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Summary

This is the revised final report of the project AR-33 - 14 entitled " Geochemical and
Geophysical Evolution of Regional Mantle Flow Beneath Volcanic Harrats in
Western Arabian Shield " sponsored by King Abdulaziz City for Science &
Technology (KACST). We conducted three field programs to determine the
distribution and structure of volcanic landforms (lava flows, cinder cones, eruptive
centers), and to collect samples for analytical studies (age determinations, mineral and
whole compositions, isotope geochemistry). The first expedition was to Harrat
Lunayyir, where recent seismic activity indicated the possibility of new volcanic
systems. The second focused on Harrat Hutaymah, which is remarkable in providing
an extraordinary range of mantle and crustal xenoliths, which are fragments of rock
carried up from great depths (40-70 km) by magmas that fed lava flows and cinder
cones.
In order to achieve the above mentioned tasks:
e We reviewed previous mapping and geologic data for the large Harrat

Khaybar volcanic area, comprising Kura, Khaybar and Ithnayn volcanic fields.

The field operations were based at Khaybar city, from which we conducted

mapping and sample collecting. We assessed the suitability for future

analytical work (age determinations, major and trace element compositions).

e Analyzed all existing seismic data provided by SGS and temporary seismic
stations.

We performed (1) thin section preparation for petrographic examination of 36

samples, (2) selected samples for age determinations by “°Ar-*Ar incremental

heating method and for He isotope and melt inclusion studies, and (3)
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analyzed major and trace element compositions by X-ray fluorescence and

ICP-MS analysis.

We acquired new “°Ar-3°Ar incremental heating age determinations, major

and trace element concentrations, and He-isotopic compositions of lava flows
from selected harrats to better understand the temporal distribution of the
volcanism, contribution of distinct mantle sources, and variable depth and
degree of melting over the region.

We also performed ambient noise tomography technique using data from
twelve seismic stations of the Saudi Geological Survey as well as from
deployed portable seismic stations. The results presented here are focused on
ambient noise propagating within Saudi Arabia and in the southwestern part of
Harrat Khaybar.

We conclude that Hutaymah and Lunayyir lavas were generated at depths of
60-80 km and small degrees of melting (1-10%), while Khaybar and Rahat
lavas were generated under a progressively thinning lithosphere (60-36 km)
and increasing extents of melting.

Lithosphere that is derived from melting of the upper mantle also has this
small range of isotopic compositions. In contrast, primitive mantle, which lies
below the depleted upper mantle and is delivered to the earth’s surface by
mantle plumes only at hotspots, exhibits He-isotopic compositions >10 Ra.
Lavas and xenolithic fragments from Hutaymah showed that all volcanic and
source materials are derived from depleted asthenosphere and lithosphere. Our
new data from Khaybar show that initial lavas (6-8 Ma age) have significantly

higher He-isotopic compositions (12-13 Ra), while younger lava compositions




are within the range of asthenospheric values. Higher values have also been
reported for Harrat Rahat.

We have produced new data that allow us to constrain the geodynamic
processes that lead to harrat magmatism. The key issues we address in this
research concern the ultimate causes of melting, specifically: (i) the role of
asthenosphere vs. lithosphere in the production of harrat magmas; (ii)
systematic changes in the depth and extent of melting in space and time, and
the relation between melting and mantle thermal structure, and (iii) the
potential role of mantle plume material in harrat volcanism.

Seismic tomographic inversion shows low shear wave velocity in the range of
2.0-3.2 km/s. The study area is clearly resolved with the lowest group velocity

toward the west. It is worthy to mention that the study area is located toward

the northeast of the epicenter of the 19" of May 2009 (ML = 5.4) where the

area is presumably enriched with magmatic intrusions.




Introduction

We report the final results of a study of the origin and evolution of volcanic fields
in western Saudi Arabia. These volcanic systems (harrats) appear to reflect
lithospheric extension across the Arabian shield, related to Red Sea opening between
the Arabian and African plates, since about 30 Ma. However, the distribution of the
volcanism (predominantly Arabian plate, and up to 500 km east of the plate
boundary), lack of significant extension, and variable depth of the lithosphere -
asthenosphere boundary, have led to speculation of mantle plume involvement either

from the Afar plume (located under the Ethiopian triple junction) or from elsewhere.

Firstly, we have acquired new “°Ar-*°Ar incremental heating age determinations,

major and trace element concentrations, and He-isotopic compositions of lava flows
from selected harrats to better understand the temporal distribution of the volcanism,
contribution of distinct mantle sources, and variable depth and degree of melting over
the region. In a complementary geophysics program we monitored seismic activity,
and produced images of crustal and upper mantle structure beneath several of the
fields. We have focused our investigations on an east-west transect (at ~25°N) across
the predominant N-S fabric of the province, including the smaller volcanic fields of
Harrat Hutaymah and Lunayyir, and the large and long-lived Harrat Khaybar (Figure
1).

Secondly, we performed ambient noise tomography technique using data from
twelve seismic stations of the Saudi Geological Survey and from seismic portable
stations as well. The results presented here focus on ambient noise propagating within

Saudi Arabia and in the southwestern part of Harrat Khaybar (Figure 2).




Due to the small number of earthquakes and the lack of travel paths covered by
seismograms, the traditional seismic tomography using earthquake data is not
adequate to map high resolution images of the upper crust where small magma
chambers or dykes are expected. To overcome this problem, the ambient seismic-
noise tomography technique can be used to map high resolution images of the upper

crust beneath Harrat Khyabar (Shapiro et al., 2005). This technique has been applied

on different scales; global, regional and local using only a few hours to a few months

of continuous records of seismic noise (Bensen et al., 2007). This technique is used to
retrieve the Green’s function between pairs of seismograms by applying the cross-
correlation technique on the ambient noise recorded at two seismic stations. This
gives an equivalent signal to that observed at one recorded station due to a surface
point-source acting at the location of the other station. The retrieval signal from cross-
correlation technique exhibited spectral amplitudes combined the effects of the

ambient ground motion spectra and the Green’s function excitation.




» Post-12Ma
voilcanic rocks

a Volcanoes

Figure 1. Volcanic fields (‘harrats’) in western Saudi Arabia lie 100-500 km east of
the Red Sea spreading ridge, and are linked to similar accumulations of lava flows in
Yemen and the Afar region in Ethiopia/Eritrea to the south, and Jordan, Syria and
Turkey to the north (Figure adapted from Chang and van der Lee, 2011). Several large
volcanic fields are aligned with the Ha’il Arch structure and form the north-south
trending Makkah-Madinah-Nafud lineament.
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Literature Review

The western part of the Arabian Shield is made up of three major accreted
tectono-stratigraphic terranes (Asir, Jeddah and Hijaz) consisting mainly of variously
metamorphosed layered volcano-sedimentary assemblages of older Baish, Bahah and
Jeddah groups (950-800 Ma) and younger Halaban (Hulayfah) and Al Ays groups
(800-650 Ma old: e.g.,) with arc-related plutonic rocks of diorite to tonalite
compositions, which generally have intrusive relationship with the volcano-
sedimentary sequences (Stoeser and Camp, 1985; Johnson, 2000). The Cenozoic to
Recent basaltic lava fields (harrats) of Saudi Arabia are resting directly on the so-
called stable Precambrian Arabian Shield. The application of remote sensing to the
lava fields of Saudi Arabia has been realized on Harrat Rahat (Camp and Roobol,
1992), Harrats Khaybar, Ithnayn and Kura ( Roobol and Camp, 1991a) and Harrat
Kishb (Roobol and Camp, 1991b). No such study has yet been made of Harrat
Lunayyir and there is no detailed geological map of the lava field.

The existence of a mantle plume beneath the western part of the Arabian plate

including Al-Madinah Al-Munawwarah region including Harrat Lunayyir has been

recognized (e.g., Moufti and Hashad, 2005). About 600 km long Makkah-Madinah-

Nafud (MMN) active volcanic line, consisting of Harrats Rahat, Khaybar, and
Ithnayn, is the surface expression of the plume-related ocean-island basalt (OIB)
volcanism (e.g., Moufti and Hashad, 2005) and northward propagating nascent rift
system (Camp and Roobol, 1992). The last two historic volcanic eruptions, close to
the city of Al-Madinah Al-Munawwarah occurred at about 641 A.D. and then again at
1256 A.D.

Two distinct phases of continental magmatism are evident in western Saudi
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Arabia. The first, erupted from about 30 to 12 Ma, produced tholeiitic-to-transitional
lavas emplaced along NW trends. The second, from about 12 Ma to present, produced
transitional-to-strongly-alkalic lavas emplaced along N-S trends. The older phase,
predominantly dikes and smaller centers proximal to the Red Sea, is attributed to
passive-mantle upwelling during extension of the Red Sea basin, whereas the younger
phase is attributed to active-mantle upwelling facilitated by minor continental
extension perpendicular to plate collision (Hempton, 1987). The younger magmatic
phase is largely contemporaneous with a major period of crustal uplift that produced
the west Arabian Swell after about 14 Ma.

Geophysical methods (seismic, magnetics, heat flow) provide images of the
crust and upper mantle beneath the western Arabian shield, which must relate closely
to the dynamic history of mantle flow, lithospheric uplift, and volcanic activity. Upper
mantle flow beneath the region comes from seismic anisotropy studies (Hansen et al.,
2006, 2007). Recently, Chang and van der Lee (2011) report jointly inverted
teleseismic S- and SKS-arrival times, regional S- and Rayleigh waveform fits,
fundamental-mode Rayleigh-wave group velocities, and independent Moho

constraints that provide complementary resolution for the three-dimensional (3-D) S-

velocity structure beneath East Africa and Arabia. Their tomographic results help

reconcile some of the competing explanations for the region's volcanism, uplift, and
rifting.

The lava field of Harrat Lunayyir, on the western edge of the central portion of
the N-S trend (west of Khaybar), has been selected for high-resolution age,
composition and geophysical investigation by Duncan and Al-Amri (2013). This
study was initiated because Harrat Lunayyir experienced multiple seismic swarms

since 2007. Recent studies (e.g. Pallister et al., 2010) have indicated that these swarms




are associated with magma that has risen to shallow levels beneath Harrat Lunayyir,
potentially increasing the likelihood of a volcanic eruption. It is estimated that at least
twenty-one different eruptions have occurred in western Arabia over the past 1500

years (Camp et al., 1987), including one near Harrat Lunayyir about 1000 years ago.

Some 24 new age determinations by the “°Ar-3®Ar incremental heating method detail

the volcanic history, which is generally younger than previously thought (Duncan and
Al-Amri, 2013). That is, eruptions occurred within the Quaternary period, beginning

about 0.6 Ma, and increased in frequency into historic times.




Research Methodology

We have designed three complementary research themes to accomplish the project
objectives:

1. Geochronology. Samples of previously mapped units in the volcanic stratigraphy
of several selected harrats (Lunayyir, Kura, Khaybar, Ithnayn and Hutaymah) were
partly dated by the “°Ar-*Ar incremental heating method to determine the time frame
of activity. This method is both more accurate and has higher precision than the K-Ar
method (by which the previous ages were determined) in its ability to identify and
eliminate the effects of “°Ar-loss and mantle-derived (“excess™) Ar.

Additionally, new generation multi-collector mass spectrometers have superior

sensitivity, lower volume extraction lines, and higher resolution — allowing smaller

amounts of radiogenic “°Ar to be resolved; hence younger age limits. Duncan and Al-

Amri (2013), for example, show that lavas at Harrat Lunayyir are significantly
younger than previously estimated. New ages will be measured at Oregon State
University using an ARGUS-VI five-collector mass spectrometer combined with
CO2-laser for incremental heating of samples. The IMW TRIGA research reactor at
Oregon State University is used for neutron irradiation of geologic samples, required
for this method. New ages were measured at Oregon State University using an MAP
215/50 mass spectrometer equipped with a single ion multiplier operated in peak-
hopping mode, and a newly commissioned ARGUS VI five-collector mass
spectrometer. Ages are combined with unit volume estimates (from US Geological
Survey-Saudi Geological Survey mapping) to obtain eruption rates throughout the

volcanic history. Such age data will provide information about frequency of eruptions,




and whether volcanic intensity is building or waning at each center. An important
broader impact of this knowledge will be in the evaluation of the geothermal energy
potential of several individual harrats (see Utilization of Results below).

2. Geochemistry. Major elements (Si, Al, Ca, Mg, Fe, K, Na, Ti, P, Mn) and trace
elements (Ni, Cr, Cu, Zr, Ba, Zn, Sr, Nb, Cs, Rb, Th, U, Pb, Ta, Sc, V, Y, REES)
compositions (determined by XRF and ICP-MS methods) will be used to document
variability in parental magmas through time and space within the province.
Specifically, samples from an E-W transect of volcanic centers (Hutaymah, Ithnayn,
Khaybar, Kura and Lunayyir) are examined for evidence of depth and degree of
mantle melting, in order to test the proposed (Camp and Roobol, 1992) used major
element compositions to establish pressure and temperature conditions, and degree of
melting, using the approach pioneered by McKenzie and Bickle (1988) based on the
experimental petrology database. We also used trace element compositions to
determine depth and extent of melting (e.g., Zr/Nb, La/Yb), following the strategy of
Fram and Lesher (1993). We also evaluated crustal magma chamber processes (e.g.,

crystal fractionation, crustal assimilation, magma recharge) using major and trace

element chemistry as well as analyses of individual mineral phases.

In addition, the melt inclusions in early formed phenocrysts (olivine and
pyroxene) and potentially also in mantle xenoliths common in many of the centers
(e.g., Hutaymah), were determined using electron microprobe and ICP-MS laser
ablation methods to identify the composition of primary melts, formed in the melting
zone before homogenization of discrete melts into parental magmas (e.g. Kent et al.,
2002; Kent, 2008).

Using the noble gas laboratory at Oregon State University, equipped with a Nu

Instruments Noblesse mass spectrometer, we performed isotopic analyses (He, Ne) on




selected samples of ultramafic xenoliths, and olivine-bearing lavas, to distinguish
mantle sources for harrat volcanoes. In particular, these data used to evaluate
asthenospheric, Afar mantle plume, or sub-continental Arabian shield mantle as
potential contributors to melting that produced harrat volcanism.
3. Geophysics. We investigated the velocity structure beneath Harrat Lunayyir using
seismic travel-time tomography. In this method, absolute and relative travel-times
from local and regional earthquakes are inverted for improved event relocations and
models of seismic velocity structure. These data will allow us to delineate magmatic
features, such as magma pathways, and seismic structures beneath the harrats, thereby
giving us considerable information about the three-dimensional structure and
modification of the Arabian shield crustal rocks.

Seismic data were collected from all available deployed portable and
permanent broadband stations in harrats Lunayyir, Khyber and Rahat. Broadband

stations were equipped with either Streckeisen STS-2 or Trillium 120 seismometers

while short-period stations equipped with SS-1 Ranger.

We investigated the crustal and upper mantle velocity structure beneath Harrat
Lunayyir using body wave travel-time tomography. A number of different earthquake
tomography packages are available, such as SIMULPS (Thurber, 1983; Thurber and
Eberhart-Phillips, 1990; Hansen et al., 2004) and tomoDD (Zhang and Thurber, 2003;
Pesicek et al., 2010), which invert absolute and relative travel-times from local and
regional earthquakes for improved event relocations and models of seismic velocity
structure. Seismic velocity in a given region depends on the rock characteristics, such
as porosity, fracturing, and fluid saturation, and its physical condition, such as
temperature and pressure. In volcanic environments, such as Harrat Lunayyir, the

presents of fluids, cracks, and gas can also change the elastic properties (Sato et al.,




1989). Hansen et al. (2004) used the travel-time tomography approach to relocate
seismic events and determine the velocity structure beneath the south flank of the
volcano.

In Harrat Lunayyir, tomographic velocity variations determined with this approach
allowed us to differentiate between the slow seismic velocities associated with
magmatic features and the fast seismic velocities in the surrounding regions, thereby

giving us considerable information about the three-dimensional structure.

Additionally, the accurate earthquake locations determined as part of the tomographic

analysis helped to delineate the seismic structures in the crust beneath the harrats.




Results & Data Analysis

We conducted three field programs to determine the distribution and structure of
volcanic landforms (lava flows, cinder cones, eruptive centers), and to collect samples
for analytical studies (age determinations, mineral and whole compositions, isotope
geochemistry). The first expedition was to Harrat Lunayyir, where recent seismic
activity indicated the possibility of new volcanic systems. The second focused on
Harrat Hutaymah, which is remarkable in providing an extraordinary range of mantle
and crustal xenoliths (Thornber, 1994), which are fragments of rock carried up from
great depths (40-70 km) by magmas that fed lava flows and cinder cones.

In November/December, 2014 we sampled an extensive area of Harrat Khaybar
(Figure 2). This volcanic field is constructed from lava flows, tephra and spatter cones
that include mainly primitive alkali olivine basalt and basanite compositions. These
compositions contrast with the predominantly tholeiitic, fissure-fed basalts found
along the eastern margin of the Red Sea (Figure 3).

Hutaymah is constructed from lava flows, tephra and spatter cones that include
mainly primitive alkali olivine basalt and basanite compositions (Figure 4). These
compositions contrast with the predominantly tholeiitic, fissure-fed basalts found
along the eastern margin of the Red Sea. The Hutaymah lava flows were erupted
through Proterozoic arc-associated plutonic and meta-sedimentary rocks of the
Arabian shield, and commonly contain a range of sub-continental lithospheric
xenoliths. Previous radiometric dating of this volcanic field (a single published K-Ar
age; 1.8 Ma) is suspiciously old given the field measurement of normal magnetic
polarity only (i.e. Brunhes interval, <780 ka). Our new age determinations (n=14) are

all younger than ~850 Ka, and constrain the time frame of volcanism to 200-850 Ka




(Table 1). Major, trace and rare earth element compositions are compatible with 3-7%
upper mantle melting at depths of 60-75 km (Figure 5). We see no significant effect of
crustal assimilation in the composition of the lava flows (Figure 6). He-isotopic
compositions of xenoliths and lavas are remarkably homogeneous at 7.55 + 0.03 Ra
(2s, n=18) — see Figure 6. Our findings are reported in two manuscripts being
prepared for submission (Konrad et al., 2016; Duncan et al., 2016).

Khaybar is a much larger volcanic system, located along the Makkah-Medinah-
Nafud lineament above thinner lithosphere. Primitive lava compositions here are
similar to those at Hutaymah, but much more evolved compositions (trachytes,
phonolites, comendites) also occur, providing evidence of shallow depth (crustal)
magma chambers. This harrat has had a much longer record of volcanism) -- mapped
as four distinct formations (Kura, Jarad, Mukrash and Abyad) by Camp et al. (1991a)
(Figure 7).

Our new ages (e.g., Figure 8) indicate activity at 6.3-5.9 Ma for Kura flows, 1.7-
1.5 Ma for Jarad flows, 1.4-0.4 Ma for Mukrash flows, and 0.3 Ma to historic for
Abyad flows (Table 2). Thus, we find a significant hiatus (5.9 to 1.7 Ma) within the
otherwise continuous volcanic record. Initial measurements of He-isotopic
compositions are remarkably homogeneous at 8.2 + 0.1 Ra (2s, n=3). Major, trace and
rare earth element compositions are similar to neighboring (to the south) Harrat
Rahat, and indicate that primitive magmas formed from 10-18% partial melting of
depleted peridotite at 15-40 km depth. In addition, we see an intriguing trend of

increasing degrees of melting at shallowing depths, with time (Zr/Nb and La/Yb

trends, Figure 9), which we interpret as evidence for thinning of the lithosphere.

In contrast, magmas at Harrat Lunayyir (100 km east of the Red Sea) formed at

65-80 km depth from 8-12% upper mantle partial melting. Tholeiitic magmas erupted




at the Red Sea spreading axis derive from ~ 25% partial melting of upwelling
depleted upper mantle, at depths of 0-10 km. This regional variability in mantle
melting can be explained by modest lithospheric extension and mantle decompression
melting coupled with northward asthenospheric flow from the Afar hot spot.
However, a geochemical contribution to harrat volcanism from Afar plume material is

so far missing, or very minor.

Petrographic Description

Sample collection of volcanic rocks from Harrat Khaybar has been archived and
stored at the Department of Geology & Geophysics, King Saud University. We
selected pieces of the large samples to begin petrographic description and various
analytical methods. We had standard petrographic thin sections made for 44 of the
samples, from which we have evaluated mineralogy, rock type, and suitability for Ar-
dating and geochemical compositions. Our collection contains predominantly
primitive alkali basalt and basanite compositions, as well as several more evolved
rock types, such as comendite and phonolite. Further refinement of rock classification
awaits major element compositions by x-ray fluorescence at Washington State

University.

Ar-Dating

All samples appear to be nearly unaltered and suitable for radiometric dating by

OAr-3¥Ar incremental heating methods (McDougall and Harrison, 1988). We chose
36 representative samples, spanning all mapped (Camp et al., 1991b) geological
formations (Kura, Jarad, Mukrash, Abyad), for initial work. These have all provided
excellent, very precise plateau ages from simple age spectra (summarized in Table 2).

The oldest formation (Kura basalts) are 8.4-5.9 Ma; Jarad basalts are 1.7-1.5 Ma;
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Mukrash basalts are 1.70-0.4 Ma; Abyad basalts are 0.4-presently active. Thus, we
can document earliest volcanic activity in this region beginning about 8.4 Ma (late
Miocene). There was a significant break in activity, 5.9-1.7 Ma, followed by

continuous activity 1.7 Ma to present.

Geochemical Composition

We prepared 36 sub-samples for major and trace elements by x-ray fluorescence,
and rare earth elements by inductively-coupled plasma mass spectrometry. These are
presently awaiting instrument time for analyses. When these data are available, we
will use them to characterize the lava flows, and model mantle melting and crystal
fractionation through the 8 m.y. time frame of this volcanic activity. We also selected

an initial 22 samples that contain phenocrystic olivine, for He-isotopic analyses.

Results from 12 of these samples indicate a narrow range of *He/*He values = 7- 8.3

Ra (where Ra is the atmospheric He-isotopic ratio) for the Jarad. Mukrash and Abyad
units; however, several Kura lava flows contain significantly higher values (12-13
Ra). Similar higher values are found at Rahat (Murcia et al., 2015). Our interpretation
is that these higher values indicate significant participation of asthenospheric mantle
flow from the Afar plume northward beneath the Arabian shield. In addition, we see
an intriguing trend of increasing degrees of melting, at shallowing depths, with time
(Zr/Nb and La/Yb trends, Figure 9), which we interpret as evidence for thinning of the

lithosphere.
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Figure 3. Total alkalis vs. silica. Incudes data from Camp et al. (1991a) and related
studies. More evolved compositions occur in harrats from the MMN line, compared
with those on the E or W margins of the harrat province.




Figure 4. Harrat Hutaymah (location shown in inset) is comprised of lava flows and
tephra, sourced from N-S aligned cinder cones, shown with local names. Xenolith
localities are yellow stars and circles (from Konrad et al., 2016).
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Figure 5. Variations in selected major element oxide vs MgO in Harrat Hutaymah
lavas and tephras from Thornber (1992) and this study. Also shown are calculated
liquid lines of descent fro fractional crystallization of a representative primary mantle
melt (yellow star). Oxidation conditions are at the QFM buffer and 0.2 wt% H20 in
the melt.
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Figure 6. MgO vs (A.) Ba, (B.) Ba/Nb, (C.) La, (D.) La/Smn. The lack of correlation
of these parameters with MgO is evidence that crustal assimilation is minimal.
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Figure 7. Schematic geologic map of Harrat Khaybar (from Camp et al., 1991a).
Volcanic formations are based on stratigraphic position and geomorphologic data.
Kura basalt is ~8.3-5.9 Ma; Jarad, Mukrash and Abyad basalt units are 1.7-0 Ma.
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364 + 11 ka;
1.43 + 0.01 Ma
1.53 £0.01 Ma

1.70 = 0.01 Ma; 1.75 = 0.03 Ma
6.9

Tj1 2.29 £0.01 Ma; 2.33 +£ 0.01 Ma

comendite 1.70 = 0.03 Ma

Tk2
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Figure 8. Khaybar stratigraphic section showing mapped formations and units (Camp
etal., 1991a), with new plateau ages. Ages conform with stratigraphic position and
reveal an unrecognized major hiatus between Jarad and Kura formations of >4 m.y.
Trace element ratios indicate degree of mantle melting (Zr/Nb) and depth of last
equilibration (La/Yb), using published (Camp et al., 1991a,b) and new data. With
time, magmas appear to have been generated by increasing degrees of melting at
shallower depths, probably related to thinning of the continental shield beneath this
region.
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Figure 9. He-isotopic composition in new xenolith and lava flow samples from
several harrats and the Red Sea (Zabargad Island). Compositions are remarkably
uniform at given volcanic fields, and regionally form a narrow range (6-8 Ra),
reflecting primary sub-continental lithosphere and metasomatic fluid resetting since
late Proterozoic time (~600-700 Ma). There is evidence for significant participation of
asthenospheric mantle flow from the Afar mantle plume in the high values reported
from Harrat Rahat (Murcia et al., 2015) and our latest analyses of Kura unit lava
flows at Harrat Khaybar (12-13 Ra).




Table 1: 40Ar-39Ar Age Determinations for Lava Flows from Harrat Hutaymah, western Saudi Arabia

Sample  Total Fusion2s errorPlateau Age2serror N MSWDsochron Agi2s error 40Ar/36Ar 25 Comment
(Ka)  (Kka) (K&} (K] (Ka) ~ (Ka) initial ~error

HH-1 Mo 138 /9 10 16 051 B/ 1B 9 1

HH-3 1070 o developed not developed excess 40Ar
HH-4 580 ot developed not developed excess 40Ar
HH-b &1 419 : 1009 2%

HH-9 oot 89 ) 497 295

HH-10 044 709 e : mn 2%

HH-11 B8 N WM M : 78 29

HH-12 8015 630 & : 833

176688 % 617 %5 54 . 18 19

176691 1 8 108 103 818 excess 40Ar
176701 8 W0 848 20 ) ;31 19

176701 2B 1 25 M M4 Al excess 40Ar
1767103 0290 480 ot developed not developed excess 40Ar
176710b % 9 M 8 03 8 B

176712 0O 90 B U0 U 1% %0 40 excess 40Ar
1767343 B U4 %8 0 1617 046 3 15 28

/
/
|
1767346 B9 8 10 193 1% 9 W

Ages calculated using sanidine monitor FCs (28.201 Ma) and the total decay constant ) = 5.5308-10/yr. Nis the number of heating steps (defining plateau/total);
MWD is an F-statistic that compares the variance within step ages with the variance about the plateau age. Preferred ages are shown in bold; italics indicate
sample with suspected mantle-derived (excess) 40Ar




Table 2: 40Ar-39Ar Incremental Heating Age Determinations for Harrat Khaybar lava flows

Sample Lat. (N) Long. (E)  Formation Rock Type Age(Ma) error (+2s] %39Ar MSWD 3He/4He [He]cc/g Zr/Nb

HK-2  25°48'37.3" 39°56'51.5" Abyad  alkali basalt 0.347 0.011 69.0 111

HK-3  25°50'25.9" 39°57'10.7" Abyad  alkali basalt 0.349 0.006 86.6 134 8.20+0.30 5.13E-08
HK-28 25°39'37.3" 39°45'14.4" Abyad  alkali basalt 0.351 0.007 85.0 0.80

HK-29 25°40'46.1" 39°47'01.5" Abyad  alkali basalt 0.128 0.012 815+0.20 2.62E-08
HK-30 25°40'50.3" 39°47'05.4" Abyad  alkali basalt 0.024 0.006

HK-31 25°44'42.6" 39°51'18.6" Abyad  alkali basalt 0.146 0.018 7.85+0.32 3.16E-08
HK-32 25°46'28.7" 40°01'16.0" Abyad  alkali basalt 0.130 0.005 . 1.28

HK-33 25°47'19.4" 39°58'24.1" Abyad  alkali basalt 831+0.26 3.29E-08
HK-34 25°45'05.1" 39°57'08.0" Abyad  alkali basalt 0.289 0.017

HK-36 25°45'02.7" 39°55'13.9" Abyad  alkali basalt 0.560 0.020 . 1.40

HK-5  25°40'04.6" 39°58'08.7" Mukrash  comendite 1.70 0.03 . 1.00
HK-16 26°03'38.2" 39°24'08.2" Mukrash alkali basalt 1.90 0.01 1.68 8.06 +0.50  6.44E-10
HK-19 25°51'25.5" 39°16'39.2"  Mukrash  alkali basalt 1.76 0.02 1.22
HK-25 25°36'03.5" 39°27'36.2" Mukrash alkali basalt 0.449 0.012 155 7.01+0.20 1.69E-08
HK-27 25°37'33.4" 39°37'31.7" Mukrash alkali basalt 0.364 0.011 0.61
HK-26 25°36'58.3" 39°32'07.1" Mukrash alkali basalt 1.43 0.01 152 7.28+0.20 2.37E-08

HK-6  25°21'04.4" 39°31'29.0" Jarad alkali basalt 1.53 0.01 . 1.41 7.85+0.20 6.45E-08
HK-8  25°18'15.4" 39°32'42.7" Jarad alkali basalt

HK-9  25°23'12.2" 39°26'48.6" Jarad alkali basalt 2.29 0.01 0.67

HK-10 25°23'13.0" 39°23'43.8" Jarad alkali basalt 233 0.01 0.93

HK-17 25°58'12.3" 39°22'35.6" Jarad alkali basalt 1.05 0.01 0.82

HK-18 25°55'48.5" 39°20'36.4" Jarad alkali basalt 1.05 0.01 1.15

HK-20 25°45'40.9" 39°17'43.4" Jarad alkali basalt 1.70 0.01 . 0.65

HK-24 25°34'41.4" 39°19'25.2" Jarad alkali basalt 0.390 0.007 0.58

Kura-2 25°36'58.4" 39°17'09.5" Jarad alkali basalt 1.75 0.03 . 1.18

HK-7  25°18'13.2" 39°32'59.0" Kura phonolite 8.39 0.02 . 0.80

HK-11 25°19'23.0" 39°16'22.2" Kura alkali basalt 6.32 0.02

HK-12 25°20'04.6" 39°15'13.3" Kura alkali basalt no olivine?

HK-14 25°24'51.8" 39°10'57.9" Kura alkali basalt 5.90 0.02 1.25

HK-13  25°20'33.0" 39°13'37.9" Kura alkali basalt 6.09 0.02 13612.02+£0.22 2.13E-08
HK-15 25°28'17.9" 39°12'52.9" Kura alkali basalt 6.42 0.02 0.5412.70+0.22 1.16E-08
HK-21 25°17'06.9" 39°20'35.2" Kura alkali basalt 6.27 0.02 . 1.0412.18+0.22 2.37E-08
HK-22 25°22'33.8" 39°21'39.3" Kura alkali basalt 5.89 0.02 1.42

HK-23 25°27'47.2" 39°20'57.1" Kura alkali basalt 6.06 0.02 1.42

Kura-1 25°34'49.4" 39°17'21.8" Kura alkali basalt 6.00 0.03 0.66

Kura-4 25°34'52.5" 39°12'24.0" Kura alkali basalt 6.18 0.04 9.06

Kura-6 25°26'33.1" 39°17'27.1" Kura alkali basalt 6.04 0.02 0.87

Ages calculated using monitor FCs sanidine (28.201 Ma, Kuiper et al., 2008) and the total decay constant | = 5.530E-10/yr.
MSWD is an F-statistic that compares the variance within step ages with the variance about the plateau age.




Seismic Data Analysis

Calculation of Green functions

The waveform data used to perform the present study was taken from the permanent
Broadband stations operated by the Saudi Geological Survey (SGS). All instruments
used in the present analysis consist of Nanometrics trillium 120 s velocity sensor and
tirnitin digitizers. Figure 10 shows the map of the locations of seismic stations used to
process the cross-correlation analysis. We ignored to correct the instrument response
because the cross-correlation was applied on the waveforms of matched instrumental
responses. As a matter of fact, the cross-correlation removes the common
instrumental phase response and amplifies the effect of the instrumental amplitude
response. This distortion in amplitude is removed by a whitening step. This is used to
diminish the influence of earthquakes and the non-stationary noise sources at the
vicinity of the seismometers.

Generally, the cross-correlation calculated between station pairs with a longer
time series length yield higher signal to noise ratios (Bensen et al., 2007). In the
present analysis, we used the digital waveform data of six months from 1 January to
June 2014 as extracted in seed format from the continuous buffer. To increase signal
to noise ratio, the extracted traces are processed in 46 half-hour segments starting
from 00:30 and ending at 23:30 to avoid possible data loss at the beginning and end of
the day due to the start and end time of the original raw data. The half-hour segments
are spectrally whitened to produce a flat amplitude spectrum in the 0.05-5 Hz band
tapered to zero at 0.02-8 Hz band. The whitened traces are then cross-correlated of
matched instrumental responses that eliminated the phase bias of instruments. All 46
half-hour cross-correlations are stacked with their time-reversed cross correlation to

create a symmetric day cross correlation.
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All available day stacks for a given station pair are stack to retrieve the
empirical Green’s functions. For this processing, we used and modified some scripts
in computer programs in seismology (Herrmann and Ammon, 2004). Empirical

Green’s functions were obtained for Rayliegh wave along all possible combinations

of station pairs. Figure 11 demonstrates a sample example of the cross-correlation

Green’s function between the vertical component recordings.
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Figure 10. Map shows the location of the broadband seismic stations. The ray-path
density between station pairs is also shown for the period of 4 S.




Group velocity measurements

The Rayliegh-wave fundamental mode dispersion curves were measured from each
empirical Green’s function using a multiple-filter technique (Herrmann, 1978). The
group velocity dispersion curves were measured for which station pairs have
separated by at least two wavelengths to satisfy the assumption of applying the cross-
correlation technique using ambient seismic noise (Brenguier et al., 2007). We picked
only the clear dispersion curves and rejected the distortional ones. Figure 9 displays
an example of the variation in group velocities versus their corresponded periods as
obtained from the multi-filter analysis (MFA) to the vertical components between
station pairs. The band pass filtered signal is displayed to the right. The data trend was
removed and the seismograms were band-pass filtered with corners at 0.03 and 1 Hz
of second order.

The interpretation of contour plots produced by the MFA is often problematic

at long periods because of the flattening of the dispersion curves and the decreased

signal-to-noise ratio. We were able to measure group velocities of the Rayleigh wave

at periods between 1 and 15 s where the main energy is tapered. The maximum
number of 138 ray paths was reached at a period of frequency 4 s. Figure 11 shows

examples of dispersion measurements along a number of ray paths.
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Figure 11. Examples of computed vertical-component interstation cross correlation

with respect to the station RHTO02.
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Figure 12 Frequency-time diagram of the fundamental mode of the Rayleigh wave
obtained between stations RHT02 and RHT16.
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Figure 13. Examples of dispersion curves for station pairs.




Group velocity tomography

Once dispersion curves were measured, we then picked the travel times at different
selected period from 1 to 15 s using the group velocities of fundamental modes and
the interstaion distance between station pairs. Maps of Rayleigh-wave group velocity
tomography were obtained from the non-linear iterative 2-D tomographic technique
for the picked travel times (Rawlinson et al., 2008).

During the inversion course, the ray paths between station pairs were
simultaneously updated to take into account the influence of the ray lengths in
computing theoretical arrival times. This inversion technique uses the Fast Matching
Method, which is used in this study to depict group velocity tomography of Raleigh
wave in the study area. The FMM is based on a grid Eikonal solution that uses
implicit wave front construction and provides stable and robust solutions for wave
propagation in highly heterogeneous regions such as tectonic and volcanic
environments.

The starting model used in the inversion is a half-space velocity model. The S-
wave velocity is the only free parameter in each layer. The inversion scheme searches
for the perturbation in the model parameters until the best match of the group velocity
is recovered. A discretized grid of 0.2° x 0.2° cells was used to perform the
tomographic inversion at each period, which reflected a reasonable resolution and
stability of the inversion results. To investigate the geometric resolution of the ray
paths representing our observations, a synthetic check board tests were performed.
Each test model was assigned a constant velocity perturbed of +0.5 km/s. Synthetic
arrival times for all station pairs were calculated and inverted with the same

smoothing and damping parameters used for the observational data. Figure 13 shows




the checkboard resolution test for the same paths as for the observed Rayleigh waves
at different periods for the grid size of 0.1° x 0.1° cells.

To obtain depth resolution, we inverted a one dimensional velocity model at
the nodes of each grid. The dispersion curves were inverted using the SURF96 in
computer programs in seismology (Herrmann and Ammon, 2004). The velocity
structure fitted to the dispersion curves is displayed in Figure 14 a at a number of grid

nodes. Both observed and theoretical dispersion curves corresponding to the obtained

velocity model are shown in Figure 14b.

Dispersion curves for each node were constructed by combining the velocity
models obtained at at the corners of each grid that smoothed together and placed in
the center of each cell falling within the corresponded grid. Figure 15 depicts
horizontal slices across the three-dimensional shear wave velocity model at depths of

5, 10, 15, 20, and 25 km.
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Figure 14. Checkboard resolution analysis for the grid size of 0.1° x 0.1°.
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Figure 16. Horizontal slices through the three dimensional shear wave velocity
model for the selected depths of 5, 10, 15, 20, and 25 km.




Discussion & Interpretation

Evaluation and Integration of Entire Datasets

The new age determinations and volcanic rock compositions (major, trace and rare
earth elements, He-isotopes) now allow us to assemble a temporal picture of
development of our studied transect across the harrats province. Our most significant
conclusions are the following:

1. Age determinations (*°Ar-**Ar incremental heating method). Volcanic activity
in the transect area began with eruption of Kura unit alkali basalt magmas as early as
8.4 Ma. A major break in activity occurred between 5.9 and 1.7 Ma, followed by more
or less continuous activity up to the present. The Lunayyir harrat has been active 600
ka to the present; the Hutaymah harrat from 850 ka to the present. All centers have

exhibited geologically recent activity (i.e., Holocene, younger than 10 ka). However,

rocks younger than about 20 ka cannot be precisely dated by the “°Ar-3Ar

incremental heating method, and further resolution of age relationships among the
youngest eruptions will require other methods, such as **C. A significant outcome of
our dating studies was the recognition of errors in previously reported K-Ar age
determinations, due to mantle-derived (“excess”) “°Ar contributed by Xxenolithic
material. Hence, activity at Lunayyir and Hutaymah is considerably younger than
previously proposed.

2. Major and trace element compositions (X-ray fluorescence and ICP-MS
methods). Lava flows and cinder cones in the harrats transect are predominantly of
alkali basalt composition, and quite distinct from the tholeiitic basalt compositions of
the Red Sea floor and margins (Figure 3). This is a result of differing melting

conditions (shallow and extensive under the Red Sea, deeper and less melting under




the Arabian shield), and probably differing mantle source compositions (depleted
asthenosphere vs somewhat enriched). Rocks at Lunayyir and Hutaymah fall entirely
within the alkali basalt and basanite fields, indicating little modification of magmas
rising from the mantle to eruption sites at the surface. At Harrat Khaybar, however,
evolved compositions such as trachytes and phonolites occur, which indicate that
magmas have accumulated in shallow level crustal chambers, and have fractionated
by removal of minerals such as olivine, clinopyroxene and plagioclase. Evidence for
the importance of crustal magma chambers at this harrat is also seen in the
development of large central volcanoes (i.e., Jabal Qidr, Jabal Abyad). The
implication is that much larger volumes of magma have been produced at Harrat
Khaybar, compared with Lunayyir and Hutaymah, leading to large-scale replacement
of continental crust and lithosphere with young basaltic magmas.

Trace element concentrations and their ratios are very useful in determination of
depth and extent of melting of the source region from magmas. For example, the
elements Zr and Nb are both partitioned into melt, but Nb more so than Zr at small
degrees of melting. Thus, the ratio Zr/Nb is an indicator of extent of melting. In

Khaybar lavas, we see that early-erupted flows (8.4-5.9 Ma) have Zr/Nb about 3-4,

whereas later erupted flows (1.7-0 Ma) have values of 6-13. We conclude that in spite

of greater volumes of lava erupted in the early history of the Khaybar system,
individual magmas were derived from relatively small degrees of partial melting of
the mantle. With time, individual magmas were derived from greater extents of
melting. Other trace elements, such as the rare earth elements (REE), are indicators of
depth of melting. The heavy rare earth elements are compatible in the crystal structure
of garnet, which is a high pressure mineral stable in the mantle at depths of ~60 km or

more. The ratios of light rare earth to heavy rare earth elements (La/Sm vs Dy/Yb,




Figure 17) are used to determine the depth of beginning melting (solidus pressure
expressed in giga-pascals, GPa) and depth of last equilibration of melt with mantle
residue (lithospheric thickness; 2GPa ~ 60 km depth). From Figure 17 we conclude
that Hutaymah and Lunayyir lavas were generated at depths of 60-80 km and small
degrees of melting (1-10%), while Khaybar and Rahat lavas were generated under a
progressively thinning lithosphere (60-36 km) and increasing extents of melting.

3. He-isotopic compositions (Noble gas mass spectrometry). Isotopic
geochemistry is used to identify the composition and history of the source of melting
to produce magmas. He-isotopes are particularly useful in distinguishing lithosphere
from mantle that has been depleted by previous removal of melts, or from ‘primitive’
mantle (that has not interacted with lithosphere in melting events). The consensus
view holds that the upper mantle underlying the lithosphere (asthenosphere) partially

melts (and so is ‘depleted’) whenever plates separate at spreading ridges or in back-

arc basins, and is well-mixed world-wide. It has a He-isotopic composition (3He/*He

relative to the atmospheric ratio, Ra) of 7-9 Ra. Lithosphere that is derived from
melting of the upper mantle also has this small range of isotopic compositions. In
contrast, primitive mantle, which lies below the depleted upper mantle and is
delivered to the earth’s surface by mantle plumes only at hotspots (e.g., Hawaii,
Iceland), exhibits He-isotopic compositions >10 Ra. An extensive study of lavas and
xenolithic fragments from Hutaymah (Konrad et al., 2015) showed that all volcanic
and source materials are derived from depleted asthenosphere and lithosphere. Our
new data from Khaybar show that initial lavas (6-8 Ma age) have significantly higher
He-isotopic compositions (12-13 Ra), while younger lava compositions are within the
range of asthenospheric values. Higher values have also been reported for Harrat

Rahat, just to the south of Khaybar, by Murcia et al. (2105).




Evaluation of Competing Geodynamic Models

In this study we have produced new data that allows us to constrain the
geodynamic processes that lead to harrat magmatism. The key issues we address in
this research concern the ultimate causes of melting, specifically: (i) the role of
asthenosphere vs. lithosphere in the production of harrat magmas; (ii) systematic
changes in the depth and extent of melting in space and time, and the relation between
melting and mantle thermal structure, and (iii) the potential role of mantle plume
material in harrat volcanism.

Competing geodynamic models fall into two broad categories: passive and active.
For approximately the last 30 million years, the Arabian plate has been separating
from the African plate along the Red Sea and Gulf of Aden spreading ridges (Figure
1). New sea floor has been created by upwelling and decompression melting of the
upper mantle beneath these sites. Lithospheric extension can affect the margins of
these new plate boundaries, producing normal faulting and thinning of the lithosphere.
Both processes decrease with distance away from the spreading ridges. Thus, the
harrat volcanic provinces could result as a passive response to lithospheric faulting

and thinning near the plate edges. We would expect, however, that volcanic activity

would be symmetrically distributed on either side of the Red Sea, that intensity of

volcanism would decrease away from this plate boundary, and volcanic systems
would be structurally controlled by faulting parallel to the Red Sea orientation (i.e.,
NW-SE) — None of these effects is observed. Instead, harrat volcanic systems are
distributed as much as ~500 km inland from the Red Sea on the Arabian plate (but
largely absent on the African plate), the largest systems (e.g., Khaybar, Rahat) are

situated in the center of the province (not close to the Red Sea), and the main




structural fabric (the Makkah-Madinah-Nafud lineament) is oriented N-S rather than
parallel with the Red Sea.

Active geodynamic models (e.g., Camp and Roobol, 1992; Krienitz et al., 2009)
involve flow of the upper mantle into the region, either from below or laterally, to
provide anomalously hot material for melting, lithospheric thinning by thermal
erosion, and uplift due to buoyancy. Vertical flow could be in the form of several
small mantle plumes, located beneath the largest volcanic systems (Chang and van der
Lee, 2011). Northward lateral flow could occur from the Afar region, a known mantle
plume that burst into activity at about 32 Ma (Chang and van der Lee, 2011).
Considerable support for these asthenospheric flow models comes from seismic
imaging (e.g., Hansen et al., 2006, 2007). Our new results also support active
geodynamic models:

1. Age determinations document development of a long-lived volcanic system in
the Khaybar region (8.4 Ma to present). Lava compositions indicate deep (60-80 km)
melting initially, with progressively shallower melting (to 36 km) with time. This is

consistent with smaller degrees of melting early and greater degrees with lithospheric

thinning. Such a history is consistent with thermal erosion of the lithosphere

2. He-isotopic compositions of some of the Khaybar and Rahat lavas (with values
>10 Ra) indicate involvement of mantle plume material. We cannot distinguish flow
from directly beneath these systems from lateral flow north from the Afar region.
Further study of volcanic systems to the south of our transect could resolve this

question.
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Figure 17. Rare Earth elements (REE) Dy, Yb, La and Sm are used to constrain the
depth and degree of melting of the mantle beneath the harrat province. Dy/YDb is the
slope of the heavy REE, which are most sensitive to the presence of garnet in the
source region — the steeper the deeper. La/Sm is the slope of the light REE, which is
more sensitive to degree of melting — inversely correlated. Hutaymah and Lunayyir
magmas were generated at depths of 60-80 km (2.2-2.6 GPa) and small degrees of
melting (1-10%), while Khaybar and Rahat magmas were generated under a
lithosphere of 36-60 km thick (1.2-2.0 GPa). Some of the earliest eruptions (Kura
unit) came from deeper (75 km).




Conclusions & Recommendations

Measurements of He-isotopic compositions in harrat Khybar are remarkably
homogeneous at 8.2 + 0.1 Ra (2s, n=3). Major, trace and rare earth element
compositions are similar to neighboring (to the south) Harrat Rahat, and indicate that
primitive magmas formed from 10-18% partial melting of depleted peridotite at 15-40
km depth. In addition, we see an intriguing trend of increasing degrees of melting at
shallowing depths, with time (Zr/Nb and La/Yb trends), which we interpret as
evidence for thinning of the lithosphere.

In contrast, magmas at Harrat Lunayyir (100 km east of the Red Sea) formed at
65-80 km depth from 8-12% upper mantle partial melting. Tholeiitic magmas erupted

at the Red Sea spreading axis derive from ~ 25% partial melting of upwelling

depleted upper mantle, at depths of 0-10 km. This regional variability in mantle

melting can be explained by modest lithospheric extension and mantle decompression
melting coupled with northward asthenospheric flow from the Afar hot spot (Figure
18). However, a geochemical contribution to harrat volcanism from Afar plume
material is so far missing, or very minor.
Lithosphere that is derived from melting of the upper mantle also has this small
range of isotopic compositions. In contrast, primitive mantle, which lies below the
depleted upper mantle and is delivered to the earth’s surface by mantle plumes
only at hotspots, exhibits He-isotopic compositions >10 Ra. Lavas and xenolithic
fragments from Hutaymah showed that all volcanic and source materials are
derived from depleted asthenosphere and lithosphere. Our new data from Khaybar

show that initial lavas (6-8 Ma age) have significantly higher He-isotopic




compositions (12-13 Ra), while younger lava compositions are within the range of
asthenospheric values. Higher values have also been reported for Harrat Rahat.

Seismic tomographic inversion showed low shear wave velocity in the range

of 2.0-3.2 km/s. The study area is clearly resolved with the lowest group velocity

toward the west. It is worthy mentioned that the study area is located toward the

northeast of the epicenter of the 19" of May 2009 (ML = 5.4) where the area is

presumably enriched with magmatic intrusions.

The crust surrounding the fast intrusion is slower than that suggested by broader-scale
models for the Arabian Shield. The largest magnitude events occurred early in the
swarm, concentrated at shallow depths (~2-8 km) beneath northern Harrat Lunayyir,
and these events are associated with the dyke intrusion.

Geologically, these Harrats may host between 150 and 300 °C geothermal systems,
hence its importance as a source for possible energy production. The obtained results
imply a possibility of existence of magmatic materials of low shear wave velocity
beneath Harrat Khaybar as a result of magma upwelling in the region.

Generally speaking, competing geodynamic models fall into two broad categories:
passive and active. Our new results also support active geodynamic models. He-
isotopic compositions of some of the Khaybar and Rahat lavas (with values >10 Ra)
indicate involvement of mantle plume material. We cannot distinguish flow from
directly beneath these systems from lateral flow north from the Afar region. Further

study of volcanic systems to the south of our transect could resolve this question.




RECOMMENDATIONS FOR FURTHER INVESTIGATIONS

In order to fully understand the detail geophysical, seismological and the geodynamic

processes of Arabian Peninsula, this study recommends an extensive research

covering:

A. Installation of strong motion accelerographs in various areas of the Arabian
Shield to precisely estimate the attenuation characteristics of the region and to
improve seismic hazard parameters.

B. Assessment of seismic hazard in seismically active zones by constructing a
probabilistic ground-shaking hazard map. This map will provide an estimate of the
level of ground shaking at all sites expected from earthquake sources throughout the
region (both local and regional). The map integrates the seismicity, attenuation and sit
response factors.

C. A comprehensive study of the geotechnical engineering aspects should be
done to account for local site effects and soil amplification.

D. A comprehensive study of seismogenic and faulting sources is needed for
seismic zonation and microzonation of the Arabian Shield.

E. Geodetic measurements are recommended in order to identify and quantify
very recent neotectonic activity and thus, provide prediction of specific future event
and crustal deformation. Geodetic techniques range from ground technique using
strain meters and laser-ranging devices to space technique using very-long-baseline

radio interferometry (VLBI) and the global positioning system (GPS).
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Figure 18. Cartoon cross-section going from the Red Sea to Harrat Hutaymah for two
time frames, (<1 Ma and ~6 Ma). The scale is schematic to show features. The
boundary layer below the base of the lithosphere contains convective stirring of
enriched, delaminated lithosphere with asthenosphere beneath the Makkah-Madinah-
Nafud (MMN) lineament and eastward transport in an enriched sub-lithosphere layer
to the lithosphere-asthenosphere boundary (LAB) beneath Hutaymah. Geochemical
data support geophysical imaging of the LAB, which shows greater thinning under the
MMN-line compared with marginal harrats such as Lunayyir and Hutaymah.
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