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The largest plagiogranite on Earth formed by re-
melting of juvenile proto-continental crust

Hamed Gamal El Dien® 2%, Zheng-Xiang Li"™ Mohamed Abu Anbar?, Luc S. Doucet!, J. Brendan Murphy 13
Noreen. J. Evans® 4, Xiao-Ping Xia® > & Jiangyu Li'

The growth of continental crust through melt extraction from the mantle is a critical com-
ponent of the chemical evolution of the Earth and the development of plate tectonics.
However, the mechanisms involved remain debated. Here, we conduct petrological and
geochemical analyses on a large (up to 5000 km2) granitoid body in the Arabian-Nubian
shield near El-Shadli, Egypt. We identify these rocks as the largest known plagiogranitic
complex on Earth, which shares characteristics such as low potassium, high sodium and flat
rare earth element chondrite-normalized patterns with spatially associated gabbroic rocks.
The hafnium isotopic compositions of zircon indicate a juvenile source for the magma.
However, low zircon 8'80 values suggest interaction with hydrothermal fluids. We propose
that the El-Shadli plagiogranites were produced by extensive partial melting of juvenile,
previously accreted oceanic crust and that this previously overlooked mechanism for the
formation of plagiogranite is also responsible for the transformation of juvenile crust into a
chemically stratified continental crust.
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tant implications for the understanding of the growth of

continental crust!. In contrast to widespread continental
granitic rocks, plagiogranite is a rare leucocratic type pre-
dominantly composed of plagioclase (>40%), quartz, and ferro-
magnesian minerals (<10%, e.g., hornblende), with compositions
ranging from diorite through trondhjemite to tonalite>3. Geo-
chemically, they are characterized by very low K,O (<1 wt. %),
low Rb/Sr (<0.2 wt. %), high Na,O (>3 wt. %), and flat rare-earth
element (REE) chondrite-normalized patterns with enriched REE
contents (10-100 times that of chondrite), distinguishing these
trondhjemitic and tonalitic rocks from their continental
equivalents2-3,

In modern and ancient oceanic settings, plagiogranites mostly
occur in mid-ocean ridge (MOR) settings and in ophiolite
complexes*~10 where they are typically found as intrusions in
gabbroic lower crust”!! and/or lithospheric mantle (residual
peridotite)>!2. Two main competing, but not mutually exclusive,
models have been proposed to explain their genesis: (1) late-stage
fractional crystallization of basaltic magma at low pressures and
(2) partial melting of pre-existing gabbroic oceanic crust. The first
model implies that plagiogranites are highly differentiated felsic
melts formed by the differentiation of parental MORB melt>*.
The second model implies that plagiogranitic melts originate by
partial melting of hydrothermally altered oceanic gabbros, trig-
gered by the deep penetration of hydrothermal fluids into oceanic
crust along shear zones/detachment faults':13-17,

Volumetrically, plagiogranites rarely exceed 1 vol. % of the
oceanic crust, and range from dikes/veins a few millimeters to
centimeters wide in MORs or ophiolites*>8, to large granite bodies
several hundred meters to kilometers in dimension, such as the
Wadi Suhaylay plagiogranite in the Oman ophiolite that has surface
dimensions of 10 km x 8 km®714. Until now, no plagiogranite lar-
ger than the Wadi Suhaylay plagiogranite has yet been reported.
Here, we report the largest plagiogranitic complex (~5000 km?)
discovered to date, located in the Eastern Desert of Egypt in the
Arabian-Nubian Shield (ANS). We investigate the petrogenesis of
this large plagiogranitic complex based on whole-rock geochemical
and Sr-Nd isotopic data, as well as zircon U-Pb-Hf-O isotope and
trace-element data. We then discuss its petrogenesis in the context
of Neoproterozoic global-scale tectonics, which was dominated by
Rodinia break-up.

The ANS is one of the largest exposures of Neoproterozoic
juvenile continental crust on Earth (Fig. 1a)!8, consisting of
numerous terranes with widespread ophiolites!®. Most previous
studies proposed that crustal growth in the ANS occurred pre-
dominantly through arc accretion!®20. Reymer and Schubert?!
and Stein and Goldstein?2 argued that the growth rate of the ANS
significantly exceeded the rate of addition of mantle materials
into the continental crust along modern subduction zones. They
suggested that the large volume of magmas formed during the
early stage of ANS crustal growth (within the Mozambique
Ocean) may have been related to mantle plume magmatism (i.e.,
oceanic plateau). Gamal El Dien et al.23 reported the occurrence
of a voluminous ca. 700 Ma El-Shadli bimodal volcanic succession
in the Eastern Desert region of the ANS, and speculated that a
mantle plume may have provided sufficient heat to melt pre-
viously accreted oceanic terranes. In this work we adapt a similar
plume model for the formation of the large plagiogranitic com-
plex some 20-30 Myr prior to rift volcanism. We argue that
contrary to conventional belief, the large plagiogranitic complex
here formed through extensive re-melting of previously accreted
oceanic crust driven by the emplacement of a mantle plume. Our
work highlights the importance of mantle plumes in both the
formation of exceptionally large plagiogranite intrusions, and in
promoting crustal growth and consolidation in the ANS (and

D eciphering the petrogenesis of granitic rocks has impor-

possibly continental crust in general), through post-accretionary
re-melting of accreted oceanic crust.

Results

Geology of the El-Shadli plutonic complex. The study area in
the southern Eastern Desert region of Egypt consists of six major
basement rock assemblages (Figs. 1b and 2). These assemblages
include the Wadi Ghadir ophiolitic complex (Wadi, W, the
Arabic word for ephemeral watercourses where many exposures
occur), the El-Shadli granite-diorite-gabbro plutonic complex, the
El-Shadli bimodal volcanic rocks, the W. Hafafit core complex, as
well as post-collisional alkalic granites and volcanic rocks (colli-
sion here refers to the late Neoproterozoic continental collision
related to the final assembly of Gondwana!®) (Fig. 2).

The ca. 750 Ma W. Ghadir ophiolite assemblages (serpenti-
nites, gabbroic rocks, sheeted dykes, and pillow basalts2) are
strongly deformed and variably metamorphosed?>. They have a
dominantly NW-trending foliation that is truncated by the El-
Shadli granitoids2® (Fig. 2), consistent with the intrusive
relationship documented in the northern part of the study area
and indicating that the granitoids formed post regional terrane
accretion. These granitoids are part of the El-Shadli granite-
diorite-gabbro assemblage (the EIl-Shadli granitoids/plutonic
complex) that crops out over much of the study area (Fig. 2).
These granitoids have an almost continuous, arch-shaped map
pattern in the central-south eastern part of the study region but
are also exposed sporadically beneath the younger volcanic cover
sequence (the El-Shadli bimodal volcanics), suggesting the
possibility of a large and continuous plutonic complex under-
lying much of the region (Fig. 2). The estimated dimension of
such a plutonic complex is ca. ~100 km x 50 km.

The El-Shadli volcanic rocks are the largest bimodal suite exposed
(80 km x 35 km), not only in the Eastern Desert of Egypt but also in
the ANS?3?7. They occur in a WNW-ESE trending belt flanked by
granite-diorite-gabbro rocks (Fig. 2). The mafic endmember of the
bimodal volcanic rocks consists of massive to pillow basaltic lava
flows and dike swarms that intrude the granitoid rocks (Supplemen-
tary Fig. 1a). The felsic endmember consists of massive rhyolitic lava
flows. The El-Shadli bimodal volcanic rocks had an imprecise Rb-Sr
isochron age of ~710 + 24 Ma?’. A recent study?® provided a precise
U-Pb zircon age of ~700Ma, and concluded that the El-Shadli
bimodal volcanic rocks were generated in a post-accretionary rift-
related environment?’, possibly induced by a mantle plume?.

The 680-630 Ma W. Hafafit Core complex is exposed in the
NW part of the study area and is composed mainly of granitoids,
gneisses, and amphibolites?® (Fig. 2). The post-collisional
alkaline granites (~640-550 Ma) are located in the eastern part
of the study area and intrude both the El-Shadli plutonic
complex and bimodal volcanics2%-39 (Fig. 2). Post-collisional
alkaline volcanic rocks and their pyroclastic equivalents occur
around W. Ranga (W. Ranga volcanics) in the eastern part of the
study area (Fig. 2). This sequence comprises two slightly
metamorphosed volcanic sequences: (a) intermediate-mafic lava
flows (andesites, basaltic andesites, and basalts) in the north near
Gabal (G) El-Sarobi and (b) felsic rocks (rhyolitic and dacitic
lava flows) in the south. Previously undated, these volcanic rocks
were interpreted to reflect either a post-collisional setting>® or
pre-collisional intra-oceanic arc assemblage?. In addition,
previous work?>30 inferred that the W. Ranga volcanic rocks
were intruded by the El-Shadli granite-diorite-gabbro assem-
blage, although contact relationships are unclear in the field.
However, these interpretations are not supported by a new
zircon U/Pb age of 585+ 10Ma3!, which indicates that the
volcanic rocks are significantly younger than the El-Shadli
granite-diorite-gabbro assemblage (see below).
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Fig. 1 Geological map of the Arabian-Nubian Shield, including the Eastern Desert?3, a A schematic geological map of the Arabian-Nubian Shield (ANS)
with location of the study region (modified after Johnson et al.1®). b A simplified geological map of the Eastern Desert showing the major Neoproterozoic

basement rocks'923, Terrane boundaries follow that of Stern and Hedge®”’.

Sample description and petrography. The El-Shadli granitoids
occur as massive plutons. Within individual batholiths, 1 x 1 to
5 x 2 m gabbroic diorite enclaves represent over 50% of the out-
crop area and provide evidence of extensive magmatic mixing
zones (Fig. 3a, a-I and Supplementary Fig. 1b). The enclaves show
no obvious chilled margins and have irregular, scalloped contacts
with the granite (Fig. 3a-I). A similar magmatic mixing zone has
been described in the Oman ophiolite plagiogranitic suite®.
Smaller (centimeter-sized) ultramafic/mafic enclaves occur within
the studied gabbroic diorite rocks and granites (Fig. 3b-d).

The El-Shadli samples include tonalites, trondhjemites, diorite,
and gabbro (Fig. 3 and Supplementary Fig. 1c-e), a typical rock
association in ophiolitic plagiogranite suites>>~%10, The granite
samples range from fine- to coarse-grained hypidiomorphic-
granular rocks, consisting of zoned plagioclase (50-55%), quartz
(35-40%), and hornblende <5% (Fig. 3e, f-I and Supplementary
Fig. 2). Quartz-plagioclase intergrowths such as graphic and
vermicular textures, typical of plagiogranites?, are observed in the
studied granites (Fig. 3f-I and Supplementary Fig. 3a, b). Fe-Ti
oxides, zircon, titanite, and apatite are common accessory
minerals (Fig. 3e, f-I and Supplementary Fig. 2). Actinolite,
sericite, clay minerals, and chlorite are the main secondary
minerals. Detailed petrographic descriptions and modal composi-
tions for all the studied samples are provided in the Supplemen-
tary information.

Whole-rock geochemical data. Petrographic observations indi-
cate that the El-Shadli granitoid samples are fresh with very minor

visible evidence of secondary alteration. These observations are
consistent with the low loss on ignition (LOI) values (typically less
than 1.2 wt. %, Supplementary Data 1) and indicate that the
samples experienced no significant alteration that would affect the
abundances of petrogenetic-indicating high field strength elements
and REE. The compositional range of the El-Shadli granitic
(including dioritic) samples is: SiO, (60.3-78.5 wt. %), AL O,
(11.8-15.5 wt. %), Fe;O5T (1.3-10.9 wt. %), TiO, (0.1-1.4 wt. %),
and MgO (0.1-1.7 wt. %) (Supplementary Fig. 5 and Supple-
mentary Data 1). This geochemistry differs from the felsic end-
member of the overlying El-Shadli bimodal volcanics?3, which is
characterized slightly higher silica content (>75 wt. %: Fig. 4b) and
lower Fe, 03T (<3.5 wt. %), TiO, (0.3 wt. %), and MgO (0.6 wt. %),
but a similar range in AL,O; (11.3-13.2 wt. %). The El-Shadli
granitoids have ferroan characteristics with Fe-number [FeOT/
(FeOT 4 MgO)] ranging between 0.72 and 0.91 (Supplementary
Fig. 5a) and have a calcic affinity according to the modified
alkali-lime index (MALI = Na,O + K,O - CaO) (Supplementary
Fig. 5b)32.

Gabbroic samples S11-1 and S12 have a composition of SiO, =
45.8-47.5 wt. %, ALO; = 15.6-18.5 wt. %, Fe,051 = 8.6-12.2 wt. %,
TiO, = 0.8-1.4 wt. %, and MgO =7.9-15.6 wt. % (Supplementary
Fig. 4 and Supplementary Data 1). These major element
concentrations are very similar to the mafic endmember of the
overlying El-Shadli bimodal volcanics, except for the lower MgO
(4.2-9.2 wt. %) in the latter?3. All the analyzed samples have very
low K,O (<1 wt. %) and total alkali contents (K,O + Na,O =
4.0-6.5 wt. %) (Fig. 4 and Supplementary Data 1).
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Fig. 2 Geological map of the studied El-Shadli area with sample locations (after Gamal El Dien et al.23 and Jabal Hamatah quadrangle®8). The rock
units include the El-Shadli bimodal volcanic rocks, the El-Shadli plagiogranites-diorite-gabbro assemblage (this study), the W. Ghadir ophiolitic assemblage,
the W. Hafafit core complex, post-collision alkaline granites, and post-collisional volcanics. Age data are from Kroner et al.25, Stern et al.2’, Gamal El Dien

et al.23, Kroner et al.28, Gamal El Dien3, and this study.

In general, the studied samples show a distinctive flat REE
pattern with slight LREE depletion, similar to that of the
overlying El-Shadli bimodal volcanics?? (Fig. 5a). The El-Shadli
granites (including diorite samples) show similar MORB-like
REE patterns with 5-40 times enrichment relative to
chondrite?3, and slightly negative Eu anomalies [(Eu/Eu*)c; =
0.28-0.95] (Fig. 5a). The associated gabbroic rocks mimic and
completely overlap the REE pattern [(La/Sm)c; < 0.47 and (Yb/
Gd)cy < 0.84] of the granitic rocks [(La/Sm)cy = 0.56-1.22 and
(Yb/Gd)c; = 0.71-1.29] (Fig. 5a). On the N-MORB-normalized
trace-element diagram3* (Supplementary Fig. 6a), all samples
exhibit flat MORB-like patterns, except for some with negative
Ti and Nb anomalies and slightly positive Pb anomalies. Large
ion lithophile elements (LILE) such as Cs, Rb, Ba, Th, and U
show some enrichment relative to N-MORB34.

Whole-rock Sr-Nd isotope data. All the studied samples have low
concentrations of Sr (43.29-207.92 ppm) and Rb (1.03-13.45 ppm),
and 87Sr/%6Sr ratios ranging between 0.702637 +0.000002 and
0.708406 + 0.000007 (Supplementary Data 1). They also have low
Nd (4.42-26.61 ppm) and Sm (1.60-8.65 ppm) with measured
145Nd/14Nd ratios of 0.512871 + 0.000001 to 0.513165 + 0.000012
(Supplementary Data 1). The calculated initial 87Sr/36Sr ratios range
from 0.702027 to 0.703401, and the initial 143Nd/144Nd ratios from
0.511973 to 0.512111 (Supplementary Fig. 7 and Supplementary
Data 1). The calculated eNd(t) values range from +5.55 to +8.18
(Supplementary Fig. 7), similar to those of the El-Shadli bimodal

4

volcanics?3, with the corresponding Tpy; model ages3>36

from 0.78 to 1.2 Ga.

ranging

Zircon U-Pb-Hf-O isotopes and trace elements

Diorite sample R10-1. Zircon grains from sample R10-1 have equant
to sub-rounded morphologies and range from 100->200 pm in length
(Fig. 6a and Supplementary Fig. 8a). In cathodoluminescence (CL)
images, some zircon grains display relatively subhedral to euhedral
rims with clear concentric oscillatory zoning (Fig. 6a and Supple-
mentary Fig. 8a), but the majority have anhedral corroded rims with
oscillatory, convolute, or convoluted/mottled zoning patterns (Fig. 6a
and Supplementary Fig. 8a). We carefully excluded from our analysis
those grains with either mottled or convoluted zones. For sample R10-
1, 14 U-Pb Sensitive High-Resolution Ion Microprobe (SHRIMP)
analyses conducted on 14 grains yielded variable U (142-680 ppm)
and Th (69-1310 ppm) contents and high Th/U ratios (0.48-4.42)
(Supplementary Data 2). The high Th/U ratios are typical of zircons
crystallized from low SiO, melts (i.e., gabbro-diorite rocks)3’. The U-
Pb isotopic analyses yield a weighted mean 206Pb/238U age of 733 + 7
Ma (£95% conf., mean square of weighted deviates [MSWD] = 0.76,
N=13; Fig. 6a), which is interpreted as the crystallization age of the
gabbro-diorite complex. Eighteen laser ablation split stream (LASS)
analyses on the same sample were conducted on 18 grains, including
analyses over the same 14 spots utilized for SHRIMP analyses. The
LASS analyses yield a similar 200Pb/238U age of 732 +5Ma (+95%
conf,, MSWD = 14, N = 18; Supplementary Fig. 9a). Chondrite (CI)-
normalized® REE patterns of the zircons exhibit a negative slope
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Fig. 3 Field photos and photomicrographs of the El-Shadli plagiogranites and associated gabbros. a, a-1 Magmatic mixing zone between the
plagiogranites and associated gabbroic dioritic rocks. The large mafic enclaves in the mixing zone show no obvious chilled margin and have irregular
boundaries with the plagiogranites. b-d Centimeter-size mafic enclaves within gabbroic diorites and plagiogranites. e TIMA map showing the distribution
of the minerals in the sample R11-1. f, f-1 Crossed-polarized light images of the sample R11-1 showing coarse-grained hypidiomorphic-granular texture and
quartz-plagioclase intergrowths such as graphic and vermicular textures. The rock consists mainly of plagioclase (pl) and quartz (qz). GD = Gabbro-diorite

rocks, G = Plagiogranites.

from middle to heavy REE with (Yb/Gd)c =29-42, and subdued
negative Eu anomalies [(Ew/Eu*)c;=0.13-0.28], a feature that is
typical of unaltered magmatic zircons®® (Supplementary Fig. 9a).
Zircon grains have variable Hf contents (7843-10,390 ppm), Nb
contents (0.59-2.46 ppm), and U/Yb ratios (0.06-0.23) (Fig. 7a, b,
Supplementary Fig. 10a, and Supplementary Data 3). The Lu-Hf

isotopic analyses of these 18 spots yield 170Lu/!77Hf ratios of 0.004320
+£0.000340 to 0.008358 £0.000099 and 76Hf/'77Hf,, ratios of
0.282596 + 0.000064 to 0.282760 + 0.000077 (Supplementary Data 3).
Calculated eHf(;) values range from +9.70 £0.96 to +13.43 +1.16,
with a weighted mean of +11.56 +0.51 (MSWD = 1.12) (Fig. 7c, d,
Supplementary Fig. 10b, and Supplementary Data 3), corresponding
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with two-stage Hf model ages (Tpy crustal) of 0.77-1.02 Ga.
Although spot R10-1-15 has eHf(;) = 15.21 + 1.16 and Ty = 0.66 Ga,
the young Tpy age of this spot compared to the crystallization age of
the sample suggests recent Pb loss. As a result, the data from this spot
were not included in the eHf(;, weighted mean calculations. The Tpy
crustal calculation assumes a 76Lu/177Hf value of 0.015, an average
value for the continental crust®®. The same 18 spots were also ana-
lyzed by secondary ion mass spectrometry (SIMS) for O isotopic data,
and yield 8'80 values in the range of 4.33 +0.29 to 5.09 + 0.24%o with
a weighted mean of 4.73 £0.1%0 (MSWD = 1.09) (Fig. 7d, Supple-
mentary Figs 10c and 11, and Supplementary Data 3).

Trondhjemite sample R11-1. Zircon grains from sample R11-1 are
commonly >200 um in length and are equant to prismatic with
euhedral rims. These grains show homogenous textures, some with
well-developed oscillatory zoning in CL images, but others with faint
and broad zoning (Fig. 6b and Supplementary Fig. 8). Sixteen U-Pb
SHRIMP analyses on 16 grains yielded variable U (135-1241 ppm)
and Th (53-703 ppm) contents, and Th/U ratios of 0.37-0.66 (Sup-
plementary Data 2), typical of zircons that crystallized in a high-SiO,
magma>’. The 16 analyses form a tight cluster that yields a weighted
mean 206Pb/238U age of 733+3Ma (£95% conf, MSWD =0.11,
N=16; Fig. 6b), interpreted to be the crystallization age of the

Trondhjemite. Thirty-eight LASS analyses of 38 grains included 16
grains that were analyzed by SHRIMP, usually over the same spots.
Taken together, these LASS analyses yield a 296Pb/238U age of 730 + 3
Ma (£95% conf,, MSWD = 0.87; Supplementary Fig. 9b and Supple-
mentary Data 3) that is within analytical uncertainty of the SHRIMP
age. Cl-normalized3® zircon REE patterns are similar to those of
sample R10-1 and are characterized by a negative slope from the
middle to heavy REE [(Yb/Gd)c; = 15-28]. They are also characterized
by negative Eu anomalies [(Euw/Eu*)c; = 0.06-0.12], typical of unal-
tered magmatic zircons®® (Supplementary Fig. 9b and Supplementary
Data 3), and by high Hf (7873-13,098 ppm), low Nb (1.01-17.8 ppm),
and U/Yb ratios ranging from 0.06 to 0.22 (Fig. 7a, b, Supplementary
Fig. 10a, and Supplementary Data 3). The Lu-Hf isotopic analyses of
these 38 spots yield 176Lu/!77Hf ratios ranging from 0.00272 + 0.00011
to 0.01162+0.00020 and 17°Hf/177Hf;, ratios from 0.282570 %
0.000086 to 0.282710 + 0.0000680 (Supplementary Data 3). Calculated
eHfy) values range from +8.66+1.01 to +1339+0.80 and have a
weighted mean of +10.82+0.17 (MSWD = 1.01) (Fig. 7c, d, Supple-
mentary Fig. 10b, and Supplementary Data 3), corresponding with
Tpy crustal formation ages of 0.77-1.07 Ga. Twenty O isotope ana-
lyses of these zircons yield §!80 values ranging from 4.38 + 0.15%o to
4.88 +0.16%o with a weighted mean of 4.57 £ 0.04%0 (MSWD = 0.51)
(Fig. 7d, Supplementary Figs 10c and 11, and Supplementary Data 3).
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Trondhjemite sample S01-1a. Zircon grains from sample S01-1a
are euhedral with lengths <200 um. Most grains exhibit well-
developed concentric oscillatory zoning, although some have
homogenous cores (Fig. 6¢ and Supplementary Fig. 8). Twenty U-
Pb SHRIMP analyses on 19 grains yielded relatively low U
(28-153 ppm) and Th (13-257 ppm) contents, and Th/U ratios of
0.38-0.65 (Supplementary Data 2) that are indicative of a mag-
matic origin. Spot #S01-1-2 has a high common 2%Pb (6.9%),
and this analysis is not included in the age calculation. The
remaining 19 analyses yield a weighted mean 209Pb/238U age of
729 7 Ma (295% conf., MSWD = 0.37, N = 19; Fig. 6¢), which is
interpreted as the crystallization age of this Trondhjemite sample.
Thirty LASS analyses were conducted on 30 grains, with 20
analyses from the same spots as the SHRIMP analyses, usually
over the SHRIMP spot. These analyses yield a 206Pb/238U age of
728 +4 Ma (+95% conf., MSWD = 0.69, N = 27; Supplementary
Fig. 9c and Supplementary Data 3), which overlaps (within
uncertainty) with the SHRIMP age. CI-normalized? zircon REE
patterns show negative middle to heavy REE slopes [(Yb/Gd)c1 =
10-41], as well as anomalies in Eu [(Eu/Eu*)c; = 0.06-0.12] and
Ce [(Ce/Ce*)c; = 0.4-16; Ce* =V(La x Pr)]. Such features are
typical of magmatic zircons® (Supplementary Fig. 9c and Sup-
plementary Data 3). The zircon grains have Hf contents ranging
from 8182 to 9859 ppm, Nb from 0.73 to 3.06 ppm, and U/Yb
ratios from 0.04 to 0.12 (Fig. 7a, b, Supplementary Fig. 10a, and
Supplementary Data 3). The Lu-Hf isotopes of these 30 spots
yield 76Lu/!77Hf ratios ranging from 0.001548 +0.00002 to
0.00668 +0.00020 and 76Hf/177Hf, ratios from 0.282566
0.000038 to 0.282725 + 0.000043 (Supplementary Data 3). The
calculated eHfy) values range from +8.51 +0.59 to +-14.40 + 0.83
with a weighted mean of 4 11.00 £0.12 (MSWD = 4.3) (Fig. 7c,
d, Supplementary Fig. 10b, and Supplementary Data 3), which
corresponds with Tpy crustal formation ages of 0.72-1.09 Ga.
Twenty O isotope spot analyses yield §'80 values ranging
between 4.32 + 0.24%o and 5.09 + 0.20%o with a weighted mean of
4.83+0.09%0 (MSWD = 0.97) (Fig. 7d, Supplementary Figs 10c
and 11, and Supplementary Data 3).

Trondhjemite sample S14. Zircon grains from sample S14 are
equant to sub-rounded, with euhedral rims. They range in
length from 50 to 150 um. Zircon grains commonly show
oscillatory zoning in CL images, although some display
homogenous cores (Fig. 6d and Supplementary Fig. 8). Nine-
teen U-Pb SHRIMP analyses conducted on 19 grains yield U
and Th contents of 48-937 and 20-1451 ppm, respectively,
with Th/U ratios ranging from 0.31 to 1.55 (Supplementary
Data 2). These values are consistent with a magmatic origin.
Seventeen of the 19 U-Pb isotopic analyses yield a weighted
mean 206Pb/238U age of 722+ 7 Ma (+95% conf., MSWD =
0.41, N=17; Fig. 6d), which is interpreted as the crystal-
lization age of the sample. Nineteen LASS analyses located
over the same 19 SHRIMP spots yield a 200Pb/238U age of 722
+11 Ma (£95% conf., MSWD = 3.5, N=19; Supplementary
Fig. 9d and Supplementary Data 3), which is identical within
error to the SHRIMP age. All zircons have REE patterns
characterized by negative slopes [(Yb/Gd)c; = 14-29], negative
Eu anomalies [(Euw/Eu*)cy = 0.12-0.52], but highly variable Ce
anomalies [(Ce/Ce*)cy=1.06-114], characteristics typical of
magmatic zircons® (Supplementary Fig. 9d and Supplemen-
tary Data 3). Zircon grains have Hf concentrations ranging
from 8515 to 11,322 ppm, Nb from 0.80 to 9.37 ppm, and U/Yb
ratios from 0.07 to 0.47 (Fig. 7a, b, Supplementary Fig. 10a,
and Supplementary Data 3). Lu-Hf isotopic analyses of the
same 19 spots give 176Lu/177Hf ratios of 0.000936 % 0.000009
to 0.011387 +0.000083 and 76Hf/!77Hf, ratios of 0.282577 +
0.000041 to 0.282724 +0.000045 (Supplementary Data 3).
Calculated eHf(y) values range from +9.39 +0.62 to +13.19 +
1.08 and give a weighted mean of +11.38 £0.56 (MSWD =
3.3) (Fig. 7¢, d, Supplementary Fig. 10b, and Supplementary
Data 3), corresponding to Tpy crustal formation ages of
0.78-1.05Ga. These 19 spots have 8180 values of 4.06 +
0.17-4.93 £0.25%0 with a weighted mean of 4.52+0.14%o
(MSWD = 2.4) (Fig. 7d, Supplementary Figs 10c and 11, and
Supplementary Data 3).
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Discussion

El-Shadli plagiogranites: mineralogical, petrological, and geo-
chemical evidence. Plagiogranites are distinguished from other
granite types based on mineralogical and geochemical criteria®>40.
The modal mineralogy (plagioclase >50%, quartz, and amphibole
<10%) and textures (quartz-plagioclase graphic and vermicular
intergrowth textures) of the El-Shadli granite are typical of
plagiogranites® (Fig. 3e, f-I and Supplementary Figs 2 and 3). In
addition, the compositions plot in the trondhjemite and tonalite low-
pressure fields on the Ab-An-Or diagram*1#? (Fig. 4a). The rock
association of the El-Shadli complex (trondhjemite, tonalite, diorite,
and gabbro) is typical of plagiogranites found in MOR and
ophiolites>>-810 (Fig, 4a and Supplementary Fig. 12a).

Geochemically, the El-Shadli granitoids have very low K,O
contents (<1 wt. %), typical of known plagiogranite rock suites
worldwide (Fig. 4b), suggesting a low-K mafic source*? (Fig, 4c). On
discrimination diagrams of Rb vs. Y + Nb and Nb vs. Y%, the El-
Shadli granites plot in the ORG (ocean ridge granite) field, which is
typical of plagiogranites from ocean ridge settings (Fig. 4d and
Supplementary Fig. 12b). In addition to their high contents of Y
(38-98 ppm), and low Nb (0.78-2.83 ppm), they are low in Rb (a
fluid-mobile element) (2.06-13.45 ppm; average = 6.5 ppm) (Fig. 4d
and Supplementary Fig. 12b) indicating derivation from a highly
depleted source and no interaction with (or contamination by)
continental crustal materials. Such geochemical features are typical of
the MOR- and/or oceanic plume-related granites®0 (Fig. 4d,
Supplementary Fig. 12b, and Supplementary Data 1).

Other geochemical features typical of plagiogranites are the flat
REE patterns®3>7810 (Fig. 5a, b), low Sr (43-200 ppm), low Rb/
Sr (0.02-0.21), and low Sr/Y ratios (0.44-5.29)>%°. Their low
abundance of LILE such as Cs, Rb, Ba, Th, and U also
distinguishes them from arc-related granitoids and demonstrates

a lack of interaction between the parental magma and subducting
crustal and sedimentary materials®® (Supplementary Fig. 6).
These geochemical features therefore suggest that the El-Shadli
granitoids have a different origin and formed in a different
geodynamic setting from other coeval ANS granitoids*+#°> (Figs 4
and 5 and Supplementary Figs 5, 6, and 12).

Zircon trace-element contents are a powerful tool for tracking
the origin of granites and for distinguishing between the different
granitic types38. Chondrite-normalized REE patterns of the El-
Shadli zircon grains plot in the ocean-crust zircon field, as defined
by zircons from oceanic crust plagiogranites and gabbroic rocks38
(Supplementary Fig. 9). Also, the low U/Yb and Gd/Yb of the El-
Shadli zircon grains are similar to MOR plagiogranite zircons38
(Fig. 7a, b and Supplementary Fig. 10a). Their 8§30 values of
4.52£0.14 to 4.83 £0.09%o extend ~1%o below values typical of
mantle zircon (5.3 +0.3%0)%® and are similar to 8§'80 values of
plagiogranites (Fig. 7d and Supplementary Fig. 10c), which range
from 3.9 to 5.6%o (average = 4.9 +0.6%o).

In conclusion, the mineralogical, petrological, and geochemical
characteristics of the El-Shadli granites indicate that they are
plagiogranites, which clearly distinguishes them from known ANS I-
and A-type granites*»*>, trondhjemite-tonalite-granodiorite suites?’,
and arc-related granitoids*® (Figs 4, 5, and 7 and Supplementary Figs 5,
6, 10, and 12).

Characteristics of the melt source. The El-Shadli plagiogranites
have MORB-like compositions. They are metaluminous, have
very low K,O (Fig. 4b and Supplementary Data 1), and flat-like
CI-normalized (except for sample R11-1) REE patterns with
slight LREE depletion relative to HREE [(La/Yb)y = 0.41-0.88]
(Fig. 52). The low initial 87Sr/36Sr ratios and high positive eNd
of the El-Shadli plagiogranites and associated gabbros
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(Supplementary Fig. 7) indicate the juvenile composition of a
source rock that was itself extracted from a depleted MORB-like
mantle source.

The Sr-Nd isotopic data of the El-Shadli plagiogranites and
associated gabbros, as with the overlying El-Shadli bimodal
volcanics?3, are comparable to the nearby ~750 Ma W. Gerf and
W. Ghadir N-MORB mafic ophiolites24*® (Supplementary Fig. 7).
Collectively, the geochemical and isotopic characteristics of the
El-Shadli plagiogranites and associated gabbros suggest derivation
from a MORB-like depleted source, similar to that of the El-
Shadli bimodal volcanics?3. These characteristics are all typical of
plagiogranites that are generally interpreted to reflect juvenile and
depleted sources?3>7:8:1040, The enrichment in some LILE (Cs,
Rb, Ba, Th, and U) in the El-Shadli plagiogranites and associated
gabbros relative to N-MORB are likely an inherited feature and
could be related to hydrothermal alteration of their source in the
oceanic crust! 4%, The same enrichments in these LILE have been
reported in the nearby ~750 Ma W. Gerf and W. Ghadir N-
MORB mafic ophiolites2448,

The juvenile El-Shadli plagiogranite lithogeochemistry, together
with the absence of pre-Neoproterozoic zircon inherited cores or
xenocrysts in any of the samples (Fig. 6 and Supplementary Fig. 9),
implies that there is no evidence for interaction with old crustal
materials’. The low U/Yb ratios (mostly <0.1) of the El-Shadli
plagiogranite zircons are similar to modern ocean-crust zircons from
a depleted source with MORB-like composition and contrasts with
continental and arc zircons?® (Fig. 7a, b and Supplementary Fig. 10a).
The low Nb/Yb and Gd/Yb ratios of the El-Shadli plagiogranite
zircons are also well-defined features of zircon extracted from a
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depleted MORB-like source?>38 (Fig. 7b and Supplementary Fig. 10a).
The high positive eHf() values (weighted mean from +10.82 £ 0.17 to
+11.56 +0.51) of the El-Shadli plagiogranite zircons (Fig. 7c and
Supplementary Fig. 10b) also indicate a juvenile source with no
measurable contribution from old continental crust®>!. These data
indicate the El-Shadli plagiogranites were derived from a highly
depleted source and indicate a different mode of origin from that of
the coeval ANS granitoids** (Fig. 7c). It is worth noting that the felsic
endmember (sample S02-5) of the overlying ~700 Ma El-Shadli
bimodal volcanics shares the same zircon isotopic and trace-element
characteristics as the plagiogranite, suggesting derivation from a
similarly depleted MORB-like source?? (Fig. 7).

The uniform §'80 values (weighted mean from 4.52 +0.14 to
4.83+0.09%0) of the El-Shadli plagiogranite zircons are lower
than that of typical mantle values (5.3+0.3%0)% but are
consistent either with a source that has previously undergone
interaction with high-temperature hydrothermal fluids or with
sub-solidus alteration of plagiogranite by post-magmatic fluid-
rock interaction’? (Fig. 7d and Supplementary Fig. 10c). The
former possibility is favored for several reasons. First, petro-
graphic observations and the low LOI indicate the plagiogranites
are very fresh. Second, zircon resists post-magmatic modification,
and zircon within the plagiogranite preserves primary magmatic
signatures such as crystal shapes with oscillatory zoning (Fig. 6
and Supplementary Fig. 8), high Th/U (mostly >0.4)>2, and U
contents mostly <1000 ppm37~2 (Supplementary Fig. 11 and
Supplementary Data 1). In addition, there is no correlation
between Th/U and U vs. §!80 (Supplementary Fig. 11), and our
U-Pb data yield concordant to nearly concordant ages (Fig. 6 and
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Fig. 8 Whole-rock petrogenetic discrimination diagrams. a Ternary diagram of TiO,-SiO,/50-K,O modified after France et al."” based on experimental
work to evaluate the composition of plagiogranitic melts resulting from fractional crystallization of MORBS5 and partial melting of hydrated oceanic crust
(i.e., gabbros, amphibolites, and basalts)!>17:54. b TiO, (wWt%) vs. SiO, (wt%) diagram!! showing the lower limit for plagiogranitic melts resulting from

fractional crystallization of MORB. € TiO, WR (wt%) vs. 8'80zr (%) diagram’ showing the field of plagiogranites produced by fractional crystallization of
MORB. Error bars represent 2 sigma. d La (ppm) vs. SiO, (wt%) diagram was modified after Brophy'®, suggesting a partial melting origin for the studied
rocks. Global plagiogranite database is as referenced in the text and data for the El-Shadli bimodal volcanics are that of Gamal El Dien et al.23.
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Supplementary Fig. 9). All these features indicate that the 8§30
compositions may be attributed to hydrothermal fluid contam-
ination of their source rock”?, rather than to post-magmatic
alteration processes.

In summary, the whole-rock petrological, geochemical, and
isotopic data and zircon U-Pb-Hf-O-trace-element data suggest
that the El-Shadli plagiogranites were derived from a MORB-like,
highly depleted mafic source that had previously undergone
hydrothermal alteration in an oceanic-and/or ridge/rift-related
setting.

Petrogenesis of the El-Shadli plagiogranites. The genesis of the
plagiogranites is commonly attributed to either (a) a direct mantle-
derived basaltic melt that fractionated to vyield plagiogranite
compositions>*3 or (b) the product of partial melting of a hydro-
thermally altered depleted mafic lower oceanic crust”1113:15-17:54 hoth
in MOR environments.

Experiments show that the composition of plagiogranitic melt
resulting from fractional crystallization of MORB"* differs markedly
from that of plagiogranite melt generated by partial melting of gabbros
and amphibolites from the lower oceanic crust and oceanic crustal
basalts!>17>4%6, particularly with regard to TiO,, SiO, and K,O
contents (Fig. 8a). The El-Shadli plagiogranites have a compositional
range that overlaps with melts produced by partial melting of
hydrated gabbroic and amphibolitic rocks of the lower oceanic crust
(Fig. 8a). The TiO, content of plagiogranitic melts derived by
fractionation from tholeiitic magmas is controlled by source
composition and redox conditions'»>>. Experiments on tholeiitic
primitive MORB melts®> show that Fe-Ti oxides are generally stable
under oxidizing conditions, and so SiO,-enriched felsic melts have
significantly lower Ti contents. On the other hand, under reducing
conditions, the felsic melts produced by fractionation are characterized
by high TiO, and FeO contents. As the differentiation of MORB melts

ically occurs under more reducing conditions, the resultant felsic
melts should have high Ti contents!*>. In contrast, gabbros in the
lower oceanic crust are highly depleted in Ti, and partial melting of
this source generally occurs under hydrous (ie, oxidizing)
conditions!®. The resulting felsic melts should, therefore, have very
low Ti contents!®. Thus, Koepke et al.!l1> proposed that the TiO,
content of plagiogranites is a powerful indicator for discriminating
between the more felsic plagiogranitic melts generated from anatexis
of oceanic lower crustal gabbroic rocks (TiO, <1 wt. %) and those
generated by fractionation of MORB melts (TiO, > 1 wt. %). The El-
Shadli trondhjemitic and tonalitic rocks have TiO, concentrations
below the lower limit for experimental melts produced during MORB
fractionation, again supporting an origin involving partial melting of
mafic (gabbroic) crust (Fig. 8b, ).

Based on theoretical modeling, Brophy!® proposed that
plagiogranitic melts formed by hydrous partial melting and
exhibit either a flat or slightly decreasing REE with increasing
SiO, content. Their REE patterns can be slightly higher, and/or
overlap with, co-magmatic mafic rocks. On the other hand,
plagiogranitic melts produced by fractional crystallization show a
positive correlation between REE and SiO, contents!®. The El-
Shadli plagiogranites and associated gabbroic rocks have similar
and overlapping flat REE patterns (Fig. 5a) and lack a positive
correlation between La and SiO, (Fig. 8d), features typical of
melts formed by hydrous partial melting of lower oceanic crust!®.
This process contrasts with that of the Iceland lavas, which
display a positive correlation between La with SiO, from mafic to
felsic endmembers and are thought to have been formed by
fractional crystallization!©.

Koepke et al.11>15 proposed that hydrous partial melting of pre-
existing gabbros produces a plagiogranitic melt with amphibole as
residual phase (Olivine + clinopyroxene + plagioclase (A) +

H,0 = amphibole + orthopyroxene + plagioclase (B) + plagio-
granitic melt). As REE abundances (particular LREE to MREE)
and HFS elements such as Nb are very sensitive to the presence of
amphiboles in the residue, the resultant melt should be depleted
in LREE and Nb®! 11554, This is indeed the case for the El-Shadli
plagiogranites (Fig. 8d and Supplementary Fig. 6). The lack of
HREE depletion (Fig. 5a) indicates the absence of residual garnet,
implying partial melting occurred in a low-pressure environment
(i.e., in plagioclase stability field).

Zircon §'80 values can also distinguish between plagiogranitic
rocks generated by fractional crystallization (typical mantle-like
8180 values of 5.2 + 0.5%0)” and those generated by re-melting of
hydrothermally altered gabbroic lower oceanic crust (8130 =4.9
+0.6%0)”. The El-Shadli zircons have low §'80 values ranging
between 4.52 and 4.83%o (Fig. 7d and Supplementary Fig. 10c).
There are two possible ways to cause such low §'80 values: one is
by melting hydrothermally altered source rocks, and the other is
by assimilating hydrothermally altered wall rock during magma
intrusion’-, However, a plagiogranitic magma contaminated by
wall-rock assimilation would be expected to contain zircon
xenocrysts and Hf-O isotopic data comparable to that upper
crustal rocks?, but neither of these features have been observed in
the studied rocks (Fig. 7d). Also, normal oceanic crust is
characterized by 8180 values as low as 2%o for the gabbroic
lower crust due to interaction of the mafic magma with
hydrothermal fluids”!4. The systematic low &80 values
are typical of global ophiolitic plagiogranites, indicating that
these values are primary signatures and reflect partial melting of
the lower oceanic crust without overprinting by late, low-
temperature fluids’. The above observations support the forma-
tion of the El-Shadli plagiogranites by re-melting of altered
gabbroic lower oceanic crust. On the plot of TiO, (WR) vs.
8180zr (Fig. 8c), the El-Shadli plagiogranites also plot outside the
field characterizing plagiogranites with a fractional crystallization
origin but overlap with plagiogranites with a known partial
melting origin from the Oman and Troodos ophiolites”>”.

It has been demonstrated that high-temperature hydrothermal
fluids can penetrate to upper mantle depths, and are thus capable of
interacting with the oceanic gabbroic lower crust?®. The circulation of
such hydrothermal fluids has been recognized by their seawater
signatures such as high radiogenic 87Sr/36Sr values and high Cl and B
contents in basaltic glass from MORB and secondary amphibole in
the gabbroic section of ophiolites!11>17:4954, The penetration of such
hydrothermal fluids is facilitated by high-temperature shear zones/
detachment fault systems in the oceanic crust!>%.

Field observation of irregularly shaped enclaves of gabbroic
blocks within the plagiogranite indicate the presence of magmatic
mingling (Fig. 3a, a-I and Supplementary Fig. 1b). Such contact
relationships are typical of mingling between two contempora-
neous magmas®. Their interpreted coeval origin is further
supported by the overlapping ages for the two rock types (Fig. 6
and Supplementary Fig. 9). The El-Shadli gabbroic rocks exhibit
an evolved signature, characterized by low Mg# [MgO/(MgO -+
FeOT)*100 < 60], Cr (<500 ppm), and Ni (<100 ppm) (Supple-
mentary Data 1). Such low values are significantly lower than that
of primary mantle melts (Ni > 500 ppm, Cr > 1000 ppm, and Mg#
>72)°8 and suggest these gabbroic rocks are not primary mantle
melts. These characteristics, together with the negative correlation
of SiO, with MgO and CaO (Supplementary Fig. 4), indicate that
the source rock of the mafic magmas underwent olivine and
clinopyroxene fractionation. Thus, the magma compositions of
the gabbroic rocks originated by extensive partial melting of a
depleted, juvenile mafic source.

Collectively, whole-rock petrology, geochemical and isotopic
data, and zircon Hf-O isotopes support partial melting of the
hydrated gabbroic lower oceanic crust as the origin for the El-
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Shadli plagiogranites. Some “arc-like” trace-element patterns,
such as Nb and Ti negative anomalies, and LILE enrichment, can
be interpreted as the result of (1) hydrothermal fluid contamina-
tion of the source rocks and/or (2) a two-stage process (ie.,
generation followed by re-melting of highly depleted source) for
the production of the plagiogranitic melt.

Geodynamic context and formation mechanism for the El-
Shadli plutonic complex. The geochemical and isotopic data
distinguish the El-Shadli plagiogranites from other arc-related
granitoids (Figs 4, 5, and 7 and Supplementary Figs 6, 10, and 12)
and suggest their formation in a ridge/within-plate tectonic
environment (Fig. 4d and Supplementary Fig. 12b). The El-Shadli
plutonic complex (plagiogranites and associated gabbros) intru-
ded pre-existing poly-deformed and variably metamorphosed
ophiolitic complexes, as evidenced by cross-cutting relationships
with strongly foliated ophiolitic country rocks (Fig. 2). The lack of
significant deformation or metamorphism in the El-Shadli plu-
tonic complex is consistent with its emplacement in a within-
plate tectonic setting. In addition, the El-Shadli plutonic complex
is overlain by rift-related, within-plate, and slightly younger
(~700 Ma) bimodal volcanic rocks?>?7 (Fig. 2). These relation-
ships further support a post-accretionary, within-plate/rifting
tectonic setting for the El-Shadli plutonic complex. Geochemical
and isotopic data for the El-Shadli plagiogranites suggest an
origin involving the anatexis of hydrated gabbroic lower oceanic
crust. Their highly depleted and juvenile composition indicates
that the magma was likely derived from partial melting of a
juvenile mafic proto-continental crust (i.e, accreted oceanic
crust) along a continental margin (Fig. 9b, ). This juvenile mafic
proto-continental crust was accreted along the flanks of an ocean
(i.e., the Mozambique Ocean) that bordered the Rodinia super-
continent (Fig. 9b, c). Such accreted mafic juvenile crust was
likely thinner and denser than normal continental crust and was
thus mostly submerged (Fig. 9b, c), thereby explaining the sub-
marine setting of the slightly younger (~700 Ma) bimodal vol-
canics and the formation of pillow basalts?>27. The El-Shadli
plagiogranites were formed by melting of an oceanic crust that
was accreted 20-10 Myr earlier (i.e., by melting of older ophiolitic
complexes), unlike other plagiogranites found in ophiolites and
MOR settings worldwide, in which plagiogranites formed con-
temporaneously with MOR magmatism?4°7,

It has been suggested that the volume of plagiogranites reflects the
formation process (fractional crystallization vs. partial melting)!>.
Fractional crystallization of basaltic magma normally produces small
volumes of plagiogranites in MOR environments®”1>. On the other
hand, larger volumes of plagiogranitic melt can be generated by partial
melting processes and are more likely to occur in ophiolites”1°. Such
partial melting processes are made possible by high H,O activity and
possibly with an excess heat source in MOR environments. The H,O
could be provided through penetration of hydrothermal fluids from
the ocean via high-temperature detachment fault systems/shear zones
along the MOR!># (Fig. 9a). The excess heat source is generally
believed to have been provided by underlying melt lenses beneath the
MOR®!>>4, but Amri et al.> suggested an upwelling mantle diapir as a
heat source for the formation of the largest plagiogranites (up to 8 km
in outcrop dimension) within the Oman ophiolites. As the El-Shadli
plagiogranites formed after terrane accretion instead of in a MOR
environment, and the 730-700 Ma magmatism is coeval with global
continental rifting and the break-up of Rodinia (~825-680 Ma)>*%0,
the heat source for their formation could have been related to
emplacement of a mantle plume during Rodinia break-up>>®? (Fig, 9¢),
as first speculated by Gamal El Dien et al.?3 for the formation of the
~700 Ma rift volcanics found in the same region. Given that the El-
Shadli plagiogranites formed in a post-accretionary within-plate setting,

d) ~ 730- - i i ?
Bimodal volcanics (<700 Ma) ¢) ~ 730-720 Ma (El-Shadli plutonic complex formation,
700 Ma
(Hiatus)
Plagiogranites

Acoretion 70— =2
~750-730 Ma

750 Ma —

800 Ma-

Fig. 9 A tectonic model for the formation of the El-Shadli plutonic
complex (modified after Gamal El Dien et al.23). a Oceanic spreading and
subduction along a continental arc during ~830-750 Ma, highlighting
hydrothermal fluids circulating and altering the lower oceanic crust near
MOR. b Accretion of oceanic terranes (including oceanic arcs) during
~750-730 Ma, forming a juvenile proto-continental crust. ¢ Formation of
the EI-Shadli plagiogranites and associated gabbros above asthenosphere
upwelling possibly driven by a mantle plume at ~ 730-720 Ma by partial
melting the accreted lower oceanic crust. d Tectonostratigraphic column of
the study region.

the mantle upwelling could also have been induced by slab break-off°!.
However, the composition of the El-Shadli plutonic complex is
inconsistent with granitoid magmas produced by slab break-off°2
(Fig. 4d). Thus, a plume-induced model?® is preferred based on
evidence discussed below.

First, the exceptional large volume of the El-Shadli plagio-
granite (a lateral dimension of ca. ~100 km x 50 km) can best be
explained by mantle plume-induced large-scale re-melting the
accreted mafic lower crust that generated both the super-large El-
Shadli plagiogranites and the overlying bimodal volcanics (80
km x 35 km with a thickness of >10km)2327. Second, there is
evidence for mantle plume activity of that age in the region, such
as the layered mafic-ultramafic intrusions at Korab Kansi (741
24 Ma)®3 and at G. Dahanib (710 + 7 Ma)%4 (Fig. 1b). Third, the
hiatus between the 730-720 Ma plagiogranite and the overlying
~700 Ma bimodal rift volcanics (Fig. 9d) can be interpreted as
plume-induced regional doming?3-6°,

As plumes tend to preferentially nucleate along the margins of
a superplume®®, a plume heat source is in accord with the
proposed paleogeographic position of the ANS over the edge of
the Rodinia superplume during the break-up/continental rifting
of the supercontinent Rodinia between 825 and 680 Ma>%¢0.
Coeval plume-related magmatism along the margins of Rodinia
including granitoids, mafic-ultramafic dikes, and rift-related
bimodal volcanics found in South China, Australia, Southern
Africa, and Laurentia®%-67-68, The proposed plume-induced model
for the El-Shadli plutonic complex (~730-720 Ma) is coeval with
the global plume/rift-related magmatism such as the well-known
Franklin large igneous provinces event (~727-720Ma) in
Laurentia®®68 that extend until ~712 Ma®%, and the Gannakour-
iep event (~720 Ma) in South Africa and Namibia®’.

In summary, we propose that the exceptionally large El-Shadli
plagiogranite was formed by partial melting of previously accreted
oceanic crust (juvenile proto-continental crust) above a mantle
plume, instead of the previously well-known formation mechan-
isms in MOR environments. The preferred tectonic model (Fig. 9)
also has implications for the crustal growth of the ANS. Most
previous models focus on arc accretion!®20, but mantle plume and
rift-related-magmatism have also been suggested to have played
an important role in crustal evolution?l:22, However, previous
studies?122 advocating plume involvement only inferred that it
occurred within an oceanic environment (i.e., the formation of
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oceanic plateaus) before accretion and that the products of plume
activity were subsequently accreted with island arcs to form a
juvenile continental crust. The model presented herein, modified
from Gamal El Dien et al.?3, suggests that plumes may have also
been important in the post-accretionary evolution of the ANS.
Our model emphasizes the importance of mantle plume
emplacement in the transformation of newly accreted ANS
Neoproterozoic juvenile crust into a coherent normal continental
crust by promoting intensive crustal re-melting, and possibly by
the addition of new melts from the mantle into the crust. As the
ANS represents one of the largest post-Archaean juvenile
continental crustal growth events on Earth, our new mechanism
for the formation of plagiogranite and the transformation of
accreted juvenile terranes into consolidated and stratified normal
continental crust could potentially serve as an analog to the early
crust formation on early Earth.

Methods

Sampling and petrological examination. Rock samples were mostly collected
along W. Ranga (samples R10-1, 2 and R11-1, 2), W. Huluz (samples S01-1a, b),
W. Durunkat (samples S23-1, 2, $24, and S25-1, 2), and W. Abu Hammamid
(sample S14) (Fig. 2). Samples from previous work on the batholiths?%70 covered
the areas of W. EI Ridi, W. Ranga, W. Abu Ghalaga, W. Dabbah, and W. Abu
Ghusun (Fig. 2). Sample locations and coordinates are provided in the geological
map (Figs 1 and 2) and Supplementary Data 1, respectively. The geological map is
created using ArcGIS Desktop 10.7 licensed to Curtin University.

Thin sections of the rock samples were cut and polished with progressively finer
grades of diamond paste (9-1 pm thick) by service provider Yu'neng Petrology and
Mineral Service Company, China. The relative abundance of minerals (both
transparent and opaque) and their textural relationships were determined on a
Nikon Eclipse optical microscope at Curtin University using transmitted and
reflected light. Also, whole thin section images were collected for some samples
using a Zeiss Axio Imager M2m Imaging System at Curtin University, at 5x
magnification under transmitted and reflected light.

Phase mineral distribution maps for samples R10-1, R11-1, S01-1a, S14, S23-1,
$23-2, S24, S25-1, and S25-2 were acquired using a TESCAN Integrated Mineral
Analyzer (TIMA) housed at the John de Laeter Centre, Curtin University
(Supplementary Fig. 2). The analysis was performed on carbon-coated whole thin
sections using Liberation analysis in “Dot Mapping” mode adopting 3 pm dot
spacing for backscattered electron images and 27 um for X-ray acquisition
operating at 25KkV acceleration voltage, 15 mm working distance, and a
magnification of 185 times. Data processing (include calculation of modal
composition) was performed with the TESCAN TIMA version 1.6.71 software.

Whole-rock major and trace-element geochemistry. Rock samples were
examined first by optical microscopy. Selected rock samples were crushed with a
polyethylene-wrapped hammer into <0.5 cm small chips, ultrasonically cleaned in
distilled water, and subsequently dried and handpicked to avoid altered pieces and
visible contamination. The samples were then grounded with ethyl alcohol in an
agate ring mill to grain size <50 um, and the resulting powders were used for the
analyses of major and trace elements, and Sr-Nd isotopes (Supplementary Data 1).
Whole-rock major element oxides were determined by XRF at Bureau Veritas
Lab, Perth, Western Australia. Each whole-rock sample was pulverized in a
vibrating disc pulverizer. The sample powder was ignited at 1000 °C for 2h to
determine the LOI using a robotic TGA system. Subsequently, the sample was cast
using a 66:34 flux with 4% lithium nitrate to form a glass pill (fuse bead) by melting
at 1080 °C. The major oxides (Al,O3, Cr,03, Fe,03, K,0, MgO, MnO, Na,0, P,0s,
Si0,, and TiO,) were determined using XRF on the oven-dried (105 °C) fuse beads.
The trace and REE of the samples were analyzed using an Agilent 7500
quadrupole ICPMS at Macquarie (MQ) GeoAnalytical lab, Macquarie University,
Australia. Acid digestion with hydrofluoric acid (HF) was used to digest geological
materials for trace-element determination. Powdered samples of 100 mg each were
weighed into 15 mL Savillex Teflon beakers. The samples were first refluxed in
1.5 mL conc. HF (Merck Suprapur grade) +1.5 mL of Teflon distilled HNO; at 130
°C overnight, then ultrasonicated and dried. This process was repeated and then
ten drops of conc. HCIO, (Merck Suprapur) and 2 mL of conc. HF (Merck
Suprapur) was added and evaporated to incipient dryness at 170 °C before adding
five drops of conc. HCIO,. The sample beakers were tightly capped and placed on a
hot plate for 24 h at 190 °C, then cooled to room temperature. Samples were finally
refluxed in 2mL of 6 N distilled HCI at 150 °C for 3 h and dried down at 190 °C,
and then reflux again in 2 mL of 6 N distilled HNO; at 150 °C for 3 h. For trace-
element analyses, the samples were diluted in 100 mL of 2% HNOj; + 0.5% HF, and
heated at 80 °C until a clear solution resulted. Reference materials BCR-2 (basalt),
BHVO-2 (basalt), BIR-1 (basalt), and GSP-2 (granodiorite) were analyzed at the
beginning and end of each analytical session, and their measured values agree with
recommended GeoRem (http://georem.mpch-mainz.gwdg.de) and USGS values.

The precision of the measurements by repeated analyses of reference samples is
better than +5% for trace elements and REEs.

Whole-rock Sr-Nd isotopes. Sr and Nd isotopic ratios were obtained by thermal
ionization mass spectrometry (TIMS) on a Thermo Finnigan Triton system at Mac-
quarie (MQ) GeoAnalytical Lab, Macquarie University. Analytical procedures including
cleaning and column preparation, sample digestion, chromatographic separation to
collect Sr and Nd, and sample loading on Re filament and data collection from TIMS
are detailed in Tilhac et al.”!. BHVO-2 reference material was first measured in each
analytical session to check instrument status and sensitivity for Sr and Nd and was
followed by unknown samples. Ratios were normalized to 86Sr/38Sr = 0.1194 and
146Nd/1#4Nd = 0.7219 to correct for mass fractionation. BHVO-2 yielded 87Sr/8Sr
ratios ranging between 0.703449 + 0.000290 (20) and 0.703486 + 0.000464 (20) and
43N d/144Nd between 0.512952 + 0.000346 (20) and 0.512993 + 0.000106 (20). These
values are within the range of GeoRem preferred values for BHVO-2 (¥7Sr/36Sr =
0.703469 +0.000034; 143Nd/144Nd = 0.512979 + 0.000014). Blanks were below 1000 pg
for Sr and 80 pg Nd. 87Rb/86Sr and 47Sm/!44Nd were calculated using the elemental
ratios measured by solution ICPMS for the whole rock. The initial 87Sr/%6Sr and 43Nd/
144N ratios were calculated using A8’Rb = 1.42 x 107! and A147Sm = 6.55 x 10712 and
the assigned U-Pb zircon ages were collected from SHRIMP and LASS for each sample.
The 43Nd/!4Nd isotopic ratios are given as epsilon (&) notations relative to chondritic
uniform reservoir (CHUR) (13Nd/!4Nd = 0.512630 and 147Sm/!#4Nd = 0.196°).

eNd, = [( Nd/ mNdmmple)/( Nd/ " Ndigpuz) — 11 10,000.

Zircon mount preparation. Zircon grains were separated from crushed rock
samples (1-5 kg/each) using standard methods (Frantz magnetic separator and
heavy liquids) at Yu'neng Petrology and Mineral Service Company, China. The
best-quality grains, characterized by homogenous transparency, color, and fluor-
escence, were handpicked and mounted in 24 mm diameter epoxy resin discs and
polished to expose the interior of the grains. Zircon grains from each sample were
mounted along with zircon standards for age calibration (Plesovice) and O isotopes
(Penglai and Qinghu) in Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences (GIGCAS). The zircon crystals were characterized by CL imaging using
a Tescan MIRA3 scanning electron microscope in the Microscopy and Micro-
analysis Facility, John de Laeter Centre, Curtin University using 12kV, spot size
6 um, and working distance ~15 mm (Supplementary Fig. 8). In the CL images,
high-U regions appear as dark regions, and low U regions appear as bright regions.
Analytical spots, selected through CL imaging, were transparent, smooth, and
without obvious inclusions. The polished mounts were cleaned in high-purity
ethanol using an ultrasonic bath, and then vacuum-coated with high-purity gold
before the SHRIMP and SIMS analyses.

SHRIMP U-Pb zircon analyses. Zircon U-Pb isotope measurements were done on
the SHRIMP II instrument at the John de Laeter Centre, Curtin University (Sup-
plementary Data 2). Curtin ion-microprobe SHRIMP II analytical procedures broadly
followed those described by Compston et al.”? and Williams”3. A 25-30 um diameter
spot size was used for all the analyzed grains with a primary beam current of 2.5-3.0
nA, mass resolution of ~5000, and analysis sensitivity of ~18 cps ppm~! nA~!. Data
for each spot were collected in sets of six scans through the mass range of 1%Zr,0,
204ph+, background, 206pb+, 207pb+, 208pb+, 238U+, 248ThO+, and 254UO™. The
measured isotopic ratios were corrected for common Pb based on the measured 204Pb
and using the two stages common Pb evolution curve of Stacey and Kramers’# to get
the common Pb compositions. Multiple standard analyses were interspersed between
analyses during each session (once every four unknowns). Pb/U ages were normalized
to a recommended value of 337.1 Ma determined by conventional U-Pb analysis of
Plesovice zircon standard’®. The measurement of 20°Pb/238U and 207Pb/23°U ages
requires normalization to results of the standard analyses, and the reported results
were corrected for the uncertainties associated with the measurements of the Plesovice
standard. The correction formula for Pb/U fractionation is 206Pb+/238U+ = a (238U
160+/238J+)b76 ysing the parameter values of Black et al.”” All isotopic measure-
ments were reduced, processed, and interpreted using SQUID II, Isoplot, and Isoplot
R programs’8-80. The errors associated with individual analyses are 1o uncertainties
and include errors from U-Pb calibration based on the reproducibility of U-Pb
standard measurements, counting statistics, and the common Pb correction. The
weighted mean ages are quoted at the 95% confidence interval (2 SD). The ages
quoted through the text are 206Pb/238U ages that are more precise than 207Pb/206pPb
ages for Neoproterozoic zircons due to the lower content of 207Pb in these zircons8!.

Laser ablation split stream inductively coupled plasma mass spectrometry
(LASS-ICPMS) zircon U-Pb, Lu-Hf isotopes, and trace-elements analyses.
Zircon U-Pb, Lu-Hf isotopes, and trace-element abundances were measured using
LASS inductively coupled plasma mass spectrometry (LASS-ICPMS) in the Geo-
History Facility at the John de Laeter Centre, Curtin University (Supplementary
Data 3). The analyses were conducted on the same grain as the SHRIMP analysis,
commonly over the same spots. Additional LASS-ICPMS spots were targeted based
on CL images. The measured U-Pb and Lu-Hf isotopes and trace-element data
were collected simultaneously using an excimer laser (Resonetics S-155-LR 193
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nm) coupled to a Nu Plasma II multi-collector ICPMS (MC-ICPMS) and Agilent
7700s quadrupole mass spectrometer. The laser spot diameter was 50 pm, with 3 J
cm~2 on-sample laser fluence, repetition rate of 10 Hz, ablation time of 40's, and
~45's of total baseline acquisition.

U-Pb and trace-element data were collected from the split stream on an Agilent
7700s quadrupole mass spectrometer. Analyses of unknowns were bracketed by
blocks of primary and secondary zircon reference materials such as 91500, GJ-1,
Plesovice, and R33 to monitor and correct for mass fractionation and instrument
drift. Zircon standard 91500 (1062.4 + 0.4 Ma)3? was utilized as the primary zircon
reference age standard in this study. Standards GJ-1 (608.5 + 01.5 Ma)®3, Plesovice
(337.13 £0.37 Ma)”>, and R33 (419.26 + 0.39 Ma)34 were analyzed as secondary age
standards and treated as unknowns to monitor data accuracy and precision, and
were corrected for mass bias and fractionation based on measured isotopic ratios of
the primary reference material. During the analytical session, 91500 gave a 205Pb/
2387 age of 1062.33 + 3.33 Ma (MSWD = 0.09, p = 1.00, n = 29, self-normalized);
GJ-1 yielded a 20Pb/238U age of 602.29 + 1.16 Ma (MSWD = 0.89, p = 0.65, n =
30); Plesovice yielded a 206Pb/238U age of 337.46 + 1.00 Ma (MSWD = 0.4, p =
0.96, n =15); and R33 yielded a 205Pb/238U age of 416.99 + 1.52 Ma (MSWD =
0.91, p = 0.61, n = 31). The accuracy of individual analyses was typically within 1%
of the accepted value. Trace-element data were collected simultaneously, and raw
data were reduced against GJ-1 using °1Zr as the internal reference isotope
standard, assuming 43.14% Zr in zircon.

Lu-Hf isotopic data were collected on a Nu Plasma II MC-ICPMS. Measurements
of 172Yb, 173Yb, 175Lu, 176Hf + Yb + Lu, 177Hf, 178Hf, 179Hf, and 180Hf masses were
made simultaneously on the Faraday array. The correction for the isobaric
interference of Yb and Lu on 17°Hf was made following the method detailed in ref. 8.
The assessment of the resultant corrected 176Hf/177Hf ratio (and eHf) is facilitated
through an evaluation of the correlation between 176Hf/\77Hf and 176Yb/177Hf or
176Lu/177Hf, and a range of reference materials with varying 17Lu/177Hf and 176Yb/
177Hf ratios was also analyzed to validate the isobaric interference corrections3>8°.

Standard-sample-standard bracketing was applied using Mud Tank (17¢Hf/
177Hf = 0.282505 + 0.000044)37 as the primary reference material. 91500 (176Hf/
177Hf = 0.282306 + 0.000008)87, R33 (176Hf/177Hf = 0.282749 + 0.000046)58, GJ-1
(V76Hf/177HE = 0.282000 + 0.000005)%°, Plesovice (176Hf/177Hf = 0.282482 +
0.000012)75, and FC1 (176Hf/177Hf = 0.282184 + 0.000018)57 were used as
secondary standards to monitor accuracy of internal Hf isotope corrections for all
Lu-Hf analyses. During the analytical session, the following corrected 76Hf/177Hf
weighted average ratios were obtained on the standards: Mud Tank (176Hf/177Hf =
0.282507 + 0.000006, MSWD = 0.012, p = 1.00, n = 31), 91500 (176Hf/177Hf =
0.282295 +0.000011, MSWD = 0.56, p = 0.97, n = 29), R33 (\76Hf/!77Hf =
0.282739 + 0.000009, MSWD = 0.41, p = 1.00, n = 28), GJ-1 (\76Hf/177Hf =
0.281999 + 0.000008, MSWD = 0.54, p = 0.98, n = 31), PleSovice (}76Hf/177Hf =
0.282489 + 0.000018, MSWD = 0.47, p = 0.96, n = 16), and FC1 (176Hf/177Hf =
0.282161 +0.000022, MSWD = 0.79, p = 0.69, n = 16). In addition, stable isotopic
ratios (\78Hf/177Hf and '80Hf/177Hf) can provide a powerful indication of
instrument stability and the accuracy of mass bias corrections; the weighted
average of stable !78Hf/177Hf and 189H{/!77Hf ratios for all analyses was 1.46733
and 1.88686, respectively, within the expected range of those ratios®>. Data were
reduced in Iolite®® and in-house Excel macros. The ¢Hf(f) values were calculated
for all data using the 17Lu decay constant = 0.865 x 10711 yr~! set out by
ref. 363991 Chondritic values are after ref. 363991 176Hf/177Hf CHUR = 0.282785
and 176Lu/177Hf CHUR = 0.0336, where CHUR indicates chondritic uniform
reservoir. Depleted mantle values are after ref. 363991 176Hf/177Hf = 0.28325 and
176Lu/177Hf = 0.0384. Two-stage Hf model ages (Tpy; Crustal) were calculated
from the measured Lu-Hf isotopes and U-Pb ages of the zircons, whereas the
calculated initial 170Hf/177Hf ratio of the zircons is projected back to the depleted
mantle growth curve assuming 7Lu/!77Hf value of 0.015 for the average
continental crust®® using the following equations®%:

176f )/ 177HfZ(T) — sgf/ 177Hf2(0) — ST/ TTHE, x (& — 1).
176H£ / l77HfCHUR(T) — sgf/ l77HfCHUR(0) L/ T HE g ¢ (€7 — 1),
176Hf )/ ]77HfDM(T) — sf/ l77HfDM(()) — L TTHE x (& — 1),
eHf(T) = [ V°Hf/ ""Hf 5/ V*HE / V7 Hf caygery — 11 10,000.
Tpm = (1/N)x In[1+ (7HE/ 77 HE Ly, — VOHE/ 77HE,)/
(176Lu/ 177HfDM _ 176Lu/ 177Hfz)]
Tom®© = Tom — (Tom — D x [(fe = £2)/(Fc = fon)]-
Fpujirr = VSHE / V7HE/ 76 Lu/ Y7 Hf g — 1.
where, fc, f7, and fpu are the fiuf values of the continental crust, zircon sample,

and the depleted mantle, respectively. Z = analyzed zircon, CHUR = chondritic
uniform reservoir; DM = depleted mantle, TpyC = Two-stage Hf model ages.

SIMS zircon O-isotope analyses. Zircon O isotopic compositions were measured
using a Cameca IMS 1280-HR at the high-precision SIMS Laboratory of the
GIGCAS, following the analytical procedures of Yang et al.? (Supplementary
Data 3). The Cs* primary ion beam was used to sputter oxygen ions from
unknown zircon samples that accelerated at 10 kV and ~2 nA in intensity, with the

mass resolution being ~2500. The target area was ~20 um in diameter that includes
a 10 um spot diameter and a 10 pum raster diameter. 10 and !80 isotopes were
measured in multi-collector mode using two off-axis Faraday cups.

Qinghu and Penglai reference zircons”»%> have been used to evaluate the
precision (reproducibility) and accuracy. Penglai zircons were used as external
reference material to calibrate the instrumental mass fractionation (IMF). Qinghu
zircons were treated as an unknown sample, which yielded a precision of 5.45 +
0.03%o (2 SD; MSWD = 0.58) that is consistent with the recommended value of
5.4 +0.2%o (2 SD)*%. During each session, one Penglai zircon analysis was
conducted with every five unknown spots (including a Qinghu zircon standard that
was treated as an unknown). The measured 130/160 ratios were normalized to the
Vienna Standard Mean Ocean Water (VSMOW 180/160 = 0.0020052)% and
expressed on the §180-scale. A recommended value of §130 = 5.31 + 0.10%o (2 SD)
for the Penglai zircon standard was used in this study®”, and then corrected for the

IMF as follows:
=M
80, = < ( 0

Q) ) & 1000(%o),
0.0020052 > (%0),

IMF = §'"0,,(standard) — 8Oy (standard)
50 sample = 6'%0,, — IMF

whereas (180/160),; is the raw value measured by SIMS, (8'80), the normalized
(180/160)); by the value of VSMOW (180/160 = 0.0020052), (§!30)y(standard)
the measured result of standard sample, (§180)g(standard) the recommended value
of the Penglai standard, and §'80sample the corrected sample value.

Data availability

All data needed to evaluate the conclusions in the paper are present in the paper and/or
the Supplementary material and are publically available at https://doi.org/10.5281/
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