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The important role and fractionation of amphibole in continental arc magmatic systems is well documented
even if amphibole is generally absent as a prevalent phenocrystic phase in erupted, differentiated lavas. This
study presents a comprehensive textural and geochemical investigation of rare plagioclase-bearing hornblendite
cumulates entrained in c. 1.4 Ma (trachy-)andesites at the Quillacas monogenetic center on the Bolivian Alti-

Keywords: . R R . R . i
Hornblendites plano, Central Andes. MicroXRF mapping and imaging via SEM-EDS clearly reveals their mesocumulate, idiomor-
Cumulates phic nature characterized by cumulus hornblende (>90%) with intercumulus sodic plagioclase (~8%), minor Fe-Ti

oxides and accessory apatites. The trace element compositions of cumulus amphiboles are consistent with their
crystallization from a silicate melt with (La/Yb)y < 5 and low (Pb/Ce)y at <0.6. Amphibole TiO, contents imply
crystallization between 700 and 764 °C consistent with depths in the arc crust of 50-55 km as constrained by the
Central Andean geotherm. Bulk hornblendite isotopic signatures (Sr-Nd-Pb) correspond to compositions associ-
ated with the Central Andean mid-lower arc crust consistent with the presence of hornblendite cumulate piles at
this depth. Intercumulus (titano)magnetite exhibits oxy-exsolution ilmenite lamellae, the formation of which is
associated with oxygen fugacity (fO2) increase during magmatic cooling and differentiation. The ubiquitous
presence of gabbroic dehydration (reaction) rims (20-40 pm in width) on the amphiboles is interpreted to be
the result of a decrease in fO2 during ascent. The hornblendite mesocumulates from this study validate the ex-
tensive “cryptic” fractionation of amphibole at arcs and its important role on the petrogenesis of (continental)
arc magmas.

Central Andes
Continental arc magmatism
Amphibole fractionation
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1. Introduction

Investigating the petrological and geochemical nature of magmatic
plumbing networks is crucial to advancing our understanding of the
evolution of these systems within the Earth's crust (e.g. Blundy and
Cashman, 2008; Holness et al., 2019; Rivera et al., 2014). For the past
several decades, study of the differentiated extrusive products of these
magmatic systems has provided new insights into, and constraints on,
the nature of the storage conditions within magma reservoirs at depth
(e.g. Barboni et al., 2016; Jackson et al., 2018; Shane and Smith, 2013;
Szymanowski et al., 2017), the production of, and interaction between,
distinct crystal cargoes (e.g. Davidson et al., 2005; Ganne et al., 2018;
Marsh, 2006), and the timescales associated with eruption cycles, crys-
tal residence times, and recharge events (e.g. Cooper, 2019; Schleicher
et al., 2016; Triantafyllou et al., 2020). Collectively, these efforts have
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contributed to a “paradigm shift” in the communities' understanding
of magmatic reservoirs where instead of magma storage occurring in
large, melt-dominated systems, hot regions of crystal-rich bodies (or
“liquid-poor crystal mushes”) exist throughout the lithosphere
(Holness et al., 2019).

Extrusive magmatism at continental arcs records the complex inter-
action between subducting dehydrating oceanic lithosphere, primary
arc magmas, and the overriding continental lithosphere (Gill, 1981).
Continental arcs have been the intense focus of study for decades in
part due to the compositional similarity between erupted, andesitic-
dacitic products and bulk geochemical characteristics of Earth's conti-
nents (e.g. Kelemen et al., 2004; Shirey and Hanson, 1984; Taylor and
White, 1965). Over time, continental arcs are proposed to mature and
produce stable continental crust (although a petrogenetic link between
modern-day arcs and crustal production remains challenging to estab-
lish; Ducea et al., 2015). In the case of the Andean arc of western
South America, the type-example of continental arc magmatism on
modern-day Earth, a long-history of arc magma production and
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differentiation exists (e.g. Beck and Zandt, 2002; Dewey and Lamb,
1992; Pepper et al., 2016). In these environments, magma mixing,
magma mingling, crustal assimilation, and fractional crystallization are
the primary factors influencing the mineralogy, petrology, and bulk geo-
chemistry of magmatic activity (e.g. Edmonds et al., 2019; Farner and
Lee, 2017). Compositionally, magmas erupted at continental arcs are
dominated by intermediate compositions often attributed to the mixing
and mingling of mafic and silicic endmembers before eruption (e.g.
Reubi and Blundy, 2009) with primitive end-member compositions
rarely recorded in the erupted products. This is particularly true in the
case of the Central Andes where no ‘true’ basalts have been erupted in
the past ~5 Ma and the erupted products are dominated by mineralog-
ically and chemically evolved andesitic to rhyolitic compositions (e.g.
Brandmeier and Worner, 2016; Kay et al.,, 2014). Researchers have re-
cently reconsidered the conventional “magma chamber” model to ac-
count for the recorded heterogeneity that exists within the
geochemical record of magmatic arc systems. The proposed trans-
crustal magmatic system (TCMS) model suggests that after the melt is
extracted from the upper mantle, it traverses through the lower crust,
the mid crust (where it possibly ‘pools’ in arcs), and then the upper
crust; finally, the melt is stored/stalled in the shallow crust where crys-
tallization and assimilation can occur before eruption (Cashman et al.,
2017; Marsh, 2006). Chemical, textural, and mineralogical heterogene-
ity within erupted products can thus be attributed to the presence of
various crustal storage zones in which stalling, cooling, crystallization,
and differentiation may occur at any stage throughout the magmatic
plumbing system (Cashman et al., 2017; Edmonds et al., 2019; Marsh,
2006; Smith, 2014). As multiple crustal storage zones can exist, evaluat-
ing the petrogenetic pathway of arc magmas from source to surface is
necessary.

Amphibole is a near-ubiquitous fractionating phase in arc magmas,
as is often recorded in erupted lava geochemistry (e.g. Davidson et al.,
2007; Dessimoz et al., 2012; Garcia and Jacobson, 1979) and plays a fun-
damental role in the geochemical evolution of arc magmas. At interme-
diate crustal depths, combined with elevated H,O contents, all the
necessary components for amphibole fractionation are present
(Fischer and Marty, 2005; Wallace, 2005). However, amphibole is not
a ubiquitous phase in erupted arc products and can therefore be consid-
ered as a “cryptic” fractionating phase (Davidson et al., 2007;
Kratzmann et al., 2010; Smith, 2014).

In this study, new mineralogical, petrological, and geochemical data
for a suite of hornblende-plagioclase-apatite-bearing mafic enclaves,
henceforth termed “hornblendites” are presented. Entrained in c. 1.4
Ma andesites, the sampled hornblendites were erupted at the Quillacas
monogenetic volcanic center located in the back-arc region of the
Bolivian Altiplano, Central Andes (Davidson and de Silva, 1992, 1995).
These hornblendites record the near-ubiquitous, yet “cryptic” fraction-
ation of amphibole in intermediate arc magmas. The aim of this study
is therefore to: 1) comprehensively characterize the mineralogical, tex-
tural, chemical, and physical characteristics of the hornblendites and
2) evaluate their petrogenesis within the context of arc magma genesis
at continental arcs. Collectively, this dataset aims to advance the under-
standing of the role of amphibole in TCMS beneath continental arcs
(Plail et al., 2018; Scruggs and Putirka, 2018).

2. Field area

The Andean Cordillera (Fig. 1a) can be divided into several volcani-
cally active zones: Northern Volcanic Zone (NVZ), Central Volcanic
Zone (CVZ), Southern Volcanic Zone (SVZ), and the southerly Austral
Volcanic Zone (AVZ). These zones are defined by areas where surface
expression of volcanism is absent due to flat slab subduction (e.g.
Bishop et al., 2017; Serensen and Holm, 2008). The primary focus of
this study is the Central Andean Cordillera (16°-22°S) where the conti-
nental basement extends to c¢. 80 km in depth beneath the modern-day
Bolivian Altiplano due to tectonic shortening of the weaker western

region of the South American plate between stronger lithospheres: the
subducting Nazca plate and the underthrusting Brazilian Shield (Beck
and Zandt, 2002; Zandt et al., 1994). As shown in Fig. 1b, a suite of
monogenetic volcanic centers is exposed across the Bolivian Altiplano
back-arc and behind-arc regions. These volcanic centers broadly range
in age from Pliocene to Holocene and from basaltic andesite to dacite
in composition (basalts exist but are rare; Davidson and de Silva,
1992, 1995). Specifically, the minor center of Quillacas (QL) is one of
the easternmost centers located on the Bolivian Altiplano. Here, c. 1.4
Ma andesitic lava is host to a suite of chemically diverse crustal xeno-
liths (Davidson and de Silva, 1995; McLeod et al., 2012, 2013) and sev-
eral hornblendites that were originally classified as mafic enclaves.
While the nearby center of Pampa Aullagas (PA) (Fig. 1b) also contains
abundant crustal xenoliths, the hornblendite enclaves are unique to QL.
Occurrence of xenolithic material in continental arc volcanics is rare,
most likely due to the thick and ductile nature of the underlying base-
ment (Weber et al., 2002). Therefore, the materials entrained within
the QL lavas offer an exceptional opportunity to investigate and con-
strain the components of TCMS in this region.

3. Sample petrography

Sampled hornblendites are dominated by medium-coarse grained
hornblendes (>90%), sodic plagioclase (~8%), with minor (titano)mag-
netite and accessory apatite as interstitial phases (Fig. 2) and are classi-
fied here as plagioclase-bearing hornblendites (Supplementary Fig. 1).
The hornblendes are typically euhedral and granular in nature with
opaque rims characterizing crystal edges. No hornblende crystals are
observed to lack these rims and the majority of crystals are inclusion
free. Single twins are commonly observed consistent with a magmatic
origin for the hornblendes (Supplementary Fig. 2; Triantafyllou et al.,
2016). Plagioclase feldspars are anhedral and interstitial in nature
(Fig. 2a-d). Accessory apatites are euhedral to subhedral with bladed
habits and are clearly interstitial, at times appearing to be interlocked
with the edges of the hornblendes.

Backscattered electron (BSE) images acquired via scanning electron
microscopy (SEM) and elemental maps acquired via energy dispersive
x-ray spectroscopy (EDS) are shown in Fig. 3. Hornblendes are consis-
tently large with average maximum lengths between 700 and 800 pm
with some grains exceeding 1 mm. Hornblende cleavage (56°-124°) is
clearly discernible. The rims of the grains exhibit complex textures
with at least three discernable, smaller mineral phases distinguished
via atomic mass contrast (Fig. 3a-d). Apatites are prismatic and demon-
strate a variety of grain sizes between 50 and 75 pum in width and
100-200 pm in length (Fig. 3d). (Titano)magnetite and ilmenite are
also present in minor amounts throughout the samples as interstitial
phases. Fig. 3e illustrates an anhedral (titano)magnetite (200 um)
surrounded by a “halo” of smaller grains. The majority of (titano)mag-
netite crystals in the hornblendites exhibit rhombohedral ilmenite ex-
solution lamellae (Fig. 3f).

4. Results

4.1. Elemental mapping via micro x-ray fluorescence (UXRF) and scanning
electron microscopy (SEM).

Elemental maps of hornblendite thin sections were acquired via
UXRF (Fe, Ca, and Ti) and are shown in Fig. 4a-f. The distribution of Fe,
Ca, and Ti across the samples is consistent with the occurrence of horn-
blende, sodic plagioclase, minor Fe-Ti oxides, and accessory apatite.
Figs. 4 g-r summarize Fe, Ca, Ti, and Na distributions acquired via
SEM-EDS and highlight the occurrence, although rare, of Fe zonation
within the amphibole populations (e.g Fig. 4 k). Accessory apatite is dis-
tributed between coarser-grained amphiboles with interstitial sodic
plagioclase (e.g. Fig. 4j). The presence of minor (titano)magnetite and
associated oxy-exsolution ilmenite lamellae are shown in Fig. 4o, q.
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Fig. 1. a Terrain map of the Andean Cordillera, South America denoting four volcanic zones: Northern Volcanic Zone (NVZ; green), Central Volcanic Zone (CVZ; orange), Southern Volcanic

Zone (SVZ; blue), and Austral Volcanic Zone (AVZ; yellow). b Map highlighting the CVZ, major arc volcanoes (orange triangles), and back-arc monogenetic volcanic centers (grey circles)
located across the Bolivian Altiplano. The Pampa Aullagas (PA) and Quillacas (QL) monogenetic volcanic centers (blue circles) on the Eastern Altiplano are the focus of this study. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. a-f Photomicrographs denoting the representative mineral assemblage of the hornblendite suite. Plane-polarized light (PPL) images are shown in the upper row. Corresponding

cross-polarized light (XPL) images are shown in the lower row.
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Fig. 3. Scanning electron microscopy (SEM) back-scattered electron (BSE) images and energy dispersive x-ray spectroscopy (EDS) elemental map collected on hornblendite thin sections.
a-c Euhedral hornblende crystals (700-800 pum, hbl) are the predominant phase throughout the sample suite (labelled in 3a-c). d Prismatic apatites (apt) are present as an accessory phase
and are commonly found in close spatial association with the rims of hornblende. e Anhedral titanomagnetite (200 um) surrounded by a “halo” of smaller crystals. f Corresponding SEM-
EDS map of e demonstrating rhombohedral ilmenite exsolution lamellae. Further descriptions are provided in the main text.

4.2. Bulk major and trace elements

Fig. 5a-h summarizes the bulk major element oxides for the sampled
hornblendites (Supplementary Table 1). Also shown is the average bulk
composition of their host QL lavas and the compositional field for age-
equivalent (< 2 Ma) Central Andean lavas. Data for arc-related
hornblendites from New Zealand (early Cretaceous arc), Kohistan (Cre-
taceous arc), and Morocco (Neoproterozoic arc) are shown for compar-
ison (Daczko et al., 2012; Dhuime et al., 2007; Triantafyllou et al., 2018).
The Central Andean hornblendites exhibit small variations in their bulk
major element content but, as a suite, they are compositionally homo-
geneous. Bulk SiO, content are primitive at 43.55-44.89 wt% and TiO,
content are high from 2.47 to 2.66 wt%. Total alkalis are low (Na,O +
K,0 from 3.55 to 3.74, not shown) but CaO wt% are high at 10.39 to
10.81. Compositionally, all of the hornblendites summarized in Fig. 5 ex-
hibit low silica, ranging from 40 to 50 wt% SiO, with those from the Cen-
tral Andes (n = 7), Kohistan (n = 1), and New Zealand (n = 6) ranging
from 40 to 45 wt% SiO-. Considering other major oxides, bulk composi-
tions are broadly similar with the most notable differences between
Moroccan hornblendites and the other localities with respect to TiO,
and Al,Os. This could be attributed to the absence of ilmenite 4+ magne-
tite, rare rutile and titanite, and the late-stage crystallization of volumet-
rically minor plagioclase in those samples (Triantafyllou et al., 2018).
The calculated Mg# (molar 100 x MgO/(MgO + FeOtot) for Central An-
dean hornblendites range from 67 to 70 and are shown in Fig. 5i vs. wt%
Al,03 alongside other hornblendite localities. The majority of Mg#
values shown overlap with the composition of primary melts that are
in equilibrium with Fogg mantle olivine (Roeder and Emslie, 1970) al-
though hornblendites from Morocco and New Zealand are higher
(Mg# > 74).

A primitive mantle normalized multi-element diagram for the sam-
pled hornblendites is shown in Fig. 6a. For comparison, Fig. 6a includes
the primitive-mantle normalized patterns of hornblendites from the
three arcs discussed in Fig. 5. The range of compositions associated
with age-equivalent Central Andean volcanic rocks are also shown for
comparison (grey shaded region, all <2 Ma). As shown, the Central An-
dean hornblendites are relatively homogenous. They exhibit moderate
large ion lithophile element (LILE) enrichment (Rby: 26.9-30.7; Bay:
504-582) relative to Central Andean lavas and display flat Thy to Cey

signatures (Thy: 23.7-26.0; Ceyn: 19.4-20.0), with no Nb-Ta depletion.
Zirconium (Zr) presents a negative anomaly (Zry: 6.02-7.18) which is
expected as Dz in amphibole is typically <1, particularly for mafic to ul-
tramafic lithologies (Dz: 0.13-0.37; Adam et al., 1993; Sisson, 1994;
LaTourrette et al., 1995). Therefore, a negative anomaly suggests higher
Zr concentration in residual evolved melt after fractional crystallization.
Collectively, the hornblendites exhibit enrichment peaks in Ba and Pb
along with Zr-Hf depletion. Patterns from the hornblendites of this
study are similar to those of the Neoproterozoic Bougmane arc
hornblendites (Triantafyllou et al., 2018) but are consistently enriched
in all shown trace elements compared to the other sample suites.
Hornblendites from the Cretaceous Kohistan and New Zealand arcs
(Daczko et al., 2012; Dhuime et al., 2007) exhibit similar normalized
patterns and are depleted in some elements compared to Central An-
dean hornblendites by several orders of magnitude (e.g. Th, U, Nb, La).
Fig. 6b summarizes the chondrite normalized rare-earth element
(REE) signatures for Central Andean hornblendites and their host QL
lavas, alongside recent Central Andean lavas and other hornblendite
suites. The Central Andean hornblendites of this study are composition-
ally homogeneous exhibiting slight LREE depletion (Lan/Pry: 0.63-0.67)
with decreasing normalized concentrations from Pr to Lu (Pry/Luy:
7.6-8.1). Europium (Eu) anomalies are minor with Eu/Eu* ranging
from 0.82-0.91 (n = 4). Consistently, the Central Andean hornblendites
are more REE-enriched than other hornblendite suites and have an
overall pattern similar to that of the Bougmane arc hornblendites, al-
though the latter exhibit flatter MREE-HREE patterns (Pry/Lun:
2.4-3.8). Their Eu-anomalies are also similar ranging from 0.83 to 0.89
(n = 6). Hornblendites from the New Zealand and Kohistan arcs are
both significantly LREE-depleted (Layn/Pry: 0.35-0.39; 0.25, respec-
tively). New Zealand arc hornblendites exhibit similar MREE-
enrichment and HREE-depletion to hornblendites from this study
(Prn/Luy: 6.4-8.2).

4.3. Amphibole and apatite trace elements

Three thin sections of the sampled hornblendites were selected for
in-situ chemical analysis via LA-ICP-MS. Amphibole trace element data
are presented in Table 2 of the Supplementary Material. Typical amphi-
bole signatures show moderate LREE depletion (Lay/Smy: 0.43-0.57),
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Fig. 4. a-f Whole section pXRF elemental maps for two hornblendite samples. Results from one section are shown on the left, the other on the right. Selected elements shown here are Fe
(red), Ca (light blue), and Ti (purple). Regions of higher elemental concentration appear brighter. g-r SEM-EDS was performed to elementally map distinct mineral phases at a smaller scale
and at a higher resolution than by pXRF. g-j SEM-EDS maps of Fe (red), Ca (light blue), Ti (purple) and Na (dark blue) demonstrate subtle compositional variations within the hornblende
grains where abundances of Fe are higher nearer the rims. k-n Euhedral hornblendes shown at higher magnification where the compositional variations in Fe within the grain, and higher
concentrations of Na in the interstitial regions, are highlighted. o-r Representative SEM-EDS maps for minor titanomagnetite. Rhombohedral ilmenite exsolution lamellae is clearly
discernible in the Ti (purple; q) map.
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MREE enrichment (Smy/Dyy: 2.08-2.63), and HREE depletion (Dyn/
Luy: 1.88-2.72). Negative Eu anomalies (Eu/Eu*) are consistently ob-
served and range from 0.88-0.97 (n = 118, with one value >1 at
1.02; Fig. 7a-c). This likely implies fractionation of Eu by plagioclase.

Apatites are consistently present as an accessory phase throughout
the hornblendite samples. Apatite trace element data are presented in
Table 3 of the Supplementary Material. Their chondrite normalized
REE signatures are summarized in Fig. 7e-g. As expected for apatite, sig-
nificant LREE enrichment is exhibited with (La/Sm)y ranging from 3.4 to
6.4. Negative Eu anomalies are consistently observed and range from
0.52-0.89 (n = 139). This again likely implies fractionation of Eu by pla-
gioclase. No significant differences in the REE chemistries of the ana-
lyzed apatite populations are observed, as is also the case with the
sampled amphiboles (Fig. 7d).

Sodic plagioclase is consistently present as an interstitial phase
(Figs. 2, 4). Plagioclase trace element data is presented in Table 4 of
the Supplementary Material. Sampled grains are characteristically
LREE-enriched with (La/Sm)y ranging from 1.07 to 52.5 (Fig. 7i-k).
The most notable features of these patterns however are the consis-
tently prominent positive Eu-anomalies which range from 1.1 to 97.5
(n = 193, with one value at 243; Fig. 7i-k). No significant differences
in the REE chemistries of the analyzed plagioclase populations are ob-
served (Fig. 71).

The negative Eu-anomalies in the bulk hornblendites, amphiboles,
and apatites are consistent with a magmatic environment in which pla-
gioclase is fractionating. The plagioclase present in the hornblendites
crystallized relatively late-stage. This is supported by its interstitial
and anhedral nature, in addition to its sodic composition, consistent
with fractionation from a differentiated melt (Fig. 4).

4.4, Bulk Sr-Nd-Pb isotopic characteristics

With respect to 87Sr/%%Sr, sampled hornblendites (n = 7) are rela-
tively non-radiogenic at 0.707291-0.707314 with corresponding
143Nd/"4Nd at 0.512271-0.512316 relative to host QL signatures
(Fig. 8a). In comparison, host QL lavas (n = 11) exhibit 8”Sr/%Sr values
of 0.709128-0.710182 and corresponding '43Nd/'#Nd at
0.512145-0.51229. A slightly negative relationship with respect to Sr-
Nd isotopic systematics is noted between the hornblendites and QL vol-
canic rocks. For further comparison, Central Andean compositional
fields for Nevados de Payachata, Ollagiie, CVZ ignimbrites, Charcani
gneiss, and Tata Sabaya are shown in Fig. 8a (after Davidson and de
Silva, 1995). The Sr-Nd isotopic compositions of Andean mantle xeno-
liths are also shown in Fig. 8a and record a broad range of Sr-Nd isotopic
signatures from 0.5124-0.5139 and 0.7020-0.7120, respectively
(Conceigdo et al., 2005; Jalowitzki et al., 2017; Lucassen et al., 2005).
The majority of these samples exhibit more radiogenic '**Nd/'#*Nd
and less radiogenic 8”Sr/%°Sr signatures than sampled hornblendites al-
though two spinel lherzolites (Concei¢do et al., 2005) and three perido-
tites (Lucassen et al, 2005) exhibit similar 8’Sr/%%Sr signatures
(0.7065-0.7075). These sample suites are associated with the late Creta-
ceous rift system of NW Argentina, at the edge of the Cenozoic Andean
plateau. Compositions of upper and lower crustal reservoirs for this re-
gion of the Central Andes (proposed in Davidson and de Silva, 1995) are
also shown in Fig. 8a: 87Sr/6sr > 0.71 at "**Nd/"**Nd < 0.5122 and
87Sr/86sr ¢. 0.706 and *>Nd/**Nd < 0.5122, respectively. While Nd iso-
topic signatures do not work to discriminate between crustal reservoirs,
the Sr isotopic signatures of the hornblendites are consistent with
values recorded by a mid-lower crust reservoir (Davidson and de
Silva, 1995).

Lead (Pb) isotopic variation with respect to 2°7Pb/2%4Pb vs.
206pp 204ph s summarized for the hornblendites (n = 4) in Fig. 8b. Sam-
ples vary from 15.58 to 15.77 at 18.52 to 18.54, respectively. The
hornblendites’ host QL lavas record 2°7Pb/2°4Pb values of 15.65-15.68
and 2%Pb/2%4Pb values of 18.44-18.72. The same suite of data with re-
spect to 298Pb/2%4Pb vs. 2°6Pb/2%4Pb is shown in Fig. 8c. Hornblendites
range from 38.67-38.73 (?°Pb/?°4Pb) and 18.52-18.54 (2°°Pb/2%4Pb),
whereas host QL lavas range from 38.95 to 39.00 and 18.44-18.72, re-
spectively. Sampled hornblendites therefore overlap QL lavas with re-
spect to 2°°Pb/2%4pPb signatures but differ slightly with respect to
207ph,2%4ph and 2°8Pb/2%4Pb. In both cases, the hornblendites are com-
paratively less radiogenic. Central Andean compositional fields for
Nevados de Payachata, Ollagiie, CVZ ignimbrites, Charcani gneiss, and
Tata Sabaya are shown in Fig. 8b-c (after Davidson and de Silva, 1995)
for further comparison. With respect to Pb isotopes, Andean mantle xe-
noliths show 2°°Pb/2%Pb ranges from 16.55 to 25.55, 2°’Pb/?**Pb ranges
from 15.48 to 15.70, and 2°8Pb/2%4Pb signatures range from 36.25 to
50.20. It is noted here that four Pb isotopic values from Lucassen et al.
(2005) have not been included in Fig. 8b-c due to their highly radiogenic
values. As discussed in Lucassen et al. (2005), these highly radiogenic Pb
isotopic compositions could be due to the existence of two distinct Pb
sources with similar U/Pb but different Th/Pb ratios. The hornblendites’
207pp204ph and 2°6pb/2%Pb signatures are most similar to spinel
lherzolite xenoliths studied in Jalowitzki et al. (2017) collected 30 km
SE from Coyhaique, Chile whereas 2°Pb/2°4Pb signatures are slightly
higher and overlap those of several CVZ peridotite xenoliths studied
by Lucassen et al. (2005).

5. Discussion

5.1. The origin of amphibole in Central Andean hornblendites: chemistries
and textures

The nature of the melt from which the amphiboles in the QL
hornblendites originated is evaluated in Fig. 9a-b. If amphibole crystal-
lization was associated with fluid metasomatism, low REE contents
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Fig. 7. In-situ trace element data for amphiboles and apatites within three hornblendite samples. Rows correspond to data from the same sample. a-c Chondrite normalized rare-earth
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to colour in this figure legend, the reader is referred to the web version of this article.)

would be expected due to the low solubility of these elements in aque-
ous fluids in comparison to silicate melts (Bali et al., 2018). Amphibole
crystallization from a silicate melt is therefore demonstrated in Fig. 9a
where LREE/HREE enrichment is shown (La/Yb)y. From Powell et al.
(2004), (La/Yb)y values <5 are consistent with amphibole crystalliza-
tion from a silicate melt, which is observed for all analyzed amphiboles
from the hornblendites. Evidence of crystallization from a silicate melt is
also supported by considering (La/Yb)y vs. Ti/Eu (ppm) signatures
(Fig. 9a). In addition, if the cumulus amphiboles were associated with
precipitation from a fluid, then enrichment in fluid-mobile elements
would be expected (e.g. Pb, Rb). In Fig. 9b, (Pb/Ce)y values are used to
evaluate this: amphiboles predominantly have (Pb/Ce)y values <0.6.

This is lower than primitive mantle (0.71 from McDonough and Sun,
1995) and consistent with crystallization from a melt as opposed to a
(H»0-rich) fluid (Bali et al., 2018).

Temperature estimates of amphibole crystallization are summarized
in Fig. 9c and were calculated based on wt% TiO, contents (after Ernst
and Liu, 1998). As shown, temperatures range from 700 to 764 °C over
a limited range of wt% TiO, values (1.1 to 1.5, n = 118; Supplementary
Table 2). With respect to the Central Andean geothermal gradient, a dif-
ference in temperature of 1041 to 141 °C exists between the base and
upper part of the crust at 70 km and 5 km (Giese, 1994). Assuming a T
gradient of ~13.85 °C/km, depth of crystallization for the amphibole
population is estimated between 50 and 55 km, which corresponds to
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mid-lower crustal depths in this region. Therefore, the mid-lower arc

crust is proposed to be the origin zone for the hornblendites.
Hornblendes exist as a monomineralic cumulus phase occupying

>90% of the sample while intercumulus sodic plagioclase occupies ~8%.

Based on these proportions and observed textural relationships, the
hornblendites are classified here as mesocumulates. Therefore, it is in-
ferred that amphibole fractionated and accumulated at depth within
the crust, likely settling to the base of a storage reservoir. Here, trapped
or migrating intercumulus liquid led to the crystallization of anhedral
sodic plagioclase with late-stage crystallization of apatite and
titanomagnetite based on the intercumulus nature of all three phases.

One of the most notable features of the cumulus hornblendes is their
polycrystalline, 20-40 um wide, dehydration rims (Fig. 10). Previous
work has evaluated the textures of breakdown rims associated with am-
phiboles in arc magmatic systems and has identified two types defined
by their reaction products and accompanying textures (Kuno, 1950;
Garcia and Jacobson, 1979). These two types are ‘black’ and ‘gabbroic’.
From Kuno (1950) and Garcia and Jacobson (1979), black rims can de-
velop as complete, or near-complete, replacements of amphibole. The
reacted product is characterized by fine-grained aggregates composed
of pyroxene and Fe-oxides, produced as a result of “dehydrogenation
and oxidation during extrusion”, which can disseminate along cleavage
planes and interior fractures (De Angelis et al., 2015; Garcia and
Jacobson, 1979; Rutherford and Hill, 1993). These processes are
interpreted as the result of a decrease in oxygen fugacity (fO,) and an
increase in fO,/fH; (Kuno, 1950). Gabbroic breakdown rims can also
form as complete or near-complete replacements of amphibole but in
this case, the replacement product is composed of orthopyroxene,
clinopyroxene, plagioclase, and Fe-Ti oxide microlites (De Angelis
et al., 2015; Garcia and Jacobson, 1979; Rutherford and Hill, 1993).
This reaction product and texture is proposed to be the result of a fO,
decrease resulting in dehydration of “the coexisting melt produced dur-
ing magma ascent” (Garcia and Jacobson, 1979; Rutherford and Devine,
2003; Rutherford and Hill, 1993).

The polycrystalline assemblage of pyroxene-plagioclase-oxide in the
amphibole breakdown rims classifies them as gabbroic (Fig. 10). This
implies direct interaction between a melt and the hornblendite cumu-
lates. The observed breakdown of the amphibole rims suggests a de-
crease in the dissolved water content of a co-existing melt, coupled
with interaction with the host magma (Rutherford and Hill, 1993).
The pervasively coarse-grained, euhedral nature of the amphibole crys-
tals in the hornblendites indicates that they crystallized in a relatively
stable magmatic environment at depth (prolonged crystal residence
stage). The production of the breakdown rims is therefore inferred as
a late-stage processes during melt mobilization and ascent prior to
eruption.

Experiments performed by Rutherford and Hill (1993) demon-
strated that amphibole reaction rims with widths greater than 20 pm
were consistent with a scenario in which magma took more than 10
days to ascend and erupt. A comprehensive study of rim width mea-
surements for the hornblendites in this work has not been undertaken,
but observations and measurements of the rims from the detailed SEM
imaging resulted in a range of rim widths from 20 to 40 pum in thickness
(see Fig. 10a). Based on preliminary rim widths of studied hornblendes,
ascent time can be hypothesized to be between 10 and 18 days from a
mid-lower crustal storage zone beneath the QL center. However, a
more detailed investigation of the rims via SEM imaging and high-
resolution chemical analyses is necessary.

5.2. Oxy-exsolution lamellae in (titano)magnetite

(Titano)magnetite is present as a minor phase throughout the sam-
pled suite and characteristically exhibits rhombohedral oxy-exsolution
lamellae (shown earlier in Fig. 3e, f). With decreasing temperatures,
the Ti component of magnetite is usually exsolved in the form of ilmen-
ite (as opposed to pyrophanite or geikielite) and has been proposed to
occur over temperatures of 400 °C to 700 °C (although Ti solubility is
also strongly dependent on the partial pressure of oxygen; Ramdohr,
1969). In the case of rhombohedral oxy-exsolution lamellae in
(titano)magnetites, a magnetite host exsolves its residual titanium
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towards a Ti-free endmember where the magnetite host accommodates
the ilmenite lamellae on the magnetite (111) octahedral planes that are
shared with ilmenite (001) planes (Ramdohr, 1969; Robinson et al.,
2016). These textures and associated processes have been previously
observed and described in other magmatic systems (Ramdohr, 1969;
Robinson et al., 2016). In Fig. 11, examples are shown from previously
studied gabbros and larvikites (syenites) alongside another example
from the Central Andean hornblendites of this study.

The development of rhombohedral oxy-exsolution lamellae in Fe-Ti
oxides can be related to local oxidation or reduction conditions during
magmatic differentiation (Ramdohr, 1969; Robinson et al.,, 2016). Asso-
ciated scenarios have been investigated experimentally by several stud-
ies to date (Buddington and Lindsley, 1964; Lattard et al., 2005;
Sauerzapf et al., 2008). From these works, it was repeatedly demon-
strated that the development of ilmenite oxy-exsolution lamellae
could result through oxidation of a cubic titanomagnetite during a tem-
perature decrease. This is exemplified in the ternary phase diagram
shown in Fig. 12. Here, three binary solid solutions in FeO-V2Fe,05-
TiO, compositional space are shown with oxidation reactions (oxygen
fugacity increasing, at constant Ti/Fe) to the right, and reduction reac-
tions to the left (after Robinson et al., 2016). Highlighted is the scenario
in which a titanomagnetite experiences an increase in local oxygen fu-
gacity conditions, promoting an oxidation reaction that results in the
exsolution of the Ti component and the generation of ilmenite lamellae.
The occurrence of this type of intergrowth, as observed in the (titano)
magnetites within the hornblendites, is inferred to represent oxidation
during a decrease in temperature in the magmatic system at depth. This
is further interpreted to have occurred whilst cooling and crystallization
of the hornblendites took place during storage within the arc crust.

5.3. Hornblendites and their significance in the (Central Andean) continen-
tal arc crust

The Sr-Nd-Pb isotopic signatures of the hornblendites are broadly
consistent with those expected of mid-lower crustal reservoirs in this
region (Davidson and de Silva, 1995). It is therefore inferred that the
sampled hornblendite cumulates originated within the mid-lower arc
crust of the Central Andes. The oxy-exsolution of intercumulus ilmenite
from magnetite is consistent with a decrease in temperature (as
discussed above) suggesting this intergrowth occurred during late-
stage cooling of the cumulate pile. The production of the gabbroic break-
down rims on cumulus amphibole is consistent with dehydration dur-
ing ascent and are considered to have occurred as the cumulate pile
was remobilized during entrainment in the host QL andesites. The

petrogenesis of sampled hornblendites and their inferred route to sur-
face is summarized in Fig. 13.

The generation and stabilization of amphibole-rich cumulates be-
neath arc systems exerts a fundamental control on the chemistry of
arc magmatic products (both intrusive and extrusive) and works to es-
tablish a hydrous arc crust at depth (e.g. Daczko et al., 2016; Davidson
et al., 2007; Kratzmann et al., 2010; Smith, 2014; Triantafyllou et al.,
2018). From Smith (2014), the production of amphibole-rich lithologies
at depth within arc systems can result through more than one process,
each with its own implications for the role amphibole plays in the sub
arc crust. The origin of amphibole can be associated with reaction-
replacement processes where clinopyroxene is replaced to varying ex-
tents by melt interaction(s) (e.g. Coltorti et al., 2004; Daczko et al.,
2012; Daczko et al., 2016; Smith, 2014). Texturally, this process is re-
corded (or at least can be) through the preservation of relict
clinopyroxene and the production of granoblastic textures (see Fig. 2
in Smith, 2014). In this scenario, the “cryptic” role of amphibole in arc
systems is associated with mineral-melt reactions in lower crustal
mush zones where clinopyroxene is an early fractionating phase and
where amphibole is not considered a magmatic phase.

The sampled hornblendites from the QL center in the Central Andes
are considered here to be cumulates with amphibole a magmatic phase,
which nucleated and crystallized out of a melt at depth. The granular, id-
iomorphic textures observed, the absence of relict clinopyroxene, and
the mesocumulate texture defined by intercumulus plagioclase, apatite,
and Fe-Ti oxides all support the interpretation of these hornblendite
samples as cumulates. In addition, their magmatic origin is supported
by the presence of single twins (see earlier, Supplementary Fig. 2). Be-
neath this region of the Central Andes, the “amphibole sponge”
(Davidson et al., 2007) is proposed to form a cumulate pile at depth.
While formation of amphibole via reactive transport (Reiners, 1998)
as a melt passes through a clinopyroxene crystal mush cannot be
ruled out, the erupted products at QL certainly support the role of
hornblendite cumulates at depth as recorded by the “cryptic” amphi-
bole signatures in Central Andean arc magmas. The interpretation that
both hornblendite cumulates and clinopyroxene reaction-replacement
processes may have an important role in governing magmatic and arc
crust differentiation in continental arc settings was recently supported
by Xu et al. (2019) where vertical arc sections through the early Meso-

zoic Gangdese arc were studied. Here, several hornblendite cumulate li-
thologies were identified (cpx-hornblendite and hornblendite) in
addition to non-cumulate lithologies. In cpx-hornblendite lithologies,
heteradcumulate textures where cpx crystals (30-40%) were
“enclosed” within embayed hornblende were identified whereas in
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Fig. 10. a BSE image of hornblende polymineralic gabbroic dehydration rims. A 35 um scale bar for the rim is provided in the image. b Close-up BSE image of the rims with a scale of 20 pm
highlighting the presence of three different phases (pyroxene-plagioclase-oxide) within the rims as interpreted from atomic mass contrast and returned spectra. ¢ Corresponding SEM-
EDS Fe map of b. d Corresponding SEM-EDS Ti of b. e Combined Fe and Ti SEM-EDS map of b. f Corresponding SEM-EDS Al map of b.

hornblendite lithologies, orthocumulate textures with 90% euhedral
hornblende were reported. The presence of relict cpx in association
with embayed hornblende was inferred to be the result of a reaction be-
tween cpx and melt whereas the hornblendite lithologies were
interpreted to represent crystallization directly from a melt (Xu et al.,
2019). Collectively, this sample suite implies that hornblende as a cu-
mulate phase, and as a reactive-transport product, exists within the vol-
canic arc crust. While both processes should be considered when
evaluating the role of “cryptic” amphibole fractionation during arc
magmatism, the hornblendites investigated here support the presence
of amphibole-bearing cumulates in this region of the Central Andes.

6. Conclusions

This study presents comprehensive textural and geochemical data
for a suite of plagioclase-bearing hornblendite cumulates hosted in an-
desites erupted from the c. 1.4 Ma Quillacas monogenetic center on
the Bolivian Altiplano of the Central Andes. The hornblendites provide

evidence for the ‘cryptic’ fractionation of amphibole from cumulate
layers, which are inferred to exist in the mid-lower crust within an
open trans-crustal magmatic system in arc environments.

(1) Sampled hornblendites consist of >90% euhedral hornblende
with intercumulus sodic plagioclase along with minor (titano)
magnetite and accessory apatite. The trace element compositions
and inter element ratios of cumulus amphibole are consistent
with their crystallization from a silicate melt, and not a (H,0-
rich) fluid (low Lan/Yby at <5 and Pby/Cey lower than primitive
mantle). Amphibole TiO, contents imply crystallization between
700 and 764 °C consistent with depths in the arc crust of 50-55
km (based on Central Andean geotherm).

Sampled hornblendites exhibit bulk Sr-Nd-Pb isotopic signatures
that are consistent with their derivation from the mid-lower arc
crust based on previous studies of Central Andean magmatic sys-
tems.

Intercumulus (titano)magnetite commonly exhibits oxy-
exsolution ilmenite lamellae which has previously been

(2
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Fig. 11. a Example of a gabbro from southwestern Poland exhibiting rhombohedral ilmenite exsolution lamellae (Ramdohr, 1969). b Example of a larvikite from southern Norway
exhibiting rhombohedral ilmenite exsolution lamellae (Ramdohr, 1969). No scale provided for a and b. ¢ Example of a larvikite from southern Norway exhibiting rhombohedral ilmenite
exsolution lamellae (Robinson et al., 2016). d BSE image of select region in sample demonstrating hornblendes (hbl) and titanomagnetite (tmg) grains enclosed within a dehydration rim
of the hornblende phenocrysts. e BSE image of (titano)magnetite grain. f Corresponding SEM-EDS Fe map for (titano)magnetite shown in e. g Corresponding SEM-EDS Ti map for (titano)
magnetite shown in e. h Combined Fe and Ti SEM-EDS map highlighting the habitual rhombohedral ilmenite exsolution lamellae.
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Fig. 12. Ternary diagram defined by FeO, ¥z Fe,03, and TiO, endmembers. A scenario
where oxy-exsolution ilmenite lamellae occurs via oxidation of titanomagnetite is
highlighted with a star and arrow. Modified from Robinson et al. (2016).

demonstrated (experimentally) to develop as a result of fO, in-
crease during magmatic cooling and differentiation. This inter-
growth is interpreted as a product of late-stage cooling of the
hornblendites during formation of a cumulate pile in the mid-
lower arc crust.
Gabbroic dehydration rims are ubiquitous throughout the am-
phibole crystal populations. These preserve evidence of remobi-
lization (post-cumulate formation) and dehydration during
ascent. The observed reaction products and texture is proposed
to be the result of a fO, decrease during magma ascent, as has
been observed in other arc settings (e.g. Mt. St. Helens).

(5) The idiomorphic, mesocumulate textures of the hornblendites
are consistent with the interpretation of these hornblendites as
cumulates. No relict clinopyroxene grains are observed indicat-
ing that the amphibole formed via direct precipitation from a
melt and not via reactive transport processes.
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Fig. 13. Schematic diagram of magmatic plumbing system beneath Quillacas volcanic
center illustrating different regions of storage throughout the continental arc crust.
MASH stands for melting, assimilation, storage, and homogenization processes (after
Hildreth and Moorbath, 1988).
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