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Resolving the geochemical discrepancies between the bulk continental crust and its building blocks,
basaltic arc magmas, can provide insights into the processes by which the continental crust is formed.
One of the discrepancies is that the bulk continental crust is depleted in Cu and has a lower Cu/Ag ratio
(~500) than basaltic arc magmas (~3500). How arc magmas become Cu-depleted and where the missing
Cu resides remain unclear. Here, we report Cu and Ag concentrations in Arizona garnet-pyroxenite
xenoliths, which represent cumulates formed in a deep continental arc. Many of these cumulates are
Keywords: Cu-enriched, with Cu concentrations as high as ~1000 ppm. Furthermore, for the first time, we show
Cu-Ag that these cumulates have higher Cu/Ag ratios (up to ~10,000) than basaltic arc magmas, complementary
sulfide saturation to the low Cu/Ag in felsic arc magmas and the continental crust (<500). In these cumulates, Cu and Ag
cumulate concentrations are initially low, but begin to rise with progressive differentiation due to sulfide saturation
continental arc when cumulate Mg# (atomic ratio of Mg/(Mg+Fe)) decreases to ~0.7. The onset of sulfide saturation in
crust formation the cumulates is accompanied by a Cu decrease in continental arc magmas. Fractional crystallization
modelling shows that the early sulfide saturation during the differentiation of continental arc magmas
was facilitated principally by cooling and iron depletion in the melt. Our findings suggest that most of the
Cu extracted from the mantle in continental arc settings is sequestered in sulfides in deep arc cumulates
during magma differentiation. The sulfide-bearing cumulates represent the missing reservoir with both
high Cu concentrations and high Cu/Ag ratios. The low Cu abundance and low Cu/Ag ratio in the average
continental crust requires the formation of sulfide-bearing cumulate layer at arc roots followed by its
delamination into the mantle. Moreover, we confirm that sulfide saturation in continental arc magmas
occurs earlier (at higher Mg#) than in island arc settings, resulting in lower Cu concentrations in the
felsic upper crust of continental arcs. Because the bulk continental crust is strongly depleted in Cu, these
observations together point to syn-magmatic crustal thickening as a key process in making continents.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Basaltic arc magmas generated in subduction zones are widely
thought to be the building blocks of the continental crust (Tay-
lor, 1977; Kelemen, 1995; Rudnick, 1995; Hawkesworth and Kemp,
2006), although other models of continent growth have also been
suggested (e.g., the oceanic plateau model by Albaréde, 1998).
However, there are some geochemical discrepancies between the
bulk continental crust and the basaltic arc magmas (e.g., Kelemen,
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1995; Rudnick, 1995). Theses discrepancies suggest that something
important is missing in our understanding of how continental crust
forms. One of these discrepancies is that the estimated Cu abun-
dance in the bulk continental crust (Rudnick and Gao, 2003 and
references therein; Hu and Gao, 2008; Gaschnig et al., 2016; Chen
et al, 2019) is significantly lower than in arc basalts and mid-
ocean ridge basalts (MORB, Fig. 1a). Instead, Cu abundance of the
average continental crust is more reminiscent of evolved mag-
mas in continental arc settings. Reconciling this apparent deficit
in Cu may provide critical insights into the differentiation mech-
anisms responsible for making the continental crust (Lee et al.,
2012; Chiaradia, 2014; Jenner, 2017; Wang et al., 2018). Because
of Cu’s strong affinity for sulfide, it is thought that Cu is scavenged
out of the magmas during differentiation by sulfide segregation
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(Lee et al.,, 2012; Chiaradia, 2014; Jenner, 2017; Wang et al., 2018),
a hypothesis that infers the existence of Cu-enriched cumulates in
arc roots. However, evidence for such Cu-enriched cumulates has
so far only been tentatively demonstrated on cumulates from one
locality, the Sierra Nevada in California (Lee et al., 2012). And be-
cause the data is limited, the nature of the sulfide fractionation is
still largely unknown (Lee et al., 2012).

In addition to Cu, Ag is also a strongly chalcophile element,
but the two elements have different preferences for sulfide. Sil-
ver and Cu have the same partition coefficients (D) between liquid
sulfide and silicate melt (Dcy/Dag = 1), but different D values be-
tween crystalline sulfides and silicate melts with Cu being more
compatible in crystalline sulfides than Ag (Dcy/Dag > 1, All the
D values used in this study are those between silicate melts and
liquid/crystalline sulfides with a pyrrhotite composition) (Li and
Audétat, 2012; Kiseeva and Wood, 2015). Their different D values
make Cu/Ag ratio a valid tracer of crystalline versus liquid sul-
fide fractionation (Jenner et al, 2010; 2015; Wang et al.,, 2018;
Cox et al., 2019). The bulk silicate earth (BSE), fertile mantle peri-
dotites, MORB and primitive arc-related magmas have identical
Cu/Ag ratios (~3500, Fig. 1b), indicating limited crystalline sulfide
fractionation during mantle partial melting and basaltic differentia-
tion. The fact that the continental crust has lower Cu/Ag ratio than
arc basalts requires an additional reservoir with high Cu/Ag ra-
tio. However, no Ag data, to the best of knowledge, have currently
been reported for deep arc cumulates (e.g., the Sierran cumulates
from Lee et al. (2012)), and the high Cu/Ag reservoir, to date, has
not been observed.

Here, we investigate garnet-pyroxenite xenoliths from Arizona,
USA. Similar to those from Sierra Nevada (Lee et al., 2006; 2012),
these xenoliths represent deep-seated cumulates that crystallized
at the base of continental arc roots (Erdman et al., 2016; Tang et
al., 2018; 2019a). Therefore, these samples may provide direct con-
straints to test the hypothesis that there is a Cu-enriched layer in
deep arc. Comparing with the Sierran garnet-pyroxenite xenoliths,
the Arizona xenoliths are much fresher and more abundant which
represent a more comprehensive record of deep arc differentiation
process. While the Cu concentrations in Sierra Nevada cumulates
are scattered (Lee et al., 2012), systematic Cu trend along with
Mg# in the Arizona cumulates (see section 4.2) is observed, which
is useful to constrain the nature of sulfide saturation. In addition
to our analyses of Cu, we also investigate the behavior of Ag. We
show that many of these cumulates have high Cu concentrations
and high Cu/Ag ratios that can balance the Cu-depleted and low
Cu/Ag felsic arc magmas and bulk continental crust. We build on
the approach by Lee et al. (2012) but explore a new approach to
tease out the nature of sulfide fractionation. Moreover, we use Cu
systematics to evaluate the redox conditions under which these
sulfide-bearing cumulates might have formed. Our results have
implications not just for deep crustal recycling, but also for how
continents grow.

2. Samples

The Tertiary potassic latites from Camp Creek and Sullivan
Buttes on the southwestern margin of the Colorado Plateau (central
Arizona, USA) host numerous garnet-pyroxenite xenoliths (Esper-
anca and Holloway, 1984; Smith et al., 1994; Erdman et al., 2016),
providing a rare opportunity to study deep crustal magmatic differ-
entiation. We investigated 37 garnet-pyroxenite xenoliths from the
collection of Erdman et al. (2016). These Arizona garnet-pyroxenite
xenoliths are composed of variable proportions of garnet and
clinopyroxene, with minor phases including amphibole, spinel, ru-
tile, sulfide, apatite and titanite (Erdman et al., 2016), similar to
those reported from Sierra Nevada (Lee et al., 2006). Pressure es-
timates showed that these garnet-pyroxenites crystallized at 45-80
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Fig. 1. (a) Copper versus MgO for peridotites, MORB, and arc-related magmas. Data
are binned by 1% MgO content, and within each bin, the mean Cu concentration
and two standard errors are plotted. Note the contrasting Cu-MgO paths between
island arcs and continental arcs. The continental crust is depleted in Cu compared
to primitive arc magmas and MORBs. Data sources: bulk silicate earth (BSE) and fer-
tile peridotites from Wang and Becker (2015), MORB from Jenner and O'Neill (2012)
and Yang et al. (2018), magmas from continental arcs (Central Andes, Cascades and
Mexico) and island arcs (Mariana, Izu-Bonin and Kermadec) compiled from GEOROC
(http://georoc.mpch-mainz.gwdg.de/georoc/Entry.html). (b) Cu/Ag ratio versus MgO
for fertile peridotites, MORB and arc-related magmas. The Cu/Ag ratio is constant
(3000-4000) in BSE, fertile peridotites, MORB and arc basalts, but significantly lower
in felsic arc magmas and the continental crust (~500). Data sources: Antuco vol-
cano, Southern Andes from Cox et al. (2019), Manus basin, Bismarck arc from Jenner
et al. (2010), Lau basin, Tonga arc from Jenner et al. (2012; 2015) and Niuatahi
volcano, Tonga arc from Wang et al. (2019). Estimates for bulk, upper and lower
continental crusts (denoted by BCC, UCC and LCC, respectively) in both (a) and (b)
are from Rudnick and Gao (2003).

km (Smith et al., 1994; Erdman et al., 2016) and their geochemical
compositions are also similar to those reported as continental arc-
related lower crustal cumulates from the Sierra Nevada batholith
to the west (Lee et al., 2006). Selected major and trace element
concentration data, mineral mode abundances, as well as titanite
U-Pb ages for these samples have been reported by Erdman et al.
(2016) and Erdman and Lee (2018). Additional geochemical data
are reported in the following papers: Tang et al., 2018 (rare-earth
elements in garnets and clinopyroxenes) and Tang et al., 2019a (Nb
and Ta in whole rocks and rutiles).

3. Analytical techniques

Whole rock Cu and Ag concentrations were measured using iso-
tope dilution at the State Key Laboratory of Geological Processes
and Mineral Resources, China University of Geosciences, Wuhan.
Ten-100 g fresh rock samples were crushed and powdered in a
ceramic SPEX mill placed in a shatterbox for 5-10 minutes per
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Table 1

Copper and Ag concentrations in garnet-pyroxenite cumulates from Arizona and reference materials.
Sample Si0y? TiO; Al,03 FeOyotal MnO MgO CaO Na,0 K0 P,0s5 LOI Mg# Cu Ag Cu/Ag

(ppm) (ppb)

Arizano garnet-pyroxenite cumulates
CC-ME1 49.5 0173 758 8.04 0.25 15.0 175 0441 0.038 0.022 11 0.77 48.2 8.94 5388
CC-ME2 432 3.47 133 15.6 0.24 9.82 122 1.06 0.15 0.52 047 053 54.9 317 1735
CC-ME4 40.7 2.39 16.4 15.2 0.33 5.74 154 0.794 012 0.38 1.2 0.40 163 14.8 11053
CC-ME8 48.2 0904 107 9.04 012 131 16.0 0.881 017 0062 15 0.72 58.0 239 2431
CC-ME11 435 1.07 13.8 13.5 0.26 12.2 115 1.50 0.71 0.14 1.0 0.62 53.6 22.6 2367
CC-ME14 43.0 218 13.8 13.6 017 12,5 114 153 0.64 0013 13 0.62 123 36.0 3430
CC-ME16 431 2.83 16.9 13.9 0.23 103 120 0.718 0.086 0.041 057 057 25.6 16.7 1531
PR-62-DS 443 0307 169 12.5 0.35 12.8 125 0.508 0.048 0.021 038 0.65 26.5 115 2314
PR-63-DS 41.8 1.25 15.8 15.4 0.14 10.0 101 2.05 1.6 0.23 092 054 22.8 43.0 530
PR-78-DS 444 1.39 153 15.5 0.30 8.49 127 153 0.083 0025 012 049 225 29.6 7587
PRS-40-DS 511 0569 628 738 0.09 13.0 199 131 0.012 0008 065 076 5.05 15.8 320
Replicate 5.84 15.4 379
PRS-43-DS 513 0.481 6.14 7.09 0.11 13.7 20.1 1.05 0.016 0012 055 078 17.7 15.1 1177
Replicate 14.5 15.1 960
PRT-5E-DS 43.8 1.68 13.8 16.7 0.31 8.71 128 145 0.19 0.051 053 048 51.8 19.0 2735
SB1-ME1 47.7 0.613  5.03 133 0.20 12.8 162 125 017 0.96 1.0 0.63 1017 111 9178
SB1-ME3 48.2 0896 8.79 10.7 0.16 10.8 185 114 0.053 0029 14 0.64 624 70.1 8897
Replicate 618 70.6 8754
SB1-ME7 442 1.06 153 123 0.19 7.87 155 1.04 0.23 0.021 14 0.53 410 58.9 6965
SB1-ME9 50.5 0172 928 513 0.12 13.2 193 0.728 0.15 0.025 15 0.82 11.0 12.2 906
Replicate 12.2 116 1052
SB1-ME10 48.1 0.663  9.59 121 0.25 12.6 141 116 012 0018 1.8 0.65 554 68.7 8070
SB1-ME11 50.2 0578 737 11.0 0.22 16.5 123 0.776 0.6 0009 15 0.73 105 222 4703
SB1-ME14 449 1.78 13.6 14.0 0.26 8.76 143 136 0.083  0.11 0.70  0.53 103 34.8 2959
SB1-ME16 45.6 0.711 133 135 0.26 111 129 118 0.19 0.026 0.86 0.59 125 42,5 2934
SB1-ME18 45.6 1.51 134 14.7 0.24 8.88 128 142 0.23 0.031 13 0.52 360 69.0 5223
SB1-ME21 48.3 0.638  9.63 111 0.24 13.7 136 102 0.27 0035 13 0.69 391 48.2 8122
SB3-40-DS 43.6 1.42 15.1 15.0 0.23 9.24 137 133 0.33 0.087 0.65 0.52 162 304 5334
SB3-ME2 41.0 4.09 17.6 16.2 0.39 8.10 114 0868 0.12 0.036 021 0.47 343 32.0 10702
SB3-ME5 429 1.84 13.8 16.8 0.33 8.12 126 156 0.19 0.12 0.62 046 181 321 5638
SB3-ME14 47.8 0905 919 14.5 0.32 134 123 1.09 017 0061 059 062 41.6 16.3 2543
SB3-ME19 414 1.92 15.7 17.5 0.31 8.67 10.7 180 0.61 0.12 1.0 0.47 80.7 35.7 2262
SB3-ME21 47.8 0514 102 104 0.24 14.6 134 0872 023 0.011 13 0.71 146 332 4392
SB3-ME25 385 3.53 171 19.8 0.34 6.88 117 0493 0.16 1.6 0.04 038 72.2 7.02 10292
SB3-ME30 404 291 18.2 15.3 0.29 8.65 113 1.28 0.36 0.41 0.79 0.50 212 38.3 5536
SB3-ME31 441 1.58 14.7 15.5 0.31 8.22 143 115 0.07 0.083 045 049 66.0 15.2 4347
SB3-ME32 441 0936 141 15.5 0.43 8.45 148 114 0.05 0.071 047 049 25.2 7.64 3303
SB3-ME37 48.2 0.774 817 134 0.26 16.0 113 0.782 019 0.020 023 0.68 250 32.2 7776
SB3-ME39 46.4 0542 138 9.90 0.22 133 150 0.727 011 0019 065 0.70 15.1 12.6 1197
Replicate 14.6 12.3 1187
SB3-ME40 49.3 0.530 830 113 0.24 15.0 134 0896 048 0.022 10 0.70 149 35.0 4244
SB4-1-DS 43.6 2.33 14.6 15.6 037 8.07 137 102 0.18 0017 14 0.48 12.8 10.9 1181
Reference materials
UB-N_1 249 453
UB-N_2 26.1 43.7
Recommended values” 23 +£2 45 + 2
BHVO_1 133 43.7
BHVO_2 128 444
BHVO_3 131 441
Recommended values” 129 £ 1 445 £ 0.8

4 Major elements are from Erdman and Lee (2018).
b Recommended values are from Wang et al. (2015).

sample. Detailed procedures for powder digestion, ion exchange
chromatography and instrumentation closely followed Wang et al.
(2015). Briefly, ~0.1 g sample powder and °Cu-199Ag spikes were
digested using HNO3-HF mixture in a Teflon Parr bomb and then
aqua regia in a 15 mL PFA vial. For chemical separation, two
columns were used: Column A, 2 mL AG1-X8 anion exchange resin,
and Column B, 1 mL AG1-X8 anion exchange resin. Two fractions,
containing Cu and Ag, respectively, were obtained after Column A
separation. The Ag fraction was ready for ICP-MS measurements.
The Cu fraction was further purified using Column B, and the final
Cu solution was ready for ICP-MS measurements.

Isotopic ratios were measured on a sector field ICP-MS (Ele-
ment XR, Thermo Fisher, Bremen, Germany) with an electron mul-
tiplier detector. The ICP-MS was fitted with a Twinnabar cyclonic
spray chamber (Glass Expansion) and a 0.1 mL/min MicroMist Ezy-

Fit nebulizer (Glass Expansion). To resolve Ti oxide interferences,
the %5Cu/%3Cu ratios were measured at a medium-resolution mode
(m/Am = 4000). The '99Ag/107 Ag ratios were determined at a low-
resolution mode. The ?1Zr and “*Nb were monitored because of
their potential oxide interferences on Ag. These oxide interferences
are negligible in our measurements, indicative of effective purifi-
cation, thus no correction was made. Three total procedural blanks
were analyzed during the whole analyses campaign, yielding aver-
ages of 12 ng Cu and 30 pg Ag, respectively. Blank corrections were
made for all samples. The blank contributions are <1% for Cu and
<2% for most Ag measurements. Reference materials UB-N (ser-
pentinite) and BHVO-2 (basalt) were analyzed as unknowns along
with the Arizona cumulates. As shown in Table 1, our results are
in good agreement with published values. Five replicates were an-
alyzed, and the five samples were replicated well (Table 1).
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Fig. 2. Sulfides in the Arizona garnet-pyroxenite cumulates. a: Irregularly shaped pyrrhotite and chalcopyrite inclusions. b: Intergranular pyrrhotite showing incipient alteration
along edges and fractures. ¢: An angular chalcopyrite inclusion. d: Irregularly shaped pyrrhotite inclusions. In our samples, irregular sulfides are dominated by pyrrhotites
existing as magmatic sulfide inclusions in garnets and clinopyroxenes, like those shown in d. Occasionally, intergranular pyrrhotites like the one presented in b are also
observed. And most of the intergranular pyrrhotites are oxidized along edges and fractures. Chalcopyrite inclusions (c¢) and polymineralic inclusions composed of pyrrhotite
and chalcopyrite (a) are rare. Insets a and b are from sample SB1-ME1, and ¢ and d are from sample SB1-ME3. White scale bars are 100 pm.

4. Results
4.1. Sulfides

Chalcophile elements are mainly concentrated in sulfides ow-
ing to their high D between sulfide and silicate phases (Li and
Audétat, 2012; Kiseeva and Wood, 2015). In our samples, sulfides
are dominated by pyrrhotite and mainly occur as magmatic sul-
fide inclusions in garnets and clinopyroxenes (Figs. 2a, ¢ and d).
Occasionally, intergranular sulfides are observed (Fig. 2b) and very
small sulfides (<5 pm) exist in the cores of oxides. Some magmatic
sulfide inclusions in garnets or clinopyroxenes occur as polyminer-
alic inclusions composed of pyrrhotite and chalcopyrite (Fig. 2a),
while others occur as singe phases of chalcopyrite (Fig. 2c) or
pyrrhotite (Fig. 2d). They show variable sizes (from <1 to ~50 pm)
and irregular or angular shapes (Figs. 2a, c and d). The presence of
these magmatic sulfides in many of the cumulates suggests that
sulfide saturation was achieved during magma differentiation.

4.2. Cu and Ag concentrations

Both whole-rock Cu and Ag show a triangular distribution
pattern when plotted versus whole rock Mg# in the cumulates
(Fig. 3a, b). Their concentrations are low in the most primitive cu-
mulates of Mg# > 0.75 (stage 1), then increase with decreasing

Mg# until Mg# reaches ~0.60 (stage 2), after which both Cu and
Ag concentrations decline with decreasing Mg# (stage 3). Most of
the Arizona cumulates have higher Cu concentrations than the es-
timates of average bulk continental crust of ~27 ppm (BCC). The
highest Cu concentration is ~1000 ppm. Most of the samples have
Ag concentration lower than the BCC. Unlike Cu, Ag is probably not
depleted during magmatic differentiation due to the lower Djag in
crystalline sulfides (~30) than D¢, (Li and Audétat, 2012; Kiseeva
and Wood, 2015; Cox et al., 2019). The difference between D¢, and
Dag in crystalline sulfides is also shown in the Cu/Ag versus Mg#
plot (Fig. 3c). Excluding the samples with Cu and/or Ag concentra-
tions lower than MORB (as their Cu/Ag may be affected by silicates
and trapped melts), these cumulates show overall increasing Cu/Ag
ratios with decreasing Mg# in stages 2 and 3 (Fig. 3c).

5. Discussion
5.1. A cumulate origin for Arizona garnet-pyroxenites

Four lines of evidence imply a cumulate origin for these garnet-
pyroxenites. First, there are obvious magmatic, cumulate textures
in some of the samples (Erdman et al., 2016). Second, their ma-
jor element concentrations are similar to the cumulates derived
from experimental studies of high pressure, hydrous fractionation
(Miintener and Ulmer, 2018 and references therein) (Fig. 4a). The
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Fig. 3. Cu (a), Ag (b), Cu/Ag (c) versus Mg# in the Arizona garnet-pyroxenite cumu-
lates. The areas with brighter colors in stages 2 and 3 mean higher sulfide mode in
the cumulates, as suggested by the higher Cu concentrations. The sulfide-rich and
sulfide-poor cumulates after sulfide saturation in (c) are divided based on the con-
centrations of Cu and Ag concentrations relative to those of primitive MORB (Mg#
> 0.80) (90 ppm and 27 ppb) (Jenner and O'Neill, 2012; Yang et al., 2018). Data
sources for arc basalts (SiO, < 54%), MORB and the bulk continental crust (BCC, the
star) are the same as in Fig. 1. (For interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.)

Arizona garnet-pyroxenites represent the middle segment of the
“Z-shaped” cumulate line of descent, displaying a decrease of SiO;
along with a quick drop of Mg# largely due to the fractionation
of garnets which are depleted in Si and enriched in Fe (domi-

nated by almandine in the Arizona samples). Third, the garnet-
pyroxenite xenoliths show identical major element compositions
to those from Sierra Nevada, which are of cumulate origin (Lee et
al., 2006), and to the cumulates from Kohistan arc (Jagoutz et al.,
2006; Dhuime et al., 2007). Finally, the increasing FeO trend with
decreasing Mg# in the Arizona samples is complementary to the
calc-alkaline differentiation trends in the Sierra Nevada batholith
and Central Andes magmas marked by strong Fe depletion (Fig. 4b)
(Chin et al.,, 2018; Lee et al., 2018; Tang et al., 2019a).

5.2. Tracking sulfide saturation during magma differentiation

In this section, we use Cu and Ag systematics to shed light on
the nature of sulfide fractionation during differentiation. We divide
magma differentiation into three stages based on the Cu and Ag
systematics in the Arizona cumulates. The first stage corresponds
to cumulate Mg# > 0.75 (melt Mg# >~0.63, see Appendix B), dur-
ing which the Cu and Ag concentrations in the Arizona cumulates
are low, similar to (for Cu) or lower (for Ag) than their abundances
in the average bulk continental crust. Because Cu and likely Ag are
highly incompatible in silicate minerals (Lee et al., 2012; Liu et
al,, 2014), the low Cu and Ag concentrations in the most primitive
cumulates suggest no sulfide saturation in the initial basaltic dif-
ferentiation. The second stage starts with the rapid increase in Cu
and Ag concentrations with decreasing Mg# between 0.75 and 0.60
as a result of sulfide fractionation. As differentiation proceeds, the
residual magma eventually reaches sulfide saturation. Sulfide frac-
tionation scavenges highly chalcophile elements (e.g., Cu) from the
melt and enriches the cumulates with these elements. The third
stage is marked by decreasing Cu and Ag concentrations with de-
creasing Mg# at Mg# < 0.60. At this stage, the system remains
sulfide saturated as evidenced by the overall high Cu and Ag con-
centrations in the cumulates, but the amount of crystallizing sul-
fides declines along the liquid line of descent. We emphasize that
the foregoing discussion reflects general trends. In detail, there are
individual samples that do not follow these general trends. For
example, several samples from the second and the third stages
have anomalously low Cu and Ag. Clearly, other processes, such as
melt-rock reaction and magmatic recharge (Lee et al., 2006), may
complicate the signals, but it is the overall trends that are of inter-
est to us in this paper.

We now turn to the Cu/Ag ratios of the cumulates. While Cu
and Ag elemental concentrations may index the onset of sulfide
saturation, Cu/Ag ratio can potentially be used to determine what
types of sulfides are fractionated, liquid or crystalline sulfides. Liq-
uid sulfide has Dcy/Dag of ~1 whereas crystalline sulfides have
Dcu/Dag > 1. Therefore, crystalline sulfides can fractionate Cu from
Ag but liquid sulfide cannot. During the stage 1, the system is
under-saturated in sulfides, so the cumulates have very low Cu
and Ag concentrations and their fractionation is controlled by sil-
icate minerals and trapped melt. After sulfide saturation (stage 2
and 3), cumulate Cu/Ag ratio generally increases with decreasing
Mg# (Fig. 3c), which is consistent with sulfide fractionation tran-
sitioning from liquid sulfide (= melt Cu/Ag) to crystalline sulfide
(> melt Cu/Ag), presumably as a result of cooling. Collectively,
these cumulates record a differentiation series from sulfide un-
dersaturated to liquid sulfide saturated and finally to crystalline
sulfide saturated.

5.3. Modelling sulfide fractionation in continental arc magma
differentiation

In magmatic systems, sulfide solubility is a function of pressure,
temperature, melt composition and oxygen fugacity ( f02) (Wallace
and Carmichael, 1992; O’'Neill and Mavrogenes, 2002; Liu et al.,
2007; Li and Ripley, 2009; Jugo et al., 2010; Ariskin et al., 2013;
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from Rudnick and Gao (2003).

Fortin et al., 2015; Smythe et al., 2017). In particular, because sul-
fur can exist in both S~ and S®* in silicate melts (e.g., Jugo et al.,
2005; 2010), magma redox conditions can have profound influence
on sulfide saturation and thus the fate of chalcophile elements like
Cu and Ag.

5.3.1. Model assumptions

We now model sulfide fractionation during continental arc
magma differentiation. Our calculation couples the empirical equa-
tions of sulfur content at sulfide saturation (SCSS) with a contin-
uous fractional crystallization model. Because the Arizona garnet-
pyroxenites represent the deep arc cumulates from calc-alkaline
magmas, we use igneous rocks from Central Andes as an empiri-
cal way to constrain the melt compositions during differentiation.
The pressure range is constrained by the Arizona cumulates (Smith
et al., 1994; Erdman et al,, 2016) and the temperature is estimated
using pMELTS (Ghiorso et al., 2002).

There are a number of published SCSS models (Wallace and
Carmichael, 1992; O'Neill and Mavrogenes, 2002; Li and Ripley,
2009; Ariskin et al., 2013; Smythe et al.,, 2017), but only the SCSS
models from Liu et al. (2007) and Fortin et al. (2015) were cali-
brated over a temperature range most relevant to our model. We
use the SCSS model from Fortin et al. (2015) as it represents an
updated version of the model from Liu et al. (2007). It is worth
pointing out that the SCSS model from Fortin et al. (2015) does not
consider the effect of sulfide composition. Adding of Ni and/or Cu
into a pure FeS phase has been shown to lower the SCSS (Ariskin
et al,, 2013; Smythe et al., 2017). For example, adding 10% Cu into
a pure FeS phase would decrease SCSS by ~100 ppm relative to a
pure FeS (Smythe et al., 2017). This ~100 ppm difference would
not change the model results significantly and thus the effect of
sulfide composition on SCSS will not be considered in the follow-
ing discussion. The Cu concentration of the initial magma (Mg# =
0.7) is assumed to be ~50 ppm based on primitive continental arc
magmas (Fig. 1a) and the initial S concentration was suggested to
be 800-1000 ppm modelled from a 10% degree melting of a mantle
peridotite with ~200 ppm S (Lee et al., 2012; Ding and Dasgupta,
2017).

The details of the model assumptions and calculations can be
found in Appendix A. A spreadsheet is also provided for the cal-
culation procedures in Appendix B. The main assumptions are as
follows:

1. We use a compilation of Central Andes igneous rocks to
quantify the liquid lines of descent for calc-alkaline differentiation

series from Mg# of 0.7 to 0.2. We assume that the water content
increases linearly from 4 wt. % to 8 wt. % with differentiation.

2. We let pressure decrease linearly from 2 GPa at Mg# = 0.7
to 1 GPa at Mg# = 0.2. More details on this assumption can be
found in Appendix A. Melt temperature is calculated by pMELTS
(Ghiorso et al., 2002) for each composition.

3. We use the SCSS model by Fortin et al. (2015) to obtain the
$2- solubility in the melt and the empirical equation from Jugo et
al. (2010) to calculate the total S content for any given melt fO,.

4, The mass fraction (F) of the residual magma in each step rel-
ative to the initial magma is calculated using K»O contents, which
we treat as a near perfectly incompatible element so that resid-
ual melt fraction is the inverse of the K,O enrichment relative to
the parental magma. We divide the fractionated phases into two
groups: sulfides and non-sulfide minerals. Initial S content in the
melt is 1000 ppm and S is assumed to be perfectly incompatible
in non-sulfide minerals. The partition coefficients for Cu is ~1000
between liquid sulfide and silicate melt, and ~300 between crys-
talline sulfide and silicate melts. To use these partition coefficients,
we assume the sulfide phases have a pyrrhotite composition. This
is because, for an immiscible sulfide melt equilibrating with a sil-
icate melt with Cu and Ni existing as trace elements, the sulfide
melt usually has a pyrrhotite composition (Li and Audétat, 2012;
Kiseeva et al., 2017). Chalcopyrite or pentlandite may be formed in
local environments when Cu or Ni becomes very enriched. More-
over, Cu-sulfides in the Arizona cumulates are rare and most of the
sulfides present in the cumulates are pyrrhotite. When the tem-
perature is >1200°C, liquid sulfide dominates, and at temperature
<1200°C, crystalline sulfide is the major sulfide phase (Zhang and
Hirschmann, 2016). Silicate minerals have a bulk Cu partition co-
efficient of 0.05.

5. We consider two possible fO; evolution paths during
magma differentiation. First, the fO, is assumed to be constant
during magma differentiation. Second, the fO; is assumed to in-
crease linearly by two logarithmic units as magma Mg# decreases
from 0.7 to 0.2 (Tang et al., 2018; 2019b; Lee and Tang, 2020, see
below for details).

5.3.2. Sulfide fractionation under constant melt f 0,

Our model results at constant fO, are shown in Fig. 5. At
fO, below FMQ (fayalite-magnetite-quartz oxygen fugacity buffer),
SCSS is independent of fO, (e.g., O'Neill and Mavrogenes, 2002),
because S2~ is the dominant S species. The calculated initial SCSS
(melt Mg# = 0.70) is ~1380 ppm, higher than the S content in
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the initial melt (~1000 ppm). Thus, the melt is undersaturated
initially, and the S and Cu concentrations will increase in the resid-
ual melt and are negligible in the cumulates (Fig. 5a and c). As
differentiation proceeds, the SCSS decreases, due to decreasing T
and decreasing melt FeOr content (O’Neill and Mavrogenes, 2002;
Smythe et al, 2017), and the melt will eventually reach sulfide
saturation. Copper concentration in the instantaneous cumulate in-
creases rapidly after sulfide saturation (Fig. 5¢), and then decreases
as the melt becomes Cu depleted. At fO, < FMQ+0.5, our model
can produce simultaneously the Cu systematics seen in continen-
tal arc magmas and Arizona cumulates. The Cu peak in cumulates
become extremely narrow under slightly oxidized conditions ( fO;
= FMQ+1.5, Fig. 5¢). At fO, > FMQ+2, sulfides remain under-
saturated throughout the differentiation because most of the S is
oxidized to S®*, thus the high SCSS (Jugo et al., 2005). In this case,
Cu behaves as an incompatible element and its concentration in
the melt continues increasing with differentiation (Fig. 5d).

5.3.3. Sulfide fractionation under increasing melt f 0,

Recently, it has been suggested that magma oxygen fugacity
may increase with differentiation in continental arcs built on thick
crust due to the fractionation of garnet, which has high total Fe
contents but low Fe3*|3 Fe (Tang et al., 2018; 2019b). To explore
this effect in a simple manner, we assume the melt fO, increases
linearly by two log units during the entire differentiation process,
the lower bound of the fO, increase from Tang et al. (2018). We
find that, under increasing melt fO,, the initial melt fO, must be
lower than FMQ to saturate sulfides during differentiation (Fig. 6).
In fact, an even lower initial melt fO, (<FMQ-0.5) is required to
generate the continuous Cu depletion along the liquid line of de-
scent seen in continental arc magmas (Figs. 6d and 1a).

5.34. Uncertainties and caveats

The largest uncertainty in our modelling is the redox window
of S-S+ transition. We used the empirical melt S®*/3"S—f0,
relationship from Jugo et al. (2010), which was obtained for a
basaltic system at 0.2 GPa and 1050 °C. The recent work by
Matjuschkin et al. (2016) and Nash et al. (2019) showed that both
temperature and pressure can affect the melt S®+/3°S—f0, re-
lationship such that S-S transition occurs at lower fO at
higher temperature and lower pressure. We did not parameter-
ize the temperature and pressure effects in our modelling in part
because these effects have not been calibrated experimentally. Us-
ing the S®*/>"S—f0, relationship from Jugo et al’s (2010) low
pressure experiments (0.2 GPa) may underestimate the fO, of
$2--$%+ transition at the higher pressures assumed in our mod-
elling (1-2 GPa). However, the temperature of the onset of sul-
fide saturation in our modelling is also higher (~1200°C) than in
Jugo et al’s (2010) experiments (1050°C). Thus, the temperature
and pressure effects on S2~-S®* transition and sulfide saturation
may largely compensate each other. Although our modelling sug-
gests that the fO, of the primitive arc magma is likely reduced
(<FMQ), the pressure effect on S2~-S®% transition, which is not
accounted for in our model, may allow sulfide saturation under ox-
idized conditions if the differentiation pressure is sufficiently high
(Matjuschkin et al., 2016). Thus, the current modelling does not
allow for precise constraint on the redox condition of the primi-
tive arc magmas. Indeed, some previous studies suggested that the
primitive arc magmas may be oxidized, caused by oxidized fluids
released from subducted slab (e.g., Kelley and Cottrell, 2009). Addi-
tionally, our simplified model cannot precisely quantify the timing
and amount of sulfide fractionation because of the uncertainties in
SCSS and S?~-S®* transition and the complexities associated with
continental arc differentiation processes, but our model can repro-
duce the overall Cu trends in both cumulates and continental arc
magmas (Figs. 5 and 6).
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for Central Andes magmas are the same as in Fig. 5.

5.4. Implications for continental crust formation

The Arizona garnet-pyroxenite cumulates are, to the best of our
knowledge, the first rocks that have been reported so far to show
significantly higher Cu/Ag ratios than the primitive arc magmas
and MORB. Together with their high Cu concentrations, these cu-
mulates may represent the missing reservoir with both high Cu
concentration and high Cu/Ag ratios to balance the low Cu concen-
tration and low Cu/Ag ratios of evolved arc magmas (Fig. 7a). It has
been suggested that 80-95% of the modern continental crust was
generated in subduction zones (Barth et al., 2000; Hawkesworth
and Kemp, 2006) and the modern continental crust is character-
ized by depleted Cu and low Cu/Ag ratio (Rudnick and Gao, 2003).
To obtain a bulk continental crust with low Cu abundance and low
Cu/Ag ratio requires the formation of a high Cu concentration and
high Cu/Ag cumulate layer in arc roots followed by its recycling
into the mantle (Fig. 7) (Lee et al., 2012; Jenner, 2017; Wang et
al., 2018). The geochemical mismatch between the basaltic crustal
building blocks and the modern andesitic continental crust, also
referred to as the “crust composition paradox”, leads to the long-
standing hypothesis of a missing ultramafic reservoir, but the na-
ture of this missing reservoir remains enigmatic (e.g., Rudnick,
1995; Lee, 2014). Our work here suggests that a large amount of
Cu sequestered in sulfides is recycled back into the mantle together
with the delaminated mafic-ultramafic rocks.

Importantly, a comparison of the Cu concentrations in continen-
tal arcs, island arcs and the average continental crust indicates that
not all subduction zones may generate the magma differentiation
series that fits the continental crust compositions (Fig. 1). Today,
island arc magmas are systematically more enriched in Cu than
continental arc magmas (Chiaradia, 2014). Island arc magmas with
MgO >~ 3% have Cu concentrations much higher than the average
continental crust (50-130 ppm versus ~30 ppm). By contrast, Cu

Thick crust, early sulfide saturation, low Cu

Differentiated magmas
with earlier sulfide saturation

Magma chamber

Sulfide-bearing cumulates
with high Cu and Cu/Ag

Thin crust, late sulfide saturation, high Cu

Evolved magmas with
late sulfide saturation

—>Magma chamber

umulates

Fig. 7. Cartoon showing the timing of sulfide saturation during magma differentia-
tion in thick arcs versus thin arcs. Early fractionation of sulfides at the roots of thick
arcs (e.g., continental arcs) sequesters Cu from the magmas. These sulfides, together
with the mafic-ultramafic rocks, may be recycled back into the mantle, driving the
Cu depletion of the bulk continental crust. The relatively late sulfide saturation in
the magmas of thin arcs (e.g., island arcs) results in higher Cu concentration in thin
arc crust than in the bulk continental crust.
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concentrations in continental arc magmas decrease gradually from
~50 ppm to ~10 ppm with differentiation, with the bulk conti-
nental crust lying within the trend (Fig. 1a). These observations
require early sulfide saturation, as is the case in continental arcs,
in making continental crust (Fig. 7) (Jenner, 2017; Lee and Tang,
2020). Thus syn-magmatic crustal thickening is critical for making
the continental crust. This viewpoint is consistent with the com-
plementary Nb/Ta systematics observed in cumulates and magmas
formed in continental arcs (Tang et al., 2019a), which also indicates
that the continental crust predominantly formed in magmatic oro-
gens such as thick continental arcs.

6. Conclusions

The lower Cu abundance and lower Cu/Ag ratio in the bulk con-
tinental crust than its building blocks, basaltic arc magmas, implies
that something is missing for the Cu budget during mantle-crust
differentiation. Garnet-pyroxenites from Arizona, USA, which rep-
resent deep-seated cumulates from an extinct continental arc, were
analyzed for Cu and Ag concentrations by isotope dilution. The
Arizona cumulates are sulfide-bearing and enriched in Cu (up to
~1000 ppm). And they also have higher Cu/Ag (up to ~10,000)
than arc basalts. Copper and Ag systematics in the Arizona cu-
mulates and continuous Cu depletion in continental arc magma
differentiation suggest earlier sulfide saturation than in island arc
magmas. Modelling shows that the earlier sulfide saturation is fa-
cilitated by cooling and iron depletion in the melt.

Two major implications can be drawn from the above obser-
vations and calculations. One is that most of the Cu extracted
from the mantle in continental arc settings is scavenged by sul-
fides in deep cumulates during magma differentiation. The low Cu
abundance and low Cu/Ag ratio in the average continental crust
requires the formation of Cu-enriched cumulate layers at arc roots
followed by its recycling into the mantle (delamination/founder-
ing). The other is that, to achieve a Cu-depleted continental crust,
continent growth should mainly occur in thick continental arcs,
rather in thin island arcs. Therefore, syn-magmatic crustal thicken-
ing is a necessary step for making continents.
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