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ARTICLE INFO ABSTRACT

Keywords: The processes leading to the formation of siliceous (intermediate to felsic) magmatic rocks from juvenile sources
Intra-oceanic island arc within intra-oceanic island arcs govern the formation of continental crust and tempos of crustal growth. To
Trondhjemite

unravel the predominant process responsible for the formation of the intermediate to felsic intra-oceanic arc
crust, we performed inverse geochemical modelling using major elements and fluid-immobile trace elements.
Subvolcanic trondhjemite from a volcanic arc — Davle volcanic complex (DVC) situated in the Tepld-Barrandian
unit, Bohemian Massif — that formed during the Neoproterozoic Avalonian-Cadomian orogeny was used as a
proxy for the most felsic endmember of the tonalite-trondhjemite suite. The DVC trondhjemite that follows the
calc-alkaline trend is enriched in several fluid-mobile elements such as Cs, Ba and U, but depleted in high field
strength elements (Nb, Ti) and lithophile elements (e.g., K, Rb, Sr and Th), and exhibits flat rare earth element
(REE) primitive mantle-normalized distributions with slightly negative Eu anomalies. Together with the largely
radiogenic Hf-Nd isotopic signatures (eng +6.0 to +8.7 and eys +10.2 to +11.7), these data indicate formation in
an intra-oceanic arc setting with no significant assimilation of older crustal material. In general, the composition
of the studied trondhjemite markedly resembles that of other intra-oceanic arc-derived tonalites and trondhje-
mites worldwide, formed at low pressures below the garnet stability field. These are herein referred to as “low-
pressure intra-oceanic arc granitoids” or “LP IOAG”. The performed inverse geochemical modelling revealed that
dehydration partial melting or fractional crystallization of a mafic source can produce a primitive tonalitic melt.
Consequently, fractional crystallization of that melt accounts for the compositional heterogeneity observed
within the tonalite-trondhjemite suite. We conclude that LP IOAG, commonly forming large portions of intra-
oceanic arc middle crust, can form in a nearly closed system with a negligible contribution of subduction-
related melts or assimilation of older siliceous crust. Therefore, our findings suggest that the formation of LP
IOAG within oceanic crust may represent the predominant process of post-Archean crustal growth.

Juvenile crust

Inverse geochemical modelling
Fractional crystallization
Partial melting

1. Introduction

The principles of crustal growth are a hot topic within the modern
geological community (Marien et al., 2022; Moyen et al., 2021; Moyen
and Martin, 2012; Stern and Scholl, 2010). While high-pressure melting
of basaltic crust was likely the major process of continental crust growth
during the Archean (Castillo, 2012; Martin et al., 2005; Moyen and
Martin, 2012; Stern and Scholl, 2010), the processes of post-Archean
crustal growth involve a significant proportion of crustal recycling
(Jagoutz, 2010; Moyen et al., 2021). However, seismic velocity profiles
of intra-oceanic island-arc crust revealed low-velocity middle crust

supposedly composed of intermediate to felsic igneous rocks (Calvert,
2011). Combined with evidence from exposed ancient island arcs, it is
assumed that large portions of siliceous crust can be formed within
intra-oceanic arcs, where no continental crust is available to be recycled
(DeBari and Greene, 2011; Greene et al., 2006; Kawate and Arima,
1998). These juvenile igneous intermediate to felsic rocks (tonalite,
trondhjemite and equivalent volcanic products) can provide unique in-
sights into the processes governing the post-Archean formation of sili-
ceous continental crust (Beard, 1995; DeBari and Greene, 2011; Frost
et al., 2016; Greene et al., 2006; Jagoutz, 2010; Kelemen et al., 2003;
Moyen et al., 2021; Stern and Scholl, 2010).
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Rare earth element (REE) and high field strength element (HFSE)
geochemical modelling represents a powerful tool to understand the
nature and succession of petrogenetic processes related to the formation
of intra-oceanic arc crust (Greene et al., 2006; Kawate and Arima, 1998;
Rollinson, 1993, 2009). For example, steep REE patterns (high Lay/Yby)
typical of Archean tonalite-trondhjemite-granodiorite (TTG) suites and
post-Archean adakites argue for partial melting at high pressures (>1
GPa) in the presence of garnet in the residue (Castillo, 2012; Martin
etal., 2005; Moyen, 2009; Moyen and Martin, 2012). Nevertheless, most
of the voluminous low-K intermediate/felsic plutons of middle crust of
intra-oceanic arcs as well as the associated andesites, dacites and rhy-
olites show rather flat REE patterns (Gill, 1981; Greene et al., 2006;
Kawate and Arima, 1998; Kelemen et al., 2003; Leat et al., 2007) sug-
gesting a limited role of garnet and hence lower pressures (<1 GPa).
Additionally, other studies highlighted the importance of amphibole
fractionation that can equally derive high Lay/Yby ratios but produces
low (<1) Dyn/Yby ratios with typical convex REE patterns, as docu-
mented by Dy/Dy* < 1 in the fractionated melt (e.g., Bédard, 2006;
Davidson et al., 2013).

Some REEs and HFSEs show anomalous concentrations relative to
neighbouring elements with similar compatibilities, indicating frac-
tionation of a certain mineral. For instance, europium, as the only REE
with valence 2+ in addition to 3+, can substitute for Ca®" in plagioclase;
therefore, its behaviour indicates plagioclase fractionation/accumula-
tion (e.g., Rollinson, 1993). Titanium, niobium and tantalum show
negative anomalies in arc magmas since they are compatible in Fe-Ti
oxides which become swiftly saturated in the oxidized environment of
subduction zones and therefore fractionate (Chin et al., 2018; Foley
et al.,, 2000). Negative or positive anomalies in the concentration of
phosphorus are controlled by the fractionation of apatite.

In this study, we present detailed petrography and bulk rock major/
trace element data as well as isotopic (Hf-Nd) geochemical data for
several samples of trondhjemite representing a characteristic member of
a well-preserved remnant of a Neoproterozoic intra-oceanic island arc
(Davle volcanic complex; DVC). It is a part of the Tepla-Barrandian unit
of the Bohemian Massif and is related to the Avalonian-Cadomian
accretionary orogeny (Ackerman et al., 2019; Drost et al., 2011; Franke,
2006; Hajna et al., 2011; Waldhauserova, 1984; Fig. 1A). Based on the
obtained data and inverse geochemical modelling for major elements
and fluid-immobile trace elements (REEs, HFSEs and Th), we attempt to
unravel the process of DVC trondhjemite petrogenesis, which may be
applicable also to similar arc-related rocks in general.

2. Geological setting

The Bohemian Massif, formed during the late Paleozoic Variscan
orogeny, was amalgamated from several crustal segments including the
Tepla-Barrandian unit (Faryad and Kachlik, 2013; Franke, 2006; Hajna
et al.,, 2011; Zak and Sldma, 2018; Zak et al., 2014; Fig. 1B). The
Tepla-Barrandian unit (TBU) was in an upper-plate position between
the Moldanubian unit to the SE (present-day coordinates) and Sax-
othuringian unit to the NW (present-day coordinates). It was intruded by
the Central Bohemian plutonic complex (CBPC) at the border with the
Moldanubian unit during the Variscan orogeny. As a result, the Neo-
proterozoic and early Paleozoic rocks of the TBU form the roof of the
CBPC (Franke, 2006; Zak et al., 2014). Compared to other units, the
majority of the TBU was only little affected by Variscan metamorphism
due to its upper-plate position, and therefore represents probably the
best preserved and best exposed transect of the Neoproterozoic Cado-
mian active margin that developed north of the Gondwana supercon-
tinent (Ackerman et al., 2019; Drost et al., 2011; Hajna et al., 2011).

The TBU consists of four main parts, from NW to SE: (1) the Mar-
ianské Lazné ophiolite complex comprising amphibolite, metagabbro,
eclogite and serpentinized spinel peridotite altogether standing as a
remnant of the subducting oceanic plate (Collett et al., 2022), (2) the
Blovice accretionary complex composed of greywacke, shale, siltstone
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and basalt accompanied by minor black shale, carbonate and chert
(Ackerman et al., 2019; Hajna et al., 2014), (3) the Davle volcanic
complex (DVC) consisting of volcanic/subvolcanic and volcanosedi-
mentary rocks and representing a relic of a volcanic arc (Hajna et al.,
2011; Waldhauserova, 1984), and (4) the overlying Stéchovice Group
and Svrchnice Formation sedimentary rocks deposited in post-volcanic
intra-arc and back-arc sedimentary basins, respectively (Hajna et al.,
2011; Slama et al., 2008).

The DVC is exposed in several anticlinal structures from beneath the
Stéchovice Group sedimentary succession (Ackerman et al., 2021; Hajna
etal., 2011; Fig. 1C). It is formed by volcanic/volcaniclastic/pyroclastic
and subvolcanic/plutonic rocks. Volcanic rocks cover a wide composi-
tional field of rhyolite, dacite, andesite, and rare andesite/basaltic
andesite pillow lavas, whereas volcaniclastic and pyroclastic rocks are
dominated by rhyolitic and dacitic agglomerates, tuffs and ash flows.
Several trondhjemite bodies were emplaced at the base of the volcanic
succession as a subvolcanic/plutonic member of the DVC (Fediuk, 2004;
Moravek and Rohlich, 1971; Waldhauserova, 1984; Fig. 2A, B). These
rocks, targeted in this study, are predominantly exposed in the centre of
the largest anticline structure (frequently referred to as the Jilové belt, e.
g., Hajnd et al., 2011; Waldhauserova, 1984) but also occur in small (<1
km) bodies mapped in the easternmost part of the Blovice accretionary
complex (the Picin belt; Hajna et al., 2011). Trondhjemite was discor-
dantly emplaced to stratigraphically lower members of the DVC basaltic
andesite to andesite lavas. These were commonly incorporated into the
trondhjemite body in the form of screens up to several metres thick
during the Variscan transpressional anastomosing deformation
(Fig. 3A).

The onset of volcanic activity in the DVC is a subject to debate since a
direct geologic record is missing; however, the termination of volcanic
activity at ~580-560 Ma has been well documented by U-Pb zircon
dating of the uppermost DVC rhyolite volcaniclastics and the overlying
Stéchovice Group and Svrchnice Formation turbidite successions
(Ackerman et al., 2021; Dorr et al., 2002; Drost et al., 2011; Hajn4 et al.,
2011; Hajna et al., 2018; Slama et al., 2008; Waldhauserova, 1984).
Zircon U-Pb ages from rhyolite and trondhjemite pebbles from the
overlying sedimentary rocks indicate that the DVC was active at least at
610 to ~568 Ma (Dorr et al., 2002; Slama et al., 2008; Fig. 2B). It is,
however, important to note that the DVC trondhjemite has not been
successfully dated yet due to the lack of zircons. Nevertheless, the
geochemical and modal similarities of the rhyolitic lavas/tuffs with the
trondhjemite suggest that these magmatic rocks belong to the final
~580-560 Ma pulse of magmatic activity in the DVC.

3. Samples and methods

Altogether seven samples of trondhjemite were collected from out-
crops in the northern part of the DVC (Figs. 1C, 2A), and their GPS co-
ordinates are given in Supplementary Table 1. The sampling sites were
selected to encompass the several sections of trondhjemite occurrence,
hence, to cover the possible textural/chemical heterogeneity. This
sample set was supplemented by the collection of spatially associated
mafic DVC pillow lavas. Handling and plotting of major/trace element
data and isotopic data employed R-based GCDKkit software (Janousek
et al., 2006) while REE modelling was performed using a self-made
Microsoft Excel™ spreadsheet.

3.1. Plagioclase cathodoluminescence imaging

Cathodoluminescence imaging of plagioclase was carried out at the
Faculty of Science, Charles University, Prague, using field emission gun
electron probe micro-analyser (FEG-EPMA JXA-8530F, JEOL) and a
panchromatic cathodoluminescence detector with 15 kV accelerating
voltage and 60 nA probe current. Major element composition of
plagioclase was obtained using the JEOL 8230 electron microprobe
analyser equipped with five WDS detectors and one EDS detector housed
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Fig. 1. (A) Palinspastic reconstruction of the Avalonian-Cadomian orogenic belt on the northern active margin of Gondwana during the late Neoproterozoic; OM —
Ossa Morena, AR — Armorican Massif, SX — Saxothuringian unit, TBU — Tepla-Barrandian unit, after Ackerman et al. (2019). (B) An overview of Cadomian terranes
incorporated in the European Variscan belt, after Hajna et al. (2014) and references therein. (C) A simplified geological map of the Tepla-Barrandian unit, after Hajna

et al. (2014) and references therein, with marked locations of the collected samples.
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Fig. 2. (A) Geological map of the northern part of the Davle volcanic complex (DVC), re-drafted from the geological map of the Czech Republic 1:50,000 published
by the Czech Geological Survey, with marked locations of the collected samples. (B) A simplified stratigraphic scheme of the northern part of the DVC, modified after
Ackerman et al. (2021). U-Pb ages come from: (1) Hajna et al. (2018), (2) Dorr et al. (2002), (3) Ackerman et al. (2021).

at the Institute of Geology of the Czech Academy of Sciences in Prague
(IG CAS). Different natural minerals and synthetic materials were used
as standards for the analysis (Supplementary Table 2a). The analytical
conditions were as follows: 15 kV accelerating voltage, 10 nA probe
current and 2 pm beam diameter. The mineral formulae recalculation
was based on 32 O atoms per formula unit. Compositional mapping of
Ca, Na and K was performed using the TESCAN VEGA3XMU scanning
electron microscope (SEM) housed at the IG CAS.

3.2. Bulk rock major and trace elements

Major element concentrations of bulk rock samples were determined
at the Faculty of Science, Charles University, and the Czech Geological
Survey, Prague. Approximately 0.5 kg of rock was crushed by an iron-
jaw crushing machine, quartered and subsequently homogenized in an
agate grinder. The analyses followed the wet-chemical procedure
described by, e.g., Dempirova et al. (2010). The precision of the analyses
was better than +5%, and the accuracy, monitored by analyses of SY-4
syenite reference material (CANMET), was in good agreement (+8%)
with published data (Jochum and Nohl, 2008). Trace element concen-
trations were determined at the Faculty of Science, Charles University,

using the analytical procedure described by Strnad et al. (2005). It
involved dry ashing at 700 °C, modified sample digestion in mineral
acids (HF-HClO4) and borate fusion (Na,CO3 + NayB407) in Pt cruci-
bles, and subsequent solution ICP-MS analyses (Thermo iCAP-Q). The
precision of the analyses for all elements was better than +5% while the
accuracy, monitored by analyses of BCR-2 basalt reference material
(USGS), was in excellent agreement (<10%) with published data (Joc-
hum and Nohl, 2008). Only Cs and Ni contents were ~ 20% lower than
recommended, while Nb and Hf contents were ~ 20% higher than
recommended.

3.3. Bulk rock Nd and Hf isotopes

Neodymium isotope compositions were determined at the IG CAS
following the method described by Pin et al. (2014). Approximately 150
mg of each sample along with an appropriate amount of *>°Nd-14°Sm
spike were decomposed in a mixture of concentrated HF-HNOs at
140 °C, dried down, and the residues were re-fluxed several times using
concentrated HNO3 and HCL. Subsequently, Nd and Sm were extracted
from the solution by ion chromatography using a combination of TRU
resin (Triskem France) for bulk REE isolation from the matrix and LN
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.+ hematite and Ieucoxe

Nt

resin (Triskem, France) for Sm and Nd extraction. Their isotopic com-
positions were measured on Triton Plus thermal ionization mass spec-
trometer (TIMS; Thermo); Sm and Nd contents were determined by
isotopic dilution. For mass fractionation correction, “°Nd/'*Nd =
0.7219 and '¥’Sm/!°2Sm = 0.56081 were used for Nd and Sm, respec-
tively. The external reproducibility of Nd isotopic analyses was moni-
tored by periodic measurements of the JNdi-1 solution with a
143Nd,/144Nd ratio of 0.512100 + 8 (20, n = 24). The accuracy of the
whole protocol was monitored by measurements of BCR-2 reference
material (USGS), which yielded concentrations of Nd = 28.6 ppm, Sm =
6.5 ppm, and the **Nd/!*Nd ratio of 0.512640 + 12 in perfect
agreement to previous results (Jochum and Nohl, 2008).

Hafnium isotopic data were collected at the joint laboratory of the IG
CAS (sample preparation) and the Faculty of Science, Charles University
(MC-ICP-MS analyses) following the protocol detailed in Ackerman
et al. (2016). Approximately 150 mg of each sample were weighed,
doped with appropriate amounts of 17%Lu-'8°Hf spike and decomposed.
Subsequently, Lu and Hf were isolated from the matrix by ion chroma-
tography and measured using a Thermo Neptune MC-ICP-MS coupled
with an Aridus II desolvating nebulizer. The in-house 50 ppb Hf isotopic
solution, derived from PerkinElmer Inorganic Aqueous Single Hafnium
Element Standard Solution, yielded a long-term '7%Hf/!7Hf value of

LITHOS 428-429 (2022) 106808

Fig. 3. (A) A trondhjemite intrusion interca-
lated with andesitic lava screens (dark rocks
contoured by dashed lines) on the bank of the
Vltava River near Tiebenice village. (B) Rock
piece of sample V-490 consisting of brown
quartz, light grey albite and dark grey chlorite.
(C, D) Photomicrographs of sample V-490
illustrating the trondhjemite petrography under
a polarizing microscope, characterized by
hypidiomorphic quartz and idiomorphic albite
grains and chlorite filling the interstitial space.
(E) A photomicrograph of sample VG-475 under
a polarizing microscope, illustrating a meta-
morphic overprint in the DVC trondhjemite:
local accumulations of epidote, biotite and
actinolite replacing chlorite and hematite and
leucoxene replacing magnetite; Qtz — quartz,
Mag — magnetite, Chl — chlorite, Ab — albite, Ep
— epidote. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)

“ Chlorit

0.282132 + 14, which is consistent with the long-term '7°Hf/Y”’Hf
value of 0.282129 + 7 obtained for the JMC-475 Hf isotopic solution.
The accuracy of the method was monitored by measurements of BCR-2
reference material (USGS), which yielded concentrations of Lu = 0.52
ppm, Hf = 5.01 ppm and the isotopic ratio *”®Hf/!77Hf = 0.282840 =+ 4,
similar to previously published results (Jochum and Nohl, 2008).

3.4. Inverse geochemical modelling

In order to elucidate the petrogenetic process responsible for the
formation of the DVC trondhjemite and LP IOAG in general, we per-
formed inverse geochemical modelling using bulk-rock major and trace
element compositions. The aim of this approach was to decipher the
composition of the solid source for partial melting (PM) or parental melt
for fractional crystallization (FC) considering the DVC trondhjemite
composition as the final product (Cp).

For major element modelling, a mass balance equation with
expressed Cy was used:

Co=FCL+(1-F)Cs

where Cg is the (unknown) concentration of a certain element in a solid
source (applied for PM) or parental magma (applied for FC), Cy, is the
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concentration of the element in a differentiated melt (DVC trondhje-
mite), and F is the degree of melting (PM) or the fraction of melt
remaining (FC). The value of Cg was calculated from the composition of
fractionating minerals and their proportions (Supplementary Table 3a).
Their compositions were taken from the literature (references provided
in Supplementary Table 3a), while their proportions were inferred from
experimental studies since there is no fractionation series preserved in
the DVC.

For trace-element partial melting modelling, an inverted Shaw batch
melting equation (Rollinson, 1993) with expressed Cy was used:

Co=C.[D+F(1-D)]

where Cg is the (unknown) concentration of a certain element in an
unmolten source, Cp, is the concentration of the element in a differenti-
ated melt (DVC trondhjemite), F is the degree of melting, and D is the
bulk distribution coefficient for the residual phases.

For trace-element fractional crystallization modelling, we used an
inverted Rayleigh equation (Rollinson, 1993) with expressed Co:

Cr
FaCE)

where Cy is the (unknown) concentration of a certain element in
parental melt, C, is the concentration of this element in differentiated
melt (DVC trondhjemite), F is the fraction of melt remaining, and D is
the bulk distribution coefficient for the crystallizing phases.

Two sets of mineral/melt distribution coefficients were compiled
from the literature, one for a mafic and one for an intermediate—felsic
environment (Supplementary Table 3b). The mafic set was used for PM
and the mafic stage of FC, whereas the intermediate—felsic set was
applied to intermediate—felsic FC. Trace element modelling employed

A
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the same mineral assemblages as major element modelling.

The results of inverse modelling were finally compared to selected
intra-oceanic arc plutonic suites that include: (1) the Talkeetna gab-
bronorite-tonalite-trondhjemite representing lower/middle crust in the
Alaskan Jurassic Talkeetna arc (Greene et al., 2006); (2) the Tanzawa
gabbro-tonalite comprising lower/middle crust in the Miocene
Izu-Bonin-Mariana arc (Kawate and Arima, 1998); (3) the Fiji trondh-
jemite from the evenly enriched (EE) suite of Marien et al. (2022) rep-
resenting middle crust in the Eocene Fiji arc.

4. Results
4.1. Petrography and plagioclase compositions

Trondhjemite forms homogeneous intrusions with only subtle vari-
ations in mineralogy and geochemistry. The main intrusion is well
exposed in the deeply incised valleys of the Vitava and Sazava rivers
where continuous outcrops several km in length and up to ~100 m in
height are exposed (Fig. 3A). The grey to pale pink rock (Fig. 3B) has
well preserved fine- to medium-grained magmatic textures with weak
subsolidus deformation. It is composed mainly of partly altered idio-
morphic to hypidiomorphic plagioclase (40-55 vol%) of albitic
composition [An;_s; An = molar Ca/(Ca + Na + K) x 100] with some
relics of oligoclase grains (~Any;) (Supplementary Table 2, Fig. 4A, B),
quartz (30-40 vol%), pale green chlorite (10-15 vol%), epidote (2-5 vol
%) and idiomorphic to allotriomorphic magnetite (~5 vol%)
(Fig. 3C-E). Accessory minerals are represented by apatite, titanite,
ilmenite, rutile and muscovite.

The originally zoned, up to ~3 mm long and mostly twinned skeletal
plagioclase phenocrysts were completely homogenized into albite as
documented by BSE (back-scattered electron), SEM (scanning electron

B

Fig. 4. Detailed petrography and microanalyses of plagioclase from the studied trondhjemites. (A, B) Compositional maps of Na and Ca, respectively, where
plagioclase grains are dominated by albite, whereas Ca is accumulated in epidote, titanite and apatite. (C) A BSE image with highlighted minerals: Ab — albite, Qtz —
quartz, Chl — chlorite and Ms. — muscovite (sericite). (D) A cathodoluminescence image showing the metamorphic/metasomatic texture of plagioclase grains.
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microscope) and CL (cathodoluminescence) images (Fig. 4C, D). Chlo-
rite is occasionally preserved as idiomorphic to hypidiomorphic
columnar pseudomorphs after a primary Fe-Mg phase (most likely cli-
nopyroxene or amphibole) but rather fills interstitial spaces between
idiomorphic albite crystals incorporating thin idiomorphic laths of
plagioclase and idiomorphic crystals of magnetite (Fig. 3D). Epidote
occurs in the form of hypidiomorphic porphyroblasts forming accumu-
lations or small veins. Fine-grained muscovite partly replaces albite,
mainly along the contact with chlorite, and occurs along plagioclase
cleavage plains and in originally calcic cores. The southeastern part of
the trondhjemite body (closer to the contact with the CBPC) experienced
higher degrees of metamorphism and deformation (Fig. 3E).

4.2. Bulk-rock major and trace element compositions

Bulk rock major and trace element data are listed in Table 1. In
general, the trondhjemite displays very high SiO5 and NayO contents
ranging from 72 to 77 wt% and 4.2-5.5 wt%, respectively. By contrast,
TiO5 (<0.5 wt%), CaO (<2.2 wt%) and K50 (<0.8 wt%) contents are
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very low, and HO and CO; contents are <1.5 wt%. In the TAS
discrimination diagram (Fig. 5A), the studied trondhjemites fall into the
field of rhyolite; however, they resemble trondhjemite in composition
when plotted in the Ab—An-Or discrimination diagram (O'Connor, 1965;
Fig. 5B). The rocks follow the calc-alkaline series trend in the AFM and
FeOt/MgO vs. SiO5 diagrams (Fig. 6A, B) and generally belong to per-
aluminous, calcic and magnesian types based on the discrimination di-
agrams by Frost et al. (2001); Fig. 5C-E). The pillow lavas are of basaltic
andesite to andesite composition with low TiO5 concentrations and low
K50/Nay0 ratios. In both AFM and FeOt/MgO vs. SiO, diagrams, they
plot near the boundary of tholeiitic and calc-alkaline trends.

The studied rocks show negative anomalies in HFSEs, such as Ti and
P (Tin/Lay = ~0.1-0.3, 0.3-0.45 for trondhjemites and pillow lavas,
respectively, and Py/Lay = ~0.2-0.8; Fig. 5F), but a negative Nb
anomaly is observed only in the trace element patterns of trondhjemites
(Nby/Lay = 0.4-0.9; Fig. 5F). Some fluid-mobile elements (e.g., Cs, Ba,
U, K and Pb) are enriched relative to REEs and HFSEs in both rock types
(Ban/Lay = ~1.1-5.9, Uy/Lay = ~2.3-5.4). Thorium, Rb and Sr, on the
other hand, show negative anomalies (Thy/Uy = ~0.2-0.4, Sry/Lay =

Table 1

Major and trace element compositions of the trondhjemites and pillow lavas from the Davle volcanic complex.
Sample 17CB23 17CB01 V-469 V-471 VG-474 VG-475 V-648 V-488 V-490
rock type pillow lava pillow lava trondhjemite trondhjemite trondhjemite trondhjemite trondhjemite trondhjemite trondhjemite
Si0, (Wt%) 53.3 56.4 73.4 75.2 75.8 74.6 73.8 73.1 72.0
TiO, 0.34 0.53 0.39 0.26 0.27 0.28 0.32 0.35 0.35
Al,03 17.1 15.6 14.6 12.8 12.5 13.3 12.5 13.0 12.6
Fe,03 2.3 0.41 0.93 2.0 1.6 2.4 2.1 1.3 5.6
FeO 7.0 8.3 1.3 1.0 0.5 0.8 1.8 1.4 0.2
MnO 0.20 0.18 0.03 0.03 0.03 0.05 0.08 0.04 0.04
MgO 5.1 4.6 1.0 1.1 0.76 0.37 0.80 1.6 1.4
CaO 8.0 2.9 1.5 1.0 2.0 2.2 0.3 1.5 0.37
Na,O 3.6 4.2 4.5 4.9 5.2 4.2 5.4 5.1 5.2
K,0 0.22 0.15 0.79 0.40 0.16 0.58 0.45 0.74 0.43
P,0s 0.05 0.06 0.09 0.10 0.05 0.09 0.07 0.09 0.08
H,0- 0.08 0.20 0.04 0.12 0.08 0.14 0.20 0.04 0.08
CO, < 0.01 0.71 0.11 0.16 0.10 0.09 0.13 0.40 0.13
H,0+ 2.2 4.8 0.97 0.59 0.58 0.56 1.5 1.1 1.1
S < 0.01 0.07
Total 99.5 99.1 99.6 99.8 99.5 99.6 99.5 99.7 99.7
Sc (ppm) 57 47 17 15 15 9 10 9 13
v 263 318 55 4.5 8 13 20 8 23
Cr 61 7.1 <1 6.5 1.9 4.8 4.6 77 20
Co 33 23 3.0 1.6 0.9 3.1 5.3 3.3 4.6
Ni 26 13 <1 4.7 <1 <1 2.7 38 6.3
Cu 103 111 5.3 5.3 6.8 5.8 3.8 0.8 0.4
Zn 87 83 20 25 14 25 35 21 28
Rb 2.2 4.2 7.3 4.9 1.9 11 5.8 8.2 4.7
Sr 170 57 64 97 93 115 147 54 81
Y 12 17 22 30 30 26 26 25 22
Zr 48 42 81 83 82 84 106 64 62
Nb 6.2 8.2 3.9 2.5 2.4 5.1 3.9 2.4 1.4
Cs 0.86 0.76 0.60 1.04 0.39 2.4 0.43 0.71 0.13
Ba 280 175 177 253 73 306 259 131 113
La 3.3 3.7 6.0 5.3 6.6 5.1 8.5 5.2 3.2
Ce 7.2 11.5 14 14 16 13 21 13 9.1
Pr 0.92 1.2 1.7 1.9 2.2 1.7 2.6 2.0 1.3
Nd 4.6 5.5 8.1 10 11 8.5 12 10 6.6
Sm 1.4 1.7 2.1 3.2 3.3 2.6 3.5 3.1 2.2
Eu 0.53 0.61 0.68 0.97 0.89 0.67 0.74 1.04 0.74
Gd 1.7 2.3 2.4 3.2 3.4 2.7 3.8 3.7 2.9
Tb 0.32 0.44 0.53 0.76 0.81 0.64 0.69 0.70 0.55
Dy 2.2 2.8 3.5 4.9 5.0 4.2 4.6 4.6 3.76
Ho 0.48 0.63 0.76 1.05 1.10 0.90 0.95 0.90 0.80
Er 1.4 1.9 2.6 3.6 3.8 3.2 3.0 3.1 2.58
Tm 0.22 0.28 0.40 0.51 0.51 0.45 0.43 0.40 0.34
Yb 1.3 1.9 2.6 3.6 3.5 3.0 3.3 3.1 2.65
Lu 0.20 0.30 0.41 0.54 0.56 0.44 0.46 0.43 0.37
Hf 1.7 1.4 2.6 2.7 2.6 2.6 3.4 2.3 2.1
Ta 1.7 0.63 <0.5 <0.5 <0.5 <0.5 0.28 <0.20 <0.20
Pb 2.8 1.7 1.4 2.8 1.1 1.2 1.3 3.5 1.7
Th 1.0 1.2 0.82 0.68 0.65 0.80 1.2 0.64 0.23
U 0.48 1.1 0.73 0.64 0.62 0.84 0.71 0.36 0.32
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Fig. 5. (A) A TAS classification diagram after Le Bas et al. (1986). The analysed samples fall into the field of rhyolite, whereas the pillow lavas in the field of basaltic
andesite and andesite. (B) Ab-An-Or classification diagram for granitic rocks after O'Connor (1965) with the analysed DVC samples falling into the field of
trondhjemite. (C, D, E) Classification diagrams after Frost et al. (2001), characterizing the samples as magnesian, calcic and peraluminous. (F, G) Trace element and
REE spider diagrams, respectively, normalized by primitive mantle (McDonough and Sun, 1995).

~0.3-0.8 and Rby/Bay = ~0.2-0.7; Fig. 5F). Rare earth element con-
tents normalized to primitive mantle (McDonough and Sun, 1995) of the
trondhjemites and pillow lavas exhibit similar, rather flat patterns,
slightly LREE-enriched and convex (Lan/Yb y = ~0.8-1.8; Dy/Dy* =
~0.8-1; Fig. 5G) with only slightly negative, if any, Eu anomaly (Eu/
Eu* = ~0.8-1; Fig. 5G). The overall average concentration of REEs is

higher in trondhjemites (~50 ppm) than in pillow lavas (~30 ppm). The
concentrations of transitional metals compatible in the Earth's mantle,
such as V, Cr, Ni and Zn, are widely scattered but mostly lower in the
trondhjemites (V = 4-55 ppm, Cr <1-77 ppm, Ni <1-38 ppm, Zn =
14-35 ppm) and higher in the pillow lavas (V = 260-320 ppm, Cr =
7-60 ppm, Ni = 13-26 ppm, Zn = 83-88 ppm).
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4.3. Sm-Nd and Lu-Hf isotopic compositions

The Sm-Nd and Lu-Hf isotopic data are listed in Table 2. The initial
isotopic compositions recalculated back to 600 Ma yielded eng values
from +6.0 to +8.7 and ey values from +10.2 to +11.7 (Table 2) falling
to the boundary between MORB (mid-ocean ridge basalt) and OIB

(ocean island basalt) fields and close to the present-day DMM (depleted
MORB mantle) reservoir with respect to ey¢ values (Fig. 7A). The pillow
lavas show higher enq values (+9.7 to +11.3) but lower ey values (+8.4
to +8.6), falling further below the mantle array line, which might
indicate remobilization of the elements by seawater during the extrusion
on the ocean floor. The diagrams of isotopic composition vs.

Table 2

Nd and Hf isotopic compositions of the studied samples from the DVC.
Sample Rock Type Nd (ppm) Sm (ppm) 1478m/144Nd 143Nd/M*Nd eNd Lu (ppm) Hf (ppm) 176Lu/ 77 HE 176Hf/177Hf enf
17CB23 pillow lava 5 1.4 0.190 0.513192 +11 11.3 0.20 0.78 0.036 0.283132 +5 8.4
17CB01 pillow lava 6 1.9 0.192 0.513120 +7 9.7 0.30 1.13 0.036 0.283136 +5 8.6
V-469 trondhjemite 8.2 2.2 0.138 0.512866 +5 7.5
V-471 trondhjemite 10 3.3 0.195 0.513075 +12 8.7 0.57 2.55 0.031 0.283162 +5 11.7
VG-475 trondhjemite 8.6 2.7 0.159 0.512932 +9 6.9 0.51 2.97 0.024 0.283041 +6 10.2
V-648 trondhjemite 13 3.4 0.176 0.512861 +8 6.0
V-488 trondhjemite 11 3.2 0.187 0.512974 + 22 7.3 0.53 1.94 0.038 0.283235 +7 11.4
V-490 trondhjemite 7.1 2.3 0.201 0.513084 +12 8.4
BCR-2 reference 29 6.5 0.138 0.512615 +4 0.52 5.01 0.014 0.282840 +4
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Fig. 7. (A) Results of isotopic analyses plotted in the eng (i) vs. eyr (i) diagram. The DVC trondhjemite samples fall onto the boundary of Recent OIB and MORB fields
with a minimal decoupling effect. In contrast, the pillow lavas were derived from a more depleted source but show a profound decoupling trend. The OIB and MORB
fields were compiled from Patchett and Tatsumoto (1980), Salters (1996) and Salters and Hart (1991). Mantle array comes from Vervoort et al. (1999) whereas
present-day DMM, EM I, EM II and HIMU reservoirs, plotted for a comparison, were compiled from Salters (1996) and Salters and Hart (1991). (B, C, D) exg (i) vs.
Mg#, ena (i) vs. 1/Nd and ey (i) vs. Mg# diagrams, respectively, showing a possible open system fractionation in a hypothetical magmatic evolution from pillow
lavas to trondhjemites but a rather a closed system within the trondhjemite body.

independent fractionation indicator (Fig. 7B-D) point to a rather closed-
system fractionation within the trondhjemite intrusion, but to possible
open-system (mixing, assimilation) processes during a hypothetical
magmatic evolution from pillow lavas to trondhjemites.

5. Discussion
5.1. Metasomatic/metamorphic overprint of the DVC trondhjemite

Whole-rock geochemical composition (Figs. 5-7) of the DVC
trondhjemite might reflect magmatic as well as metamorphic/meta-
somatic processes (Moyen and Martin, 2012; Pliimper and Putnis, 2009;
Rollinson, 2009; Rong and Wang, 2016). Considering the observed
petrographic features (Figs. 3-4), some metamorphic or metasomatic
reactions must have been involved, including chloritization, epidotiza-
tion, albitization and sericitization that collectively affected the primary
mineral assemblage. For example, the overwhelming presence of albite
that is completely homogenized with no preserved magmatic zoning
(Fig. 4) and Ca contents that range only from An; to Ans (Supplementary
Table 2b) are typical attributes of subsolidus metasomatism (Pliimper
and Putnis, 2009; Rong and Wang, 2016). Albite grains preserve
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randomly distributed sericite (muscovite) inclusions (Fig. 4C) whereas
epidote forms more localized accumulations. Chlorite, mostly filling
interstitial spaces between albite and quartz grains, likely formed at the
expense of other mafic minerals, e.g., clinopyroxene or amphibole
(Fig. 3C). These mineral characteristics commonly accompany albiti-
zation (Pliimper and Putnis, 2009; Rong and Wang, 2016), thereby
supporting the subsolidus alteration hypothesis.

This alteration may have occurred (1) shortly after the trondhjemite
subvolcanic intrusion during the Cadomian orogeny (Moravek and
Rohlich, 1971; Rohlich, 1998), (2) in the course of Variscan regional
metamorphism (Moravek and Rohlich, 1971), or (3) within Variscan
thermal metamorphism related to the emplacement of the CBPC with
joint hydrothermal fluid migration and Au mineralization (Zacharias
et al., 2013; Z4k et al., 2014).

This metamorphism/metasomatism likely modified the budgets of
fluid-mobile elements but the concentrations of fluid-immobile elements
such as REEs, HFSEs, Y and Th, seem to be unaffected. This is demon-
strated by the absence of correlation between fluid-mobile and fluid-
immobile elements (see Supplementary figures). Yet, while REEs are
immobile in hydrous fluids, they can be mobilized by CO»-, halogen- and
sulphate-rich fluids (e.g., Zheng et al., 2021). However, the DVC
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trondhjemite displays very low CO5 concentrations (Table 1), and the
inferred Variscan mineralization is also dominated by HyO-rich fluids
with only a minor CO5 admixture (Zacharias et al., 2013).

To conclude, the DVC trondhjemite was affected by some degree of
metamorphism and/or metasomatism. Although these processes cannot
be characterized in detail, we do not consider them to be responsible for
a significant modification of the fluid-immobile element budgets.
Therefore, the fluid-immobile elements such as REEs, Th, Nb, P, Zr, Hf,
Ti and Y can be used for the evaluation of magmatic processes using
geochemical modelling.

5.2. Geotectonic setting of the DVC trondhjemite

The DVC trondhjemite exhibits several geochemical features indic-
ative of its formation in a subduction-related geotectonic setting, as
suggested for the whole DVC by previous studies (e.g., Ackerman et al.,
2019; Ackerman et al., 2021; Hajna et al., 2011; Kribek et al., 2000;
Slama et al., 2008; Waldhauserova, 1984). Notably, it follows a calc-
alkaline trend in the AFM and FeOt/MgO vs. SiO, diagrams (Fig. 6A,
B), and exhibits characteristic trace element signatures typically
ascribed to subduction-related settings, such as an enrichment in large-
ion lithophile elements (LILE) and a depletion in HFSEs (e.g., Kelemen
et al., 2003; Fig. 5F). Indeed, the samples plot to the island-arc field in
several geotectonic discrimination diagrams (Fig. 6C-E).

On the other hand, the only mildly LREE-enriched to flat REE pat-
terns (Lan/Yby = 0.9-1.9), low Sr/Y ratios (< 5) and low concentrations
of K20 and Th contrast with those of typical subduction-related volcanic
and plutonic rocks formed by high-pressure fractionation/melting with
garnet-bearing residua/restites (e.g., Moyen, 2009; Figs. 6F, 8A-B, E-F)
or rocks which underwent assimilation of evolved crust (e.g., D'Souza
et al., 2016). Similarly, the flat REE patterns of the DVC trondhjemite
differ from the LREE-depleted patterns of oceanic plagiogranites
(Freund et al., 2014; Rollinson, 2009; Fig. 8A-B, E-F).

By contrast, the trace element signatures of the DVC trondhjemite
resemble those reported for juvenile intra-oceanic arc igneous rocks
formed at low pressures (Greene et al., 2006; Kawate and Arima, 1998;
Leat et al., 2007; Fig. 8C-F), herein referred to as “low-pressure intra-
oceanic arc granitoids” or “LP IOAG”. The lower Th contents and
higher Nb contents, resulting in the lower Th/Nb ratios of the DVC
trondhjemite, pose the only encountered deviation from the composi-
tion of the LP IOAG (Fig. 8F). This may be explained by a different
element input from the subducting plate.

At the same time, the significantly radiogenic Nd-Hf isotopic signa-
ture (eng = +6.0 to +8.7 and eys = +10.2 to +11.7; Fig. 7A-D) combined
with the low contents of Th clearly indicate a juvenile igneous source of
the DVC trondhjemite. The slightly enriched Nd-Hf characteristics
compared to DMM can be acquired either by an enriched character of
the mantle wedge (either due to metasomatism by a subduction-related
fluid or by a mantle plume (Ackerman et al., 2019; Salters, 1996), or by
minor assimilation of older crust. To sum up, an intra-oceanic island-arc
geotectonic setting of the DVC trondhjemite shows the best fit with the
acquired geochemical data.

5.3. Geotectonic setting of the DVC pillow lavas

Compared to the DVC trondhjemite, the pillow lavas resemble
magmas from a less evolved arc. For instance, they are characterized by
higher FeOt/MgO ratios relative to their SiOy and alkali contents,
transitional between the tholeiitic and calc-alkaline trends (Fig. 6A, B).
They do not show a negative Nb anomaly (Nby/Lay = ~1.8-2.1) and
their isotopic signature points to their derivation from highly depleted
MORB-like mantle (Fig. 7A-C).

Nonetheless, their geochemical composition does not match MORB
(either N-MORB or E-MORB) characteristics completely. For example,
they show negative Ti and P anomalies (Tiy/Lay = ~0.3-0.45, Py/Lay
= ~0.2-0.8; Fig. 5F), elevated LREE and Th contents but lower HREE
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and Y contents. Altogether, these features imply that the pillow lavas
plot to the field of volcanic arcs in the diagnostic geotectonic diagrams
(Fig. 6D-E).

To conclude, the pillow lavas were likely formed in less evolved arc
conditions prior to the trondhjemite intrusion. Therefore, it is unlikely
that they represent a possible parental melt for the studied trondhjemite.

5.4. Petrogenesis of the DVC trondhjemite

It has been suggested that low-pressure intra-oceanic arc granitoids
(LP IOAG) may form large portions of island-arc middle crust worldwide
(DeBari and Greene, 2011; Greene et al., 2006; Jagoutz and Kelemen,
2015). Such rocks have been found in the middle crust of several
exposed ancient island arcs (DeBari and Greene, 2011; D'Souza et al.,
2016; Greene et al., 2006; Kawate and Arima, 1998) and are suspected
to be present also in modern island arcs since seismic imaging revealed
low-velocity (6.0-6.5 km~s’1) P-wave layers in their middle crust (Cal-
vert, 2011; DeBari and Greene, 2011; Leat et al., 2007). Therefore, LP
IOAG provide key information for a better understanding of the pro-
cesses of siliceous crust formation from juvenile (isotopically depleted)
sources and therefore contribute to the long-lasting and vigorous debate
on the dynamics of Earth's crust growth.

It is generally assumed that the formation of LP IOAG can be
attributed to two contrasting processes: (1) partial melting (PM) of mafic
lower crust represented by gabbro or amphibolite (Beard, 1995; Brophy,
2008; Chen et al., 2019; DeBari and Greene, 2011; Jagoutz and Kelemen,
2015; Rollinson, 2009), or (2) fractional crystallization (FC) of the
parental mafic/intermediate magma. Two quite robust methods for their
discrimination, applicable to intra-oceanic arcs, have been proposed: (1)
Brophy (2008) suggested the use of La vs. SiO2 and Yb vs. SiO; variation
diagrams. Unfortunately, the variation in SiO2 contents of the studied
trondhjemites is very limited and the observed trends cannot be inter-
preted with confidence. (2) Cocherie (1986) developed trace element
log-log diagrams to distinguish between the two mentioned processes.
The wide variation in the contents of highly compatible element (e.g.,
Cr) together with the narrow scatter in the contents of incompatible
element (e.g., Hf, Fig. 6G) argue for fractional crystallization at least in
the final stages of magmatic evolution of the DVC trondhjemite.

5.5. Deciphering the sources of the DVC trondhjemite through inverse
geochemical modelling

5.5.1. Partial melting

Evidence for partial melting of lower/middle island-arc crust (i.e.,
migmatite) has been regularly found on exposed island arcs (DeBari and
Greene, 2011). Several experimental studies on low pressure PM
(garnet-free residue) attempted to explain the nature of sources parental
for arc-related magmas (Beard and Lofgren, 1991; Nakajima and Arima,
1998; Rapp and Watson, 1995). In general, these investigations focused
on PM at 0.1-1 GPa and 800-1075 °C using metabasalts and meta-
basaltic andesites as starting materials.

Here, plagioclase is the most abundant residual phase, often repre-
senting >50% of the residual minerals (Beard and Lofgren, 1991),
dominating over clinopyroxene, orthopyroxene, amphibole, magnetite,
ilmenite and in some cases olivine (Beard and Lofgren, 1991; Nakajima
and Arima, 1998; Rapp and Watson, 1995). However, the proportion of
mafic minerals (pyroxenes vs. amphibole) is strongly dependent on the
presence of water assisting at the melting: amphibole is not stable during
dehydration melting, so clinopyroxene with smaller amounts of ortho-
pyroxene prevail regardless of the pressure. In water-excess melting,
however, amphibole becomes stable and prevails over both pyroxenes
(Beard and Lofgren, 1991). Considering these experimental data, we
employed the inverse partial batch melting model. A residual mineral
assemblage consisting of 55% plagioclase (An = 90), 25% clinopyrox-
ene, 10% orthopyroxene, 8.6% magnetite and 1.4% ilmenite was used
for dehydration melting, while an assemblage of 50% plagioclase (An =
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90), 40% amphibole, 8.6% magnetite and 1.4% ilmenite was used for
water-excess melting.

Based on the major element mass balance calculation, the model
predicts that ~20-40% partial melting (either water-excess or dehy-
dration) can account for the highly siliceous composition of the DVC
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trondhjemite. Most of the modelled major element trends were found to
correspond with those reported from the better exposed intra-oceanic
arcs (Greene et al., 2006; Kawate and Arima, 1998; Kelemen et al.,
2003; Fig. 9A-G). However, some were found to be significantly
different. For example, the model lacks P;0s enrichment at intermediate
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Fig. 9. Results of major element inverse geochemical modelling displayed in SiO, vs. selected major elements binary diagrams: Dehyd PM — dehydration partial
melting, W-ex PM — water-excess partial melting, I/F FC - intermediate to felsic fractional crystallization, Mafic PM/FC — mafic stage partial melting or fractional
crystallization; see text for details. The bars on the modelled curves represent 10% step (F = 0.1). The modelled trends are compared to samples (LP IOAG and Gb/
Gbn - gabbros and gabbronorites) from better exposed island arcs: Fiji (Marien et al., 2022), Tanzawa (Kawate and Arima, 1998) and Talkeetna (Greene et al., 2006).
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compositions due to the absence of apatite in the fractionation assem-
blage (Fig. 9H).

Bigger differences between the dehydration and water-excess
melting models can be recognized in trace element, especially REE
patterns. Due to the higher compatibility of MREEs and HREEs in
amphibole, the REE pattern of the source modelled by water-excess
melting shifted towards a concave curve with higher Dy/Yb, Dy/Dy*
and lower La/Yb ratios (Figs. 10-11). On the other hand, REE patterns of
the source for dehydration melting tended to maintain the shape and
slope of the melt, resulting in minimum changes in the Dy/Yb, Dy/Dy*
and La/Yb ratios (Figs. 10-11). Both models predicted lower concen-
trations of REEs as well as all other incompatible elements in the source
compared to the melt since the mineral/melt distribution coefficient
(Kp) values of these elements in the modelled minerals in mafic envi-
ronment were < 1. Yet, the dehydration melting model provided lower
overall concentrations of REE and incompatible trace elements in the
source than the water-excess model because amphibole, which is present
only in the water-excess model, has a higher Kp, value than pyroxenes or
plagioclase. Both models predicted higher Eu/Eu* in the source since
plagioclase was an abundant residual phase in both melting types.
Nevertheless, none of the partial melting models generated the LREE-
depleted curves observed in lower-crustal gabbros and gabbronorites
from the exposed intra-oceanic arcs (Greene et al., 2006; Kawate and
Arima, 1998; Fig. 11B, E). We therefore conclude that partial melting of
lower-crustal gabbros and gabbronorites and similar rock types, gener-
ating directly highly siliceous (<70 wt% SiO3) magmas, is an unlikely
process for the DVC trondhjemite formation.

5.5.2. Fractional crystallization

In the exposed ancient intra-oceanic island arcs, mafic gabbro cu-
mulates are present within the lower/middle crust (Beard, 1995; DeBari
and Greene, 2011; Greene et al., 2006). These rocks, consisting of
plagioclase, clinopyroxene, orthopyroxene, Mg-Al spinel, Fe-Ti oxide
but also minor amphibole and garnet, were interpreted to form by
crystal accumulation of minerals from already fractionated mantle-
derived magmas (DeBari and Greene, 2011; Greene et al., 2006). The
residual melt follows the fractionation path and eventually crystallizes
in the form of either plutonic or volcanic intermediate—felsic rocks
(Greene et al., 2006).

Experimental studies on fractional crystallization (FC) of hydrous arc
magmas at pressures from 0.4 to 0.9 GPa provide evidence that the main
phases which crystallized from the melt at a decreasing temperature
from ~1200 to 700 °C are represented by olivine, clinopyroxene +
orthopyroxene, plagioclase + amphibole + spinel/magnetite (Blatter
et al.,, 2013; Nandedkar et al., 2014). Their proportions are strongly
dependent on the basicity of the melt. Olivine crystallizes only from
basaltic magmas (SiO3 < ~50 wt%) while clinopyroxene (with a small
amount of orthopyroxene) is the dominant crystallizing phase from
melts of basaltic composition but strongly diminishes towards more
acidic magmas. At intermediate to felsic melt compositions, fraction-
ation is governed by crystallization of plagioclase and amphibole
accompanied by minor magnetite, ilmenite and trace apatite. Other
trace phases such as Cr-spinel, Al-spinel or biotite may be also present
but are omitted from our models.

The above experimental data were taken as a basis for inverse FC
modelling of intermediate—felsic magma. The crystallizing phases were
set as follows: 50% plagioclase (An = 61), 30% amphibole, 10% clino-
pyroxene, 8% magnetite, 1.4% ilmenite and 0.6% apatite.

Major element mass balance models were generally found to follow
the trends of the tonalite-trondhjemite suites of the Talkeetna and the
Izu-Bonin-Mariana (Tanzawa tonalite) arcs (Fig. 9). Trace elements are
characterized by an overall depletion in the parental magma relative to
the final melt (DVC trondhjemite) except for the MREEs and Y, which
are compatible in amphibole and therefore not depleted in the parental
magma (Figs. 10, 12A, B, D, E). Amphibole fractionation is illustrated by
decreasing La/Yb and increasing Dy/Yb and Dy/Dy* ratios (Fig. 10)
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Fig. 10. Results of trace element inverse geochemical modelling displayed in
binary diagrams: Dehyd PM - dehydration partial melting, W-ex PM — water-
excess partial melting, I/F FC — intermediate to felsic fractional crystalliza-
tion, Mafic PM - mafic stage partial melting, Mafic FC — mafic stage fractional
crystallization; see text for details. The bars on the modelled curves represent
10% step (F = 0.1); only for mafic PM and mafic FC in the panels A and B, there
is only one bar plotted standing for 100% (F = 1) and 90% (F=0.9), respec-
tively. The modelled trends are compared to samples (LP IOAG and Gb/Gbn -
gabbros and gabbronorites) from better exposed island arcs: Fiji (Marien et al.,
2022), Tanzawa (Kawate and Arima, 1998) and Talkeetna (Greene et al., 2006).
Also, inverse trends of mineral fractionation are shown: Ilm - ilmenite, Mag —
magnetite, Amp - amphibole, Pl - plagioclase, Cpx — clinopyroxene, Opx —
orthopyroxene.

towards the parental magma composition. The Eu anomaly was found to
shift very reluctantly towards positive values in the parental magma
(Fig. 10C) although plagioclase constituted 50% of the crystallizing
phases in the model. This can be best explained by the lower Kp of Eu in
amphibole compared to those of other MREEs especially in felsic
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Fig. 11. Primitive mantle-normalized (McDonough and Sun, 1995) spider plots showing the results of trace element inverse geochemical modelling for dehydration
PM (A, B) and for water-excess PM (D, E). The modelled curves do not match the general trends of exposed lower crustal gabbros and gabbronorites demonstrated by
average values from the Tanzawa gabbros (Kawate and Arima, 1998) and Talkeetna gabbronorites (Greene et al., 2006). The partial melting process is illustrated by

the attached cartoons (C, F).

magmas (reverse to plagioclase), which would diminish a positive Eu
anomaly in the parental melt. The modelled bulk trace element con-
centrations are still much higher than the averages for basic plutonic
rocks reported from exposed intra-oceanic arcs (Greene et al., 2006;
Kawate and Arima, 1998) but fit quite well to the patterns of the most
primitive rocks of the tonalite suites from these arcs (Fig. 12A, B, D, E).
Taking this into account together with the observed FC trends in the Cr-
Hf diagram (Fig. 6G) and the results of our major element modelling
(Fig. 9), we suggest that the DVC trondhjemite could have formed from a
parental tonalitic melt through FC.

5.5.3. A source for a primitive tonalitic melt

Approximately 60% FC (F = 0.4) is required to reach the chemical
composition of the most primitive LP IOAG (~55 wt% SiO2) through
inverse geochemical modelling (Fig. 9). To determine the source for this
parental tonalitic melt, we performed inverse geochemical modelling of
dehydration PM and FC, setting the tonalitic melt modelled in the pre-
vious step as a daughter magma (Cy, L1 in Fig. 12C, F, I). The same
mineral assemblage of the restite (PM) and the cumulus (FC) was used:
50% plagioclase, 25% clinopyroxene, 15% orthopyroxene, 8.6%
magnetite and 1.4% ilmenite.

The modelled trends of major and immobile trace elements coincide
with the composition of at least some of the very heterogeneous lower-
crustal gabbro/gabbronorite samples (Greene et al., 2006; Kawate and
Arima, 1998; Figs. 9, 10, 12). Greene et al. (2006) successfully modelled
REE patterns of the evolving gabbroic-tonalitic melt from the Talkeetna
arc through three-stage FC whereas Kawate and Arima (1998) modelled
the composition of the Tanzawa gabbro as a mixture of a partial melt
with a co-genetic restite. The compositional heterogeneity probably
arises from the variety of the cumulus or restite phases and their mixing
proportion with the evolved melt. While modelling of such complex
processes is beyond the scope of this paper, we note that our inverse
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model demonstrates some general trends, such as the nearly constant
La/Yb, Dy/Yb and Zr/Y ratios, and also the rapidly increasing Eu/Eu*
ratio towards more mafic magmas (Fig. 10).

5.6. Implications for crustal growth

It has been assumed that the post-Archean continental crust is pro-
duced mainly by accretion of island arcs to the continents at convergent
plate boundaries (e.g., Stern and Scholl, 2010). Therefore, the under-
standing of the island-arc crust formation is crucial to reveal the triggers
and tempos of crustal growth. In this respect, intra-oceanic island arcs,
where juvenile melts with a negligible assimilation of matured crust are
generated, represent a natural laboratory for the study of the prime
principle of crustal growth. While the melts that reach the surface are
dominantly mafic (Gill, 1981), seismic profiles across active intra-
oceanic arcs reveal that the middle crust is rather intermediate to fel-
sic in its composition (Calvert, 2011), hence probably composed mainly
of tonalitic-trondhjemitic plutons (DeBari and Greene, 2011). As the
middle crust is only rarely exposed in modern island arcs, we are reliant
on the preserved ancient intra-oceanic arcs.

Since any mafic precursors of the tonalitic-trondhjemitic plutons are
commonly missing in surface exposures, which is also the case of the
DVC trondhjemite, our approach was to use inverted equations for
geochemical modelling to calculate the source composition from the
known final melt composition. Based on the modelling results and a
comparison of the DVC trondhjemite with LP IOAG from the well-
exposed Talkeetna (Greene et al., 2006) and Izu-Bonin-Mariana (Tan-
zawa; Kawate and Arima, 1998) arcs, we argue that the LP IOAG can be
produced by a combination of fractional crystallization or partial
melting of mafic precursors followed by fractional crystallization. This
process can collectively account for the compositional variety observed
in the island-arc tonalite-trondhjemite suites. Our study also
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Fig. 12. Primitive mantle-normalized (McDonough and Sun, 1995) spider plots showing the results of trace element inverse geochemical modelling for intermediate
to felsic FC (A, B) and subsequent mafic FC (D, E) and dehydration PM (G, H). The modelled curves of the intermediate to felsic FC approximately coincide with the
most primitive tonalitic compositions from better exposed island arcs: Tanzawa — sample AZ-5 of Kawate and Arima (1998), and Talkeetna — sample 0720A4 of
Greene et al. (2006). The results of the 60% FC were subsequently used as the final melt (L1) for the determination of its source through FC (D, E) or PM (G, H). The
patterns modelled in this step approximately fit the general trends of exposed lower crustal gabbros and gabbronorites demonstrated by average values from the
Tanzawa gabbros (Kawate and Arima, 1998) and Talkeetna gabbronorites (Greene et al., 2006). To clarify the petrogenetic process, cartoons showing the inter-

mediate to felsic FC (C), mafic FC (F) and mafic PM (I) are attached.

demonstrates that no major input of subduction-derived melts or
assimilation of older crust are required to produce large volumes of
intermediate—felsic magmas in intra-oceanic island-arc settings.
Although melting-assimilation-storage-homogenization (MASH) pro-
cesses are common within volcanic arcs (DeBari and Greene, 2011;
Jagoutz and Kelemen, 2015), it appears that juvenile magmas repre-
sented by LP IOAG can be generated by multi-step fractionation of
depleted mantle melts at nearly closed-system conditions.

6. Conclusions

(1) The Davle volcanic complex trondhjemites, representing a sub-

volcanic member of a Neoproterozoic volcanic arc formed within
the Cadomian-Avalonian accretionary orogen, resemble the most
felsic members of the tonalite-trondhjemite suites from better
exposed Phanerozoic intra-oceanic arcs in their composition.

(2) As revealed by inverse geochemical modelling, partial melting
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(either dehydration or water-excess) of mafic lower crust is an
unlikely process to directly generate juvenile felsic melts
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represented by the DVC trondhjemite. By contrast, the DVC
trondhjemite was rather formed through fractional crystalliza-
tion of intermediate magma of tonalitic composition which
originated either from fractional crystallization or dehydration
partial melting of a mafic precursor.

(3) Voluminous tonalite-trondhjemite plutonic suites commonly
present within island arcs can form by low-pressure fractionation
from mafic sources with no significant input of melts from the
subducting plate or assimilation of an older arc crust. This process
may be a dominant process governing the post-Archean crustal
growth, and - together with the MASH processes — may account
for the heterogeneity of magmatic rocks observed within volcanic
arcs.
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