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In order to better understand the nature and formation of the lower continental crust beneath northern 
Arabia, we studied lower crustal xenoliths brought up by Neogene basalts in NE Jordan. Most of 
these xenoliths are comprised of primary phases plagioclase + two-pyroxenes with magnetite and 
ilmenite. Most clinopyroxene are augite whereas orthopyroxene mostly are hypersthene (Mg# = 50–80). 
Plagioclase feldspar is dominantly andesine–labradorite; pyrope-rich garnet and Fe-rich olivine (Fo75 to 
Fo62) are rare. These xenoliths represent cumulates formed from intermediate magmas that pooled in 
the lower crust. Many xenoliths also contain small, fine-grained K-rich zones interpreted as melt pockets 
reflecting late magmatic infiltration of the lower crust. The xenoliths display a wide range in major 
element compositions (37–51 wt.% SiO2, 4–15 wt.% MgO and 0.1–6.3 wt.% TiO2), enrichment in Ba, K, 
Sr, Pb and Eu, and some trace element ratios atypical of bulk continental crust (e.g., K/Rb = 1265 ± 565, 
K/U = 63 000 ± 60 080 and Th/U = 0.96 ± 0.56); these extreme ratios reflect widespread K-metasomatism 
associated with melt pockets. The magmas from which these cumulates formed may have been generated 
at a reararc convergent margin setting. Four U–Pb zircon populations yield indistinguishable ages of 
554 ± 4 Ma; 559 ± 5 Ma; 559 ± 6 Ma, and 563 ± 5 Ma. Initial 87Sr/86Sr values (0.70260–0.70352) and 
positive εNd(560) (with the exception of a single, more radiogenic sample (+9.6), range = +1.3 to +4.8) 
indicate that the lower crust sampled by the xenoliths originated in the asthenospheric mantle, with little 
or no interaction with older crust, although Pb isotopic compositions allow for some interaction with 
older or subducted crustal materials. We interpret the geochemistry and mineralogy of these xenoliths 
to indicate that the lower crust beneath NE Jordan is mafic and comprised of plagioclase-rich 2-pyroxene 
igneous rocks. The lower crust of this area formed by magmatic underplating over less than 18 Ma. The 
crust of NE Jordan is significantly younger than the crust of the northernmost Arabian–Nubian Shield and 
represents a fragment of Cadomian (600–520 Ma) crust that may make up the NE margin of the Arabian 
Plate.
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1. Introduction

Continental crust of the Arabian Plate provides a unique oppor-
tunity to study how juvenile continental crust forms, differentiates, 
and stabilizes. This crust is well-exposed in the Arabian Shield, the 
eastern half of the composite Arabian–Nubian Shield (ANS), and 
has been extensively studied, for both academic and economic pur-
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Fig. 1. A) Map of Cenozoic volcanic fields (harrats) of the western Arabian Plate and Neoproterozoic basement exposures of the Arabian–Nubian Shield (modified after Stern 
and Johnson, 2010). Locations of study sites Al Ashaer and Aritain/Remah along with nearby Tell Thannoun (Stern et al., 2014) are shown. Young volcanic fields (harrats) are 
numbered: 1 = Karacalidag; 2 = Harrat Shaam; 3 = Harrat Uwayrid; 4 = Harrat Kura; 5 = Harrat Ithnayn; 6 = Harrat Hutaymah; 7 = Harrat Harairah; 8 = Harrat Khaybar; 
9 = Harrat Lunayyir; 10 = mafic dikes (17–26 Ma); 11 = Harrat Rahat; 12 = Harrat Kishb; 13 = Harrat Hadn; 14 = Harrat Nawasif/Al Buqum; 15 = Harat Ad Damm; 
16 = Harrar Al Birk; 17 = Harrat As Sirat; 18 = Yemen Traps with locations where lower crustal xenoliths have been studied are marked with ‘∗’. B) Simplified geologic 
map of Jordan, dashed line shows location of DESERT geophysical profile (Mohsen et al., 2006). Also shown are locations of wells penetrating Araba or Aqaba complex rocks 
comprising Neoproterozoic basement: A1 = Ajlun-1, NH1 = North Highlands-1; S1 = Safra-1; WS3 = Wadi Sirhan 3; J1 = Jafr-1 (Powell et al., 2015). C) 2-D P-wave velocity 
model (velocities in km s−1) across Jordan and Israel (profile A–A”; DESERT-Group, 2004). The thick dashed line near the Moho indicates the location of bands of strong 
reflections (LCR = Lower crustal reflectors; WAM—Moho inferred from wide-angle seismic profiling).
poses. Geochronologic and radiogenic isotope studies demonstrate 
that the Arabian Shield is mostly a juvenile composite magmatic 
addition from the mantle that was generated over ∼300 Ma in the 
Neoproterozoic Era (Stoeser and Frost, 2006; Robinson et al., 2015). 
From ∼880 until ∼630 Ma, juvenile crust formed at several intra-
oceanic convergent margins (Hargrove et al., 2006), and these arc 
terranes coalesced along ophiolite-decorated sutures (Abdelsalam 
and Stern, 1997). Beginning about 630 Ma, ANS juvenile crust 
was increasingly sandwiched between colliding fragments of East 
and West Gondwana (Fritz et al., 2013). From ∼630 to ∼580 Ma, 
the orogen evolved from Cryogenian accretionary tectonics to Edi-
acaran escape tectonics, characterized by the strike-slip Najd shear 
system (Meyer et al., 2014), lithospheric delamination (Avigad and 
Gvirtzman, 2009), and intense intraplate magmatism (Robinson et 
al., 2015). Crust of the northern part of the Arabian Plate is buried 
beneath thick sediments but we do not know if it is like that of 
the ANS or different.

Here we report results from integrated petrologic, geochemi-
cal, isotopic, and geochronological studies of gabbro, gabbronorite, 
norite, and garnet clinopyroxenite from two volcanoes in NE Jor-
dan, Abu Tarbush and Ashqaf Usefir (Fig. 1A, B). We have two 
principal motivations for our study. First, we want to under-
stand the origin of lower continental crust in general and the 
lower crust of Arabia in particular. Continental crust is typically 
∼40 km thick and it is often stratified into felsic upper crust 
(Vp ∼ 6.2 km/s), amphibolitic middle crust (∼15–25 km deep; 
Vp ∼ 6.2–6.5 km/s, ∼60% SiO2), and mafic, granulitic lower crust 
(∼25–40 km deep; Vp ∼6.8–7.4 km/s; ((Mooney et al., 1998; 
Rudnick and Gao, 2003) updated on http :/ /earthquake .usgs .gov /
research /structure /crust /crust .php). Stern and Johnson (2010) re-
viewed existing geophysical and petrologic studies and concluded 
that Arabian Plate continental crust was ∼40 km thick, commonly 
with a mid-crustal velocity step that is sometimes referred to as 
the “Conrad discontinuity”. Where found, the Conrad discontinu-
ity occurs 15 to 20 km deep and separates lower Vp felsic upper 
crust from higher Vp mafic lower crust. Geophysical investiga-
tions of southern Jordan crust agree with this conclusion (Fig. 1C) 
(DESERT-Group, 2004). We want to sample the lower crust beneath 
this region to document it and compare it to global continental 
crust.

http://earthquake.usgs.gov/research/structure/crust/crust.php
http://earthquake.usgs.gov/research/structure/crust/crust.php
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A second motivation for studying lower crustal xenoliths from 
NE Jordan is to probe the age of the crust beneath the northern 
Arabian Plate. There are no exposed basement rocks for ∼700 km 
between the northernmost ANS in SW Jordan and the Bitlis Su-
ture in SE Turkey (Fig. 1A). Crystalline basement beneath northern 
Saudi Arabia, Jordan, Syria, and Iraq is buried beneath thousands 
of meters of Phanerozoic sediments. Until recently it was assumed 
that the basement of this region was Neoproterozoic crust like 
that of the ANS, but results of two recent studies challenge this 
assumption: identification of ∼1 Ga crust exposed on the edge 
of the ANS in Sinai (Be’eri-Shlevin et al., 2012) and a tract of 
Early Carboniferous crust inferred from ∼357 Ma crustal xenoliths 
from Tel Thannoun in southern Syria (Stern et al., 2014). It is also 
widely accepted that Late Ediacaran–Early Paleozoic “Cadomian” 
crust (600–500 Ma), which makes the crust of SW Eurasia from 
Iberia to Iran, was derived from the northern margin of Gondwana 
(Garfunkel, 2015). It is possible that Cadomian crust might also 
underlie the buried interval, and if so, this would be a useful con-
straint and encourage future studies to define the nature of the 
ANS-Cadomian transition in northern Arabia. The region that we 
study sits near the middle of this buried interval, ∼100 km SE of 
Tel Thannoun (Figs. 1A, 1B).

2. Geologic setting

Mafic and ultramafic xenoliths are abundant in lava fields 
(called harrats in Arabic) of Arabia south of the Bitlis Suture 
(Fig. 1A). Harrats formed in the last ∼30 Ma and stretch discon-
tinuously N-S for ∼2500 km from Yemen to Turkey (Fig. 1A). Most 
Arabian xenoliths are found in alkali basalts that are younger than 
∼5 Ma (McGuire, 1988). An overview of what is known about Ara-
bian peninsula mantle and lower crustal xenoliths can be found in 
Stern and Johnson (2010).

The largest harrat is Harrat As Shaam, which extends NW-SE 
for 500 km from northernmost Israel through southern Syria and 
eastern Jordan into northern Saudi Arabia (Fig. 1A). The crustal 
xenoliths that we studied are from two volcanoes in the Harrat As 
Shaam of NE Jordan, Abu Tarbush and Ashqaf Usefir. The xenoliths 
are hosted by Pliocene–Pleistocene lavas (4.52 to 1.0 Ma; Ilani et 
al., 2001) of the Ufayhim–Hashimyya basalt xenolithic formation of 
the Asfar Volcanic Group (Ibrahim et al., 2006). The 15–25 m thick 
Ufayhim Formation consists of olivine-phyric basanite to nepheline 
basanite and contains abundant (up to 25 xenoliths per sq. meter) 
mantle and crustal xenoliths (Ibrahim et al., 2006). Trace element 
modeling indicates that these magmas formed by low degree (2 
to 5%) melting of garnet lherzolite asthenosphere (Shaw et al., 
2003). Harrat As Shaam lavas erupted through Mesozoic and Pa-
leozoic sediments. The nearest exposures of crystalline basement 
are found about 300 km away in SW Jordan: the ∼900–610 Ma 
Aqaba Complex and the 605–550 Ma Araba Complex (Powell et 
al., 2015). The Araba Complex consists mostly of alluvial con-
glomerates and associated braided-river siliciclastic rocks, lavas 
and volcaniclastic deposits, along with dykes, granitoid stocks and 
minor monzogabbros and diorites, all with alkaline affinities and 
interpreted to have been emplaced in an extensional tectonic set-
ting. Five boreholes (Fig. 1B) penetrated Phanerozoic sediments in 
northern Jordan and into Araba Complex basement, although none 
of these are situated as far NE as Abu Tarbush or Ashqaf Use-
fir.

3. Analytical techniques

We selected four xenoliths from Abu Tarbush (ABT) and five 
xenoliths from Ashqaf Usefir (AS) for study. Many xenoliths are ul-
tramafic but we concentrated on crustal xenoliths for this study. 
The selected samples are large, some up to ca, 20 × 20 × 30 cm, 
to yield enough material to be dated. We studied these crustal 
xenoliths using a range of analytical tools. These techniques are 
outlined briefly here and in detail in Supplementary Document 1. 
We used four main procedures: 1) petrographic microscope and 
electron microprobe (EPMA) to describe the petrography and de-
termine mineral chemistry of the xenoliths (results in Supplemen-
tary Documents 2 and 3, as well as geothermometry using a range 
of techniques discussed in Supplementary Document 4 and re-
sults tabulated in Supplementary Document 5); 2) Inductively Cou-
pled Plasma – Atomic Emission Spectroscopy, Inductively Coupled 
Plasma – Mass Spectrometry, and related techniques to determine 
whole-rock major and trace element chemical analyses (results in 
Supplementary Document 6); 3) Cathodeluminescence imaging of 
zircons (CL images in Supplementary Document 7); 4) ion micro-
probe analyses to determine U–Pb zircon ages (U–Th–Pb isotopic 
results in Supplementary Document 8); and 5) thermal ionization 
mass spectrometry to determine isotopic compositions of Sr, Nd, 
and Pb in whole rock samples (results in Supplementary Docu-
ment 9). Sr, Nd, and Pb isotopic results were corrected for 560 Ma 
of radiogenic growth using the Rb, Sr, Sm, Nd, U, Th, and Pb con-
centrations in Supplementary Document 6. We studied 9 samples 
for petrography and using EPMA, 7 samples for whole-rock chemi-
cal composition, 4 samples for U–Pb zircon ages, and 7 samples for 
Sr, Nd, and Pb isotopes. The samples studied by the four different 
methods are summarized in Table 1.

4. Results

Below we present our results for petrographic, mineralogic, and 
mineral chemistry studies; whole-rock major and trace element 
chemical compositions; U–Pb zircon ages; and whole rock isotopic 
compositions of Sr, Nd, and Pb.

4.1. Petrography, mineralogy, and mineral chemistry

Detailed petrographic descriptions for the nine samples we 
studied using EPMA are provided in Supplementary Document 2 
but a brief summary is provided here and in Table 1. The samples 
are mostly medium-grained, holocrystalline assemblages of plagio-
clase (Pl), orthopyroxene (Opx), and clinopyroxene (Cpx), some-
times with spinel (Sp; 2 ABT samples and 2 AS samples), more 
rarely with olivine (Ol; 2 ABT samples), pyrope-rich garnet (Grt; 
one AS sample) or pargasitic amphibole (Amp; 2 AS samples), 
along with oxide minerals (mostly ilmenite (Ilm) but also mag-
netite (Mag), sometimes altered to limonite (Lim)) as well as ap-
atite (Ap). The samples have a granulitic appearance but we do not 
call them granulites because they are igneous rocks. Nevertheless, 
these rocks satisfy much of the IUGS definition of Coutinho et al.
(2007) as a high-grade metamorphic rock in which Fe–Mg-silicates 
are dominantly hydroxyl-free, and that the presence of feldspar 
and the absence of primary muscovite are critical.

Our sample suite includes 3 gabbronorites, 4 norites, 1 gab-
bro, and a garnet clinopyroxenite. All samples contain abundant Pl 
and Opx (excepting spinel-garnet clinopyroxenite AS-23B). Ilmenite 
is the early-formed oxide phase. Norites contain much more or-
thopyroxene than clinopyroxene. These minerals we term “primary 
phases” to distinguish them from smaller grains forming micro-
crystalline “melt pockets” and reaction rims, especially of mag-
netite around ilmenite and clinopyroxene around orthopyroxene. 
Fig. 2 shows the petrography of the four samples that we dated 
(ABT5 and 6; AS 23 and 28). There is a hint of preferred orienta-
tion of grains but there is no well-defined mineral layering.

Primary phase compositions are summarized in Table 1 and 
Fig. 3. Some clinopyroxenes have Mg# ∼90 (diopside) but most are 
augite. Orthopyroxenes mostly have Mg# between 50 and 80 and 



34 R.J. Stern et al. / Earth and Planetary Science Letters 436 (2016) 31–42
Ta
bl

e
1

Pe
tr

ol
og

ic
 su

m
m

ar
y,
 Jo

rd
an

 lo
w

er
 cr

us
ta

l x
en

ol
it

hs
.

V
ol

ca
no

 
sa

m
pl

e
A

bu
Ta

rb
us

h
A

sh
aq

ef
U

se
fi

r

A
BT

3
A

BT
5

A
BT

6
A

BT
8

A
S9

A
S1

5
A

S2
3

A
S2

3B
A

S 2
8

Li
th

ol
og

y
N

or
it

e
N

or
it

e
N

or
it

e
G

ab
br

on
or

it
e

G
ab

br
o

G
ab

br
on

or
it

e
N

or
it

e
G

ar
ne

t P
yr

ox
en

it
e

G
ab

br
on

or
it

e
M

od
e

PL
50

 C
PX

25
 O

PX
18

 
SP

5 
LI

M
1 

O
L1

PL
68

 O
PX

20
 C

PX
1 

A
P7

 IL
M

3 
M

T1
PL

70
 O

PX
20

 C
PX

1 
A

P4
 IL

M
4 

LI
M

1
PL

35
 C

PX
30

 O
PX

20
 

IL
M

6 
M

T4
 Sp

4 
O

L1
PL

30
 C

PX
40

 O
PX

5 
A

M
PH

2 
SP

1 
IL

M
10

 
M

T7
 A

P5

PL
55

 O
PX

25
 C

PX
20

 
IL

M
5 

H
EM

1
PL

70
 O

PX
20

 C
PX

1 
IL

M
4 

LI
M

1 
A

P4
CP

X
65

 G
R

T2
5 

SP
9 

A
lt

er
at

io
n1

PL
75

 O
PX

12
 C

PX
10

 
IL

M
2 

H
EM

1

O
liv

in
e

FO
 7

1–
75

FO
 6

2–
71

Sp
in

el
Cr

#
0.

00
1–

0.
00

3
0.

00
8–

0.
01

0.
00

03
–0

.0
01

3
0.

01
2–

0.
01

5
Cl

in
op

yr
ox

en
e

W
o4

8E
n3

8F
s1

0A
c4

W
o4

5E
n3

5F
s1

9A
c1

W
o4

6E
n3

6F
s1

6A
c2

W
o4

7E
n3

7F
s1

3A
c3

W
o4

5E
n3

8F
s1

5A
c2

W
o4

8E
n3

7F
s1

2A
c3

W
o4

5E
n3

5F
s1

8A
c1

.5
W

o5
0E

n4
1F

s4
A

c5
W

o4
7E

n3
9F

s1
1A

c3
O

rt
ho

py
ro

xe
ne

W
o0

.6
En

72
Fs

27
W

o1
En

55
Fs

44
W

o1
En

55
Fs

44
W

o1
En

64
Fs

35
W

o1
En

65
Fs

34
W

o1
En

63
Fs

36
W

o1
En

55
Fs

44
W

o1
En

75
Fs

26
Pl

ag
io

cl
as

e
A

n5
3–

61
A

n4
2–

54
A

n4
4–

48
A

n5
6–

61
A

n5
7–

60
A

n5
3–

56
A

n4
3–

52
A

n6
5–

81
A

m
ph

ib
ol

e
Pa

rg
as

it
e (

4%
 T

iO
2

)
Pa

rg
as

it
e (

3.
5%

 T
iO

2
)

G
ar

ne
t

Ye
s

Ilm
en

it
e

Ti
O

2
48

%
 Fe

O
 4

6%
Ti

O
2

50
%
 Fe

O
 4

5%
Ti

O
2

50
%
 Fe

O
 4

6%
Ti

O
2

30
–5

0%
 +

ru
ti

le
Ti

O
2

43
%
 o

r 5
3%

Ti
O

2
50

%
 Fe

O
 4

5%
Ti

O
2

49
–5

4%
O

th
er

m
in

er
al

s
ze

ol
it

e
Cp

x 
hy

dr
at

e
ze

ol
it

e
ze

ol
it

e
M

el
t

po
ck

et
s

1%
1–

2%
1–

2%
1%

1%
no

ne
2–

3%
1%

10
–1

2%

A
na

ly
se

s
1

1,
 2

, 3
, 4

1,
 2

, 3
, 4

1,
 2

, 4
1,
 2

, 4
1,
 2

, 4
1,
 2

, 3
, 4

1
1,
 2

, 3
, 4

1:
 p

et
ro

gr
ap

hy
 an

d 
EP

M
A

.
2:

 w
ho

le
 ro

ck
 m

aj
or

 an
d 

tr
ac

e e
le

m
en

t g
eo

ch
em

is
tr

y.
3:

 U
–P

b 
zi

rc
on

.
4:

 Sr
–N

d–
Pb

 is
ot

op
es

.

are hypersthene. Feldspars are plagioclase mostly ranging in com-
position between An40Ab60 and An60Ab40 (andesine–labradorite) 
but with a few grains in AS samples as calcic as An84Ab16 (bytown-
ite). Spinels (ABT 3 and 8; AS 9 and 23B) are Al-rich with low Cr# 
(0.001 to 0.015) and Fe# ranging from 0.2 to 0.67. Olivine is only 
identified in AT 3 and 8 and is quite Fe-rich (Fo75Fa25 to Fo62Fa38). 
No minerals expected for metasedimentary rocks such as alumi-
nosilicates or carbonates were identified. The mineral compositions 
we observed in the xenoliths are those expected to form by slow 
crystallization of fractionated intermediate igneous rocks such as 
diorite and gabbro-diorite, and we conclude that these xenoliths 
are meta-igneous rocks.

An important aspect of these xenoliths is the presence of segre-
gations and infiltrations of microcrystalline “melt pockets”, mostly 
in interstices between primary phases (Fig. 2F). This seems to re-
flect a late infiltration of magma that was also responsible for 
corrosion and formation of thin rims around primary phases, es-
pecially of magnetite around ilmenite and clinopyroxene around 
orthopyroxene. Detailed study of the melt pockets and the K-rich 
phase is beyond the scope of this study but it is worth noting 
that these are broadly granitic and therefore unrelated to the host 
nepheline basalt/basanite.

We applied several mineral geothermometers in an effort to 
estimate equilibration temperatures for the xenoliths (Supplemen-
tary Documents 4 and 5). The most commonly used geothermome-
ter for mafic and ultramafic rocks is based on element exchange 
reactions between mineral pairs, especially ortho- and clinopyrox-
ene. These geothermometers are relatively insensitive to P. The 
approaches we used included those based on: 1) exchange of Fe 
and Mg between two pyroxenes (Brey and Köhler, 1990); 2) Ca 
contents in Opx (Brey and Köhler, 1990); 3) partitioning of Na 
between Opx and Cpx (Brey and Köhler, 1990); 4) multi-element 
partitioning between Cpx–Opx pairs (Putirka 2008); 5) reactions 
between different equilibrium mineral assemblages (Andersen et 
al., 1993); 6) Na in pyroxenes (Hervig and Smith, 1980); and 
7) partitioning of Ca and Fe–Mg between garnet and Cpx. The 
P-T estimates are inconsistent, possibly reflecting the partial re-
equilibration of the various primary minerals with the infiltrated 
melt. For instance, the first 6 geothermometers could be applied 
to most of the samples but the last could only be applied to 
garnet clinopyroxenite sample AS-23B. These several approaches 
gave T estimates ranging from 409 ◦C to 1293 ◦C, as summarized 
in Supplementary Documents 4 and 5. In the best case (AS15), T 
estimates ranged from 702 ◦C to 891 ◦C, which we consider too 
large of a range to be useful. The Putirka (2008) approach also 
provides P estimates, which range from 6 to 33.6 kbar. The sam-
ples we studied (with the possible exception of garnet clinopy-
roxenite sample AS-23B, which could be from the upper mantle) 
should be crustal in origin and the base of the crust should be at 
P ∼ 13 kbar. Only 2 of the 9 samples give P estimates correspond-
ing to the crust, so we consider these estimates to be unreliable. 
The approach of Andersen (1995) calculates oxygen fugacity (fO2) 
and this was determined for 5 samples; fO2 ranged from −11.4 to 
−13.5, corresponding to −1.1 to +1.1 units around FMQ buffer.

4.2. Whole-rock major and trace element chemistry

Whole-rock major and trace element geochemical data for 7 
samples are listed in Supplementary Document 6, along with CIPW 
norms, Mg#, and selected trace element ratios. Fig. 4 summarizes 
compositional features of the Jordan xenoliths and compares them 
with lower crustal xenoliths from harrats in Arabia to the south 
and to Tel Thannoun, Syria, ∼100 km to the NW (Fig. 1B).

The analyzed samples are ultramafic to mafic (37.4–50.8 wt.% 
SiO2; mean = 46 wt.%), manifested in a lack of normative quartz. 
One sample (AS-23) contains a small amount (3.6 wt.%) of nor-
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mative nepheline. We plot these results on classification dia-
grams to provide a geochemical overview. Because these rocks 
mostly are cumulates and not liquid compositions, these classifi-
cations must be regarded with caution. The xenoliths plot around 
the tholeiitic-calcalkaline divide on a plot of FeO∗/MgO vs. SiO2
(Fig. 4A). On a total alkalies–silica (TAS) classification diagram 
for plutonic rocks, the xenoliths plot in the gabbro field or be-
low it (Fig. 4B). The xenoliths contain moderately high Al2O3
(10.15–19.18 wt.%; mean = 16.3 ± 3.0 wt.%), CaO (8.71–15.8 wt.%; 
mean = 11.0 ± 2.3 wt.%) and Na2O (0.87–3.81 wt.%; mean = 2.5 ±
0.9 wt.%). This reflects abundant normative plagioclase (mean =
48.0 ± 13.8 wt.%). None of the analyzed samples contain nor-
mative corundum, further indicating that they do not represent 
metamorphosed Al-rich pelites. The 7 samples show a tremen-
dous range in TiO2 contents (0.1–6.32 wt.%; mean = 1.7 ±2.0 wt.%; 
Fig. 4C) and total iron as Fe2O3

T (6.34–21.9 wt.%; mean = 10.9 ±
4.7 wt.%). This is partly reflected in significant and variable con-
tents of normative ilmenite (mean = 3.6 ± 4.2 wt.%) and mag-
netite (mean = 2.5 ± 1.1 wt.%). Whole rock MgO contents vary 3×, 
from 4.1 to 14.75 wt.% (mean = 8.6 ± 3.4wt.%), and this is re-
flected in large variations in Mg# (41 to 82). Analyzed xenoliths 
generally contain normative olivine (mean = 13.7 ± 10.6 wt.%), 
diopside (mean = 15.0 ± 13.7 wt.%), and hypersthene (mean =
14.9 ± 9.2 wt.%). The xenoliths also contain widely variable P2O5
(0.01–2.7 wt.%; mean = 1.3 ±0.5 wt.%; Fig. 3C) resulting in variable 
abundances of normative apatite = 2.1 ± 2.6 wt.%. The xenoliths 
have low contents of K2O and lie in the Low- and Medium-K fields 
on a K2O vs. SiO2 plot (Fig. 4D). The xenoliths contain little C 
(mean = 0.09 ± 0.07 wt.%) or S (mean = 0.02 ± 0.00 wt.%) so the 
modest LOI (mean = 1.3 ± 0.5 wt.%) must be water.

Three of the samples show major element compositions that 
are unusual for melts, for example P2O5 enrichment in ABT5 and 
ABT6 and TiO2 enrichment in AS9. Such enrichments are com-
mon in cumulate igneous rocks. Similarly, the evolved nature of 
mineral compositions (e.g., Fe-rich pyroxene and olivine; interme-
diate plagioclase) contrasts with mafic whole rock major element 
composition and this also suggests that some of the samples we 
studied formed by crystal accumulation from an evolved melt.

Trace element and Rare Earth Element patterns are shown in 
Fig. 5, where they are also compared with a 585–600 Ma “A-type” 
granite from Feinan, Jordan (Fig. 1B). Trace element abundances 
in the xenoliths vary widely, as expected for cumulate igneous 
rocks. REE patterns show no significant difference between mafic 
and felsic samples. Abundances of compatible elements Cr and 
Ni range from 10 to 1320 ppm and 1 to 277 ppm, respectively; 
samples with high concentrations of these elements are proba-
bly cumulates. The xenoliths show strong enrichments in Ba, K, 
Sr, Pb, and Eu, elements sequestered in feldspars; samples with 

Fig. 2. Representative X-ray chemistry false-color maps showing the distribution of 
Ca and Fe (left panels) and back-scattered electron images (BSE, right) for the four 
Jordan xenolith samples from Abu Tarbush (ABT) and Ashqaf Usefir (AS) dated using 
U–Pb zircon techniques. A, B: ABT5 (norite): The image is 90% Opx and Pl, 10% Ap 
and Ilm, and ∼1% Cpx and Mag. Opx, Pl and Cpx show disequilibrium textures. 
Most Opx have Fe–Ti oxide exsolution (forming thin white lamellae). Some grain 
boundaries show reaction/corrosion contacts. Color scale, from dark blue (low Ca +
Fe, dark blue) to red and pink (high low Ca + Fe). C, D: ABT6 (norite): The image is 
90% Opx and Pl, 10% Ap and Ilm, and ∼1% Cpx and Mag. There are alterations along 
some Opx rims. Most Opx have Fe–Ti oxide exsolution. Melt pockets and defined by 
zones rich in Opx microcrystals around larger Pl. E, F: AS23 (norite): The image is 
∼90% Opx and Pl, ∼10% Ap and Ilm, and ∼1% Cpx and Lim. Most Opx have Fe–Ti 
oxide exsolution. BSE image shows microcrystalline “melt pockets” and reactions 
along grain boundaries. Note Cpx rims around Opx near contacts with Pl. G, H: 
AS28 (gabbronorite): The image consists of 75% Pl, 13% Opx, and 10% Cpx, along 
with ∼3% Ilm. BSE image shows microcrystalline “melt pockets” of Cpx, Pl, and Ilm 
along the contact between Opx and Cpx. The contacts show strong alteration and 
the contact zone contains Cpx, Pl, and Ilm microcrystals. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)
positive Eu anomalies in Fig. 5 (ABT8, and AS28) are feldspar-
rich cumulates. Unusual ratios of some incompatible trace ele-
ments are observed, for example K/Rb and K/U are unusually high 
(mean = 1215 ± 565 and 63 000 ± 60 080, respectively) and Th/U 
is unusually low (mean = 0.96 ± 0.56) compared to typical values 
for the bulk continental crust (K/Rb = 306; K/U = 11 600; Th/U 
= 4.3; Rudnick and Gao, 2003). Similar features characterize other 
samples of lower crust (Rudnick, 1992).

4.3. U–Pb zircon ages

Zircons were first imaged using cathodeluminescence (CL); ex-
amples of the CL images of Jordan lower crust xenoliths are pro-
vided in Supplementary Document 7. Fig. 6 shows the 4 U–Pb 
zircon ages obtained in this study, two norite xenoliths from Abu 
Tarbush and one each norite and gabbronorite from Ashqaf Use-
fir. There are few zircons in these Zr-poor (<30 ppm) samples 
and these mostly have low U contents; nevertheless, the four sam-
ples give a very narrow and consistent range of ages: 554 ± 4 Ma; 
559 ± 5 Ma; 559 ± 6 Ma, and 563 ± 5 Ma (Fig. 6). Further details 
are provided below.

4.3.1. Abu Tarbush samples
4.3.1.1. Sample ABT-5 is a coarse-grained norite containing 23 ppm 
Zr. Zircon separated from it contain 9–66 ppm U, 5–70 ppm Th and 
Th/U = 0.62–1.3. We analyzed 15 zircon grains from this sample 
(Supplementary Document 8) and excluded six spot analyses from 
age calculation because these have high Th/U, show significantly 

Fig. 3. Compositional summary of principal silicate minerals in lower crustal xeno-
liths from Abu Tarbush (red symbols) and Ashqaf Usefir (blue symbols): A) pyroxene 
(Wo = wollastonite, En = enstatite, Fs = ferrosilite); B) feldspar (An = anorthite, 
Ab = albite); and C) olivine (Fo = forsterite, Fa = fayalite). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)
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Fig. 4. Major element variations in crustal xenoliths from NE Jordan. Also shown for comparison are analyses for lower crust xenoliths (∼357 Ma xenoliths from Tell 
Thannoun, Syria and lower crust and upper mantle xenoliths from Saudi Arabia (Stern et al., 2014)). A) wt.% FeO∗/MgO vs. SiO2; dashed line separates tholeiitic from 
calc-alkaline igneous rocks. B) Total alkalies – silica diagram for plutonic rocks (fields from Cox et al., 1979). C) wt.% P2O5 vs. TiO2. D) wt.% K2O vs. SiO2.
lower 206Pb/238U indicating Pb loss or are excessively discordant. 
The remaining nine analyses are concordant (Fig. 6a) and yield a 
concordia age of 563 ± 5 Ma (2σ , n = 9, MSWD = 1.3).

4.3.1.2. Sample ABT-6 is a coarse-grained norite containing 24 ppm 
Zr. Zircon separated from this sample contains 13–88 ppm U, 
10–50 ppm Th contents and Th/U from 0.5–1.1 (Supplementary 
Document 8). Out of twelve zircon grains analyzed (Fig. 1b), nine 
grains yield a concordia age of 559 ± 5 Ma (2σ , n = 9, MSWD =
1.8; Fig. 6b). Three analyses were excluded from age calculations 
because they yield much younger ages, probably due to Pb loss or 
a slightly younger metamorphic event, or are discordant.

4.3.2. Ashqaf Usefir samples
4.3.2.1. Sample AS-23 is a coarse-grained norite containing 8 ppm 
Zr. Zircon separated from this sample have 8–36 ppm U, 5–35 ppm 
Th and Th/U from 0.6–1.3 (Supplementary Document 8). One mea-
surement was made on each of 7 grains and one grain (#3) was 
analyzed 3 times, for a total of 10 analyses. One analysis (spot 1) 
shows high uncertainty (207Pb/206Pb age = 487 ± 111 Ma) and a 
low 206Pb/238U ratio indicative of Pb loss. The remaining nine anal-
yses are concordant and yield a concordia age of 554 ± 4 Ma (95% 
confidence; MSWD = 2.1; Fig. 6c).

4.3.2.2. Sample AS-28 is a coarse-grained gabbronorite contain-
ing 29 ppm Zr. Zircons separated from it contains 116–407 ppm 
U, 52–318 ppm Th and Th/U from 0.5–1.0 We analyzed 9 zir-
con grains from this sample (Supplementary Document 8), one of 
which (#6) was analyzed twice, for a total of 10 analyses. We ex-
cluded three spot analyses from age calculation because they have 
high common Pb, show significantly lower 206Pb/238U ratios in-
dicating Pb loss or a slightly younger metamorphic event or are 
discordant. One analysis (spot 10) shows reverse discordance, has 
high U content (361 ppm), and yields a much older 206Pb/238U 
age (904 ± 16 Ma) compared to the other analyses. The remaining 
six analyses are concordant (Fig. 6d) and yield a concordia age of 
559 ± 6 Ma (95% confidence, n = 6, MSWD = 2.3).

4.4. Whole-rock isotopic compositions of Sr, Nd, and Pb

Isotopic compositions of Sr, Nd, and Pb are presented in Sup-
plementary Document 9 and shown in Fig. 7. Rb/Sr ratios are low, 
so correcting for 560 Ma of radiogenic growth results in little 
change of 87Sr/86Sr. Age-corrected 87Sr/86Sr ranges from 0.70260 
to 0.70352, which is a mantle-like signature. Initial Nd isotopic 
compositions (εNd560) range from +1.3 to +9.6; with the excep-
tion of unusually radiogenic garnet clinopyroxenite sample AS23B, 
(εNd560) ranges from +1.3 to +4.8 (mean = +3.3). With the ex-
ception of garnet clinopyroxenite AS23b, combined initial Sr and 
Nd isotopic compositions are similar to those of slightly older 
granitic rocks from Sinai (Figs. 7A, B), both showing strong affini-
ties to Ediacaran moderately depleted mantle.

Initial Pb isotopic compositions fall on the 207Pb/204Pb vs. 
206Pb/204Pb diagram between the growth curves for typical mantle 
and typical orogenic crust (orogene), similar to the field of juvenile 
arc terranes of Arabia. Two samples (ABT5 and 6) have distinctly 
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Fig. 5. A) chondrite-normalized Rare Earth Element patterns of Jordanian lower crust 
xenoliths. B) N-MORB normalized trace element patterns of Jordanian lower crust. 
Also shown for comparison is mean Feinan A-type granite from Jarrar et al. (2008). 
NE Jordan lower crust cumulates could be related to granites of similar age in the 
region.

higher initial 207Pb/204Pb values and therefore may reflect greater 
involvement of subducted crustal material. In the 208Pb/204Pb vs. 
206Pb/204Pb diagram, the data scatter, which is largely an arte-
fact because for two samples (ABT8 and AS15) the Th contents 
were too low to be determined by ICP-MS and therefore, initial 
208Pb/204Pb could not be calculated directly, only constrained be-
tween the measured value and an initial 208Pb/204Pb calculated 
assuming Th concentrations equivalent to the detection limit. Sam-
ples for which thorogenic Pb growth had been corrected fall be-
tween the field of juvenile arc terranes of Arabia and the orogenic 
crust. Three samples (ABT5 and 6, AS9) however, have markedly 
higher initial 208Pb/204Pb values and fall in the compositional field 
of the Khida Paleoproterozoic terrane, indicating that this mantle 
source may have interacted with older crust. Note, because of the 
markedly higher Pb contents in crustal rocks than in mantle rocks, 
the Pb isotopic composition shows the crustal signature, whereas 
it is not apparent in the Sr and Nd isotopic composition.

5. Discussion

Below we discuss two questions about the lower crust beneath 
NE Jordan illuminated by our results; its composition and its age.
5.1. Nature and origin of lower crust beneath Northern Jordan

Geophysical and petrologic studies of Arabian peninsula crust 
consistently indicate that it is composed of upper felsic and lower 
mafic layers (Stern and Johnson, 2010). Our results are broadly 
consistent with this interpretation and extend the region where 
mafic lower crust can be identified into NE Jordan. Supplemen-
tary Document 6 presents an average composition (mean Jordan 
lower crust) for the xenoliths, which we take to approximate the 
lower crust composition beneath N. Jordan. N. Jordan mean lower 
crust is a plagioclase-rich 2-pyroxene igneous rock that is mafic 
(45.9 ± 3.9 wt.% SiO2) and fractionated (Mg# ∼61 ± 14).

We cannot constrain the P range at which the Abu Tarbush 
and Ashqaf Usefir xenoliths equilibrated, but these are mostly 
2-pyroxene igneous rocks, which are thought to make up middle 
and lower continental crust (Bohlen and Mezger, 1989; Rudnick 
and Gao, 2003). Insofar as the xenoliths from two volcanoes that 
we have studied are representative, the lower crust beneath north-
ern Jordan is a predominantly magmatic construction that formed 
over a brief interval from 563 ± 5 Ma to 554 ± 4 Ma. The wide 
range of chemical compositions and unusual enrichments of el-
ements known to concentrate in distinctive phases indicate the 
presence of cumulate ilmenomagnetite and apatite found in some 
of the xenoliths is most easily explained if these are cumulate ig-
neous rocks. We cannot relate these samples to fractionation of a 
single batch of mafic magma intruded into the lower crust, be-
cause of the wide range of initial isotopic compositions (although 
ABT5 and ABT6 could be from a single intrusive body). Fig. 8 il-
lustrates the geologic processes we envision for formation of the 
crust of this region, combining our results with geophysical con-
straints on continental crustal structure (Christiansen and Mooney, 
1995) and petrologic numerical models (Annen et al., 2006).

We cannot uniquely define the nature of the parental magma 
prior to fractionation in the lower crust, although this must have 
been broadly subalkaline basalt, because fractionation in some 
cases led to strong Fe-enrichment (Fig. 4A) and because samples 
plot in the low- and medium-K field on potash-silica diagram 
(Fig. 4D). Most samples show significant REE enrichment (Fig. 5), 
suggesting that the parental tholeiitic magma was enriched, al-
though we cannot dismiss that some enrichment may reflect the 
effects of late K-rich melt infiltration.

It is not easy to infer the tectonic environment in which ig-
neous activity happened. This is partly because cumulate igneous 
rocks are not suitable for interpretation using trace element-based 
tectonic discrimination diagrams designed for basalts. The results 
(intermediate magma, enrichments in Ba, K, Sr, Pb, and Eu, low 
Th/U, and Pb isotopic compositions) which generally suggest for-
mation at a convergent plate margin, may be related to infiltrat-
ing high-K melt pockets. Similar K-feldspar veins and patches are 
known from other lower crust occurrences, where they are in-
terpreted to reflect the inflow of low H2O-activity brines derived 
from underplating mafic magmas in the lower crust (e.g., Franz 
and Harlov, 1998). The low H2O-activity of the brine destabilized 
hydrated minerals like amphibole and biotite and modifies pyrox-
ene chemistry at the same time that K-feldspar-rich segregations 
form. If the Jordan samples we analyzed did form at a convergent 
plate margin, the lack of strong SSZ-type enrichments typical of 
the magmatic front suggests formation in a reararc setting.

There is no hint in the samples that we studied about what if 
any crust existed in the region prior to the ∼560 Ma magmatic 
episode. The recognition of ∼1 Ga crust in Sinai (Be’eri-Shlevin et 
al., 2012) and of 357 Ma lower crust xenoliths from Tel Thannoun 
in S. Syria (Stern et al., 2014) suggests that crust beneath N. Jor-
dan might also be of similar age, but there is no hint of such crust 
being present beneath N Jordan. Initial isotopic compositions of Sr, 
Nd, and Pb are consistent with a mantle origin for the parental 
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Fig. 6. U–Pb zircon ages for Jordan lower crustal xenoliths. See text for further discussion.
melts, with initial 87Sr/86Sr ranging between 0.7026 and 0.7035, 
positive εNd(560) (with the exception of a single, more radiogenic 
sample (+9.6), range = +1.3 to +4.8), initial Pb isotopic com-
positions that mostly plot between mantle and orogene (Fig. 7; 
Supplementary Document 9).

5.2. Age of crust beneath NE Jordan

The age range for the samples we dated (554 ± 4 Ma to 
563 ± 5 Ma) indicates a major magmatic episode beneath NE Jor-
dan occurred at that time. This magmatic episode was significantly 
younger than the youngest igneous rocks of the Arabian–Nubian 
Shield to the south. The northernmost ANS in Egypt, Israel, Jordan 
and NW Saudi Arabia was intensely intruded by Ediacaran plu-
tons and dikes and buried by volcanic rocks and associated debris. 
The northernmost ANS igneous record is best-documented for the 
granitic rocks of Sinai, where igneous activity evolved from early I-
type to late A-type activity that peaked in intensity ∼600 Ma and 
ended by ∼580 Ma (Be’eri-Shlevin et al., 2009). Because northern-
most ANS activity peaked ∼40 Myrs and ended ∼20 Myrs before 
formation of the crust beneath NE Jordan sampled by the xeno-
liths we studied, we conclude that this xenolith suite marks a 
younger magmatic episode than that forming the ANS. The sim-
plest and most consistent explanation is that the crust beneath NE 
Jordan sampled by the xenoliths that we studied is a previously-
unknown tract of Cadomian crust buried beneath the northern 
Arabian peninsula.

The Cadomian orogen reflects a Late Ediacaran to Early Cam-
brian peripheral accretionary margin and magmatic arc marking 
subduction beneath northern Gondwana (Fig. 9; Linnemann et 
al., 2010; Garfunkel, 2015). The Cadomian orogen was related to 
slightly older Neoproterozoic crust such as the ANS and its south-
ern extension, the East African Orogen, which formed earlier in 
the Neoproterozoic as interior orogens between colliding blocks of 
East and West Gondwana. Murphy and Nance (1991) proposed that 
as Gondwana amalgamated, the focus of subduction shifted from 
between the colliding blocks to around them (interior to periph-
eral), and the Avalonia–Cadomia arc is related to the latter stage. 
We do not know whether Cadomian crust beneath northern Arabia 
formed in place or was accreted. If it was accreted, this may have 
happened during the Late Ediacaran and Early Cambrian, before 
deposition of the undeformed Early Paleozoic platform succession 
(Powell et al., 2015) or during the Carboniferous “Hercynian” event, 
when large parts of N. Arabia were deformed (Konert et al., 2001).

During the time that Cadomia was attached to Gondwana 
∼560–520 Ma, the supercontinent Greater Gondwana reached its 
maximum size. This reconstruction of Greater Gondwana has many 
features in common with the alternative end-Precambrian recon-
struction “Pannotia” (Dalziel, 1997), especially the core superconti-
nent of Gondwana. However, the two reconstructions differ in two 
important ways: 1) Pannotia shows N. America attached to western 
S. America, whereas Greater Gondwana does not, and 2) Greater 
Gondwana emphasizes Cadomian blocks on the northern flank. The 
arc, which originally probably extended from the northern margin 
of present South America along present northern Africa to Arabia 
and Iran, became fragmented and dispersed during the opening of 
the Rheic Ocean beginning as early as 520 Ma. Magmatic activity 
along the Cadomian arc was diachronous and possibly occurred in 
transpressional settings. In the eastern part of the Cadomian arc, 
subduction-related magmatism occurred at 620 to 540 Ma, fol-
lowed by the intrusion of 540 to 520 Ma granitoids that reflect 
crustal heating, perhaps related to slab break-off (Linnemann et 
al., 2010).
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Fig. 7. Radiogenic isotopic compositions of Jordan whole-rock xenoliths, corrected for 560 Ma of radiogenic growth. Blue circles are for Ashqaf Usefir (AS) xenoliths and red 
boxes are for Abu Tarbush (ABT) xenoliths. A) Sr vs. Nd isotopes showing fields for 570–635 Ma granitic rocks of Sinai (Be’eri-Shlevin et al., 2010) and Depleted Mantle (DM). 
Note that with the exception of AS23 the samples have Sr- and Nd isotopic compositions like those of slightly older Sinai granitic rocks. B) Nd isotopic evolution diagram 
compared to depleted mantle evolution models of Goldstein et al (1984; G-DM) and DePaolo (1981; D-DM). Fields for Sinai granitic rocks after Be’eri-Shlevin et al. (2010). 
C) 208Pb/204Pb vs. 206Pb/204Pb corrected for 560 Ma radiogenic growth. Open symbols indicate three samples (ABT8, AS15, and AS23) that contain Th concentrations lower 
than ICP-MS detection limits; for each of these, two open symbols are shown: 1) measured 208Pb/204Pb; and 2) corrected for radiogenic growth using Th content = detection 

limit. Pb isotope fields and growth curves from Stoeser and Frost (2006).
The Cadomian magmatic arc later fragmented and separated 
from Gondwana, opening the Rheic Ocean; these fragments then 
accreted to the southern margin of Laurussia. Cadomian (and re-
lated Avalonian) fragments now form basement within the Pale-
ozoic orogenic belts of eastern North America, southern Europe, 
Turkey, and Iran (Franke, 2000; Kroner and Romer, 2013).

Fragmentation of the Cadomian orogen and dispersal of its frag-
ments left few known remnants attached to unaccreted Gondwana 
fragments of S. America, Africa, Arabia, Australia, and Antarctica 
(Karaoui et al., 2015; Thomas et al., 2015). It is not surprising that 
northern Arabia hides a tract of Cadomian crust, because Arabia 
projects farther north into the region than any other Gondwana 
fragment, into the region where Cadomian crust used to be. Our 
geochronologic results are most easily explained by a Cadomian 
crustal tract beneath the northern margin of the Arabian plate. 
NE Jordan is not the only place in the Arabian peninsula where 
evidence for Cadomian crust is found. Thomas et al. (2015) re-
port U–Pb zircon ages of 546–560 Ma for four samples of volcanic 
rocks brought to the surface by three salt domes in the United 
Arab Emirates (Fig. 9) and similar ages were found for a volcanic 
clast brought to the surface by a salt dome in Oman. We note that 
these sites in NE Jordan and UAE–Oman are the first places on the 
relatively-intact remnants of Gondwana where Cadomian crust is 
identified. This recognition provides an important new constraint 
for our understanding of the northern margin of Arabia. It is in-
teresting to speculate that the younger parts of the Neoprotero-
zoic Huqf Supergroup in Oman – the Ara Group and upper Nafun 
Groups – were strongly influenced by the Cadomian arc to the 
north, with initiation of the Cadomian arc marked by the devel-
opment of the mid-Nafun (∼600 Ma) unconformity. The Nafun–Ara 
boundary marks a shift from regional subsidence to a tectonic style 
characterized by uplift of large basement blocks which segmented 
the broader basin into several fault-bounded sub-basins (Immerz 
et al., 2000). Latest Ediacaran (∼541–547 Ma) volcanic rocks in the 
northern Ara Group (Bowring et al., 2007) in particular may reflect 
distal (rear-arc) volcanic activity behind the Cadomian arc.

6. Conclusions

We studied nine lower crustal xenoliths brought to the sur-
face in Neogene time by two volcanoes in Harrat As Shaam, NE 
Jordan. Using petrological, geochemical and isotopic analyses and 
U–Pb zircon dating, we have shown that the lower continental 
crust beneath this region formed during the latest Neoproterozoic, 
around 560 Ma. Most of the studied xenoliths are plagioclase-rich, 
2-pyroxene igneous rocks with ilmenite and magnetite and one is a 
garnet clinopyroxenite. Geochemical and isotopic data suggest that 
these xenoliths formed by crystal accumulation from a fraction-
ated, enriched tholeiitic magma emplaced deep in the crust. Sr and 
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Fig. 8. Sections through the crust and upper mantle beneath Arabia. A) Generalized lithologic structure of Arabian crust and upper mantle as it might have existed in Late 
Ediacaran time. Solidified igneous rocks are patterned, partially molten zones are unpatterned (red = mafic, flesh = felsic). B) Modeled temperature variations as a function 
of depth 3.2 Myr after initiating “hot zone”, comprising basaltic sills injected into the lower crust (Annen et al., 2006). Sills 50 m thick are injected every 10 kyr, i.e. at an 
average emplacement rate of 5 mm/yr, see Annen et al. (2006) for further details. C) Variation of melt fraction as a function of depth, taken as a snapshot 3.2 Myr after 
initiating the hot zone, see Annen et al. (2006) for further details. D) Average P-wave velocity structure (km/sec) for Shields and Platforms (Christensen and Mooney, 1995), 
similar to the crustal structure beneath the Arabian Shield and the study area. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

Fig. 9. Palaeogeography of the Cadomian – Avalonian active margin and related major peri-Gondwanan terranes at ∼550 Ma (modified after Linnemann et al., 2010). AM 
Armorican Massif, FMC French Massif Central, SXZ Saxo-Thuringian Zone (part of the Bohemian Massif), TBU Teplá-Barrandian Unit (part of the Bohemian Massif). Location 
of the Central Arabian Magnetic Anomaly (CAMA) separating Cryogenian–Ediacaran crust of the Arabian–Nubian Shield from Cryogenian crust of E. Arabia is from Stern and 
Johnson (2010). It is not surprising that northern Arabia hides a tract of Cadomian crust, because Arabia projects farther north into the region than most other Gondwana 
fragments, into the region where Cadomian crust used to be. Location of salt domes bringing fragments of Cadomian rocks to the surface (UAE salt domes) is from Thomas 

et al. (2015).
Nd isotopic compositions indicate that the parental magmas were 
melts of depleted mantle, most likely in a reararc tectonic setting. 
Because magmatic activity in the Arabian–Nubian Shield peaked 
∼40 Myrs and ended ∼20 Myrs before formation of the crust 
beneath NE Jordan, we conclude that the xenolith suite marks a 
different magmatic episode than that responsible for forming the 
ANS, most likely as part of the Cadomian convergent margin, along 
the northern perimeter of the Greater Gondwana supercontinent. 
Recent results including ours indicate that the buried crust of N. 
Arabia is a complex amalgamation of arcs and rifts, not a simple 
continuation of the Cryogenian–Ediacaran Arabian–Nubian Shield. 
Crust buried beneath the northern Arabian peninsula is likely to 
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include older crust, likely including material similar to Grenville-
aged crust of Sinai as well as younger crust, such as Cadomian 
documented for NE Jordan and UAE and Carboniferous crust of S. 
Syria. We clearly have much to learn about the buried crust of 
this region. It is still unknown how the transition from earlier E-W 
“Pan-African” convergence to the slightly younger peripheral Cado-
mian regime was accomplished, but evidence of this transition is 
likely preserved beneath the sediments of Jordan. Advancing our 
understanding of this transition could be accomplished by study-
ing samples of the basement recovered by drilling (Fig. 1B) and 
integrating these results with compiled potential field (magnetic 
and gravity) data for the region.
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