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CHAPTER |

1.1 INTRODUCTION

Paleomagnetism is an effective tool in Earth Sciences because of its
potential to prov?dé reliable information about the earth’s magnetic
field in the geologic past. Paleomagnetic research has greatly extended
our knowledge about the history of the geomagnetic field including its
polarity reversals. It also provided the needed direct evidence for
continental drift, sea-floor spreading. and plate tectonics. Moreover. in
recent years paleomagnetism has been increasingly used as a structural
and correlation tool in the study of local, regional and global geologic
problem (McElhinny.1973).

The basis of paleomagnetism is the ability of rocks to acquire a
permanent magnetization at the time of their formation. This
magnetization, which is found in most rocks. usually points in the
direction of the magnetizing field and its strength is proportional to the
strength of the field. If this magnetization remains unchanged
throughout the history of the rocks, it provides a good compass
pointing to the ancient magnetic north with an intensity proportional to

that of the ancient magnetic field (Strangway,1970).

Very limited paleomagnetic investigations have so far been carried
out in Saudi Arabia. despite the need for it to solve various geological

and geophysical problems. Therefore the objective of this research work
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is to conduct a paleomagnetic study of the Cenozoic basaltic flows n

central Harrat Rahat area, western Saudi Arabia (Fig. L.1).

The study area in the central Harrat Rahat volcanic field was chosen
because of the availability of good exposures for the basaltic lava flows
in streams, road-cuts and moderately deep trenches. Geological mapping
of the area has also been updated recently and the basalt stratigraphy

reworked with considerably more reliable radiometric dating than ever
before.

The research aims at providing basic data on the direction and the
infensity of the Cenozoic geomagnetic field in the study area and

attempts to develop reliability criteria for paleo-intensity determination.

In paleo-intensity experiments, rock samples are subjected to several
heating and cooling cycle up to their Curie point (approx. 600° C).
Frequently, these rocks undergo irreversible alterations that affect the
chemical composition, texture, size and shape of their magnetic
minerals. Such changes make the experiments more difficult to perform
and render their resuits unreliable. Becauses these experiments are
extremely time consuming, it is of great practical impoirtance to develop
a set of petrological, mineralogical and magnetic criteria to aid in the
selection of samples suitable for these experiments. Moreover, one
approach to this goal is to investigate relationship between the ideal

behavior of rock samples in these experiments and their opaque
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mineralogy.

The data generated by the present study can be used in a wide range
of studies such as determination of the Cenozoic poles for Arabia,
corrélation of lava flow sequences within and between al-harrat lava
fields. Moreover, the raw data will he an addition to the paleomagnetic
database for Saudi Arabia which is essential for an investigation relating

to the determination of time and amount of Red Sea rifting.

Consequently, the research work is underiaken with a view to
carrying out a study of the Cenczoic rocks in central Harrat Rahat
volcanic field. Specifically my objectives are as follows:

(1) To determine paleomagnetic directions from suitable samples of
these basaltic flows, using standard paleomagnetic sampling
techniques.

(2) To investigate paleo-intensities of the geomagnetic field by the
Thellier's method from suitable samples.

(3) To study the opaque mineralogy of magnetic carriers of the rocks
by reflected light microscope.

(#) To investigate the relationship between ideal behavior in the

Thellier’s experiments and the magnetic mineralogy of the samples.

1.2. GEOLOGY OF THE HARRAT RAHAT

Several prominent Cenozoic volcanic lava fitelds known as Harrats,

occur in the western part of the Arabian Peninsula from Yemen in the



south. through Saudi Arabia and Jardan. to Syra in the north (Fig.
1.2). The lava fields of the Arabian Peninsula constitute one of the
world’s largest volcanic provinces with an approximate area of 180.000
square km (Coleman & others. 1983). In Saudi Arabia these rocks cover
about 90,000 sq kilometers in thirteen different lava fields (harrats)
namely Harrat As Sirat, Al Birk. Al Buqum-Nawasif, Hadan. Al Kichb,
Rahat. Lunayyir. Khyvbhar-lthnayn-Kura-Kurama.  Ishara-Khirsat-
Harairah, Al Uwayrid-Ar Raha. Hutaymah. Ash Shamah and Al
Hamad (Fig. 1.3). Most of these volcanic ficlds lie along the eastern
coast of the Red Sea, approximately 150-200 km in land from the shore

line.

The Harrat Rahat . a major feature of western Saudi Arabia, extends
from Al-Madinah al Munawwarah (Lat 24.30") to Wadi Fatimah near
Makkah (Lat 21.40"). a distance of 310 km. Its average width is 60 km
and area is 19,8320 sq km (Table I.1). It is a composite harrat made up
of four connected smaller harrats which are, from south to north.
Harrat ar Rukhq, Harrat Turrah, Harrat Bani Abdullah and Harrat
Rashid (Fig. 1.4). Their north-south lengths are 0. 100, 70. and 60 km
respectively, in the form of an elongated shield-like body marked by
radially oriented flows extruded from a group of north-west trending
linear vent systems. In the central vent axis, the vent svstems are offset
by gaps that mark the boundaries between the major component harrats
(Camp & Roobhol, 1991). The average thickness of the Harrat Rahat
lava field was determined geophysically by Blank and Sadik (1983) who
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Table 1.1- Calculation of total area and total volume of Harrat Rahat.

Table 1.2

After Camp & Roobol (1991)

ares underlain by >300 s= 110 ke volume= 116 20.35 = 3850 o
) - . 200300 m= 1,359 ke = = 1,39 xCB = 5.7 k@
- - - 100-200 = &7 ke? - x 6,57 x0.15 = 10:2.05 w
“ - “ 100 == N,3% ket e = 11,3% aC.C5 = 568.70 ke

Total ares = 19,830 kn? Total veluse = 1,999 ke

Comparison of average rate of lava production of Harrat Rahat

with other basaltic areas. After Camp & Roobol (1991).

Rate of lava

Location :ie::od p:?;:::n keference
Rarrat Rahat 10 ay. 0.02 x 1072 Cemp & Roobol (1991)
Hauaii today - 10 x 102 Seanscn (1572)
Hanaii & ay. 3.3 x 1072 Shaw (1573)

tcetand 10,000 years s x w? Ihcrarinsson (1967)
Jeeland 10,000 years 5.8 x 162 Jskobsson  (1972)
Yakima Gasalt 3 m.y. 7 x 10°¢ Swanson ard others

of Colcubia
river Plateau

15733




Figure 1.4
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produced an isopach map for the harrat south of Lat 24" North. (Fig
1.4). and calculated the average thickness to be approximately [00

meters. The lava field is believed to have been intermittently active for

... the past 10 Ma with an average lava praduction rate of about 0.02x10 ?

km’ per year. Table 1.2 shows a comparison of the average rate of lava

production by Harrat Rahat with other well known basaltic provinces.

The lava flow sequences in the Harrat Rahat are divided into three
main successive lava flow sequences that have been treated as three
litho-stratigraphic units as follows (from base to top): the Shawahit
(10-2.5 Ma), the Hammah (2.5-1.7 Ma)} and the Madina (1.7 Ma-Recent)
Basalts (Camp et al.. 1991).

All exposures of volcanic rocks in the study area are considered part
of the Harrat Rahat in that they were extruded in successive eruptions
during the past 10 Ma from vents associated with the Harrat Rahat

proper.

The Shawahit lithostratigraphic unit was named by Smith (19R0) as
the ‘Shawahit Formation’. after Jabal Shawahit, but the name was later
modified to the "Shawahit Basalt’ by Camp & Roobol (1987). The unit

is best exposed on both Harrat Ar Rukhq and Harrat Turah.

The Shawahit Litho-stratigraphic unit has two disconformity
surfaces within its own body (Tig. 1.5) and is followed by a third one

(Smith,1980), and hence, it is suggested here to raise this rock unit to a

10



(2861 10G00Y @ dwen) WoJ pepipoN) Teuey JeueH o siun djydelbnens g°L ainbi4

11

ge ~ °

9N 0}
88 +6v'8 ML LIHVMVHS
g8 ~ YVvvVVvVVvVVvvVvYY
L. +909'8
I\I\(I\/\/\/\/\/\/\I\/\/\/\ N;._. ._._I<>><Im
emL LIHVYMVHS g2 +19'2
ge ~ /\/\/\/\I\I\..s/\l\l\/\/\i\l\/\/\/\/\/\/\/\/\/\I\/\I\I\I\(/\
gt'+i'c st'+2'e yl HYWWVH
Ly~ <<(((((((((((((((((.((((((((((
o 8L +9'}] .
w
(1)) ({0) up oe’ +mﬁ._
2wn 2WD HVNIOVWN
swn ewp ewn
P VvV VVVVYVv
Suid Swd HVNI
VvVVVVVYV
oo oD
LNO
[ pusey | uenpaviem yeuny businkl &y

N NV VMV VVVVV VY




group status. All three disconformities in the Shawahit Group represent
mature erosional surfaces characterized by incised dendritic drainage
patterns. Where these surfaces are exposed, the individual lava flow
cannot be recognized. The oldest disconformity occurs on both Harrat
ar Rukhq and Harrat Turrah (Figs. 1.3, 1.6). K-Ar isotopic ages indicate
that the surface of this oldest disconformity has an age of about &5 Ma
iCamp & Roobol 1991). This surface is used to separate the lower
Shawahit Basalt (Twl) from the Upper Shawahit basalt (Tw2). The
second surface of disconformity is dated at about 2.8 Ma, and occurs on
- Harrat Bani Abdullah, while the third surface of disconformity truncates
the upper part of the Shawahit Group throughout the Harrat Rahat.

and represents a hiatus in the volcanic activity at about 2.5 Ma.

The Shawahit Group, comprising about 70 percent of the total
volume of Harrat Rahat, is made up of alkali dictytaxitic olivine
transitional basalt (OTB) and minor alkali olivine basalt (AOB) which
covers large areas over an east west distance of 100 km on Harrat ar

Rukhq (Camp & Roobol, 1987).

In the olivine transitional basalt (OTB) megacrysts are usually absent
or poorly represented by corroded olivine and very rare corroded
plagioclase and microcryst of skeletal nlivine are common. In the alkah
olivine basalt (AOB) megacrysts are common and microphenocrysts of

skeletal olivine are found in most samples. (Camp & Roabol, 1987).
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Similarly. the name ‘Hammah Formation’ was also named by Smith
(1980) after Wadi Hammah for the alkali olivine basalts which appear to
overlie the Shawahit Group on the southern part of Harrat Turrah. The
name is modified to "'Hammah Basalt (Th)’ by Camp & Roobol in 1987.

The Hammah Basalt consists of fine-grained alkali olivine basalt
(AOB) and the hawaiite and is overlain by the Madinah Basalt on a
disconformable surface that is considerably less mature than those of the

underlying Shawahit Group.

The term Madinah Basalt was suggested by Camp & Roobol (1987)
as a new lithostratigraphic unit to include all volcanic eruptions younger
than the Hammah basalt. The unit is best developed on Harrat Rashid
and diminishes in extent southward to be completely absent in Harrt ar

Rukhq (Fig. 1.6).

Based on specifically defined increasing degree of erosion, the
Madinah Basalt is stratigraphically subdivided into seven subunits Qml
to Qm7. The vounger lavas (Qm7 to Qm4) lack erosion and their
surfaces are progressively covered by dust ponds, while the older lavas
(QmI to Qm3) are increasingly dissected. The oldest Madinah subunit
Qml has been dated by the K-Ar method at 1.6 and .46 Ma which
suggest that the age of the boundary between the Madinah Basalt and
the underlying llammah Basalt is approximately 1.7 Ma (Fig 1.6). The
Madina Basalt is composed of alkali olivine basalt (\OB). olivine

transitional basalt (OTB), hawaiite and a significant amount of



Table 1.3 Numbers and type of mapped vents on Harrat Rahat grouped by 15
exposed stratigraphic units. ter Camp & Roobol (1991).

Stratigrasnic Expased Scoria Shield Domes Vent ratics
unit area of cones volcances Cone:Shield:Dome
w:it (k)

Upper Macinah 760 = & ] 11 100:0:25
tasalt
(Ga -Quy)
Louer Macinah  ¢.5,000 * 401 5 12 7 100:1:3
tasalt

- (Cmy-Qmy)
Nasmalh Easalt c.6,000 * 12 2 1 100:18:1
Shawaihit c.B,000 * 17 9 0 109:53:0
tasalt
Total £.19,760 * 664 35 r-3 100:6:4

* These figures are for arcas exposed ard do not include areas of, for exasple, Bamxah

basalt buried beneath Madinah basalt. For the lower Madinah, Hamaah, and Shauahit basalts
the figures are rounded so that the totst ares is approximate and tess accurate than those
of table 7. Similarfy, the vent ratios only take into account vents that are now exposed.

Table 1.4 Volume calculation for stratigraphic units of Harrat Rahat.

fter Camp & Roobol (1991).

Stratigraphic Total_ares Average Vol Volume Rocunded
unit (hz} thickness (k?) X b 4
(m)

Ugper Razirah 750 = 20 15 0.7 b
Tasait

(a;'%)

Lower Macinah 5,700 * &S 57 12.4 10
tasatt

(:l,-hs)

Hamrah  EBasalt 8, S0 = &S 323 18.5 20
Upper Shasahit 17,000 * 50 8s¢ &1.2 &0
tasalt

(Te3)

Lewer Shauahit 8,000 * 70 560 27.1 30
basalt

ey

TOTAL 2065 $9.9

* Thage fizures are for the total ared cccupied oy each stratigraphic unit. They
irc..ce fir esdsTle the drea o Adaaman tasalt exposed plus the ares of Hammah
taS#. T izzen cereatn the 4dadiren tasalcs.



differentiated rock types, and its favas are finer grained and less

extensive than those of the older basalts.

The stratigraphic analysis of vent types reveals a systematic temporal
change in vol¢anic style (Table 1.3). Shield volcanos are common in the
Shawahit Group but are few in the Hammah Basalt and are absent in
the upper Madinah Basalt. On the contrary. volcanic domes are absent
irom the Shawahit. first appear in the Hammah. and are most abundant
in the upper Madinah Basalt (Camp & Roobol,1989). Detailed
stratigraphy of the basaltic flows and problems of correlation are

discussed in detail by Mufti (1985).

1.3. PREVIOUS PALEOMAGNETIC WORK_IN SAUDI ARABIA

The number of paleomagnetic studies that have so far been carried
out in Saudi Arabia is very limited. These include Kellogg and
Reynolds (1980) on As Sarat volcanic field. Yousif and Beckmann
(1981) on some Cretaceous and Paleogene (Tertiary) rocks in western
Saudi Arabia, Kellogg and Blank (1982) on the Coastal Plain of
Tihamat Asir, Kellog and Beckmann (1981) on Late (upper) Proterozoic
rocks in the eastern Arabian Shield, and Hussain and Bakor (198R) on

the Basaltic flows of snuthwest Harrat Rahat. Saudi Arabia.

Kellogg and Reynolds (1980) carried out a paleomagnetic

investigation of the As Sarat Volcanic Field of Oligocene-Miocene age,
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souihwestern Saudi Arabia. The purpose was to drive a paleomagnetic
pele, to improve the resolution of the rotational history of Arabia
relative to Africa during the past 30 m.y. Their results also provided
information relating to the periodicity of volcanic eruption and to the
dispersion of the Late Oligocene- Early Miocene field due to secular
vaniation. They compared their results with both Arabian and African
results and suggested that the Red Sea has apened at least 2° in the past
5 Ma, and at least 4° in the past 25 Ma. They also suggest that the
Arabian Peninsula was equatorial in late Oligocene to early Miocene

time than it is now, by an amount compatible with the opening of the
Gulf of Aden.

Kellogg & Beckmann (1981) investigated a suite of rocks from the
Late Proterozoic rocks in the vicinity of Bir Juquq.
lat.21.4°N,long 43.7T°E), which lies in the eastern part of the Arabian
Shield. Their samples include andesitic volcanic rocks and hematized
metasediments from Arfan and Juqgjug formation (610 Ma), a younger
andesite porphyry stock, a granitic batholith (396 Ma), and two felsic
dikes that intruded the granitic batholith. They concluded that most
rocks appeared to have been magnetically reset and are not suitable for
paleomagnetic analysis. Result from many sites showed unstable or
scattered paleomagnetic directions. In most cases, resetting is
approximately in the same direction of the present fields. No reversals

of magnetization were noted in the volcanic rocks and there is no recent



viscous remanent magnetization was detected. A Late Proterozoic dike
was shown te possessed both reversed and normal components of
magnetization. The country rock at its margin is magnetized in an
identical manner, substantiating the TRM nature of remanence. Major
thermal activity associated with granitic to quartz monzonitic plutenism
is known to have occurred approximately 600 Na B.P in the region.
Theyv suggested the need for more paleomagnetic work on some of the
younger dated rocks to help resolve the apparent polar-wandering path

for the region.

Yusif and Beckmann (I981) determined the preliminary
paleomagnetic poles for three sequences of Paleogene (Tertiary) basaltic
lava and for the Usfan Formation near Jeddah. They reported that
poles from the rocks oider than 19 m.y deviated from African polar
wander path, and suggested that this departure is consistent with the
- opening of the Red Sea. They also pointed out that for the period from
about 67 to 19 m.y ago. the Arabian Plate had a northward movement
with an average speed of 5 cm per year, and it reached its present

latitude about 19 m.y ago.

Kellogg and Blank (1982) conducted a paleomagnetic study on the
Paleogene (Tertiary) of the Tihamat Asir coastal plain, southwestern
Saudi Arabia. The onbjective of their work was to test several
hypotheses related to the tectonics rifting along the eastern margin of

the red sea. They concluded: (1) All data are consistent with a tilt of
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approximately 20° of the coastal-plain region toward the Red Sea
subsequent to the emplacement of the Tihamat Asir gabbros ard
granophyres. (2) The paleomagnetic evidence does not support
significant rotation during the period of emplacement of that meost
dikes. (3) The ratio of normally to reversely magnetized dikes changes
significantly along a traverse normal to the Red Sea. (4) The
paleomagnetic data support the hypothesis that the Jabal at Tirf gabbro
cooled with an internal geometry similar to its present configuration,

allowing only a small amount of relative warping after emplacement.

Hussain and Bakor (1989) investigated the paleomagnetism and
opaque mineralogy of basalts (3.3 to 3.73 Ma) exposed along Jeddah-
Madina road. They constructed a preliminary apparent polar wonder
path (APWP) for Arabia and Africa during the Paleogene-Neogene
period and concluded that the paleomagnetic data at hand is still far

too meager to allow to trace the tectonic history of the Red Sea.

From the above literature review. it is apparent that the amount of
the palcomagnetic research so far heen conducted in Saudi Arabia is
inadequate to resolve the many and complex questions of tectnnic
history of the Red Sea and Arabian Shield regions. Especially if one
realizes the geological importance (in terms of plate tectonics) as well as
mineral resource potential of the Red Sea and Arahian Shield. There
are a number of important questions that can not be answered until

adequate paleomagnetic data become available such as the timing and
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amount of relative motion between the Arabian. and African plate. As
such data accumulates, it could also bring evidence to the origin of the

Arabian Shield.

Evidently. none of the researchers attempted to determine the paleo-
intensity. Such measurement provides an important information about
the time variation of the intensity of the geomagnetic field which can
lead to the understanding of paleosecular vanation. Such understanding
is important for both age determination and correlation purposes in the

studied area.

This is why we decided to carry out a paleomagnetic study of
basaltic flows in the Central Harrat Rahat area. The results of this
research is a contribution to the Geology of the Kingdom of Saudi
Arabia and provide a better understanding for the volcanic activities in

the Central Harrat Rahat area.



CHAPTER 2

2.1. A REVIEW OF PALEOMAGNETIC PRINCIPLES

In this chapter, some background material is reviewed which
will be helpful in understanding the experimental results obtained

in this investigation.

2.1.1 Natural Remanent Magnetization (NRM)

The natural remanent magnetization (NRM) is the “permanent”
magnetization acquired hy a rock at the time of its initial
formation in the earth’s magnetic ficld. Typically, it is composed
of more than one component. The NRM component acquired
during the time of the formation of the rock is referred to as
primary NRM (characteristic remanznce) and is the component (or
signal) sought in paleomagnetic investigations. ~Whereas
components acquired subsequent to the formation of the rock is
termed as secondary NRM and is the undesirable component (or

noise).

2.1.2 Thermoremanent Magnetization (TRM)

Mafic igneous rocks are formed by the cooling of magma from
temperatures well ahave 1000° C accompanied by the crystallization
of various mineral phases including iron oxides. As the iron oxides

continue to cool after crystallizatinn. an exchange interaction



between atoms begins to dominate thermal disordering. The
temperature at which this happens is known as the Curie point.
This results in strong spontaneous magnetization setting in within
the crystals, and this magnetization become closely aligned with the
ambient geomagnetic field at that location. Just below the Curie
of the grains to changes in the applied field is very short. in the
order of seconds. However relaxation time increases exponentially
with increasing grain volume and with decreasing temperature. On

cooling to a particular temperature called the blocking temperature

the relaxation time rapidly increase and the magnetization of the
grain then becomes effectively fixed in the direction of the ambient
field. As the grain continues to cool the relaxation time may reach
10° years or more. so that a record of the geomagnetic field at the
time of cooling is effectively frozen into the rock, this type of

magnetization is called a TRM.

2.1.3 Demagnetization Techniques

As discussed earlier, most rock samples carry more than one
component of magnetization which have been acquired at different
times in the rock’s history. These components will reside in
different populations of magnetic mineral grain within the rock
sample which commonly will have different magnetic stabilities.

The stability of the magnetization in a grain could be specified in
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terms of its blocking temperature or its coercivity. Coercivity is the
reversed ficld required to destroy the remanent magnetization of

the grain.

The separation of the different components of magnetism in the
rock is normally achieved by progressive demagnetization
procedures. the lower stability components being removed during
the early stage and the higher stability components during the later
stage of the demagnetization process. Progressive demagnetization
techniques used in this experiment were Alternating-field (AF) and

Thermal demagnetization techniques.

2.1.3.1 Alternating-field (AF) demagnetization

During the demagnetization process, the rock specimen is
fumbled in the center of a demagnetizing coil which generates
alternating field. The coil is inside the magnetic shield to remove
the effect of any other magnetic fields present in laboratory. A
specimen holder provides for rotating the rock specimen about two
of its axes by means of the mechanical tumbler. Removal of the
unstable components of remanence is accomplished by
demagnetizing in an applied alternating field which decays linearly
to zero from a pre-set peak value (H1). During each half-cycle of
the applied field, the magnetization of all grains in the rock
specimen with coercivities up to H1 will follow the applied field

and alfernafe in direction along the demagnetizing coil axis. As a



result of progressive reduction of the alternating field to zerc. equal
number of grains will be left with their magnetic moments pointing
in the opposite direction along this axis. so that no net
magnetization results form these grains. Thus, the magnetization of
all grains with coercivities up to H1 is effectively randomized. This
treatment is repeated at progressively higher applied fields. H1. H2.
etc.. and the magnetization of the rock specimen is measured after

each step.

2.1.3.2 Thermal demagnetization

The rock specimen is heated to determined temperaturss and
cooled back to room temperature in field-free space. The tharmal
fluctuations due to heating will randomize the magnetization of all
grains with blocking temperatures up to this applied temperature.
Then magnetization of the rock specimen is measured at room
temperature. This process is continued until the magnetism of the

rock specimen is destroyed.

2.1.4 Representation of demagnetization data

The results of progressive demagnetization investigations can be
plotted in either of two ways: as stereographic projections of the
direction of remanent magnetism, with accompanying graphs
showing the changes in intensity of magnetization diagrams. or as

vector diagrams also known as Zijderveld diagrams (Zijderveld,



1967). In the last diagram. the tip of the NRM vector after each
magnetization step is projected onto the horizontal and the vertical
planes. The vector diagram was used in this study because it has
the advantage that it combines both the directional and intensity
changes on to a single plot. rather than treating these parameters
separately. It also shows both single and multi-component in a
way that might not be evident from spherical projections, where
only one direction of magnetization can be illustrated. As the rock
specimen is demagnetized. the projection will trace out 2 path
defined by the collective changes in declination, inclination and
intensity. If the NRNM comprises only a single component. its
magnitude will be progressively reduced by demagnetization but its
direction will remain unchanged and the projection will migrate
along two straight lines (the verticai and horizontal components)
towards the origin of the coordinates. If the magnetization is multi-
component, the vector path will trace out a straight line provided
that only one component is heing subtracled at a time. but these

straight lines will not pass through the origin.

2.1.5 Statistical analyses of Paleomagnetic data

The initial stage in the mterpretation of paleomagnetic data is
the determination of a mean direction of NRM from a set of
observed (measured) directions together with an estimate of

uncertainty in the mean direction and a measure of the reliability



of the paleomagnetic data. For this purpose. the most widely used

statistical technique in paleomagnetic research is that of Fisher.

In this section. the statistical parameters used in this study are
described.

To compute the mean direction from a set of N unit vectors.
first individual vectors are computed:

I.=coslcosD,

m, = coslsinD,

n,=sinl,

where (1.D)) are the inclination and declination of the ith vector
respectively and L m.n, are ils direction cosines with respect to

north, east and down direction.

The direction cosines, I, m .n of the mean directions are given by

=3 L/R

m=imiiR
i-1
N
n=3)n /R
i

where R is the resultant vector with length R given by

R’=(§li)’ +(§m9’* (ini)2
-1 [ | it}

R is always <N and approaches N only when the vectors are tightly
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N
-J

clustered. Declination and inclination are computed by
— -1 m
Dm—tan (T)

I_=sin '(n)

To compute the precision parameter (k). a measure of the
scatter data points. can be calculated by

N-1
N-R

The advantage of using the precision parameter is that it is a
normalized quantity and is not dependent upon the number of rock
samples used in the study. provided that a sufficient number of
samples is used and scattering in directions is not too great. When
‘N’ is large, the expression reduces approximately to Nj(N-R), and
it then becomes a true. measure of the scatter of points. If the point
are closely grouped, 'R’ approaches ‘N’ so that the value of k' is
large, while if the data are highly scattered. ‘R’ is small and the
value of k" is small. The precision parameter k varies from infinity
when all the direction are identical down to one when the

directions are uniformly distributed over the surface of the sphere.

For a directional data set with N directions, the angle a, |

within which the unknown true mean lies at confidence level (i-p)



is given by

N-R
R

1
cosa, ,=1- (L~ -1
p
Probability level 95% was chosen and the confidence limit is

usually denoted as a935.

Small value of «95 implies that the mean has heen precisely
estimated while large value implies that it has been poorly

estimated.
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CHAPTER 3

FIELD AND LABORATORY PROCEDURES

3.1 SAMPLING SCHEME

For paleomagnetic studies rock units have to be sampled in
sufficient detail to obtain reliable information about the ancient
geomagnetic field in the area of investigation. Consequently. the first
stage in any paleomagnetic study is the collection of oriented samples.
Sample orientation consists of defining a set of sample-fixed coordinates
removed from their original field (x.v.z) and recording the orientation of
this coordinate system with respect to local geographic coordinates
(N.E.V). This is necessary for subsequent conversion of the sample

magnetization directions to a common geographic reference system.

The basaltic flows were sampled at sites distributed along a circular
traverse that covers the entire area of Central Harrat Rahat (Fig. 3.1).
The sampling scheme was designed to satisfy the following
considerations:

-Variation in lithologic compaosition,
-Changes in texture
-Evidence of relative movement between different parts of the exposure.

-Presence or absence of weathering. and
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Figure 3.1

Sampling site locations.




-Sunabie mechanical properiies for driliing of camples.

The area was divided into five localities. at each of which. oriented
<amples were collected from three to <even separate exposures referred
te as samphing sites.  Samples for this study were collected according to
ths standards for any careful paleomagnetic studyv. Special care was
taken to avoid outcrops that had been rotated or displaced by faulting.
Fresh outcrops were preferrted for samphing. bt effort was made fo
sample as many physically distinguishable parts of the flow unit as
possible. A minimum of five and a maximum of eighteen cores were
drilled at each site in order to average out small orientation errors and
other sources of local variability and to improve the precision of the
mean site remanence direction. Little advantage is to be gained by
sampling more than five cores at each site unless more than one
component of magnetization is present. At some sites. additional hand
specimens were also taken. A total of 202 oriented and 39 un-oriented
core samples, representing 7 different litho-stratigraphic units were
obtained from 5 localities ( 23 sifes) shown in (Fig. 3.1). The samples
from the different sites in each locality are listed in the Appendix A,

along with their orientation angles and site location.

All samples were taken in the form of cores 2.49 cm in diameter and
from & to IR cm in length, drilled in situ with a portable water cooled
diamond core drill. A nonmagnetic device was used to mark the core

before they were detached from the onutcrop in such a way as to preserve



the geozraphic orieniavon. Although orientation 1S not necessary for
studies concerned with the past intensity of the geemagnetic field. it is
desirable that some control over the remanence direction of the samples
is obhtained whenever possible as this allows more refiable evaluation of

the nature of components of their remanence.

1.2 LABORATORY PROCEDURES

All the samples for this study were treated in the Paleomagnetism
Lahoratory of the Earth Sciences Department. King Fahd University of

Petroleum & Minerals.

The aims of paleomagnetic laboratony procedures are to examine the
stability of the remanent magnetization of the rock. attempt to remove
the secondary components of magnetization present, and isolate the

characteristic magnetization.

In the laboratory. two or three cylinder 2.49 cm long were cut from
the lower end of each (core) sample giving a suitable specimen for
magnetometer measurements. First two specimens were used for
direction and intensity measurements. but occasionally. only one
specimen was obtained from a sample. The remaining material from

the core was used to make both thin and polished sections.

Measurement of remanence directions and intensities were made on
a Digital Spinner Magnetometer (DSM-1). Step-wise partial

demagnetization (magnetic cleaning) was carried out using both
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Schonsied: AC Tumbling Demagnetizer (£:S13-31 and Thermal Specimen
Demagnetizer (TDS-1). General discussion of the use of these
instruments are given in detail by both McElhinny (1973) and Tharling

(1983).

.. -
-

Two core samples per <ite were step-wise thermally demagnetized up
to 600" C and the remaining core samples were st2pwise AF (alternating
field) clean=ad. After initial measurement of remnant magnetization
(NRM). the specimens were treated by alternating field demagnetization
at field strengths of 30. 100, 150, 200. 300. 400. 600. 800 and 1000
oersted : and by thermal demagnetization at increasing temperature
intervals of 30 in the range of 50 te 600" C. Special care was taken to
randomize the positions of the specimens in the thermal demagnetizing

chamber in order to minimize the possible eifects imposed by any small

residual fields during cooling.

Paleo-intensity determination by Thelliers’ technique was carried out
on specimens from all 23 sampling sites. From each sampling site four
specimens were selected, a total of 92 specimens from all seven litho-
stratigraphic uvnits. The measurement and defermination of paleo-

intensity is described in detail in section 2 of next chapter.

Polished sections of the samples collected (from all seven
stratigraphic unit) were examined under reflected light microscope to

determine if there were any unifying mineralogical characteristics

"l
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CHAPTER 4

4.1 PALEQ-DIRECTION MEASUREMENTS

£.1.1 Analysis of XRAf components

On the hasis of lithostratigraphic sequence. the sites were
divided into two groups. First group contains sites from all
Madinah basalt which consists of 13 sampling sites and second
group consists of 10 sampling sites from Hammah and Shawahit

basalts.

Vector diagrams (for all the specimens used in this study)
showing the changes in NRM direction that occur during
demagnetization are displayed in Appendix(D). The aim s to
remove all secondary magnetization and idemtily the ChRM. A
BASIC program which uses principal component analysis described
by Sherwood (1989) was used to determine the characteristic
remanent magnetization direction for each specimen. The
procedure is essentially that of fitting by least squares criterion the
best straight line along the demagnetization path. The data are
displayed as vector diagram and a series of points which make up a
single component can be sclected. If a specimen has multi-

component. new points may be selected and analyzed. In this way,



ChRM direction was isolated by removing the secondary NRAM.

These ChRM directions of specimens from each core (sample)
are combined first to give a sample-mean ChRM directions. A
site-mean ChRM direction is then calculated form the sample-mean
ChRM directions. The site-mean ChRM are in tum combined to
yield the average ChRM directions form the stratigraphic rock unit.
Then set of VGPs is used to determine the mean pole position
(Paleomagnetic pole) by Fisher statistics. It is important here to
know the difference between VGP and paleomagnetic pole.

By definition. a pole position that is calculated from a single
observation of the direction of the geomagnetic field is called a

Virtual Geomagnetic Pole (VGP). 1t represents magnetic field

direction at one location and at one point in time (secular variation
is not meaned out). In paleomagnetism a site-mean ChRM
direction is a record of past geomagnetic field direction at the
sampling site location during the interval of time over which the
ChRM was acquired. Therefore. a pole position calculated form a
single site-mean ChRM direction is a virtual geomagnetic pole
(VGP).

It is known that the dipolar geomagnetic field undergnes secular

variation, causing the geomagnetic pole to randomly walk about

the rotation axis with periodicities dominantly from 10’ to 10* vear.



The geacentric axial dipale Bivpothesis states that. if geomagneiic
secular variation has heen adequately sampled. the average position
of the geomagnetic pole coincides with the rotation axis. Thus a set
of palcomagnctic sites magnetized over about 10' to 10° vear
should vield an average pole position (average of site-mean VGPs)
coinciding with the rotation axis. Pole positions calculated with

these criferia satisfied are called paleomagnetic poles. The term

palecomagnetic pole implies that the pole position has been
determined from a paleomagnetic data set that has averaged
geomagnetic secular variation and thus gives the position of the

rotation axis with respect to the sampling area at the time of
ChRM was acquired.

4.1.2 Results and Discussion

Observations of initial NRM behavior (all vector diagram plots)
during both alternating field demagnetization and thermal
demagnetization treatments allow classification of remanence into

three major types.

First type remanence is interpreted as uncomplicated, original
TRM. For instance. sample No. 14R129 from Qml shows mostly
the decay of only a single compcnent of magnetization (Fig. 4.1). Tt
can be interpreted that the ChRM of the specimen to be a TRM

imparted to the specimen at the time of its initial cooling. Little
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or no secondary component of magnetization is pre<ent.

Second type is a TRM overprinted by a weak to moderate
isothermal remanent magnetization (IRM) (Fig. 4.2). Initial NRM
of this tvpe of specimens (e.g 21R020. I3R113 from Twl. Qml)
show low to moderate dispersion. and progressive AF
demagnetization reveals a low to moderate coercivity component

(removed using peak fieids 5 to 5 mT).

Third type remanence is a TRM overprinted by a strong
secondary remanence (Fig. 4.3, 44). AF (altermating field)
demagnetization of this type of specimens (e.g 56R195. 16RI38
from Qm3. Th) show evidence for more than one component. It is
very likely that these secondarv components are due to multiple
lightning strike or to secondary partial thermal or chemical

remagnetization following the acquisition of initial TRM.

From each site, 4 specimens (2 core samples) were step-wise
thermally demagnetized and the remaining core samples were step-
wise AF cleaned. 1t is very interesting to note that the thermal
demagnetization behavior of more than 42 specimens are consistent
with (similar to) that of AF (alternating field) demagnetization.
The fact that alternating field demagnetization behaviors reveal the
same ChRM directions as did thermal demagnetization (their
ChRM directions do not ditTer significantly form specimens to

specimens after they have heen subjected to AF and thermal
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demagnetizationj suggests that the secondary components were
successfully removed and the ChRM from e¢ach specimen was

successfully isolated.

As in most paleomagnetic studies. we encountered specimens
(from site Nos. 153 & 21. Th & Twl} that grouped poorly despite
magnetic cleaning. To deal with such situation ohjectively. we
discarded the specimen direction that fell well cutside the cluster

defined by the remainder of the specimens of the same site.

Equal-area stereographic projection of mean directions for each
of the sites used in this analysis are shown in Fig. 4.5. Eight sites
are of normal polarity and fifteen have reversed polarity. A mean
direction for normal sites was calculated by giving unit weight to
each normal site mean and a mean direction for reversed sites was
also calculated using the same method. These mean directions are
also shown in the same Figure 4.5 along with the circles of 95%

confidence interval.

It is well established that the earth’s field has reversed its
polarity many times in the geological past. Accordingly, a group
of data in which the reversal is about IR0 degree (antipodal)
generally taken that the rocks involved have not acquired a
magnetization since the time of the formation of the rocks.
Therefore, a comparison of normal and reverse subsets is very

useful as evidence of adequate magnetic cleaning. if the subsets are
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Equal-area stereographic projection
of the site mean directions.

08 normal polarity sites
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not antipodal. an un-remove secondary magnetization maxy ne
present. If secondary component exists in the rock sample. the
effect would be to give an apparent reversal that was noi exact
antipodal. In our case. it is observed that the mean directior of
normal and reversed are almost antipodal. Thus. it could be arcuad
that all secondary component were removed by magnetic cleaning
and the ChRM are that of primary. Mc Clhinny (1973) poinied
out that the parallelism between tightly grouped mean directions of
magnetization in two groups of sample which are reversely
magnetized with respect to each other is a much stronger test than

simple consistency of directions without reversal.

Having successfully removed the secondary components. we
next compare two groups of directions on the basis of
stratigraphic sequence, the first and the second group. The first
group contains sites from all Madinah Basalt which consists of
thirteen sampling sites and the second group consists of ten
sampling sites form Hammah and Shawahit Basalts. This
comparison (known as significance test) is necessary in order to
establish if there are significant differences, which may be
interpreted in terms of age differences. And also to see whether the
data can statistically he combined to obtain an overall mean. If the
confidence limits of two mean directions do not overlap. the
directions are judged to bhe significantly different at that probahility

level. The test reveals that mean ChRM directions for the first



(Madinah) and seceond (Hammah & Shawahit) group are not
significantly different form each other at the 3% probabiiity (Fig.
4.6). Thus, it could bhe concluded from the test that the overall
mean direction closely approximate the average direction of Late
Pliocene to Pleistocene age. 1t seems. thercfore. that the Shawahit
basalts sampled in this study are from the upper parts of the flow

sequence and are less than 3 Aia oid.

The paleomagnetic results are summarized in Table 4.1. All the
reverse directions were inverted 180 degrees. the results from 23
sites yields 2 mean paleomagnetic direction of

I = 38.52. D = 353.21 with ¢95=5.42 (Fig. 4.7).

Inversion of IR0 degrees was made for all the reversed
directions according to the geocentric axial dipole hypothesis which
states that, if geomagnetic secular variation has been adequately
sampled, the average position of the geomagnetic pole coincides

with the rotation axis.

A paleomagnetic pole for:
-Al-Madinah is Lat = 86.36. Long. =228, K =25, A95=R8.6. N= 10
-the Hammah & Shawahit is Lat=853, long.=308, K=24,
A9S5=10.1, N= 13.

The calculated pole position for central Harrat Rahat lies at
latitude 86.74 N and longitude 345.49 E.
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G = Lower hemisphere
0 = Upper hemisphere
<= Mean Direction

Figure 4.6 Equal—area stereographic porjection
showing mean directions for the first

and second group are not significantly
different at 95% condidence level



Table 4.1 Compilation of Paleomagnetic dzta.

¥adinah Basalt.

48

VGPs
Site N In Dm R k a9s

Lat. Long.
Site 1.2 5 43.10 23.90 3.90 3.60 33.20 68.15 120.46
site 1.3 6 36.70 13.20 5.80 21.40 12.40 77.43 140.89
Site 1.4 5 41.60 1.70 4.90 53.20 8.60 88.31 107.39
Site 1.7 3 23.30 1353.30 2.90 16.7¢ 19.80 77.16 151.16
Site 4.2 7 4£1.50 15.56 6.706 19.60 12.00 75.74 123.16
Site 4.3 4 50.50 359.30 3.70 10.90 21.20 81.58 36.32
site 5.1 3 38.80 342.20 2.80 10.60 22.70 73.52 308.44
Site 5.2 5 39.60 330.30 4.60 10.90 19.00 62.67 45.94
Site 5.3 4 41.60 352.80 3.70 8.70 23.80 83.36 42.81
Site 5.4 5 38.60 356.20 4.60 8.90 20.90 86.17 287.24
Site 5.5 5 32.40 337.10 5.00 152.00 5.10 67.84 299.45
Site 5.6 3 51.50 346.10 3.00 42.20 12.40 64.57 11.68
Site 5.7 6 31.30 354.20 5.60 12.40 16.20 81.72 262.12
All Sites 13 40.63 354.25 12.69 38.62 6.67 86.36 22.80




Zammah & Shawahit Baszlts.

VGPs

Site N In Dm R k aes
Lat. Long.
Site 1.1 6 27.40 17.00 5.40 §.30 12.90 71.72 155.86
Site 1.5 3 26.51 338.10 2.40 3.40 43.80 67.27 289.77
Site 1.6 5 31.60 352.70 4£.90 45.90 9.20 80.76 269.43
Site 2.1 2 53.40 16.70 1.90 10.88 29.19 71.65 89.70
Site 2.2 5 48.00 342.80 4.90 42.10 9.60 73.37 24.13
Site 2.3 5 42.80 344.10 5.00 159.80 5.00 75.33 38.61
Site 3.1 5 23.30 348.50 £.90 49.40 8.90 74.87 268.62
Site 3.2 3 38.70 356.40 2.90 18.50 18.80 86.57 297.07
Site 3.3 5 19.%0 334.90 4.80 24.10 12.80 62.59 287.17
Site 4.1 3 38.10 355.70 2.90 25.30 16.10 85.77 291.57
All sites 10 35.73 361.93 9.65 25.61 9.73 85.29 307.96
Mean, 23 38.52 353.21 22.32 32.12 5.42 86.74 345.49

(Madinah,Hammah & Shawahit)
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Mean directions are Fisherian averages of site mean directions.

Number of samples or sites averaged.
Inclination (mean) in degree.
Declination (mean) in degree.
Resultant vector.

Precision parameter estimate.
Radius of 95% confidence in degrees.
Latitude degree North.

Longitude degree East.

Virtual geomagnetic pole.

Pole positions are obtined from Fisherian averages of VGPs.
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of the site mean directions.
(Reversed directions were inverted
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Figure 4.7



4.1.3 Apparent Polar Wonder Paith {APWP)

The paleomagnetic poles for the Arabian and African plates are
compiled in Table 4.2. For comparison. the result from this study

is also given in TaBié 4.2.

The pole generated by this study. together with other available
pole for the Arabian piate were used to construct a preliminary
apparent polar wonder path (APWP- plot of the sequential
positions of paleomagnetic pole) for Arabia during the Tertiary (
Eocene-Pliccene) and Quaternary (Pleistocene-Holocene) (Fig. 4.8).
Both poles 4 and 5 on Fig. 48 are almost identical (not
significantly different). This similarity of two poles suggests that
little or no apparent polar wander path is observable during
approximately 40 to 29 Ma ago. However. poles 4. 3. 2 and | on
Fig. 4.8 are significantly diverged. The divergence of the apparent
polar wonder path defines the essential evidence that the Arabia
has changed its position during Neogene and Quaternary time. It
seems very likely that this divergence could be the result of the
opening of the Red Sea. This is reasonably agree with the existing
work in the literature. It is reporied that the Arabian plate
separated form the African plate during two phases of sea floor
spreading occurred that formed the Red Sea (Hall et al., 1977;
Camp & Roobol 1991). The early phase was in the Late

Oligocene, at about 30 Ma. and lasted until Early Miocene at

om
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Table 4.2 Africa and Arabian Tertiary Paleomagnetic Poles

Pole position

Rocks studied and regions (Iat.N Long. E) =285 Reference

A. 2frican Data

1. Rift valiey Lavas
Kenya & Tanzania Reilly & others

0-1.8 Ma (Quaternary) 88.7 104.0 3 1976)
1.8-7.0 Ma (Pliocene) 86.5 147.6 2
11-13 Ma (Miocene) 86.5 186.6 6

2. Haruj Assad Volcanics,

Libya, (0.2 - 2.2 Ma) B4 169 7 Ade-Hall & others
{1974)

3. Guinea Volcanics, .
Cameroon Gulf (Quaternary) 85 122 6 Piper &Richardson
Fernando Poo Gulf (Quat.) 85 189 4 (1972)

Sao Tome Gulf(Pliocene) 86 199 5

4. Narosura & Magadi Vol- Patel & Raja

canics, Kenya. (1979)
0.64 - 0.72 Ma 85 116 6
1.60 - 6.90 Ma 84 297 4
12.00 - 15 Ma 80 34 9

S. Canary Islands & Madeira Watkins (1973)

0 - 1.6 Ma 83 120 3
1.6 - 5.1 Ma 82 125 4
5.2 - 25 Ma 87 82 6

6. Danakil Deprission, Schult (1974)
Ethiopia (Pliocene) 80 258 3

7. Jabal Soda, Libya McElhinny (1977)
10.5 - 12.3 Ma 73.0 195.0 5.6
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Pole position

Rocks studied and regions (Lat.N Long. E)} a95 Reference
8. rfars and Issas Volcanics Pouchan & Roche
Quaternary 81 260 (1971)
9. Kapiti Phonolite, Renya Patel & Gracci
12.9 -13.4 Ma 81 118 17 (1€72)
10. Algerian Volcanics 88 . 154 2 Bobier & Rcbin
( Miocene) (1969)
ii. Ethiopian Plateau 75 170 22 Schult (1875}
( Oligocene)
12. Ethiopian Traps McElhinny (1973)
(45+15 Ma) 87 253 11
13. Ethiopian Traps 81 168 5 Brock & others
(45+15 Ma) (1870)
14. Garian Basalts and
Phonolite, Libya 86 152 4 Schult & Soffel
(Miocene - Eocene) (1973)
15. Oligocene Basalts, Egypt Hussain & others
Abu Rawash 78.6 81 (1976)
Abu Zaa'bal 75.8 70.2
16. Wadi Abu Teregwiya
Basalts, Egypt Hussain & others
(< Mid-Bocene) 68.4 189.4 5.8 (1979)
(< Upper-Eocene) 58.2 186.7 9.9
17. Baharia Basalt
Egypt, 16 Ma 62.2 206.0 16.3 »
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Pole position

Rocks studied and regions (Lat.N Long. E) ac5 Reference
B. Arabian Plate Pole
1. Aden volcanics (5 Ma) 83.0 310.0 5 Tarling [1970)
2. Basalt, Jordan (<2 Ma) 73.8 241.3 4.9 Sallomy & Krs
(1980)
3. Basalt, SW Harrat Rahat Bussain & Bakor
Saudi Arabia 80.0 310.4 3.9 (1989)
4. Jabal Khariz
Aden (10 Ma) 80 297 7 Tarling (1979)
5. As Sarat Volcanics Kellogg & Reynolds
Saudi Arabia. (24-29 Ma) 78.8 247.8 4 (1980}
Oligocene-Miocene ~
6. Tertiary & Cretaceous Yousif & Beckmann
Western Saudi Arabia. (1981)
Usfan FPormation
19 Ma 86.3 199.5 5.0 "
24 - 29 Ma 80.9 247.9 10.8 b
about 40 Ma 68.0 242.8 2.6 "
65 - 70 Ma 62.9 231.2 11.5 "
7. Al-Shumaysi Formation
Oligocene?-~ Eocene 88.9 246.9 4.0 »
8. Centeral Harrat Rahat
Pliocene - Pleistocene 86.74 345.49 6.19 This study
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Figure 4.8 Cenozoic (APWP) Apparent polar wander
path for Arabia.

1=Present Pole (April, 1993)

2=Pole generated by this study (~<3 Ma)

3=Late Miocene Pole (~5-10Ma)

4=Late Oligocene Pole (~24-29)

5=FEarly Late Miocene Pole (~40 Ma)

6=Early Paleocene (~65 Ma)



about IS5 Ma: and the final phase was in the Plincene at about 4.5
iMa to the present. However, the availabie paleomagnetic data are
not adequate to explain the details of opening of the Red Sea
(determining the timing and amount of Red Sea rifting) by
paleomagnefic mezans. This problem wil! only he resolved when
more and more paleomagnetic results frrm carefully dated rocks

become available.

4.2 PALEO-INTENSITY MEASUREMENTS

4.2.1 Introduction

Paleo-intensity study provides important information about the
time variation of the intensity of the geomagnetic field. This
information contributes to the knowledge of geomagnetic variation
and constitutes a valuable input for those researchers constructing
models of the generation of the geomagnetic field. The number of
paleo-intensities determined are still verv few. and almost no
intensity determination has yet been done in Saudi Arabia. The
reason is that in paleo-intensity experiments. rock samples are
subjected to several heating and cooling cycle up to their Curie
point (approx. 600° C). Frequently. these rocks undergo
irreversible alterations that affect the chemical composition, texture.

size and shape of their magnetic minerals. Such changes make the



sxperiments more difficult to perfformn and render their results
unreliable. Moreover. these experiments are extremely time
consuming, one also needs to investigate the relationship between
the ideal behavior of rock samples in_these experiments and their

opaque mineralogy.

Several methods for paleo-intensity determinations have been
proposed (Thellier. 1938; Thellier and Thellier.1239: Wilson.1961:
Van Zijl et al..1962: Carmichael. 1967; Shaw.i974). All these
methods are similar in principle. Some of which have the
advantage of being considerably less time consuming and others
were designed to avoid repeated heating. Yet. these methods do
not seem to provide a generally better alternative for the Thelliers’
method which is now considered to be the standard method for the
determination of the ancient geomagnetic field intensities from

rocks.

Coe and Gromme (1973) compared three of the more common
paleo-intensity methods in their study of historic lava that erupted
in known fields. They concluded that the Thellier method yields the
most reliable results. Salis et al. (1989) also suggested that Thelliers’
method appears to be the most reliable for paleo-intensity
determination of volcanic rocks. Noreover, Abokhodair and Shebl
(1989) suggest a new approach for the determination of paleo-

intensity by the Thelliers” methad which could provide a more

T



direct means to detect the offect of alterations and judge ihe

rehability of paleo-intensity.

In principle paleo-intensity measurement is simple. Samples of
basaltic lavas. having cooled from temperature above their Curie
point in the geomagnetic field acquire a TRM praporticnal te the
intensity of the ambient magnetic ficld ir which they cooled. In
order to measure the field one need to heat the sample 10 a
temperature above its Curie point. cool it in a known field. and

compare its new TRM to its NRM.

4.2.2 The Thellier - Thellier Method

The principle on which the Thelliers” method rests is the law of
additivity of partial thermo-remanent magnetization (PTRM) which
states that the partial thermo-remanent magnetization (PTRM)
acquire in any given temperature interval is independent of that
acquired in other temperature intervals. Therefore, each PTRM
preserves information about the intensity independent of the rest of
the TRM so that one can make several estimates of the intensity.
The sum of the PTRM's acquired separately over adjacent
temperature subranges is equal to the total TRM acquired all at
once over the entire range. That 18,

T, T, )4 3T, T+ (T, T)=XT,T)



for

T>T>T, o T, T T,

I

where J(T_T, ,) is the TRM gained by cooling from T 1o T, T is

the Curie temperaturc and Tr is room temperature.

If the NRM of a rock is entirely original TRM. and the TRM
spectrum (distribution of TRM with temperature) remains
unchanged. comparison of the NRMI_ =J(T.T)» and the
TRM(J, =] (T_T ) produced artificially in the laboratory by a field
Fa determines the magnitude of the earth’s field Fe at the time and
place the rock cooled. When the TRM is linear with field. the
relationis: J 3, =F/F)---—-——-- (n

This equation was first used by Koenigsherger in 1938.

However, the low-temperature part of the NRM may contain
secondary magnetization and changes in the TRM spectrum
commonly occur during the heating. That is why the condition
required for the equation (I) to get a true measure of the paleo-
intensity is not obtained. Thellier's method is design to detect
whether the requisite conditions are met and is superior to (1) for

rocks in which the additivity law of PTRM is valid.

In this study. paleo-intensity measurements were made using
modified Thellier - Thellier (1959) method. Specimens were heated

progressively in a series of temperature steps fram 30 degree to 600

L7}
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degree C. Each step consisted of two heatings and cooiings. each
lasting about two to six hours | to the same temperature. the longer
times corresponding to the higher temperature steps. The first
heating and cooling was done in zero field: the second heating and
cooling was in an applied field of 0.5 Oe. The remanence was

measured after each cooling.

In our experiment. the modified Thelliers” method was used.
The experimental procedure consists of the following step:
a) The intensity and direction of the NRM vector, J,. is measured
at Tr (room temperature}.
b) The specimens were heated to Ti > Tr and cooled back to Tr in
the absence of a magnetic field (zero field). and the remaining
magnetization NRM vector, Dn(Ti.Tr), is measured at Tr.
¢) The specimens were reheated to Ti > Tr and cooled back to Tr
in a known magnetic field Fa (applied field), which is
continuously present throughout the cooling cycle. The
magnetization is measured at Tr to nbtain the PTRM acquired
between Ti and Tr.
T T)=D(T, T+ (T T)-——--- (2)
where J_ is the PTRM acquired in the temperature interval (T,.T))
and in the applied field F_.
Steps b) and c) are repeated at successively higher temperature until

Tc is reached that is the entire NRM has been exhausted.



1a(Ti.Tn is obtained by u<ing the vector cquation 21 Robert S
Coe (1967) pointed out that a vocks hehave ideally in the Thetlliers’

method if Dn(Ti.Tr) and JaiTi.Tr) satisfy the linear relation:

D)=l ~(F FB(TT) -~~~ ———~ (3)

The data for palec-intensity determination is expressively
plotted in the diagrams known as Arai diagram. “he Dn vorsus la
for each Ti generated for each specimen is plotted in cartesian
coordinates in order to get the NRM-TRM curves which are
complied in Appendix (B). To have an additional control over the
paleo-intensity determination. the evolution of NRM vector during
thermal demagnetization. using vector diagrams were studied. Such

vector diagrams are shown in Appendix C.

4.2.3 Data and Results

Ninety two NRM-TRM curve (Arai diagrams) and Vector
diagrz;ms were drawn for the samples selected for this study, which
were form seven different lithostratigraphic units. The majority of
NRM-TRM curves deviated {rom a straight line so much that even
a rough estimate of paleo-intensity cannot he made. Coe (1967a;
1967b) discusses the factors or mechanisms which change the
NRM-TRM curve from straight line of interest (which cause non-

ideal behavior in Thellier's methnd) in great details. Some of the

ol



many possible causes of such non-ideal hehavior include

1. The effect of changes in the original NRM due to the addition
of secondary components of magnetization.

2. The effect of non-linearity on the acquisition of TRM . (the
original NRM and artificial TRM are not acquired linearly with
the applied ficid).

3. The effect of changes in the state of magnetic interaction in the
rack since acquisition of original NRM.

4. The effect of sample self-demagnetization field on the remanence
inducing field inside the sample.

5. The effect of the cooling rate on the acquisition of TRM.

6. The effect of changes in the TRM blocking temperature
spectrum induced by repeated heating in the laboratory. or the
effect of physio-chemical changes in their mineralogy from the time
they acquire their NRM to the time of NRM measurement and

production of TRM in the laboratory.

Therefore. the first step is to identify which non-ideal
mechanisms are operative in each specimen from the shape of the
NRM-TRM curves. And then to evaluate their effects so that a

reliable paleo-intensily can he obtained.

Consequently, to obtain the paleo-intensity. first the straight
line that best fit the data points by the methnd of least squares was

determined. The palco-intensity values were then calculated from



the relation: I =- bF,
where F_ laboratory ficld used in the production of artificial TRM

and b is the slope of the best-fit line.

4.3 OPAQUE MINERALOGY

In this section. a brief account is given of the minerals of main
importance in this study and of their magnetic properties which are
necessary background for interpreting the magnetic behavior of

rock specimens.

4.3.1 Crystal Chemistry and Magnetism

Ferromagnetic substances in rocks (such as metallic iron and
many other iron minerals) carry the information about the
paleomagnetic field of the earth, and hence are the most important
constituents of rocks in their study ior paleomagnetic
measurements. In ferromagnetic substances, there is an interaction
between the spin magnetic moment in nearby atoms that tend to
align in parallel orientation. allowing it to have a magnetization
referred to as the spontaneous magnetization, even in the ahsence
of external magnetic field. Spontaneous magnetization is
temperature dependent, decreasing with increasing temperature and

disappearing at the curie point (Collinson, [9R3).
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When considering the riignstic minerais we are far more
interested in the special tipe of fsrromagnet whick characterizes the
titanomagnetite series. The iitanomagnetite minerals are usually
represented by the general formula Fe, Ti O, (I-x} ¥Fe; O, . where
x is the mole fraction of ulvospinel in magnetite. This series
consists of solid solution nr intereronvihs of different composiiions
of the end members. magnstite and ulvespinel. Complete <niid
solution of magnatite and ulvespinel occurs abave 600" C and
below this temperature a varyving degree of exsolution takes place
resulting in a structure of intergrown lamellae. Magnetite-rich to
approximately equi-molecular compositions are important as the

carriers of NRM in igneous rocks.

The curie temperature decreases almost linearly with increasing
x, from 578" for x=0 to — 133" C for ulvospinel (x=1). At x=038,
the curie point is at room temperature. The spontaneous
magnetization at room temperature decreases linearly with

increasing x, from 90-93 emu gm for pure magnetite to 0 for pure

ulvospinel.

Magnetite is a cubic mineral with an inverse spincl mineral
structure that has 24 iron ions in one unit cell. Eight are in one
group (group A) and have their spins moment aligned in parallel
directions. The ather 16 (group B) are also parallel to each other.

However. group B of irnn inns are aligned in opposition to the



group A of ions. The result is that only S out of 24 iron ions
present actually contribute 1~ the overall properties of magnetite.
It is a dark black mineral that is optically isniropic in polished
section with a reflectivity of approximately 21%%. Magnetite has a
Curie temperaiure of 578" C, when cooled from temperatures above

its Curie point in the presence of a magneiic fizld. it acquires a

TRM (Strangway. 1970).

Ulvaspinel is the other end member of the titanomagnetite
series. The structure of ulvospinel is similar to that of magnetite.
except that one of the iron ions< is replaced by titanium. The result
is that the substance is nc longer ferromagnetic but behave like an
anti-ferromagnetic material. since there are equal numbers of iron
ions on the two sublattices. Ulvospinel is optically isotropic, with a

reflectivity slightly less than that of magnetite.

Ilmenite is a rhombohedral mineral and very common in
igneous rocks. With slower conling of titanium-bearing magnetite,
the titanium exsolves from the snlid solution as ilmenite. This may
occur in two forms: first. as discrete crystals or aggregates of
ilmenite grains at the margins of the magnetite. and second. as
laths in the octahedral (111) planes of the magnetite forming a
highly characteristic intergrowth where cooling has been more
rapid. Although ilmenite does net play an important role in

determining the natural magnetization. it has one important

DT



function in the study: that is to break up larger magnetite grains
inte smaller ones. In volcanic rocks. the content of titanium is
usually high and the iron-titanium oxide minerals formed are in a
mixture form of magnetite and ulvospinel.. As cooling proceeds.
ulvespinel becomes mineralogically unstable and tends to oxidize to
form ilmenite and magnetite. Since ilmenite is rhombohedral and
is structurally incompatible with the magnetite. an intimate
intergrowth of magnetite and ilmenite forms. This material can
easily be identified in reflected light. The effect of this is to create

a great magnetic stability in the magnetite.

4.3.2 Ore Microscopic Studv

In order to understand the mineralogy of the magnetic behavior
of samples. polished-sections were prepared for microscopic study.
These represent each litho-stratigraphic unit of the Harrat Rahat
lava flows and were taken from the same core fragments used for
Pak o-intensity determination. Microscopic examination was made
in oil immersion at different magnifications (x 20 to x 100) by
using a Carl Zeiss D-7082 Oberkochen transmitted and reflected
light research microscape. The opaque minerals observed are
mainly more or less equi-dimensional titanomagnetite grains and

slender elongated laths of ilmenite (Plate 2.A)

These phases of titanomagnetite and ilmenite were identified

from every single lava flow scquence examined in the present study.
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Piates 1-3 show reiiccizd  light photomicrographs of selected
samples chosen to show progressive stages of oxidation of

titanomagnetite from low to high temperature.

The oxidation stages used in this research are those of Wilson
& Watkins (1967y who divided such stages into six progressive
classes as follows:

1. Titanomagnetite with no ilmenite exsolution.

2. Titanomagnetite with one or more exsolved ilmenite lamellae in

some parts of the grain.

3. Titanomagnetite with abundant oxidation-exsolution lamellae of
ilmenite.

4. The sharp. well-defined ilmenite lamellae of class 3 become
mottled and distinctly lighter in color. and shows signs of incipient
alteration to titanohematite.

5. With increasing oxidation the products hecome more coarsely
crystalline. The characteristic mineral phase at this stage is rutile.
Both the ilmenite and the titanomagnetite are oxidized to oriented
intergrowths of rutile in a host of titanohematite. Relic areas of
titanomagnetite may still persist. and in these cases contain
exsolution rods of alumino-spinels.

6. The maximum degree of oxidation is characterized by the high
temperature (> 3585° C) index mineral pseudo-brookite.  The

oxidation of titanomagnetite to titanomaghemite may be



Plate 1-3: Reflected light photomicrographs.

Plate 1.A: A titanomagnetite grezin containing
few pele laths of ilmenrnite.
(sample No. 13R112 / Madinah)

Plate 1.B: Ilmenite associated with Iitanomagnetite
subdivided by exsolution iamellae of

second phase ilmenite set along planes of the

titanomagnetite host.

(sample No. 15Ri137 / Hammah)

Plate 2.A: Whitened hetrogeneous lamellae (I) of
"metailmenite” in a titanomagnetite (M)

host (Partially crossed polars).

(sample No. 33R068 / Shawahit)

Plate 2.B: Rhombohedral and triangular areas of
titanomagnetite (M) which is in the

process of being altered to titanohematite (H).

The original ilmenite lamella has been

transformed first to metailmenite and then

to titanohematite.

(sample No. 03R068 / Shawahit)

Plate 3.A: A grain of titanomagnetite with
trellis texture of ilmenite lamellea.
(sample No. 16R151 / Hammah)

Plate 3.B: Myrmekitic texture of hematite at the

boundary of titanomagnetite grain.
(sample No. 11R004 / Shawahit)
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Plate 2.B







superimpesed on the high temperature oxidation sequence. but is
restricted to homogeneous titanomagnetite or titanomagnetite
containing exsolution lamellae of ilmenite. Maghemite inverts to
hematite between 320 and 6507 C. The oxidation of magnetite to
maghemite has been reported to take place at temperatures as low
as 200" C. many aiso form at a lower temperature as weathering

product.

Samples from the Madinah Basalt contain homogeneous

titanomagnetite and a single or a few lamellae of ilmenite,
indicating the class 2 stage of oxidation (Plate 1.A}. Most of these
titanomagnetite grains are relatively smaller in size than those of
Shawahit Basalts grain which contain visible grains that range from
20 to 100 micrometer. Their isotropic nature and gray colors with
varying light brownish tints suggest that they are titanomagnetite.
Iimenite intergrowths are very rare in these samples and occur
only in a few large grains where one or two lamellae of ilmenite
are seen in the photomicrographs. The sample numbers 12R100:
S4R085: SSR190 & S7RI19R, all of which are from the Madinah
Basalts show no sign of ilmenite intergrowths in  the

titanomagnetite grains.

Samples from the Hammah Basalt contain-titanomagnetite with

abundant oxidation-cxsolution lamcilae of ilmenite. indicating the

class 3 stage of temperature oxidation (Plate 1.B & 3.A). The grains



are mostly subhedral to euhedral (thombhohedral) with abundant
voids in it. The grain <ize are diffevent from ens sample to another.
limenite intergrowth are quite common in the titanomagnetite
grains of these samples. Exsolution intergrowths are abundant in
the large euhedral grains consisting two of three sets of
approximately 2 micrometer lamellae of ilmenite in the plane of

host titanomagnetite (Plate 1.B).

In one of the polished sections (sample # I6R151) from
Hammah, grains of titanomagnetite with the trellis texture of
ilmenite lamellae were observed. The trellis texture consists of two
sets of numerous thin lamellae of unaltered ilmenite oriented in

different planes of titanomagnetite. (Plate 3.A).

Samples from the Shawahit Basalt contain relatively large sized

grains of titanomagnetite. The gray color with light brownish pink
tint, the isotropic nature and the low to moderate reflectivity of
these grains suggest a high content of unexsolved Ti in
titanomagnetite. Exsclution intergrowths are very abundant and
oxidation to meta-hematite at the boundaries of the crystals are
observed in some of the polished sections. Hematite appears white
in comparison with magnetite or ilmenite and it is strongly
anisotropic. Texturally. ilmenite occurs as f{ine lamellae, thick
laths, or as an irregular composite form in titanomagnctite.

Sometimes. all forms can he present in a single titanomagnetite

"1}



grain. In most samples from the Shawahit Basalt. (e.g samples
Nos. 11R004; 33R05S: 33R066) the sharp. well defined ilmenite
lamellae of titanomagnetite become mottied and distinctly lighter
in_color. and hence one cannot iden:ify individual mineral phases
because of the submicroscopic and heterogeneonus nature of the
inversion products. According o Watkin & Haggerty (1967) it has
been termed ‘meta-ilmenite’. indicating ihe class 4 stage of
oxidation (Plate 2.A). The distinctive penetration or interfingering
texture known as Myrmekitic texture of hematite at the boundary
of titanomagnetite grain with iddingsite (alter olivine) was observed

in one of the samples (11R004) from the Shawahit Basalts (Plate
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The determined pole position for the Pliocene-Pleistacene lies at

latitude §6.74" N and longitude 345.49" E with <95 of 6.1

In the lfight of the forsgoing ohservations it i< concluded that the
magnetization was acquired at the time of the racks formed and that the
mean magnetization direction approximate the direction of a geocentric
axial dipole field. Therefore, This paleomagnetic pole is considered
reliable.

1. Both normal and reversed polarities are observed and their respective
mean directions are more or less antipadal (Fig. 4.5). This shows that
secular variation has been averaged out and secondary components have
successfully been removed.

2. The comparison of cleaned directions (ChRM) obtained by AF
(alternating field) and thermal demagnetization are consistent (not
significantly different) for the same site. This suggests that the secondary
components were removed.

3. The mean directions do not differ significantly from site to site,
which indicates the observed mean directions are a record of the
remanence at the time of cooling.

4. The number of site-mean VGPs used (23) fto calculate a

paleomagnetic pole is well ahove the requirement for reasonable
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averaging of geomagnetic secuiar variations and for estimating
dispersion of site-mean. (it is commonly agreed that the number of
site-mean VGPs should be 10).

3. The number of samples. used are adequate enough to average out
orientation and experimental errors and has improved the precision of

the mean site remanence direction.

It is suggested that more and more paleomagnetic studies from
carefully dated rocks from Cenozoic volcanic flows are needed to be
carried out to establish a reliable Cenozoic pole for Arabia. Such a
pole is essential for determining the timing and amount of Red Sea
rifting and also improve resolution of the rotational history of Arabia

with respect to Africa.

A total of ninety twvo NRM-TRM curve (Arai diagrams) and Vector
diagrams were drawn for the samples selected for paleo-intensity study.
which were form seven different lithostratigraphic units. The majority
of NRM-TRM curves deviated from a straight line so much that even a

rough estimate of paleo-intensity could not be made.

In Paleo-intensity experiment. it would be of great practical
importance to develop a sct of petrological. mineralogical and magnetic
criteria to aid in the selection of specimens suitable for the experiment.
Specimens should he selected to have NRMs with minimum secondary
remanence components. Preferentinlly. specimens to have more oxidized

titanomagnetite minerals because such specimens are less susceptible to



further physio-chemical ciiinges during Iaboratory heating. In paieo-
intensity experiment. if non-ideal behavior is obscrved (as in our case).
it is not sufficient to assume that the non-ideal behavior is due to
chemical or mineral alteration of the specimen. Further experiments
should be conducted to determine its sources. It would also be
desirable to examine pnlished section from cach specimen before and
after the experiment sc thai comparison of the apaque minerals before
and after heating could reveal the relationship between the ideal

behavior of rock specimens and their npaque mineralogy.
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Appendix A

This Appendix contains a brief
discription of the sample localities.

Measurement (Y.Z) are made with
respect to specimen coordinate axe

n

Y = Azimuth from the North

Z = Angle of Hade
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Appendix B
NRM—TRM Curves

This Appendix contains 92 ANRM—-TRM
curves obtained by Thellies’ experiment.
The number appearing next 1o each data
point indecates the temperature of the
paired heating steps.
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Appendix C

This Appendix -contains sets of vectlor
diagrams representing the behavior
of remanent magnetization during
Thermal demagnetization.

@ Horizontal projection

<> Vertical projcetion

Temperature= degree C
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Locality 1, Site 1 (TwZ2)
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Sets of wvector diagrams representing
the behawvior of remanent magnetizalion
during thermal demagnetization.
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Locality 7 Site 2 (@m2)

E’" 12R092—1 12R092-2

WOV ey y H-H+H'§

r 12R101~1

12R101-2

Sets of wector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.
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Locality 1, Stte 3 (@ml1)
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13R112-1
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Sets of wector diagrams represeniing
the behavior of remanent magnetization
during thermal demagnetization.
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Locality 1, Site 4 (@mf)

14R116—1 = 14RI116-2

14R121-1 14R121-2

NV
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Sets of vector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.
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Locality 1, Site 5 (Th)
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Sets of wvector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.
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Locality 7, Site 6 (Th)
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Sets of wvector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.
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Locality 1, Site7 (@m2)
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Sets of wvector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.



Locality 2, Site 1 (Twi)
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Sets of vector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.



Locality 2, Site 2, (Twft)

>~  22R030-2
-~ z 22R030~1 5

22R036-2

Sets of wvector diagrams representing
the behavior of remanent magnetization
during thermal demagnetizaiion.
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Locality 2, Site 3 (Twt)
23R040—1 23R040-2
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Sets of wvector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.
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Locality 3, Site 1 (Twi)
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Sets of wector diagrams represeniing
the behavior of remanent magnetization
during thermal demagnetizalion.
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Sets of wvector diagrams representing
the behavior of remanent magnetization
during thermal magnetization.
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Sets of wvector diagrams representing
fhe behavior of remanent magnetization
during thermai magnetization.
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Sets of vector diagrams representing
he behavior of remanent magnetization
luring thermal demagnetization.
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Sets of wvector diagrams represeniing.
the behavior of remanent magnetizatiol
during thermal demagnetization.
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Locality 4, Site 3 (Qmi
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Sets of wvector diagrams representing
the behavior of remanent magnetization

during thermal demagnetization.
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Locality 5, Site 1 (@m2)

S1RI57—1 51R157—2

S7TRiI58-1

HHHHHHRH IR E DY

Sets of wector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.
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Sets of vector diagrams representing

the behavior of remanent magnetization
during thermal demagnetization.
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Locality 5, Site 3 (@m3,
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Sets of wector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.
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Sels of wvector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.
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Locality 5, Site 5 (@mS3)
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Sets of wvector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.
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Locality 5, Site 6 (@m3)
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Sets of vector diagrams representing
the behavior of remanent magnetization
during thermal demagnetization.
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Locality 5, Site 7 (@m2)
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Sets of vector diagrams representing
the behavior of remanent magnetizalion
during thermal demagnetization.



Appendix D

This Appendix contains sets of vector
diagrams representing the behavior
of remanent magnetization during
alternating field (a.f) demagnetization.

@ Horizontal projection

<> Vertical projcetion

AF field= mT
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Sets of wvector diagrams representing the
behavior of remanent magnetization during
alternating field (a.f) demagnetization.
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Locality 5, Site 6 (§m3)
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Sets of wvector diagrams representing the

behavior of remanent magnetization during
alternating fields (a. f) demagnetization.
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Sets of wvector diagrams representing the
behavior of remanent magnetization during
alternating fields (a.f) demagnetization.



N

Localily

SAR170-1

Rorrerey ..qu\...h..,.zwc..ﬁs&x. ey
I\O\\\

w

83RI71-2

e

R e T

63R178-1 2

Vo,

re

&1R170-2

.

lfk

’io.:o.vz.:.:.?.i.:.:.:o

N

\\\\o-o

63R172~1

'\/\

53R173-2 B

et

5, Sile 3 (@m3)

83R171~1

83RI?6=1

——

A

§3R172-2

Sels of veclor diagrams represeniing the
\5::%.5.1 of remanenl magnelizalion during
allernaling field (wa.f) demagnelization.
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Locality 1, Site 2 (@m2)
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Sets of wvector diagrams representing the
behavior of remanent magnetization during
allernaling field (a.f) demagnetization.

-

5
EX

LA



-t

Locality 1, Site 7 (Qm2)
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Sets of wvector diagrams representing the
behavior of remanent magnetization during
alternating field (a.f) demagnetization.
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Sets of wvector diagrams representing the
behavior of remanent magnetization during
alternating field (a.f) magnetization.
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Locality 5, Site 2 (@mZ2)
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Sets of wector diagrams representing the
behavior of remanent magnetization during
alternating field (a.f) demagnetization.
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Sets of vector diagrams representing the
behavior of remanent magnetization during
alternating field (a.f) demagnetization.
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Sets of vctor diagrams representing the
behavior ofremanent magnetization during
alternating field (a.f) demagnetization.
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Sets of vector diagrams representing the

. behavior of remanent magnetization during

alternating field (a.f) demagnetization.
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Locality 4, Site 2 (@mi)
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Sets of wector diagrams representing the

behavior of remanent magnetization during
alternating field (a.f) demagnetization.
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Locality 4, Site 2 (@m7)
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Sets of wvector diagrams representing the

behavior of remanent magnetization during
alternating field (a. f) demagnetization.
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Locality 4, Site 3 (Qm1)
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Sets of wvector diagrams representing the
behavior of remanent magnetization during
alternating field (a.f) demagnetization.
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Locality 1, Site 5 (Th)
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Sets of wvector diagrams representing the
behavior of remanent magnetization during
alternating field (a.f) demagnetization.
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Sets of wvector diagrams representing the
behavzor of remanent magnetization during
alternating field (a.f) demagnetization.
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Sets of wvector diagrams representing the
behavior of remanent magnetization during
alternating field (n. f) demagnetization.
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Sets of wvector diagrams representing the

behavior of remanent magnetization during
alternating field (a.f) demagnetization.
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Sets of vector diagrams representing the

Dehavior of remanent magnetizaiion during
alternating (a.f) demagnetization.

}Qac



I?lﬂi

246

Locality 2, Site 3 (Tw’i)
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Sets of wvector diagrams representing the
behavior of remanent magnetization during

alternating (a.f) demagnetization.
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Locality 3, Site 1 (Twfi)
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Sels of vector diagrams representing the
behavior of remanent magnetization during
alternating field (a.f) demagnetization.




,?‘3::
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Sets of wvector diagrams representing the
behavior of remanent magnetization during
alternating field (a.f) demagnetization.
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Locality 3, Site 3 (Twfi)
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Sels cf vector diagrams representing the

behavior of remanent magnetization during
alternating (a.f) demagnetization.
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Sets of wvector diagramis representing the

behavior of remanent magnetization during
alternating field (a.f) demagnetization.
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