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Miocene to Recent volcanism in northwestern Arabia produced
the largest intraplate volcanic field on the Arabian plate
(Harrat Ash Shaam, Jordan). The chemically and isotopically
diverse volcanic field comprises mafic alkali basalts and basa-
nutes. The magmas underwent limited fractional crystallization
of ol £ c¢px £ plag and rare samples have assimilated up to
20% of Late Proterozoic crust en route to the surface. However,
there are subtle Sr—Nd—Pb isotopic variations (%7 Sr/%Sr =
0-70305-0-70377, " Nd|"™ Nd = 0-51297-0-51285, *”° Pb|
WPh = 18-8-19-2), which exhibit marked correlations with
major elements, incompatible trace element ratios and abun-
dances in relatively primitive basalts (MgO >85 wt % ),
and cannot be explained by fractional crystallization and crustal
contamination alone. Instead, the data require polybaric melting
of heterogeneous sources. Semi-quantitative melt modelling sug-
gests that this heterogeneity is the result of small degree melts
(2-5% ) from spinel- and garnet-facies mantle, inferred to be
shallow Arabian lithosphere, that mixed with smaller degree melts
(<1%) from a predominantly deep garnet-bearing astheno-
spheric(?) source with ocean island basalt characteristics.
The latter may be a ubiquitous part of the asthenosphere but
is preferentially tapped at small degrees of partial melting.
Volcanism in Jordan appears to be the result of melting litho-
spheric mantle in response to lithospheric extension. With time,
thinning of the lithosphere allowed progressively deeper mantle
(asthenosphere?) to be activated and melts from this to mix with
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the shallower lithospheric mantle melts. Although Fordanian
intraplate volcanism is isotopically similar to examples of Late
Cenozoic volcanism throughout the Arabian peninsula (Israel,
Saudi Arabia), subtle chemical and isotopic differences belween
Yemen and Fordan intraplate volcanism suggest that the Afar
plume has not been channelled northwestwards beneath the
Arabian plate and played no role in producing the northern
Saudi Arabian and Jordan intraplate volcanic fields.

KEY WORDS: asthenosphere; intraplate volcanism; Jordan; litho-
spheric mantle; Sr—Nd—Pb isotopes

INTRODUCTION

The rift systems comprising the Afro-Arabian triple
junction, the Red Sea and Dead Sea, as well as the
continental volcanic fields that encompass this area,
have been studied intensively in recent years (e.g.
Freund et al., 1968; Bohannon et al., 1989; Menzies
et al., 1992; Schilling et al., 1992). Oligocene flood
volcanism at the Afro-Arabian triple junction in
Yemen, Ethiopia, Eritrea and Djibouti was associated
with continental extension and possibly the presence of
a mantle plume (Chazot & Bertrand, 1993; Deniel
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et al., 1994; Baker et al., 1996; Stewart & Rogers, 1996;
Pik et al., 1999). However, magma genesis and the
geodynamic implications of the numerous intraplate
volcanic fields on the Arabian plate are less clear
(Camp & Roobol, 1992). In the last 15 Myr, wide-
spread intraplate volcanism has occurred along the
western margin of the Arabian peninsula (i.e. Jordan,
Syria, Israel, Yemen and Saudi Arabia). This intra-
plate volcanism post-dates the break-up of Africa and
Arabia, opening of the Red Sea, and Oligocene flood
volcanism in Yemen and Ethiopia (e.g. Camp &
Roobol, 1992; Baker et al., 1997). Although areally
extensive, the Late Cenozoic intraplate volcanism is
volumetrically insignificant compared with Oligocene
flood volcanism in Yemen and Ethiopia (12000 km? vs
350000 km?), which may reflect lower mantle tem-
peratures and/or less lithospheric extension than the
environment responsible for the large-volume flood
volcanic province (White & McKenzie, 1989).

The Afar plume has been linked with Oligocene
flood volcanism in Yemen and Ethiopia and also con-
tributed to Pliocene-Recent intraplate volcanism in
Yemen (Baker et al., 1996, 1997; Pik et al., 1999).
Baker et al. (1997, 1998) suggested that the Yemen
late-stage intraplate fields were produced by small
amounts of lithospheric extension, which resulted in
melting of shallow mantle that was previously metaso-
matized and hydrated by the Afar plume. However,
magma genesis and the geodynamic implications of
volcanism in northwestern Arabia farther from the
influence of the Afar plume are not so clear cut.
A normal mantle potential temperature of 1280°C
requires a stretching factor (initial/final lithosphere
thickness) of 2-5 for partial melting of dry mantle to
occur (McKenzie & Bickle, 1988). This prompted
Camp & Roobol (1992) to suggest that, given the
small stretching factor, anomalously hot mantle is
required to produce alkaline volcanism in Saudi
Arabia. They hypothesized that a lobe of hot astheno-
sphere, believed to have originated in the Afar region,
may have been channelled NW along pre-existing
lithospheric flexures (e.g. Ebinger & Sleep, 1998) or
that a separate mantle plume existed beneath Saudi
Arabia. In contrast, Altherr et al. (1990) and Stein &
Hofmann (1992) suggested that older shallow mantle
sources produced the Saudi Arabian and Israeli alkali
basalts. Stein & Hofmann (1992) speculated that an
old (>200 Ma) “fossilized” plume head had been stored
in the sub-continental lithosphere and that volcanism
was periodically triggered by thinning or rifting of the
lithosphere.

This study focuses on the largest intraplate volcanic
field on the Arabian plate (Harrat Ash Shaam). Using
elemental and isotopic data, we address the following
aspects of the petrogenesis: (1) the extent to which
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crustal processes have affected these magmas; (2) the
nature of the mantle sources and the possibility that the
Afar plume has been channelled northwards beneath
the Arabian plate; (3) temporal and spatial relation-
ships within the intraplate volcanic field; (4) the rela-
tionship between magma genesis of Harrat Ash Shaam
and evolution of the larger Red Sea area.

GEOLOGICAL SETTING

Jordan is located at the northern end of the Red Sea
where the Dead Sea plate boundary marks the transi-
tion from fully fledged oceanic rifting (i.e. central Red
Sea) to trans-tensional faulting in a continental setting
(Lyberis, 1988). Juvenile Pan-African basement that
crops out in SW Jordan has been dated at 630-540 Ma
(Ibrahim & McCourt, 1995). This basement is over-
lain by a series of continental and marine sandstones
and limestones of Cambrian to Oligocene age. NW—
SE-striking Mesozoic graben structures formed during
the northeastward drift of the Arabian plate and are
filled with <7km of Cretaceous—Paleogene marine
sediments. Closure of the Tethys Ocean resulted in
Early Neogene regional uplift, east-west extensional
tectonics, formation of the present-day Dead Sea
plate boundary and initiation of compressional struc-
tures at right angles to the Mesozoic grabens (Guba &
Mustafa, 1988).

Volcanism in Jordan occurs as sporadic small volca-
nic centres along the eastern side of the Dead Sea plate
boundary and as an areally extensive intraplate volca-
nic field to the NE of the plate boundary (Fig. 1).
Volcanism is clearly associated with continental rifting
and inception of the Dead Sea plate boundary, but the
exact relationship between magmatism and tectonics
and the processes that have produced melt generation
are unclear. Barberi e/ al. (1979) reported that alkaline
volcanism in Jordan, similar to other Arabian intra-
plate volcanic fields, was erupted through two main
fissure systems. Along the eastern margin of the Dead
Sea rift the fissures trend east-west, and on the large
basaltic plateau the fissures trend NW-SE. Volca-
nism probably commenced during the Miocene
(~14Ma) and has continued to the present day, pro-
ducing a laterally extensive volcanic field (46 000 km?)
(K. M. Ibrahim, unpublished data, 1999), which is the
largest single intraplate field on the Arabian plate. The
volcanic field extends from Syria through Jordan and
into Saudi Arabia and varies in thickness from 100 m to
1-5km, reaching an altitude of 1800 m on the Syrian
plateau. The volcanic field in Jordan itself covers an
area of 11400km? (Guba & Mustafa, 1988) and is
typically <150 m thick. The volcanic field comprises
a series of subhorizontal lava flows <25m thick,
numerous scoria cones, extensional faults, and large
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Fig. 1. Map of the Miocene—Recent intraplate volcanic field Harrat Ash Shaam, and the numerous small volcanic outcrops along the eastern
margin of the Dead Sea plate boundary. Inset shows regional map of the Afro-Arabian area.

fissure eruptions that emanated from dykes <100km
in length that strike NW—-SE and north—south, forming
elongated ridges (K. M. Ibrahim, unpublished data,
1999). Scoria cones and fissures occur throughout the
area that is covered by lava flows.

K-Ar dates from Harrat Ash Shaam (Ilani et al.,
2001) range from 0-05 to 40 Ma. Interestingly, only
a small number of ages (5%) >14Ma have been
reported, suggesting that little volcanism occurred
before 14 Ma. Volcanism appears to have been concen-
trated in two periods: from 0 to 8 Ma (with the major-
ity of ages <5 Ma) and an earlier period from 8 to
14 Ma (most ages from 8 to 12 Ma). The distinct age
groups will be referred to in later geochemical discus-
sions as ‘younger’ and ‘older’. These newly published
K-Ar ages confirm earlier work by Barberi et al.
(1979), who reported K-Ar ages of <0-5Ma to
13-7Ma for Harrat Ash Shaam. Historical eruptions
were also recorded in the 17th century (Tarawneh et al.,
2000). K-Ar ages from numerous intraplate volcanic
fields in Saudi Arabia (Camp & Roobol, 1989, 1992;
Camp et al., 1991, 1992) define a period of volcanism
from 0 to 12 Ma, but few ages of volcanic activity are
older than 7 Ma. This followed a period of sporadic,
volumetrically insignificant volcanism from 12 to 20 Ma
and an older magmatic period from 20 to 32 Ma. The

majority of volcanism in both Saudi Arabia and
Jordan therefore appears to be younger than ~12 Ma.

ANALYTICAL TECHNIQUES

Ninety-three samples were collected by the National
Resources Authority of Jordan and the Geological
Survey of Israel in 1999. The sampling covers the
entire stratigraphic section (Ilani et al., 2001) and
a large proportion of the volcanic field. These samples
and further sampling carried out by the authors in
2000 provide the basis for this geochemical study.
Representative major and trace element and Sr-Nd—
Pb isotopic data are presented in Tables 1 and 2,
respectively. The full dataset i1s available online and
may be downloaded from the Journal of Petrology web-
site at http://www.petrology.oupjournals.org. Major
element data were determined on fused glass discs by
X-ray fluorescence spectrometry (XRF) at the Geolo-
gical Institute, University of Copenhagen. Trace ele-
ments were determined on pressed powder pellets by
XRF at Royal Holloway University of London
(RHUL). Rare earth elements (REE) were deter-
mined on a small subset of samples at RHUL. Light
rare earth elements (LREE) were determined by ther-
mal lonization mass spectrometry (TIMS) isotope
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Table 1:

Representative major and trace element data and K—Ar ages for Jordan intraplate volcanic rocks ( Harrat Ash Shaam)

Sample no.:  JS001 JS004 JS007 JS009 JSo011 JS013 JS015 JS022 JS026 JS028 JS029 JS030 JS031 JS034 JS041 JS042
Location: 32°08-1N 32°03-0'N 32°13-5'N  32°18:4'N 32°10-5'N 32°10-2’N 32°02-1N 31°48:0'N 31°38:8'N 31°42:5'N 31°43-6'N 31°43-6'N 31°52:1'N  31°49-0'N 32°01-8N 32°04-6'N
36°57-0E  36°51-0E  37°13-4E 37°29-4E 37°07-3E 37°06-17E 37°58-3'E 36°44-9E 37°15-7E 37°19-8E 37°21-17E 37°21-1E 37°26:8'E 37°31-8E 36°30-4E 35°34-6'E
Phenocrysts:  OI-PI Ol OI-PI Ol-Px-PI  OI-Px O-PI-Px Ol-Px Ol Ol-Px-PI  OI-Px-PI  OI-Px-PI  OI-Px-PI Ol Ol Ol Ol-Px
wt %
SiO, 4450 42-65 4719 48-37 48-55 49-09 46-59 46-23 46-45 44-37 46-81 44.82 41-02 47-54 45-76 47-81
Al,O3 14-74 14-25 14.97 16-40 16-03 16-17 15-60 13-36 14-73 13-42 14-74 13-63 12:10 1401 14-84 14-62
FeOrotal 11-656 11-61 1112 10-67 10-12 9-97 1117 10-98 10-23 10-71 10-59 10-69 12-18 11-34 11-14 11-08
MgO 9:24 10-09 9-48 4-21 5-96 6-14 8:40 8-92 10-10 9-62 9:57 9:32 10-50 9:50 8-63 9.78
Ca0 9-81 8:81 9:43 10-39 10-64 10-19 10-24 10-70 8-49 11-35 9-06 11-26 9-43 9:17 10-37 9-18
Na,0 3-64 3-82 3-35 3-05 3-37 3-44 2-94 3-05 2-75 3-25 2-82 3-31 4-02 3-48 3-06 3-24
K;0 1-529 1-069 0-974 0-815 0-990 1-024 0-796 0-891 0-580 1-043 0-544 1-006 1-137 0-993 0-937 0-881
TiO, 2:52 3-02 2:23 2:20 212 211 219 2-09 1-67 2-03 1-60 2-08 272 2-02 2-37 1-93
MnO 0-181 0-169 0-164 0-150 0-158 0-155 0-168 0-157 0-140 0-161 0-152 0-160 0-176 0-162 0-165 0-159
P205 0-543 0-550 0-344 0-338 0-308 0-321 0-306 0-321 0-224 0-355 0-215 0-347 1-048 0-337 0-391 0-273
LOI 0-98 2-96 0-38 279 1-21 0-89 0-94 2-14 3:37 2-30 3:36 2:47 4-00 1.07 1-65 0-85
Total 99-33 99-00 99-63 99-28 99-44 99-50 99-33 99-84 98:73 98-61 99-45 98-89 98-34 99-61 99-30 99-79
mg-no. 0-62 0-65 0-64 0-46 0-65 0-566 0-61 0-63 0-67 0-65 0-65 0-65 0-64 0-64 0-62 0-656
ppm
Ni 176 228 192 60 44 45 143 247 269 250 298 276 264 278 150 223
Cr 205 206 309 130 188 188 265 290 311 299 301 317 261 279 261 287
\Y 21 21 205 261 196 204 212 178 172 176 164 181 158 177 202 175
Sc 225 18-9 219 234 2156 226 23-3 214 18:6 19-4 18:6 18-8 136 17-2 216 187
Cu 63-2 57-7 67:5 777 325 314 68-0 62:6 58-4 63-0 82:3 705 49-8 72:6 486 65-0
Zn 87-8 85-2 93-1 86-7 85-3 91-4 837 96-1 90-1 86-0 85-1 88-5 118-2 93-5 88-4 919
Cl 257 52 1123 0 0 471 129 1033 0 136 0 155 567 168 85 162
Ga 21-0 20-3 20-3 217 209 222 19:9 18:6 187 18:0 211 197 22:0 21-3 20-0 20-1
Pb 2:6 2:3 07 0-9 2:0 2:4 1-8 1-3 1-2 0-9 0-3 24 2:5 1-6 1.7 11
Sr 661 804 486 1071 517 490 452 659 372 567 349 626 1345 493 622 415
Rb 21-4 250 15-1 6-0 15-0 15-5 96 9-3 67 14-8 53 145 19-2 12-4 12:5 12:6
Ba 308 336 207 160 1029 222 200 168 125 253 160 648 348 185 230 199
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Table 1: continued

Sample no.:

Location:

Phenocrysts:

Nd

K-Ar ages (Ma)

Age series

JS044 JS049 JS050 JS058 JS059 JS068 JS069 JS073 JS076 JS078 JS080 JS082 JS083 JS090 JS096 JS119
32°17-U'N  32°10-7’N 32°10:7'N  32°20-2’'N  32°21-8'N 32°20-6'N 32°23-1N 31°56:8'N 32°03-1'N 32°15-6'N 32°14-2’N 32°14:2’N 32°14-2’N 31°56:3'N 31°49-0'N 32°23-2'N
36°23-1E  37°05-4E 37°05-4E 37°00-3E 37°00-17E 37°38-5'E 37°47-4E 36°57-VE 37°13-3E 37°36:0E 37°32-6'E 37°32:6'E 37°32.5'E 37°43-0E 37°31-9E 37°15:5'E
OI-Px OI-PI Ol OI-PI OI-PI Ol OI-Px OI-Px OI-Px Ol (0] Ol OI-PI OI-Px OI-Px Ol-Px
273 144 114 235 233 203 216 17 309 429 187 221 223 151 285 236
394 287 234 255 302 216 240 240 355 446 178 288 268 181 284 308
207 203 213 174 185 217 210 203 180 168 190 175 179 221 177 166
24-4 237 25-2 18-4 22-8 197 18-9 22-6 187 11-8 16-0 18-7 19-2 16-0 171 20-4
82-5 54-8 57-0 63-8 62-6 86-2 62-1 50-0 89-7 39-1 57-2 70-5 66-4 557 72-3 54-6
83-3 86-3 78-8 96-1 94-1 116-1 104-4 92-1 89-1 150-5 118-3 92-8 91-0 96-9 95-8 929
70 639 61 130 443 789 72 5 225 627 800 119 0 478 571 0
18-9 20-2 19-7 21-3 18-3 237 24-3 219 20-7 235 25-8 20-3 19:0 25-1 20-1 181
1-8 11 0-6 19 1-4 1-8 2.5 25 2:0 4-0 1-6 0-1 21 32 09 0-6
464 540 459 555 351 762 1626 507 498 1240 882 675 1431 850 510 342
10-7 1241 10-0 10-9 9-7 12:6 13-6 10-8 9-1 19-3 17-3 8-6 90 27-7 1241 9-9
198 429 165 212 127 253 360 174 718 300 832 2493 147 379 228 125
134 145 140 154 116 241 233 125 125 335 276 125 130 289 151 108
24-8 27-9 20-0 285 14-4 53-5 38-9 211 17-2 117-3 72-6 37-0 22-8 54-0 25-4 12-9
12 16 0-9 1-6 1-6 34 30 14 1-8 6-2 2:3 17 241 34 19 0-6
20-2 19-6 211 19-5 189 22:7 21-5 18:3 17-4 20-0 20-8 18-5 185 22-4 18:2 18-3
13-4 18-3 13-1 16-1 83 337 26-5 10-8 10-9 52-7 30-1 157 157 31-2 15-2 9-1
311 415 329 40-3 27-9 792 63-4 294 275 117-3 726 37-0 382 745 36-8 30-4
15-3 21-2 1941 19-6 16-3 370 332 181 15-0 52:5 357 19-3 19:0 36-0 18-9 16-0
1-37 2:94 316 3-47 452 1-79 979 6-63 11-09 3-60 2-54 422 4-69 10-08 10-93 1-85
Yy Y Yy Yy Yy Yy o Yy o Yy Yy Yy Y o o Yy

Ol, olivine; Px, pyroxene; PIl, plagioclase—these indicate the phenocryst phases present in the rock. Analytical precision/reproducibility is better than 1SD for major
elements and better than 2SD for trace elements as follows: SiO, +0-15 wt %; Al,03 +0-05 wt %; Fe,03 +0-1 wt %; MgO +0-05 wt %; CaO +0-03 wt %; Na,0 +0-05 wt
%; K20 £0-005 wt %; TiO, +£0-015 wt %; MnO +0-003 wt %; P,0s +0-005 wt %; Ni +1ppm; Cr +1-5ppm; V +1.5 ppm; Sc +0-8 ppm; Cu +1.5ppm; Zn 41 ppm; CI
+20ppm; Ga £0-9ppm; Pb £0-5ppm; Sr +£2ppm; Rb +£0-5ppm; Ba +5ppm; Zr £1ppm; Nb £0-5ppm; Th +0-4ppm; Y +0-6 ppm; La +2ppm; Ce +2ppm; Nd
+1 ppm. Reproducibility increases to +1% at high trace element concentrations. Location of samples and K-Ar ages are from Tarawneh et a/. (2000). Age series: vy,

young series (0-8 Ma); o, old series (8-14 Ma). LOI, loss on ignition.
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Table 2: REE isotope dilution and Nd—Sr—Pb isotopic data for Jordanian intraplate volcanic rocks ( Harrat Ash Shaam)

Sample no.:  JS001 JS004 JS007 JS009 JS011 JS013 JS015 JS022 JS026 JS028 JS029 JS030 JS031 JS034 JS041 JS042
ppm

La 28-89 9:74 19-22 51-40

Ce 60-77 21-99 38-32 103-20

Nd 30-65 13-27 19-50 48-68

Sm 6-405 3-368 4-386 9-522

Eu 21 123 1-63 3-09

Gd 5-937 3:780 4-355 8-404

Dy 4-406 3-407 3576 5-064

Er 1-916 1781 1-686 1-776

Yb 1-387 1-465 1-300 1-072

Lu 0-184 0-209 0-182 0-138

87Sr /%Sy 0-70311 0-70307  0-70359 0-70324 0-70377 0-70372 0-70330 0-70330 0-70367 0-70336 0-70350 0-70305  0-70334 0-70363
Nd/"Nd  0-512948 0-512951 0-612877 0-512901 0-512856 0-512847  0-512911 0-512937  0-5612850  0-512930 0-512930 0-512961 0-512905 0-512864
eNd 6-05 6-11 4-66 513 4-25 4-08 5-33 5-83 4-14 5-70 5-70 6-30 5-21 4-41
206pp /204y 19-217 18-992 19-046 18-935 19-049 19-098 18-833 19-116

207pp /204pp 15-588 15-697 15-606 15-687 15610 15-574 15-589 15-634

208pp /204pp 38-909 38-762 38-900 38-728 38-925 38-770 38-659 38-992

A7/4 1-39 473 5-04 4-34 5-42 1-28 5-65 7-09

A8/4 4-86 17-37 24-64 20-86 26:72 5-35 26-29 25-35

Age series y y y o y y y y o o o o y o y y

12 MVHS
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Table 2: continued

Sample no.:

ppm

La

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb

Lu
87Sr/%Sr
“Nd/Nd
eNd

206py, /204ppy
207py, /204ppy
208py, /204ppy
A7/4

A8/4

Age series

Js044 Js049 JS050 Js058 JS059 Js068 Js069 Jso73 Js076 Jso78 Js080 Js082 Js083 JS090 JS096 Js119
14.48 17-35 36-98 29.25 55.00 31.20 16-15 10-59
30-98 37-48 75-24 62-94 113-24 70-46 34-65 23-69
16-83 20-47 36-94 32.87 53.03 35.02 1838 14-13
3.950 4.682 7-554 7-049 10-127 7-306 4.205 3-549
1-41 1-62 2.47 233 323 2:38 1-46 128
4.156 4-665 6-750 6-408 8.708 6-645 3-561 3.379
3.695 3-883 4.956 4.453 4.753 4.690 3-473 3.524
1-905 1-81 2.067 1-817 1-463 1.914 1-642 1-805
1556 1382 1-449 1:016 0-779 1335 1:271 1.677
0-223 0-192 0-197 0-137 0-096 0-179 0-178 0-238
0-70331  0-70331  0-70351  0-70337  0-70357  0-70310  0-70337 0-70354 0-70373 0-70312  0-70339  0-70415  0-70331 0-70321  0-70344  0-70360
0-512943 0512883 0-512892 0-512869 0-512934 0-512929 0-512895  0-512904  0-512970 0-512934 0-512899 0-512960  0-512950 0512892  0-512887
5.95 4.78 4.95 4.51 5.79 5.68 5-21 5-19 6-48 5.77 5.09 6-28 6-07 4.95 4.86
19237 18-928 19-082 19-186 19-182 19-067 19-041 18-978  19-014 18-995 18-836 19-180
15-605 15-621 15-641 15-647 15-654 15-606 15-618 15563  15-586 15-588 15-583 15-643
38967 38.754 38850 38-976 39-011 38-884 38-834 38663  38-829 38.789 38-652 38-980
2.87 7-82 8-15 7-62 8.37 4.81 6-30 148 3-39 3.79 5.02 7-29
8.25 24.30 15.29 15.31 19-30 20-50 1864 9-16 21.41 19-70 25.23 16-44
y y y y y y o y o y y y y o o y

Age series: y, young series (0-8 Ma); o, old series (8-14 Ma).
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dilution analysis after chemical separation using anion
exchange resin. Heavy rare earth elements (HREE)
were passed through an additional set of anion
exchange columns and analysed on an IsoProbe
multiple-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS). External reproducibility
for replicate LREE and HREE analyses is <2-5% and
<3-3% (25D), respectively. However, elemental ratios
have significantly better reproducibility (Sm/Nd
~0-03%, Dy/Yb ~0:04% 25D, n = 7), reflecting the
fact that weighing errors control the reproducibility of
the concentration determinations. External reproduci-
bility of BHVO-1 is generally <1% for the LREE and
slightly higher (1-2%) for the HREE.

Sr—Nd-Pb isotope analyses were determined on an
Axiom MOC-ICP-MS at the Danish Lithosphere
Centre (DLC), Copenhagen, after chemical separation
using cation (Nd and Sr) and anion (Pb) exchange
resins. For Sr isotope analysis, ~1g of powder was
leached in 6 M HCl for ~1h at 190°C then repeatedly
rinsed with MQ HyO. Further details on analytical
procedures for Nd and Sr have been described by
Luais et al. (1997) and Waight et al. (2002), respec-
tively. Waight et al. (2002) demonstrated that replicate
analyses of standards and aqueous solutions are com-
parable to the reproducibilities given by TIMS ana-
lyses. Similarly, Nd isotopic analyses of BCR-1
(0-512634 £ 5) and BHVO-1 (0-513002 + 5) by MC-
ICP-MS at the DLC are within error of TIMS ana-
lyses. Internal precision (2SE) was typically better
than £0-000015 for Sr and £0-00001 for Nd. External
reproducibility of Sr and Nd isotope ratios is better
than 0-00002 and 0-00001 (25D), respectively. A stan-
dard was run after every four samples. Sr is reported
relative to values of 0-71025 for SRM987 and Nd is
reported relative to 0-512125 for an in-house AMES
Nd and mixed AMES Sm-Nd standard. This Nd iso-
tope ratio corresponds to a value of 0-51186 for La Jolla.
Pb isotopic data were determined on 0-07-0-09g of
clean hand-picked rock chips. These were rinsed in
MQ H,O and leached for 1h in hot 6 M HCI, then
rinsed repeatedly in MQ HyO before digestion and
standard anion exchange separation. Pb isotopes were
corrected for instrumental mass bias by internal second
element normalization using T1, and the exponential
mass fractionation law. A TI/Pb ratio of ~0-7 and
a 29T1/2%T1 ratio of 2-3889 were used, and variable
TI1/Pb ratios produced no change in 2*°Pb/?**Pb over
a range of T1/Pb ratios (0-1-5) (<100 ppm). Internal
within-run precision of 2°°Pb/***Ph, 27Ph/***Ph and
208ph/2Ph ratios was generally better than (2SE)
£0-0021, £0-0017 and £0-0047, respectively, although
three samples had slightly worse internal precision
(£0-003, £0-0026 and £0-0055), as a result of poor
Pb yields during the chemical separation procedure.

PETROGENESIS OF INTRAPLATE VOLCANISM, JORDAN

Pb isotope ratios are reported relative to 2 Ph/?**Ph =
16:937, 297Pb/?%*Pb = 15491 and 2%Pb/?%Pb =
36-720 for SRM 981 with an external precision of
£0-0035, +0-0019 and £0-0055 (25D, n = 8) obtained
during the course of this work. Procedural blanks were
0-5ng, 0-05ng and 0-075 ng for Sr, Nd and Pb, respec-
tively, and are insignificant to this study.

PETROGRAPHY

The Jordan intraplate volcanic rocks contain 5-20
modal % phenocrysts of olivine £ plagioclase =+ clino-
pyroxene. Olivine phenocrysts vary in size from <0-5
to 3mm and commonly have iddingsite rims or are
completely altered to iddingsite. This is most common
in basalts situated in the southeastern part of the
intraplate field, where samples are considerably more
weathered. In hand specimen, some samples are
characterized by caliche lined vesicles and veins within
the rock. It was not always possible to avoid this when
selecting chips for crushing for chemical and isotopic
analysis. Only one sample (JS049) appears to have
accumulated olivine. The more primitive samples
have predominantly small olivine phenocrysts (gener-
ally <0-5>mm) within a cryptocrystalline groundmass.
Plagioclase and clinopyroxene phenocrysts are less
abundant than olivine. Evolved rocks are more coarse
grained, with abundant plagioclase and clinopyroxene
as well as olivine phenocrysts, and the phenocrysts
are much larger (olivine phenocrysts <~3 mm) than
in the more primitive samples. The groundmass is
microcrystalline and consists of plag £+ cpx + ol £
Fe—Ti oxides. Phenocrysts are euhedral to subhedral
in shape, and olivine and clinopyroxene are skeletal in
some cases.

MAJOR AND TRACE ELEMENT
CHEMISTRY

Chemical classification

The Harrat Ash Shaam volcanic rocks exhibit a wide
range of silica contents (41-0-49-6 wt %) and can be
classified as alkali basalts (64%), basanites (32%),
hawaiites (2%) and picrobasalts (2%) using the total
alkalis vs silica classification scheme (Le Bas el al.,
1986) (Fig. 2). The majority of samples are alkaline
according to the alkaline-subalkaline classification
system of MacDonald (1968), and there does not
appear to be any significant change in composition in
the erupted lavas from Miocene to Recent time.
Compared with rock suites from the intraplate volcanic
fields in Saudi Arabia and Yemen, the Jordan intra-
plate volcanic rocks lack more evolved compositions
(Camp & Roobol, 1989; Camp et al., 1991, 1992;
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Fig. 2. Total alkalis vs silica diagram (Le Bas et al., 1986) high-

lighting the wide range of silica saturation and the alkalic nature of

the volcanic rocks. The dashed line represents the field for Saudi
Arabian intraplate volcanic rocks (Altherr ef al., 1990) and the con-
tinuous line represents the field for Yemen intraplate volcanic rocks
(Baker et al., 1997). There is a lack of evolved compositions in Jordan
compared with intraplate volcanic rocks from Yemen and Saudi
Arabia. The alkaline-subalkaline divide is from MacDonald
(1968). [, young series rocks; [, old series rocks.

Baker et al., 1997). Miocene to Recent volcanic rocks
from Israel have similar compositions to the Jordanian

rocks (Stein & Hofmann, 1992).

Major and trace element observations

MgO versus other major elements

MgO contents vary from 12-2 to 4-2 wt %, although
most samples are restricted to 7-11 wt % (Fig. 3a-h).
5109, AlyO3 and CaO show a general increase with
decreasing MgO contents. FeO (total) decreases with
decreasing MgO. PyO;, Na,O, KyO and TiOy show
little co-variation with MgO content, and there is
generally large variation and scatter within the data-
set. Fractionation crystallization vectors (Fig. 3a-h)
show schematically that fractionation of olivine and
possibly clinopyroxene has taken place, although frac-
tionation of these phases alone can clearly not be
responsible for all the major element variability. For
example, at 8:5-10 wt % MgO there is significant
variation in major elements, which is comparable
with the entire variation displayed by the dataset as a
whole. Both the younger and older series show broadly
similar element concentrations and ranges.

Trace element variation

Chondrite-normalized REE patterns highlight that
the Jordan intraplate volcanic rocks are strongly and
variably LREE enriched relative to chondrites (Lax =
29-167) (Fig. 4a and b). All the rocks have small
positive Eu anomalies (Eu/Eu* ~1.05-1-16). REE

VOLUME 44 NUMBER 9 SEPTEMBER 2003

patterns for different samples also cross, reflecting
variable LREE/HREE ratios. Primitive-mantle-
normalized patterns commonly peak at Nb, and are
depleted in Rb relative to Ba (Fig. 4c and d). The most
primitive samples have negative K and Pb anomalies,
and similar patterns to some ocean-island basalts
(OIB), e.g. St Helena (Weaver et al., 1987; Chaffey
et al., 1989). Jordanian incompatible trace element
ratios are similar to HIMU-type OIB; e.g. K/Nb
~144, La/Nb ~0-72, Th/La ~0-09, Ba/Nb ~5-6 for
HIMU OIB (Weaver, 1991) vs K/Nb ~176, La/Nb
~0:66, Th/La ~0-11, Ba/Nb ~5-8 for Jordan. In
contrast to primitive samples, some of the more evolved
rocks have larger positive Ba and positive, or absent,
K and Pb anomalies.

Sr-Nd-Pb ISOTOPE CHEMISTRY
Sr-Nd isotopic composition

The Jordanian intraplate volcanic rocks display the fol-
lowing range in Sr and Nd isotope ratios: 8’Sr/%°Sr =
0-70305-0-70415, "*Nd/"**Nd 0-51297-0-51285.
Sr and Nd isotope ratios are strongly correlated,
although there are some samples that lie above the
main array. There are no distinct compositional differ-
ences between the younger and older series rocks
(Fig. 5a). Cenozoic volcanic rock compositions from
Israel, Saudi Arabia and Yemen are plotted for com-
parison in Figure 5a. Jordanian intraplate volcanic
rocks extend to lower Sr isotopic values than Yemen
intraplate volcanics, whereas some Saudi Arabian
intraplate volcanic rocks have slightly lower 8 Sr/®Sr
and higher "¥Nd/!**Nd ratios than rocks from both
Jordan and Yemen. Israeli intraplate volcanic rocks
have lower #7Sr/%Sr than the majority of Jordanian
rocks. Also shown in Figure 5a are possible mantle
source compositions [e.g. Afar plume, Red Sea mid-
ocean ridge basalt (MORB) and lithospheric mantle
xenolith compositions]. Jordanian samples are iso-
topically more enriched (higher 87Sr/®Sr and lower
"Nd/!"Nd) than Red Sea MORB and overlap with
compositions that are representative of the Afar plume
(e.g. uncontaminated basalts from Djibouti). Litho-
spheric mantle xenoliths from Yemen and Saudi Ara-
bia have a wide range of compositions and encompass
nearly all the Jordanian isotopic compositions.

Pb isotopic composition

The data for Harrat Ash Shaam basalts define
a restricted range of compositions in Pb isotopic space
(2%Ph/2"Ph = 18-83-19-24, 27Pb/*""Pb = 15-56—
15-65, 28Pb/?""Pbh = 38-65-39-01) (Fig. 6a and b).
Jordanian rocks that have the most isotopically
depleted Sr and Nd values lie close to the Northern
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Fig. 3. (a-h) MgO vs other major element data. Diagrams are annotated with crystal fractionation vectors. The position of the vectors
corresponds approximately to that estimated for a primary magma composition. Symbols are the same as in Fig. 2.

Hemisphere Reference Line (NHRL) (Hart, 1984).
More enriched samples (lower "*Nd/!"**Nd) extend
to higher 207Pb/?**Pb and 2%Ph/***Pb compositions.
In 206 Pb/204Pb7207 Pb/204 Pp-208 Pb/204Pb space
Jordanian Pb isotope ratios overlap with the Afar

plume, Saudi Arabian and Israel intraplate volcanic
compositions, whereas the least radiogenic 2°’Pb/?**Ph
and 2®Pb/?"*Pb compositions have similar values to
the most radiogenic Red Sea MORB mantle composi-
tions (Schilling et al., 1992; Volker et al., 1993). A large
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Fig. 4. (a, b) Chondrite-normalized REE diagrams, and (c, d) primitive-mantle-normalized multi-element diagrams for selected Jordan
samples. (a) and (c) are primitive samples with MgO >9 wt %; (b) and (d) are evolved samples with MgO <9 wt %. Normalization values
from Sun & McDonough (1989). A primitive-mantle-normalized ocean-island basalt (St Helena) has a similar pattern to the most primitive

Jordan samples (data from Weaver et al., 1987; Chaffey et al., 1989).

proportion of the Yemen intraplate volcanic rocks are
offset to lower 2Pb/?**Ph (Baker et al., 1997). How-
ever, a plot of A7/4 vs A8/4 (Fig. 6¢) reveals subtle
differences in composition between Jordanian volcanic
rocks and Afar plume-related products. Afar plume-
related rocks and Yemen volcanics have A7/4 values
similar to Jordan volcanics, but the Jordan volcanics
are offset to lower A8/4 values, and are similar to the
lowest Red Sea MORB A8/4 ratios. The difference
between Jordan intraplate volcanism and the Afar
plume is not readily explained by errors resulting
from mass fractionation during the analyses.

DISCUSSION

The Jordan intraplate volcanic rocks comprise alkaline
basalts, basanites and hawaiites that have undergone
fractionation of olivine £ plagioclase £ clinopyroxene
and, although relatively mafic, are unlikely to be repre-
sentative of primary magmas given their Mg numbers,
and Ni and Cr contents (Table 1). There is consider-
able correlated variation in major and trace element
abundances or ratios and isotopic ratios, but these
variations are unlikely to be the product of frac-
tional crystallization alone. There are no distinct

compositional differences between the younger and
older series. There are also Nd—Sr—Pb isotopic simila-
rities between Jordan and other Arabian intraplate
volcanic fields. However, the Afar plume and Yemen
intraplate volcanic field appear to have higher A8/4
ratios, and Yemeni rocks are generally offset to lower
206Ph /201 Ph ratios. We now examine the processes that
may be responsible for these geochemical variations,
but the focus of the discussion is on evaluating the
chemical and isotopic variations in primitive samples
that are difficult to explain by fractional crystallization
or crustal contamination and are likely to reflect
mantle processes.

Processes contributing to major and trace
element and isotopic variation of
Jordanian intraplate volcanism

The effects of alteration

The effects of alteration on the Jordanian intraplate
volcanic rocks are difficult to assess. In thin section, the
only mineral visibly affected by alteration is olivine,
which is often completely or partially altered to idding-
site. However, in hand specimen caliche is present in
some samples. Caliche is a common secondary growth
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Fig. 5. Nd-Sr isotopic compositions of the Jordan volcanic rocks.
Plotted for comparison are: (a) fields for Red Sea MORB (Schilling
et al., 1992; Volker et al., 1993; Haase et al., 2000), the Afar plume
(Deniel et al., 1994), Arabian lithospheric mantle (Blusztajn et al.,
1995; Baker et al., 1998), and Yemen, Saudi Arabian and Israeli
intraplate volcanism (Altherr et al., 1990; Stein & Hofmann, 1992;
Baker et al., 1997), and (b) crustal compositions for Late Proterozoic
upper crust from Saudi Arabia (Duyverman et al., 1982; Hegner &
Pallister, 1989), Late Proterozoic mafic granulites from Saudi Arabia
(McGuire & Stern, 1993), Early Proterozoic mafic granulites from
Tanzania (Cohen ¢t al., 1984), and Early Proterozoic-Late Archacan
upper and lower crust from Sudan (Davidson & Wilson, 1989). 87Sr/
8Sr >1 indicates that there are some extreme Late Proterozoic
upper-crustal compositions (Duyverman et al., 1982) that plot off
the diagram. Symbols are defined in Fig. 2.

product in arid environments, and as it occurs in
cavities throughout the rock it is difficult to remove.
Five samples have unusually high Ba concentrations
(Ba ~647-2493 ppm) (JSO11, JS030, JS076, JS080
and JS082) and high incompatible trace element ratios
involving Ba (e.g. Ba/Nb, Ba/La and Ba/Th). For
example, Ba concentrations and ratios in samples
JS011, JS030, JS076, JSO080 and JS082 are similar to,
or in excess of crustal values, e.g. SW Jordan average
upper-crustal values for Ba/La are ~43, and the high-
est Jordanian volcanic Ba/La ratio is ~158. Three of
these samples (JS030, JS076 and JS082) also have high
87Sr/8Sr ratios for their "Nd/""*Nd values (Fig. 5a).
Pre-digestion leaching of the samples in hot 6 M HCI
should have effectively removed any radiogenic Sr
introduced during alteration. However, although the
measured 8’ Sr/%Sr ratios on leached samples are likely

to reflect magmatic values, we cannot rule out the
possibility of potential alteration. Nevertheless, we
have included the high #7Sr/®Sr samples in the discus-
sion. The reason for the high Ba concentrations is more
difficult to assess, given that it could be a source feature
or the product of secondary alteration. High Ba con-
centrations are unlikely to be a source feature, because
there is no correlation between Ba (and trace element
ratios involving Ba) and major elements, trace ele-
ments and isotopes. Secondary alteration is considered
more likely, because of the presence of caliche in these
Jordanian volcanic rocks. High Sr contents in some of
these samples are consistent with the presence of car-
bonate. In the light of probable alteration effects on Ba
concentrations, we have avoided using this element in
the subsequent discussion.

Fractional crystallization

The phenocryst assemblages observed in the Jordan
intraplate volcanic rocks suggest that variable but, in
most cases, fairly limited fractionation of olivine (ol) &+
plagioclase (plag) £ clinopyroxene (cpx) has occurred.
Fractional crystallization vectors in Figure 3 support
ol £ cpx fractionation, as do strong decreases in N1 and
Cr coupled with decreasing MgO. In thin section,
plagioclase appears to be an important fractionating
phase, particularly in the more evolved rocks. How-
ever, plagioclase fractionation is not supported by the
general lack of correlation between Sr/Nd and SiOo—
MgO, and increasing Al;O3 with decreasing MgO.
Furthermore, at high MgO contents (8:5-10 wt %)
large variations in major element (e.g. SiO, varies
from 41-6 to 48-5 wt %) (Fig. 3) and trace element
abundances (e.g. Ce varies from 22:5 to 110 ppm)
make it difficult to rigorously constrain the fraction-
ating assemblage and proportions, and highlight the
need to investigate other factors responsible for major
and trace element variability.

Crustal contamination?

Here we investigate the role of crustal contamination in
contributing to elemental isotopic variation during
magma genesis. There have been no detailed studies
of the age or the composition of the crust underlying
the Jordan volcanic field, but studies of the basement
from SW Jordan have yielded Rb—Sr ages of 540-—
639 Ma (Ibrahim & McCourt, 1995). This suggests
that Late Proterozoic age crust may exist beneath the
Harrat Ash Shaam volcanic field. There 1s a large
range of Nd, Sr and Pb isotopic crustal compositions
from Saudi Arabia and elsewhere, which provide an
indication of possible crustal contaminants (Figs 5b
and 6d). However, on the basis of studies in
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Also plotted for comparison are Red Sea MORB (Schilling et al., 1992; Volker et al., 1993) and the Afar plume (Deniel et al., 1994)

Analytical uncertainty for Jordanian samples (2SD) is smaller than symbol size. (c) A7/4 vs A8/4 for Jordan volcanic rocks compared with

Red Sea MORB, the Afar plume and Arabian intraplate volcanics. References are the same as for (a).

(d) Pan-African Pb isotopic

crustal compositions: Sudanese crust (Davidson & Wilson, 1989); Tanzanian crust (Cohen ¢t al., 1984); Saudi Arabian upper crust (Hegner
& Pallister, 1989); Zabargad gneisses (Brueckner et al., 1995). NHRL, Northern Hemisphere Reference Line (Hart, 1984). Symbols are

defined in Fig. 2.

SW Jordan, it 1s likely that crust similar to the Arabian
shield (of Late Proterozoic age and composition) is a
more likely contaminant than isotopically more
extreme Early Proterozoic—Late Archaean age crust
found in Tanzania, Sudan and the southern Arabian
shield (Yemen). On this basis, bulk mixing and
assimilation—fractional crystallization (AFC) calcula-
tions were undertaken using compositions typical of
this type of crust (upper crust—Duyverman et al.,
1982; Hegner & Pallister, 1989; lower crust—McGuire
& Stern, 1993). Bulk mixing and AFC trajectories in
Nd-Sr isotopic space are illustrated in Figure 7a and b.
The starting composition of the uncontaminated
magma and the composition of the crustal contami-
nants are listed in Table 3. These calculations reveal
the following.

(1) Up to 20% bulk assimilation of a Late Protero-
zoic upper-crustal component (curves 1 and 2) can
account for Nd-Sr variation in the ‘upper array’
(Fig. 7a), which is defined by three samples (JS030,
JS076 and JS082) that are offset from the main Nd—Sr
isotopic array to higher 87Sr/%°Sr values. Modelling

using AFC curves (DePaolo, 1981) (Fig. 7b) and the
appropriate crustal contaminants do not differ
markedly from simple bulk mixing curves in terms of
the amount of crustal contaminant required to produce
the observed data array. However, although bulk
mixing and AFC modelling support crustal contami-
nation of Jordanian intraplate volcanic rocks, we
cannot rule out the possibility of secondary alteration
having affected samples JS030, JS076 and JS082.

(2) Assimilation of a Late Proterozoic lower-crustal
component (3) can also reproduce the variation in the
upper array but requires unrealistic amounts of con-
tamination to reproduce the highest ®’Sr/®Sr ratios
(> 50%) (Fig. 7a), given the similarity of lower-crus-
tal #7Sr/%0Sr ratios to contaminated Jordanian rocks.
Likewise, a mixture between the two end-member bulk
mixing lower-crustal curves (3 and 4) could reproduce
the steeper Sr—-Nd isotopic array but also requires
assimilation of >>50% crust. These features suggest
that the lower Nd—Sr isotopic array is unlikely to be
the result of significant amounts of assimilation of the
locally available continental crust.
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Fig. 7. (a) Bulk mixing curves illustrating the possible effects of
crustal contamination on the Jordanian volcanic rocks. Continuous
lines represent Late Proterozoic upper crust; dashed lines represent
Late Proterozoic lower crust. (b) Assimilation—fractional crystalliza-
tion calculations (DePaolo, 1981) illustrating the effects of crustal
contamination. The uncontaminated basalt has the same composi-
tion as in (a); the composition of the crustal contaminant is the same
as curve (1). The rate of assimilation to fractional crystallization was
assumed to be 0-6. F, fraction of melt remaining; P, crust/magma
ratio (Aitcheson & Forrest, 1994). Model parameters are given in
Table 3. Symbols are as for Fig. 2.

(3) Archacan—Proterozoic silicic lower- and upper-
crustal compositions from Sudan (Davidson & Wilson,
1989) have more extreme ' Sr/%Sr (<0-76) and *3Nd/
"Nd (>0-51) ratios that could produce the Sr-Nd
isotopic variations of the steeper array at more realistic
amounts of contamination (not shown). However, this
possibility can be excluded as: (a) there is no evidence
for crust of this age underlying Jordan; (b) contamina-
tion by such an older crustal component would gener-
ate large changes in Pb isotopic ratios (Fig. 6d), which
are not observed.

We therefore conclude that although contamination
by Late Proterozoic crust may have contributed to
some minor isotopic variation, it is not responsible for
the major isotopic variations (e.g. the steep array in
Nd-Sr isotopic space). It is important to note that
there is no correlation between Mg number and
Nd isotopic ratios, and that the complete range of

PETROGENESIS OF INTRAPLATE VOLCANISM, JORDAN

MSNd/"Nd is observed in samples with nearly identi-
cal and high Mg numbers. Instead, the data appear to
require a heterogeneous mantle source. Strong correla-
tions between isotopic data, major and trace element
abundances and trace element ratios (next section)
support this interpretation. For example, La concen-
trations decrease by a factor of more than five from
S104 of 40 to 50 wt % (Fig. 8¢), and are accompanied
by changing "*Nd/"**Nd (0-51297-0-51284). The nat-
ure and magnitude of these correlations is not consis-
tent with assimilation of upper or lower continental
crust.

Reasons for major and trace element and isotopic
variation outside the control of fractional
crystallization and crustal contamination

We can explore the possible mantle source character-
istics and the effects of varying degrees and depths of
partial melting on major element data by reducing the
effects of fractional crystallization and crustal con-
tamination in a manner similar to that of Klein &
Langmuir (1987) and Turner & Hawkesworth
(1995). For this exercise, the sample set was truncated
and samples with <8-5 and >10 wt % MgO were
excluded. Large scatter within the dataset prevents
the use of least-squares regression techniques to elim-
inate the effects of fractional crystallization. The three
samples that were recognized as having potentially
assimilated <20% continental crust (JS030, JS076
and JS082) were also excluded from further discussion.
Samples within this data range (8:5-10 wt % MgO)
have chemical variations not consistent with fractional
crystallization processes. For example, measured FeO
decreases systematically with increasing SiO, and
decreasing NayO, indicative of decreasing melting
pressure (i.e. depth) coupled with increasing degrees
of melting (Fig. 8a and b). NayO, TiOy and K5O are
moderately incompatible in peridotite and are concen-
trated in small melt fractions; as such, their concentra-
tions in a melt decrease as the degree of melting (S10,)
increases (Klein & Langmuir, 1987; Falloon et al.,
1988). In contrast to Jordan, Yemen intraplate volca-
nic rocks (corrected to 8:5 wt % MgO by least-squares
regression) are offset from the Jordan data to signifi-
cantly lower FeO g.5) at similar SiOy 5.5, and NaoO g.5)
contents. This suggests different melting and/or source
conditions in Yemen and Jordan and supports evi-
dence that Yemen intraplate volcanism is the result of
melting rather shallow mantle enriched and hydrated
by the Afar plume (Baker et al., 1997). Melting shallow
hydrated mantle would result in lower FeO and higher
Si0, contents than melting of a deeper source.

The Jordan data show strong correlations between
major elements, trace elements and isotopes. SiOy and
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Table 3: Compositions of the initial uncontaminated basalt and

crustal contaminants used to calculate bulk mixing and AFC

trajectories in Fig. 7

Nd (ppm) Sr (ppm) 43Nd/"*4Nd 87gr/86 Sy

Uncontaminated basalt starting composition (J78) 525 1240 0-51297 0-70312
(1) Late Proterozoic upper-crustal composition

(high 8 Sr/®Sr end-member) 26 450 0-5125 0-714
(2) Late Proterozoic upper-crustal composition

(low &Sr/®Sr end-member) 26 600 0-5125 0-708
(3) Late Proterozoic lower-crustal composition

(high 8 Sr/8Sr end-member) 10 300 0-51275 0-705
(3) Late Proterozoic lower-crustal composition

(low &Sr/%Sr end-member) 10 610 0-51275 0-703

Late Proterozoic upper-crustal compositions—values from Duyverman et al. (1982) and Hegner & Pallister (1989). Late
Proterozoic lower-crustal compositions—values from McGuire & Stern (1993).

FeO exhibit good correlations with **Nd/"**Nd, #/Sr/
8Sr and 27Pb/*™Pb ratios, A7/4, incompatible
element abundances such as La, and incompatible
trace element ratios such as K/Nb and Rb/Nb (Fig.
8ce). "SNd/'"™Nd also correlates with 2°7Pb/?%*Pb
and A7/4 (Fig. 8f). These major element, trace element
and isotopic correlations cannot be accounted for by
crustal contamination and fractional crystallization
processes, and suggest contributions from a hetero-
geneous mantle source consisting of at least one
depleted and one enriched component. The depleted
component has high "*Nd/"**Nd, and low #Sr/®°Sr,
A7/4 and A8/4 ratios, with variable 2°°Ph/?***Pb. Pb
isotope compositions lie close to the NHRL (Fig. 6a
and b). Although there are similarities with the Afar
plume and Yemen intraplate volcanic rocks, Jordanian
depleted samples have lower 2 Pb/?**Ph and A8/4 and
encompass higher '"*Nd/"Nd and lower #Sr/®Sr
compositions. None the less, incompatible trace ele-
ment ratios and primitive-mantle-normalized multi-
element patterns are comparable with HIMU OIB
(StHelena) (Fig. 4c), and the samples are silica under-
saturated (41-5-44-5 wt % SiOy) with high MgO con-
tents (9-5-12 wt %). Therefore, we suggest that the
depleted component is more enriched than Red Sea
MORB and subtly distinct from the Afar plume. For
example, Figs 5a and 6¢ show the offset to lower /Sr/
8Sr and lower A8/4 than the Afar plume. Lower A8/4
might be explained by a long-term Th-depleted source
more similar to MORB than a Th-enriched reservoir
suchasthe continentallithosphere (Williamsetal.,1992).

The enriched component has low Nd/'"*Nd
and high A7/4, A8/4 and ¥ Sr/®Sr, with variable
206ph/20%Ph, High A7/4 and low "3 Nd/'"Nd are

coupled with higher incompatible trace element ratios
than the depleted component and incompatible trace
element ratios are similar to enriched OIB, e.g. EMI
(Gough): K/Nb ~432 (Weaver, 1991); Jordan:
K/Nb ~408.

Although it is likely that the major element, trace
element and isotopic correlations reflect a chemically
and isotopically heterogeneous mantle source, the large
variations in major and trace element abundances
must also reflect the effects of partial melting processes.
For example, a negative correlation between Sm/Nd
and "¥Nd/!""*Nd (Fig. 9a) places unusual constraints
on the mantle source and melting processes in the
petrogenesis of the Jordanian intraplate volcanic
rocks. High "Nd/!"*"Nd ratios suggest a long-term
depleted (high Sm/Nd) source. However, the most
isotopically depleted Jordanian samples (e.g. JS078:
IBNA/M™MNd ~0-512970; 87Sr/80Sr ~0-703120; 2°7Pb/
204ph  ~15-563) have the lowest Sm/Nd ratios. Low
Sm/Nd ratios from a time-integrated high Sm/Nd
source are likely to be the product of very low degrees
of partial melting in the presence of garnet (as Nd is
more incompatible than Sm). This is supported by a
negative correlation between Sm/Nd and Dy/Yb and
between Sm/Nd and La/Yb (Fig. 9b). Assuming a
single starting composition, La/Yb or La/Y ratios
reflect the degree of partial melting (La/Yb decreases
with increasing degrees of melting), whereas changes in
Dy/Yb ratios can be interpreted to reflect the presence
of garnet in the source, as HREE are preferentially
retained over the middle REE (MREE) during melt-
ing if garnet is present. These REE ratios also correlate
with major elements, such as FeO and SiOy, and with
"SNd/!"*Nd and A7/4 (Fig. 9¢). Thus, mixing of small
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volume melts from a deep garnet-bearing depleted
mantle source with larger volume melts from an
enriched shallower source can produce the isotopic—
elemental co-variations observed in the Jordan
intraplate volcanic rocks and provides the simplest
explanation for the unusual Sm/Nd-'"**Nd/'**Nd cor-
relations. Chen & Frey (1983) reported similar corre-
lations in Hawaiian basalts and also explained this by
mixing melts from an enriched mantle composition
with low-degree partial melts from a MORB source.
We note that the older and younger series are not
isotopically distinct in "Nd/"**Nd-87Sr/®Sr space,
nor are there significant differences in major elements
or trace element ratios. However, there does appear to

be some temporal control on melting sources.

Figure 10d shows a systematic change in La/Y ) ratios
with time, whereby the oldest rocks have low and
restricted La/Y ) ratios, and the youngest rocks have
a much larger range of La/Y  values. Given that La/
Y ratios reflect the degree and depth of partial melting,
we suggest that the oldest volcanism in Jordan was pro-
duced by larger degrees of melting [low La/Y v ratios]
of a shallow source and, with time, younger volcanism
also incorporated smaller degree melts from a progres-
sively deeper source [high La/Y ) ratios].

Establishing the partial melting processes of the
heterogeneous mantle source

Having established the nature of the mantle sources,
and that partial melting was probably an important
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isotopically distinct mantle sources.

control on activating these sources, it is now possible to
place some constraints on the conditions of partial
melting. Rare earth element ratios are useful for con-
straining the extent and depth of partial melting along
with the mineralogy and chemistry of the source. This
is because the solid:melt partitioning of REE is differ-
ent for garnet- and spinel-facies peridotite. Partial
melting of either a garnet or spinel peridotite will pre-
ferentially enrich the LREE in the melt and produce
La/Yb variations with variable degrees of melting,
although the La/Yb variations will be much larger if
melting garnet-facies rather than spinel-facies perido-
tite. Likewise, the degree of enrichment of MREE to
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HREE depends on whether garnet exists as a residual
phase during melting, as HREE are preferentially
retained by garnet during melting (high Dy,
~4-0-15) relative to MREE [e.g. using distribution
coeflicients from McKenzie & O’Nions (1991) and
Van Westrenen et al. (2001)]. This produces large
changes in MREE/HREE ratios in melts formed by
partial melting of garnet-facies peridotite, and there
are large differences between source and melt ratios.
In contrast, melting of a spinel peridotite will produce
little change in MREE/HREE ratios with melt
fraction, and their melt and source ratios are
similar. Correlations between LREE/HREE (e.g.
La/Yb) and MREE/HREE (e.g. Dy/Yb) will be linear
when two melts of different REE composition are
mixed, as the same element forms the denominator of
both ratios.

Figure 10a presents Dy/Yb, vs La/Yb(y) data for
the Jordan intraplate volcanic field, along with trajec-
tories for non-modal fractional melts of garnet and
spinel peridotite sources. Source concentrations use
primitive mantle values from Taylor & McLennan
(1985), which is only a crude starting approximation
of the likely source concentrations. A depleted MORB
mantle source (not shown) does not have La/Yb ratios
high enough to reproduce Jordanian La/Yb values,
even at the smallest degrees of melting in the presence
of garnet. Primitive-mantle-normalized diagrams and
Nd isotopic data (eNd <6-5) also imply a source more
enriched than depleted MORB mantle. We can
deduce the following points from Fig. 10a—d.

(1) Variable degrees of melting of two spinel-bearing
sources cannot produce the observed variation in Dy/
Yb(x) and La/Yb ), as spinel peridotite partial melts
do not have sufficient co-variation of Dy/Yb with La/
Yb to produce the Jordanian data array, nor do they
have sufficiently high Dy/Yb to reproduce the high Dy/
Yb values of many samples (Fig. 10a).

(2) Variable degrees of melting of two garnet peri-
dotites cannot account for the observed La/Ybx)~Dy/
Yb(n) variation, as the lowest Dy/Yb ) ratios of the
dataset require unrealistically large degrees of melting
of garnet-facies mantle (>25%). Moreover, melting
of garnet-facies mantle alone would produce no co-
variation between La/Yb and Yb (Fig. 10b), as Yb
is retained by garnet in the source.

(3) The Jordanian rocks show small but significant
co-variation between La/Yb and Yb, which suggests
melting also involved a spinel-bearing source. The
La/Yb)~Dy/Ybny linear array (Fig. 10c) is therefore
consistent with mixing melts from spinel and garnet
peridotite sources.

(4) Melting of a primitive mantle source can repro-
duce the La/Yb ) ratio of the most LREE-enriched
Jordanian sample (e.g. JS078). We can use this sample

1674



SHAW et al.

4.5

J (a)

Jso7s g estimated minimum

a source La/Yb)
~0.57

7o — 0.1%
garnet lherzolite
melting curve

Dy/Yb(n)

Primitive mantle:

>0.01% . : a/Ybny =0.99
os spinel lherzolite melting curve Dy/Yb( ) = =099
. r r
0 20 40 60 80
La/Yb(n)
4.5
garnet lherzolite melting curve (€)
K % o1 0.1%)|
2% o
3.5+ & < "
g ',+" HP 95 grt:.05 sp
2 069’
t 254 A +909rt‘10sp
> mixing lines between 2-5 % melt
o 20% .* D‘Ji\ in the spinel field with < 1% and >

25 @D 70 grt:.30 sp 1% melting in the garnet field
1.5-
splnel Iherzolite

5%~29% melting curve Enriched mantle:

La/Ybn) = 0.99
0.5 . . Dy/Yb(N) =1.22
0 20 40 60 80
La/Yb(n)

PETROGENESIS OF INTRAPLATE VOLCANISM, JORDAN

4.5

N .
spinel Iherzolite
melting curve

Yemen intraplate
volcanic rocks

Primitive mantle:
La/Ybn) =
Dy/YbN) = O 99

garnet lherzolite
melting curve

2% 1%
o 20 40 60 80
La/Yb
(d)
1.2 u
R increasing depth &
3 4" decreasing degree
% 0.8 |‘ n of melting
|
-l ‘ . l ll |
o.4ﬂf ". [T -. (] - o
f- [
b w
0 T T T T T T
0 2 4 6 8 10 12 14
Age (Ma)

Fig. 10. (a—c) Calculated partial melting curves assuming non-modal fractional melting of garnet and spinel lherzolite sources (garnet
lherzolite: 0-598 ol, 0-211 opx, 0-076 cpx, 0-115 grt that melts in the proportions 0-05 ol, 0-2 opx, 0-3 cpx, 0-45 grt; spinel lherzolite: 0-578 ol,

0-27 opx, 0-119 cpx, 0-033 sp that melts in the proportions 0-1 ol, 0-27 opx, 0-5 cpx, 0-13 sp; Thirlwall et al.,

1994). The composition of the
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et al. (1997). Symbols are the same as in Fig. 2.

to place some constraints on the deeper mantle source.
A minimum La/Yby ratio of the source can be deter-
mined by extrapolatmg the sample (JS078) downward
to intersect the garnet melting curve (Fig. 10a).
Although this value is dependent on source composi-
tion [as increasing the source La/Yb ) ratio stretches
the melting curve parallel to the La/Yb ax1s] we
estimate a minimum value of La/Yb) ~0-57 using a
primitive mantle source. As this sample is unlikely to
represent 0-01% melting, a source with La/Yb
>0-57 is probable. This is more enriched than a
depleted MORB source, which has La/Yby, ~0-4.
Changing the garnet/clinopyroxene (grt/cpx) ratio
also extends the melting curve parallel to the La/
Yb(n) axis. However, published mineral proportions
of garnet peridotites (Johnson, 1998; Putirka, 1999)
do not differ significantly from our model value of grt/
cpx = 1-5. Our only upper constraint on the La/Yb
ratio is from Nd isotopes of the depleted source end-
member ("¥Nd/"Nd ~0-51297), which suggest long-
term LREE depletion relative to a chondritic mantle

La/Y vs age (Ma). Yemen intraplate volcanic data from Baker

source [~La/Yb)<1], but not as extreme as
depleted MORB mantle.

(5) A primitive mantle source cannot produce the
highest Dy/Ybx ratio of the sample set. This requires
a minimum source Dy/Yby ratio of 1-22 (Fig. 10c).
This is unlikely to be coupled with corresponding La
enrichment given that a long-term LREE-depleted
source 1s likely. Increasing grt/cpx ratios also raises
Dy/Ybny ratios, but in this case maximizing the grt/
cpx ratio using the given mineral proportions cannot
raise the garnet melting curve to intersect the sample
(JS078). Furthermore, modelling partial melting of
garnet pyroxenites or eclogites that have much greater
modal garnet cannot increase the Dy/Yb ratio, as grt/
cpx ratios are often less than that of a garnet peridotite.
A garnet distribution coefficient ratio (Dpy/Dyy,) <0-2
will also produce the necessary Dy/Yb ratios,
although garnet distribution coefficients are still poorly
constrained. For example, garnet distribution coeffi-
cients from Johnson (1998) and Van Westrenen et al.
(2001) are up to four times greater than those in the
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compilation reported by McKenzie & O’Nions (1991),
and have Dpy/Dyy, ratios of 0-33 and 0-39, respectively.
This results in translation of the melting curve to lower
Dy/Yb values.

In summary, melting appears to be polybaric,
occurring over an extended depth range from
garnet-bearing to garnet-absent mantle (i.e. spinel-
facies mantle). For example, some samples appear to
be derived totally from garnet-facies mantle whereas
others are dominated (~75%) by melts from the spinel
field (Fig. 10c). Combining this information with tem-
poral controls on volcanism, we conclude that earliest
volcanism appears to involve predominantly shallower
and larger degree melts (2-5%), from a spinel-bearing
(and probably also garnet-bearing) isotopically
enriched source. With time, volcanism incorporated a
greater proportion of deeper, smaller degree melts
(<1%) from an isotopically depleted garnet-bearing
source. An older series sample (JS069) offset from the
main trend to lower La/Ybhx) can be accounted for by
slightly larger degrees of melting of the garnet-bearing
source (Fig. 10c).

Jordanian intraplate volcanism within the
regional tectonic setting

Normal Arabian lithosphere is 100-120km thick
(Mooney et al., 1985). The upper lithosphere (or
mechanical boundary layer) is presumed to comprise
crust and spinel-facies (<80km) and garnet-facies
(>80km) lithospheric mantle. The lower lithosphere
will comprise garnet-facies mantle, which overlies and
is influenced by the asthenosphere (1300°C). Consis-
tent with the presence of 100-120 km thick lithosphere,
surface heat flow measurements over western Arabia
are lower than the world average (400-500°C at 40—
50km depth) (Gettings, 1981; Gettings et al., 1986).
However, this is in contrast to temperatures calculated
from mantle xenolith data, which suggest mantle tem-
peratures of 900-1100°C at similar depths (Camp et al.,
1992). The lack of agreement between surface and
mantle temperatures was suggested as evidence for
the presence of upwelling asthenosphere beneath
western Arabia (McGuire & Bohannon, 1989). To
what extent this mantle is normal temperature, or
hotter than normal, may be influenced by the influx
of hotter mantle originating as far south as Afar that is
directed northward by ‘topography’ on the base of the
lithosphere, as proposed by Ebinger & Sleep (1998).
In the context of the petrogenesis of the Jordanian
intraplate volcanic rocks, the temporal and spatial
evolution of the volcanic field can be summarized as
follows. Volcanic rocks were initially derived from
shallow, isotopically slightly enriched, spinel- and
garnet-facies mantle by ~2-5% melting. Given the
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thickness of the lithosphere (>100km), the depth of
melting and the distinct isotopic characteristics, we
propose that the enriched source is located within the
lithospheric mantle. With time, these melts mixed in
varying proportions with melts predominantly derived
from deeper, isotopically depleted, garnet-facies
mantle generated by very small degrees of melting
(<1%). Considering lithospheric thicknesses, we
propose that the depleted source (>80km) is likely to
be located within the asthenosphere or the lowermost
part of the lithospheric mantle.

This scenario 1s consistent with a model of progres-
sive lithospheric rifting and thinning with time. The
extended depth range over which melting occurs
(from 100% garnet-facies derived melts to 100%
spinel-facies derived melts) suggests a melting regime
controlled by lithospheric extension. This is also sup-
ported by xenolith data, from which the astheno-
sphere-lithosphere boundary is estimated to be at a
depth of ~75km (McGuire & Bohannon, 1989) com-
pared with > 100 km before thinning and rifting. The
thermal boundary layer (i.e. the lower lithospheric
mantle or the asthenosphere) is melted in response to
thermal erosion of the lithosphere by upwelling astheno-
sphere driven by lithospheric extension. This allows
small degree garnet-facies melts to mix with larger
degree melts from spinel-facies (and garnet-facies)
mantle as extension and volcanism proceeds.

Jordanian intraplate volcanism is isotopically similar
in many respects to examples of Late Cenozoic volcan-
ism throughout the Arabian peninsula (Israel, Saudi
Arabia). Volcanism in Israel and Saudi Arabia is
thought to have been derived from a shallow mantle
source, perhaps enriched by an old plume head
that periodically produced volcanism in response to
lithospheric thinning (Altherr et al., 1990; Stein &
Hofmann, 1992). It is likely that both Israel and
Saudi Arabian volcanism are tapping similar mantle
sources to the Jordanian volcanism. In contrast to
Jordan, Yemen intraplate volcanism displays the influ-
ence of the Afar plume with shallower levels of melting
of a hydrated (e.g. lower FeO and Dy/Yb) and a subtly
distinct isotopic source (e.g. higher A8/4 than the Jor-
danian samples) (Baker e al., 1997). Given these che-
mical and isotopic contrasts, we conclude that the Afar
plume has not been channelled northwards beneath
the Arabian plate.

CONCLUSIONS

Miocene to Recent volcanism in northwestern Arabia
produced the largest intraplate volcanic field on the
Arabian plate (Harrat Ash Shaam, Jordan). The
following conclusions can be gleaned from this study.
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(1) The chemically and isotopically diverse volcanic
field comprises mafic alkali basalts and basanites. Most
magmas have undergone only limited fractional crys-
tallization of ol + cpx + plag, and rare samples have
assimilated up to 20% of Late Proterozoic crust en
route to the surface. Jordanian intraplate volcanic
rocks lack the evolved compositions of intraplate vol-
canic rocks from Saudi Arabia and Yemen, as the
extensional environment permitted ascent of more
mafic magmas in Jordan, which did not undergo pro-
tracted fractionation.

(2) Large coupled variations in major elements,
trace elements and Sr-Nd-Pb isotopes (e.g. a nega-
tive correlation between Sm/Nd and "SNd/"**Nd)
cannot be explained by fractional crystallization and
crustal contamination alone and require polybaric
melting of heterogeneous mantle sources. This involves
2-5% melting of a shallow spinel- and garnet-facies
mantle source that represents Arabian lithosphere.
Melts from this mix in variable proportions with smal-
ler degree melts (<1%) from a deep garnet-bearing
lithospheric or asthenospheric source. This source
might be a minor ambient component of the astheno-
sphere preferentially tapped at small degrees of
melting.

(3) Volcanism in Jordan is consistent with a model in
which polybaric melting of distinct sources occurred in
response to lithospheric extension. Extension first trig-
gered partial melting of shallow lithospheric mantle.
As extension progressed and asthenosphere upwelled,
these melts mixed with smaller degree melts from deep
(asthenospheric?) mantle.

(4) Jordanian intraplate volcanism is isotopically
similar in many respects to examples of Late Cenozoic
volcanism throughout the Arabian peninsula (Israel,
Saudi Arabia). In contrast to Jordan, Yemen intra-
plate volcanism displays the influence of the Afar
plume with shallower levels of melting of a hydrated
and a subtly distinct isotopic source. We conclude that
the Afar plume has not been channelled northwards
beneath the Arabian plate and probably played no role
in many of the northern Saudi Arabian, Israeli and
Jordan intraplate volcanic fields.
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