Geochimica et Cosmochimica Acta 355 (2023) 173-183

o %

ELSEVIER

Contents lists available at ScienceDirect
Geochimica et Cosmochimica Acta

journal homepage: www.elsevier.com/locate/gca

Check for

Generation of tholeiitic and calc-alkaline arc magmas and its implications @&

for continental growth

Kang Chen® , Ming Tang ", Zhaochu Hu®, Yongsheng Liu **

2 State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Wuhan 430074, China
b Key Laboratory of Orogenic Belt and Crustal Evolution, School of Earth and Space Sciences, Peking University, Beijing 100871, China

€ School of Earth Sciences, China University of Geosciences, Wuhan 430074, China

ARTICLE INFO ABSTRACT

Associate editor: Adam Simon Arc magmas, the building blocks of the Phanerozoic continents, are compositionally diverse. The most prominent
compositional diversity is that some arcs show early Fe enrichment while some others show the opposite trend.
What causes this Fe differentiation diversity is important for understanding continent formation but remains
highly debated. Here, we use pressure-sensitive geochemical proxies, combined with experimental results, to
evaluate the petrological mechanism(s) for the different Fe trends in arc magmas that traverse through crusts of
various thicknesses. We show that magnetite starts to fractionate only at MgO < 4 wt% for nearly all arc magmas
and thus has no bearing on the early Fe depletion in calc-alkaline arc magmas. The Fe enrichment at MgO > 4 wt
% for tholeiitic arc magmas is largely caused by clinopyroxene fractionation. The culprits for the Fe depletion at
MgO > 4 wt% in calc-alkaline arc magmas change from pyroxene- to garnet-dominated (amphibole) as the arc
crust thickens. The similarity between the upper continental crust and the calc-alkaline arc magmas suggests that
calc-alkaline arc magmas are an essential component for the continental crust. The high La/Yb and Dy/Yb es-
timates for the average upper continental crust imply that garnet fractionation is an intrinsic feature of the upper
continental crust. Thus, crustal thickness, that is differentiation pressure, exerts a first-order control on arc
magma compositions and high-pressure intracrustal differentiation in thickened crust is necessary for making the
Phanerozoic continental crust.
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1. Introduction

Arc magmatism in subduction zones is widely thought to play a
critical role in the formation and growth of the continental crust (Taylor
and White, 1965; Taylor, 1977; Weaver and Tarney, 1982; Rudnick,
1995). Yet, there is large compositional diversity in arc magmas, pre-
senting a major challenge for understanding of the nature of arc magmas
and the origin of the continental crust. The most prominent composi-
tional diversity is reflected in the distinct Fe trends during the differ-
entiation of different arc magmas. In some arcs, magmas show initial Fe
enrichment and late depletion during differentiation, a defining feature
of tholeiitic magma series, while some other arc magmas are charac-
terized by continuous Fe depletion during differentiation, pertaining to
calc-alkaline magma series (Irvine and Baragar, 1971; Miyashiro, 1974).
Other arc magmas possess transitional Fe trends. The petrological
mechanism causing the various Fe differentiation trends during arc
magma evolution is still highly debated.
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The debate is centered on which mineral(s) cause the initial Fe
depletion in calc-alkaline arc magmas. One school of thought attributes
the initial Fe depletion in calc-alkaline magmas to magnetite fraction-
ation. This viewpoint is supported by some experiments showing that
the hydrous and oxidized nature of arc magmas would suppress
plagioclase (a Fe-poor mineral) saturation and enhance magnetite
fractionation (Osborn, 1959; Sisson and Grove, 1993; Botcharnikov
et al., 2008; Hamada and Fujii, 2008; Zimmer et al., 2010). However,
this cannot explain why some arc magmas differentiate along trends of
Fe-enrichment initially. An alternative explanation suggests that garnet
(tamphibole) fractionation results in the early Fe depletion in calc-
alkaline magmas (Green and Ringwood, 1967, 1968a, b; Cawthorn
and O’Hara, 1976; Huang and Wyllie, 1986; Larocque and Canil, 2010;
Chapman et al., 2016; Tang et al., 2018; Barber et al., 2021; Du et al.,
2022). This explanation is supported by the observation that calc-
alkaline magmas principally occur in arcs with thick crusts (e.g.,
>30-40 km) where thick arc crusts result in high differentiation
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pressures and enhance garnet (+amphibole) fractionation while
tholeiitic magmas dominate in arcs with thin crusts (Miyashiro, 1974;
Green, 1982). The role of high-pressure differentiation in affecting
magma Fe contents is further shown by the positive correlation between
the degree of Fe depletion and the arc crust thickness (Farner and Lee,
2017; Tang et al., 2018).

In the foregoing two scenarios, the early fractionated minerals are
different, which will impart distinct geochemical signatures to the de-
rivative melts. For example, Fe, Ti, Mn, and V are all compatible in
magnetite (Toplis and Corgne, 2002), so magnetite fractionation will
cause the simultaneous reduction of the melt Fe, Ti, Mn, and V contents.
Magma FeO1/MnO (FeOr is the total Fe as FeO) can also be lowered by
magnetite fractionation due to the high Dge/Dy, (D, partition coeffi-
cient) in magnetite (~10), whereas fractionation of olivine, clinopyr-
oxene, orthopyroxene, garnet, and amphibole has little influence on
magma FeOr/MnO because these minerals have Dge/Dy, near unity
(0.6-1.6, Fig. 1, Table S1). The ratios of light and middle to heavy rare
earth elements (REEs) are often used to track garnet and amphibole
fractionation (e.g., La/Yb, Dy/Yb, Gd/Yb, Rudnick and Taylor, 1986;
Davidson et al., 2007). Garnet preferentially incorporates heavy REEs,
resulting in increases of magma La/Yb and Dy/Yb upon differentiation.
Amphibole, and to a lesser extent, clinopyroxene preferentially incor-
porate middle REEs relative to heavy REEs, giving rise to slight increase
of La/Yb and mild decrease of Dy/YDb in the derivative magmas (Fig. 1).
REEs are highly incompatible in olivine, orthopyroxene, and magnetite,
so their fractionation has little effect on REE ratios of the melt.

To decipher the petrological mechanism for the different Fe differ-
entiation trends in arc magmas, we use FeOr, TiO3, MnO, V, FeOt/MnO,
La/Yb, and Dy/Yb in Cenozoic volcanic rocks from global magmatic arcs
to trace the fractionation of Fe-rich minerals, including magnetite,
garnet, and amphibole. The fractionated mineral assemblages that
caused the Fe enrichment in tholeiitic arc magmas and the Fe depletion
in calc-alkaline arc magmas are deduced using these geochemical
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proxies, together with the results from hydrous experiments conducted
under similar pressure conditions. We then compare these geochemical
proxies of the average continental crust with different arc magmas to
assess the roles different magmatic arcs played in the formation and
growth of the Phanerozoic continental crust.

2. Materials and methods

We compile geochemical compositions of Cenozoic volcanic rocks
from 22 magmatic arcs worldwide from the GEOROC database. Details
for the 22 arcs are given in Table S2. Among them, Bismarck, Izu-Bonin,
Lesser Antilles, Mariana, New Hebrides, Ryukyu, Tonga, and Western
Aleutian are type examples of oceanic arcs. Cascades, Central American
Volcanic Belt, New Zealand, Mexican Volcanic Belts, and the Northern,
Central, and Southern Volcanic Zones from the Andes are typical con-
tinental arcs. We filtered the compiled whole rock data by removing
samples named as a mantle-type rock (e.g., peridotite), marked as
“Extensively, Moderately or Slightly Altered”, listed as a back-arc or
ridge location, or reported with major element oxide sums out of the
range of 97.5-101.5 wt%. Then the samples after filtering are plotted in
GeoMapApp (https://www.geomapapp.org) by their coordinates to
check if the samples are indeed collected from the corresponding arc
areas. Bulk rock compositions for statistical computing after filtering
(about 30,000 samples) are provided in Table S3.

3. Results

To present the compiled data in a simple and clear manner, we divide
magmatic arcs into three groups based on the early Fe trends during arc
magma differentiation: Fe-enriching arcs (tholeiitic magma series), Fe-
depleting arcs (cala-alkaline magma series), and transitional arcs be-
tween the former two groups (transitional magma series). It should be
noted that there are no distinct boundaries between different groups and
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Fig. 1. Partition coefficients for the geochemical proxies (a, b, and c) and the effects on these proxies in magmas from differentiation (d, e, and f). Data for Dg. and
Dy, are from the compilation by Tang et al. (2020). Data for Dy,, Dpy, and Dy, are compiled from the Geochemical Earth Reference Model (GERM, https://kdd.earth
ref.org/KdD/) and provided in Table S1. It should be noted that the D values are only used in a schematic way here to produce the general trends for the three ratios
in melts. Mineral abbreviations: Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Grt, garnet; Amp, amphibole; Mt, magnetite.
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natural arc magmas span continuously from Fe-enriching to Fe-
depleting differentiation series. Traditionally, the FAM diagram (FeOr
versus (NayO + K50) versus MgO) recommended by Irvine and Baragar
(1971) or the SiO, versus FeOr/MgO diagram advocated by Miyashiro
(1974) are commonly used to distinguish between the two magma se-
ries. More recently, the FeOr versus MgO diagram has also been used to
define the two magma series by many researchers (Zimmer et al., 2010;
Chiaradia, 2014; Keller et al., 2015; Grove and Brown, 2018; Tang et al.,
2018; Ulmer et al., 2018; Barber et al., 2021). We argue that the FeOr
versus MgO diagram is a more straightforward, simpler, and equally
effective way in discriminating between tholeiitic and calc-alkaline
magma series.

To quantitively assess the degree of early Fe enrichment or depletion
during arc magma differentiation, we use Fes o/Feg o, where Fes  is the
average FeOr contents of samples with 4-6 wt% MgO because we find
that some arc magmas show highest FeOr at MgO = 4-6 wt% (Fig. S1),
and Feg g is the average FeOr at 7-9 wt% MgO. Fes o/Feg g is similar to
the Tholeiitic Index (THI) proposed by Zimmer et al. (2010). In their
work, THI was defined as Fey4 o/Feg o, where Fes g is the average FeOr
contents of samples with 3-5 wt% MgO, and Feg  is the average FeOr at
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7-9 wt% MgO. Because there are sharp decreases of Fe with decreasing
MgO at MgO interval of 3-4 wt% in most of the arcs (Figs. S1, S2 and
S3), the calculation of their THI will cover large amounts of low-Fe
samples with MgO = 3-4 wt%, and thus underestimates the degree of
early Fe enrichment. For example, Honshu and Kamchatka show con-
stant average FeOr contents at MgO > 4 wt% (Fig. 52), so magmas from
these arcs should be grouped into the transitional arc group. But the THI
from Zimmer et al. (2010) of these arc magmas are 0.90 and 0.92,
respectively, making them calc-alkaline magma series. This is contra-
dictory to the traditional definition of calc-alkaline magma series that
calc-alkaline magmas show an FeOr decrease in the initial differentia-
tion stage (Irvine and Baragar, 1971; Miyashiro, 1974).

We assume that a Feg o/Feg o of 0.95-1.05 implies neither obvious Fe
enrichment nor obvious Fe depletion, and thus arcs with Fes o/Feg o of
0.95-1.05 are divided into the transitional magma series. Arcs with
Fes o/Feg o > 1.05 show Fe enrichment during the early differentiation
stage, and thus are the tholeiitic magma series. Arcs with Fes o/Feg o <
0.95 are characterized by early Fe depletion and are grouped into the
calc-alkaline magma series. The results of the grouping are listed in
Table S2. In this study, we will only focus on the formation mechanisms

2.8

- b

24F

=
[e)]
T

TiO,, wt. %
=
N

0.4F s

0‘0 1 1 | L 1 L L Il | L 1

MgO, wt. %

400

350j EEE
300j ii EE% Ei %

250} izzl

€ i s xxzkz
8 200} Bz L aTEpxELEeE
> i °®
150} 3
I | e
2 =
100 1
[ 4
50 o
i i
0 I. L 1 L 1 1 | L Il L 1
0 2 4 6 8 10
MgO, wt. %

Fig. 2. FeOr, TiO3, MnO, and V differentiation trends in magmas from global magmatic arcs and mid-ocean ridges. Data are binned by 0.5 % MgO content, and
within each bin, the mean values of FeOr, TiO3, MnO, and V and the two standard errors are plotted. For each MgO bin, we removed 10% of the samples with the
highest values and 10% with the lowest values to alleviate the influence of outliers on the calculation of the averages. BCC, UCC, MCC, and LCC denote bulk, upper,
middle, and lower continental crust, respectively, and the abundance estimates are from Rudnick and Gao (2003). Note the synchronous turning points of the four
elements from increasing to decreasing at MgO = 4-5 wt% in tholeiitic arc magmas, indicative of the start of magnetite fractionation at this point. The results of
individual arcs are presented in Figs. S1-S3. Arc magma data are provided in the Table S3. Mid-ocean ridge magma data are from Keller et al. (2015).
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of the Fe trends in the tholeiitic and the calc-alkaline magma series.

The average trends of FeOr, TiO2, MnO, and V, and FeO/MnO for
the three groups during arc magma differentiation are plotted in Figs. 2
and 3, respectively. The average trends of La/Yb and Dy/Yb are plotted
in Fig. 4, with the calc-alkaline arc magmas represented by those
differentiated under two end member pressure conditions (see Section
4.2). Results for individual arcs are plotted in Figs. S1-S6. In the
tholeiitic arc magmas, FeOr content first increases with decreasing MgO
and then starts to decrease at MgO = 4-5 wt%, the defining feature of
the tholeiitic magma series (Irvine and Baragar, 1971; Miyashiro, 1974).
The contents of TiO5, MnO, and V show similar trends with FeOr. The
FeOr/MnO remains unchanged at MgO > 4-5 wt% and then starts to
decrease from this point. The tholeiitic arcs have systematically lower
La/Yb and Dy/YDb ratios than the transitional and the calc-alkaline arcs.
By contrast, for calc-alkaline arc magmas, the FeOr content continu-
ously decreases during the entire differentiation path, the defining
feature of the calc-alkaline magma series (Irvine and Baragar, 1971;
Miyashiro, 1974). However, we find no synchronous decreasing of the
five proxies at MgO > 4 wt% in Figs. 2 and 3. For example, the V content
and FeOr/MnO in calc-alkaline arcs remain generally invariable at MgO
> 4 wt%. Calc-alkaline arcs are characterized by apparently higher La/
Yb and Dy/Yb than the transitional and tholeiitic arcs, with the high-
pressure calc-alkaline arcs having higher values than the medium-
pressure ones (see Section 4.2).

4. Discussion
4.1. Magnetite fractionation

Magnetite fractionation significantly reduces magma Fe contents.
For example, 1 wt% fractionation of magnetite would scavenge ~10%
Fe of a magma with 10 wt% FeOr. To understand the mechanism of the
different Fe trends in arc magmas, we first investigate the timing of
magnetite fractionation during arc magma differentiation.

For tholeiitic arc magmas, magnetite is not saturated when MgO is >
4-5 wt%, as evidenced by the increasing of average contents of FeOr,
TiO3, MnO, and V with decreasing MgO (Fig. 2) and by the nearly
constant FeOr/MnO ratios (Fig. 3). At MgO = 4-5 wt%, all the five
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Fig. 3. FeOr/MnO differentiation trends in magmas from global magmatic
arcs. Data sources for arc magmas are provided in the Table S3. Data are binned
by 0.5 % MgO content, and within each bin, the mean values of FeOr/MnO and
the two standard errors are plotted. For each MgO bin, we removed 10% of the
samples with the highest values and 10% with the lowest values to alleviate the
influence of outliers on the calculation of the averages. The results of individual
arcs are presented in Figs. S4-S6.
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proxies start to plummet, indicative of magnetite fractionation from this
point. These proxies in individual tholeiitic arcs (Fig. S1) show similar
trends with their global average trends, indicating that the global
average trends shown in Figs. 2 and 3 can represent the differentiation
features of global tholeiitic arc magmas. The fractionation of magnetite
at intermediate differentiation stage is also supported by experimental
studies. For example, when hydrous basaltic magmas differentiate under
0.7 GPa and redox conditions relevant to arc settings, magnetite only
becomes saturated at 150-250 °C below the liquidus (e.g., Nandedkar
et al., 2014). Thus, magnetite starts to fractionate at the intermediate
stage (MgO = 4-5 wt%) during the differentiation of tholeiitic arc
magmas and plays a dominant role in the Fe depletion for the evolved
tholeiitic arc magmas.

Unlike in tholeiitic arc magmas, no synchronous trend of the five
proxies mentioned above is observed in calc-alkaline arc magmas. The
constant V contents and FeOp/MnO ratios at MgO > 4 wt% in both
average and individual calc-alkaline arcs (Figs. 2 and 3, Figs. S3 and S6)
imply that magnetite is not saturated at this early differentiation stage.
This is consistent with magnetite being unstable during the early dif-
ferentiation of hydrous basaltic magmas under > ~1 GPa and redox
conditions relevant to arc settings (e.g., between FMQ and FMQ+2,
where FMQ is the fayalite-magnetite-quartz oxygen fugacity buffer)
(Matjuschkin et al., 2016; Tang et al., 2019b; Sun and Lee, 2022).
Accordingly, we suggest that magnetite is not the culprit for the early Fe
depletion in calc-alkaline arc magmas, contrary to the traditional
perspective that the early Fe depletion in calc-alkaline magmas is due to
magnetite fractionation (Osborn, 1959; Sisson and Grove, 1993; Zimmer
et al., 2010).

The role of magnetite fractionation for depleting magma Fe contents
only becomes important in late-stage differentiation (e.g., MgO < 4 wt
%). For some calc-alkaline arcs (e.g., Cascades, Central America, and
New Zealand), both V contents and FeO1/MnO start to decrease at MgO
= ~4 wt% (Figs. S3 and S6), indicative of magnetite saturation at this
point. But for some other calc-alkaline arcs (e.g., the Northern Volcanic
Zone and the Central Volcanic Zone), the FeOr/MnO remain constant
until the magma MgO contents decrease to < 2 wt% and thereupon
decreases abruptly (Fig. S6), suggesting that magnetite likely saturates
very late for these calc-alkaline arcs with very thick crustal thicknesses.
This difference of magnetite saturation timing is consistent with
magnetite being suppressed by high pressures, as evidenced by experi-
ments and model calculations (Matjuschkin et al., 2016; Tang et al.,
2019b; Sun and Lee, 2022). In both cases, magnetite has no bearing on
the early (MgO > 4 wt%) Fe depletion in calc-alkaline arc magmas.

4.2. The early Fe enrichment or depletion

In this section, we will focus on the mechanism causing the different
Fe trends at the early differentiation stages (at MgO > ~4 wt%) for both
tholeiitic and calc-alkaline arc magmas. Recent studies observed sys-
tematic correlations between magma compositions and crustal thickness
for global magmatic arcs (Chiaradia, 2014; Farner and Lee, 2017; Chin
et al., 2018; Tang et al., 2018). Crustal thickness affects the average
pressure of magma storage in the crust, which in turn influences the
magma differentiation processes. Indeed, previous experimental in-
vestigations showed that different minerals crystallize under different
pressures (Fig. 5). Under low pressures (e.g., 0.5 GPa), pyroxenes and
olivine are the early fractionating minerals, while under high pressures
(e.g., > 2 GPa), garnet and clinopyroxene crystallize initially. The in-
fluence of differentiation pressure on magma Fe contents is also sup-
ported by the negative correlations between Fes o/Feg and pressure-
sensitive proxies, like La/Yb and Dy/Yb (Fig. 6). Therefore, to under-
stand the mechanism(s) of the different Fe trends, it is necessary to
investigate the mineral assemblages fractionated under different
pressures.

We will investigate three different pressure conditions for arc magma
differentiation to see the early fractionated mineral assemblages. The
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Fig. 4. La/Yb and Dy/Yb differentiation trends in global magmatic arcs. Data sources are provided in the Table S3. Data are binned by 0.5 % MgO content, and
within each bin, the mean values of La/Yb and Dy/Yb and the two standard errors are plotted. For each MgO bin, we removed 10% of the samples with the highest
values and 10% with the lowest values to alleviate the influence of outliers on the calculation of the averages. (La/Yb)y and (Dy/Yb)y denotes CI chondrite
normalized values (McDonough and Sun, 1995). The La/Yb and Dy/Yb results for individual arcs are presented in Figs. S4-S6 and results for each group in Fig. S9.
Please see Section 4.2 for the explanation of the high- and medium-P calc-alkaline arc magmas. Mineral abbreviations: Amp, amphibole; Cpx, clinopyroxene;

Grt, garnet.
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Fig. 5. Pressure-temperature phase diagram for hydrous basaltic magmas.
Experimental result sources: > 2 GPa (Green, 1982), 2 GPa and 1.5 GPa (Mercer
and Johnston, 2008), 1.2 GPa (Miintener et al., 2001), 1.0 GPa (Ulmer et al.,
2018), 0.7 GPa (Nandedkar et al., 2014), 0.5 GPa (Feig et al., 2006), 0.4 GPa
(Di Carlo et al., 2006), and 0.2 GPa (Botcharnikov et al., 2008). Solidus is from
Green (1982). Minerals: Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene;
Grt, garnet; Amp, amphibole; Pl, plagioclase.

first one is 0.5-0.8 GPa, which is chosen for the Fe-enriching tholeiitic
arcs. This is because tholeiitic arcs have a narrow range of crustal
thicknesses of 15-25 km, and thus magmas stalled in the arc roots have
differentiation pressures of 0.5-0.8 GPa based on lithostatic pressure.
The similar pressure conditions for these tholeiitic arcs are also reflected
in the narrow ranges of La/Yb and Dy/Yb, respectively (Fig. S4). Hence,
the average La/Yb and Dy/Yb for all the tholeiitic arcs (Fig. 4) are
representative for the individual arcs and thus can be directedly used to
infer mineral fractionation during tholeiitic arc magma differentiation.
The other two pressure conditions are chosen for Fe-depleting calc-
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alkaline arcs. The Fe-depleting calc-alkaline arcs have a wide range of
crustal thicknesses ranging from ~30-40 km to ~65 km, corresponding
to Moho pressures ranging from ~1.0-1.3 GPa to ~2.0 GPa. The pres-
sure difference is also revealed in the apparently higher La/Yb and Dy/
Yb in thicker continental arcs than those in continental arcs with normal
crustal thicknesses (Fig. S6). We here choose the two end member
pressure conditions for Fe-depleting calc-alkaline arc magmas: 1.0-1.3
GPa for the ~30-40 km thick calc-alkaline arcs and ~2.0 GPa for the
~65 km thick calc-alkaline arcs. We term these calc-alkaline arc
magmas as medium-pressure and high-pressure calc-alkaline arc
magmas, respectively. The former is represented by New Zealand,
Luzon, Central American, Mexican, and Cascades, and the latter by the
Central Volcanic Zone.

4.2.1. Tholeiitic (Fe-enriching) arcs: 0.5-0.8 GPa

It is generally accepted that the early Fe enrichment in mid-ocean
ridge magmas, typical of tholeiitic series, is mainly caused by abun-
dant fractionation of plagioclase, a Fe-free mineral (Grove and Baker,
1984). In tholeiitic arcs, however, the initial Fe enrichment is not driven
by plagioclase fractionation because the high-water content of primitive
arc magmas suppresses plagioclase saturation (Sisson and Grove, 1993;
Mercer and Johnston, 2008). For example, during the differentiation of
hydrous basaltic magma under 0.7 GPa, plagioclase is not saturated until
the temperature drops to ~150-200 °C below the liquidus (Nandedkar
et al., 2014). The plagioclase unsaturation at MgO > 4 wt% is also
supported by the absence of Eu anomaly (Eu/Eu*, chondrite-normalized
Eu/+/(Sm x Gd)) in these magmas (Fig. S7). On the other hand, due to
the thin crustal thicknesses for most tholeiitic arcs (< 25 km), magmatic
differentiation pressure is low (< 0.8 GPa), which precludes garnet as an
early crystallizing phase (Alonso-Perez et al., 2009), consistent with the
low Dy/Yb and La/Yb (Fig. 4). Amphibole is also unlikely to fractionate
abundantly during hydrous basaltic differentiation under low pressure
conditions (Fig. 5), as demonstrated by some experiments that amphi-
bole starts to fractionate until the temperature drops to ~100-150 °C
below the liquidus (Di Carlo et al., 2006; Mercer and Johnston, 2008;
Nandedkar et al., 2014).

We suggest that the mild Fe enrichment during the early-stage dif-
ferentiation of tholeiitic arc magmas results from the fractionation of
clinopyroxene and olivine. Experiments show that clinopyroxene and
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Fig. 6. The relationship between individual arc Fes o/Feg ¢ and (La/Yb)ys o (a) and (Dy/Yb)ns.o (b), respectively. Data sources are provided in the Table S2. One dot
denotes one individual arc in Table S2. Fes o and Feg o are the average FeOr contents for magmas with 4-6 wt% MgO and 7-9 wt% MgO, respectively. To calculate
Fes o, data are binned to 0.5 wt% MgO intervals, and the averages of the four bins is taken as Fes o + 2se (standard error). Feg ¢ + 2se is calculated in the same way as
Fes o + 2se. (La/Yb)y and (Dy/Yb)y denotes CI chondrite (McDonough and Sun, 1995) normalized La/Yb and Dy/Yb. (La/Yb)ns.o and (Dy/Yb)ns o are calculated in
the same way as Fes o & 2se. We emphasize that it is the first-order trend that we try to elucidate in this figure. Given the complexity of natural subduction magmas, it
is almost impossible that every single arc would follow a unique pattern. For example, Northeastern Aleutian with a thicker arc crust has lower (La/Yb)ys.o and (Dy/
Yb)ns.o than the Western Aleutian with a thinner arc crust. Slab melting contribution has been suggested to be the possible explanation for the high La/Yb in the
Western Aleutian (Yogodzinski and Kelemen, 1998). However, slab melting is likely very limited due to the cool thermal structure for the majority of modern
subduction zones (Syracuse et al., 2010). The correlations in the figure suggest differentiation pressures exert a first-order control on arc magma Fe depletion degree.

olivine would fractionate as early mineral assemblages during the
fractionation of hydrous basaltic magmas under 0.5-0.8 GPa (Di Carlo
et al., 2006; Mercer and Johnston, 2008; Nandedkar et al., 2014). Under
these conditions, Fe is incompatible in clinopyroxene and slightly
compatible in olivine at high temperatures (Nandedkar et al., 2014).
Fractionation of both minerals results in a bulk Fe partition coefficient of
~0.8 if the initial mineral proportions and Fe partition coefficients for
clinopyroxene and olivine from Nandedkar et al. (2014) are used. The
dominance of clinopyroxene and olivine fractionation in the early dif-
ferentiation stages of tholeiitic arc magmas is also consistent with the
roughly invariable Sc concentrations at MgO > 6 wt% (Fig. S8), as Sc is
compatible in clinopyroxene but incompatible in olivine (Lee et al.,
2012).

4.2.2. Medium-pressure calc-alkaline (Fe-depleting) arcs: 1.0-1.3 GPa

Experiments show that hydrous basaltic magmas fractionate ortho-
pyroxene and clinopyroxene (folivine and trace spinel) as the high
temperature phases at 1.0-1.3 GPa (Baker et al., 1994; Miintener et al.,
2001; Grove et al., 2003; Ulmer et al., 2018), corresponding to the Moho
pressure conditions of the medium-pressure calc-alkaline arcs (Fig. 5).
The early fractionation of orthopyroxene and clinopyroxene is consis-
tent with the slow decline of Sc during differentiation as Sc is slightly
incompatible in orthopyroxene and compatible in clinopyroxene
(Fig. S8, Lee et al., 2012). When temperature drops to 1000-1100 °C,
amphibole starts to fractionate and replaces orthopyroxene at melt MgO
content of ~3-4 wt% (Ulmer et al., 2018). Garnet joins amphibole as a
liquidus phase at < 1000 °C (Fig. 5). Thus, the early Fe depletion is
caused by neither garnet nor amphibole fractionations. This is consistent
with the roughly constant La/Yb and Dy/Yb at Mg > ~4 wt% (Fig. 4).
Because Fe is compatible in orthopyroxene and incompatible in clino-
pyroxene under these P-T conditions, the early Fe depletion in the
medium-pressure calc-alkaline arcs is largely caused by orthopyroxene,
with a minor role, if any, of spinel (Miintener et al., 2001; Ulmer et al.,
2018).

4.2.3. High-pressure calc-alkaline (Fe-depleting) arcs: 2.0 GPa
At ~2 GPa, garnet and clinopyroxene are the high temperature
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liquidus phases during the differentiation of hydrous basaltic magmas
(Fig. 5, Green, 1982; Mercer and Johnston, 2008). Arc magma differ-
entiation at this pressure produces garnet-pyroxenites as a major type of
cumulate over a large temperature range. Garnet-pyroxenites have been
observed as xenoliths in the Sierra Nevada (Lee et al., 2006) and Arizona
(Erdman et al., 2016; Chen et al., 2020). The early fractionation of
garnet is also reflected in the increasing La/Yb and Dy/Yb with
decreasing MgO at MgO > 4 wt% (Fig. 4). Because both garnet and
clinopyroxene are compatible with Sc (Lee et al., 2012), their fraction-
ation would cause Sc to decrease in melts (Fig. S8). Thus, magma Fe is
scavenged principally by garnet during this stage. When the temperature
drops to 1000-1100 °C, amphibole saturates and joins garnet and cli-
nopyroxene in the fractionation assemblage (Fig. 5). From this point, the
combined fractionation of garnet and amphibole continues to lower the
magma Fe contents. It is still not clear if amphibole is fractionated at
MgO > 4 wt% when the pressure is > 2 GPa due to the limited experi-
mental data for high-pressure hydrous basalt fractionation. As shown in
Fig. 5, as the pressure increases from ~1.0 to ~2.0 GPa, the temperature
for garnet occurrence increases gradually, suggesting that garnet plays a
more dominant role for the early Fe depletion as calc-alkaline arcs
thicken.

4.3. The role of high-pressure differentiation in continental crust
formation

We have used some geochemical proxies to reveal the petrological
mechanisms causing the initial Fe enrichment in tholeiitic oceanic arcs
and the initial Fe depletion in calc-alkaline continental arcs. The
increasing of FeOr, TiO2, MnO, and V contents and constant FeO1/MnO
during differentiation at MgO > 4-5 wt% support that magnetite stays
unstable at the early differentiation stages in both tholeiitic and calc-
alkaline arcs and thus has no bearing on the early Fe depletion in calc-
alkaline arc magmas. This is contrary to the popular model that
magnetite is the culprit for the early Fe depletion in calc-alkaline arc
magmas (Osborn, 1959; Sisson and Grove, 1993; Botcharnikov et al.,
2008; Hamada and Fujii, 2008; Zimmer et al., 2010; Chin et al., 2018).
Experimental work (Nandedkar et al., 2014; Matjuschkin et al., 2016)



K. Chen et al.

and thermodynamic modeling (Tang et al., 2019b) are also against early
magnetite fractionation during arc magma differentiation at high pres-
sures. Then, we combine the differentiation trends of La/Yb, Dy/Yb, and
Sc and reported experimental results to demonstrate that the early Fe
enrichment in tholeiitic arcs is caused by the fractionation of clinopyr-
oxene and olivine. And the early Fe depletion in calc-alkaline arcs is
produced by garnet fractionation under high-pressure conditions and by
orthopyroxene under medium-pressure conditions.

Our results also have important implications for the roles of different
arc settings in the growth of the Phanerozoic continental crust. The
average composition of the Phanerozoic continental crust shows a clear
resemblance to those of the calc-alkaline magmas in continental arcs but
differs from the tholeiitic oceanic arc magmas and the transitional arc
magmas significantly. Oceanic arc magmas and the transitional arc
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magmas have too high FeOr, MnO, and V contents (and probably TiO5)
to match the composition of the continental crust (Fig. 2). By contrast,
continental arc magmas show similar FeOr, MnO, and V contents (and
probably TiOy) to the average continental crust (Fig. 2). Furthermore,
we compare La/Yb and Dy/Yb, FeOr/MnO in the average upper conti-
nental crust with those in the evolved arc magmas with MgO < 4 wt%
(Figs. 7 and 8). The results show that the upper continental crust has
apparently higher La/Yb, Dy/Yb, and FeOp/MnO than those of the
evolved magmas from tholeiitic and transitional arcs but falls within the
interval between the evolved magmas from the medium-pressure and
high-pressure calc-alkaline arcs. Furthermore, it seems that medium-
pressure arc magmas alone cannot account for the high La/Yb and
FeO1/MnO in the upper continental crust.

Implicit in this compositional similarity between the upper
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+ High-pressure calc-alkaline arc magmas
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the upper continental crust
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Fig. 7. Comparison of the La/Yb, Dy/Yb, and FeOr/MnO systematics in between evolved arc magmas (MgO < 4 wt%) and the average upper continental crust (UCC).
The high-pressure and medium pressure calc-alkaline arc magmas are two end members of the calc-alkaline arc magmas with various differentiation pressures. The
former is represented by the Central Volcanic Zone with crustal thickness of ~65 km and the latter by New Zealand, Luzon, Central American, Mexican, and Cascades
with crustal thicknesses ranging from ~30 to 40 km. R&G is the estimate for the average UCC from Rudnick and Gao (2003). Data for surface exposures are UCC
estimates based on large area surface sampling method reported by Shaw et al. (1967, 1976), Fahrig and Eade (1968), and Gao et al. (1998). Loess and post-Archean
shales and diamictites are widely thought to be able to represent the average insoluble element composition in the Phanerozoic UCC. Average loess La/Yb and Dy/Yb
are from the literature (Gallet et al., 1996, 1998; Barth et al., 2000; Jahn et al., 2001; Park et al., 2012; Chauvel et al., 2014). Average La/Yb and Dy/Yb for post-
Archean shales are from Barth et al. (2000) and for post-Archean diamictites from Gaschnig et al. (2016). Because Mg is highly soluble, its abundance in the UCC
cannot be directedly obtained from sedimentary rocks/sediments. We thus use R&G MgO estimate for the UCC for plotting loess, shales, and diamictites. Shaded
areas show the mixing fields between magmas with MgO = 3.9-4.1 wt% with more evolved magmas in the high-pressure and medium-pressure calc-alkaline arcs,
respectively. For high-pressure calc-alkaline arcs, we used samples with 0-0.2 wt% and 1.0-1.5 wt% MgO as the more evolved endmembers; for medium-pressure
calc-alkaline arcs, we used samples with 0-0.2 wt% and 1.9-2.1 wt% MgO as the more evolved endmembers. The endmember mixing curves are marked at 10 %
mixing intervals. The calculations show that high-pressure calc-alkaline arc magmas are an essential component for the average upper continental crust.
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continental crust and the calc-alkaline arcs, which have thicker crusts
than tholeiitic arcs, is that high-pressure differentiation is an inherent
nature of the Phanerozoic continental crust. This inference sheds addi-
tional light on the debate that whether deep or shallow differentiation is
a crucial process for the formation of the continental crust. Some re-
searchers argue that mid- to upper-crustal level differentiation domi-
nates the production of intermediate arc magmas and, by that, the
continental crust (Blatter et al., 2013; Adam et al., 2016), while others
suggest high-pressure differentiation in the lower crust or at the crust-
mantle boundary exerts a first-order control on arc magma composi-
tion and the formation of the continental crust (Annen et al., 2006;
Alonso-Perez et al., 2009; Chapman et al., 2016; Farner and Lee, 2017;
Miintener and Ulmer, 2018; Tang et al., 2019a). Our results here show
that lateral accretion of island (or tholeiitic) and transitional arcs alone
cannot produce the garnet fractionation signature in the upper conti-
nental crust (Fig. 9a). Island arcs may eventually accrete onto an old
continental margin due to subduction and trench migration (Busby,
2004). As the subduction continues, new mantle-derived melts under-
plate the accreted terrane, and then a continental arc is produced
(Fig. 9b, Lee et al., 2007). The crust of this continental arc thickens as
new magmas are further added into the arc setting. The thick arc crust
allows the underplated magmas differentiate at relatively high pres-
sures, resulting in calc-alkaline magma series (Fig. 9b). We argue that
the Phanerozoic continental crust grows mainly through this type of
vertical accretion of calc-alkaline arc magmas in a thickened crust.
Under this high-pressure condition, probably at the crust-mantle
boundary with the crust acting as a density filter (Green, 1982),
mantle-derived magmas are transformed into arc crust having a similar
composition to the Phanerozoic continental crust. This implication is
also consistent with the studies of Cu concentrations (Chiaradia, 2014;
Chen et al., 2020), Nb/Ta ratios (Tang et al., 2019a), Fe isotopes (Du
et al., 2022), and Mg# (molar ratio of Mg/(Mg + Fer)) (Tang et al.,
2023) in arc magmas, which show that the low Cu concentrations, low
Nb/Ta, heavy Fe isotopic composition, and high Mg# in the continental
crust are largely produced in thick continental arcs.

It is worth noting that, although active arcs with >60 km crustal
thickness are currently not common (represented by the Central Vol-
canic Zone), they may be extensively distributed in Earth’s history.
Examples include Sierra Nevada, Kohistan, Gangdese, Coast Mountains,
and northern Mexican Cordillera (Jagoutz and Schmidt, 2013; Profeta
etal., 2015; Zhu et al., 2017; Chapman et al., 2020). These high-pressure
calc-alkaline arcs are thicker than the preserved thickness of the Phan-
erozoic continental crust (~35 km, Huang et al., 2013), suggesting that
the lower parts of the thick calc-alkaline arcs have been removed and
may have sunk back into the mantle through density sorting (Ringwood
and Green, 1966; Herzberg et al., 1983; Arndt and Goldstein, 1989; Kay
and Kay, 1991; Ducea and Saleeby, 1996). The removal of the high-
density and mafic lower crust is also a popular solution for the “crust
compositional paradox (Rudnick, 1995; Jagoutz and Behn, 2013; Lee,
2014).

5. Conclusions

(1) Tholeiitic arc magmas differentiate under relatively low pres-
sures (e.g., < 0.8 GPa). The early Fe enrichment is mainly caused
by clinopyroxene fractionation, and the late-stage Fe depletion
results from the fractionation of magnetite and, to a lesser extent,
amphibole. The coherent trends of the contents of FeOr, TiOo,
MnO, and V and the FeOp/MnO ratio provide strong evidence for
the start of magnetite fractionation at MgO = ~4-5 wt% in
tholeiitic arc magmas. This coherency, in turn, demonstrates the
reliability of using FeOr/MnO to track magnetite fractionation.

Calc-alkaline arc magmas differentiate under relatively high
pressures (e.g., > 1 GPa). Magnetite has no bearing on the early
Fe depletion for all calc-alkaline arc magmas and its contribution
for Fe depletion only becomes remarkable in late-stage
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differentiation (MgO < 4 wt%). The early (MgO > 4 wt%) Fe
depletion is mainly caused by orthopyroxene fractionation for
medium-pressure (1.0-1.3 GPa) calc-alkaline arc magmas and by
garnet (amphibole) fractionation for high-pressure ones (> 2
GPa). As magma differentiation pressures increase, the role of
garnet fractionation played in reducing magma Fe contents be-
comes more prominent.

(3) The evolved magmas (MgO < 4 wt%) from tholeiitic and transi-
tional arcs have too low La/Yb, Dy/Yb, and FeOr/MnO compared
to the average upper continental crust. By contrast, the evolved
magmas from calc-alkaline arcs show similar La/Yb, Dy/Yb, and
FeOp/MnO to the average upper continental crust, suggesting
that calc-alkaline arc magmas are an essential component for the
continental crust. The comparisons show that the upper conti-
nental crust has an intrinsic feature of garnet fractionation. We
thus conclude that high-pressure differentiation is a necessary
step for making the Phanerozoic continental crust.
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Appendix A. Supplementary material

The geochemical data for individual arcs are presented in Figures S1-
S6, the europium anomalies for tholeiitic arcs in Figure S7, the scandium
differentiation trends in Figure S8, and La/Yb and Dy/Yb data for each
arc magma sample in Figure S9. All these figures can be found in the
supplementary data 1 file. Compiled data for partition coefficients of La,
Dy, and Yb between minerals and silicate magmas are presented in
Table S1 (supplementary data 2 file). Detailed information for the 22
magmatic arcs is presented in Table S2 (supplementary data 3 file).
Compiled data for arc magma compositions are presented in Table S3
(supplementary data 4 file). All these tables and figures can be found
online. Supplementary material to this article can be found online at htt
ps://doi.org/10.1016/j.gca.2023.07.002.
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