
oped during magma differentiation processes (Huang
et al., 2016).

The CVZ of the Andes has a � 70 km thick crust with a
geographically wide distribution of volcanoes from the
Pleistocene to Recent (Bourdon et al., 2000; Delacour
et al., 2007; Mamani et al., 2010). Among these volcanoes,
the large stratovolcanoes making up the bulk of the CVZ
typically contain plagioclase and amphibole-bearing
porphyritic rocks which mainly reflect modification during
differentiation at shallow crustal levels (DePaolo, 1981;
Hildreth and Moorbath, 1988; Mamani et al., 2010). In
contrast, lavas from some minor volcanoes were suggested
to be tapped from magma chambers in the deep crust
(Delph et al., 2017) and thus they have been used to ‘‘see
through” the magma differentiation that is typically
observed in lavas from stratovolcanoes (Davidson and de
Silva, 1992). Such minor centers are often located behind
the main arc and their distribution appears controlled by
structural lineaments within the crust. The volcanic cones
are typically 200–300 meters high with diameters of 500–
650 meters (Delacour et al., 2007). Because they have
erupted chemically less evolved lavas than the major strato-
volcanoes (Delph et al., 2017), the primary signals (such as
high Sr/Y) of magma differentiation at the base of the lower
crust are better preserved without much stagnation and
modification in the shallow depths (Davidson and de
Silva 1992; Mattioli et al., 2006; Delacour et al., 2007;
Sørensen and Holm, 2008). For instance, it has been pro-
posed that major and trace element compositions of lavas
from minor volcanoes around Andagua in Southern Peru
mainly reflect signatures of magma mixing in the deep crust
(Sørensen and Holm, 2008).

Because magma differentiation in the upper crust could
obscure the primary U-series disequilibria and other geo-
chemical features of subduction zone magmas (e.g. Huang
et al., 2008, 2011; Reubi et al., 2011), young lavas from
the minor volcanoes are better candidates for the U-series
study of magmatic processes in the deep crust. The occur-
rence in the CVZ of minor volcanoes provides an excellent
opportunity to address the time-scales and processes of
mantle-derived magma evolution in the deep crust. There-
fore, we here present U-Th-Pa-Ra data for a suite of well-
characterized historical trachyandesites from the Andagua
Valley, S. Peru (Fig. 1). The purpose of this study is to pro-
vide insights into the intrinsic relationships among mantle
melting, magma differentiation, and crustal growth in the
continental subduction zone. We find that the Andagua
lavas have significant U-series disequilibria, which place
critical temporal constraints on melting in the mantle wedge
and magma differentiation processes in the crust.

2. GEOLOGICAL SETTING AND SAMPLE

DESCRIPTIONS

The Andean orogenic belt forms a continuous mountain
chain over a length of >7500 km, resulting from subduction
of the Nazca Plate under the South American Plate (e.g.
Harmon et al., 1984; Hildreth and Moorbath, 1988;
Stern, 2004; Sørensen and Holm, 2008; Mamani et al.,
2010). It is segmented into the Northern Volcanic zone,
the CVZ, and the Southern Volcanic zone. The CVZ is
between 14�S and 28�S and has the thickest continental
crust of all global subduction zones, a feature that has been
related to tectonic shortening in the last 30 Ma (Baby et al.,
1997). Seismic studies of the thermo-mechanical properties
of the crust indicate that the upper 50 km of the crust is fel-
sic while the lower part is mafic (Yuan et al., 2002).

The Andagua valley (15 �320 S, 72 �190 W) is located in
the northernmost part of the CVZ (southern Peru) and is



Fig. 1. Geological map for the Central Volcanic Zone and Andagua lavas modified from Sørensen and Holm (2008).
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�230 km inboard of the Peru–Chile trench, situated
�125 km above the Benioff zone of the subducting slab
(Fig. 1) (Sørensen and Holm, 2008). The valley is character-
ized by abundant volcanic features (scoria cones, lava
flows, and domes) that belong to the more widespread qua-
ternary Andahua Group (Caldas, 1993; Gałaś, 2011, 2014).
Here, we focus on some of the youngest historical lavas
(Chilcayoc Grande, Chilcayoc Chico 1, Chilcayoc Chico
2, Jenchana, Ninamama, Ninacaca, Jechapita, and Sucna
1) found in the lower part of the valley, southeast of the
Andagua village described in Sørensen and Holm (2008).
Although the ages of the volcanoes are not well con-
strained, a 14C age determination yields 370 ± 50 BP for
the organic materials captured in lavas from Chilcayoc
Chico 1 was reported in Cabrera and Thouret (2000), indi-
cating that the lavas are young.

Based on detailed field, petrographic, and geochemical
study of the Andagua lavas, Sørensen and Holm (2008)
revealed that binary mixing between compositionally differ-
ent parental magmas combined with subsequent fractional
crystallization in the deep crust explains the compositional
variability observed in the youngest lavas. Key observa-
tions include high Sr/Y and low Y contents and positive
correlations between Rb and Sr (being both incompatible)
within co-magmatic groups coupled to overall negative cor-
relations for Rb-Sr between the co-magmatic groups. This
suggests that the binary mixing took place at high pressure
within the stability field of garnet (instead of plagioclase).

3. ANALYTICAL METHODS

Seventeen trachyandesite samples with a range of SiO2

from 55 to 60 wt.% and high Na2O contents (4.2–5.2 wt.%)
were selected for U-series disequilibria analyses. Addition-
ally, two samples from the Puca Mauras complex north
of Andagua (probably older than 10,000 yrs (Gałaś,
2014)) and one sample from Ninacaca were also selected
to examine the U-series data in more evolved SiO2-rich
samples. More details on samples are available in
Sørensen and Holm (2008). U-series disequilibria of the
Andagua samples were measured using isotope dilution
methods on the Nu-Instrument MC-ICP-MS in the Depart-
ment of Geology at University of Illinois at Urbana-
Champaign (UIUC) following the procedures described in
Huang and Lundstrom (2007) and Huang et al. (2011).
U, Th, Pa, and Ra concentrations were measured by the
isotope dilution method using high purity artificial 236U,
229Th, 233Pa, and 228Ra. The content of 228Ra tracer was
calibrated by mixing and measurement with BCR-2 assum-
ing that it has (226Ra)/(230Th) = 1.00. Protactinium separa-
tion followed the procedures described in Regelous et al.
(2004). Briefly, protactinium was separated from high field
strength elements and other interferences using AG1-X8
100–200 mesh and TRU spec 50–100 mesh resins. U and
Th were separated using anion-resin columns, and Ra was
purified from Th and Ba using a cation resin column fol-
lowed by a Sr-Spec resin column. The procedural blanks
of U-Th-Pa-Ra are negligible relative to the amounts of
U-series nuclides of samples (Huang et al., 2011).

Rock standards BCR-2 and ATHO-1 were measured to
validate the accuracy and precision of U-series measure-
ment in the UIUC isotope laboratory (Table 1) (Huang
and Lundstrom, 2007; Huang et al., 2011). U-Th-Pa-Ra
concentrations and U-series data of these two standards
are within error of recommended literature values
(Prytulak et al., 2008; Sims et al., 2008; Koornneef et al.,



Table 1
U-series disequilibrium data and Gd/Yb of Andagua samples and standards.

Sample Area Subarea Volcanic unit U
(ppm)

Th
(ppm)

(230Th)/
(232Th)

(238U)/
(232Th)

(230Th)/
(238U)

U)/
U)

231Pa
(fg/g)

(231Pa)/
(235U)

226Ra
(fg/g)

(226Ra)/
(230Th)

Gd/
Yb

121-005 Central Andagua Jenchana Jenchana 0.585 2.859 0.67 0.620 1.08 0 298 1.57 245 1.15 5.38
121-007 Jenchana 0.582 2.842 0.67 0.621 1.08 0 292 1.54 233 1.10 5.44
121-043 Jenchana 0.573 2.864 0.66 0.607 1.08 0 294 1.58 237 1.13 5.54
Duplicate 0.571 2.862 0.67 0.605 1.10 0 277 1.49 238 1.12
Average 0.572 2.863 0.66 0.606 1.09 0 285 1.53 238 1.13
121-076 Jenchana 0.580 2.827 0.67 0.622 1.07 0 291 1.54 249 1.11 5.44

121-011 Central Andagua Chilcayoc Chico 1 Chilcayoc Chico 1 0.629 3.068 0.70 0.621 1.13 0 316 1.55 266 1.11 5.32
Duplicate 0.635 3.109 0.70 0.620 1.13 0 321 1.55 270 1.11
Average 0.632 3.089 0.70 0.621 1.13 0 318 1.55 268 1.11
121-013 Chilcayoc Chico 1 0.659 3.311 0.75 0.604 1.23 0 348 1.62 317 1.15 4.79
121-141 Chilcayoc Chico 1 0.668 3.298 0.76 0.614 1.23 0 352 1.62 304 1.09 4.57
Duplicate 0.667 3.295 0.76 0.614 1.23 0 350 1.61
Average 0.667 3.297 0.76 0.614 1.23 0 351 1.62 304 1.09

121-034 Central Andagua Ninamama U-lava 0.825 3.883 0.73 0.644 1.14 0 403 1.50 322 1.01 4.10
Duplicate 0.825 3.880 0.72 0.645 1.11 0 392 1.46 312 1.00
Average 0.825 3.881 0.73 0.644 1.13 0 398 1.48 317 1.01
121-039 Ninamama 0.673 3.366 0.69 0.606 1.14 0 346 1.58 282 1.09 4.06
121-051 Ninamama 0.812 3.877 0.73 0.635 1.15 0 394 1.49 330 1.05 4.12
121-055 Central Andagua Ninacaca Ninacaca 0.941 5.639 0.53 0.506 1.05 0 398 1.30 340 1.02 4.83
121-085 Central Andagua Chilcayoc Chico 2 Chilcayoc Chico 2 0.550 2.706 0.66 0.617 1.07 0 274 1.53 241 1.21 5.30
121-089 Central Andagua Sucna 1 Sucna 1 0.585 2.889 0.69 0.614 1.12 0 312 1.64 251 1.13 5.06
121-107 Sucna 1 0.583 2.931 0.67 0.603 1.11 0 302 1.59 248 1.14 5.10
Duplicate 0.583 2.939 0.67 0.601 1.12 0 308 1.63 245 1.11
Average 0.583 2.935 0.67 0.602 1.11 0 305 1.61 246 1.12
121-121 Central Andagua Chilcayoc Grande Chilcayoc Grande 0.532 2.472 0.68 0.652 1.04 0 251 1.45 215 1.15 5.81
121-122 Chilcayoc Grande 0.476 2.219 0.72 0.651 1.11 0 215 1.39 216 1.21 5.35
121-137 Chilcayoc Grande 0.428 1.753 0.75 0.740 1.00 0 197 1.41 189 1.31 5.72
Duplicate 0.426 1.719 0.752 1 189
Average 0.427 1.736 0.75 0.746 1.00 1 197 1.41 189 1.31

121-143 Chilcayoc Grande 0.537 2.475 0.70 0.658 1.06 0 266 1.52 215 1.12 5.57
121-061 North Andagua Puca Mauras Puca Mauras 3 0.897 5.952 0.47 0.457 1.04 0 321 1.10 308 0.98 5.42
121-130 Puca Mauras 4 2.069 5.676 0.95 1.106 0.86 0 696 1.03 584 0.98 4.35
Duplicate 2.061 5.635 0.94 1.109 0.85 0
Average 2.065 5.655 0.94 1.107 0.85 0 696 1.03 584 0.98
BCR-2 1.697 5.879 0.88 0.875 1.00 0 552 1.00 576 1.00
2stdev 0.004 0.026 0.01 0.005 0.02 1 17 0.03 13 0.03
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2010), suggesting the reliability of our analyses. Three anal-
yses of BCR-2 indicate that the reproducibility for U and
Th concentrations are smaller than 0.5%, Ra and Pa smal-
ler than 3% (2r). The in-run analytical uncertainties are sig-
nificantly smaller than the reproducibility of standard
analyses. Duplicated measurements were performed for
eight out of the twenty samples, and the results also show
excellent reproducibility (Table 1).

4. RESULTS

U-series data of the Andagua Valley lavas are shown in
Table 1 and Fig. 2. Although the eruption ages of the lavas
are not well-known, most of the samples have 226Ra excess
with (226Ra)/(230Th) ranging from 1.04 to 1.31 (Table 1,
Fig. 2), suggesting that the age of most samples is
<8000 years and thus the effect of ageing since eruption
on (238U)/(230Th) and (231Pa)/(235U) is negligible. There-
fore, age corrections were not performed for 230Th-238U
and 231Pa-235U data. (234U)/(238U) of all samples are within
analytical error of unity (<3% based on duplicated analysis
of ATHO in Huang et al. (2011)), indicating that weather-
ing or alteration after eruption (if any) did not significantly
change U-series disequilibrium data of the Andagua
samples.

U and Th contents of the Central Andagua samples show
significant variations from 0.43 to 0.94 ppm and 1.74 to
5.64 ppm, respectively (Fig. 3a and b), and both are posi-
tively correlated with SiO2 content (Fig. 3c). (

238U)/(232Th)
ranges from 0.601 to 0.746, except for two more evolved
samples from Puca Mauras (121-061 and 121-130) which
have high SiO2 content and are likely older than
10,000 years (Sørensen and Holm, 2008; Gałaś, 2014). These
two samples also have highest U-Th contents and largest
difference in (238U)/(232Th). Sample 121-130 has the highest
(238U)/(232Th) (1.107) and sample 121-061 has the lowest
(0.457) among all the Andagua lavas. Furthermore, the
three high-SiO2 samples from Puca Mauras and Ninacaca
all have lower (230Th)/(238U), (231Pa)/(235U), and (226Ra)/
(230Th) relative to the lavas with lower SiO2 contents
(Fig. 4a –c). Notably, sample 121-130 is the only sample
with a 230Th deficit, likely due to the effect of accessory min-
eral crystallization (see discussion below). If these three sam-
ples are excluded, all Andagua lavas have (230Th)/(238U) and
(226Ra)/(230Th) ranging from unity to 1.23 and 1.31, respec-
tively, and (231Pa)/(235U) from 1.39 to 1.64. Overall, (230Th)/
(238U) and (231Pa)/(235U) of the Andagua lavas show
roughly positive correlations with SiO2 contents, while
(226Ra)/(230Th) is negatively correlated with SiO2. There is
also a rough positive correlation between (230Th)/(238U)
and (231Pa)/(235U) (Fig. 2b). No clear correlation between
U-series disequilibrium data and SiO2 content is observed
in lavas from individual volcanic units (Fig. 3).

5. DISCUSSION

5.1. Effect of magma differentiation on U-series disequilibria

As recent studies have pointed out, most subduction
zone lavas have experienced significant extents of differenti-



Fig. 2. Comparison of U-series disequilibria of lavas from the
Andagua valley with those from oceanic arcs and continental
margin. Most Andagua samples have 226Ra, 230Th, and 231Pa
excesses, while sample 121-130 has 230Th deficit likely due to
fractional crystallization of allanite and apatite. Data sources of
Fig. 2b: Asmerom et al. (2005), Bourdon et al. (1999), Dosseto
et al. (2003), Huang and Lundstrom (2007), Pickett and Murrell
(1997), Reubi et al. (2011, 2014), Thomas et al. (2002), Turner et al.
(2006), Zellmer et al. (2003), Huang et al. (2011), and Avanzinelli
et al. (2012).

Fig. 3. Correlation of SiO2 with U, Th, and (238U)/(230Th) for the
Andagua lavas. U and Th contents of the Andagua lavas increase
with SiO2 content. (238U)/(232Th) does not obviously change with
SiO2, while the three more differentiated samples show a large
variation in (238U)/(232Th).

F. Huang et al. /Geochimica et Cosmochimica Acta 215 (2017) 92–104 97
ation, meaning that U-series data of subduction zone lavas
could have been modified by magma mixing, assimilation of
wall rocks, ageing, crystallization, and recharge of fresh
melt (Huang et al., 2008; Huang et al., 2011; Reubi et al.,
2011; Huang et al., 2016). Because the decay of
231Pa-235U and 230Th-238U after eruption is negligible as
indicated by the existence of significant 226Ra excess, the
U-series data of these samples can be directly applied with-
out age correction to model magmatic processes, including
mantle melting and crustal magma differentiation.

The three samples from Puca Mauras and Ninacaca
have large variations in U/Th, with clear evidence for
magma differentiation, such as the high SiO2 content
(>60 wt.%). The two lavas from Puca Mauras have high
U-Th contents (Fig. 3a and b) and they also have low
231Pa excess and (226Ra)/(230Th) within error of unity
(Fig. 4), consistent with their older eruption ages relative
to other samples. The high SiO2 contents, large variations
in U/Th ratios, and U-series disequilibria of Puca Mauras
lavas likely reflect the effects of ageing and fractional crys-
tallization of accessory minerals during magma evolution
because fractionating accessory minerals (such as apatite,
allanite, and zircon) can dramatically change Th/U in the
high SiO2 melt (Hermann, 2002; Blundy and Wood, 2003;
Garrison et al., 2006; Prowatke and Klemme, 2006). For
instance, an experimental study on partitioning of trace ele-
ments between allanite and hydrous granitic melts at 2 GPa
and 900 �C shows that allanite/meltDTh is 60, allanite/meltDTh/U

is 3, and allanite/meltDCe/Th is �3 (Hermann, 2002). There-
fore, the lower (230Th)/(238U) and Ce content in sample
121-130 compared to the other Andagua samples could
be explained by crystallizing allanite as an accessory min-
eral which can preferentially remove Th and Ce relative
to U from more evolved magmas (Garrison et al., 2006).
Because U is more compatible than Th in zircon, sample
121-055 and 121-061 have low U/Th and high (230Th)/
(238U) in Figs. 4b and 5a, likely reflecting crystallizing zir-
con and ageing effect as indicated by the lower (226Ra)/
(230Th) and 231Pa excess relative to the less evolved lavas.



Fig. 4. The correlations of SiO2 and Sr/Th with U-series disequilibria of the Andagua lavas suggest magma mixing processes in the deep crust.
Except the three more differentiated samples and three Ninamama samples with different mineralogy and origins (Sørensen and Holm, 2008),
SiO2 is positively correlated with (230Th)/(238U) (a) and (231Pa)/(235U) (b), but negatively with (226Ra)/(230Th) (c), while Sr/Th is negatively
correlated with (230Th)/(238U) (d) and (231Pa)/(235U) (e), but positively with (226Ra)/(230Th) (f). These correlations can be explained by mixing
between mafic and felsic magmas. The light blue arrows denote the effect of crystallizing plagioclase (plg) and garnet with or without ageing
effect. SiO2 and Sr contents are from Sørensen and Holm (2008). The numbers close to the mixing curve represent fractions of mafic end-
member. Parameters used in the mixing models are listed in Table 2.

98 F. Huang et al. /Geochimica et Cosmochimica Acta 215 (2017) 92–104
5.2. Constraints on magma differentiation in the deep crust

The Quaternary intermediate igneous rocks in the CVZ
are characterized by high Sr/Y, La/Yb, and Gd/Yb which
are considered signatures produced by garnet as a residual
phase during magmatism. This is important because garnet
(in contrast to other mafic minerals such as clinopyroxene
and amphibole) is critical for fractionating U-series
nuclides and heavy rare earth elements during crustal mag-
matism (Salters and Longhi, 1999; Pertermann et al., 2004;
Delacour et al., 2007; Sørensen and Holm, 2008; Mamani
et al., 2010). Because the subducting Nazca plate is too
old (44–60 Ma) and cold to melt even during flat subduc-
tion, the garnet signatures cannot be produced by slab melt-
ing. Instead, because high Sr/Y has been observed to be
associated with increasing crustal thickness of the Central
Andes (Mamani et al., 2010), we suggest that it is differen-
tiation of magma in the extremely thick crust which
imposes significant effects on the geochemical composition
of the CVZ lavas.

5.2.1. The effect of fractional crystallization

Fractional crystallization of potentially important min-
erals is incapable of producing the observed variations in
U-series disequilibria and other geochemical signatures of
the Andagua lavas. Because crystallizing garnet increases
the SiO2 content of the melt, and because U and Pa are
highly incompatible in garnet (e.g. Salters and Longhi,
1999; Blundy and Wood, 2003; Pertermann et al., 2004),
solely fractional crystallization of garnet (with or without
ageing effect) cannot explain the positive correlation
between SiO2 and (231Pa)/(235U) (Fig. 4b). Furthermore,
because fractionation of garnet increases Gd/Yb in the
melt, and the ageing effect decreases 230Th-238U disequilib-
rium, the combination of such two effects could produce a
negative correlation between Gd/Yb and (230Th)/(238U).
However, the direction of such effect is opposite to the
trend of SiO2 variation (Fig. 5b). Similarly, the negative
correlations of Sr/Th with (230Th)/(238U) and (231Pa)/
(235U) preclude the effects of plagioclase crystallizing and
ageing because they would produce positive correlations
among these parameters (Figs. 4e and 4d). Finally,
fractionation of plagioclase at the upper crustal level
cannot change Gd/Yb, (230Th)/(238U), or (231Pa)/(235U)
in the melts because rare earth elements and U-Th-Pa
are highly incompatible in plagioclase (Blundy and
Wood, 2003; Zajacz and Halter, 2007) (Fig. 5). Conse-
quently, the trachyandesites cannot be explained by



Fig. 5. Gd/Yd vs. U-series data of the Andagua lavas. Because Gd/Yb is not sensitive to plagioclase crystallization during shallow storage, it
provides a good indicator for the deep crustal process in garnet-stability field. When the three more differentiated samples (marked in asteroid)
and Ninamama samples (up-triangle) with contrasting origin to the rest of Andagua lavas are not included, (238U)/(232Th) does not
significantly change with Gd/Yb, while (230Th)/(238U) is negatively correlated with Gd/Yb. Fractional crystallization of garnet increases Gd/
Yb, but cannot produce the variations in U-series disequilibria. Instead, the variation of (230Th)/(238U) is more likely due to magma mixing.
Gd and Yb data are from Table 1. Partition coefficients of Gd and Yb are 6.25 and 9.34, respectively, based on experiment MP254 in
Pertermann et al. (2004). The numbers close to the model denote the proportion of garnet crystallization in percent.
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fractional crystallization of mafic minerals or plagioclase
from basaltic melt.

5.2.2. Magma mixing in the deep crust

Based on the discussion above, we propose that the
Andagua trachyandesites were most likely produced by
mixing between basaltic and felsic magmas in the deep crust
at pressure >1.5 GPa. Such magmatic mixing may induce
variations in Sr-Nd-Pb isotopic composition of the result-
ing magma (e.g. Hildreth and Moorbath, 1988; Sørensen
and Holm, 2008), whereas U-series disequilibria of the
Andagua lavas can show the sequence of multiple emplace-
ment of mantle-derived magmas.

Although the composition of the lower crust of the CVZ
is not well understood, we can still constrain the geochem-
ical properties and origin of the mixing end-members based
on U-series disequilibrium and other geochemical data.
Given that the Andagua lavas have lower Mg# and MgO
content than primitive basalts, the mafic end-member is
likely differentiates of mantle-derived basalts recently
emplaced into the crust within a few half-lives of 226Ra.
The Andagua lavas with higher SiO2 content generally have
lower Sr/Th and 226Ra excess but greater 231Pa and 230Th
excesses (Fig. 4). Because U is highly incompatible in garnet
and clinopyroxene (Blundy and Wood, 2003), simple batch
or fractional melting of old mafic rocks can only produce
slight 231Pa excess relative to 235U. Incongruent in-growth
dehydration melting of amphibolite in the crust could also
produce U-series disequilibria in the resultant felsic melt if
melting rates are lower than 10�2 kg/m3 yr (Dufek and
Cooper, 2005). However, such process would produce high
226Ra excess (greater than 300%) (Dufek and Cooper,
2005), which is inconsistent with our observations that the
felsic endmember should have low 226Ra excess. Given
the (231Pa)/(235U) up to 1.6 and slight 226Ra excess in the
felsic lavas, the felsic end-members is more likely to result
from melting of earlier emplaced basalts (likely within a
few half-lives of 226Ra) in the deep crust, suggesting a sce-
nario recently proposed in Barboni et al. (2016) that the
arc magmas are stored in hot country rock of the chambers.

A model is thus used to quantify the mixing process. We
use sample 121-141 from Chilcayoc Chico 1 to represent the
felsic end-member and Chilcayoc Grande lavas (with the
lowest SiO2 among the Andagua lavas) to represent the
mafic end-member (Table 2). Although end-members can
only be roughly estimated for the moment, the mixing frac-
tions of end-members could still be robust because the real
mafic (or felsic) end-member should have lower (or high
SiO2) than the one used in the modelling. Nonetheless,
the correlations between U-series disequilibria and other
geochemical data (such as SiO2 and Sr/Th) are self-
consistently explained (Fig. 4). Furthermore, Sr/Th shows
good positive correlations with Ba/Th and 1/Th, whereas
Ba/Th is negatively correlated with SiO2 content (Fig. 6),



Table 2
SiO2 (wt.%), trace elements (ppm), and U-series disequilibrium data used in the mixing models.

End member SiO2 Sr Ba Th U (230Th)/(238U) (231Pa)/(235U) (226Ra)/(230Th)

Felsic 58.45 1061 1301 3.297 0.667 1.234 1.614 1.094
Mafic 55.26 1180 1038 1.736 0.427 1.002 1.413 1.308

Note: Mafic end-member parameters are based on sample 121-137 (Chilcayoc Grande) except SiO2 from 121-122 (Chilcayoc Grande); felsic
end-member parameters are based on sample 121-141 (Chilcayoc Chico 1).
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which also supports that the Andagua lavas formed by
magma mixing in the deep continental crust where plagio-
clase may not be the stable phase to affect Sr. Thus, this
is consistent with mixing between the mafic and felsic mag-
mas (Fig. 6).

Fig. 7 shows a conceptual sketch of the large scale
plumbing system based on the seismic imaging of Delph
et al. (2017). In our model, partial melting of convective
metasomatized sub-arc mantle produces hydrous basaltic
melt, which ascends to a MASH zone near the MOHO at
the depths of about 70 km (Fig. 7a). In case of a typical
stratovolcano, mantle-derived magma may have experi-
enced significant differentiation in the MASH zone and also
along the ascending route toward the Earth’s surface before
eruption, which in some cases do not always show high
pressure signatures (such as high Sm/Yb) developed in
the deep MASH zone (Mamani et al., 2010). On the con-
trary, for the minor volcanic centers in the Andagua valley,
magma ascended through the crust without much stagna-
tion in middle to upper crustal level magma chambers
whereby signatures of the deep magma mixing got pre-
served. This is supported by the good correlations between
U-series disequilibria and SiO2 (or Gd/Yb and Sr/Th) of
the Andagua lavas (Fig. 4 and Fig. 5). These show that
any subsequent shallow differentiation did not change
Gd/Yb and Sr/Th and the variation of these ratios reflect
the heterogeneity of the mixing end-members. Further-
Fig. 6. Correlations of Sr/Th with Ba/Th, 1/Th, and SiO2 of the Andag
negatively with SiO2. The large variation of Ba/Th and Sr/Th cannot be
are more compatible than Th, such as plagioclase. Instead, it is more lik
which is also supported by other geochemical observations such as SiO2

curve represent fraction of mafic end-member. Parameters used in the m
more, the U-series disequilibria of the Andagua lavas sug-
gest that a younger mafic magma mixed with felsic melt
likely derived from old basalts emplaced slightly earlier
(Fig. 7b). Particularly, 226Ra excess over 230Th constrains
that the time-scales from the mixing to magma ascent and
final eruption should be within a few millennia. In sum-
mary, because understanding formation of intermediate
rocks is a key for studying accretion and evolution of the
continental crust (e.g. Gill, 1981; Grove and Kinzler,
1986), the data here provide important insight into the role
of magma mixing in forming intermediate lavas and crustal
growth in the continental subduction zones.

5.3. Implications for generating U-series disequilibria in

subduction zone lavas

Debates on generation of U-series disequilibria in sub-
duction zone lavas focus on whether they are inherited from
subducted sediments (via hydrous fluid or sediment melt)
(e.g. Bourdon et al., 2003; Turner et al., 2003; Avanzinelli
et al., 2012) or produced by in-growth melting of the mantle
wedge (Huang et al., 2016). Three lines of evidence suggest
that recent addition of sediment melt to the wedge cannot
explain the U-series disequilibria of the Andagua lavas.
Firstly, there is no obvious accretion of sediments (if any)
in the Chile-Peru trench as indicated by geophysical and
ocean floor imaging studies (Thornburg and Kulm, 1987);
ua lavas. Sr/Th is positively correlated with Ba/Th and 1/Th, but
explained by fractional crystallization of minerals where Ba and Sr
ely due to magma mixing between mafic and felsic end-members,
(see the main context for details). The numbers close to the mixing
ixing models are listed in Table 2.



Fig. 7. Conceptual sketch of the large scale CVZ magmatic plumbing system at the base of the thickened continental crust. Melts from
convective metasomatized sub-arc mantle ascends to a MASH zone at the MOHO (a). Lavas erupted from a stratovolcano may have
experienced significant differentiation in both the MASH zone and en route to the Earth’s surface, while those for some minor volcanos may
preserve the deep crustal signatures such as high Sr/Y and Gd/Yb. U-series disequilibria of the Andagua lavas recorded the multiple
emplacement sequences and mixing of magmas to the MASH zone which takes place within a few half-lives of 226Ra (b).
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Secondly, relatively high Rb/Cs of Quaternary lavas older
than 30 Ma does not support a substantial contribution of
sediments to the mantle wedge (Mamani et al., 2010); and
thirdly, the aridity on the western Andean slope started from
the latest Oligocene or Miocene (e.g. Dunai et al., 2005),
suggesting that accumulation and delivery of sediments to
the trench have been of minimal importance since �30 Ma.

Although 238U excess in the CVZ lavas could be inher-
ited from the disequilibria signal from slab-derived fluid,
Fig. 8. Correlations of 87Sr/86Sr with U-series data. There is no correlatio
suggesting that the disequilibria cannot be due to heterogeneity in the m
the 230Th excess and 231Pa excesses clearly rule out such
interpretation because Pa and Th are generally considered
immobile in a fluid relative to U (Turner et al., 2003 and
reference therein). The Sr isotope compositions of the
Andagua lavas do not correlate with (238U)/(232Th) and
U-series daughter-parent ratios (Fig. 8), indicating that
the observed U-series disequilibria were not derived from
slab-derived materials with high 87Sr/86Sr which is added
to the mantle wedge. Therefore, we propose that U-series
n between 87Sr/86Sr and U-series disequilibria of the Andagua lavas,
antle wedge.



Fig. 9. An equilibrium porous flow (EPF) model is applied as a
representative to simulate the correlations between (231Pa)/(235U)
and (230Th)/(238U) (a) and between (226Ra)/(230Th) and (238U)/
(230Th) (b). The equations are from Spiegelman and Elliott (1993)
and Lundstrom (2003). Parameters used in the EPF model include:
porosity, 0.002; melting degree, 15%; peridotite density, 3340 kg/
m3; melt density, 2800 kg/m3; Partition coefficients of U-series
nuclides between mantle minerals and melt are listed in Table 3.
The numbers near the EPF model curve indicate melting rate with
the unit of 10�4 kg m�3 yr�1, within the normal range used in the
literature (Bourdon and Sims, 2003; Turner et al., 2003). Recent
addition of U and Ra-rich fluids would produce 238U and 226Ra
excesses, not consistent with the data of Andagua lavas.
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disequilibria in Andagua lavas are better explained by par-
tial melting of the mantle wedge in the garnet stability field
as shown in a simplified in-growth melting model (Table 3
and Fig. 9). Based on different residence time of nuclides
during mantle melting, in-growth melting models (such as
fluxing melting, dynamic melting, and equilibrium porous
flow) can reproduce the observed U-series disequilibria in
subduction zone lavas with reasonable parameters applied
including partition coefficients, porosity, and melting rate
(e.g. Spiegelman and Elliott, 1993; Thomas et al., 2002;
Turner et al., 2006; Huang et al., 2011). Because the ratio-
nale of the three in-growth melting models is similar in that
highly incompatible U-series nuclides are fractionated from
each other by mantle melting at low porosity of �1–2‰,
this study just uses the equilibrium porous flow model as
a representative because it is consistent with experimental
constrains and thermal structure of melting process in the
mantle wedge (see a recent summary in Huang et al.
(2016)).

Here we use the equilibrium porous flow model of
Spiegelman and Elliott (1993) to reproduce the U-Th-Pa-
Ra disequilibrium observations. In-growth melting of the
mantle wedge can explain the 231Pa and 230Th excesses in
the Andagua lavas, while the 226Ra excess may have in
addition experienced ageing effect and it is therefore sug-
gested that the time elapsed since generation of the disequi-
librium is less than 8000 years. As subduction zone lavas
are generally produced by mantle melting followed by
magma differentiation in the crust (e.g. Gill, 1981), multiple
U-series parent-daughter pairs with distinct temporal impli-
cations can constrain the time-scales of these two steps of
magmatism. The in-growth model to produce 231Pa excess
requires that the time-scale for the mantle wedge melting
was long enough to produce the observed disequilibrium
which would be comparable to the half-life of 231Pa (33
kyrs) (Huang et al., 2011, 2016), which is much longer than
the half-live of 226Ra, whereas magma differentiation in the
crust must take less than 8000 years before eruption in
order to preserve the produced 226Ra excess.

Finally, (226Ra)/(230Th) of the Andagua lavas is posi-
tively correlated to Sr/Th and Ba/Th (Fig. 4f). Such corre-
lations were previously explained as a signal of slab-derived
fluid enriched in fluid-mobile elements (such as Sr, Ba, and
Ra) relative to immobile elements (such as Th) (Turner
et al., 2000). Because Ba/Th and Sr/Th dramatically
decrease with increasing SiO2 contents (Fig. 6), this more
likely reflects magma mixing for the Andagua case, not
the addition of slab fluids to the mantle source. Although
Table 3
Partition coefficients of U-series nuclides used in the EPF model in Fig.

Mode1 U

olivine/meltD2 52 6.0 � 10�5

opx-meltD2 28 7.8 � 10�3

cpx-meltD2 18 7.0 � 10�3

garnet-meltD2 2 2.1 � 10�2

1 Mineral modes are similar to those of fertile mantle in Turner et al.
2 Partition coefficients of most nuclides are similar to the values used i

(2003), while cpx-meltDU-Th is from experiment TM1094-10 and garnet-meltD
the initial (226Ra)/(230Th) of the Andagua lavas is not
exactly known, also the positive correlation between
(226Ra)/(230Th) and Sr/Th (Fig. 4f) can be explained by
deep mixing between the felsic and mafic magma. Further-
more, as the negative correlation of SiO2 with Ra/Th, Ba/
Th, and Sr/Th are observed in other subduction zone lavas,
9.

Th Pa Ra

9.5 � 10�6 6.0 � 10�8 5.8 � 10�8

3.0 � 10�3 7.8 � 10�6 6.0 � 10�7

6.0 � 10�3 1.8 � 10�9 4.1 � 10�6

6.0 � 10�3 5.8 � 10�4 7.0 � 10�9

(2006).
n Turner et al. (2006) based on the summary in Blundy and Wood

U-Th from experiment Mo 895-2 in Salters and Longhi (1999).
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such as South Lesser Antilles and South Chile (Sigmarsson
et al., 2002; Huang et al., 2011), it is likely that magma evo-
lution including mixing also plays a role in producing the
correlations among Sr/Th, Ba/Th, and Ra/Th.
6. CONCLUSIONS

The Andagua trachyandesite lavas from southern Peru
preserve information of magma differentiation in the lower
continental crust, providing constraints on the process and
time-scale of magma differentiation at the base of deep
crust. Andagua lavas have 230Th, 231Pa, and 226Ra excesses,
except a few more differentiated samples that were likely
affected by crystallizing accessory minerals (such as allanite,
apatite, and zircon). Based on the correlations of U-series
disequilibria with SiO2 content and trace element ratios
(such as Sr/Th and Gd/Yb), we argue that the Andagua
lavas were produced by mixing of fresh mantle-derived
magma with felsic melt of earlier emplaced basalts in the
deep crust. Such differentiation processes should take place
in the MASH zone where the magmas are stored warmly.

Because of a lack of sediment in the Chile-Peru trench,
230Th and 231Pa excesses in the Andagua lavas are best
explained by in-growth melting of the mantle wedge. In-
growth melting can also produce the 226Ra excess observed
in Andagua lavas. Collectively, U-series disequilibria in the
Andagua lavas requires that the time-scales of mantle melt-
ing in the wedge should be at least comparable to the half-
live of 231Pa (33 kyrs), whereas the 226Ra excess indicates
that the time elapsed since magma emplacement and differ-
entiation in the deep crust is within several thousand years.
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Gałaś A. (2011) The extent and volcanic structures of the
Quaternary Andahua Group, Andes, southern Peru. Ann.

Soc. Geol. Pol. 81, 1–19.
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