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The generation and differentiation of continental crust by arc magmatism is strongly influenced by 
episodes of high magmatic flux (“flare-ups”). Magmatic flare-ups encourage the development of deep 
crustal hot zones where magmatic differentiation and density stratification combine to form the upper 
felsic and lower mafic continental crust. Such processes, which are responsible for the construction of 
continental arc crust, are prolonged events, which build a ∼30-40 km arc crust over tens of million 
years (∼100 Myr). New zircon U-Pb data reveal that the construction of Cadomian crust from NE Iran 
occurred over ∼15 ± 0.3 Myr. However, compiled zircon U-Pb ages reveal a prolonged magmatic flare-
up of ∼45 Myr; ∼570 to 525 Ma. Basement outcrops in NE Iran expose lower- and upper crust that 
show how magmatic-geochemical differentiation occurred deep beneath a Cadomian continental arc in a 
crustal hot zone. Isotopic data for igneous rocks produced during this 45 Myr episode reveal interactions 
between mantle-derived melts and old continental crust. Synthesis of new and published data indicates 
that this type of interaction is common during periods of high magmatic fluxes. Our results indicate that 
differentiation of mafic melts in the lower crust during prolonged magmatic flare-ups plays a key role in 
building a stratified continental crust.

Crown Copyright © 2019 Published by Elsevier B.V. All rights reserved.
1. Introduction

Subduction-related magmatism along active continental mar-
gins is regarded as one of the main mechanisms for the genera-
tion of magmatic pulses within the continental crust. However, the 
controlling factors and time-scales producing compositional diver-
sification within most arcs remain controversial. Arc magmatism 
in most subduction zones is a prolonged process, which builds a 
∼30-40 km arc crust over tens of millions of years (∼100 Myr for 
continental arcs vs ∼40 Myr for oceanic ones, Ducea et al., 2015b), 
although recent zircon U-Pb observations on the Sierra Valle Fertile 
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crustal section (Famatinian arc, Argentina), show that the entire 
arc crust (∼30 km thickness) can be built by magmatic processes 
within ∼4 Ma (Ducea et al., 2017). These short-lived magmatic 
processes are responsible for the construction of continental crust 
in some modern arcs (Jicha and Jagoutz, 2015), but their role in the 
building of crust in ancient arcs, such as the Neoproterozoic-Early 
Cambrian arcs from northern Gondwana, is enigmatic. The other 
ambiguities we want to understand are the mechanisms that con-
trol the lower-middle crustal diversification in ancient arcs. Both 
short-lived and prolonged magmatism in most arcs is accompa-
nied by high-magmatic fluxes (“flare-ups”) and the removal of the 
deep lithosphere by delamination (Ducea et al., 2015a, 2015b).

Seismic-velocity measurements suggest that the lower- and 
middle crust of continental arcs is composed chiefly of gabbroic 
and intermediate tonalitic rocks and their metamorphic equiva-
lents (Kitamura et al., 2003). The composition and flux of mantle-
derived magmas and the processes operating on these to produce 
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lower continental crust through continental arc magmatism have 
been investigated experimentally (Christensen and Mooney, 1995)
and by petrological and geochemical modeling (Jagoutz, 2014). 
Magmatic differentiation occurs at intermediate crustal levels 
(∼20-30 km deep), mostly associated with large intrusions of in-
termediate to felsic composition, and in lower-crustal “deep crustal 
hot zones” (Annen et al., 2006) and/or mafic zones (Walker et al., 
2015), where differentiating mantle-derived magmas interact with 
pre-existing crust, in MASH (combined Mixing, Assimilation, Stor-
age and Homogenization) zones. Lower-crustal MASH processes 
can also be linked to the foundering of ultramafic-mafic cumu-
lates and residues back into the mantle.

Studying lower crustal arc sections is difficult, but is possible 
in some places, for example Kohistan and Talkeetna. The Kohis-
tan area (NE Pakistan) exposes juvenile continental crust formed in 
an Early Cretaceous oceanic arc (Jagoutz and Schmidt, 2012). Fur-
ther evidence for magmatic stratification beneath arc roots comes 
from observations of the Jurassic Talkeetna continental arc (south-
central Alaska) (Behn and Kelemen, 2006), the late Paleozoic Cabo 
Ortegal complex (Spain) (Tilhac et al., 2016), and the Ordovician 
Famatina Complex of Argentina (Ducea et al., 2017; Walker et al., 
2015). The aim of this study is to utilize these and other insights to 
evaluate the role of different magmatic fluxes in forming a differ-
entiated crust and to better understand how the continental crust 
of Iran formed. This crust mostly formed in Late Ediacaran and 
Early Cambrian time during an episode known in Europe as the 
Cadomian orogeny. We focus on exposures around Torud in NE 
Iran (Fig. 1), where lower crust and complementary upper crust 
are exposed, providing a quasi-continuous exposure of a Cadomian 
continental magmatic arc. Our results indicate that magmatic dif-
ferentiation occurred predominantly in the deep crust beneath this 
arc, during a flare-up event. Our results strongly support the idea 
that deep crustal “hot zones” existed beneath such arcs, where 
mafic melts differentiated, and further suggest that lower-crustal 
foundering associated with the hot zone was incomplete. We also 
show that the Cadomian arc crust of Iran was entirely formed by 
magmatic processes within ∼15 Myr, which is significantly longer 
than in modern arcs.

2. Geological background

The Cadomian orogen of Europe, SW Asia (Iran and Anatolia) 
and E. North America was a Late Ediacaran to Early Cambrian pe-
ripheral accretionary margin and magmatic arc generated above a 
south-dipping subduction zone along northern Gondwana (Linne-
mann et al., 2010). Cadomian arc magmatism in Iran and Anatolia 
occurred in a transtensional setting above this subduction zone 
to build the ribbon continent “Cimmeria” which rifted off Gond-
wana and accreted to Eurasia in late Paleozoic time (Moghadam 
et al., 2015). Cadomian arc magmatism generated the continental 
nuclei of Iran, with a magmatic “flare-up” in latest Ediacaran time 
(Moghadam et al., 2017d).

Significant exposures of Cadomian magmatic rocks in Iran 
are known from the west (Golpayegan), northwest (Khoy-Salmas, 
Zanjan-Takab), northeast (Torud, Taknar) and central regions (Sag-
hand) (Fig. 1A). The Cadomian basement rocks of Iran were mostly 
exhumed as a result of Cenozoic extension and core-complex for-
mation (Verdel et al., 2007). Cadomian magmatic rocks in Iran and 
Turkey mostly form felsic plutons (granite to tonalite) along with 
minor dacitic to rhyolitic extrusive rocks. Intermediate to mafic in-
trusive rocks are less abundant and basaltic lavas are rare.

Cadomian crust is exposed over about 40,000 km2 in NE Iran, 
from NE of Torud to south of Taknar (Fig. 1B). It is overlain 
by Jurassic and Cretaceous metasedimentary rocks. Ar-Ar and K-
Ar ages on muscovite and biotite from NE Iran orthogneisses 
yield ages of ca 160 and 171 Ma, respectively (Rahmati-Ilkhchi 
et al., 2010), which are interpreted as the ages of metamorphism 
and exhumation. Recent Ar-Ar data show that the exhumation 
has occurred during Late Cretaceous time, due to the extensional 
phases which were affecting the Iranian plateau during that time 
(Malekpour-Alamdari et al., 2017). Cadomian exposures in NE Iran 
include a section of middle to upper crust, comprising gabbroic-
dioritic intrusions (U-Pb zircon age ∼556 Ma) grading into a 
thick sequence (∼20 km) of granitoid intrusions (U-Pb zircon ages 
∼532-552 Ma) grading upward into felsic volcanic rocks (U-Pb zir-
con age ∼550 Ma) and psammitic to volcanogenic metasediments 
(with detrital U-Pb zircon ages of ∼549-552 Ma) (Moghadam et al., 
2015). Felsic and mafic (amphibolite) dikes and sills yield zircon U-
Pb ages of ca 532-554 Ma (Hosseini et al., 2015). Felsic intrusions 
comprise I-type granites, granodiorites and tonalites; these are iso-
topically variable, with initial εNd of −6 to +7, zircon εHf ranging 
from −9.6 to +10.7 and δ18O of zircon between ∼+5 to >+9�. 
These isotopic data suggest the involvement of both juvenile melts 
and older continental crust (Moghadam et al., 2015).

The recently discovered arc section in the Cadomian segment 
of NE Iran (Torud) integrated with the neighboring crustal ex-
posures, is one of the best quasi-continuous vertical, but tilted 
deep exposures of a subduction-related Cadomian continental arc 
crust in Iran. The upper-crustal rocks in this area are dominated 
by metasediments, including paragneissic rocks and metapelites, 
grading downward into middle crust dominated by felsic to inter-
mediate intrusions, interlayered with metasedimentary host-rocks. 
Mafic rocks are also present in the middle crust but are rare. The 
upper-middle crustal intrusive rocks are mildly to highly deformed 
and metamorphosed to various types of gneissic rocks, dependent 
of their composition (e.g., granitic gneisses to dioritic gneisses). 
Felsic dikes (variably metamorphosed) are abundant in the middle-
crustal intrusions.

The middle-upper crustal section changes downward into 
middle-lower crustal outcrops including amphibole-bearing mafic 
rocks – now appearing as mylonitic gabbros, meta-gabbroids and 
amphibolites with a cumulate-like texture; hereafter referred to 
as cumulate rocks – with a total thickness of ∼4 km. Some of 
these mafic rocks are highly deformed mylonites, whereas some 
just show slight traces of metamorphism. In this study, we fo-
cus on zircon U-Pb ages of magmatic rocks from this Cadomian 
section and particularly on the cumulate rocks as a likely “deep 
crustal MASH zone” that was responsible for generating Cadomian 
middle-upper crust felsic rocks associated with an ∼10 Ma long 
Cadomian arc-crust generation in NE Iran.

3. Analytical methods

Twelve new LA-ICPMS and SIMS zircon ages and Lu-Hf iso-
tope data are reported on middle to lower crustal intrusions, both 
cumulates and their metamorphic equivalents (metagabbros, my-
lonitic gabbros and amphibolites) as well as granitic to tonalitic 
gneisses. We analyzed five samples (those dated by LA-ICPMS) for 
zircon trace elements and used these data to carry out Ti-in-zircon 
thermometry. Whole-rock major- and trace elements and Sr-Nd-
Pb isotopes, and the compositions of minerals in magmatic rocks 
are also presented. We used also Electron Back-Scatter Diffraction 
analysis to investigate the microstructures of the studied rocks. An-
alytical procedures are described in Appendix A.

4. Results

4.1. Sample descriptions

Field work and sample collection were done on felsic to in-
termediate metamorphosed intrusions and dikes from the upper-
middle crust and on lower crustal cumulate rocks from the area 
NE of Torud (NE Iran, Fig. 1). The new data presented here are 
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Fig. 1. A - Simplified geological map of Iran showing the distribution of Cenozoic igneous rocks, Mesozoic ophiolites, Paleozoic-Mesozoic igneous rocks and Cadomian 
basement rocks; the location of the study area is also shown. Cadomian basement makes up most of the crust of Iran. Modified from Moghadam et al. (2017a) with John 
Wiley and Sons Inc. permission. B - Simplified geological map of NE Iran (Modified after 1/250,000 geological maps of Kharturan and Torud, Geological Survey of Iran) (For 
interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
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Fig. 2. Back-scattered images showing the symplectite overgrowths between olivine and plagioclase (in sample SH16-34), which composed of orthopyroxene and amphibole 
(A) with fine-grained vermicular growth of garnet (B). Zoned plagioclase from metagabbros (sample SH16-9) (C) with amphibole corona between olivine and plagioclase (D). 
Undeformed plagioclases from mylonitic gabbros (E) and garnet porphyroclasts (F) from gneissic granites. Garnets contain quartz and amphibole inclusions. Thin red dashed 
lines outline the boundaries between different mineral phases.
integrated with other data from Cadomian terranes of NE Iran 
(Moghadam et al., 2015).

Cadomian cumulate rocks from NE Iran include gabbronorites 
(olivine + clinopyroxene; Cpx + orthopyroxene; Opx + plagioclase 
± spinel), metagabbros (Cpx + amphibole + plagioclase ± olivine 
± Opx ± garnet ± quartz ± phlogopite), amphibolites (amphi-
bole + plagioclase ± Cpx ± quartz ± K-feldspar) and metapy-
roxenites (olivine + altered Cpx + titanomagnetite). Granitic (now 
granitic gneiss) dikes crosscut these rocks and include quartz 
+ K-feldspar + plagioclase ± garnet ± biotite. Middle-crustal 
metamorphosed intrusions and their crosscutting dikes comprise 
granitic to tonalitic gneisses. These rocks contain K-feldspar (ortho-
clase and microcline) + quartz + plagioclase + biotite ± garnet ±
amphibole ± muscovite ± allanite. The detailed petrographic com-
position of the sampled rocks is presented in Table S1.
Symplectites are present between olivine and plagioclase in 
metagabbros and comprise thin bands of Opx and thick bands of 
amphibole (Figs. 2A-S1A). Vermicular garnet is present within the 
amphibole coronas (Figs. 2B-S1B). Plagioclase in gabbronorites is 
slightly zoned (Figs. 2C-S1C) and shows a thin amphibole corona 
at the contact with olivine (Figs. 2D-S1D). Plagioclase from my-
lonitic gabbros shows slight patchy zonation (Figs. 2E-S1E). Garnets 
in granitic gneisses are not zoned and include grains of quartz and 
amphibole (Figs. 2F-S1F).

Granitic gneisses and gabbros reveal varying degrees of de-
formation. A granitic gneiss (SH16-28) displays deformed quartz 
(i.e. abundant subgrains and undulose extinction) coexisting with 
relatively unstrained feldspars (Fig. 3) suggesting this sample un-
derwent plastic deformation. A mylonitic gabbro (sample SH16-
42) shows relics of strained clinopyroxenes (∼1 mm in grain 
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Fig. 3. (A) Map of misorientation to the mean grain orientation for quartz grains from Cadomian granitic gneiss (sample SH16-28). Quartz shows complex grain boundaries, 
grain boundaries migration and dynamic recrystallization by subgrain rotation. (B) Map of misorientation to the mean grain orientation for feldspar. Feldspars do not show 
extensive internal misorientation compared to that of the surrounding quartz.

Fig. 4. Map of misorientation to the mean grain orientation for amphiboles (A) and clinopyroxene (B) from mylonitic gabbros (sample SH16-42). Note the important lattice 
misorientation for the coarse-grained amphibole contrasting with the misorientation-free and texturally equilibrated smaller-grained fraction amphibole. Pole figures for 
amphibole (C) and clinopyroxene (D) for the same sample. The amphibole [001] axes form two clusters with one of them having a similar direction as that of [001] of 
clinopyroxene. Clinopyroxene [010] also fall within a similar direction as that of [010] of amphibole. A second cluster of [001] of amphibole is found at a high angle from 
that of clinopyroxene [001].
size, Fig. 4) surrounded by coarse-grained (∼1-2 mm in grain 
size) amphiboles rich in lattice misorientations. Fine-grained (∼50-
150 μm in grain size) and unstrained (i.e. 120◦ triple junctions 
and misorientation-free) amphiboles surround the larger amphi-
boles (Fig. 4). Crystallographic preferred orientations of amphibole 
and clinopyroxene in the mylonitic gabbro are presented in Fig. 4. 
It displays a crystallographic preferred orientation for the amphi-
bole (J- and M-indices of 2.32 and 0.04). A cluster of amphibole 
[001] and [010] axes have directions similar to those of Cpx [001] 
and [010] axes, respectively.
4.2. Mineral compositions

Clinopyroxene from cumulate gabbros is augite (Fig. S2A) with 
Mg# ∼0.8. Orthopyroxene has high Al2O3 contents (1.3 to ∼2 
wt%; Table S2). Olivine has forsterite contents of 69-77%. Cumu-
late plagioclase has labradorite to bytownite composition, whereas 
metagabbros and mylonitic gabbros have more sodic plagioclase, in 
the range of oligoclase-andesine (Fig. S2B). Granodioritic gneisses 
contain plagioclase with andesine composition. Most amphibole 
cumulates (and their metamorphic equivalents) are character-
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ized by high-Al (Al2O3 = 10-15 wt%) pargasitic and magnesio-
hornblende compositions, but edenitic and tschermakitic composi-
tions are also common (Fig. S2C). Garnet from mylonitic gabbros 
has high contents of almandine (55.7%) and grossular (38%) but 
low pyrope (2.1%) and spessartine (4.1%) endmembers, whereas 
granitic gneisses have garnets with slightly higher almandine 
(∼56-58%). Garnet in granodioritic gneisses has almandine end-
member in the range of 49.3 to 67.7%. Mica in granitic gneisses is 
biotite (Mg# ∼0.2-0.3), whereas mylonitic gabbros carry phlogo-
pite (Mg# ∼0.8). Spinels are ferritchromite with high FeO (37-66 
wt%) and Cr# 0.2-0.4 (Table S2).

4.3. Zircon U-Pb dating and Hf isotope

Figs. 5 and S3 show the LA-ICPMS and SIMS U-Pb zircon 
ages obtained in this study for two Cadomian metagabbros, one 
metagabbronorite, one mylonitic gabbro, one granitic (-gneiss) dike 
within tonalitic gneisses, one hornblende-bearing metagabbro, one 
tonalitic gneiss, four granitic to granodioritic gneisses and one 
granitic (-gneiss) dike within granodioritic gneisses. Details of the 
U-Pb geochronology are provided below.

4.3.1. Sample SH16-28
This sample is a garnet-bearing granitic gneiss, injected within 

the Cadomian coarse-grained tonalitic gneisses. The sample con-
tains porphyroblasts of quartz, K-feldspar, plagioclase, biotite and 
garnet. CL images of zircons revealed neither inherited cores nor 
metamorphic rims. Zircons are ∼150-100 μm long. Most zircons 
have oscillatory zoning. Zircons separated from this sample contain 
115-1713 ppm U, 276-1394 ppm Th and Th/U = 0.2-0.8. We ana-
lyzed 38 zircon grains from this sample (Table S3A). Twenty-seven 
analyses are concordant (Fig. 5) and yield a mean 206Pb/238U age 
of 537.7 ± 2.6 Ma (MSWD = 1.3). This is taken as the crystalliza-
tion age of this granitic dike. Some zircons have 206Pb/238U ages of 
541 to 566 Ma (and one grain with 669 Ma) and are considered as 
antecrystic and xenocrystic zircons.

Sample SH16-28 displays a noteable range of εHf, between 
−3.4 and −24.7 (Table S5). Corresponding crustal model ages 
(TDM

C) for zircons from sample SH16-28 vary from 1.7 to 3 Ga.

4.3.2. Samples SH16-14 and SH16-43
These samples are metagabbros with relict plagioclase, amphi-

bole and clinopyroxene. Zircons separated from these samples are 
large (>100 μm in sample SH16-43) or short prismatic (∼70-
100 μm in sample SH16-14) and most show oscillatory zoning. 
Zircons contain 186-4395 ppm U, 159-11666 ppm Th contents and 
Th/U from 0.3-4.7 (Table S3A). Some zircons have high Th and U 
content. Out of thirty-five zircon grains analyzed from each sam-
ples twenty-two grains yield a mean 206Pb/238U age of 542.1 ± 2.5 
Ma (MSWD = 1.5; Fig. S3) for sample SH16-14 and twenty-one 
zircons from SH16-43 give a mean 206Pb/238U age of 534.3 ± 2.1 
Ma (MSWD = 2). These ages (∼542-534) are taken as the crystal-
lization ages of the gabbros. Some other zircons show 206Pb/238U 
ages of >547 Ma and up to 624 Ma, which are considered as 
both antecrystic and inherited zircons. Sample SH16-43 includes a 
few zircons with high U and Th contents, and these zircons show 
younger ages of 505 and 509 Ma. We have deleted these younger 
ages from age interpretation of this sample, as they probably are 
related to destruction of the zircon structure and Pb loss due to 
the high U and Th abundances.

Sample SH16-43 displays a notable range of εHf, between +2.7 
and +9.2 (Table S5). Corresponding crustal model ages (TDM

C) for 
zircons from sample SH16-43 vary from 0.9 to 1.3 Ga. Sample 
SH16-14 has zircon εHf ranging from +6.9 to −0.2, lower than 
the εHf values of zircons in sample SH16-43. Corresponding TDM

C

for zircons from sample SH16-14 vary from 1.1 to 1.5 Ga.
4.3.3. Sample SH16-17
This sample is a foliated hornblende-bearing metagabbro. 

The sample contains coarse-grained relict amphibole, plagioclase, 
quartz with clinopyroxene. CL images of zircons revealed neither 
inherited cores nor metamorphic rims. Zircons are short prismatic, 
and ∼50-70 μm long. Most zircons are homogeneous and lack 
oscillatory zoning, except in the grains’ rims. Zircons separated 
from this sample contain 279-2642 ppm U, 222-7281 ppm Th and 
Th/U = 0.7-3.5. We analyzed 35 zircon grains (Table S3A). Zir-
cons are concordant or near concordant (Fig. 5) and yield a mean 
206Pb/238U age of 536.8 ± 2.4 Ma (MSWD = 1.9). This is taken 
as the crystallization age of this hornblende-bearing metagabbro. 
Sample SH16-17 has zircon εHf values ranging from +6.5 to −7.9, 
more variable than the εHf values of other gabbroic zircons. Cor-
responding TDM

C for zircons from sample SH16-17 vary from ∼1.1 
to 2 Ga.

4.3.4. Sample SH16-42
This sample is a highly deformed mylonitic metagabbro. It con-

tains relict amphibole, plagioclase, clinopyroxene, with quartz and 
garnet. There are neither inherited cores nor metamorphic rims in 
zircon grains of this sample. Zircons are short-medium prismatic 
∼70-100 μm long. Most zircons display some oscillatory zoning.

The zircons contain 422-2833 ppm U, 277-4289 ppm Th and 
Th/U = 0.6-1.5. We analyzed 23 zircon grains from this sample (Ta-
ble S3A). Nineteen analyses yield a mean 206Pb/238U age of 531.9 
± 2.4 Ma (MSWD = 1.6) (Fig. 5). This is taken as the crystallization 
age of this gabbroic rock. Zircons from sample SH16-42 displays a 
narrow range of εHf, between +3.1 and −0.1 (Table S5). Corre-
sponding TDM

C for zircons from sample SH16-42 vary from 1.5 to 
1.3 Ga.

4.3.5. Sample SH16-34
This sample is taken from Torud gabbronorites and contain 

olivine, Cpx, Opx and plagioclase. Zircon grains from this sam-
ple are small, from ∼50 μm. Most crystals have magmatic zona-
tion. Twenty-four analyses are characterized by relatively moderate 
Th/U (∼0.2-6.2) and low common lead ( f206, the proportion of 
common 206Pb in total measured 206Pb, <1.3%) (Table S3B). All 
analyses are concordant within analytical errors (Fig. 5), yielding 
a concordia age of 541.8 ± 2.9 Ma on a 206Pb/238U vs 207Pb/235U 
diagram. The weighted mean 206Pb/238U age of is 541.6 ± 3.3 Ma. 
This age is interpreted as the crystallization age of this sample. 
Zircon εHf values vary between +8.3 and −1.6 (Table S5). Corre-
sponding TDM

C for zircons from sample SH16-34 vary from 0.9 to 
1.6 Ga.

4.3.6. Sample SH16-10
This sample is a tonalitic gneiss and contains plagioclase, am-

phibole and quartz with rare K-feldspar. Zircons are long prismatic 
(100-150 μm) and stubby with concentric and oscillatory zon-
ing. Thirteen analyzed points show low Th/U of 0.2-0.6. Common 
lead ( f206) is <0.6%. The analyzed zircons give a weighted mean 
206Pb/238U age of 542.1 ± 2.9 Ma (MSWD = 0.9). Zircons from 
sample SH16-10 display a narrow range of εHf, between −2.6 and 
−6.1 (Table S5). Crustal model ages for zircons from sample SH16-
10 vary from 1.7 to 1.8 Ga.

4.3.7. Samples CHJ10-17, BJ11-26 and BJ11-27
These samples are taken from middle-crustal granodioritic 

gneisses and contain plagioclase, K-feldspar and quartz along with 
biotite and garnet. Zircons are mostly short to long-prismatic 
(>70 μm to 150 μm) and some have inherited cores. The analyzed 
spots (30 spots for each sample) have Th/U ratios of 0.1 to 0.6 
with quite low common lead (nearly all zircons have f206 < 1.9). 



H. Shafaii Moghadam et al. / Earth and Planetary Science Letters 531 (2020) 115989 7
Fig. 5. Representative U-Pb concordia and mean 206Pb/238U age plots for the Cadomian metagabbros, mylonitic gabbros, meta-gabbronorites and tonalitic to granitic gneisses 
from NE Iran. The mean square of weighted deviates (MSWD) values are typically near (or less than) 1.0 (Max. < 2), indicating that the observed scatter in the data can be 
attributed to the assigned errors defined by analytical uncertainties (Ludwig, 2003).
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Fig. 6. A - Trace-element patterns of Cadomian upper-middle crust (felsic intrusions), middle crust (mafic intrusions) and lower crust (mafic cumulates) normalized to 
N-MORB. For comparison we have plotted average continental crust (Rudnick and Gao, 2003), average continental delaminates (Jagoutz and Schmidt, 2013) and (NE Iran) 
ophiolitic cumulates (Moghadam et al., 2014). B - 207Pb/204Pb vs 206Pb/204Pb and C - 208Pb/204Pb vs 206Pb/204Pb diagrams for Torud cumulate rocks. The Pb composition of 
pelagic sediments and continental upper and lower crust are from Plank and Langmuir (1998) and Rudnick and Gao (2003), respectively. The Pb composition of Kohistan and 
Famatinian arc delaminates are from Jagoutz and Schmidt (2012) and Walker et al. (2015), respectively.
Analyzed zircons are concordant within analytical errors (Figs. 5-
S3) and yield weighted mean 206Pb/238U ages of 541.2 ± 3.0 Ma 
(MSWD = 0.9) for sample CHJ10-17, 545.2 ± 3.9 Ma (MSWD =
1.6) for sample BJ11-26 and 547.1 ± 3.2 Ma (MSWD = 0.9) for 
sample BJ11-27. Some other zircons show 206Pb/238U ages from 
>560 Ma up to 1 Ga and are considered to be inherited. Zircon 
εHf values for granodioritic gneisses range from +2.1 to −13.8, 
but most zircons show negative εHf (av = −3.4). Corresponding 
TDM

C for these zircons vary from 1.4 to 2.3 Ga.

4.3.8. Sample CHJ10-33
This sample is taken from a granitic dike within the granodi-

oritic gneisses. The sample is metamorphosed and contains K-
feldspar, quartz, plagioclase, garnet, biotite and muscovite. Zircons 
from this sample are large (∼100-150 μm) prismatic. Thirty an-
alyzed spots have Th/U ratios between 0.2 and 0.7 (except one 
spot with Th/U = 0.01). Common-lead contents are low in most 
grains; with f206 < 0.1%. The analyzed zircons yield a weighted 
mean 206Pb/238U age of 541 ± 3.2 Ma (MSWD = 0.6). This age 
is interpreted as the timing of dike crystallization. One inherited 
core shows a 206Pb/238U age of ∼1 Ga. Zircon εHf values for this 
granitic dike vary between +1.1 and −7.7, with TDM

C = 1.4-1.9 Ga.

4.3.9. Sample BJ11-19
This is a granitic gneiss and contains K-feldspar, quartz and 

minor plagioclase. Zircons from this sample are coarse-grained 
(∼150 μm). Twenty-seven SIMS analyses were obtained. The zir-
cons show a weighted mean 206Pb/238U age of 544.6 ± 3.5 Ma 
(MSWD=1.2). Zircon εHf values vary between +0.5 and −6.7, with 
TDM

C = 1.5-1.9 Ga.
4.4. Thermobarometry

The Ti-in-zircon thermometer (Watson et al., 2006) yields tem-
peratures of 849-815 ◦C for gabbros, 786 ◦C for mylonitic gabbros, 
781 ◦C for metagabbros and 684 ◦C for granitic gneisses. These 
temperatures are lower than those calculated using the Fe-Mg 
ratios (KD) of two equilibrated pyroxenes in gabbronorites (sam-
ple SH16-9; 1025 ◦C) or the Ca-in-Opx thermometer (1236 ◦C) 
(Brey and Köhler, 1990). The pressure calculated from amphi-
bole geochemistry using the barometers of Hammarstrom and Zen 
(1986) and Schmidt (1992) is 8 kbar for metagabbros, 7.5 for gab-
bronorites and 5.7 kbar for gabbros, corresponding to depths of 
∼26 km, 25 km, and 19 km, respectively. A geothermal gradient of 
30-45 ◦C/km has been calculated from these data.

4.5. Cumulate geochemistry

The Cadomian cumulates of NE Iran have low to moderate Mg# 
(29-50) with 46 to 55 wt% SiO2 and 13.2 to 17.3 wt% Al2O3. TiO2
contents are low; 0.5-1.1 wt%. These rocks are quite enriched in 
light-rare earth elements (LREEs) (La(n)/Yb(n) = 1.9-7.8, normalized 
to N-MORB). The rocks are also enriched in incompatible elements 
such as Cs, Rb, Ba, Th, U, K and Pb but are depleted in Nb, Ta and 
Zr relative to the LREE, as is typical for arc-related igneous rocks 
(Fig. 6A). Mid-crustal felsic intrusions have high SiO2 (74.1-76.5 
wt%) but lower MgO (0.1-0.4) and Al2O3 (12.4-13). These rocks are 
enriched in LREEs with La(n)/Yb(n) = 8.3-34.9. Positive anomalies 
in Cs, Rb, Ba, Th, U, K and Pb and depletion in Nb-Ta and Ti are 
conspicuous (Fig. 6A).

Cumulate rocks analyzed for Sr-Nd and Pb isotopes have vari-
able initial 87Sr/86Sr(t) (0.703-0.709) and εNd(t) values (−1.3 to 
+3.4). Initial 206Pb/204Pb(t) and 208Pb/204Pb(t) isotope ratios for 
these rocks vary from 18.14 to 18.55 and 38.21 to 38.85, respec-
tively. 208Pb/204Pb(t) ratios for these rocks are similar to pelagic 
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Fig. 7. Schematic illustrations of lithological, geochronological, seismic, temperature and geochemical-isotopic evolution of the NE Iran Cadomian arc section. The calculated 
average continental and oceanic seismic VP velocities and temperature are from Jagoutz and Behn (2013). The thickness of the individual units is approximate. Ti-in-zircon 
(Watson et al., 2006) and Cpx-Opx thermometry results are shown for comparison. Data for Jordanian crustal xenoliths are from Stern et al. (2016).
limestones, whereas the 207Pb/204Pb(t) ratios for cumulates are 
high (15.71 to 15.76) and are similar to upper continental crust 
(Fig. 6B-C).

5. Discussion

There are five main questions concerning NE Iran Cadomian 
cumulates and associated rocks. First, what is the timescale of 
magmatic buildup in the Cadomian crust of NE Iran? Second, did 
these cumulates form in a Cadomian deep crustal hot zone? Third, 
did differentiation (or assimilation-fractional crystallization = AFC) 
generate the middle-upper crust felsic rocks? Fourth, what caused 
the intense deformation in some of these rocks? Finally, what was 
the relationship between the deep crustal hot zone and the Cado-
mian magmatic flare-up? These questions are addressed below.

5.1. Repeated magmatic buildup

The summary of new zircon U-Pb age data shows gabbro cu-
mulates have mean zircon 206Pb/238U ages of 542 ± 2.5 to 534 
± 2.1 Ma whereas a mylonitic gabbro has an age of 532 ± 2.4 
Ma. Gabbronorites have mean 206Pb/238U ages of 542 ± 3.3 Ma, 
suggesting that mafic magmatism continued at least from ∼542 
± 3.3 to 532±2.4 Ma (∼10 ± 0.2 Myr). Mid-crustal intermediate 
to felsic intrusions and felsic dikes have mean 206Pb/238U ages of 
547±3.2 to 538 ± 2.6 Ma (∼9 ± 0.1 Myr). Mid-crustal intrusions 
have older ages of ∼547 ± 3.2 Ma, but their ages (with uncer-
tainties) also overlap with the crystallization of mafic cumulates 
(Fig. 7). This implies that younger mafic inputs were occurring 
while the more evolved portions of the middle crust of the arc 
were being established. These new data also indicate that the arc 
crust was constructed by magmatic buildup over a ∼15 ± 0.3 Myr 
time scale. However, previously-published zircon U-Pb data on the 
middle-upper crustal intrusions and metasediments show ages of 
561±4.2 to 530 ± 2.3 Ma, indicating a much longer magmatism 
(∼31 ± 1 Myr). In addition, zircon U-Pb data attest that the Cado-
mian magmatism in Iran and Anatolia start at ∼620 Ma and ended 
at 500 Ma. However, this ∼120 Myr magmatic ignition seems to be 
spatially variable across different Cadomian arc segments in Iran 
and Anatolia. Continentally retreating arcs usually have an average 
lifespan of ∼100 Myr, while oceanic arcs live for ∼40 Myr (Ducea 
et al., 2015a). Extensional arcs such as the Cadomian arcs seem to 
be active for quite a bit longer (∼120 Myr).

Cadomian magmatic pulses from NE Iran seem to have differ-
ent Hf-isotopic compositions. The initial 176Hf/177Hf ratio of zircon 
from metagabbros ranges from εHf(t) = −7.9 to +9.2 (av = +3.6); 
a younger gabbro (sample SH16-43; 534 Ma) has more radiogenic 
Hf than the older gabbro sample (542 Ma). Sample SH16-17 has 
zircons with variable, but less radiogenic Hf isotopic compositions 
(εHf(t) = −7.9 to +6.5). Zircons from middle crust intrusions and 
dikes have variable εHf(t) of −27.7 to +5.4 (av = −4). New zir-
con Lu-Hf isotope data highlight that middle crust felsic intrusions 
have less radiogenic Hf than deep gabbro cumulates.

5.2. Crustal profile and deep “hot zone”

In the “deep crustal hot zone” model, mantle-derived hydrous 
basaltic magmas are emplaced into the lower crust over a few mil-
lion years as a succession of sills (Annen et al., 2006). Crustal “hot 
zones” are regions where MASH processes occur; they have been 
recognized in both continental arcs with thick crust (e.g., Andes, 
Annen et al., 2006) and intra-oceanic arcs with thin crust (e.g., Izu-
Bonin-Mariana, Stern et al., 2019).

Partial crystallization of basaltic melts in the deep hot zones 
and interaction with surrounding rocks generates residual and ana-
tectic H2O-rich melts. These H2O-rich melts and the heat released 
from the crystallizing magmas in turn promote partial melting of 
the adjacent pre-existing continental crust. Mixing of the H2O-
rich residual melts, primitive melts, and crustal melts leads to the 
diverse chemical and isotopic compositions of the resultant sec-
ondary magmas.

Cadomian igneous rocks formed along an active continental 
margin, with high fluxes of magmatism (“flare-up”) in Ediacaran 
time (Moghadam et al., 2017d). Above this Neoproterozoic subduc-
tion zone, melting in the mantle wedge produced mafic magmas, 
which rose and stalled in the lower crust. The primary mantle 
melt that formed the Cadomian lower-crustal cumulates seems to 
have been a magnesian andesite (gabbronorite) because it crystal-
lized both olivine and orthopyroxene. This melt had moderately 
low pH2O, so that it first crystallized anhydrous phases (olivine 
and Opx) and plagioclase with quite low anorthite contents. Only 
later did water contents become high enough to crystallize amphi-
bole.

Incomplete differentiation of these early, high-Mg phases in 
a deep-arc crustal hot zone produced silica-rich residual melts, 
which in turn fractionated in shallower magma chambers and as-
similated older continental crust, to produce the granitoids that 
dominate the upper crust. Such shallow magma chambers so-
lidified to form syn-tectonic granitoids and granitoid gneisses at 
depth and undeformed plutons at higher levels. Consistent with 
this overall scenario, lower-crustal rocks also have more juve-
nile zircon Hf (and whole rock Nd) isotope signatures than do 
shallower, more evolved igneous rocks. The middle-upper crustal 
rocks are affected by greater assimilation of pre-existing country 



10 H. Shafaii Moghadam et al. / Earth and Planetary Science Letters 531 (2020) 115989
rocks, whereas mafic rocks show a relatively minor contribution of 
crustal components. The crustal isotopic (bulk rock Nd-Pb and zir-
con Hf) signature of the NE Iran gabbroic rocks can plausibly be 
attributed in part to a “contaminated” mantle source, in which the 
lithospheric mantle was already contaminated by crustal materi-
als; either by lower crustal delamination or by subduction erosion 
(Lackey et al., 2005).

Fig. 7 shows that bulk rock SiO2 and Zr increase from lower-
crustal cumulates to upper-crustal intrusions, whereas CaO de-
creases, showing the importance of fractionation of early-crystal-
lized minerals for magmatic evolution. Plots of trace elements on a 
N-MORB normalized diagram (Fig. 6) indicate that magmatic frac-
tionation dominated, leading to major negative anomalies in some 
elements such as Ti and enrichment in other incompatible ele-
ments such as Zr and HREEs in fractionated middle-upper crustal 
rocks compared with the lower-crustal cumulates. The range of zir-
con Hf and bulk rock Nd isotopic compositions suggest thats AFC 
was also important. We infer that a hot zone in the middle and 
lower crust was responsible for forming the more evolved magmas 
that now comprise the rocks of the Cadomian middle to upper 
crust of NE Iran.

A crustal profile of the Cadomian arc of Iran has been re-
constructed by using Sr/Y elemental ratios for intermediate rocks 
(Chapman et al., 2015; Chiaradia, 2015) and Ce/Y ratios for mafic 
rocks (Mantle and Collins, 2008). Chapman et al. (2015) suggested 
that Sr/Y can be used as a proxy for crustal thickness in intermedi-
ate calc-alkaline rocks (55-68 wt% SiO2). Our compiled data show 
that most Cadomian rocks with intermediate SiO2 reflect a crustal 
thickness of 20 to 30 km. Gabbroic cumulates (this study) have 
maximum Ce/Y ratios <1.4, indicating a crustal thickness for the 
Iran Cadomian arc of <30 km. However, considering the Sr can be 
affected by plagioclase fractionation, we have also used the Gd/Yb 
and La/Yb ratios (which are sensitive to garnet fractionation) for 
our intermediate rocks (55-68% SiO2) (Farner and Lee, 2017). These 
results also confirm a thin crustal profile (20-30 km) for the Cado-
mian crust of Iran. Al-in-amphibole geobarometry also records an 
emplacement depth of 19-26 km for the metagabbros, just above 
the Cadomian Moho beneath NE Iran.

5.3. FC-AFC processes and generation of the Cadomian arc crust

Rayleigh Fractional crystallization (FC) and coupled Assimila-
tion-Fractional Crystallization (AFC) models can be used to test 
the hypothesis that Cadomian magmatic rocks are cogenetic melts, 
belonging to a common line of descent, with middle-upper crust 
felsic rocks derived through progressive differentiation starting 
from the same mafic parental melt. Based on mineral- and whole 
rock chemistry, a gabbronorite (sample SH16-9) and a hornblende-
bearing metagabbro (sample SH16-17) were selected as best ap-
proximations to parental magma compositions. Eighty-four FC-
models were developed in order to test the working hypothesis.

Major-element mass-balance models show that the studied 
gabbroic rocks (SiO2 < 52 wt%, lower and middle crust mafic in-
trusions) reflect 30-67% fractional crystallization of gabbronoritic 
parental melts with a crystallizing assemblage of clinopyrox-
ene, plagioclase, olivine and ilmenite (Cpx2.3-13.3 + Pl26.5-40.8 +
Ol49.4-59.9 + Ilm<2; hereafter percentages are given for the total 
crystallized assemblage). Approximately 75-92% fractional crys-
tallization of a similar assemblage (Cpx11.7-14.2 + Pl41.5-42.3 +
Ol41.5-54.9 + Ilm<2), can produce higher-silica (SiO2 > 52 wt%) 
lower and middle crust mafic intrusions (metagabbros, gabbros 
and diorites) from the same gabbronoritic (SH16-9) parental melt. 
Moreover, differentiation of gabbronoritic melt to form middle and 
upper crust felsic rocks can result from 91-94% fractional crys-
tallization of the previous assemblage (Cpx13-16.3 + Pl40.1-43.0 +
Ol41.1-42.2 + Ilm1.8-2.2). However, these fractionating assemblages 
fail to perfectly reproduce all upper crust felsic rocks (granites and 
rhyolites) and the overall differentiation trend (�r2 ca 0.9-1.0), 
mainly due to the large r2 for Ti, Fe, Mg and Ca, suggesting ei-
ther the presence of another concurrent fractionating assemblage, 
or assimilation of crustal felsic material. Crustal assimilation is also 
indicated by the variable isotopic signatures of the rocks.

Given the presence of Ca-amphibole in the gabbroic rocks, mass 
balance models have been recalculated for an assemblage with 
hornblende (Cpx + Pl + Hbl + Ilm). Model solutions show that 
Cadomian intermediate and felsic rocks (SiO2 > 54 wt%) could 
be the result of 72-85% fractional crystallization of Hbl gabbros 
(sample SH16-17) with an assemblage of clinopyroxene, plagio-
clase, hornblende and ilmenite (Cpx0-5.4 + Pl12.1-24.3 + Hbl66.8-86.3
+ Ilm1.8-2.1). Even if the hornblende-bearing assemblage is more 
efficient in producing upper-crustal rhyolites, these mass balance 
models again fail to reproduce the compositions of the middle and 
upper crust felsic intrusions (�r2 ca 0.9-1.0) due to the large r2

for Fe, Mg and K. Results from FC-models thus again suggest that 
crustal assimilation of silica-rich/felsic materials was coupled to 
fractional crystallization processes (e.g. McBirney et al., 1987) to 
produce the high-SiO2 melts (granites and rhyolites) of the Cado-
mian upper crust.

A Harker-like plot for major element mass-balance FC and AFC 
models is presented in Fig. 7. FC trends are reported for three 
representative fractionating assemblages (see Appendix B): i) Ol1
(Cpx2.6 + Pl40.8 + Ol54.9 + Ilm1.6), ii) Ol2 (Cpx14.0 + Pl42.6 +
Ol41.3 + Ilm2.1) and iii) Hbl (Cpx3.0 + Pl20.8+ Hbl74.5 + Ilm1.7).

In order to verify mass-addition phenomena in the genesis of 
high-SiO2 Cadomian felsic melts (i.e., granites and rhyolites), we 
tested AFC models based on the interaction between the gabbroic 
parental melts and a high-SiO2 Cadomian upper crust felsic sed-
iment (the BJ10-32 paragneiss sample). AFC curves (Fig. 8) cal-
culated through the lever-rule methods represent the maximum 
assimilation (mass-addition) effect, whereas the null value is rep-
resented by the pure FC curves. The compositional space between 
the AFC and the FC curves, indicates fractionated/residual liquids 
generated by coupled FC and AFC processes. The results (Fig. 8) in-
dicate that assimilation of silica-rich sediments played a dominant 
role in the production of the most felsic Cadomian upper crust 
melts.

Based on the major-element FC-AFC solutions, we applied FC-
AFC models to selected trace elements (La, Yb, Nb and Y) to fur-
ther investigate the major role of fractionating assemblages such as 
Ca-plagioclase, Ca-hornblende and Mg-olivine (Fig. 9). The results 
obtained from these models are consistent with those based on 
major-element models and further support the general hypothesis 
that FC-AFC processes controlled the Cadomian magmatism. FC-
models calculated for olivine-bearing assemblages (Ol1 and Ol2) 
suggest that the lower- and middle-crustal mafic intrusions (i.e. 
gabbros and metagabbros) were produced by 40-60% fractional 
crystallization of the parental melts.

FC-curves (maximum and minimum) calculated for both olivine-
(Ol1 and Ol2) and hornblende-bearing (Hbl) assemblages indicate 
that most granitoid rocks (upper- to middle-crust felsic intrusions) 
are not the products of pure fractional crystallization from a mafic 
parental melt (neither gabbronorite nor hbl-metagabbro). However, 
a combination of fractional crystallization (FC 40-90%) and concur-
rent assimilation of ∼20% (proportion of assimilant to fractionates =
0.2) of Cadomian upper-crustal SiO2-rich sediments is required to 
produce most Cadomian felsic rocks.

FC-AFC models indicate that all Cadomian magmatic rocks are 
cogenetic and belong to a common line of descent. Thermobaro-
metric estimates suggest magmatic differentiation, from parental 
gabbros to intermediate daughter melts, occurred in the lower 
crust at pressures between 5.7-8 kbar (ca 30-19 km), in agreement 
with the model proposed by Annen et al. (2006) for the gene-
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Fig. 8. Fractional crystallization (FC)/Assimilation-fractional crystallization (AFC) major element modeling of Cadomian magmatic rocks. Major elements have been recalculated 
to 100% anhydrous, in the system SiO2-TiO2-Al2O3-FeO∗-MnO-MgO-CaO-Na2O-K2O. Blue and pink circles represent the suspected parental melts; SH16-9 and SH16-17, 
respectively. Blue and pink lines represent olivine-1 (Ol1) and olivine-2 (Ol2) fractionation trends respectively, as calculated for SH16-9 gabbronoritic melt. Red line represents 
hornblende (Hbl) fractionation trend as calculated for SH16-17 metagabbroic melt. Green and orange lines represent maximum assimilation trends as calculated for the 
suspected parental gabbronoritic and Hbl-metagabbroic melts, respectively. The domains of possible AFC processes are presented in green and orange shaded areas (for 
gabbronorite SH16-9 and metagabbro SH16-17, respectively) situated between maximum assimilation/mixing- and FC-trends. Silica poor/mafic upper crust metamorphosed 
sediments are equivalents of greywackes and tuffaceous sediments.
sis of intermediate and silicic magmas in deep crustal hot zones. 
The non-unique nature of FC-models implies, in these deep crustal 
hot zones, the presence of distinct MASH-zones (e.g., Annen et al., 
2006; Ginibre and Worner, 2007 where different fractionating as-
semblages (olivine vs hornblende) reflect the polybaric conditions 
of the magmatic system (e.g., Ginibre and Worner, 2007). More-
over, U-Pb zircon ages reveal a prolonged magmatic activity that 
lasted ca 45 Myr, and together with the results obtained from FC-
AFC models, strongly support the hypothesis of the buildup of a 
deep mafic reservoir progressively feeding the shallower magmatic 
systems (Ginibre and Worner, 2007).

However, a long-lived magmatic flare-up and the buildup of a 
deep crustal hot zone require a continuous upload and recharge of 
parental magma from the source to sustain the whole magmatic 
system. Without magmatic recharge, in a closed system controlled 
by solely FC-processes, the mass of the residual/daughter liquids 
will progressively decrease (e.g., Albarède, 1996; Lee et al., 2014), 
and all melt will crystallize and cool due to the interaction with 
the cold country rocks (Lee et al., 2014). On the other hand, a 
continuous replenishment of magma in the magmatic plumbing
system (a) will decrease cooling and crystallization rates, (b) will 
sustain the mass of evolving residual liquids and (c) will trig-
ger melt evacuation and ascent through the crust (e.g., Depaolo, 
1981; Ginibre and Worner, 2007; Lee et al., 2014). Existing numer-
ical models (e.g., Karlstrom et al., 2010) indicate that for a given 
recharge rate, deep crustal magmatic reservoirs are less prone to 
evacuate/erupt melts than shallower magmatic stagnation layers 
where (a) recharge effects are less significant and (b) eruption 
and cooling are more efficient due to lower confining pressure and 
colder country rocks (e.g., Lee et al., 2014 and references therein). 
In the deep crustal mafic reservoir, the lower evacuation rate will 
progressively produce growing recharging chambers by deforming 
the hot lower crust wall-rocks (Jellinek and DePaolo, 2003; Karl-
strom et al., 2010; Lee et al., 2014).

This scenario supports the presence of a Cadomian deep crustal 
hot zone where long-lived mafic magma chambers mature and ex-
pand due to a higher recharge rate with respect to the mass of the 
magma reservoir. This long-lived Cadomian mafic reservoir is then 
interpreted as the parental source of nearly all Cadomian magmatic 
rocks of Iran produced via general FC-AFC processes evolving in the 
crust.
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Fig. 9. La vs Yb and Nb vs Y diagrams illustrating the genesis of the Cadomian magmatic suite via FC-AFC of olivine (Ol1 and Ol2) and hornblende (Hbl) assemblages, starting 
from parental gabbroic samples SH16-9 and SH16-17, respectively. Bulk rock/melt partition coefficient used are reported in diagrams and were calculated following the 
procedure presented in section 4.4 in Appendix B. FC-curves represent, for every model, Rayleigh fractional crystallization solutions calculated for minimum K D (min FC) 
and for maximum K D (max FC) values. AFC-curves represent De Paolo Assimilation and fractional crystallization solutions. The percentages indicate amount of fractionating 
assemblages. Equations and parameters used are presented in Appendix B.
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5.4. Deep arc crust and deformation

The above calculations imply that the Cadomian flare-up mag-
matism must have generated a dense root of ultramafic-mafic cu-
mulates, 3-4 times as voluminous as the present Iranian crust. 
There is no evidence for the presence of such a thick root beneath 
Iran today, and it may have foundered into the mantle (Ducea, 
2002), perhaps even during the magmatic flare-up, when the lower 
crust is hottest and weakest and the largest volumes of dense cu-
mulates are produced. The preservation of thick cumulates in the 
lower crust of arcs is unusual, as they commonly either delami-
nate after the flare-up event or are tectonically removed during the 
later plate tectonic movements (Chapman et al., 2016). Garnet-rich 
cumulates are especially dense and prone to sinking, and it is likely 
that the shallow limit of garnet stability (∼30 km) made it impos-
sible to thicken the Iran-Anatolia Cadomian crust beyond this.

Besides the missing volume of mafic-ultramafic cumulates, 
there may be other evidence of Cadomian lower-crustal founder-
ing. The occurrence of metamorphic coronas between olivine and 
plagioclase with fine-grained vermicular garnet crystals and the 
presence of garnet in mylonitic gabbros attest to a phase of high-
grade metamorphism and intense deformation that may have 
occurred during foundering of cumulates. Most coronas between 
olivine and plagioclase contain layers of orthopyroxene and amphi-
bole ± spinel suggesting partial re-equilibration in the presence of 
a fluid-rich phase (Otamendi et al., 2010), but in more complex 
cases garnet is seen near reactant plagioclase.

The EBSD-derived images from mylonitic gabbros also hint 
at deformation of early-crystallized clinopyroxenes and coarse-
grained amphiboles. In the mylonitic gabbro (sample SH16-42), the 
crystal preferred orientation (CPO) of amphibole and Cpx show 
similar direction for the [001] (i.e. [001] cluster with an m.u.d 
above 3) and [010] axes. These, together with the close textural 
relationship between the two minerals (Fig. 4), may suggest that 
the coarse-grained amphiboles grew epitaxially on the pre-existing 
Cpx (as seen in other fields; e.g., Henry et al., 2017; Puelles et al., 
2012). The significant amount of misorientation in both Cpx and 
coarse-grained amphibole suggests that they both record a plas-
tic deformation episode. This deformation likely occurred after the 
growth of the coarse-grained amphibole and could be responsible 
of the second cluster of [001] axes of amphibole which is at a high 
angle to that of the Cpx. The presence of abundant, equilibrated 
and relatively fine-grained amphibole suggests partial annealing of 
the texture, thus hinting at a significant weakening of the stress 
field in the later history of the sample.

The occurrence of deformed amphibole associated with clinopy-
roxene relics may indicate protracted polybaric crystallization in-
volving a second H2O-rich melt (H2O > 4 wt%), which was cool 
enough (<1000 ◦C) to stabilize amphibole (Muntener et al., 2001). 
This seems to have happened deep in the arc crust, as indicated by 
the high Al2O3 content and strong deformation of the pargasitic 
amphiboles. All these textural and microstructural evidences as 
well as P-T conditions are compatible with deformation and meta-
morphism in the deep crust, perhaps accompanying the foundering 
of the lower crust. Middle-upper crustal felsic intrusions also show 
evidence of plastic deformation suggesting a crust-wide tectonic 
activity.

5.5. Tempos of Cadomian arc magmatism

The Cadomian arcs of Iran-Anatolia were important sites of con-
tinental growth, with the bulk of igneous rocks being emplaced 
during the Ediacaran flare-up. This magmatic flare-up was respon-
sible for forming ∼30 km of Cadomian crust in Iran-Anatolia, 
consisting of gabbroic cumulates, variably metamorphosed mafic 
to felsic intrusions and felsic volcanic-pyroclastic rocks (Fig. 10A). 
The existence of mafic and felsic magmatic rocks among the Cado-
mian outcrops indicates bimodal magmatic activity (Fig. 10), which 
is well known from modern intra-oceanic and Andean-type arcs 
(e.g., Ducea et al., 2015a; Stern et al., 2014). Some estimate that 
the generation of such large volumes of crust involves about 50% 
from melting of lower continental crust and lithospheric mantle 
and 50% from melting of the metasomatized mantle wedge above 
the subducting oceanic slab (DeCelles et al., 2009; Ducea et al., 
2015a). Plutonism is the principle expression of magmatic flare-
ups, with ratios of plutonism to volcanism estimated as high as 
∼30:1 (Paterson and Ducea, 2015). The Cadomian arcs of Iran-
Anatolia (and perhaps Europe, SW Asia, and E. North America) 
record both abundant plutonism and significant volcanism ac-
companying crustal thickening and long-lived magmatism involv-
ing melting of both the mantle and overlying continental crust 
(Moghadam et al., 2017d). Although our new data on Cadomian 
crust of NE Iran indicate a ∼15 ± 0.3 Myr of magmatic activ-
ity, our compiled zircon U-Pb data on the Cadomian magmatic 
rocks of Iran demonstrate an intense episode of magmatic activ-
ity that lasted ∼45 Myr, from 570 to 525 Ma (Fig. 10B), involving 
magmas with different geochemical signatures and isotopic distur-
bances (Figs. 10F-G) (Moghadam et al., 2017d). The most obvious 
products of the Cadomian flare-up are the igneous rocks of the up-
per crust: felsic plutons and volcanics (Figs. 10C & E). In spite of 
this, it was mafic magmatism that powered the flare-up episode, 
and similar magmas also prevail during episodes of normal arc 
magmatism (Fig. 10D). There is no evidence for repeated flare-
up episodes in SW Asia Cadomian arcs. The flare-ups may have 
halted when plate motions changed, leading to opening of a back-
arc basin that grew into the Rheic Ocean. Uplift and erosion related 
to this supplied a thick sequence (>1000 m) of detrital sediments 
in Iran and Anatolia, derived predominantly (>90%) from erosion 
of Cadomian igneous rocks (Moghadam et al., 2017c).

The 40 Myr flare-up stage was characterized by an increase 
of magmatic flux rates by >3 orders of magnitude, compared 
to the “steady-state” flux, coupled with a significant disturbance 
in Sr-Nd-Hf isotope ratios (Figs. 10F-G) and a major contribution 
of pre-existing crustal rocks through AFC processes. The flare-up 
completely obliterated these older rocks; the only traces of their 
existence are found in the isotopic compositions of igneous rocks 
and in detrital zircons in sediments. In the Cadomian arcs of Iran 
and Anatolia, the inheritance ages are dominated by ca 1.3-1.4 and 
2.5 Ga zircons (Moghadam et al., 2017d), which is consistent ei-
ther with the presence of as-yet undiscovered older Gondwanan 
crust or recycling of sediments through the arc system. Influx of 
asthenospheric materials to the arc root, due to the foundering 
of dense cumulates, may trigger the generation of more mafic 
magmas. This process has been suggested to explain the isotopic 
disruption of magmatic rocks from other arcs (e.g., Paterson and 
Ducea, 2015; Stuart et al., 2016).

6. Conclusions

The Cadomian arcs of Iran and Anatolia are viewed as “An-
dean” because they were emplaced within an old craton, although 
their extensional behavior makes them different than Andean arcs. 
Our new zircon U-Pb ages indicate that the Cadomian arc crust 
of NE Iran was built over ∼15 Myr, similar to some modern arcs. 
However, all compiled data from Cadomian exposures in Iran and 
Anatolia show magmatism started at 620 Ma and ended at ∼500 
Ma with a flare-up period for ∼45 Myr (570-525 Ma). This shows 
that the magmatism was temporally and spatially different in var-
ious sections of the Cadomian arc. Cadomian arcs were intruded 
by voluminous mafic magmas that differentiated, generating in-
termediate melts that then interacted with variable amounts of 
middle-upper crust sediments to produce middle-upper crust felsic 
intrusions.
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Fig. 10. A schematic crustal column through the Cadomian arc crust of Iran. (B-E) Histograms showing the magmatic age distribution of all Cadomian rocks (B), granitoids 
(C), gabbros (D) and volcanic rocks (E) from Iran. (F and G) Evolution plots of isotopic (bulk rock Nd and zircon Hf) geochemistry of Iran Cadomian igneous rocks. CHUR 
= chondrite normalized uniform reservoir; DM = depleted mantle array (based on data from modern Mid-Oceanic Ridge basalts with 176Hf/177Hf = 0.28325 and using 
176Lu/177Hf = 0.0384 (Chauvel and Blichert-Toft, 2001)). Published zircon U-Pb-Hf and bulk rock Sr-Nd data from Iran are from Moghadam et al. (2017b, 2015, 2017d), data 
from Anatolia and Iberia are from Abbo et al. (2015), Gursu (2016), Ustaomer et al. (2012) and Pereira et al. (2012), respectively.
Our data show that the Cadomian magmatism in Iran and Ana-
tolia was characterized by high rates of magmatic addition (>300 
km3 km−1 yr−1), which seems to be related to a phase of high arc 
migration rate across Prototethyan trench (or roll-back). This pro-
duced extreme extension in the overlying continental crust of the 
subduction system, resulting in a flare-up episode. Thick arcs, such 
as the Cadomian arc of Iran and Anatolia, are also characterized by 
the buildup of dense cumulates in the lower crust, which can drive 
the magmatic intensity into a lull period. Long-lived arcs or those 
which are under flare-up have higher mafic-ultramafic cumulates 
and thus thicker roots (>30 km).
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