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Abstract

The East African Orogen formed as a result of collision between portions of East and West Gondwanaland as the
Mozambique Ocean closed in Late Neoproterozoic time, but it is not known exactly when. We use distinctive
chemical and isotopic composition of deformed ‘schistose’ dykes in southern Israel to argue that this collision
occurred after about 630 Ma, when the dykes were emplaced. These magmas had compositions of basaltic andesites
and andesites but had high Mg# (100 Mg/Mg+Fe; 55^70 ppm), Ni (70^240 ppm), and Cr (100^400 ppm) indicating
that the most primitive samples were in equilibrium with mantle peridotite; evolved samples suffered modest
fractionation. The schistose dykes are a medium-K, calc-alkaline suite, strongly enriched in light rare earth elements
and depleted in heavy rare earth elements. They are high-magnesium andesites and are similar to low-Ca type 2
boninites; similar magmas today only form over active subduction zones. The schistose dykes have non-radiogenic
initial 87Sr/86Sr (0.7026^0.7033) and radiogenic 143Nd/144Nd, with ONd(630 Ma) of +2.7 to +4.9 and TDM =0.77^0.94
Ga. Hf isotopic compositions (OHf (630 Ma)=+6.8 to +8.8) confirm the juvenile nature of these magmas. The dykes
are closely related to a nearby quartz diorite, although it is not clear whether the dykes represent magma that fed into
a magma body now filled with the quartz diorite, or issued from it. The generation of high-Mg andesite magma at 630
Ma involved reactive porous flow of a slab-derived melt through the mantle, requiring an active subduction zone, and
strongly suggesting that young, hot seafloor ^ perhaps the spreading ridge of the Mozambique Ocean ^ was
subducted. This indicates that collision between components of E. and W. Gondwana to form the East African
Orogen must have occurred more recently than 630 Ma.
F 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The Arabian^Nubian Shield (ANS) comprises
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the northern segment of the East African Orogen
(EAO). ANS crust re£ects the growth and accre-
tion of intraoceanic island arc systems ^ and per-
haps oceanic plateaux ^ associated with the clos-
ing of the Mozambique Ocean during Neo-
proterozoic time. Juvenile ANS crust evolved to
true continental crust as a result of crustal thick-
ening and intracrustal di¡erentiation, and this
crust stands as one of the best examples of how
juvenile continental crust forms as a consequence
of plate tectonic processes [1]. The EAO records
terminal collision between important parts of E.
and W. Gondwana to form a supercontinent at
the end of Neoproterozoic time, including crustal
thickening to form vast granulite tracts in the
south [2]. It also preserves a record of tectonic
escape and orogenic collapse [3^7]. The northern-
most EAO was particularly a¡ected by strong ex-
tension at the end of the EAO tectonic cycle [8].
These magmatic and tectonic events may have
contributed to major biological and climatic
changes during Neoproterozoic time [9]. Cessa-
tion of igneous and tectonic activity at about
the Cambrian^Precambrian boundary (V545
Ma) ushered in the platform stage [10], possibly
associated with a newly developed passive margin
truncating the northernmost EAO.
It is important for our understanding of Neo-

proterozoic Earth history to re¢ne our under-
standing of the nature, signi¢cance, and timing
of transitions between the various tectonic stages
in the evolution of the ANS and EAO, and relate
these to episodes of subduction, terrane accretion,
continental collision, tectonic escape, and orogen-
ic collapse. Garfunkel [10] identi¢es three tectonic
stages in the evolution of the northernmost EAO:
orogenic (s 600 Ma), transitional (600^530 Ma),
and platform (6 530 Ma). The ¢rst two of these
stages correspond to the ‘orogeny’ and ‘extension’
stages of Beyth et al. [11], the transition for which
occurred about 610^625 Ma in Jordan, Israel, and
E. Egypt. This is consistent with Ar thermochron-
ometry results indicating that this region was de-
formed and metamorphosed at 620R 10 Ma fol-
lowed by unroo¢ng and cooling by about 600 Ma
[12]. So de¢ned, the orogenic stage does not re-
solve subduction, terrane accretion, and terminal
collision phases. The subduction and terrane ac-

cretion phase occurred while the Mozambique
Ocean was closing and during the interval 870^
690 Ma [1]. This was followed by terminal colli-
sion between large parts of E. and W. Gondwana-
land near the end of Neoproterozoic time. The
timing of terminal collision is controversial (com-
pare estimates of 750^650 Ma[1] and 650^620 Ma
[13]). Recent dating of post-tectonic granites in
Ethiopia at 613R 1 Ma and 606R 1 Ma indicates
collision occurred in the southern ANS prior to
613 Ma [14].
It is clear that understanding the nature of the

collision and the history of post-collisional con-
vergence requires integrating a wide range of data
from igneous, metamorphic, and sedimentary
rocks over the entire EAO. Identifying and dating
igneous rocks that formed at convergent plate
boundaries can help constrain when the subduc-
tion phase ended and when the terminal collision
phase began. Unfortunately, such interpretations
can be controversial, as seen for the V600 Ma
Dokhan Volcanics of Egypt, variously interpreted
as forming in a mature arc setting [15] or in a rift
zone [16,17]. Such uncertainty near the time of
transition can re£ect the fact that mantle modi¢ed
by subduction loses this chemical ‘memory’
slowly, over a few tens of millions of years after
subduction ends [18].
Some igneous rock suites are diagnostic of

primitive arc environments, and among these bo-
ninites and high-magnesium andesites (HMAs)
stand out. Boninites and HMAs result from melt-
ing of the mantle wedge above an active or newly
forming subduction zone; thus the existence of
such rocks in ancient crustal tracts provides
powerful constraints on when subduction oc-
curred. In the following report we document
a HMA suite from the Neoproterozoic of south-
ern Israel for the ¢rst time and use these data to
help understand the evolution of the ANS and
EAO.

2. Geologic setting and previous work

Neoproterozoic basement is exposed in margin-
al uplifts on the £anks of the Red Sea (Fig. 1A),
including in southern Israel (Fig. 1B). The base-
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ment in southern Israel occurs in four fault-
bounded blocks: Timna, Amran, Roded and
Elat (Fig. 1B). The metamorphic sequence in the

eastern part of the Roded block is cut by two
generations of metamorphosed and foliated ma¢c
dykes [19,20], respectively concordant and discor-

Fig. 1. Location maps. (A) Neoproterozoic basement exposures around the northern Red Sea. (B) Basement exposures of south-
ern Israel and surrounding areas. Note that two of the samples analyzed in this study and all of the samples analyzed in [23] are
from the southern Elat block. (C) Detail of the study area in the central Roded block. Modi¢ed after [19].
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dant to the metamorphic structure of the country
rock (‘schist dikes’ of Bentor [21]). These ‘schis-
tose dykes’ are abundant in the Elat and Roded
blocks (Fig. 1B). They are ma¢c to intermediate
in composition, and individual dykes can be
traced for a few tens of meters up to 2 km [22].
The metamorphic grade of these dykes varies
from greenschist to amphibolite facies [19].
Cohen [23] studied the schistose dykes of the

Elat block (Fig. 1B) and concluded that the chem-
ical composition of the original igneous rock was
little changed during metamorphism, although
hot £uids with high K content caused minor alter-
ation mainly along the contact of the dyke with
the host rock. She concluded that the original
minerals were amphibole (kaersutite) and Na^pla-
gioclase. She also suggested that this andesite was
compositionally similar to modern andesite
erupted in the Marianas Island Arc. Data for
dykes analyzed by Cohen is plotted along with
our results in Figs. 3 and 4.
Heiman et al. [24] concluded that schistose

dykes in the Elat block were intruded after 640
Ma and before 580 Ma. They reported that am-
phibole separates from the schist dykes give var-
iable total 40Ar/39Ar ages, ranging from 592 to

495 Ma. Highly chloritized biotites yield a 446
Ma total-gas age and its age spectrum shows a
staircase pattern, with a maximum at approxi-
mately 610 Ma.
The schistose dykes are subdivided into an old-

er set that is concordant with regional foliation
and a younger set which is not. Concordant schis-
tose dykes in the Roded block strike north^south
and have vertical foliation planes and subhorizon-
tal lineations, similar to structures in the host
rock. The discordant dykes strike east^west and
are characterized by a steep, sigmoidal foliation.
This foliation suggests both strike^slip and nor-
mal displacement along the dyke walls. The E^W
trending, discordant schistose dykes intrude the
Roded quartz diorite, but the concordant schis-
tose dykes do not. Since this quartz diorite yields
a U^Pb zircon age of 634R 2 Ma [19] and a zircon
evaporation age of 630R 3 Ma [25], the concor-
dant schist dykes must have intruded prior to
V632 Ma and the discordant ones after V632
Ma. Both generations of dykes are andesitic on
the IUGS total alkalies vs. silica diagram [26].
The similar composition of discordant and con-
dordant dykes, contradictory intrusive relation-
ships with the quartz diorite, and the occurrence

Fig. 2. Photomicrograph of a schistose dyke sample 105 showing a cluster of preferred oriented biotite prisms in a matrix of pla-
gioclase and minor quartz crystals in polygonalic texture. Biotite clusters de¢ne the foliation of the dykes.
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of these units in a restricted area (similar dykes
are unknown from adjacent regions in Jordan or
Sinai) suggests a close relationship in time and
space, with each other and with the Roded quartz
diorite. This conclusion is supported by composi-
tional and isotopic data presented in following
sections. Katz et al. [19] noted that the concor-
dant dikes are not consistent with peak metamor-
phic conditions suggesting that either these rocks
underwent extensive retrograde recrystallization
after peak of metamorphism or that they intruded
later and underwent only lower grade of recrystal-
lization’. We prefer the second possibility and
conclude that discordant and concordant dykes
intruded slightly after and before emplacement
of the Roded quartz diorite about 632 Ma, re-
spectively.
The schistose dyke mineral assemblage is dom-

inated by amphibole and biotite, which form ori-
ented clusters embedded in a polygonal textured
matrix of plagioclase (andesine) and minor quartz
(Fig. 2). Amphiboles in concordant schistose
dykes from the Roded block are compositionally
homogenous actinolites of the ‘low-temperature’
type. In contrast, amphiboles from the discordant
schistose dykes are zoned with cores of magnesio-
hornblende and magnesio-hastingsite of the ‘high-
temperature’ magmatic type and the rims are
magnesio-hornblende and actinolite of ‘low-tem-
perature’ type typical of greenschist^facies meta-
morphic rocks. Amphibole^plagioclase thermom-
etry of unzoned actinolitic amphiboles in the
concordant schistose dykes gives equilibrium tem-
peratures of 511R 7‡C. Amphibole^plagioclase
thermometry of the discordant schistose dykes
yields equilibrium temperatures of 650R 20‡C
for the cores and 575R 15‡C for the rims [19].
These are not magmatic temperatures and pre-
sumably re£ect partial re-equilibration of these
minerals to metamorphic conditions.

3. Analytical techniques

Nine samples of discordant schistose dykes
were utilized in this study: two from the Elat
block (OK2304 and OK2305), and seven others
from the Roded block (locations shown in

Fig. 1). Two samples (2300 and 2301) intrude
the Roded quartz diorite.
The samples were crushed and fused with lith-

ium metaborate and analyzed for major oxides by
inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) using the Perkin-Elmer Opti-
ma 3300 at the Geological Survey of Israel (GSI).
Splits of samples were sintered with sodium per-
oxide (Na2O2) and analyzed for trace elements by
ICP-AES using the JY-48 at the GSI. The sam-
ples were analyzed for rare earth elements (REE)
using the Perkin-Elmer-SCIEX Elan 6000 ICP
mass spectrometer (MS) at the GSI, except for
Nd and Sm by isotope dilution at the University
of Texas at Dallas (UTD). 87Sr/86Sr was deter-
mined using the Finnigan MAT 261 solid-source
mass spectrometer at the UTD. Reproducibility
of 87Sr/86Sr is R 0.00004. During the course of
this work the UTD lab obtained a mean 87Sr/
86Sr = 0.70803R 3 for several analyses of the E
and A SrCO3 standard; data reported here have
been adjusted to correspond to a value of 0.70800
for the E and A standard. 143Nd/144Nd was also
determined using the UTD Finnigan-MAT261 in
the dynamic multicollector mode. Calculations of
ONdðTÞ were made assuming bulk earth 147Sm/
144Nd=0.1967 and using values of ONd for the
UCSD standard (315.2) and BCR (30.16) [27].
A total range of R 0.00002 observed for 143Nd/
144Nd of the standard (mean value= 0.511868) is
taken as the analytical uncertainty for the sam-
ples.
We measured the Hf isotopic compositions at

the University of Rochester. The measurements
were made statically on a VG Elemental Plasma
54, a multicollector, double-focusing magnetic
sector mass spectrometer with an inductively
coupled plasma source. Other clean-laboratory
column chemistry and mass spectrometric data
acquisition are the same as described by Bli-
chert-Toft et al. [28]. We use the JMC-475 Hf
standard to test reproducibility and accuracy.
For a sample size of 500 ng our in-run precision
(2 S.E.) on 176Hf/177Hf is between R 0.000007 and
R 0.000011, which is better than twice as good as
that typically reported for the thermal ionization
mass spectrometric method. All analyses were
normalized to 179Hf/177Hf= 0.7325. During the
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Table 1
Major trace and REE contents of schistose dykes

Oxide/element OK105 OK2101 OK2300 OK2301 OK2302 OK2303 OK2304 OK2305 OK2306

SiO2 57.0 56.8 58.5 58.0 56.2 59.0 54.7 60.1 60.4
Al203 14.1 14.9 15.1 14.4 13.9 16.0 14.7 15.4 15.6
Fe2O3 6.6 6.1 6.5 5.8 7.3 5.7 7.9 5.7 5.0
TiO2 0.8 1.0 1.1 0.7 1.1 1.0 1.1 0.9 0.9
CaO 5.9 5.9 5.6 5.7 6.7 5.2 7.0 4.8 4.7
MgO 7.9 5.3 5.1 6.9 6.7 3.6 6.9 4.6 4.5
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
P2O5 0.3 0.6 0.6 0.4 0.6 0.7 0.6 0.6 0.6
SO3 0.1 6 0.1 6 0.1 6 0.1 6 0.1 6 0.1 6 0.1 6 0.1 6 0.1
Na2O 3.8 3.3 3.8 3.6 3.5 4.4 3.3 4.7 4.6
K2O 1.7 1.1 2.0 2.1 1.5 1.5 1.6 1.6 1.3
LOI 1.9 5.4 1.4 1.9 2.5 2.9 2.0 1.9 2.6
Total 100.2 100.5 99.8 99.6 100.1 100.1 99.9 100.4 100.3
Mg# 70.3 63.3 60.9 70.2 64.5 55.6 63.4 61.5 64.1
CaO/Al2O3 0.418 0.396 0.371 0.396 0.482 0.325 0.476 0.312 0.301
Na2O/K2O 2.24 3.00 1.90 1.71 2.33 2.93 2.06 2.94 3.54

Rb (ppm) 35 66 32 45 29 26 50 41 24
Ba 550 365 800 660 630 730 458 700 640
Th 3.0 3.3 2.4 2.7 2.9 3.8 3.3 3.2 3.1
U 1.1 1.8 0.8 0.7 1.6 2.7 0.9 1.0 1.8
Sr 700 780 925 800 1050 900 925 900 860
Pb 8 15 7 7 7 9 9 12 8
Nb 5 7 8 4 6 6 6 5 8
Ta 0 1 1 0 0 0 0 0 0
Cr 400 185 160 360 280 100 210 195 180
Ni 240 140 70 200 145 60 120 90 110
Zn 70 115 75 80 85 80 110 90 80
Cd 0 1 0 0 0 0 0 1 0
Cu 29 51 33 41 10 61 35 46 17
Co 30 28 29 31 29 21 30 25 24
V 135 25 160 130 155 120 190 110 90
Zr 110 150 140 140 140 160 150 160 190
Y 9 13 17 13 11 12 17 12 9

La 16 25 23 19 22 23 22 22 20
Ce 36 58 60 43 50 52 53 51 45
Nd 23.8 36.9 35.0 22.6 34.7 32.4 38.7 30.9 28.7
Sm 4.2 7.0 6.8 4.4 6.2 6.1 7.7 5.9 5.2
Eu 0.9 1.6 1.8 1.2 1.3 1.4 1.8 1.4 1.0
Gd 2.7 4.1 4.9 3.5 3.6 3.8 4.6 3.7 2.9
Tb 0.39 0.58 0.73 0.53 0.49 0.52 0.68 0.51 0.41
Dy 1.8 2.7 3.4 2.6 2.2 2.4 3.3 2.3 1.8
Ho 0.33 0.48 0.61 0.47 0.40 0.43 0.61 0.40 0.31
Er 1.0 1.4 1.8 1.4 1.2 1.2 1.7 1.2 0.9
Tm 0.15 0.20 0.28 0.22 0.18 0.19 0.26 0.18 0.14
Yb 0.77 1.09 1.46 1.12 0.96 0.97 1.37 1.00 0.74
Lu 0.11 0.16 0.21 0.17 0.13 0.14 0.21 0.14 0.11
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course of these measurements the JMC-475 Hf
standard values were: 176Hf/177Hf= 0.282166R 20
(N=11). Lu and Hf concentrations were deter-
mined with a quadrupole ICP-MS using multiple
silicate rock standards; errors associated with
these measurements were usually less than 3%.
In estimating the initial OHf values in Table 4,
we used the bulk earth chondritic 176Hf/177Hf val-
ue of 0.282772 and 176Lu/177Hf = 0.0332.

4. Results

Major and trace element results are listed in
Table 1. The schistose dykes are basaltic-andesite
to andesite in composition (Fig. 3, top panel) and
have strong calc-alkaline a⁄nities (Fig. 3, bottom
panel). All of the samples that we have analyzed
as well as the Roded quartz diorite plot in the

low-Fe ¢eld for subalkaline igneous rocks [29].
On the K2O^SiO2 diagram, our samples plot in
the medium-K ¢eld, although a few of the sam-
ples analyzed by Cohen [23] plot in the high-K
¢eld (Fig. 3, top panel). CIPW norms contain
5^14% quartz and 11^20% hypersthene; norma-
tive plagioclase is AN28 to AN43. Most of the
schistose dykes are enriched in MgO, containing
between 3.6 and 7.9% with an average of 5.7%
MgO (Table 1). Mg# (100 Mg/Mg+Fe) varies be-
tween 70.3 and 55.6 with an average of 63.8. Ex-
cept for sample OK2303, all the samples have
Mg#s 61 and two samples (OK105 and
OK2301) have Mg#s 70. This is a conservative
estimate of Mg#, because we calculate all iron as
Fe, whereas magmatic Fe2O3/FeO for andesitic
magmas is probably close to 0.3 [30]. More real-
istic estimates of magmatic Mg# (assigning 80%
of total Fe to Feþ2) yield Mg# that are 8^10%
higher than those listed in Table 1, with an aver-

Fig. 3. Major element characterization of the schistose dykes
from this study and that of [23]. Top panel: K2O^SiO2 dia-
gram [53]; B=basalt. Bottom panel: FeO*/MgO-SiO2 dia-
gram, modi¢ed after [54]. Mean composition of low-Ca bo-
ninite type 2 and mean Roded quartz diorite from Table 4.

Fig. 4. Relative abundances of compatible ferromagnesian el-
ements relative to Mg#. (A) Cr; (B) Ni. Mean composition
of low-Ca boninite type 2 and mean Roded quartz diorite
from Table 4.
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age Mg# of 69. Regardless, samples with the
higher Mg# are in equilibrium with mantle peri-
dotite. All samples are enriched in Ni (average
143 ppm) and Cr (average 264 ppm). There is a
clear correlation between high Ni and Cr and high
Mg# (Fig. 4), suggesting control by fractionation
of ma¢c phases.
Na2O/K2O ranges from 1.7 to 3.5, with a mean

of 2.5; this is similar to values for juvenile, intra-
oceanic arcs [31]. Some of the variability in Na2O/
K2O is likely due to post-emplacement alteration,
but the relatively restricted range in this ratio and
its similarity to that of modern arc lavas suggests
that alteration had a modest e¡ect on even the
alkali metals. CaO/Al2O3 ranges from 0.30 to
0.48 with a mean of 0.38 (Table 1). CaO/Al2O3
is low relative to lherzolite melts, typically V0.79
for basalts such as mid-ocean ridge basalts
(MORB) [32], but is similar to CaO/Al2O3 found
for typical medium-K basaltic andesites (CaO/
Al2O3 = 0.46 for 648 samples; table 5.1 of [30]).
If this re£ects magmatic values, it suggests that a
Ca-bearing, Al-free phase such as clinopyroxene
controlled fractionation.
The samples are enriched in alkaline earth-in-

compatible elements Ba (365^800 ppm;
mean= 615 ppm) and Sr (700^1050 ppm;
mean= 871 ppm). The suite has a moderately
low K/Rb (138^519; mean= 377); much of this
variability may re£ect alteration. Compositional
data for major elements, alkali metals, and alka-
line earths suggest that the dykes behaved for the
most part as closed systems during metamor-
phism. Because REE are considered to be less
mobile than these elements in the metamorphic
environment that these rocks experienced, REE
patterns are unlikely to re£ect important altera-
tion e¡ects. This is supported by the fact that
there is no evidence for important hydrothermal
circulation, which can redistribute REE [33,34].
The schistose dykes are all strongly enriched in
the light rare earth elements (LREE), with up to
80U chondritic abundances of La. The suite is
also depleted in heavy rare earth elements
(HREE), with 3^7U chondritic abundances of
Yb (Fig. 5). Chondrite-normalized La/Lu ((La/
Lu)n) range from 11 to 18, with a mean of 14.
The REE patterns are characterized by minor or

no Eu anomalies. REE patterns indicate that a
phase capable of fractionating LREE and
HREE, such as garnet or amphibole, was impor-
tant in magmatic evolution. This suggestion is
supported by high Sr/Y (52^75; mean= 66). In
spite of this, (La/Lu)n do not vary with Mg#, as
would be expected from amphibole- or garnet-
controlled fractionation (Fig. 5, inset) so it is un-
likely that the samples are related simply by frac-
tionation. The fact that Sr/Y (which is vulnerable
to alteration) and (La/Lu)n (which is not) are sim-
ilarly high suggests that Sr/Y mostly manifests
magmatic compositions and not alteration e¡ects.
The REE patterns and Sr/Y strongly indicate that
these melts must have evolved in equilibrium with
one or more mineral phases that fractionated
HREE from LREE and that plagioclase was not
important.

Fig. 5. Chondrite normalized REE patterns. Inset plots chon-
drite-normalized La/Lu ((La/Lu)n) vs. Mg# for these sam-
ples. The gray ¢eld shows REE patterns of the Roded quartz
diorite [44].
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The suite has low Nb/Zr (0.03^0.06;
mean= 0.04), low Th/U (1.7^3.9; mean= 2.2),
and high Ba/La (15^35; mean= 29) and Rb/Zr
(0.13^0.44; mean= 0.27) typical of convergent
margin magmatic suites. K/U varies signi¢cantly
(4600^24,900) around a mean of 12,220. Although
the mean value is remarkably like that for MORB
(12,800 [35]), the scatter in K/U (and the fact that
K/U varies with Th/U) suggests that alteration
mobilized U.
The ‘spider diagram’ of element compatibility

(Fig. 6) shows enrichments in Rb, Ba, Th, and
U; a negative anomaly for Nb and Ta; positive
anomalies for K, Pb, and Sr; and a modest neg-
ative anomaly in Ti. Alteration may be responsi-
ble for some of the variability seen in trace ele-
ment contents, but on the whole, the consistency
in patterns suggests that the magmatic signature is
preserved. If we accept that the magmatic signa-
ture dominates over e¡ects due to alteration, then
the elemental patterns in Fig. 6 are best explained
as characteristics of igneous rocks associated with
active subduction zones [36]. These anomalies are
caused by the addition of £uid-mobile elements
(K, Rb, Ba, U, Sr, Pb) carried by £uids or melts
released from the subducted slab and added to the
mantle source of these melts. Depletions in high
¢eld strength (HSE) elements may be due to re-

sidual HSE-bearing phases or because the mantle
source was already depleted [37]. These patterns
are remarkably like those of the best-analyzed ex-
ample of HMA as represented by a sample of
Miocene Setouchi andesite (sanukite) from SW
Japan (Geological Survey of Japan standard JA-
2 http://www.aist.go.jp/RIODB/geostand/igne-
ous.html).
Sr isotopic data are reported in Table 2. The

samples have low 87Rb/86Sr (6 0.22), so correc-
tions for 630 Ma of radiogenic growth are mod-
est, allowing the calculation of meaningful initial
87Sr/86Sr. These range from 0.70257 to 0.70347
(mean= 0.70305) and fall in the ¢eld previously
de¢ned for juvenile rocks of the ANS (Fig. 7).
They are also indistinguishable from those of

Fig. 6. Compatibility diagram of schistose dyke samples normalized to N-MORB [32]. Note strong enrichments in Rb, Ba, Th,
U, K, Pb, and Sr and relative depletions in HFSE Nb, Ta, and Ti, typical of convergent margin magmas. This pattern is funda-
mentally indistinguishable from that of low-Ca boninite type 2 of [47], using the Geological Survey of Japan standard JA-2 (Mio-
cene HMA from the Setouchi province of SW Japan).

Table 2
Sr isotopic data

Sample 87Sr/86Sr 87Rb/86Sr Initial 87Sr/86Sr

105 0.70467 0.145 0.70337
2101 0.70477 0.245 0.70257
2300 0.70379 0.100 0.70289
2301 0.70420 0.163 0.70274
2302 0.70405 0.080 0.70333
2303 0.70403 0.083 0.70329
2304 0.70413 0.156 0.70273
2305 0.70423 0.132 0.70304
2306 0.70420 0.081 0.70347

EPSL 6921 21-1-04

O. Katz et al. / Earth and Planetary Science Letters 218 (2004) 475^490 483

www.aist.go.jp/RIODB/geostand/igneous.html
www.aist.go.jp/RIODB/geostand/igneous.html


the Roded quartz diorite (Fig. 7). There is no
systematic variation of initial 87Sr/86Sr with
Mg#. Some of this variability may re£ect the ef-
fects of alteration, but because Nd and Hf iso-
topic compositions, which are less vulnerable to
alteration, are also variable, we suspect that the
variability in initial 87Sr/86Sr re£ects that of the
original igneous rocks.
Nd isotopic data are reported in Table 3. All

samples had moderately positive initial ONd, rang-
ing from +2.7 to +4.9 (mean=+4.1). This indi-
cates that the melts were derived from a source
region that experienced long-term depletion in

LREE, in spite of the fact that the samples are
now strongly enriched in LREE. These values are
indistinguishable from the initial ONd of the Roded
quartz diorite (range=+3.7 to +4.6; mean=+4.3)
for three samples [25]. 147Sm/144Nd ranges from
0.095 to 0.12, well below the maximum value of
0.165 adopted for the calculation of meaningful
Nd model ages [38]. Nd model ages calculated
according to the depleted mantle model of Nelson
and Depaolo [39] are in the range of 0.77^0.92 Ga
(Fig. 8), similar to the mean model age of
0.80R 0.10 Ga for basement rocks of Sinai, Israel,
and Jordan [38], and indistinguishable from Nd
model ages for the Roded quartz diorite of
0.82^0.99 Ga. Given that these model ages are
found for primitive as well as fractionated sam-
ples (including the quartz diorite), this must re-
£ect the mantle, perhaps lithospheric, source and
is not due to crustal contamination. Lu^Hf con-
centration and Hf isotopic data are reported in
Table 4. Samples have 176Lu/177Hf that ranges
from 0.061 to 0.112, signi¢cantly greater than
the bulk earth value of 0.033 [40]. Samples have
initial OHf values which range from +6.8 to +8.8.
These plot in the ¢eld for juvenile crust (Fig. 9),
although at a signi¢cantly lower OHf and ONd part
of the ¢eld than is occupied by other samples of
the ANS.

Fig. 7. Initial 87Sr/86Sr vs. age for the schistose dykes (the
box encloses nine initial ratios from Table 2). Pre-Neoproter-
ozoic crust of the Saharan Metacraton (west of the Nile) is
shown as a radiogenic ¢eld (crosses). Lithospheric mantle be-
neath Arabia is shown in gray ¢eld. The solid line de¢nes
¢eld for well-dated juvenile igneous rocks of Egypt and Su-
dan. The line with arrow approximates radiogenic growth of
MORB-type asthenosphere; these ¢elds are from [55]. Solid
dots show initial 87Sr/86Sr for two samples of Roded quartz
diorite [25].

Table 3
Whole rock Sm^Nd isotopic data

Sample Sm Nd 147Sm/
144Nd

143Nd/144Nd ONd(630) TDM

(ppm) (ppm) (Ga)

105 4.20 23.76 0.1069 0.512516R 14 +4.7 0.77
2101 6.99 36.88 0.1146 0.512543R 10 +4.6 0.79
2300 6.83 35.00 0.1180 0.512573R 6 +4.9 0.77
2301 4.36 22.57 0.1168 0.512455R 12 +2.7 0.94
2302 6.17 34.65 0.1076 0.512503R 8 +4.4 0.80
2303 6.06 32.35 0.1132 0.512529R 10 +4.4 0.80
2304 7.70 38.72 0.1202 0.512491R 13 +3.1 0.92
2305 5.87 30.91 0.1148 0.512494+9 +3.6 0.87
2306 5.15 28.70 0.1085 0.512500R 16 +4.3 0.81

Fig. 8. Nd isotopic systematics for the schistose dykes. De-
pleted mantle model is from [39]. Thick solid lines (without
symbols) represent trajectories for three samples of Roded
quartz diorite analyzed in [25].
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5. Discussion

5.1. Fractionation of schistose dyke magmas

The schistose dykes are fractionated to varying
extents, from negligible fractionation for those
with Mg# and Cr and Ni contents that indicate
equilibrium with mantle peridotite (e.g. OK105
and OK2301) to those which experienced signi¢-
cant fractionation (e.g. OK2303 and many ana-
lyzed by [23]). Fractionation did not occur simply,
in a closed system, as demonstrated by the ab-
sence of simple relationships between Mg# and
(La/Lu)n (Fig. 5, inset). Fractionation may have
been accompanied by assimilation of crust or
sediments, although Sr, Nd, and Hf isotopic com-
positions do not vary systematically with Mg#
and thus are di⁄cult to relate simply to assimila-
tion in the crust.
REE patterns and Sr/Y of the schistose dykes

indicate that an important role in the evolution of
these magmas was played by a phase capable of
fractionating HREE and LREE. Two obvious
candidates are amphibole and garnet [41,42]. A
role for amphibole is indicated for the schistose
dykes because of petrographic evidence that it
was a liquidus phase, whereas garnet is not ob-
served in thin sections. It is possible that garnet
control was imposed upon melting (residual gar-
net). High Sr/Y and a lack of signi¢cant Eu
anomalies suggests that plagioclase was not im-
portant in controlling fractionation of the suite.
Mg# does not vary systematically with Sr/Y nor
does Mg# vs. (La/Lu)n, further suggesting that
shallow fractionation is not responsible for ele-

vated Sr/Y and (La/Lu)n. This suggests that these
characteristics were largely established at the site
of melt generation in the mantle.
An important clue to the fractionation history

of schistose dyke magmas comes from the Roded
quartz diorite (Fig. 1C). This pluton is intimately
associated in space and time with the dykes and
these share petrographic similarities. The quartz
diorite is a greenish-gray, coarse-grained homoge-
neous rock, consisting of quartz (V10%), oligo-
clase (An20-An30 ; V45%), biotite (V20%), horn-
blende (V20%), microcline (V5%) and sphene
(V1%), with accessory apatite, zircon and epidote
[43,44]. Quartz diorite mineralogy is similar to the
modes and norms of the schistose dykes, although
the former is more fractionated.
Dykes and pluton also show compositional af-

¢nities. The quartz diorite is generally more sili-

Table 4
Whole rock Lu^Hf isotopic data

Sample Lu Hf 176Lu/177Hf 176Hf/177Hf (176Hf/177Hf)i OHf (630)
(ppm) (ppm)

105 0.117 2.23 0.0074 0.282698R 8 0.282608 +8.6
2101 0.124 2.24 0.0078 0.282662R 11 0.282567 +7.1
2300 0.155 2.05 0.0106 0.282720R 23 0.282590 +7.9
2301 0.119 1.61 0.0104 0.282686R 25 0.282559 +6.8
2303 0.116 2.49 0.0065 0.282652R 29 0.282575 +7.3
2304 0.173 2.17 0.0112 0.282752R 16 0.282615 +8.8
2305 0.116 2.65 0.0061 0.282680R 11 0.282605 +8.5
2306 0.113 4.03 0.0039 0..282645R 25 0.282597 +8.2

Fig. 9. Hf^Nd isotopic systematics. The ¢eld and regression
line for juvenile crust after [56]. Data for other samples from
the ANS from [56].
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ceous than the schistose dykes, but still has rela-
tively high Mg# (59), Ni (V100 ppm), and Cr
(V90 ppm, Table 4). The ‘mean Roded quartz
diorite’ in Table 5 falls along trends de¢ned by
the schistose dykes on plots of K vs. silica and
FeO*/MgO vs. silica (Fig. 3), and for Mg# vs. Cr
and Ni (Fig. 4). REE patterns are similar between
quartz diorite and schistose dykes, and the quartz
diorite, like the schistose dykes, shows little neg-
ative Eu anomaly (Fig. 5) [44]. Sr and Ba con-
tents, Sr/Y and chondrite-normalized La/Yb
((La/Yb)n) are similarly high for quartz diorite

and schistose dykes (Table 5). Initial isotopic
compositions of Sr and Nd are also similar
(Figs. 7 and 8).
We conclude from the intimate association in

space and time and compositional similarities that
the schistose dykes and the Roded quartz diorite
are di¡erent phases of the same igneous event,
and so constitute important components of a sys-
tem that we call the ‘Roded magmatic cell’. We
further conclude that it is impossible to under-
stand the fractionation of the pluton without
understanding the dyke (and vice versa), in par-
ticular the role of garnet vs. amphibole in control-
ling fractionation. A critical aspect will be under-
standing the relationship between amphibolites in
the region and the pluton. Some of these could be
cumulates, for example those along the margins of
the quartz diorite (Fig. 1C).
Another important issue is whether the dykes

fed into the magmatic body now represented by
the quartz diorite, or issued from it. Relationships
between dykes and pluton in the ¢eld show co-
mingling and other indications that these molten
bodies were co-magmatic, but the details await
resolution. The fact that the dykes are usually
more primitive than the Roded quartz diorite sug-
gests that the dykes fed into the evolving mag-
matic cell, but it is also possible that they ema-
nated from it during an earlier stage in its
evolution. The question of whether or not there
are systematic compositional di¡erences between
concordant and discordant dykes needs to be an-
swered.
The consanguineous relationship between the

Roded quartz diorite and the schistose dykes illu-
minates the question of whether or not the former
is an adakite. Adakites are dacitic rocks that are
interpreted to form by melting of young and hot
subducted oceanic crust [45]. The Roded quartz
diorite is compositionally similar to the mean ada-
kite of Martin [45], as shown in Table 5, including
having high Sr/Y and (La/Yb)n (Fig. 10). It has
been interpreted as representing an adakite melt
[44], but because it has a higher Mg# and Cr and
Ni contents than typical adakites, these authors
concluded that the adakite melt hybridized with
mantle peridotite. The schistose dyke samples are
andesitic and so cannot be adakites, but their ori-

Table 5
Compositional comparisons of schist dyke, Roded quartz di-
orite, HMA, and adakite

Element HMAa Primitive
schist
dyke
OK105

Mean
Roded
schist
dyke

Mean
Roded
quartz
dioriteb

Adakitec

SiO2 57.68 58.06 59.29 62.75 64.66
TiO2 0.67 0.81 0.98 0.79 0.51
Al2O3 15.75 14.36 15.27 16.17 16.77
Fe2O3 6.40 6.72 6.45 5.26 4.20
MnO 0.11 0.08 0.08 0.07 0.08
MgO 7.77 8.05 5.86 3.85 2.20
CaO 6.43 6.01 5.86 4.57 5.00
Na2O 3.11 3.87 3.99 4.51 4.09
K2O 1.81 1.73 1.64 1.86 1.72
P2O5 0.15 0.31 0.57 0.16 0.17
Total 100 100 100 100 100
K2O/Na2O 0.58 0.45 0.41 0.41 0.42
Mg# 70.6 70 64.3 59.2 50.9
Ni (ppm) 130 250 143 104.8 24
Cr 436 450 264 93 36
Zr 116 110 149
Nb 9.47 5 5.9 11.2
Y 18.5 11 12 10 10
Sr 248 690 801 909 706
Rb 72.9 38 37.4 36.4
Ba 321 565 671 690
La 15.8 17 19.9 18.8
Yb 1.62 0.97 1.02 0.93 0.93
Th 5.0 3.4 3.9 2.9
Sr/Y 13.4 63 67 93 69
(La/Yb)n 6.6 11.8 13.2 13.7 14.2

All values recalculated to 100% anhydrous.
a Setouchi HMA Ja-2 http://www.aist.go.jp/RIODB/geo-
stand/semiment.html.
b Mean from [44], except for Cr [43].
c Mean from [45].
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gin may be closely related to that of adakites, as
discussed below.

5.2. Petrogenesis of schistose dyke melts

The schistose dykes represent a magma type
with the most primitive components of which
were in equilibrium with mantle peridotite, in
spite of having silica contents that correspond to
basaltic andesite and andesite (Fig. 3, top panel).
This is demonstrated by Mg# up to 70 or greater
and concentrations of up to 250 ppm Ni and 450
ppm Cr in our samples. These can be classi¢ed as
‘high-mg andesites’ [46]. The schistose dyke suite
is also remarkably similar in chemical composi-
tion to recent analytical data for suites identi¢ed
as low-Ca type 2 boninite [47], as shown in Figs.
3, 4, and 6 and Table 5. Regardless of the name
used to identify the schistose dyke magma type,
the more primitive dykes clearly were primary
melts in equilibrium with mantle peridotite.
There is a broad consensus that HMA and bo-

ninites only form in association with active sub-
duction [46,48]. This is further supported by trace
element patterns, which show the characteristic
enrichments in £uid-mobile LIL elements and de-
pletions in HFSE of subduction related igneous
rocks (Fig. 6). Schistose dyke magmas clearly
were generated by processes related to an active
subduction zone about 630 Ma ago.
There is consensus about several important as-

pects of the petrogenesis of HMA magmas, which
can be applied to understanding the generation of
schistose dykes primary melts. The two occur-
rences of low-Ca type 2 boninites that Crawford
et al. [47] used as examples are HMA of the Se-
touchi volcanic ¢eld, SW Japan and ‘Bajaites’
from Baja California [49]. Both settings involved
subduction of very young and hot oceanic litho-
sphere. Igneous activity of the Setouchi belt fol-
lowed subduction of newly formed oceanic litho-
sphere of the Shikoku Basin and began about 17
Ma ago [50]. These erupted in the forearc region
and are associated with younger adakites farther
from the trench. The Bajaites resulted from sub-
duction of the Farallon^Paci¢c ridge o¡ the coast
of northern Baja California about 13 Ma [49].
The origin of the Setouchi HMAs has been

studied most closely, and this has similarities
with the origin of adakitic melts. Adakites are
thought to form by melting of young, hot sub-
ducted oceanic crust, in equilibrium with residual
garnet [45]. Setouchi HMAs are thought to result
from interaction of siliceous melts with mantle
peridotite [46]. Shimoda et al. [51] suggest that
melting of oceanic sediments produced the silicic
melts which interacted with mantle peridotite to
form the Setouchi source region. This melt rose
into and interacted with overlying mantle perido-
tites. Experiments on hybridized mantle peridotite
indicate that andesitic melts may be produced at
relatively low temperatures [52] (1050^1100‡C). It
is noteworthy that the Setouchi HMA listed in
Table 5 do not have high Sr/Y and (La/Yb)n,

Fig. 10. Diagram showing di¡erences between adakitic and
andesite^dacite^rhyolite (ADR) suites that form by low-pres-
sure fractionation of ma¢c melts. (A) Chondrite-normalized
La/Yb ((La/Yb)n) vs. chondrite-normalized Yb contents
(Ybn). (B) Sr/Y vs. Y (ppm). Both ¢gures modi¢ed after
[45]. Note that schistose dyke and Roded quartz diorite sam-
ples cluster in the ¢eld for adakites.
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and may not have been in equilibrium with resid-
ual garnet. The petrogenetic model proposed for
the Bajaites is very similar, with dacitic melts re-
acting with mantle peridotite to yield a hybridized
melt source [49]. The principal di¡erence between
Bajaite and Setouchi HMA is that the subducted
oceanic crust, not sediments, that melted to gen-
erate siliceous melts, and that melting occurs
when the spreading ridge is subducted, terminat-
ing the subduction zone and allowing the mantle
to isostatically rebound and decompress [49]. In
addition, Bajaites have high Sr/Y and (La/Yb)n
indicating equilibrium with residual garnet. Gen-
eration of schistose dyke magmas is thought to be
most similar to generation of the Bajaites.

5.3. Tectonic signi¢cance

The most important tectonic conclusion from
this study is that HMA melts were generated
about 632 Ma in the northernmost EAO, requir-
ing a subduction zone existed beneath the north-
ernmost EAO at least as late as V632 Ma ago.
This further requires that terminal collision be-
tween portions of East and West Gondwanaland
to form the northernmost EAO occurred after
this time, estimated from 40Ar/39Ar to have oc-
curred in the northernmost ANS at 620R 10 Ma
[12]. It is possible that terminal collision began
earlier than this farther south in the EAO. Chem-
ical characteristics of the schistose dyke HMAs
are most consistent with subduction of very
young crust, most likely associated with a spread-
ing ridge of the Mozambique Ocean itself. Sub-
duction of this ridge may have been the ¢nal
event in closing the Mozambique Ocean, just be-
fore terminal collision between portions of East
and West Gondwanaland began.

6. Conclusions

The schistose dykes of southern Israel are im-
portant representatives of subduction-related
magmatism of V632 Ma age in the northernmost
part of the EAO. These magmas had silica con-
tents corresponding to basaltic andesites and an-
desites but had Mg# as well as Ni and Cr con-

tents indicating equilibrium with mantle
peridotite. They are a medium-K, calc-alkaline
suite, strongly enriched in LREE and depleted
in HREE. They are clearly HMAs and are very
similar to low-Ca type 2 boninites and HMAs of
the Setochi volcanics of SW Japan. An intimate
relationship with a nearby quartz diorite is indi-
cated, although it is not clear whether the dykes
represent magma that fed into a magma body
now ¢lled with the quartz diorite, or issued
from it. Most likely these magmas re£ect unusual
processes of subduction zone melt generation re-
sulting from subduction of a spreading ridge. The
generation of boninitic magma at 630 Ma requires
an active and probably quite juvenile subduction
zone. This further indicates that collision between
components E. and W. Gondwana to destroy the
Mozambique Ocean and, ultimately, to create the
end-Neoproterozoic supercontinent of Greater
Gondwanaland or Pannotia must have occurred
more recently than V632 Ma.
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